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Abstract
It is now accepted that the last British-Irish Ice Sheet (BIIS) was highly
dynamic and drained by numerous fast flowing ice streams. This dynamic nature
combined with its maritime location made the BIIS sensitive to the rapid climate that
characterised the Last Glacial Interglacial Transition. Gaining an understanding of
the behaviour of the BIIS at this time is important in order to explore the nature of the
two way relationship of forcing between ice sheets and climate.
This thesis presents new chronological data relating to the deglaciation of the
northwest sector of the BIIS (NW-BIIS) from onshore dating of moraines using
cosmogenic exposure dating. This improved chronological framework is supported
by offshore data in the form of a newly constructed Ice Rafted Detritus (IRD) record
from the offshore sediment core MD95-2007. These data suggest that deglaciation
commenced sometime after 18 ka and that the NW-BIIS was located close to the
present day shoreline by 16 ka.
Further provenance analysis of the IRD using U-Pb dating of detrital minerals
demonstrates that during the Last Glacial-Interglacial Transition MD95-2007 was
being supplied distal IRD from a source(s) to the west. The absence of diagnostic
Scottish material suggests that after retreat to the coastline at 16 ka calving margins
were not re-established during the duration of Greenland Stadial 1 and Greenland
Interstadial 1.
By combining these results with existing data relating to the deglaciation of
the NW-BIIS it is possible to summarise the deglaciation history of the NW-BIIS
from the continental shelf to mountainous source regions and compare this to
numerical models of BIIS behaviour during this time. With a better understanding of

"

#"

the chronology of NW-BIIS retreat it is possible to relate the timing of initial
deglaciation to possible forcing factors and gain a better understanding of the
response of a marine based sector of an ice sheet to rapid climate change
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Chapter 1 - Introduction
1.1 Scientific Rationale
Records of past environmental change reveal that climate change can occur
over various temporal and spatial scales. Over long timescales various stabilising
feedbacks have kept the Earth’s surface conditions relatively constant and favourable
for the existence of liquid water. In contrast, over shorter time scales (ie: 101 -106
years) large changes in climate are the result of feedback mechanisms amplifying
external forcing of the global climate system, namely changes in solar insolation. The
most striking and recent examples of such changes are the Quaternary glacial cycles
when changes in global mean temperature of >5°C are explained as resulting from
relatively small changes to the external forcing amplified, primarily, by atmospheric
CO2 content [Shackleton, 2000; Sigman and Boyle, 2000; Clark et al., 2012;
Ganopolski and Calov, 2012; Shakun et al., 2012]. Furthermore, it is now evident
from numerous proxy records that climate changes with comparable magnitudes
occurred even when no change to external forcing is apparent, such as during the cold
spell known as the Younger Dryas (Figure 1.1). These internally forced abrupt
climate changes evidence an inherent sensitivity of the climate system that, in light of
human activity, requires examination.
The instrumental record provides a detailed and spatially extensive record of
global climate. Despite its limited temporal extent it has revealed vital information
that has led to arguably the most important scientific discovery of the 20th century,
namely that human activity, predominantly in the shape of fossil fuel consumption, is
modifying global climate [IPCC, 2007]. In addition the instrumental record has led to
the identification of some of the natural variation inherent within the global
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Figure 1.1 Climate records and solar forcing during the last deglaciation. A) Oxygen isotope records
from GISP2 (dark blue) and GRIP (light); LGM: last glacial maximum; OD: Oldest Dryas; BA:
Bølling Allerød; YD: Younger Dryas. B) Oxygen isotope record from EPICA (dark green) and
deuterium record from Dome C (light); ACR: Antarctic Cold Reversal. C) Summer insolation from
65°N (orange) and 65°S (light blue). It can be seen that the rapid changes during the BA and YD do
not correspond to similar changes in the solar forcing. Diagram from Clark et al. [2012].

climate system such as the El Niño Southern Oscillation (ENSO) [Mantua and Hare,
2002]. As the instrumental record lengthens it will continue to provide valuable
information on climate variation both natural and anthropogenic however, its
temporal extent is some way off that required to have sampled the full range of
climatic behaviour experienced by the Earth over the Quaternary glaciations. In order
to investigate past environmental change it is necessary to utilise multiple techniques
that allow elucidation of past conditions.

One such method utilised is the

reconstruction of past features that can be related to past climatic variations such as
ice sheets.

Constraining their spatial and temporal extents provides valuable

!$"

information on the scale and rate of such change. Evidence of past variations in the
size of the Earth’s ice sheets was the one of the first widely accepted indicators that
climate in the past was different to that which prevails today. Another approach
adopted for investigating past environmental change is to construct proxy records of
climate where some physical characteristic of a material can be linked to the climatic
conditions that prevailed at the time.

The reconstruction of past environmental

change through both of these approaches provides information that can be used to
calibrate numerical models of change which, in turn, are vital for predicting possible
future trends.
Of the numerous abrupt climatic changes to have occurred the most recent
were those that characterised the Last Glacial Interglacial Transition (LGIT). These
abrupt environmental transitions are particularly important because, as they represent
the most recent example of such changes, they are the most likely to be well
documented by different types of proxy records [Lowe et al., 1994; Coope et al.,
1998]. The LGIT also represents a time period when large Northern Hemisphere Ice
Sheets (NHIS) interacted with the climate system such that they both forced and
responded to rapid climate change. Understanding this two-way relationship is vital
in order to be able to predict the potential interactions of the surviving NHIS ice sheet
(Greenland) with the regional and global climate systems under various global
warming scenarios.
Rapid climate change at millennial (103) and centennial (102) timescales is too
frequent and too short to be explained by orbital forcing and it is thus clear that NHIS
play an important role in forcing or amplifying change [Clark et al., 1999]. Because
of this critical link it is important to understand the behaviour of the NHIS with
respect to rapid climate change in order to be able to develop predictive capabilities.
"
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There is a massive body of literature relating to the relationship between NHIS and
rapid climate change (RCC). Much of this work involves delimiting the spatial extent
of the former ice sheets and constructing chronologies of advance and retreat
[Rinterknecht et al., 2006; Simpson et al., 2009; Ballantyne, 2010; Clark et al., 2010].
This effort has been aided by recent advances in remote sensing [Bradwell et al.,
2008b], GIS [Clark et al., 2004b] and geochronological dating techniques such as
cosmogenic exposure dating [Ballantyne, 2010; Balco, 2011].

Tight temporal

constraints are essential for developing detailed numerical models of ice sheet
dynamics that can be used to predict the response of modern ice sheets to forcing that
may result from anthropogenically induced climate change.
Efforts to achieve these aims are ongoing in relation to all the former NHIS
[Marshall et al., 2002; Marshall, 2005; Hubbard et al., 2006; Golledge et al., 2008;
Simpson et al., 2009]. Of the former NHIS the British-Irish Ice Sheet (BIIS) has
attracted particular attention. The relatively limited size of the BIIS has several
advantages for attempts to accurately model its behaviour. Firstly, it aids the ability
to construct detailed and comprehensive databases of field information as much of the
landscape is easily accessible. Secondly, the BIIS presents a modest computational
effort for modeling experiments in comparison to the much larger Laurentide or
Greenland Ice Sheets [Clark et al., 2010]. Finally, the small size of the British and
Irish Ice Sheet (BIIS) made it particularly sensitive to changes in boundary conditions
and its location adjacent to an important artery of the Atlantic Meridional Overturning
Circulation (AMOC) places it in a region that experienced large scale, rapid climate
change throughout the LGIT due to the frequent perturbations to AMOC that occurred
during the LGIT. The BIIS was drained by several large ice streams [Merritt et al.,
1995; Bradwell et al., 2007; Roberts et al., 2007] and together with its sensitive
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location this means it is likely to have been one of the most highly dynamic NHIS
[Knutz et al., 2001; Knutz et al., 2007a]. Considering all these features the BIIS is
therefore an ideal candidate to test ice sheet models [Clark et al., 2010].

1.2 General aims and objectives
The primary aim of this thesis is to examine the response of the BIIS,
specifically its Northwest sector (NW-BIIS) to the climate variations that
characterised the LGIT and to use the subsequent insights to improve our
understanding of environmental change during this period. In order to achieve this
aim several different but complimentary approaches were undertaken:
•

Features related to NW-BIIS behaviour are dated using cosmogenic isotope
surface exposure dating and radiocarbon dating to improve the chronology of
ice margin fluctuation during the LGIT. Developing the chronology of what
was a crucial sector of the BIIS allows both evaluation of current numerical
models of the BIIS and provides constraints for future attempts to model its
behaviour.

•

A new chronostratigraphy and record of Ice Rafted Detritus (IRD) flux is
constructed from a marine core proximal to the former NW-BIIS to provide a
framework for using this offshore record to investigate the behaviour of the
NW-BIIS in light of the improved chronology. The availability of a !18Oforam
record from the same core provides a means to link these records to the
regional palaeoclimate signal from the Greenland ice cores.

•

The utility of using IRD to investigate ice-climate interactions is assessed by
attempting to directly link the IRD found within the marine core to potential
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source regions using a new approach to IRD provenance, U-Pb dating of
detrital minerals.
•

The results of these investigations are used to synthesise the evolution of the
NW-BIIS during the LGIT and place this into the broader context of palaeoenvironmental change during the LGIT.
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Chapter 2 - Rapid climate change during the Last Glacial
Interglacial Transition.

2.1 Defining the Last Glacial Interglacial Transition
The Quaternary period has been characterised by numerous glacial periods
that, since the middle Pleistocene, occur with ~100 kyr* cyclicity [Hays et al., 1976].
Each of these glaciations has been ended by abrupt deglaciation with a rapid transition
from glacial to interglacial conditions being a ‘termination’ [Broecker and van Donk,
1970]. Understanding these terminations remains a major task for palaeoclimatology
[Denton et al., 2010] and requires detailed knowledge of all the processes and
feedbacks that were involved. The most recent glacial termination (Termination I)
ended the last ice age at c.20 ka [Denton et al., 2010] (Figure 2.1).
The INTIMATE working group defined the Last Glacial Interglacial
Transition (LGIT), sensu stricto, as 22-11.5 ka based on the Greenland isotopic
records [Lowe et al., 2008]. It covers the latter part of the Last Glacial Maximum
(LGM) until the start of the current warm period, the Holocene. The LGIT was
characterised by numerous climate variations on millennial and centennial scales that
are visible within Greenland ice cores [Stuiver and Grootes, 2000; Steffensen et al.,
2008]. These climate variations are also seen in numerous proxy records across the
North Atlantic region [Birks and Ammann, 2000; Brooks and Birks, 2000; Thornalley
et al., 2010] highlighting the teleconnections that exist with Greenland. The rapid
climate variations during the LGIT differ in their detail but they all share a connection
to the Atlantic Meridional Overturning Circulation (AMOC) [Clark et al., 2001].
""""""""""""""""""""""""""""""""""""""""""""""""""""""""
*

Throughout this thesis ‘kyr’ is used to refer to a period of time, ka refers to a calendar age, cal ka BP
is used when the age is a specific calibrated 14C age.
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Figure 2.1 Proxy records of climate change over varying time scales. The top two panels highlight the
~100 kyr glacial cycles since the Mid-Pleistocene and 250 ka as observed in the stacked global benthic
records from Lisecki & Raymo [2005]. The bottom panel zooms into the LGIT period as observed in
the NGRIP !18O record [Rasmussen et al., 2006]. It can be seen that the stacked global record does not
have the resolution in the LGIT period to show the rapid variations that occurred.
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2.2 Introducing the Atlantic Meridional Overturning Circulation
The oceans play a vital role in the Climate System as they act to transport heat
around the globe. Any perturbations to oceanic circulation could have widespread
effects on climate due to the impact on heat transport. The North Atlantic plays a
critical role in oceanic circulation as it is a location for production of the deep water
that is vital for the functioning of “The Great Ocean Conveyor” (Figure 2.2)
[Broecker, 1991].

Figure 2.2 Simplified depiction of global oceanic circulation system. It can be seen that two of the four
sites of deep water formation are located in the Atlantic. Deep water formation is vital for the
functioning of the conveyor. Diagram from Rahmstorf [2002] and Kuhlbrodt et al. [2007]
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As North Atlantic waters in the Nordic and Labrador Seas are cooled by cold
air masses their density increases until they eventually sink and begin to flow
southward. This sinking water is termed North Atlantic Deep Water (NADW). It
was long thought that differential heating of these waters, compared to those in the
tropical latitudes, created a density gradient which advected warm waters northwards,
the combined flow of water being termed the Atlantic Meridional Overturning
Circulation (AMOC).

This view is now being reassessed in light of evidence

suggesting that the AMOC may be wind driven [Hofmann and Rahmstorf, 2009].
Regardless of the driving mechanism this current system transports large amounts of
heat to the Northern latitudes, particularly Northwest Europe and has the effect of
keeping these areas anomalously warm [Broecker, 1991]. Given the importance of
density gradients for NADW formation any changes to density could impact on the
vigour of AMOC and thus the amount of heat transport. Input of freshwater from
melting ice sheets could act to reduce density and inhibit deep water formation and
thus affect climate across the North Atlantic and, potentially, the globe [Broecker,
1991].

2.3 Heinrich Events
H-events represent massive discharge of icebergs, and thus freshwater, into
the North Atlantic Ocean and are charactised by horizons (H-layers) of increased Ice
Rafted Detritus (IRD) concentration within North Atlantic sediments [Bond et al.,
1992]. The primary source of these discharges is the Laurentide Ice Sheet (LIS),
demonstrated by the large amounts of detrital carbonate sourced from Canada [Bond
et al., 1992], although the other pan-North Atlantic ice sheets were also involved
[MacAyeal, 1993; Knutz et al., 2001; Hemming, 2004; Knutz et al., 2007; Peck et al.,
#!"

2007]. H-events are associated with reductions in marine and terrestrial temperatures
across much of the Northern Hemisphere [Broecker, 2000; Hemming, 2004]. In the
southern Hemisphere H-events correspond to periods of increased temperatures in
Antarctica and are evidence of the ‘bi-polar see-saw effect’ [Sowers and Bender,
1995; Blunier et al., 1998; Stocker, 1998; Barker et al., 2009; Severinghaus, 2009].
Six H-events have been identified during the last glacial cycle with a quasi-periodicity
of 5000-14000 yrs and are termed H1-H6 [Heinrich, 1988; Bond et al., 1992;
Hemming, 2004] (Figure 2.3; Table 2.1).
The nature of the six H-layers identified from the last glacial period is not
constant.

H1, H2, H4 and H5 have been termed the ‘typical’ Heinrich events

[Snoeckx et al., 1999]. They have a clear dominant Laurentide signal with large and
distinct increases in IRD. H3 and H6 exhibit different characteristics with a more
modest increase in IRD flux and lower concentrations of carbonates [Grousset et al.,
1993; Hemming, 2004]. Magnetic susceptibility, Sr-Nd and Pb isotope measurements
suggest a distinctly European origin for H3, particularly in the Eastern Atlantic basin
[Grousset et al., 1993; Gwiazda et al., 1996; Snoeckx et al., 1999]. These differing
characteristics have led some workers to suggest that H3 involved a different pattern
of iceberg dispersal and/or melting than the ‘typical H-events’ [Grousset et al., 1993;
Gwiazda et al., 1996].
Attempts to establish the provenance of H-events led to the suggestion of
`European pre-cursor’ events to at least some H-events [Snoeckx et al., 1999;
Grousset et al., 2000; Scourse et al., 2000]. These events comprised a flux of
European Ice sheet (EIS) up to 1500 years ahead of input of LIS sourced IRD with a
further distinct EIS IRD flux sometimes occurring after the main H-layer.

"
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Figure 2.3. Correlations of Heinrich Events and periods of lower sea surface temperatures in the North
Atlantic estimated from N. Pachyderma (s) abundance and !18O of ice from GISP2 core, Greenland.
From Bond et al. [1999] in Hemming [2004].
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Table 2.1 Summary of the ages of the 6 Heinrich Layers. From Hemming [2004].

The definition of these events as ‘pre-cursors’ means they are implicitly linked
to collapse of the LIS and that their occurrence is as significant as H-layers, that is
they are limited to association with them. Some of the studies that identified these
events ‘zoomed in’ on H-layers and did not analyse the ambient IRD that is deposited
between H-events.

It is argued that this approach could artificially propagate

identification of European pre-cursors [Haapaniemi et al., 2010]. More recent reanalysis has questioned the significance of pre-cursors and whether they are
mechanistically linked to the LIS sourced component of H-events [Peck et al., 2007;
Haapaniemi et al., 2010]. It may be that they are part of a pervasive millennial scale
cycle of IRD release into the North Atlantic with its attendant links to the DansgaardOeschger (D/O) cycles [Knutz et al., 2001; Knutz et al., 2007; Scourse et al., 2009].
Because of the differing nature and sources, establishing a singular common
cause for H-events is problematic.

Any model would have to account for the

involvement of all the contributing ice sheets and the differing nature of separate Hevents.

If it is accepted that the European pre-cursors to H-events are not

mechanistically linked to LIS collapse then the mechanism responsible for ‘typical’
H-events can be limited to the LIS.

"

MacAyeal [1993] proposed that the LIS
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underwent a series of binge-purge cycles that episodically released icebergs into the
North Atlantic via the Hudson Straight. Hemming [2004] argues that this method
does not account for the fact that H-events correlate to advances of mountain glaciers
which suggests a climatic control [Denton et al., 1999].

However, dating

uncertainties combined with the short response times of mountain glaciers mean it is
not possible to exclude the possibility that these advances were forced by H-events
and any resultant cooling.

Other potential triggers of H-events include the

catastrophic release of meltwater from either sub-glacial or glacially dammed lakes
[Johnson and Lauritzen, 1995], the break up of ice shelves [Hulbe, 1997; Hulbe et al.,
2004] or a combination of some or all of the above [Hemming, 2004].
Regardless of the cause(s) of H-events it is clear that they involved some or all
of the NHIS and that they had the effect of releasing vast quantities of freshwater into
the North Atlantic Ocean [Hemming, 2004]. Freshwater input into the North Atlantic
is known to impact the Atlantic Meridional Overturning Circulation (AMOC)
[Rahmstorf, 1994; Ganopolski et al., 1998; Ganopolski and Rahmstorf, 2001]. It is
this mechanism which is widely accepted as resulting in the low temperatures and
drier conditions around the North Atlantic associated with H-events. Evidence for
such conditions during H-events comes from many locations both around the North
Atlantic and across the northern hemisphere more generally. In the Alps a period of
glacier advance has been correlated with H-1 based on cosmogenic exposure ages of
moraines [Ivy-Ochs et al., 2006]. A similar correlation of ice advance and H-events
has also been suggested in North America [Clark and Bartlein, 1995; Phillips et al.,
1996]. The effects of H-events are also visible in the Hulu Cave record from China
[Wang et al., 2001] and in records of lake desiccation in East Africa [Stager et al.,
2002]. The widespread nature of records documenting H-events evidence their global
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imprint and demonstrate the importance of the North Atlantic for understanding
global climate.

2.3.1 Heinrich event 1
The occurrence of one H-event (H-1) during the LGIT is widely accepted
although some authors have argued for another H-event (H-0) that occurred during
GS-1 [Andrews et al., 1995]. H-1 has been dated from various cores across the North
Atlantic to 17.5-16 ka and thus terminates before the large-scale abrupt warming that
marks the beginning of the last interglacial (GI-1) [Bond et al., 1992; Bond et al.,
1997; Hemming, 2004; McManus et al., 2004]. H-1 involved the discharge of large
amounts of freshwater into the North Atlantic via increased calving of icebergs [Bond
et al., 1992; Hemming, 2004] which is believed to have resulted in the virtually
complete shutdown of AMOC [McManus et al., 2004] and widespread cooling across
much of the Northern hemisphere.

McManus et al. [2004] used

231

Pa/230Th to

demonstrate that a dramatic weakening of AMOC is associated with cooling and
lower SSTs (eg: H-1) while an abrupt strengthening of AMOC is associated with
dramatic warming (eg: Bølling warming) (Figure 2.4). The evidence for reduced
AMOC intensity during H-1 comes from disparate locations and from a number of
different types of proxy records [van Kreveld et al., 2000; Hall et al., 2006; Keigwin
and Boyle, 2008].
The precise timing of H-1 depends on the definition of an “H-1 Signal”. If a
conventional definition based around increased IRD deposition is used then the age of
17.5-16 ka outlined previously comprises H-1. Recent work has outlined a broader,
composite signal comprising a slowdown of NADW commencing ~19 ka and prior to
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the large-scale IRD deposition (17.7-16 ka) in the North Atlantic, followed by an
accumulation of freshwater in the Nordic Seas and a collapse of AMOC from 16.715.1 ka, then a final expulsion of pooled meltwater from the Nordic Seas and
subsequent resumption of AMOC at 14.6 ka [Stanford et al., 2011]. This definition
places H-1 into a broader context with respect to the sequence of oceanographic and
environmental changes that occurred in and around the North Atlantic during the time
period ~19-14.6 ka.

Figure 2.4 Diagram from McManus et al. [2004] showing correlation of 231Pa/230Th values indicative of
a weak AMOC with H-1 and values indicative of a strengthening AMOC with the Bølling warming.
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The definition of an H-event is one that has still to be formally defined. While
it is vital to understand how H-events interlink with the overall sequence of
environmental changes it is also important to recognise their widespread and abrupt
effect which is undoubtedly the result of some catastrophic event (at least for H1,2,4,5). One possible definition for H-events could be the period of reduced AMOC
and its attendant climatic effects. One of the problems with definitions such as these is
that they tend to result in an “event” having a different age in different records, either
as a result of leads/lags in the climate system or as a result of dating uncertainties
within the individual records. An approach that can be taken is to adopt a stratotype
record which formally defines the age of a given climatic “event” or layer (in this case
an H-layer) and artificially tune records to this (eg: INTIMATE protocols; Lowe et
al., 2008). This approach is particularly useful if it can be established that the tuning
target occurred effectively simultaneously in disparate locations.

2.4 Dansgaard-Oeschger Events
Dansgaard-Oeschger (D/O) events are millennial scale rapid climate
fluctuations that are a pervasive feature of the last glacial period (Figure 2.5)
[Dansgaard et al., 1982; Johnsen et al., 1992; Dansgaard et al., 1993]. They are
characterised by rapid warming of ~10° C over Greenland [Lang et al., 1999;
Severinghaus and Brook, 1999; Alley, 2000].

These warmings are followed by

gradual stepped cooling over several centuries to millennia [Dansgaard et al., 1993].
The period from one D/O event to another is called a D/O cycle. These cycles occur
quasi-periodically throughout the last glacial period and exhibit a relationship to a
1470 year pacing [Schulz, 2002]. D/O events are coeval with decreases in Sea
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Surface Temperature (SST) in the sub-polar North Atlantic and periods of increased
IRD flux from continental ice sheets [Bond et al., 1993].
There remains controversy over the origin of D/O events. Internal oscillations
of the ocean-atmosphere system [Broecker et al., 1990], internal climatic forcing
[Bond et al., 1999] and external forcing [van Geel et al., 1999] have all been proposed
as a causal mechanism. It has been suggested that climatic variations of similar
period but lower magnitude, have also occurred throughout the Holocene [Bond et al.,
1997]. The continuation of these cycles without the presence of the large Northern
hemisphere ice sheets would suggest that they have their origin in some form of
external forcing but that the former ice sheets played a role in magnifying their
effects.

The LGIT contains a D/O cycle that comprises the climatic change of

Greenland Interstadial 1 (GI-1).

2.4.1 Greenland Interstadial 1 – a classic D/O cycle with centennial scale climate
variations.
The resumption in AMOC following H-1 resulted in a rapid warming
observed within the Greenland ice cores [Rasmussen et al., 2006] and across the
wider North Atlantic [Lotter et al. 2010; Brooks and Birks, 2000]. This warming,
known widely as the ‘Bølling warming’, occurred within decades in Greenland
[Steffensen et al., 2008a]. Following this there was a gradual cooling, consistent with
the classic D/O cycle that was punctuated by rapid, short lived climatic oscillations
[Walker et al., 1999; Lowe et al., 2008] (Table 2.2: Figure 2.6). These oscillations,
(GI-1d and GI-1b [Lowe et al., 2008]) are characterised by lower !18O (2‰) values
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Figure 2.5 NGRIP !18O record for past 60 ka [Svensson et al., 2008] showing 17 D/O events characterised by a rapid increase in !18O over Greenland.
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Table 2.2. The GICC05 chronology for key climatic events during the interval 30-8 ka. From Lowe et
al. [2008].
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Figure 2.6 NGRIP !18O curve [Rasmussen et al., 2006] over the timeframe comprising Greenland
Interstadial 1 (GI-1). The rapid nature of its onset (the Bølling warming) is apparent as is the
more gradual cooling at the start of GS-1.

within Greenland ice cores [Johnsen et al., 2001] reflecting cooling in Greenland.
The widespread nature of climatic change around the North Atlantic at these times is
recorded in numerous proxy records [Birks and Ammann, 2000; Brooks and Birks,
2000; Magny et al., 2006].
The forcing mechanism of these centennial-scale climate oscillations has
become a subject of research driven by the increasing availability of records of
suitable resolution [Stanford et al., 2006; Thornalley et al., 2010; Stanford et al.,
2011]. It seems likely that changes in oceanographic conditions played a role in
much the same way as they do with regards to millennial scale climate change where
injections of freshwater result in AMOC slowdown [McManus et al., 2004].
Stanford et al. [2006] date a major injection of meltwater (Meltwater Pulse 1A [
MWP-1a]) to c.14 ka corresponding to the timing of GI-1d. they concluded that a
meltwater injection from the decaying NHIS to oceanographically key locations of
deep water formation resulted in AMOC slowdown and attendant cooling during GI-
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1d. This inference suggests that other meltwater injections may be linked to other
episodes of rapid cooling such as of rapid cooling such as GI-1b.
The tight temporal constraints and defined nature of MWP-1a has recently
been revised to suggest a more subdued injection of meltwater that spans all of GI-1
and thus could be related to any of the abrupt climatic events of this time period
[Stanford et al., 2011]. U-Th based reconstructions of relative sea-level change from
Tahiti support the defined nature of sea-level change during MWP-1a but revise its
timing to 14.65-14.31 ka making it coeval with the Bølling warming [Deschamps et
al., 2012]. If this model is accepted then the subsequent centennial-scale oscillations
cannot have been forced by MWP-1a and must have been the result of smaller
meltwater injections to the North Atlantic or some other, as yet unspecified, forcing
mechanism.
It has been suggested that the southern margin of the LIS fluctuated and
altered the path of meltwater between various outlets [Clark et al., 2001] and caused
episodic drainage of large pro-glacial lakes [Teller et al., 2002] (Figure 2.7). This
mechanism could account for the occurrence of numerous meltwater inputs into the
North Atlantic during deglaciation and such meltwater events have been suggested as
the cause(s) of the cold intervals during GI-1 [Keigwin et al., 1991; Lehman and
Keigwin, 1992; Clark et al., 2001; Donnelly et al., 2005; Thornalley et al., 2010].
However, as pointed out by Thornalley et al. [2010] the direct evidence of increased
meltwater reaching the North Atlantic is largely based on planktonic foraminiferal
!18O [Lehman and Keigwin, 1992] which may include a temperature component.
Paired Mg/Ca-!18O work improves on this by removing the calcification temperature
effect on !18O [Elderfield and Ganssen, 2000] and this method has been used to

!!"

establish the occurrence of numerous freshwater inputs into the North Atlantic and
their temporal relationships to GI-1b and GI-1d [Thornalley et al., 2010]. Further
evidence of the effects of freshwater input to the North Atlantic during deglaciation
would strengthen the relationship between centennial-scale climate change and
freshwater forcing.

Figure 2.7 Map of inferred former LIS margins at 21 ka (Margin 1) and 13 ka (Margin 2). Numbers
are meltwater routes: 1. Mississippi; 2. Hudson River; 3. St Lawrence River; 4. Hudson Strait; 5.
Arctic Ocean. Letters A and B identify areas where key meltwater routing changes occurred. From
Clark et al. [2001].
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2.5 The Younger Dryas (GS-1)
The termination of GI-1 was marked by a century long cooling that marks the
beginning of GS-1 [Broecker et al., 2010]. This cooling is observable within the
!18O records from the Greenland ice cores [Johnsen et al., 2001] and the
environmental change associated with it is manifested across the North Atlantic
region [Brooks and Birks, 2000; Brauer et al., 2008; Bakke et al., 2009] (Figure 2.8).
GS-1 lasted 1.2 ka [Lowe et al., 2008] and was characterised by low temperatures
across the North Atlantic region [Denton et al., 2005]. The end of GS-1 was a very
abrupt warming that occurred with the space of a few decades [Steffensen et al.,
2008]. The termination of GS-1 is ascribed an age of 11.7 ka [Lowe et al., 2008] and
it is the last climate change event of such magnitude to have occurred before the
remarkable overall climatic stability that characterizes the Holocene.
The cause(s) of GS-1 have been the subject of much study and debate with
most focus placed upon the role of meltwater discharge [Teller et al., 2002; Broecker,
2003]. Initial suggestions that the cause of GS-1 was a change in the routing of
meltwater from the LIS [Rooth, 1982] were supported by evidence from planktonic
foraminifera which showed a reduction in meltwater flow through the Mississippi
river system at this time [Broecker et al., 1989]. Many workers have suggested that a
catastrophic drainage of pro-glacial Lake Aggasiz was the trigger for GS-1 [Broecker
et al., 1989] and this is supported by a drop in the lake level around the onset of GS-1
[Leverington et al., 2002]. It was proposed that this meltwater was routed eastwards
along the southern margin of the LIS and into the North Atlantic ocean where it
inhibited AMOC causing the cooling associated with GS-1 [Broecker et al., 1989].
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Figure 2.8 Comparison of proxy records spanning GS-1 from four sites around the North Atlantic
Ocean. A) Ti count in Lale Kråkenes, Norway (grey: 3 point mean, red: 212 point mean). B) Dry bulk
density as measure of glacigenic sediments. C) SST from core in Faeroe-Shetland passage. D)
Lacustrine varve thickness, Germany. E) Na concentration (blue) in GISP2 on NGRIP timescale. F) Ca
concentration (red) in GISP2 adjusted to NGRIP timescale. The records from disparate locations
evidence the widespread effects of GS-1 in the North Atlantic. From Bakke et al. [2009].
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This catastrophic flood would have left abundant geomorphic evidence
attesting to both its size and timing however such evidence was not forthcoming
[Teller et al., 2002; Broecker, 2006]. Broecker [2006], while still favouring the role
of a glacial outburst flood, highlighted that the lack of supporting evidence was
“disconcerting”. The overall absence of geomorphic evidence has led to alternative
suggestions for the cause of GS-1 including mechanisms involving winds [Wunsch,
2006] and sea ice [Li et al., 2005].
Broecker et al. [2010] argue that GS-1 was not the result of a catastrophe
peculiar to the last termination. They highlight differences in the onset of GS-1 and a
later flood induced climate oscillation (the 8.2 ka event) and, similarities between
GS-1 and the so called “Mystery Interval” (H-1) as evidence that GS-1 was not
caused by a catastrophe. They instead argue that GS-1 was an integral part of the
deglaciation sequence and that it had equivalents in previous glacial terminations.
This argument assumes that a flood is a “catastrophic event peculiar to this
termination [the LGIT]”. It is obviously certain that all glacial terminations were
accompanied by large amounts of meltwater that would have been capable of
perturbing the AMOC and causing the equivalents of GS-1.

In addition the

configuration of the former LIS, with ice centered over the low lying Hudson Bay
area [Dyke, 2004], is conducive to the formation of large pro-glacial lakes such as
Lake Agassiz. As this configuration is likely to have been similar in previous glacial
cycles such large lakes probably also existed in previous glacial cycles. Drainage of
glacially dammed lakes is, by nature, catastrophic therefore the assumption that a
flood is an event peculiar to the last termination is flawed and it cannot be excluded
as a potential trigger for GS-1.
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The flood hypothesis has regained traction due to identification of several
lines of evidence that suggest the drainage of Lake Agassiz was northwards instead of
eastwards.

Such a route had been proposed before on the basis of numerical

modeling of meltwater drainage from the LIS [Tarasov and Peltier, 2005].
Convincing evidence that such a flood reached the Arctic ocean through the
Mackenzie River system comes from Optically Stimulated Luminesence dating of
gravels at that rivers outflow [Murton et al., 2010] and the occurrence of detrital
carbonates in a core from the Arctic Ocean [Not and Hillaire-Marcel, 2012]. It has
been proposed that this injection of meltwater increased sea-ice production which
was then exported into the North Atlantic through the Fram Straight to the sites of
deepwater formation, thus perturbing AMOC and causing the cooling associated with
GS-1 [Not and Hillaire-Marcel, 2012]. The accumulating evidence regarding the
cause of GS-1 again highlights the importance of the relationships between ice sheets,
meltwater injection and the AMOC in understanding the rapid climate change that
characterises the LGIT.

2.6 The NHIS during the LGIT
The LGM was originally defined at c.18 ka [CLIMAP, 1976]. The EPILOG
program formally redefined the term to mean “the most recent interval when global
ice sheets reached their maximum integrated volume” and identified this time as 1923 ka [Mix et al., 2001]. By the end of the LGIT a large proportion of the former
NHIS had disappeared however this disappearance was interrupted by local, regional
and hemispheric readvances. A crucial point is that not only did the NHIS respond to
rapid climate variations but, in many cases, they forced them as well [Clark et al.,
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2001; Denton et al., 2010]. This represents an intrinsic coupling of the global climate
system with the behaviour of the NHIS.
The Laurentide Ice Sheet (LIS) was the largest of the former NHIS and as
such the timing of its maximum extent (c.22-21 ka) is closely correlated with the
maximum global ice volume [Mix et al., 2001]. The LIS experienced net retreat
between 21-18 ka and it is evident that the Southern and Southeastern margins were
retreating prior to H-1 [Dyke, 2004]. After 18 ka there was readvance of many
sectors of the LIS especially in the Great Lakes basin and Hudson Strait with the later
sector culminating in H-1. The cooling associated with H-1 is believed to have
resulted in readvances of several of the other NHIS including the BIIS and FIS
[McCabe et al., 1998; Nygåd et al., 2004; Knies et al., 2007]. The LIS appears to
have been generally unresponsive to H-1 cooling [Dyke, 2004] but it is clear the
climatic effects were manifested in North America as the advance of mountain
glaciers is attributed to them [Clark and Bartlein, 1995]. This differing response may
be due to the differing scales of the ice masses involved. Both the BIIS and FIS had
been experiencing net retreat prior to H-1 indicating the way in which the NHIS both
reacted to and forced global climate during the LGIT.
Other examples of this close coupling between the NHIS and climate are the
cold oscillation GI-1d and the return to near-full glacial conditions during GS-1.
Widespread readvance of the FIS is documented [Vorren and Elvsborg, 1979; Knies
et al., 2007] during GI-1d, a cold event that is interpreted to have been forced by
meltwater discharge from the LIS [Thornalley et al., 2010]. Bradwell et al. [2008a]
and Ballantyne et al. [2009a] also suggested a readvance of the BIIS in response to
GI-1d but this is subject to debate [Ballantyne and Stone, 2011]. Similarly during
GS-1 widespread readvance of all the NHIS is documented [Dyke, 2004; Rinterknecht
!"#

et al., 2006; Golledge, 2010]. Although the cause of GS-1 is debated (see above) the
role of meltwater from the LIS is widely implicated as a trigger, again demonstrating
the two way relationship between the NHIS and climate. To fully understand the
relationship between ice sheets and climate it is essential to have a complete picture
of the behaviour of individual ice sheets and be able to directly link this behaviour to
the regional climate signal as recorded in proxy records.
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Chapter 3 - The Last British-Irish Ice Sheet during the LGIT.
3.1 Introduction
The BIIS was one of several ice sheets that has existed around the North
Atlantic during previous glacial cycles. It has been recognised as being particularly
sensitive to rapid climate change during the LGIT due to its extreme maritime
location and position next to a major artery of the AMOC [Knutz et al., 2001; Clark
et al., 2004c; Knutz et al., 2007]. While evidence for numerous glaciations of the
British Isles exists the onshore record has been mostly obscured by more recent
glacial advances [Stoker et al., 1994; Clark et al., 2004b; Scourse et al., 2009;
Hibbert et al., 2010].

Offshore IRD records indicate that the BIIS has been a

persistent feature throughout much of the last 60 kyr [Scourse et al., 2009; Hibbert et
al., 2010]. Its extent during this time is likely to have varied greatly and is mostly
unconstrained in both the terrestrial and marine realms.
The last BIIS is believed to have begun expanding following Heinrich
Event-3 (H-3, c.30 ka) at a time of global cooling at the boundary between Marine
Isotope Stages (MIS) 3 and 2 [Knutz et al., 2001; Scourse et al., 2009; Hibbert et al.,
2010]. There is evidence from 14C dated material from Balglass, central Scotland that
suggests ice free conditions prior to c.36.5 ka which is in agreement with other
evidence from southwestern Scotland [Jardine et al., 1989; Bos et al., 2004; Brown et
al., 2007; Jacobi et al., 2009]. These ages are not in agreement with some models of
ice build up which suggest the BIIS had reached its maximum extent by 37 ka
[Bowen et al., 2002] but are consistent with ice expansion following H-3.
The maximum extent of the BIIS is assigned to the period 21-27 ka
[Chiverrell and Thomas, 2010] and is broadly coincident with the global LGM. The
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EPILOG program formally redefined the term LGM to mean “the most recent
interval when global ice sheets reached their maximum integrated volume” and
identified this as 19-23 ka [Mix et al., 2001]. It is likely that all ice sheets were at
their maximum extent from 26.5 ka to 19-20 ka [Clark et al., 2009b] however, the
maximum in global ice volume does not necessarily correlate to the maximum
extension of any individual ice sheet. The following chapter outlines the history of
the BIIS since the LGM with respect to the debate about its maximum extent, the
timing of initial deglaciation and recognized readvances during the LGIT, including
during GS-1.

3.2 Maximum extent- Expanded or restricted BIIS?
The LGM extent of the BIIS has generated considerable debate over many
years. Two broad schools of thought emerged; one based around a restricted BIIS
with ice free enclaves and limited glaciation of the continental shelf [Sutherland,
1984; Bowen et al., 2002; Clark et al., 2004a], the other suggesting an expanded BIIS
covering all of Scotland and Ireland with extensive shelf edge glaciation [Sejrup et
al., 2005; Bradwell et al., 2008b] (Figure 3.1). A restricted BIIS was based on
several lines of evidence. In Northeast Scotland ice free enclaves were argued to
exist in Caithness and Buchan and on the Isle of Lewis [Sutherland, 1984]. This
view was reinforced by amino acid geochronology [Bowen et al., 2002].

The

reliability of this evidence has subsequently been severely questioned and in some
cases refuted [McCarroll, 2002; Hall et al., 2003]. In Ireland cosmogenic
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exposure ages from a spread of sample sites supposedly support restricted glaciation
with ice free conditions in southern and western Ireland [Bowen et al., 2002].
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Figure 3.1 Map depicting competing models of the maximum extent of the last BIIS; Chiverrell and Thomas
[2010] (shaded blue fill), Bowen et al. [2002] (yellow stippled line), and Clark et al. [2004a] (black stippled
line). Major ice streams mentioned in text; 1) Minch Ice Stream, 2) Hebridean Sea Ice Stream, and 3) Irish
Sea Ice Stream. Tunnel valleys indicating a grounded ice sheet are shown after Graham et al. [2007] and
Bradwell et al. [2008b]. Moraine ridges from Chiverrell and Thomas [2010] and references therein. Red
stars depict dating sites mentioned in the text. Solid grey shading indicates major depositional fans associated
with ice limits. From Chiverrell and Thomas [2010].
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Sedimentological and geophysical analyses indicate that the Barra Fan Ice
Stream had reached the shelf edge by c.27 ka [Knutz et al., 2002; Wilson et al., 2002].
Evidence that the Minch Ice Stream was operating by MIS 2 [Stoker and Bradwell,
2005] and the occurrence of IRD within a core from the Rockall trough [Hibbert et
al., 2010] suggest that the BIIS, through expansion of the Minch and Hebridean Sea
Ice Streams, had expanded across the entire Hebridean and Malin Shelves at around
the same time. IRD evidence suggests that the advance of ice across the Irish shelf
regions occurred c.29-27 ka [Scourse et al., 2009]. Taken together this evidence
indicates that an expanded BIIS had reached the continental shelf by early MIS 2.
The presence of the BIIS on the outer continental shelf is documented by the
occurrence of numerous moraines [Stoker and Holmes, 1991; Stoker et al., 1993;
Sejrup et al., 2005; Bradwell et al., 2008b; Dunlop et al., 2010; O’Cofaigh et al.,
2010]. Some of these moraines have been dated using

14

C on organic material

immediately overlying them and this yields ages of c.27-19 ka, consistent with shelfedge glaciation during MIS2 [Peacock et al., 1992; Austin and Kroon, 1996]. The
restricted model of the last BIIS envisions ice terminating only a short distance
offshore of the western British Isles [Sutherland, 1984; Bowen et al., 2002] but this
appears completely incompatible with a range of geomorphological, seismic,
stratigraphic and sedimentological evidence.
The extent of the BIIS in the North Sea Basin (NSB) and whether is was
confluent with the Fennoscandian Ice Sheet (FIS) is an issue that has generated much
debate [Sutherland, 1984; Bowen et al., 2002; Sejrup et al., 2005; Carr et al., 2006].
Consensus has now formed around the idea that the BIIS and FIS were confluent in
the NSB during the last glaciation c.30-25 ka [Bradwell et al., 2008b]. Some of the
most convincing evidence for this comes from the discovery of sub-glacial features
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within the central and northern NSB which indicate the presence of a grounded ice
sheet [Graham et al., 2007; Bradwell et al., 2008b]. Some of these features are
overlain by glaci-marine sediments containing

14

C dated shells indicating that the

BIIS and FIS were confluent before c.25 ka [Sejrup et al., 1994; Sejrup et al., 2009].
These recent advances discount the possibility that the BIIS, at its maximum extent,
terminated only a short distance offshore of Eastern Scotland [Bowen et al., 2002;
Hall et al., 2003].
The BIIS-FIS in the southern NSB probably terminated somewhere south of
55°N [Chiverrell and Thomas, 2010]. The remainder of the southern margin of the
British section of the BIIS terminated on land and its maximum extent has been
extensively mapped [Boulton and Worsley, 1965; Straw, 1979; Catt, 2007]. A lobe
of Scottish sourced ice extended down the eastern coast of England, where it most
likely interacted with FIS sourced ice in the NSB [Carr et al., 2006; Chiverrell and
Thomas, 2010], and a large outlet glacier also extended into the Vale of York
[Murton et al., 2009]. There exists some debate as to the precise nature and extent of
glaciation in eastern England [Chiverrell and Thomas, 2010] but overall the
chronology is consistent with maximum ice extent c.24-22 ka [Murton et al., 2009].
The limit of the LGM across the Pennines is defined by terminal moraines
[Catt, 2007]. To the west the ice limit is inferred to extend Northeast-Southwest and
here the ice was influenced by the Irish Sea Ice Stream (ISIS) [Crofts, 2005;
Chiverrell and Thomas, 2010]. Further south there was the added influence of ice
sourced in the high ground of Wales and this leads to a complex pattern of landforms
[Worsley, 2005]. Chiverrell and Thomas [2010] outline some of the issues and
debate surrounding the chronology of the LGM in the West Midlands but conclude
that there is strong evidence for assigning an MIS 2 age to the maximum ice extent.
!"#

In South Wales the limit of the LGM has been defined by the South Wales
End Moraine [Charlesworth, 1929]. The limit passes offshore around Swansea Bay
and re-emerges on the Gower Peninsula [Chiverrell and Thomas, 2010].
constraint is provided by a
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Cl surface exposure age on an erratic boulder on the

Gower. The age of 22.8±2 ka [Phillips et al., 1994] is consistent with an MIS 2 age
for the LGM in South Wales but caution must be exercised when interpreting single
exposure ages as it is not possible to make a robust assessment of possible nuclide
inheritance which would yield an incorrect age.
Offshore sediment cores from the continental slope southeast of the Celtic
Sea show an increase in BIIS sourced IRD at c.25 ka indicating expansion of the BIIS
across Ireland and the Celtic Sea [Scourse et al., 2009]. Glacial deposits extend for
over 100 km to beyond the Scilly Isles and onshore segments of moraine are present
providing evidence for a grounded ice mass extending from the Irish Sea Basin
[Hiemstra et al., 2006].

Numerous radiocarbon, luminescence and cosmogenic

exposure ages constrain the timing of this advance to c.25-23 ka [Scourse et al.,
2006; McCarroll et al., 2010].
In southern Ireland the limit of ice cover was placed at the South Irish End
Moraine which extends from coast to coast [Charlesworth, 1928]. This limit forms
the southern margin of the Irish Sector of the BIIS in the model of Bowen et al.
(2002). Previous workers had suggested that ice was more extensive and covered
most if not all of Ireland [Warren, 1985; Scourse, 1991; McCabe and O'Cofaigh,
1996]. The presence of an extensive ice sheet covering all of Ireland has been
demonstrated by a variety of techniques. Radiocarbon dating of shells incorporated
into glacial deposits on the south coast of Ireland gives ages of 26-20
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Figure 3.2 Compilation map of available exposure ages from Ireland from Ballantyne [2010]. The
dashed lines is the inferred ice limit of Bowen et al. [2002]. It can be seen that exposure ages from
outside the depicted ice limit suggest ice cover during the LGM. Details of this figure and sources of
ages are in Ballantyne [2010].
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corresponding to MIS2 [O'Cofaigh and Evans, 2007]. A synthesis of the available
cosmogenic exposure dates from Ireland also concludes extensive ice cover existed
at the LGM [Ballantyne, 2010] (Figure 3.2). The limited ice cover and ice free areas
depicted in parts of Ireland in the model of Bowen et al. [2002] are not consistent
with the wealth of data being generated.
The overall picture of the BIIS at its maximum extent is of an expanded ice
sheet with substantial marine terminating margins that made it particularly sensitive
to external perturbations such as sea level rise. Its expansion began c.30 ka at a time
of global cooling at the MIS3/2 transition. The BIIS reached the western shelf edge
c.27 ka and at around the same time it was confluent with the FIS in the NSB. The
southern ice sheet limit was located on land and was reached slightly later. In the
Irish sea a large ice stream (ISIS) reached beyond the Scilly Isles after shelf edge
glaciation was achieved elsewhere. Ireland was completely covered by ice at the
maximum extent of the BIIS. The model of restricted ice cover [Sutherland, 1984;
Bowen et al., 2002] is rejected.

3.3 Onset of Deglaciation
Following its advance to the LGM limits the BIIS underwent phased
deglaciation characterised by numerous readvances. These ice margin fluctuations
were driven by climate, sea-level and internal glacier dynamics. [Robinson and
Ballantyne, 1979; McCabe and Clark, 1998; O'Cofaigh and Evans, 2007; Bradwell et
al., 2008b; Clark et al., 2009a; Hubbard et al., 2009; Ballantyne, 2010; Clark et al.,
2010]. The variety of driving mechanisms make the deglaciation pattern of the BIIS
complex with asynchronous behaviour between different sectors (Table 3.1). As a
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result both the timings and patterns of deglaciation are still being developed [Clark et
al., 2010]. The marked asynchronicity of the BIIS means that, in order to fully
elucidate the history of deglaciation, it is necessary to obtain further age control as it
is not possible to extrapolate deglaciation ages between asynchronous sectors. This
section summarises what is known about the timing and pattern of initial deglaciation
in the sectors of the BIIS. It highlights the asynchronicity that existed with respect to
the onset of deglaciation of the Northwest sector (NW-BIIS) which is of particular
relevance to the work carried out in this study.

Table 3.1 Summary of the chronology of maximum extent, initial deglaciation and retreat onshore for
the major marine sectors of the last BIIS.

3.3.1 Deglaciation of the Irish Sea Ice Stream (ISIS)
The southern most limit of the BIIS was the distal part of the ISIS in the
southern Celtic Sea which reached its maximum c.25-23 ka [Scourse et al., 2006;
McCarroll et al., 2010]. Offshore IRD records show a marked increase in IRD flux
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from the ISIS at the onset of GI-2 which is taken to indicate retreat of the ISIS from
the Celtic Sea at c.23 ka [Scourse et al., 2009]. Terrestrial evidence is obviously
limited. A single

10

Be exposure age from a boulder on the Isles of Scilly yields a

minimum age of 22.1 ± 2.8 ka. Further 10Be exposure ages from the Llyn Peninsula
in northwest Wales yield an age of 23.2 ± 2.8 ka [McCarroll et al., 2010]. Within the
associated uncertainties these ages are the same as well as being contemporaneous
with retreat in the Celtic Sea inferred from the IRD record. These similarities can be
reconciled if the advance to the Scilly Isles was part of a short-lived surge event as
has been suggested [Hiemstra et al., 2006].

Glaciers retreating from maxima

achieved during surge events can do so very rapidly as they are not in equilibrium
and have transported large volumes of ice into their ablation zones. The rapid
withdrawal could also have been facilitated by sea-level rise due to Heinrich Event 2
(H-2) [Wilson et al., 2002]. Further constraint on the retreat of the ISIS is provided
by more 10Be exposure ages from both the eastern and western margins of its former
path. Five 10Be exposure ages from Holy Mountain on Anglesey yield a mean age of
19.6 ± 2.4 ka which is in good agreement with three

10

Be ages from Wicklow

suggesting down wastage of ice at 20.1 ± 2.4 ka [Ballantyne et al., 2006; McCarroll
et al., 2010] (Figure 3.3).
AMS 14C ages from around Dundalk Bay indicate open marine conditions by
c.19 ka [McCabe et al., 2005; McCabe et al., 2007a] (Figure 3.3). These data
indicate that deglaciation of the Irish Sea Basin was mostly complete by c.19 ka and
it is argued that this rapid deglaciation may have been in response to a period of rapid
sea-level rise [Clark et al., 2004c]. The rapid retreat of the ISIS from the Scilly Isles
to the Llyn Peninsula is in contrast to the subsequent gradual retreat to Anglesey.
Some evidence for an oscillatory retreat style is present on both coasts of the Irish
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Figure 3.3 Maximum extent of the BIIS and key deglaciation ages. Adapted from Chiverrell and
Thomas, [2010]. The marine calving bay is from Sejrup et al. [2005]. From Chiverrell and Thomas
[2010].
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Sea [Evans and O'Cofaigh, 2003; Thomas and Chiverrell, 2007]. This reduction in
the retreat rate of the ISIS could be due to colder conditions during GS-2 acting to
slow the retreat which would demonstrate the close relationship between BIIS
behaviour and the wider North Atlantic climate regime.

3.3.2 West of Ireland

IRD records from offshore of the western British Isles show large fluxes of
IRD in the period 22-16 ka (ie: H2-H1) [Knutz et al., 2001; Peck et al., 2006; Knutz
et al., 2007a]. Scourse et al. [2009] interpret these fluxes as indicating a broad phase
of readvance occurred during this period. However this is in conflict with AMS 14C
dates from Belderg, northwest Ireland, that indicate the ice margin reached the coast
line by c.19.5 ka [McCabe et al., 2005]. Cosmogenic

10

Be exposure ages from

western Ireland indicate ice had retreated onshore by c.17 ka [Ballantyne et al.,
2008]. This would indicate a phase of retreat at this time. The question of whether
IRD equates to glacial advance or retreat is one that has yet to be resolved [McCabe
and Clark, 1998; Marshall and Koutnik, 2006]. Given that glacier retreat can be
accompanied by increased calving then it is not inconceivable that the IRD flux seen
offshore represents a combined advance/retreat signal, or merely a retreat signal from
the LGM position at the shelf edge. What can be stated with a degree of certainty is
that calving margins must have existed throughout this period in order for IRD to be
supplied to the offshore record.

!

"#!

3.3.3 North Sea Basin.
At its maximum extent the BIIS was confluent with the FIS in the NSB
[Graham et al., 2007; Bradwell et al., 2008b; Sejrup et al., 2009]. Bradwell et al.
[2008b] argue that sometime after c.25 ka an open marine embayment opened up in
the northern NSB, potentially in response to increased sea level following H-2. The
rapid development of this embayment is demonstrated by the onset of glacimarine
sedimentation in the Witch Ground Basin prior to c.20 ka [Sejrup et al., 1994;
Graham et al., 2010].

The opening of this embayment caused large-scale

reorganisation of the BIIS and the propagation of separation between it and the FIS
on a general north-south axis east of Shetland [Bradwell et al., 2008b; Clark et al.,
2010]. As a result, by c.18 ka, there was a near total loss of ice over the northern
North Sea and a major retreat of the Norwegian Channel Ice Stream [Clark et al.,
2010].
Two AMS

14

C dates from marine muds in eastern Scotland suggests that

deglaciation of the coast occurred c.20 ka [McCabe et al., 2007b]. A similar timing
of deglaciation is inferred from cosmogenic 10Be exposure dating in eastern Scotland
which suggests deglaciation occurred 18.5 ± 1.0 – 19.9 ± 1.1 ka in Buchan [Phillips
et al., 2008].

This deglaciation age for eastern Scotland is much earlier than

previously considered [Sejrup et al., 1994] and would require an extension of the
marine calving bay inferred to exist in the NSB (Figure 3.3) onshore in eastern
Scotland while ice from the Moray Firth and Forth Valley Ice Streams was extending
out into the offshore area [Clark et al., 2010]. Deglaciation of the Moray Firth ice
stream is constrained by 10Be exposure ages from Orkney and Caithness as occurring
14.8±1.3 – 16.0±1.7 ka [Phillips et al., 2008]. Deglaciation in eastern Scotland
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appears to be asynchronous with some coastal areas deglaciated earlier than regions
in the path of major ice streams.

3.3.4 Northwest Sector of the BIIS – Hebridean Shelf
The Northwest sector of the BIIS was dominated by the Minch palaeo-ice
stream which drained an area up to 15,000 km2 and would have dominated the overall
pattern of ice flow [Bradwell et al., 2007]. The significant deglaciation and retreat of
ice onshore in western Ireland by c.18-17 ka is in contrast to the timing of retreat in
the northwestern sector of the former BIIS (NW-BIIS). Here deglaciation is inferred
to have begun c.17 ka [Peacock et al., 1992; Austin and Kroon, 1996; Wilson, 2004].
Given that ice was near or onshore in western Ireland at this time this indicates
considerable asynchronicity in the behaviour of these two sectors of the BIIS [Clark
et al., 2010]. It is possible that the Minch ice stream was still operating at a time
when deglaciation in other sectors was well underway. Cosmogenic

10

Be exposure

ages from the Outer Hebrides indicate deglaciation c.14.5-14 ka [Stone and
Ballantyne, 2006]. This is consistent with evidence from northwest Scotland that
indicates ice was at or near the present day coastline at c.16 ka [Stoker et al., 2006;
Bradwell et al., 2008b]. The implication of these dates is that deglaciation from shelf
edge to coastline in this sector was completed in c.2 kyr although this may have been
punctuated by readvances, possibly including one in relation to H-1, although this
remains conjecture.
The asynchronous behaviour of the NW-BIIS highlights its importance in
understanding the overall response of the BIIS to rapid climate change.

The

observation that the NW-BIIS was at its maximum extent at a time when the other
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sectors were retreating indicates that it may have been insensitive to the particular
drivers of retreat in these other sectors. For example, the deglaciation of the Irish Sea
Basin has been inferred to have been in response to a eustatic sea-level rise at c.19 ka
[Clark et al., 2004c]. Bradwell et al. [2007] suggest that this may have been the
cause of initial retreat of the Minch ice stream. However, the evidence from the St
Kilda basin has been inferred to show that deglaciation did not commence until c.1817 ka indicating that this sea-level rise alone did not trigger a major retreat. Given
these apparent discrepancies further data relating to the timing and rate of NW-BIIS
retreat is essential in order to accurately model the response of this key sector of the
BIIS.

3.4 Readvances
The deglaciation of the BIIS did not involve a continuous retreat of ice from
maximum extent to final disappearance. The retreat was punctuated by numerous
readvances and still stands that can be identified in the geomorphic and stratigraphic
record. Examples of readvances can be found from almost all sectors of the BIIS
[Robinson and Ballantyne, 1979; Merritt et al., 1995; McCabe and Clark, 1998;
McCabe et al., 2007b] and are suggested in numerical modeling of the BIIS [Boulton
and Hagdorn, 2006; Hubbard et al., 2009]. Some of these readvances may have
involved minor oscillations of localized margin(s) in response to site specific forcing
and thus do not represent examples of ice-climate interactions. Large regional scale
readvances, or readvances across numerous sectors of the ice-sheet, are more
important when investigating the interplay of ice sheets and climate on large scale.
The following section documents some of the main readvances identified from
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various sectors of the BIIS and some of the issues that surround their use in attempts
to link climate and ice sheet dynamics.

3.4.1 Killard Point Readvance – Northern Ireland
One of the major readvances to be identified within the former BIIS is the
Killard Point Readvance (KPR) [McCabe and Clark, 1998; McCabe et al., 1998].
The type area for this readvance is the northern Irish Sea Basin (ISB) where
geomorphic and stratigraphic evidence document a major readvance from several
centres of ice dispersal constrained by AMS 14C dates as occurring after 14.7 14C yr
BP (c.17.5 ka) and argued to be caused by cooling in the North Atlantic related to H1 [McCabe and Clark, 1998; McCabe et al., 1998].

On the basis of

morphostratigraphic relationships this readvance has been correlated to evidence of a
wider scale readvance involving the whole of the remnant Irish sector of the BIIS and
the southwestern portion of the Scottish sector of the BIIS [McCabe et al., 1998].
Some supporting evidence that the KPR did have an equivalent in at least one part of
western Ireland comes from the cosmogenic

10

Be dating which shows that

deglaciation of areas within the correlated KPR limits occurred at 15.6 ± 1.0 ka which
is in agreement with the suggested age of c.17.5 ka of the KPR [Clark et al., 2009a].

3.4.2 KPR equivalent in Eastern Scotland?
McCabe et al. [1998] also correlate the KPR with some other readvance
limits identified in eastern Scotland. They place a KPR equivalent limit at St Fergus
in Buchan on the basis of a single 14C age of 15,320±200 14C yr BP (18.5±0.3 cal ka
BP) [Hall and Jarvis, 1989].

!

However, this inference is inconsistent with
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cosmogenic

10

Be ages from Caithness showing deglaciation of the Moray Firth Ice

Stream by 14.8±1.3 - 16.0±1.7 ka [Phillips et al., 2008]. It is difficult to reconcile an
H-1 related readvance at St Fergus with deglaciation of the Caithness coast at
approximately the same time. The age of the proposed ice limit near St Fergus has
subsequently been amended to <20.2 ka [McCabe et al., 2007b] but the significance
of the 14C age and evidence for the proposed readvance has been challenged [Peacock
et al., 2007]. Further KPR equivalent limits were placed at the heads of the Firths of
Forth and Tay and have been correlated with the Perth Readvance [Sissons, 1963;
McCabe et al., 1998; McCabe et al., 2007b]. The evidence for a Perth readvance has
been seriously challenged and it is argued that only evidence for a small, localized
advance in a single locality exists and that this readvance may have been a seasonal
event [Paterson, 1974; Menzies and van der Meer, 1998]. The correlation of the
KPR with events in Scotland therefore remains tentative and without consensus.

3.4.3 Wester Ross Readvance
A large regional scale readvance has been identified from moraines in
northwest Scotland and is termed the Wester Ross Readvance (WRR) [Robinson and
Ballantyne, 1979] (Figure 3.4). This readvance was originally inferred as occurring
sometime after the LGM but before the Late Glacial Interstadial (GI-1) based on its
morphostratographic setting [Robinson and Ballantyne, 1979]. The first independent
age control on this readvance was produced using cosmogenic 10Be exposure dating.
The weighted mean age of 16.3±1.6 ka placed deposition around the time of H-1 and
it was subsequently suggested that the WRR occurred in response to cooling
associated with H-1 [Everest et al., 2006]. However, the ages obtained by Everest et
al. [2006] were associated with large uncertainties (2-3 kyr) making definite
!"#

correlations on millennial timescales difficult. In addition the weighted mean was
based on only three of the four obtained ages which obstructs assessment of
complicating issues such as inheritance.
Subsequent and more rigorous dating using

10

Be dating place deposition of

the moraines somewhat later at 13.5±1.3 ka, within GI-1, suggesting a link to one of
the climatic oscillations seen at this time, ie: GI-1b or 1d [Bradwell et al., 2008a;
Ballantyne et al., 2009a]. The reliability of this interpretation is heavily dependent on
the 10Be production rate used to make the calculations [Ballantyne and Stone, 2011].
This issue is discussed in more detail in Section 6.6. The WRR occurred in areas that
were former source areas of the Minch palaeo-ice stream [Bradwell et al., 2007;
Bradwell et al., 2008a]. As a result the timing of the WRR must post date the
cessation of ice streaming in this NW-BIIS and as such provides evidence relating to
the rate of deglaciation. Identification of ice with an age equivalent to the WRR from
other areas of the NW-BIIS would provide further constraints on the deglacation
history of this crucial sector of the BIIS.
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Figure 3.4 Moraines of the Wester Ross Readvance, Northwest Scotland as identified by Robinson and
Ballantyne [1979]. These moraines were dated using cosmogenic 10Be dating along with some
bedrock sites as shown here. Figure from Ballantyne and Stone. [2011].
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3.5 Demise
The BIIS had retreated from most of the continental shelf and disappeared
from the NSB by c.17 ka [Bradwell et al., 2008b; Clark et al., 2010]. The one
exception to this is NW-BIIS where deglaciation of the shelf is inferred to have began
at this time [Peacock et al., 1992; Austin and Kroon, 1996; Wilson, 2004].
Deglaciation continued, although this retreat was punctuated by readvances, some of
which may have been forced by the climatic cooling of H-1 [McCabe and Clark,
1998], until ice was located close to the present day coastline by c.16 ka [Austin and
Kroon, 1996; Bradwell et al., 2008b; Clark et al., 2010]. By this time almost all of
England was deglaciated including the high ground of the Lake District as
demonstrated by the onset of organic sedimentation in Lake Windermere and a
nearby cosmogenic 36Cl exposure age of 17.3±1.1 ka [Coope and Pennington, 1977;
Ballantyne et al., 2009b].
The final disappearance of the BIIS is constrained by various dates including
14

C and cosmogenic

10

Be. In Ireland all available exposure ages pre-date c.15 ka,

suggesting deglaciation was probably complete or near complete by this time
[Ballantyne, 2010]. This interpretation is further supported by a basal 14C date from
Sluggan Bog of c.15-14.5 ka [Lowe et al., 2004]. In northwestern Scotland basal
radiocarbon dates of c.15.4 ka were obtained from Loch Droma and Cam Loch
although it has been suggested that the Loch Droma date may be up to 1 kyr ‘too old’
[Kirk and Godwin, 1963b]. Nonetheless these ages constrain the disappearance of ice
in these regions to around the time of the warming at the start of GI-1 which is in
contrast to the inference of ice cover over low ground at this time based on

10

Be

exposure dating of the WRR [Bradwell et al., 2008a; Ballantyne et al., 2009a].
Further
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14

C ages support deglaciation by c.15 ka in eastern Scotland and these are
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supported by

10

Be exposure ages from postglacial landslide deposits indicating

deglaciation prior to c.15 ka [Sissons and Walker, 1974; Ballantyne et al., 2009c].
One notable fact regarding these ages from Scotland is that they come from
mountainous areas that were likely to have been ice source regions and, as such, it
could be expected that ice would persist longest here. The fact that evidence suggests
deglaciation here by c.14.5 ka would suggest that deglaciation was very well
advanced by this time with perhaps only small corrie glaciers surviving later.

3.6 The Younger Dryas (GS-1)
The last BIIS mostly disappeared by the time of the warming at the onset of
GI-1 although some ice may have survived in favourable locations well into the
interstadial [Finlayson et al., 2011]. The rapid deterioration in climate observed at
the start of GS-1 within the Greenland ice cores [Dansgaard et al., 1989; Steffensen
et al., 2008] is also observed within paleoclimatic records from Scotland [Brooks and
Birks, 2000]. The mean annual summer temperatures decreased from c.11 °C at the
end of the interstadial to c.7.5 °C at the thermal minimum at the start of GS-1 [Brooks
and Birks, 2000]. This temperature reduction is in general agreement with that
inferred from modeling experiments of the GS-1 ice mass [Hubbard, 1999; Golledge
et al., 2008]. This period of reduced temperatures resulted in glacier expansion in the
Scottish Highlands that is locally termed the Loch Lomond Readvance (LLR). Other
small ice masses formed at this time in the Southern Uplands, Lake District and
Snowdonia [Roger, 1981; Gray, 1982; McDougall, 2001]. This section will describe
the nature of glaciation in Scotland during the LLR.
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The main LLR ice cap was centred over Rannoch Moor [Sutherland, 1993;
Golledge and Hubbard, 2005] (Figure 3.5). Its maximum thickness has been subject
to debate. A thin ice mass with thicknesses not exceeding 350-400 m has been
proposed on the basis of trimline evidence [Thorp, 1986; Thorp, 1991] which is
somewhat thinner than had been proposed by other workers [Sissons et al., 1973;
Sissons, 1979].

Subsequent investigation using a combination of modeling and

ground-truthing favours the model of a thicker ice mass [Golledge and Hubbard,
2005] while other numerical modeling studies also suggests a c.850 m thick ice cap
over Rannoch Moor [Golledge et al., 2008].
The accumulation of ice over Rannoch Moor fed numerous outlet glaciers
that extended south, east and west. To the north ice was confluent with ice sourced
from north of the Great Glen [Golledge, 2010]. Several satellite ice fields existed in
the Northwest Highlands, the eastern Grampians and on some of the Islands
[Ballantyne, 1989; 2002; Finlayson, 2006; Ballantyne, 2007; Lukas and Bradwell,
2010]. The timing of the maximum extent of LLR glaciation has been one of the
major areas of research in recent years. The traditional view, based on radiocarbon
dates, held that the maximum extent was reached early in GS-1 [Sissons, 1967; Lowe,
1978; Sutherland, 1981]. This view is supported by numerical modeling, which
suggests ice could have reached its maximum extent in c.550 yrs [Hubbard, 1999],
and by cosmogenic

10

Be exposure ages from high altitude suggesting maximum ice

thickness was obtained 12.9±1.0 ka [Golledge et al., 2007]. In contrast some recent
work places outlet glaciers of the main LLR ice cap at their maximum extent towards
the end of GS-1 [Fabel et al., 2010; MacLeod et al., 2010; Palmer et al., 2010]. The
timing of the LLR maximum has important implications for understanding ice sheet
dynamics during this time of rapid climate change.
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Figure 3.5 Younger Dryas glacier limits in Scotland from geological evidence and numerical modeling
compiled by Golledge [2010]. Interstadial pollen sites from Gray and Lowe [1977] are also shown
alongside the limits of the WRR.

!"#

Much of the area affected by the LLR is characterised by ‘hummocky
moraine’, glaciotectonised sediments and interbedded layers indicative of active
retreat of glaciers with frequent minor oscillations of the ice margin [Benn, 1992;
Bennett and Boulton, 1993; Benn, 1997; Golledge, 2007]. The pattern of retreat for
the northern part of the mainland ice cap was established by Bennet and Boulton
[1993] as being dominated by active retreat with small areas of topographically
controlled local stagnation. In some contrast to this is the pattern of deglaciation
described from the Isle of Skye where initial active retreat was followed by
widespread stagnation and in situ wastage [Benn et al., 1992]. Despite this localised
contrast the overall lack of features typical of widespread stagnation, such as kettled
outwash, kames, eskers and chaotic dump mounds, suggests that active retreat of LLR
ice was the norm [Golledge, 2010].
The timing of the final disappearance of LLR ice in Scotland is poorly
constrained due to a lack of direct dating of the features relating to the final ice
margin position. Radiocarbon ages from Rannoch Moor indicate deglaciation prior to
11.8-12.0 ka [Lowe and Walker, 1992]. This would appear to be an early age of
deglaciation for the area that was the centre of the LLR ice field and it appears to
contradict the evidence that some outlet glaciers reached their maximum extents late
in the stadial [Fabel et al., 2010; MacLeod et al., 2010; Palmer et al., 2010;
McCormack et al., 2011]. Radiocarbon ages can be affected by mineral carbon errors
while the evidence for a late maximum does not constrain final disappearance of ice.
Cosmogenic 10Be dating of the innermost LLR moraines is likely to provide the best
approximation of the timing of final deglaciation and this is a research avenue that
should be pursued given the importance of understanding the behaviour of ice sheets
in a warming climate.
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3.7 Conclusions
The BIIS was a highly dynamic ice sheet that, at its maximum extent,
extended across the western continental shelf and was confluent with the FIS in the
NSB. Initiation of deglaciation was asynchronous between the NW-BIIS and other
sectors with the NW-BIIS still being near maximum extent when other sectors had
experienced significant retreat.

Numerical modeling captures some of this

asynchronicity but there are still questions surrounding the timing of deglaciation and
these hinder attempts to establish what mechanisms were operating. Deglaciation of
the BIIS was punctuated by numerous readvances and during GS-1 was reversed
completely as a substantial ice mass formed in the Scottish Highlands. Attempts to
correlate these readvances across wider areas remain incomplete. In addition there
still exists debate around the timing of maximum ice extent during GS-1. Providing
further chronological constraints on the NW-BIIS with respect to these issues is one
of the primary motivations for this study.
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Chapter 4 - Methods
4.1 Introduction
This study utilises a wide variety of techniques to improve the history of the
Northwest sector of the former British Irish Ice Sheet and place it into the broad
context of palaeo-environmental change during the Last Glacial Interglacial
Transition. Due to this broad objective numerous different techniques have been
applied one or more of which may be unfamiliar to readers. Because of this potential
unfamiliarity this chapter covers the main methods used in the thesis and the basic
principles around their application. Specific details on sampling methodology and
preparation are presented within the individual data chapters. The following sections
provide information on the two main analytical techniques utilised in this study: 1)
Surface exposure dating using cosmogenic nuclides, and; 2) Uranium-Lead (U-Pb)
geochronology.

4.2 Surface Exposure Dating using Terrestrial Cosmogenic Radionuclides.
4.2.1 Introduction
In situ terrestrial cosmogenic nuclides (TCNs) have become a major tool in
the study of geologic problems over the last 30 years. Their initial potential was
highlighted by Davis and Schaeffer [1955] who speculated that the measurement of
36

Cl could be used to date Pleistocene glacial events. The subsequent development of

Accelerator Mass Spectrometry (AMS) gave workers the precise measurements
needed to utilize TCNs in the Earth Sciences [Hellborg and Skog, 2008].
TCNs have a variety of applications within the Earth Sciences. These include:
exposure dating, burial dating, constraining erosion and denudation rates, determining

!

""!

uplift rates, and investigating soil dynamics [Dunai, 2010]. The principles behind
each appliction of TCNs vary but all are based on the central tenet that TCNs
accumulate in material exposed at the Earth’s surface.

Combining this with

knowledge of the varying half-lives of the various nuclides allows for such a broad
spectrum of applications. The most widely used application of TCNs is exposure
dating and it is this application that is relevant to this study.
Prior to the development of TCN exposure dating constraining the age of
features such as moraines was limited to indirect dating through techniques such as
AMS

14

C dating of organic material [eg: Mercer and Palacios, 1977]. The obvious

disadvantages of this approach is that it only constrains the onset of organic
deposition which may lag the glacial event of interest by an unquantifiable length of
time. The ability to directly date features related to former ice masses is one of the
major advantages of TCN exposure dating and as such has resulted in its widespread
application in delimiting former ice sheets and constraining their retreat chronologies
[Brook et al., 1996; Ackert et al., 1999; Ivy-Ochs et al., 2006; Rinterknecht et al.,
2006; Ballantyne, 2010]

4.2.2 Nuclide production
TCNs are produced at the Earth’s surface by interactions of minerals with
secondary cosmic radiation [Lal, 1988].

This secondary radiation is formed by

incoming galactic cosmic radiation triggering nuclear disintegrations in the upper
atmosphere (Figure 4.1).

Much of the secondary radiation is attenuated in the

atmosphere but a significant proportion reaches the Earth’s surface where it is
primarily composed of neutrons and a smaller muonic component. These particles
produce TCNs by several processes; spallation, thermal neutron absorption and
!"#

negative muon capture. Due to the differing properties of the particles involved in
spallation and muon capture their relative importance changes with depth beneath the
Earth’s surface.

The high energy particles involved in spallation are relatively

reactive and thus strongly attenuated within the crust, in contrast, muons are relatively
unreactive and thus weakly attenuated, penetrating much deeper. As a result muon

Figure 4.1 The components of a cosmic ray cascade caused by a high energy nucleon entering the
upper atmosphere. Much of the radiation is attenuated with only a small proportion reaching the
Earth’s surface. Numbers 1-3 refer to examples of in-situ cosmogenic nuclide interactions 1)35Cl-36Cl;
2) 16O-10Be; 3) 28Si-27Al. From Gosse and Philips [2001].
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capture, responsible for ~3% of TCN production at the surface [Brown et al., 1995;
Heisinger et al., 2002a], becomes relatively more important with depth.

The

combined result is that the majority of TCN production is confined to the top ~2 m of
the Earths crust (Figure 4.2) [Heisinger et al., 2002a; Heisinger et al., 2002b].
The primary target for the production of 10Be in rocks through both spallation
and muon capture is O. Other minor targets for production such as Mg, Al, Si and Ca
are not significant in practice [Dunai, 2010]. Quartz is the most common mineral
used in in situ 10Be measurements partly due to the relative ease in removing meteoric
10

Be compared to other minerals such as olivine and pyroxene [Blard et al., 2008].

There are no non-cosmogenic pathways for the production of

10

Be that need

consideration [Gosse and Phillips, 2001; Dunai, 2010].

Figure 4.2 Variations in the production of TCNs with depth for a)
average ultramafic rock. From Gosse and Philips [2001].

10

Be in a quartz arenite, and b)

36

Cl in an
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4.2.3 Production rate and scaling.
To determine an exposure age it is necessary to calculate the concentration of
TCNs within a sample and use an average rate of nuclide production over the period
of exposure. The production rate of a TCN varies spatially and temporally due to
variations in the strength of the Earth’s magnetic field with time and location [Lal,
1991; Masarik et al., 2001]. There have been numerous studies which attempted to
establish production rates for the various TCN over time [Nishiizumi et al., 1989;
Masarik and Reedy, 1995; Nishiizumi et al., 1996; Swanson and Caffee, 2001].
Recently the available calibration data for production rates for 10Be were compiled in
order to standardize the results of researchers presenting cosmogenic

10

Be exposure

ages [Balco et al., 2008]. This effort produced a globally averaged production rate
which can be adjusted for any given site using one of the various scaling schemes
[Lal, 1991; Dunai, 2000; Stone, 2000; Dunai, 2001; Desilets and Zreda, 2003; Lifton
et al., 2005; Lifton et al., 2008]. Figure 4.3 illustrates the effect of different scaling
factors on the apparent exposure age of a sample.

4.2.4 CRONUS online calculator.
The

CRONUS

online

exposure

age

calculator

($%%&'(($)**+)**+,-*$./0%1/+)23(4-%$5 [Balco et al., 2008]) provides a means to
calculates exposure ages using an online interface. Alternatively researchers can
calculate exposure ages by using user created spreadsheets utilizing the appropriate
equations [eg: Lal, 1991] and scaling factors. When using the CRONUS calculator
the user inputs relevant sample data and the calculator provides output consisting of
exposure age, internal/external uncertainties, a thickness scaling factor, a shielding
scaling factor, and production rates for muons and spallation. Table 4.1 describes the
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inputs required to calculate an exposure age using the CRONUS calculator. The
calculator provides exposure ages and external uncertainties derived using all the
available scaling schemes [Lal, 1991; Stone, 2000; Dunai, 2001; Desilets and Zreda,
2003; Lifton et al., 2005; Lifton et al., 2008].

Table 4.1 Showing all inputs required for calculating an exposure age using the CRONUS online
calculator. From Balco et al. [2008].

One of the inherent issues with the use of the currently available version of the
CRONUS calculator is that it introduces systematic uncertainties that limit the
precision of the method. The globally averaged production rate has an uncertainty of
9-12% including uncertainties in the calibration data and scaling [Balco et al., 2008].
The effect of this is that the application of TCN surface exposure dating to problems
requiring centennial-scale precision is problematic. This issue can be addressed by
utilizing locally derived production rates where these are available [eg: Briner et al.,
2012 and references therein] . The CRONUS calculator allows users to calculate their
!"#

own reference production rates from user-supplied calibration data sets. The sample
input data is the same as for generating unknown exposure ages except the user
specifies an age for the samples determined by some independent means. The online
calculator then provides production rates for both spallation and muon production
which can be used to calculate further exposure ages from sites where this local
production rate is considered preferable to the globally calibrated rate. Using such
production rates can reduce the uncertainties in the derived ages to <5% [Kaplan et
al., 2010; Putnam et al., 2010].

4.2.5 Sampling
Sampling for cosmogenic exposure dating requires careful selection of sample
sites to minimise any complicating issues. There are three primary considerations.
Firstly, whether the sample site has been subjected to shielding by any material over
the time of exposure that would act to reduce the TCN concentration in the exposed
surface and result in an underestimation of the exposure age. An example of a
scenario where shielding is an important consideration is in the use of glacially
deposited boulders to date moraines. The primary assumption is that the exposure age
of the boulders equates to the deposition age of the moraine. However, if the boulder
was deposited under a covering of sediment and subsequently exhumed then the
exposure age of the boulder would underestimate the age of the moraine by a factor
equal to the time for which the boulder was buried [Putkonen and Swanson, 2003].
The likelihood of any shielding needs to be assessed in the field and, where necessary,
corrected for.
The second issue is whether the sample has experienced any post-exposure
erosion. This also reduces the TCN concentration by removing surface layers that are
!
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relatively enriched with the TCN. Post-exposure erosion needs to be quantified when
calculating exposure ages. In some cases it may be zero, for example, when the
sample surface retains delicate feature such as glacial striations. In other situations it
may be clear that post-exposure erosion has occurred, for example in the form of
surface pitting or upstanding quartz veins [Ballantyne, 2010]. In the absence of clear
evidence regarding the amount of erosion it can be quantified on the basis of
experimental studies. For glacially polished rocks it is unusual for erosion rates to
exceed 1 mm ka-1 [André, 2002]. Figure 4.3 shows the effects of various choices of
scaling scheme and erosion rate.
The final consideration is whether the sample has been subjected to a complex
exposure history with a period/periods of exposure interrupted by period/s of
shielding by overlying material. This situation would result in a larger than expected
concentration of TCNs and an overestimation of the duration of the most recent
period of exposure. Significant concentrations of TCNs may be present 2-3 m below
an exposed surface, becoming increasingly significant if the period of exposure is
long enough to allow significant TCN build up due to muonic production. As a result
removal of an equivalent amount of material is required to ‘reset’ the TCN
concentration. If a surface is exposed, buried, not sufficiently eroded, and finally reexposed its TCN concentration will include a component from the initial period of
exposure. An example of such a situation is if a surface is covered by a glacier which
removes only 0.5 m of material before receding and re-exposing the surface. The
possibility of a complex exposure history needs to be assessed in the field. If it is
considered likely then paired 10Be and 26Al analyses may be required to constrain the
exposure history and make a meaningful interpretation.
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Figure 4.3 The effects of erosion on apparent exposure ages for the three main scaling schemes and
differing amounts of erosion. A realistic window of potential erosion for glacially polished crystalline
rocks is highlighted by the grey shading. It can be seen that the effects on exposure ages for small
(~1mm ka-1) variations in erosion rate are less than the differences between the varying scaling
schemes. Diagram from Ballantyne [2010]
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The sampling strategy should be designed to account for these three main
considerations. In addition, while sampling several measurements need to be taken
such as topographic shielding.

The topographic shielding of the sample is the

proportion of the sky that is visible from the sample site. Production rates assume
that production is occurring on a surface that is open to the entire sky, any upstanding
topography (eg: a mountain) acts to reduce the flux of cosmic rays reaching the
sample site. To correct for this measurements of the azimuth and angle of inclination
to horizon should be made around the sample site.

In general the effects of

topographic shielding are small, a sample at the bottom of an infinite cone with walls
sloping at 45° would still receive 80% of the incoming cosmic radiation [Gosse and
Phillips, 2001].

4.2.6 Sample preparation for 10Be analysis
As mentioned previously,

10

Be is primarily produced in quartz within rocks

exposed at the Earth’s surface. The sample preparation procedure is thus designed to
separate quartz from the other constituent minerals within the sample before
separating and concentrating the isotope of interest, namely 10Be. These two phases
of sample preparation have been termed the ‘pre-treatment phase’ and ‘isotope
extraction phase’ respectively [Gosse and Phillips, 2001].

Several methods for

isotope extraction have been published [Child et al., 2000; Bierman et al., 2002] but
individual labs are likely to make ad hoc modifications to these.
The initial ‘pre-treatment phase’ involves crushing the sample to produce
predominantly mono-minerallic grains, further processing using magnetic and density
separation concentrates quartz in respect to other minerals. The samples are etched
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with dilute Hydrofluoric Acid (HF) which dissolves alumino-silicate minerals as well
as removing meteoric 10Be from the grain surfaces. The purity of the quartz separates
is assessed and once of acceptable purity it begins the ‘isotope extraction phase’. At
an early stage an enriched 9Be carrier is added to the samples because the low natural
abundance of 9Be makes forming precipitates difficult.

The isotope extraction

process concentrates the target isotope, removes any nuclides that are noncosmogenic or not in situ, and removes any isobars that may cause interference during
analysis [Gosse and Phillips, 2001].

The general procedure for this involves

dissolution of the sample within HF and conversion into chlorides. The samples then
undergo anion and cation exchange chromatography to remove most of the Ti and Fe
impurities. Be is precipitated as a hydroxide and converted to Beryllium Oxide ready
for target preparation. A step-by-step guide to sample preparation is provided in
Appendix 1 and summarized in Figure 4.4.
Throughout the sample preparation great emphasis is placed on avoiding
contamination of individual samples and cross contamination between samples. As
the concentration of

10

Be within any sample is low any slight contamination will

severely alter the results of analysis. To asses the level of contamination within a
sample batch procedural blanks are prepared and analysed along with each batch of
samples. These blanks undergo the same chemical procedures as the actual samples
and allow assessment of any possible contamination and correction of the samples for
this.

!
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Figure 4.4 Sample preparation for AMS analysis. Stylised diagram showing the stages of sample
preparation from whole rock to Hydroxides.
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4.2.7 AMS Analysis.
The development of accelerator mass spectrometry (AMS) in the late 1970’s
allowed the measurement of the very small quantities of in situ cosmogenic isotopes
normally present within rocks to become a routine technique. AMS analysis allows
discrimination of isobaric and molecular interference as well as measurement of
isotopic ratios for specific elements to a level of 1 in 1015 [Gosse and Phillips, 2001]
making it suitable for measuring such small concentrations.
The AMS system used at the Scottish Universities Environmental Research
Center (SUERC) is a 5MV NEC tandem pelletron accelerator (Figure 4.5) with a
reported precision of ~3% [Freeman et al., 2007]. Fifield [1999] provides a good
overview of the principles of a tandem AMS system similar to that used at SUERC.
The following summarises the general operation. Negative ions are generated by
sputtering the sample with caesium ions. These negative ions are pre-accelerated to
30-200 keV, and mass analysed by the injection magnet. The negative ions are then
accelerated to the positive high voltage terminal of the accelerator where they pass
through a low pressure gas, usually argon. This strips off electrons and converts the
negative ions to multiple-charged positive ions. Negative molecular ions dissociate
into their component atoms which also emerge with a positive charge. In the second
stage of the tandem accelerator the positively charged ions are accelerated back to
ground potential and pass through the analyzing magnet, here, the ions of interest are
filtered using a combination of charge state and energy. The detector receives these
ions. To remove any molecular fragments formed by charge changing collisions with
gas molecules during the second accelerator stage most AMS systems incorporate
either a velocity filter or electrostatic analyzer.
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AMS determines the ratio of the rare isotope (10Be) to an abundant isotope
(9Be). The ions of the rare isotope are counted individually, the more numerous
(typically 1012 times more abundant) isotope must be measured as an electrical
current in a Faraday cup. The offset Faraday cup assembly measures the abundant
isotope as it is deflected to a greater degree than the heavier, rare isotope. The rare
isotope is passed through a 20° electric cylindrical analyzer (ECA) and an ultra-thin
SiN window to filter any isobaric ions that would interfere with the analysis. This

Figure 4.5 Schematic of an AMS similar to the one used at SUERC.
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filtering produces an overall system sensitivity of better than 1 in 1015 as interfering
background levels are reduced to a few parts in 1016. The rare isotope ions that
passed through the analyzing magnet and ECA are counted in a gas ionization
detector.

4.2.8 Calculating exposure ages
To calculate the exposure age of a sample from the AMS measured nuclide
ratios requires calculation of the nuclide concentration N (atoms g-1):

N=

R(AMS ) " M(carrier) " N A
M(sample ) " 9.0122

Where R(AMS) is the ratio of rare to abundant isotope measured by AMS (x10-15),
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M(carrier) is the carrier mass added (!g) (see Appendix 2), NA is Avogadro’s number
(6.022 x 1023) and M(sample) is the mass of pure quartz for the sample (g). Knowing the
nuclide concentration it is now possible to calculate the apparent exposure age of a
sample with knowledge of the sample specific production rate. A simplified means of
doing this would be to use the following equation from Lal [1991]:

N = N inh e

" #t

$%
"( # + )t
P
&
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).(1 " e
)
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&

Where P is sample specific production rate (atoms g-1 yr-1), ! is the decay constant of
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the nuclide (yr-1), t is time (y), " is erosion rate (cm yr-1), Ninh is any cosmogenic
nuclide inheritance, # is the density of the sample (g cm-3), $ is the absorption mean
free path (characteristically 150-170 g cm-2 [Gosse and Phillips, 2001]). Assigning a
reasonable value for " and Ninh based on geological evidence this equation can be
!
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solved numerically for t which is the apparent exposure age of the sample. The
availability of the CRONUS online calculator (see above) results in the vast majority
of exposure ages being calculated through it and not by numerical calculations such as
those outlined above.
The CRONUS calculator solves a different equation to derive an exposure age
[Balco et al., 2008]:

N = S thickSG Pref ,sp,Xx
+P µ

"

T

0

"

T

0

exp(# $t ) exp(

S

Xx

(t ) exp(# $t ) exp(

#%t
)dt
& sp

#%t # ' / 2
)
&µ

where Sthick is the thickness correction (non-dimensional), SG is a geometric shielding
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correction (non-dimensional), Pref,sp,Xx is the reference production rate due to
spallation for scaling scheme Xx (atoms g-1 yr-1), SXx(t) is the scaling factor (nondimensional) for scaling scheme Xx, which may or may not vary over time depending
on the scaling scheme, ! is an independently determined surface erosion rate (g cm-2
yr-1), "sp is the effective attenuation length for spallogenic production (g cm-2), Pµ is
the surface production rate in the sample due to muons (atoms g-1 yr-1), z is the sample
thickness (g cm-2), and "m is an effective attenuation length for production by muons
(g cm-2). This equation differs from that of Lal [1991] in that it treats production by
spallation and muons separately and that it considers production rate variation over
time (depending on scaling factors).

Given the current state of knowledge the

CRONUS calculation is preferable to any of the older calculations for calculating
exposure ages.
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4.2.9 Uncertainties
The sources of uncertainty that need to be considered when applying TCN
exposure dating can be grouped into three categories that contain random and
systematic

uncertainties.;

(1)

analytical/observational

uncertainties;

(2)

methodological uncertainties, and; (3) geological or natural uncertainties [Dunai,
2010]. The various sources of uncertainty are shown in Table 4.2 from Dunai [2010].
Analytical uncertainties are those that arise from all measurements undertaken
in order to calculate an exposure age from sampling, through sample preparation to
AMS analysis. Some of these, such as sample geometry, can be controlled by careful
measurement by the worker. Other sources of analytical uncertainty such as the AMS
counting statistics are dependent on the available equipment. With careful operator
procedure and well run equipment analytical uncertainties can contribute <1% of the
total uncertainty of any exposure ages, although contributions of up to 5% are more
common [Gosse and Phillips, 2001; Dunai, 2010].
Methodological uncertainties relate to the a priori knowledge required to
calculate an exposure age and stem from four main sources; production rates, scaling
factors, radionuclide half lives and parameterization of mass attenuation [Dunai,
2010]. The production rate uncertainty limits the accuracy of exposure ages as it is
evident that an exposure age cannot be known more accurately than the production
rate of the nuclide used to calculate it. The globally calibrated

10

Be production rate

has an uncertainty of ~9% [Balco et al., 2008]. In comparison locally calibrated
production rates can have uncertainties of ~2.5%

[Putnam et al., 2010].

The

uncertainty of a local production rate used for a given sampling site is intrinsically
linked to the scaling factors used.

Sites that lie outside the main coverage of

calibration data have larger uncertainties attached to the use of scaling factors (>5%)
than those inside, or where a locally calibrated production rate is available (<5%)
!
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[Dunai, 2010]. The effect of uncertainties relating to the half-lives of cosmogenic
nuclides is only significant (~10%) in old samples where exposure time approaches
T1/2 [Nishiizumi et al., 2007]. Where the effect of mass shielding is important (ie:
significant topographic shielding, burial etc) the uncertainty in the mass-attenuation
co-efficient (!) will contribute to uncertainty, however, this contribution is minor
compared to the uncertainties in the parameters used to describe the mass shielding
(thickness, duration, density etc) [Dunai, 2010].
The main sources of geological uncertainties are the assumptions made
regarding the exposure and shielding history of any given sample. Developing an
appropriate sampling strategy is one of the main ways to limit the introduction of
geologic uncertainties. In addition data sets of sufficient size can be subject to
statistical tests to remove outliers [Taylor, 1997]. It is difficult to quantify the exact
contribution of geologic uncertainties to any given exposure age and in some cases it
could be as high as 100% [Dunai, 2010]. Data sets need to be assessed with respect
to their geomorphologic setting to determine if meaningful ages can be derived.
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Analytical/observational (2-6%)
Sample parameters (<1-5%)
Elevation
Surface geometry
Sample thickness
Thickness/density of overburden
(eg: soil, snow, water)
Preparation (1-3%)
Cross-contamination
Sample weighing
Carrier weighing
Dilution of target mineral by non-target
minerals
Stable isotope measurement (eg:27Al for 26Al)
Target element chemistry
Major and trace elements (for neutron flux
calculations, 36Cl;3He)
AMS or NG-MS (1-5%)
Counting statistics (standards and samples)
Machine background correction
Blank correction
Correction for non-cosmogenic components
Characterization of standard material
Methodological (5-15%)*
Radionuclide half-life
SLHL-production rate
Cosmic ray flux attenuation in rocks
Scaling factors
Angular dependency of cosmic ray flux in the
atmosphere
Secular variation of atmospheric pressure,
magnetic field, solar modulation

Random
Random
Random
Random

Random/systematic
Random
Random
Random/systematic

Random
Random
Random
Random
Random/systematic*

Random/systematic*
Random/systematic*
Random/systematic*
Random/systematic*
Random/systematic*
Random/systematic*

Geological/natural (0-100%)
Assumed erosion rate and style
Sytematic
(for age-correction)
Shielding correction (snow, soil, vegetation etc) Random/systematic
Pre-exposure
Random
Exhumation
Random
Misjudgement of the geomorphologic
Systematic
context of a surface
Sources of uncertainty in TCN exposure age calculations. The * marks
areas where CRONUS research is anticpated to reduce systematic
uncertainty, leaving random errors as the dominant sources. Some of
the methodological uncertainties are nuclide dependent. From Dunai
(2010)

Table 4.2 Summary of sources of uncertainty for TCN analyses and estimated relative contributions.
From Dunai [2010].
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4.3 U-Pb dating of detrital minerals

4.3.1 Introduction
Uranium-lead (U-Pb) dating of U-bearing minerals is one of the most widely
applied geochronological techniques and has been used in many branches of the Earth
Sciences. The potential use of the U-Pb decay series to establish the age of geologic
materials was first realised in the early 20th century by Ernest Rutherford and at his
suggestion the first radiometric age determinations of minerals were carried out
[Boltwood, 1907]. Further work by Holmes [1911] produced a geological timescale
that bears comparison to the accepted values of today. Even at this early stage in its
development U-Pb dating provided vital information on the age of the Earth and
supported James Hutton’s concept of ‘deep time’.

The invention of mass

spectrometers and their subsequent development has lead to U-Pb dating becoming
one of the most precise and accurate geochronometers.

4.3.2 Principles
U-Pb geochronology is based on the accumulation of stable radiogenic Pb
isotopes
235

206

Pb and

207

Pb over time by decay of the radioactive U isotopes 238U and

U respectively. Each of these decay series comprises a series of intermediate

daughter elements that are both radiogenic and radioactive. The decay of
235

238

U and

U can be summarised by the following equations:
238
92

4
$
U"206
92 Pb + 82 He + 6# + Q

(1)

235
92

(2)

4
$
U"207
92 Pb + 72 He + 4 # + Q

!
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Where Q is a parameter representing the sum of the decay energies of the entire decay
series.
The half-lives of the parent U isotopes are longer than those of the respective
daughter elements and thus both decay series satisfy the conditions for the
establishment of secular equilibrium.

When this state has been established the

number of decays per unit time of each intermediate daughter are equal to those of the
parent U isotope. In effect the production rate of the stable daughter equals the decay
rate of the parent at the head of the chain and thus it can be considered as if decay of
the parent U isotope proceeds directly to their respective stable Pb isotope. Therefore
the accumulation of radiogenic Pb isotopes by decay of radioactive U isotopes is
governed by equations derivable from the laws of radioactivity [Faure and Mensing,
2005].
206

206
Pb
Pb
=
(
) +
204
204
Pb
Pb i
207

!

207
Pb
Pb
=
(
) +
204
204
Pb
Pb i

where !1 and !2 are the decay constants of

238

238

U "1t
(e #1)
204
Pb

(3)

235

U "1t
(e #1)
204
Pb

U and

235

(4)

U respectively, the ratios are

calculated!from the measured concentrations of U and Pb and subscript i refers to the
initial values of the ratios. To date U minerals the concentrations of U and Pb are
measured by an appropriate analytical technique and the isotopic composition of Pb
determined by measurement or assumed based on a priori knowledge. Equations (3)
and (4) are solved using assumed values for the initial isotope ratios of Pb so (3)
yields:

!

"#!

( 206Pb/ 204 Pb) #( 206Pb/ 204 Pb) i
1
t = ln(
) +1
238
"1
U / 204 Pb

(5)
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Equation (4) is solved in the same way. These equations give two independent age
determinations that can be determined on the same sample. If these ages agree they
are said to be concordant. U-Pb ages will only be concordant if a series of conditions
are met [Faure and Mensing, 2005]. The most important condition is that the Ubearing mineral has remained closed to U, Pb and all intermediate daughter elements
during its history.

This situation is rarely met as U is mobile in oxidising

environments resulting in frequent U loss. Pb loss due to radiation damage to crystals
is also an issue. To deal with these issue procedures have been devised, specifically
graphical procedures for the plotting of U-Pb data [Wetherill, 1956; 1963].

4.3.3 Concordia Plots
Equations (3) and (4) can be rearranged to give the ratios of radiogenic

206

Pb

to 238U and 207Pb to 235U. Equation (3) yields:

Pb * ( 206Pb/ 204 Pb) "( 206Pb/ 204 Pb) i
=
= e # t t "1
238
238
204
U
U / Pb

206

(6)

Equation (4) is rearranged in the same way to give:

!

207

Pb * " 2t
= e #1
235
U

These equations are used to plot a curve of

207

Pb*/235U against

(7)
206

Pb*/238U. The

coordinates of all points
! on this line are the respective ratios that give concordant ages
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and thus the line is called Concordia. (Figure 4.6). The ages of U-bearing minerals
plot sequentially along Concordia with t=0 plotting at the origin.
207

Pb*/235U and

206

Pb*/238U increase due to decay of

235

U and

the minerals move along Concordia, away from the origin.

238

Over time

U respectively and

Grains plotting on

Concordia are interpreted simply as having the age given by their position.

Figure 4.6. Wetherill’s Concordia diagram for interpretation of U-bearing minerals showing a
discordia whose upper intercept corresponds to a crystallisation age of ~3.65 Ga.

If, after a period of accumulation, a grain loses a proportion of its radiogenic
Pb it will move along a straight line known as a discordia. The upper intercept of this
line (y on Figure 4.6) is commonly interpreted as representing the time since
crystallisation. The interpretation of the lower intercept (x on Figure 4.6) is more
complex. Grains plotting below concordia represent loss of Pb since crystallisation.
The mechanism responsible for this Pb loss influences the way in which the lower
intercept of any given discordia is interpreted as several models of Pb-loss have been
proposed. The earliest model involves rapid loss of Pb due to a discrete metamorphic
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event. In these cases the lower intercept can be interpreted as the time elapsed since
metamorphism.

An alternative to this is the ‘Continuous diffusion’ model first

proposed by Tilton [1960]. This model proposes that Pb is lost if the mineral is held
at an elevated temperature over an extended period of time. In this case the lower
intercept of any discordia may be meaningless in terms of defining a geological
event. Goldich and Mudrey [1972] proposed a further mechanism for Pb-loss known
as the ‘dilatency model’ while Stern et al. [1966] demonstrated that chemical
weathering could also result in Pb loss. As a result of these differing ways to account
for Pb-loss care is needed when interpreting lower intercepts of discordias and if they
are thought to represent distinct geological events this should be verified using some
other technique.

4.3.4 Analytical methods
The ability to date U-bearing minerals is dependent on the ability to measure
U and Pb isotopic ratios by an appropriate method.

The development of mass

spectrometry allowed the measurements to be made with sufficient accuracy and
precision to make U-Pb dating one of the most precise dating methods available to
Earth scientists.

Davis et. al. [2003] provide a good review of the historical

development of U-Pb with specific reference to zircon. Modern studies utilise one of
three techniques to date U-bearing minerals, Isotope Dilution Thermal Ionisation
Mass Spectrometry (ID-TIMS), Sensitive High-Resolution Ion Micro-Probe or
Secondary Ion Mass Spectrometry (SHRIMP or SIMS) and Laser Ablation
Inductively Coupled Mass Spectrometry (LA-ICP-MS).
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Each of these three methods has its pros and cons. ID-TIMS provides very
precise data but involves expensive and time consuming sample preparation. As a
result it is often used to provide precise dates in studies where a small number of data
are sufficient. In contrast both SHRIMP and LA-ICP-MS are in situ techniques and
thus far less time consuming or expensive making them well suited to detrital studies
of provenance where a large number of analyses are needed. SHRIMP is capable of
generating data that is only one order of magnitude less than achieved through IDTIMS [Kosler and Sylvester, 2003] however the relatively high cost of the equipment
need to carry out U-Pb dating with SHRIMP means there is a scarcity of suitably
equipped geological laboratories. The work carried out as part of this thesis was done
exclusively with LA-ICP-MS therefore the interested viewer is directed to reviews by
Parrish and Noble (2003) and Ireland and Williams (2003) for further reading on IDTIMS or SHRIMP.

4.3.5 Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
The potential of LA-ICP-MS was first demonstrated by Gray [1985]. As well
as showing its advantages the study also demonstrated limitations and further work
demonstrated the need for new procedures to attain the accuracy and precision needed
for geological applications [Gray, 1985; Jackson et al., 1992; Longerich et al., 1996].
The major advantages of LA-ICP-MS are its short time per analysis, therefore its
relatively low cost, and its flexibility and spatial resolution which allow in situ
analyses of minerals and inclusions. There are numerous reviews on the use LA-ICPMS in geochronological studies [Kosler and Sylvester, 2003; Kosler, 2007; Cocherie
and Robert, 2008]. The following section briefly describes the fundamentals of the
various LA-ICP-MS systems and some of the issues that have to be overcome.
!
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4.3.5.1 Laser ablation systems
An LA-ICP-MS consists of a laser ablation system interfaced with an
inductively coupled mass spectrometer.

These two parts of the system can be

comprised of different components while still functioning as an integrated LA-ICPMS. The laser ablation system itself comprises 4 basic parts (Figure 4.7): (1) a laser
that generates a high-energy beam of radiation that is of uniform direction; (2) a
system for focussing the laser beam and directing it towards the sample; (3) an
ablation cell that allows the laser to interact with the sample surface; and (4) a means
to evacuate the ablated material and transport it to the ICP source [Kosler, 2007].
The most commonly used lasers in laser ablation are yttrium-aluminium
garnet (Y3Al5O12) solid state lasers doped with c. 1% Nd3+ (Nd:YAG).

Light

pumping by a high energy flash-lamp excites photons within the Nd:YAG medium
until they form an inverted population. A cascade of photons from this population
passes through a mirror as laser pulses whose emission is controlled by a series of
mirrors and shutters. Nd:YAG lasers have a fundamental wavelength of 1064 nm
which is in the IR. Materials absorb better in the UV so the output is converted to a
shorter wavelength by passing the laser light through harmonic generators (optically
non-linear crystals). Various combinations of the harmonic generators can generate
output wavelengths of 532, 355, 266, 213 and 193 nm [Kosler and Sylvester, 2003;
Kosler, 2007]. Lasers at 266, 213 and 193 nm are the ones commonly used in
geoscience [Jackson, 2001; Jackson et al., 2004; Cottle et al., 2009].
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Figure 4.7 Schematics of a typical laser ablation system, Modified from Jackson [2001].
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The beam output energy is controlled by passing it through an optical
attenuator and its diameter by some system of apertures or beam expander [Kosler
and Sylvester, 2003]. The controlled beam is now ready to be directed onto the
sample surface.

It enters the ablation cell through a UV transparent window. The

ablation cell is usually mounted on a motorized microscope stage which allows
efficient movement of the sample from one designated spot to another. The design of
the ablation cell is important as efficient transport of aerosol through the cell is vital
for obtaining good ICP-MS signals. Various cell designs and different transport gases
have been utilised to transport the material ablated by the laser to the ICP-MS
[Kosler, 2007].

4.3.5.2 ICP-MS
ICP-MS uses a hot, luminous, partially ionised gas (the inductively coupled
plasma) as a source of ions. The plasma is formed at temperatures of 8000-10000 K
at which it can easily ionise the ablated material [Kosler and Sylvester, 2003; Kosler,
2007]. The ions enter the mass spectrometer at high speed and here the beam is
shaped by a system of lenses before moving to the mass analyser. The inside of an
ICP-MS is kept at a vacuum of 10-4-10-6 Torr [Kosler and Sylvester, 2003].
The constituent parts of an ICP-MS comprise: a source of ions, a mass filter, a
detector (or detector array) and vacuum system.

ICP-MS come in 3 types: (1)

quadropole ICP-MS; (2) magnetic sector ICP-MS and; (3) time-of-flight ICP-MS;
whose type of mass filter employed differs. Of these the quadropole and magnetic
sector versions are the most commonly used in the Earth sciences and there follows a
brief overview of these types. Time-of-flight ICP-MS has not been widely used and
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is not discussed further. The design of the mass filter and detection system has
implications for the analytical precision obtained by a device and thus its suitability
for application to various geological problems.
Quadropole ICP-MS utilise a mass filter comprising 4 rods with applied AC
and DC potential. Varying the configuration of applied currents causes ions travelling
between the rods to oscillate. Those ions of interest pass through the system while
those that are not needed collide with the rods. A quadropole is a fast switching
sequential analyser so they only come in single collector forms [Kosler and Sylvester,
2003]. To obtain useful levels of precision the mass peaks monitored by the single
collector have to be scanned at as fast a rate as possible, this minimises the effect of
any signal fluctuations. The initial studies using LA-ICP-MS to date U-bearing
minerals were carried out on quadropole instruments [Feng et al., 1993; Hirata and
Nesbitt, 1995].
Magnetic sector ICP-MS (Figure 4.8) use magnets to deflect the ions as they
pass through their magnetic fields and it is this type of ICP-MS that was used in this
study. They work on the principle that, for a given kinetic energy and magnetic field
strength, the deflection of the ion is dependent on its mass. Magnetic-sector ICP-MS
come as either single or multi-collector instruments depending on the system used to
detect the ions. Like quadropole ICP-MS single detector magnetic sector ICP-MS are
sequential instruments that utilise fast scans of the monitored mass peaks. Single
detectors have been utilised to obtain results of comparable precision to those
obtained using quadropole instruments [Tiepolo, 2003; Polat et al., 2007]. Multicollector instruments do not have to switch between peaks and are capable of
simultaneously measuring several isotopes. For a time they were the only way to
obtain precise isotope ratios. Multi-collector instruments are precise but have the
!
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Figure 4.8 Schematics of a double focussing magnetic sector ICP-MS. The detector array can be
single or multi-collector. From Kosler and Sylvester [2003].

drawback of lower sensitivity due to the use of faraday cups which are ~100 times
less sensitive than ion counting devices such as channeltrons or secondary electron
multipliers, They therefore tend to require larger laser spot sizes [Cocherie and
Robert, 2008]. Recent development of protocols using multi-collector devices has
succeeded in reducing the required spot size making in situ measurements practical
[Willigers et al., 2002; Horstwood et al., 2003; Valencia et al., 2005].

4.3.5.3 Mass bias and elemental fractionation
The initial attempts at U-Pb dating of minerals (zircon) highlighted several
issues that had to be addressed before accurate and precise ages could be routinely
obtained [Feng et al., 1993; Fryer et al., 1993]. The major issues identified were
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mass discrimination of isotopes (mass bias) [Horn et al., 2000] and elemental
fractionation.

Mass bias is an offset between measured and true values that is

constant over the time of a single analysis. It is caused by the varying transport
characteristics of ions of differing masses from the ICP-MS interface to the detector.
Elemental fractionation is a continuous change in measured isotopic ratios over time
and can be laser-induced [Eggins et al., 1998] or plasma-induced [Guillong and
Gunther, 2002].

Plasma-induced fractionation occurs within the ICP due to

incomplete conversion of particles to ions but the exact processes are not well
understood [Kosler and Sylvester, 2003]. Laser-induced fractionation results from
variations in the size, chemical composition and phase of particle produced at the
ablation site. Some studies have suggested that U can be preferentially retained in the
ablation crater while some of the ablated particles are Pb enriched [Kosler et al.,
2005] which will affect the measured U-Pb ratios.
Both mass bias and elemental fractionation are significant sources of error in
U-Pb dating of minerals that limit precision and accuracy. Much of the progress in
LA-ICP-MS comes from development of ways to minimise and correct for these
sources of error. Various sampling procedures have been developed to try to reduce
laser-induced fractionation [Hirata, 1997; Jackson et al., 2004].

In addition to

reducing the actual fractionation occurring, means of correcting for elemental
fractionation and mass bias have been developed. Although various methods have
been used they can essentially be divided into external and internal corrections.
Internal corrections often involve mathematical procedures that compensate for
fractionation [Horn et al., 2000].

External corrections involve calibration of

measurements to some external standard which can be either matrix matched to the
sample or in the form of a solution [Kosler, 2007]. Kosler and Sylvester [2003]
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provide a good review of the various methods involved and the interested reader is
directed there.

4.3.6 Minerals utilised for in-situ U-Pb geochronology.
To be useful for dating a mineral must retain U, Pb and their intermediate
daughters. The mineral must also be distributed within rocks sufficiently to make it
useful for answering geological questions [Faure and Mensing, 2005]. Numerous
minerals can be utilised for in-situ U-Pb geochronology including zircon, rutile,
monazite, titanite and ilmentite. Zircon and rutile are the two minerals relevant to this
study, for further reading on the other minerals the reader is directed to Faure and
Mensing [2005] and references therein.

4.3.6.1 Zircon
Of the minerals utilised for U-Pb dating the most commonly used is zircon
(ZrSiO4) . Zircon is often enriched with U with respect to the host rock, in addition it
discriminates against the daughter element Pb as it crystallises. In addition, zircon is
sufficiently robust that it preserves its original U and accumulated Pb contents
through re-melting events.

It is known that zircon can retain U and Pb at

temperatures exceeding 900 °C [Lee et al., 1997]. Although these characteristics are
not unique to zircon its widespread distribution in felsic rocks favours its use as a
geochronometer. Another feature of zircon that has utility when attempting to answer
geological questions is the occurrence of metamorphic overgrowths. These features
form during geologic events subsequent to initial crystallisation and can be dated
independently, as a consequence it is possible to derive a multi-phase metamorphic
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history from a single zircon grain. Because of its robustness zircon can survive
weathering and erosion and is thus useful for detrital provenance studies.

4.3.6.2 Rutile
Rutile (TiO2) is a common accessory mineral within metamorphic rocks and
may incorporate U up to concentrations of ~200 ppm making precise age
determinations using U-Pb geochronology possible [Kooijman et al., 2010]. While
rutile is stable under a wide variety of P-T conditions its closure temperature, at c. 500
°C [Heaman and Parrish, 1991], is considerably lower than the closure temperature
of zircon. This has the effect that U-Pb ages from rutile are reset by events of
amphibolite facies or greater.

Like zircon, rutile is robust within sedimentary

environments and can thus be used in detrital provenance studies [Meinhold et al.,
2008; Morton and Chenery, 2009].!
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Chapter 5 - Chronostratigraphy and IRDflux record of MD95-2007:
An offshore record of the deglaciation of the northwest sector of the
BIIS.

5.1 Importance of chronology in studies of rapid climate change during the LGIT.
!

#nterpreting the timing and rate of palaeo-environmental change from any

proxy record(s) is fundamentally controlled by the robustness of the available
chronostratigraphy. Without a robust approach to chronology it is not possible to link
changes seen in one record with those observed elsewhere without large inherent age
uncertainties. The available records such as the Greenland and Antarctic ice cores,
North Atlantic marine records, sub-tropical speleothem and coral records provide an
opportunity to integrate various “chronostratigraphic elements” and make
comparisons on a variety of timescales [Skinner, 2008].

Such an approach to

chronology is essential to allow us to understand the processes and mechanisms of
palaeo-environmental change.!
It was demonstrated that the oxygen isotope composition of foraminifera
varied over time in response to changes in the global ice volume [Emiliani, 1955;
Shackleton, 1967].

This work formed the basis for the Marine Isotope Stage

stratigraphy based on stacked records that is prevalent in the oceanic sciences [Imbrie
et al., 1984; Lisecki and Raymo, 2005] and widely utilized when investigating climate
change on long Quaternary timescales. Over the shorter timescales involved in LGIT
studies, where centennial to millennial scale climate change is of importance, the
inherent uncertainties of up to 4 kyr [Lisecki and Raymo, 2005] prevent correlation of
rapid climate change events.
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The Greenland ice-core records have conclusively demonstrated that climate
shifts can occur on decadal timescales [Dansgaard et al., 1993; Rasmussen et al.,
2006]. Few geological dating methods have the resolution to discriminate events at
this level of precision and this presents a significant problem when investigating and
correlating the patterns and timings of local, regional or global climate change. In
order to address the issues that arise from this it is necessary to take a comprehensive
approach to establishing the chronology of any particular sequence be it ice-core,
marine or terrestrial. Event stratigraphy, based on the alignment of climate proxies to
a regional stratotype, has been widely used within palaeo-environmental research and
continues to be one of the primary means by which age control is established in many
records [Walker et al., 2001; Lowe et al., 2008; Austin and Hibbert, 2012].

5.2 INTIMATE event stratigraphy and assumptions of synchronicity.
The North Atlantic INTIMATE project was established to integrate various
records that span the LGIT and establish whether synchronicity exists between
climate shifts in various regions around the North Atlantic [Walker et al., 2001; Lowe
et al., 2008]. A key development to progress this aim was the establishment of a
protocol for the synchronization of palaeo-environmental events based on an event
stratigraphy approach using the NGRIP GICC05 ice-core record as the preferred
regional stratotype [Lowe et al., 2008] (Figure 5.1). INTIMATE recommend that a
local event-stratigraphy be constructed based around independent age control. This is
then compared to the regional stratotype to assess whether any phasing exists between
the records [Lowe et al., 2008].

The NGRIP isotopic notation provides a clear

chronostratigraphic framework which can be employed when attempting to correlate
palaeo-environmental records from disparate locations. Local terms should continue
!
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Figure 5.1 Comparisons of the NGRIP and GRIP !18O records over the past 30 ka along with the Greenland Isotopic
stratigraphy on the GICC05 timescale. From Lowe et al. [2008].
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Table 5.1 Terminology applied to subdivisions of the Last Glacial-Interglacial Transition

to be used when referring to local events but these should be replaced with the
INTIMATE terminology when attempting inter-regional correlations
The discovery that climate shifts could occur within decades highlights the
need for palaeo-environmental records with similar levels of precision.

The

construction of local event stratigraphies with independent age control is a
fundamental requirement of the INTIMATE protocol and explicitly necessary for
investigating the potential phasing of climatic changes. Unfortunately the most widely
used dating technique, radiocarbon, frequently has errors quoted in the hundreds of
years [Telford et al., 2004]. Other dating techniques such as cosmogenic nuclide
dating and optically stimulated luminescence dating have comparable or poorer
precision [Murray and Olley, 2002; Dunai, 2010]. Methods such as dendrochronology
and varve chronology [Schaub et al., 2005; Palmer et al., 2010] offer the prospect of
precision at levels comparable to the ice-core records but their application is limited
spatially and temporally by the occurrence of suitable materials.
The most commonly adopted approach to address the issues of precision in
dating methods is to assume synchronicity in the timing of climate shifts seen in the
Greenland ice-cores and those observed in other North Atlantic records.

The

assumption of synchronicity allows records to be tuned to the NGRIP stratotype by
identifying key climate transitions present in the ice-core record within the

!
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‘unknown’ record and assigning them the corresponding age [Haapaniemi et al.,
2010; Hibbert et al., 2010; Thornalley et al., 2010] (Figure 5.2). The assumption of
synchronicity stems from numerous studies that report abrupt climate shifts in various
proxy records that appear to be synchronous with events seen in the Greenland icecores [Bond et al., 1993; Dansgaard et al., 1993; Cacho et al., 1999; Hoek and
Bohncke, 2001; Wang et al., 2001; Sanchez Goni et al., 2002; Vautravers and
Shackleton, 2006]. Blaauw et al. [2010] point out that independent dating used to
support inferences of synchronicity is complicated by numerous factors including,
radiocarbon calibration, variable marine reservoir ages and counting errors within the
Greenland ice-cores. Offsets in the timing of events seen in different proxies within
the same core have also been demonstrated [Dickson et al., 2008] thus making
establishing synchronicity on decadal timescales problematic [Blaauw et al., 2010].
In addition, the assumption of synchronicity means that any phasing of climatic
change that does exist between different regions cannot be assessed. While this
approach can be suitable for investigating the presence or absence of events in certain
records and some of the mechanisms involved it is unsuitable for establishing phasing
due to the circular reasoning involved. Establishing leads and lags requires a careful
approach to the construction of local chronologies and age models.
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Figure 5.2 Age model of core RAPid-15-4P. (a) %Nps on depth. (b) %Nps on 14C constrained age
model; arrows show corrected calendar ages, black lines indicate tephra tie points. (c) %Nps on final
age model using tephra tie points and correlation of %Nps with NGRIP !18O (d). Tie points are
indicated by dashed lines. From Thornalley et al. [2010].

!

"#$!

5.2.1 Radiocarbon.
Although the optimal temporal resolution of the radiocarbon dating method is
in the order of decades, in practice it is often limited to the order of hundreds of years
for the LGIT period. The limiting factors on the precision of radiocarbon ages are
fourfold [Lowe et al., 2008; Austin and Hibbert, 2012]; (1) analytical limitations on
the determination of the

14

C content of any sample; (2) sample specific factors,

including sample selection and potential contamination during processing; (3) site
specific factors such as corrections for marine reservoir effects (MRE); and (4) errors
inherent in the calibration of the

14

C age to a calendar age [Reimer et al., 2009].

Despite these issues, radiocarbon will continue to be the most widely used method of
independently constraining chronology within marine and terrestrial sequences
spanning the LGIT. As Lowe et al. [2008] point out, this places an imperative on the
development of precise protocols for the generation of high quality radiocarbon based
time series.

5.2.2 Marine Reservoir Effect
The Marine Reservoir Effect (MRE) is the result of the extended residence
time and large reservoir of
samples being depleted in

14

14

C within the global ocean. This results in marine

C with respect to contemporaneous terrestrial samples

and, consequently, the production of ‘old’

14

C ages. The offset between marine and

terrestrial ages varies spatially and temporally so that it is not possible to apply a
single, universal correction factor [Stuiver et al., 1998]. As a result one of the most
important factors associated with using marine 14C ages is the uncertainty in changes

!"#$

to the marine 14C reservoir age. The difference between the modern global average
value of the surface ocean (~400 yrs) and a value at any given location at any given
time is termed !R.
Numerous workers have noticed an apparent increase in the marine reservoir
age during the LGIT [eg: Austin et al, 1995, Waelbroeck et al, 2001, Bjorck et al
2003, Bondevik et al, 2006, Austin et al., 2011]. Austin et al [1995] document an
increase of ~300yrs (ie: !R=300 yrs) in the marine 14C reservoir age during GS-1 on
the Hebridean shelf, west of Scotland.
changes in marine

14

Waelbroeck et al [2001] record similar

C ages during GS-1 but argue for an even larger variance from

modern values in the earlier portion of the LGIT (ie:GI-1). Their values for !R
"1000 yrs are supported by Bjorck et al [2003] who also document !R values in the
order of 1000 yrs for this period in the Norwegian Sea.

The variance in the

reconstructed !R values causes uncertainty when deciding what correction to apply
to any given sample. This uncertainty is particularly acute when there is no nearby
study to aid the selection.
Refinement in sample processing [Hajdas et al., 2004; Ingalls et al., 2004],
places constraints on the variability of the MRE [Austin et al., 2011] and the
improving available calibration curves [Reimer et al., 2009] will all go some way to
aiding the goal of defining local !R values, however, in the foreseeable future it
remains unlikely that radiocarbon can yield marine chronologies with precision
measurable on the decadal timescale. It will not be possible to exactly establish leads
or lags in climatic events by radiocarbon alone, however the technique will be
extremely useful in providing realistic bounds on the potential age of climatic events
visible in any given record to aid correlation with other records [Austin et al., 2011].

!
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The precise timing of events can then be further established if suitable ‘pinning
points’ are available in the form of time parallel marker horizons which, in the North
Atlantic, are predominantly tephra of Icelandic origin.

5.2.3 Time parallel marker horizons (tephra).
The identification of time-parallel marker horizons provides a means of
correlating records without having to assume synchronicity. Horizons present in two
or more palaeo-environmental records can be used to tie the records together as the
same horizon will have the same age in both records. Several types of horizon have
been used in this approach including palaeomagnetic reversals, boundaries between
oxygen isotope stratigraphic units, changes in the production rates of cosmogenic
radionuclides and, most commonly, tephra [Ising, 2001; Knudsen et al., 2008; Cheng
et al., 2009; Brendryen et al., 2010]. Tephra layers of a determined provenance can
provide precise tie-points between various sequences (tephrostratigraphy) as well as
providing ages for the sequence if the age of the horizon has been independently
ascertained (tephrochronology) [Lowe et al., 2008; Chen et al., 1996].
The application of tephra layers in this manner has advanced rapidly due to
the identification of previously unobservable tephra layers within all kinds of palaeoenvironmental records [eg: Mortensen et al., 2005; Pyne-O'Donnell, 2007]. Despite
these advances, there remain issues with the application of tephra including difficulty
in establishing provenance, discriminating between individual tephra layers and the
potential for non-synchronous deposition of tephra shards [Pyne-O'Donnell et al.,
2008; Brendryen et al., 2011].

These difficulties can be overcome by careful

identification and fingerprinting of tephra layers which provide some of the most
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promising means of correlating inter-regional palaeo-environmental records [Lowe et
al., 2008; Oìladottir et al., 2011]. As an example, the rhyolitic component (II-RHYI) of NAAZ II occurs in the same stratigraphic position on a cooling limb of
Greenland Interstadial (GI-15) in both the Greenland !18O ice core record and the
marine N.Pachyderma (sinistral) (Nps%) records in core MD95-2006 suggesting
sychronicity of this event [Austin et al., 2004] (Figure 5.3). This evidence would
support the assumption of synchronicity of events between Greenland and North
Atlantic marine records but it only represents one case where this has been shown
[Austin and Abbott, 2010; Blaauw et al., 2010]. In addition, while it demonstrates
that cooling was occurring at the same time it does not constrain whether the
commencement and cessation of this cooling was phased.
The identification and correlation of tephras from records across the North
Atlantic undoubtedly holds much promise in aiding the synchronization of all types
of records. Their importance in constructing robust chronologies with which to
investigate the timing and mechanisms of palaeo-environmental change has been
highlighted as a core part of the INTIMATE protocol for correlating records across
the North Atlantic [Lowe et al., 2008].

!
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Figure 5.3 Expanded portion of the GISP2 !18O record alongside the Nps% from MD95-2006. The
maximum abundance of tephra defines the stratigraphic position of NAAZII during cooling at the end
of GI-15. Tie points used to transfer GISP2 age model to MD95-2006 are shown. From Austin et al.
[2004].
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5.3 The utility of an event stratigraphy approach for this study.
The INTIMATE approach to event stratigraphy has been widely adopted
within the field of palaeoclimate studies with the INTIMATE protocols of Lowe et
al., [2008] recently being extended for use with marine records [Austin and Hibbert,
2012]. The major limitation with the outlined approach is the use of correlation
between the locally derived event stratigraphy and the regional stratotype, the NGRIP
!18O records on the GICC05 timescale [Lowe et al., 2008], to derive the ages of the
major climatic transitions. As previously highlighted this ‘tuning approach’ removes
the ability to assess leads and lags within the climate system.
!

Time-lags between climate shifts are considered likely to be smaller than the

inherent age uncertainties generated in the construction of any independent local
chronology [Austin and Hibbert, 2012]. As a result, the assessment of leads and lags
would be limited by this uncertainty even before the use of correlation renders them
indiscernible. It therefore seems reasonable to utilize the available stratotype for
correlating records until such time as uncertainties in generating independent
chronologies can be reduced to the decadal scale or finer. The use of time-parallel
marker

horizons

provides

an

important

means

of

independently

testing

chronostratigraphies as well as a potential means for assessing synchronicity [eg:
Austin et al., 2004].

In light of the issues highlighted in this discussion the

INTIMATE protocols of Lowe et al. [2008] were used to guide the construction of a
new age model for marine core MD95-2007 which is described in the next section.

!
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5.4 Giant Piston Core MD95-2007 and other cores from the St Kilda Basin
Giant Piston Core MD95-2007 was collected in 1995 by the RV Marion
Dufresne from the St Kilda basin on the Hebridean shelf, Northwest Scotland (57°
31.057’ N, 08° 23.171’ W, 158 m water depth, 19.35m recovery; Figure 5.4). The St
Kilda basin is a glacially over-deepened basin that is within the limits of the last BIIS
[Davies et al., 1984; Peacock et al., 1992; Stoker et al., 1993]. This conclusion is
supported by 14C dates of 27-19 ka from morainal banks marking the aforementioned
BIIS limit [Peacock et al., 1992; Austin and Kroon, 1996]. These ages demonstrate
that this sector of the BIIS was at its maximum extent at the LGM. As such, MD952007 is thought to record nearly the entire deglacial sequence following initial
deglaciation of the shelf edge.
The potential for cores recovered from the St Kilda Basin area to record high
resolution records of the LGIT was initially demonstrated from two vibrocores
VE57/-09/89 and VE57/-09/46 [Austin, 1991; Peacock et al., 1992; Austin and
Kroon, 1996]. These cores showed an expanded LGIT sedimentary sequence but a
poorly resolved Holocene sequence. From the sedimentary, micropalaeontological
and isotopic evidence recorded in these cores it was proposed that the St Kilda basin
was deglaciated by 15.2 14C ka BP (17.6 cal ka BP) after which its waters remained
cold with low salinity until 13.5 14C ka BP (15.6 cal ka BP). Following this time,
warm interstadial conditions prevailed until a cooling associated with the onset of
GS-1 was observed at 11.6

14

C ka BP (13.0 cal ka BP).

The return to warm

temperatures at the beginning of the Holocene occurred prior to 10 14C ka BP (11 cal
ka BP) [Austin and Kroon, 1996] (Figure 5.5). One of the notable features of this
sequence of climatic change is the time when warm conditions were established. The
age of 15.6 ka predates the age assigned to the Bølling warming that
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Figure 5.4 Location map showing the location of Giant Piston Core MD95-2007 and two other
vibrocores within the St Kilda Basin. The morainal banks that mark the maximum extent of the last
BIIS [ From Austin and Kroon, 1996] are also shown along with stylised flowlines of the Minch
palaeo-ice stream [From Bradwell et al. 2008].

marks the beginning of GI-1 by 0.9 kyr [Rasmussen et al., 2006]. At face value this
would suggest that the warming on the Hebridean shelf occurred almost 1 kyr earlier
than in Greenland. It is considered unlikely that this would have been the case
considering the widespread evidence for near synchronous climate change
highlighted in Section 5.2. While not discounting the potential for leads/lags between
climate change on the Hebridean shelf and Greenland it is proposed that the large
mismatch in the timing of warming may reflect; (1) a increased !R at this time; (2)
reincorporation of older material or; (3) some combination of both.

It is thus

suggested that the warming seen near the St Kilda Basin at 15.6 ka from the two
vibrocores corresponds to the Bølling warming although the precise timing remains
to be resolved.
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As highlighted previously, the ability to derive meaningful conclusions from
proxy records of climate change is hampered by the issues surrounding the
construction of chronologies. This is especially the case when investigating rapid
climate change on centennial or millennial timescales as the uncertainties associated
with the primary dating tool, radiocarbon, are of the same magnitude as the events
under investigation. In order to maximise the utility of the records from MD95-2007
the INTIMATE protocols [Lowe et al., 2008] are used to construct a new and
improved age model for the core in order to be able to relate the proxy records
obtained from MD95-2007 to the regional climate of the North Atlantic. This chapter
first describes the construction of an improved age model for MD95-2007 which is
necessary to place a newly obtained IRD record (Section 5.6) into proper context. A
new IRDflux record derived from this newly constructed age model is discussed with
respect to initial deglaciation of the NW-BIIS.

Figure 5.5 !18O, first axis Primary Component Analysis scores and 14C ages from Vibrocore 57/-09/89
showing the sequence of change during deglaciation as inferred by Austin and Kroon [1996].
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5.5 Chronostratigraphy of MD95-2007
5.5.1 Original Age Model
The original age model for MD95-2007 was constructed using the available
14

C data and tephra isochrones [Wilson, 2004]. The dates used for its construction are

shown in table 5.2 and the age-depth relationship derived from these in Figure 5.6. It
can be seen from this that MD95-2007 is characterised by high sedimentation rates
during the LGIT. Rates at this time exceed 500 cm kyr-1 which is high enough to
minimise the disturbing influence of bioturbation allowing observation of submillennial scale features [Austin et al., 1995]. Using a linear regression through the
oldest two dates in this age model Wilson [2004] infers a basal date from MD95-2007
of 17.5 ka. The AMS

14

C ages used by Wilson [2004] were calibrated using the

Calib4_2 programme [Stuiver and Reimer, 1993; Stuiver et al., 1998] and !R=0. As
already highlighted it is known that the MRE varied during the LGIT and thus the
assumption of !R=0 is unlikely to hold for all samples.

Figure 5.6 Age depth model for MD95-2007 based on Wilson [2004].

!
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Table 5.2 Radiocarbon ages from MD95-2007.
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5.5.2 A new age model for MD95-2007
The availability of a benthic !18O record (!18Oforam) provides an additional
means of constraining the age-depth relationship by means of linking the MD95-2007
!18Oforam stratigraphy to the GICC05 timescale as outlined by the INTIMATE protocols.
The !18Oforam record from MD95-2007 displays several of the prominent events
recorded in records spanning the last deglaciation from across the North Atlantic
(Figure 5.7). The INTIMATE group defined an event stratigraphy for the LGIT [Lowe
et al., 2008] and the well defined nature of the MD95-2007 !18Oforam record allows us to
place it in that context. A robust chronology for this core has been achieved by initially
constraining the timing of the major events visible in the !18Oforam record using

14

C,

subsequent tuning of the “constrained” !18Oforam record to the !18Oice NGRIP record on
the GICC05 chronology, the stratotype for the INTIMATE event stratigraphy (Figure
5.1 ) and finally verified through the use of a tephra isochron.
Given the rapid and abrupt nature of the observed climate oscillations during GI1, combined with the resolution of the MD95-2007 !18Oforam record during this period, it
is important to determine the particular climatic variation observed during GI-1 vis a vis
GI-1d or GI-1b (Figure 5.7). To aid correlation, the !18Oforam stratigraphy was initially
constrained using 16

14

C AMS dates from marine mollusc shells of various species

(Table 5.2). This provides age-depth control to aid tuning of the MD95-2007 !18Oforam
record to the NGRIP !18Oice record. Because it is known that marine reservoir ages
varied both spatially and temporally during the last deglaciation [Austin et al., 1995;
Austin et al., 2011] three different values for the reservoir correction (R(t))

!
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Figure 5.7 !18O record from MD95-2007 plotted against core depth and shown in comparison to the
!18O record from the NGRIP ice core on the GICC05 timescale [Rasmussen et al. 2006]. The
prominent climatic features visible in the MD95-2007 record are linked to their potential counterparts
within the NGRIP !18O record.
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were used, reflecting the modern value (400 yr), the commonly cited GS-1 value (700
yr) and a maximum value of 1000 yr [Waelbroeck et al., 2001]. This approach
provides a good first order constraint to the age of the interstadial !18Oforam excursion
[Austin et al., 2011]. In order for this excursion to correlate with GI-b (13,311-13,099
a) the reservoir age correction would need to exceed 1000 yr (Figure 5.8).

A

reconstruction of R(t) at this time from MD95-2007 indicates that it was lower than the
GS-1 value and thus unlikely to have exceeded 1000 yr [Austin et al., 2011]. The
!18Oforam excursion is therefore correlated with GI-1d.
Using this interpretation the rapid climate shifts seen in the !18Oforam
stratigraphy can be correlated with the corresponding events in the NGRIP !18Oice
record and assigned the ages outlined in the GICC05 chronology [Rasmussen et al.,
2006]. One major Icelandic tephra layer has thus far been indentified within MD952007 and more widely across the St Kilda basin [Austin et al., 1995]. This tephra
occurs at a core depth of 281 cm has been correlated with the Vedde Ash based on
magnetic and geochemical properties [Peters et al., 2010; Austin et al., 2011]. The
Vedde Ash is assigned an age of 12,171 a using the GICC05 chronology [Rasmussen
et al., 2006]. For the rapid !18Oforam changes at the onset and end of GS-1 and GI-1d
the tie point was assigned to the midpoint of the transition. Table 5.3 summarizes the
tie-points, their core depths and the ages assigned to them.
Table 5.3 Tie points used in construction of new age models from MD95-2007

!
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Figure 5.8 MD95-2007 !18Oforam plotted using 3 ‘preliminary’ age-depth models constrained by the
available AMS 14C dates calibrated using OxCal v4.1 and MARINE09 [Reimer et al., 2009] and three
different values for !R; 0 yrs, 300 yrs and 700 yrs.
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One complicating factor in the use of the tuning method to construct an age
model for MD95-2007 is that there is no obvious tuning target beyond the cold
excursion GI-1d. To anchor the base of the record it is necessary to use the basal
radiocarbon date at a depth of 1826 cm. This subsequently introduces an uncertainty
related to the choice of R(t) used in the calibration of this age. The differences in the
basal age calculated using the various corrections are significant in the lower portion
of the core and could influence any interpretations.
Austin et al. [2011] reconstructed !R in MD95-2007 and concluded that at the
end of GI-1 !R was approaching a value equivalent to the modern day. However,
Knutz et al. [2007] suggest that at the time of H-1 !R in the Northeast Atlantic could
have been as high as 1600 yrs. Even considering that in the shallow, well mixed shelf
setting of MD95-2007 this value is likely to have been less this precludes a simple
assumption of a modern !R value for the basal

14

C date given that the basal date

approximates the age of H-1. To address this issue three versions of the tuned age
model have been constructed and are shown in Figure 5.9. The model utilizing
!R=300 yrs is chosen as the “final” age model (Figure 5.10) but the effects of a
differing !R on the interpretation of the basal section of the MD95-2007 record are
also discussed.

5.5.3 Comparing the old and new age models from MD95-2007
The original age-depth model based on AMS

14

C ages presented in Wilson

[2004] is shown in comparison to the newly constructed age-depth model in Figure
5.11. The two age models are broadly similar with a steep limb corresponding to the
low sedimentation rates during the Holocene with a lesser gradient thereafter

!
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Figure 5.9 Age models for MD95-2007. The upper statigraphy is tuned to the NGRIP !18O record on
the GICC05 timescale. Three different values of !R have been used to correct the basal AMS 14C date.
A) !R= 0 y.r B) !R= 300 yr. C) !R= 700 yr.
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Figure 5.10 Final age model for MD95-2007. Tuning of the MD95-2007 benthic !18Oforam records to
the NGRIP !18O record on the GICC05 timescale [Rasmussen et al., 2006].(a) MD95-2007 benthic
!18O; (b) NGRIP !18O; (c) MD95-2007 benthic !18O tuned using basal AMS 14C date corrected for
!R= 300 yr. The black circles show the tie points and the red square the basal AMS 14C date.
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Figure 5.11 Comparison of age depth models for MD95-2007
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corresponding to the high sedimentation rates throughout the LGIT. The original 14C
based age model has more age points thus resulting in a less linear age-depth
relationship. However, it should be noted that the uncertainties in the calibrated ages
provide a broader envelope for the age depth relationship than is shown here.
The ages presented by Wilson [2004] were calibrated using the Calib4_2
program [Stuiver and Reimer, 1993; Stuiver et al., 1998] and a !R=0. The Calib4_2
program has since been superseded by Oxcal v4.1 and INTCAL09 [Reimer et al.,
2009]. Table 5.2 compares the 14C ages calibrated using both programs. The original
calibrated ages tend to be 400-1000 yr older than the ages calibrated using
INTCAL09 (for the same reservoir correction). This magnitude of difference is
important when investigating rapid climate change on decadal to millennial
timescales. The effects of these variations is highlighted when the !18Oforam record
from MD95-2007 is constructed using different age models based on different
assumptions of !R (Figure 5.8). It can be seen that the timings of important climatic
events, such as the beginning and end of GS-1 and the GI-1d climate oscillation, vary
by several hundred years. With such variance it is not possible to assess leads and
lags between sub-millennial scale climatic changes seen in MD95-2007 and those
observed elsewhere.
Another issue involved in age-model construction stems from the use of a
linear interpolation between tie-points. This is likely to be an oversimplification
especially when the time between two tie-points encompasses a short-lived climate
oscillation which may have been accompanied by brief, but significant, changes in
sedimentation rates. Indeed, a pessimistic view is that uncertainties related to age
model construction will limit ability to resolve issues such as leads and lags between
climate change on these scales. As discussed by INTIMATE [Lowe et al., 2008] the
!
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best hope for resolving these issues lies with the identification of suitable timeparallel marker horizons such as tephra.
The new age-model constructed for MD95-2007 follows the INTIMATE
protocols by using radiocarbon ages as a guide to aid correlation with a regional
stratotype, in this case the NGRIP !18Oice record. The occurrence of a centennial scale
climate oscillation in the MD95-2007 !18Oforam record at around the same time as a
notable cold oscillation in the !18Oice record highlights the close coupling of the local
and regional climates.

5.6 A new IRD record from MD95-2007
5.6.1 Introduction
The occurrence of coarse grains within generally fine grained marine
sediments is often attributed to deposition from the melting of floating ice, either
icebergs or sea-ice. Since the initial identification of Ice Rafted Detritus (IRD)
[Bramlette and Bradley, 1940] considerable attention has been given to attempts to
utilize it to link ice-sheet dynamics with the coupled ocean-atmosphere system
[Heinrich, 1988; Bond et al., 1992; Bond and Lotti, 1995]. The definition of what
constitutes IRD varies but it is generally taken to be material >150 µm. The <63 µm
fraction dominates glacially derived sediments [Andrews, 2000] while source rock
type and distance of transport profoundly influence grain size distribution [Hemming,
2004]. These factors introduce a systematic bias that means some source rocks may
be completely unrepresented in the IRD record. However, the need to define a
fraction coarse enough to have been exclusively deposited from floating ice requires
acceptance of this bias. Thus, because >63 µm grains are most likely to be IRD and
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>150 µm grains definitely are [Hemming, 2004] it is the latter that has come to define
IRD.
IRD records are usually expressed in terms of the IRD flux to a core site,
grains per square centimeter per thousand years (grains cm-2 kyr-1) [Ruddiman, 1977]
as measurements of IRD concentration (grains >150 µm per gram dry sediment) can
be subject to ‘dilution’ due to increased input of fine material, especially during
glacial periods. Changes in IRD flux are independent of background delivery of
sediment to core sites and thus reflect actual changes in the amount of IRD being
delivered. There are three factors, or combinations thereof, that could drive this
change; (1) total flux of icebergs to the core site; (2) the sediment concentration of the
icebergs reaching the core site, and; (3) the location and/or rate of melting within the
oceanic basin [Andrews, 2000].

5.6.2 Core Sampling and residue preparation
The IRD counts carried out in this study were from already prepared dry
residues stored at the University of St Andrews. The preparation of these residues
was undertaken as part of L. Wilson’s PhD research [Wilson, 2004].

For

completeness the sampling and preparation process detailed in Wilson [2004] is
summarized here. MD95-2007 was originally sampled by William Austin and Cecilia
Taylor at a resolution of every 5 cm using standard Ocean Drilling Program plugs and
water content and bulk density measured. Wet samples were oven dried at 40°C to
constant weight then weighed and soaked in sodium hexametaphoshate to promote
disaggregation of grains. Samples were sieved and the >63 !m fraction retained.

!
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5.6.3 IRD flux
IRDflux is calculated from the IRD concentration and bulk mass accumulation
rate (BMAR) such that:

IRD flux = IRD conc " BMAR
The BMAR in turn is calculated using a linear sedimentation rate (LSR) derived from

! dry bulk density (!DB) of the sediment such that:
the age model and the
BMAR = LSR " #DB

Calculation of the LSR
! involves linear interpolation between the tie points used in
construction of the cores age model. !DB is calculated using the wet and dry mass of
known volumes of sediment assuming sediment particle and pore water densities of
2650 and 1025 kg m-3 and pore water salinity of 35 g kg-1.
Lithic counts were carried out on the coarse (>250 µm) fraction. Most IRD
counts presented are total counts of all the lithic grains within each sample however
where the > 250 µm fraction was particularly large counts were carried out on a split
fraction. Traditionally grains coarser than 150 µm are considered to be ice rafted
[Hemming, 2004], here a slightly coarser fraction is used due to the possibility that the
shelf was a higher energy environment compared to the deep ocean, especially at
times when eustatic sea level was lower. Seismic evidence indicates deposition was
in a low energy environment [Wilson, 2004] so while it is likely that most grains > 63
µm are ice rafted, the use of the coarser grain size reduces the possibility of these
being reworked by bottom current activity.
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5.6.4 Results
The IRDflux record from core MD95-2007, plotted against the benthic !18Oforam
record (Figure 5.12), shows 3 periods of increased IRD flux to the core site. The
initial, and highest, period of higher flux occurs near the base of the core. IRDflux
during this time consistently exceeds 150,000 grains cm-2 yr-1. This period
corresponds to the missing part of the !18Oforam stratigraphy such that age-control is
poor and resultant IRD flux uncertainty relatively high. Following this there is a
period of near zero IRDflux to the site. This quiescent period lasted until ~14.1 ka
when there is large increase in IRDflux. This peak corresponds exactly to a significant
!18Oforam excursion interpreted as corresponding to GI-1d. The peak IRD flux value at
this time is 110,000 grains cm-2 yr-1. After this brief period IRDflux returns to the very
low background levels observed prior to GI-1d. This low rate continues until a slow
increase in IRDflux prior to the onset of GS-1 that is marked by a distinct increase in
the IRDflux to the core site. IRDflux during GS-1 is variable with a peak value of
65,000 grains cm-2 yr-1 and an average value of 12,200 grains cm-2 yr-1. This is,
however, consistently higher than the background rate seen outwith the periods of
increased flux. Following the end of GS-1, as defined in the !18Oforam stratigraphy,
IRDflux rates reduce to effectively zero.

5.7 Discussion
5.7.1 Deglaciation of the northwest sector of the BIIS.
On the basis of a single 14C age from core VE-57/-09/89, located ~10 km west
of MD95-2007, deglaciation of the shelf would have begun by 18.1-17.7 ka [Peacock
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et al., 1992].

The stratigraphically lowest

14

C ages from MD95-2007 were

extrapolated to infer a minimum deglaciation age of ca.16.8 ka [Wilson, 2004]. Both
of these calculations account for a marine reservoir correction of 400-800 yrs. If a !R
value of 300 yrs is used to recalibrate the basal 14C age then the resulting extrapolated
age of deglaciation in MD95-2007 is similar to that inferred by Wilson [2004], a !R

Figure 5.12 MD95-2007 IRDflux record plotted alongside !18Oforam record using the ‘final’ age model
discussed in section 5.5. The stratigraphic divisions as recommended by INTIMATE [Lowe et al.,
2008] are also shown.
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value of 0 yrs gives a deglaciation age of ~17.6 ka and a !R value of 700 yrs an age of
~16 ka. Considering this it seems likely that deglaciation began some time after 18 ka.
The initial period of high IRDflux in MD95-2007 is interpreted as being a deglacial
signal, representing deposition in a glaci-marine setting as the BIIS retreated from its
LGM shelf edge position [Stoker et al., 1993].
After the initial period of high IRDflux, values reduce to effectively zero
indicating the cessation of IRD deposition at the core site. This suggests that at this
time icebergs calving from any remnant BIIS were not reaching this location. This
could have been because of an overall absence of calving margins, an effect of the
Outer Hebrides ‘sheltering’ the core site, or a combination of both. Regardless of the
exact mechanism the collapse in IRDflux values are indicative of complete
deglaciation of the Hebridean shelf. The precise timing of this cessation in IRD
delivery is dependent on the !R value used to calibrate the basal 14C date but brackets
the time period 16.5-15.5 ka (Figure 5.13).

This predates the major ‘Bølling’

warming seen in the NGRIP !18Oice record that marks the end of GS-2 by >1 kyr. The
upper end of the envelope is consistent with the inference of warmer waters being
present in the St Kilda basin by 13.5 14C ka BP or 16.1 cal ka BP [Austin and Kroon,
1996]. The Bølling warming is visible in other paleoclimatic records from Scotland
[eg: Brooks and Birks, 2000]. Its absence in the !18Oforam record of MD95-2007 is
puzzling but may be the result of meltwater influences during BIIS deglaciation.
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Figure 5.13 Comparison of the IRDflux records for varying !R correction of basal AMS 14C date. A) !R
= 0 yr. B) !R = 300 yr. C) !R = 700 yr.
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Multi-beam swath bathymetry of the near shore waters in the Summer Isles
region has revealed extensive complexes of retreat moraines indicating active
oscillatory retreat of the BIIS in this locale [Stoker et al., 2006; Stoker et al., 2009].
The evidence from this region constrains the timing of cessation of ice streaming in
The Minch to between ~20 ka and 15 ka [Stoker et al., 2006; Bradwell et al., 2007].
This timescale is compatible with complete deglaciation of the Hebridean shelf by
c.16 ka which would indicate that at this time ice must have been located within the
Minch itself, and most likely close to the present day shoreline such that there were
minimal calving margins producing icebergs of Scottish origin. This quiescent period
in the IRD record is continuous throughout the remainder of GS-2 and through the
transition to GI-1.

This demonstrates that at no time during this period were

significant volumes of icebergs reaching the core site. Given the short transport
distances involved this would indicate that significant calving margins were not reestablished in this sector of the BIIS following initial deglaciation of the continental
shelf.

5.7.2 The GI-1 IRD peak.
The period of increased IRD flux centered around 14.1 ka coincides with a
!18Oforam excursion that has been correlated with the cold oscillation GI-1d observable
within the NGRIP !18Oice record [Rasmussen et al., 2006]. This increase in IRDflux
could be interpreted as representing an input of locally sourced BIIS material. For
this to be the case the BIIS would have needed to re-advance in response to the cooler
conditions of GI-1d and established significant calving margins. The fact that the
increased IRDflux values do not lead or lag the change in !18Oforam would mean that for
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this model to be correct the remnant BIIS would have had to respond extremely
quickly to a very short-lived climatic oscillation. While it is glaciologically possible
for ice masses to advance rapidly the questionable geomorphic evidence [Ballantyne
and Stone, 2011] for a major re-advance of the BIIS at this time raises questions as to
the source and mechanism responsible for the GI-1 IRDflux peak.
In order to be able to make any meaningful inferences based on the GI-1 IRD
peak it is necessary to establish whether it represents proximal or distal IRD sources.
A first order means of doing this is to try to establish if the proximal source, the BIIS,
was able to supply IRD to the offshore sedimentary record. This will provide some
constraints on the potential sources of the GI-1 IRD peak. If the peak represents a
proximal source then it can simply be interpreted as occurring due to a readvance of
the remnant BIIS in response to cooling during GI-1d.

However if the peak

represents a distal source then its interpretation will be more complex. The following
chapter will investigate evidence regarding the behaviour of the remnant BIIS at the
appropriate time. The provenance of the GI-1 IRD peak is discussed further in
Chapter 7.

5.8 Conclusions
The construction of a new age model based on correlation to NGRIP !18Oice
has allowed the proxy records obtained from MD95-2007 to be interpreted with
respect to the regional climate signal. The reliance on a basal radiocarbon date to
anchor the base of the core introduces uncertainties on the precise age of the basal
core section and highlights the limitations of the technique when trying to establish
the timing of events on sub-millenial timescales. The presence of a similar pattern of
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events in the MD95-2007 !18Oforam record as is seen in the NGRIP !18Oice record
supports the latter’s use as a regional stratotype across the North Atlantic.
The newly obtained IRDflux record highlights periods of increased IRD flux to
the core site. Based on its stratigraphic position and the supporting chronological
evidence the first of these periods is interpreted as a deglacial signal deposited in a
proximal glacio-marine setting as the BIIS retreated from the continental shelf
sometime after 17 ka. The cessation of IRD deposition is interpreted as marking the
final deglaciation of the Hebridean Shelf when no icebergs where reaching the core
site. The precise timing of this is uncertain due to uncertainties in the MRE and the
context of material dated in relation to ice withdrawal. However, assigning realistic
values bracket this withdrawal as occurring 16.5-15.5 ka which is broadly consistent
with other studies. The MD95-2007 IRDflux record also displays a distinct peak
during GI-1 which corresponds to a short lived cooling event. The interpretation of
this peak in terms of BIIS dynamics depends on whether it represents a distal or
proximal IRD source (Chapters 7 & 10).
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Chapter 6 - Cosmogenic exposure ages from the Isle of Skye:
Improving the chronology of deglaciation in the northwest sector of
the BIIS. *

6.1 Introduction
$
The former BIIS existed in a climatically sensitive region of the North
Atlantic and as a result it is believed that its margin responded to short lived climatic
variations that punctuated the last deglacial cycle [McCabe and Clark, 1998; Knutz et
al., 2001; Scourse et al., 2009; Hibbert et al., 2010]. Offshore evidence, in the form
of IRD records, has been used to infer the behaviour of the BIIS in multiple studies
[Knutz et al., 2001; Scourse et al., 2009; Hibbert et al., 2010]. The previous chapter
highlights a distinct peak in IRDflux during GI-1d that could be interpreted as
representing input of BIIS sourced material. If this was shown to be the case it would
provide insights into the behaviour of the BIIS at this time of rapid change. In order
to be able to link the observed IRDflux peak to the former BIIS one approach is to
establish if there was an ice mass present at the appropriate time that was capable of
delivering IRD to the offshore environment. Therefore it is evident that in order to
fully investigate links between the ice sheet’s dynamics and short-lived climate
change as recorded offshore it is vital to build a chronology of ice margin retreat and
fluctuation.
Many studies have focussed on delimiting the former extent and deglaciation
pattern of ice in Scotland [Charlesworth, 1956; Sissons et al., 1973; Ballantyne, 1989;
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
*

The data presented here forms part of Small et al., [2011], In situ cosmogenic exposure ages from the
Isle of Skye, northwest Scotland: Implications for the timing of deglaciation and readvance from 15 to
11 ka. Journal of Quaternary Science, 27, 150-158. All work presented is the sole work of D. Small.
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Bradwell et al., 2008a]. While much of the initial chronology was based on pollen
data and radiocarbon dates [Rose et al., 1988; Walker et al., 1988] recently, new
techniques such as cosmogenic surface exposure dating (SED) have been utilised to
further constrain the ice sheet’s chronology [Stone and Ballantyne, 2006; Golledge et
al., 2007; Bradwell et al., 2008a; Ballantyne et al., 2009a].
The result of this previous work was the emergence of a consensus regarding
the behaviour of the last BIIS during deglaciation following the LGM, 26-21 ka. It is
now accepted that the BIIS reached the shelf edge at the LGM [Stoker et al., 1993;
Austin and Kroon, 1996] and covered all of Scotland [Ballantyne, 2010].
Deglaciation is believed to have commenced sometime before the climatic
amelioration that marks the end of Greenland Stadial 2 (GS-2; 23.3-14.7 ka [Lowe et
al., 2008]), with deglaciation of the continental shelf west of the Hebrides by c.16 ka,
at which time ice was located at, or near, the present coastline [Austin and Kroon,
1996; Bradwell et al., 2008b]. Further deglaciation was interrupted by local and
regional readvances [Robinson and Ballantyne, 1979; Benn, 1997] but it was
generally presumed that Scotland became effectively ice free during GI-1 (14.7-12.9
ka b2k) [Sissons, 1967; Bowen et al., 1986].
The evidence for an ice free Scotland during GI-1 comes mainly from Late
glacial pollen sites such as Loch Droma, located near the centre of the former Scottish
ice mass [Kirk and Godwin, 1963; Sissons and Walker, 1974; Pennington, 1977;
Lowe et al., 1994]. Radiocarbon ages obtained from these sites suggests ice free
conditions by c.15.5 ka but are considered ‘too old’, nevertheless the pollen
stratigraphy suggests ice free conditions before the marked climate amelioration at the
start of GI-1.

!

Recent work using SED has led to this ice-free paradigm being
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challenged. A major readvance in NW Scotland, termed the Wester Ross Readvance
(WRR) occurred at some point after the LGM [Robinson and Ballanyne, 1979]. At its
maximum extent the WRR readvance reached near the present day coastline and thus
would have had marine calving margins capable of delivering IRD to the offshore
environment. The WRR was initially dated to 16.3 ka and tentatively correlated to H1 [Everest et al., 2006]. New SED dates from several moraines associated with this
readvance place their deposition within the early part of GI-1 and suggest the
persistence of ice across low ground in NW Scotland [Bradwell et al., 2008a;
Ballantyne et al., 2009a]. The suggestion of an ice mass with marine calving margins
during GI-1 means it is important to establish if ice was present in other areas in order
to link the IRDflux record from MD95-2007 and to fully understand the response of the
BIIS to rapid climate change.

6.2 Regional Context
Skye [Figure 6.1] is the largest of the Hebridean islands and contains some of
the most spectacular glaciated mountain scenery in Scotland. Offshore sedimentary
evidence suggests that Skye was glaciated several times during the Quaternary
[Bowen et al., 1986; Scourse et al., 2009; Hibbert et al., 2010]. However, direct
onshore evidence only exists for the last two episodes; the Late Devensian and the
LLR as these have overprinted or erased any evidence of previous glaciations.
6.2.1 Evidence for LGM ice extent and deglaciation.
During the LGM the Cuillin mountains of Skye nourished an ice dome [Skye
Ice Dome [SID]] which deflected ice moving west from the mainland [Harker, 1901;
Ballantyne et al., 1991]. This view is supported by evidence from glacial striae and
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Figure 6.1 Location map of the Isle of Skye showing the locations mentioned in the text. The box
marks the outline of Figure 6.2 and the dot within it the Stollamus sample site for SED.
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erratics. On the island of Soay occurrences of mainland erratics suggest that ice from
the mainland reached close to the south coast of Skye [Ballantyne et al., 1991]. These
erratics may mark the confluence of the SID and mainland ice at some point during
the LGM. The absence of mainland erratics on the southern coast of Skye is evidence
that this area was not a depositional site for mainland ice. However, glacial striae on
the southern slopes of the Black Cuillin suggest westerly flow of ice [Ballantyne et
al., 1991]. Thus either SID ice was strongly deflected or at some point during the
LGM mainland ice did flow across this part of Skye.
To the north and east of the Cuillins it has been inferred from the distribution
of erratics that the confluence of the SID and mainland ice followed the narrow
straight that separates Skye from Scalpay and Raasay [Harker, 1901]. Mainland
erratics occur at all altitudes (0 to ~400 m) on these islands, suggesting that they were
completely over-run by mainland ice during the LGM. In contrast, in central Skye
mainland erratics only occur below the marine limit (<30 m asl) and have been
interpreted as being ice rafted [Ballantyne et al., 1991].
Overall, the SID at the LGM had an asymmetric configuration. Its extent was
constrained in the northeast, east and south by mainland ice flow. To the west and
northwest locally nourished ice extended across much of Skye. The ice attained a
minimum thickness of 800 m over the central part of the SID [Dahl et al., 1996]. As
offshore evidence indicates the BIIS reached the shelf edge it is possible that the ice
was considerably thicker, although efficient ice evacuation by palaeo-ice streams
could have limited the ice thickness. The majority of ice sourced on Skye flowed
north and fed the Minch palaeo-ice stream which is inferred from the presence of
large scale streamlined glacial landforms. The Minch palaeo-ice stream drained a
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large section of the northwest sector of the BIS at the LGM and had an important
influence on ice sheet dynamics and configuration [Stoker and Bradwell, 2005;
Bradwell et al., 2007, Hubbard et al., 2009].
There is little documented evidence relating to the pattern of ice sheet
deglaciation on Skye immediately following the LGM. In the Red Cuillin above
Strollamus a bouldery moraine extends SSE-NNW over a distance of several
kilometers (Figure 6.2; Photos A3.12-A3.23). The moraine is composed of locally
sourced granitic and gabbro boulders. It was initially interpreted as a lateral moraine
pre-dating the LLR [Ballantyne, 1988] but has since been re-interpreted as a medial
moraine marking the confluence of the SID and mainland ice [Benn, 1990]. The
Strollamus moraine is one of only two Late Devensian ice sheet moraines
documented in the literature, the other being a small collection of arcuate ridges in the
Kyleakin Hills [Ballantyne, 1988].

There is evidence on Skye for at least one

readvance or stillstand that predates the LLR as the evidence for it occurs outwith the
LLR ice limits [Benn, 1997]. It is unknown whether the various lines of evidence
reported by Benn [1997] represent a single readvance or a series of fluctuations of the
SID margin during deglaciation. The timing of this readvance[s] and whether it is
contemporaneous with the WRR reported elsewhere in northwest Scotland has, so far,
not been established [Bradwell et al., 2008a; Ballantyne et al., 2009a].

6.3 Methods
The principals of SED using cosmogenic nuclides are outlined in Chapter 4. Five
samples were collected for cosmogenic 10Be analysis from the Strollamus moraine
(Figure 6.2). The samples were taken along a transect of ~100 m on the top of the
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Figure 6.2 Strollamus moraine and location of SED samples. The crosscutting relationship with the
LLR ice limits can be clearly seen. Contours are at 100 m intervals. Coordinates are BNG. Adapted
from Benn et al. [1992] and Ballantyne [1989].
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moraine.

The moraine contains subrounded and facetted boulders, which are

considered indicative of subglacial transport [Ballantyne et al., 2009a].

Sample

locations and characteristics are shown in Table 6.1, sample photographs are
contained in Appendix 3. All samples were taken from the top surface of granitic
boulders using hammer and chisel. Sampling was carried out on the largest boulders
available which were assessed to minimise the possibility that they had undergone
post-depositional movements. Due to the absence of overlooking cliffs in the vicinity
of the sample locations it is considered unlikely that any of the boulders were
deposited paraglacially.
The granitic boulders that make up the Strollamus moraine were sourced from
the shoulder of Beinn na Callich which lies c.2.5 km to the south east of the sample
site. Although the source would have been completely covered by ice during the
LGM, during deglaciation Beinn na Callich would have become a nunatak while ice
still covered the sample site.

Therefore it is possible that, despite sampling

subrounded and facetted boulders indicative of subglacial transport, the boulders were
transported supraglacially to the sample site. However, given the short transport
distance from the source, any exposure experienced by boulders transported
supraglacially would not make a significant contribution to the total nuclide
concentration.
Sample locations were recorded using hand-held GPS and altitudes confirmed
from OS 1:25000 topographic maps. For each sample the topographic shielding was
measured

as

outlined

on

the

CRONUS-Earth

website

[http://hess.ess.washington.edu/math; Balco et al., 2008]. No correction for isostatic
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Sample data and AMS data for Strollamus moraine samples.
Production rate (atoms g -1 a-1)
Sample
STR01-08
STR02-08
STR03-08
STR04-08
STR05-08

Location

Elevation

Thickness

(ºN/ºW)
57.2683/6.0066
57.2689/6.0072
57.2689/6.0073
57.2705/6.0087
57.2705/6.0086

(m asl)
190
185
180
150
151

(mm)
24
32
20
23
32

Spallation a

Muonsb

Shielding
factor c

5.49
5.51
5.46
5.27
5.29

0.194
0.194
0.194
0.191
0.191

0.9984
0.9984
0.9984
0.9984
0.9984

Quartzd

Be carrier

(g)
19.098
9.429
12.319
9.695
3.083

(mg)
0.2268
0.2268
0.2273
0.2271
0.2281

10

Be/ 9 Beef
(x 10-15)

10

Be conc. fgh

(10 4 atoms g-1 SiO 2 )

117.970±2.963
60.218±2.085
79.549±3.653
56.890±2.544
22.268±1.072

8.70±0.32
8.53±0.44
8.88±0.51
7.79±0.15
7.84±0.91

Age fij
(ka)
14.52±1.35
14.17±1.43
14.88±1.55
13.50±1.43
13.53±1.97

Erosion rate = 1 mm ka -1 for all samples
a
constant (time invariant) local production rate based on Lal (1991) and Stone (2000). A sea-level, high-latitude value of 4.49±0.39 atoms g-1 a-1 was used. b constant (time invariant) local production rate based on
(Heisenger et al 2002a,b). c Calculated using the CRONUS online calculator. d Density of 2.65 g cm -3 was used based on the granitic compostion of the samples. e Isotope ratios normalised to NIST SRM4325 with a
value of 3.06 x 10 -11 and using a 10Be half-life of 1.39 x 10 6 years. f Uncertainties are reported at the 1! confidence level. g A blank value of 74.654±17,635 10Be atoms (10Be/ 9 Be=6.103 x 10 -15 ± 8.386 x 10 -16) was
used to correct for background. h Propagated uncertainties include error in the blank, carrier mass (1%) and counting statistics. i Propagated error in the model ages includes a 6% uncertainty in the production rate of
10
Be and a 4% uncertainty in the 10Be decay constant. j 10 Be ages calculated using the CRONUS online calculator (Balco et al., 2008) version 2.2 (http://hess.ess.washington.edu/). Ages quoted in table are from the Lm
scaling scheme.

Table 6.1. Sample data and AMS data from Strollamus moraine samples
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rebound is made as the temporal variability of change is not well constrained
[Golledge et al., 2007] and in any event the effect of this would not be significant or
alter the conclusions. Sample thickness was measured and the samples were crushed
to <710 µm grain size at the University of St Andrews. Separation and purification of
quartz was carried out at the University of Glasgow.
Beryllium extraction was carried out at the University of Glasgow
Cosmogenic Isotope Laboratory at the Scottish Universities Environmental Research
Centre (SUERC).

Methods followed are modified from Child et al. [2000].

Beryllium isotope ratios of 10 samples and two procedural blanks were measured at
the SUERC Accelerator Mass Spectrometry Laboratory.
The ages were calculated using the CRONUS-Earth exposure age calculator
v2.2 [http://hess.ess.washington.edu/math; Balco et al., 2008]. Table 6.2 shows the
ages obtained using the ‘Lm’ scaling scheme which provide the closest fit to existing
calibration data, and the ‘Du’ scaling scheme which yields the oldest ages for all
samples. Of the other schemes, the ‘Li’ scheme yields ages slightly younger than the
‘Lm’ scheme, and the ‘De’ scheme gives ages almost identical to the ‘Du’ scheme.
Ages quoted in the text are those calculated using the Lm scaling scheme, no
correction for snow coverage and an erosion rate of 1 mm.kyr-1 as erosion rates of
glaciated crystalline rocks rarely exceed 1 mm.kyr-1 [André, 2002]. The effects of
various scaling schemes and differing erosion rates is discussed in Section 4.2.5 but is
not a significant factor and would not alter any of the conclusions.
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Table 6.2 Analytical data and exposure ages from the Strollamus moraine

6.4 Results
The samples from the Strollamus moraine range from 14.9±1.6 ka to 13.5±1.4
ka and yield a weighted mean exposure age of 14.3±1.1 ka. The analytical error
associated with the 10Be surface exposure age of sample STR 05-08 is large. This is
because this sample had a very low quartz yield (3 g of pure quartz). As a result the
number of events recorded during the AMS analysis was low and the associated error
high. Despite this, the age is in agreement with the other samples, which allows us to
have confidence in the result
The mean exposure age of 14.3±0.9 ka falls within the bounds of GI-1 (Figure
6.3). This age is consistent with 10Be ages of 12.9±1.3 - 14.1±1.4 ka and 12.9±1.2 15.2±1.8 ka obtained from a suite of moraines associated with the WRR further north
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[Bradwell et al., 2008a; Ballantyne et al., 2009a]. The moraine is considered to have
stabilised quickly and thus the ages represent the time of moraine deposition. The
Strollamus moraine contains boulders that rest on ice moulded bedrock and is
deposited across a slope with an average gradient of ~10%. Given these facts it is
considered unlikely that there was any lag between the deposition of the moraine and
the commencement of cosmogenic nuclide accumulation. The five samples from the
Strollamus moraine overlap at 1! uncertainty and are thus in agreement.

6.5 Discussion
The Strollamus moraine has been interpreted as a medial moraine that marks
the confluence of locally nourished ice and ice sourced from the mainland. The
evidence for this interpretation is outlined by Benn [1990]. He argues firstly, that the

Figure 6.3 Exposure ages and uncertainties from the Strollamus moraine using ‘Global’ production rate
from Balco et al. [2008] and Lm Scaling scheme with 1mm kyr-1 erosion plotted against NGRIP "18O
curve [Rasmussen et al., 2006]. The mean age and uncertainty is shown by the shaded box.
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absence of an equivalent moraine on Scalpay is evidence that it is not an ice marginal
feature and secondly, that the lack of westward spill of the boulder train at the col
below Am Meall is a result of ice being present at the col. As a medial moraine the
Strollamus moraine does not provide conclusive evidence for a readvance as it would
have been deposited as ice thinned. It does however, indicates that at the time of the
WRR, ice was present on the east coast of Skye and within the Inner Sound between
Scalpay, Skye and the mainland at the time of the WRR.

This would have

represented a significant calving front and other calving margins have been
extrapolated from the onshore moraines to the north [Ballantyne et al., 2009a]. This
introduces the possibility that the WRR may be recorded in some marine IRD records
which could provide an independent means of correlating the WRR with a local
and/or regional climate signal.
Bradwell et al. [2008a] and Ballantyne et al. [2009a] proposed climatic
forcing as the driver of the WRR. They argue that the short-lived deterioration in
climate that marks GI-1d (14.1-13.9 ka) initiated the glacier readvance responsible for
the WRR moraines. Ballantyne et al. [2009a] point out that uncertainties related to
choices of scaling factors mean that glacier response to earlier or later climatic
fluctuations (i.e.: GI-1b) cannot be ruled out. These results do not allude further to
this question.
Interpreting the Strollamus moraine as a GI-1 feature conflicts with
radiocarbon ages obtained from a Lateglacial pollen site, Loch Ashik, 5 km to the
east. By inference an ice mass depositing the Strollamus moraine (~150 m) would
have covered Loch Ashik at an elevation of ~40 m.

In Loch Ashik a basal

radiocarbon date of 16.9±0.4 cal ka BP is reported and additional radiocarbon dates in
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the sequence span the period up until 13.1±0.2 cal ka BP [Walker et al., 1988;
calibrated using INTCAL09]. This coincides with the period when ice is interpreted
to be in existence 5 km to the west. Walker et al. [1988] acknowledge the fact that
the radiocarbon ages from this site are consistently “too old”. They ascribe this to the
in-washing of older carbon. The issue of erroneously old radiocarbon ages has also
been highlighted at other Late Glacial sites [Bradwell et al., 2008b]. The reliability of
results based on bulk sediment samples is questionable as they frequently contain
older detrital material and can be subject to a mineral carbon error [Lowe, 1991;
Walker et al., 2001]. The basal date from Loch Ashik is the same as the dates of
deglaciation from the Storr [Stone et al., 1998], this would imply near instant
deglaciation over a distance of ~40 km which is not consistent with the rates outlined
previously.

The ages outlined in this study further highlight the problem of

potentially contaminated radiocarbon ages in Late Glacial sequences in Scotland and
their use in constructing deglacial chronologies.
Within the sequence recorded at Loch Ashik are a number of tephra layers
[Pyne-O'Donnell, 2007; Pyne-O'Donnell et al., 2008]. One layer, the Penifiler tephra
has a mid GI-1 stratigraphic position. The earlier Borrobol tephra whose age was
originally constrained to c.14.4 ka [Turney et al., 2006] is hitherto not reported within
the Loch Ashik sequence although unpublished cores have contained a tephra
correlated to it [Pyne-o’Donnell pers. Comm.].

It is clear that at the time of

deposition of the tephras Loch Ashik could not have been ice covered.

The

occurrence of theses tephras provide an opportunity to constrain the timing of
deposition of the Strollamus moraine if they can be independently dated. Recent
work in Abernethy Forest, eastern Scotland has identified tephras with close affinities
to the Borrobol and Penifiler Tephra and radiocarbon contstrained ages of 14.14-
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13.95 and 14.09-13.95 cal ka BP respectively [Matthews et al., 2011].

The

implication of these ages is that Loch Ashik must have been open for deposition by
c.14 ka. While this is not incompatible with the mean 10Be age of 14.3±1.1 ka it does
show the uncertainty attached to these ages encompasses the time when Loch Ashik
must have been ice free. This highlights the need to refine the technique and its
application in Scotland to reduce uncertainties and obtain more accurate ages.

6.6 Recent advances
Since the initial analysis and publication [Small et al., 2011] of the

10

Be

results presented in this chapter there have been important advances in the application
of SED within Scotland. The most significant advance is the availability of a new
local production rate from which ages can be calculated [Ballantyne and Stone, 2011].
As highlighted previously, the global calibration data set used to calculate the ages
presented carries an uncertainty of c.9%. In addition, it has already been shown that
in certain locations the local

10

Be production rate can differ from the globally

averaged rate by >10% [Putnam et al., 2010] and thus ages generated using the global
rate can underestimate the true age.
The newly calculated Scottish production rate is based upon assumed ages of
rockfalls onto LLR glaciers. While the chronostratigraphical definition of GS-1,
which is broadly equivalent to the LLR, provides limiting ages it does not constrain
the assumed ages exactly. In this section a new local production rate is presented to
attempt an independent verification of the rate presented by Ballantyne and Stone
[2011]. The ages presented in the previous section are recalculated using the new
local production rates and the implications of the revised ages discussed.
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6.6.1 A new local production rate.
To generate a locally calibrated production rate requires identification of a
suitable calibration site where the age of an event dated through SED can be
independently cross-checked using some other dating method. Putnam et al. [2010]
used a debris flow whose age was constrained by 14C dating of macrofossils that were
buried by the deposit. These

14

C ages were used to calibrate the

10

Be production

obtained from the 10Be concentration measured on boulders within the debris flow
deposit and exposed at the surface. Sites with material suitable for both dating with
14

C and TCN are likely to be rare and this requires identification of potential

calibration sites where the independent age is constrained by some other means.
Glen Roy, in the central Highlands of Scotland, is the site of a series of former
ice dammed lakes [Sissons, 1978; Palmer et al., 2008]. Annually laminated lake
sediments (varves) have been used to construct a chronology for the sequence of
events in Glen Roy [Palmer et al., 2010]. In parallel to this the shoreline of one of the
former ice dammed lakes was dated using 10Be [Small, 2008; Fabel et al., 2010]. The
varve chronology is a floating chronology however a major change in the
micromorphology of the varves has been equated to the beginning of the Holocene
[Palmer et al., 2010].

Assigning this boundary an age of 11,703±99 a b2k

[Rasmussen et al., 2006] allows use of the annual varve layers to constrain the timing
of shoreline formation.

Taking the uncertainty in the GICC05 chronology into

account suggests that the

10

Be dated shoreline formed 12,070-11,602 a b2k (or

11,836±234 a b2k) (Table 6.3). This age can be used to calibrate production rates
from the measured 10Be concentrations of the shorelines using the CRONUS online
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calculator. The results of these calculations are shown in Table 6.4 along with the
reference global production rates and the LPR11.9 production rate of Ballantyne and
Stone [2011].
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Table 6.4 Comparison of reference production rates for spallation

6.6.2 Implications
The recalculated 10Be ages from Strollamus are shown in Table 6.5. It can be
seen that they are older than the originally published ages by 400-700 years. The
mean of the five samples when calculated using the ‘Glen Roy’ production rate
(GRPR) is 14.8±1.1 ka compared to 14.3±1.1 ka when the globally averaged
production rate is used (Figure 6.4). This trend is consistent with the increase in ages
reported by Ballantyne and Stone [2011] and Ballantyne [2012] when using the their
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local production rate. Ballantyne and Stone [2011] assume an age for their calibration
sites and to bracket the potential variability cite three potential production rates;
maximum (LPR12.2), minimum (LPR11.6) and best estimate (LPR11.9).

Figure 6.4 Comparison plot of Strollamus exposure ages calculated using the GRPR and LPR11.9 of
Ballantyne and Stone [2011]. The original ages were calculated using the ‘global’ production rate of
Balco et al. [2008]. The new production rates all produce older ages than the ‘global’ averaged rate.
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For comparison to the GRPR the mean age of the Strollamus samples when
calculated with LPR11.9 is 15.4±1.1 ka and with LPR11.6 15.0±1.1 ka.

The

consistent increase in ages generated by the independently generated local production
rates gives confidence to the conclusion that the globally averaged production rate
underestimates Late Glacial exposure ages in Scotland. Given the limited nature of
the data set used to calculate the GRPR the best estimate production rate of
Ballantyne and Stone [2011] is recommended as currently providing the most
accurate exposure ages in Scotland during the LGIT.

Table 6.5. Comparison of Strollamus exposure ages and means calculated using alternative reference
production rates

The older ages for the Strollamus moraine are in better agreement with the age
of the tephras found in Loch Ashik. The new mean age of 15.4±1.1 ka provides a
longer timeframe for ice withdrawal from Strollamus, making Loch Ashik ice free. In
addition when using the new production rate even the youngest

10

Be age from

Strollamus (14.6±1.1 ka) is, within its external uncertainty, compatible with an ice
free Loch Ashik by c.14 ka. The revised age also has implications for the rate of
retreat inferred using the age of the Strollamus moraine and the 36Cl exposure ages
from The Storr [Stone et al., 1998]. If theses ages are accurate then the slowing of
retreat was even more marked than previously inferred [Section 6.5]. While this

!"#$

could still be partially explained by a readvance it implies a marked change in the
behaviour of this section of the former BIIS at this time which may be the result of its
transition from marine to terrestrial based.
The implications of older ages, in respect to ice survival throughout GI-1 are
discussed in detail elsewhere [Ballantyne and Stone, 2011] but a brief summary is
warranted here in order to relate the onshore evidence to the offshore IRDflux record
introduced in the previous chapter. The originally reported 10Be ages from the WRR
and Strollamus moraines suggested that an ice mass was present in NW Scotland
during GI-1 and that it readvanced in response to the cold oscillation GI-1d [Bradwell
et al., 2008a]. A recalculation of all the “GI-1” 10Be ages from NW Scotland using
both the Glen Roy production rate and the rockfall production rates yields older ages
for all samples. Ballantyne and Stone [2011] argue that their youngest ages are
minimum ages and that it is likely that the WRR occurred before 14.3±0.8 ka and is
unrelated to GI-1d. Instead they argue that the WRR occurred in response to an
increase in precipitation as the North Atlantic polar front migrated northwards at the
beginning of GI-1 [Ruddiman and McIntyre, 1981].

Most importantly when

considering the GI-1 IRDflux peak, Ballantyne and Stone [2011] argue that following
the WRR the remnant BIIS subsequently retreated during the first half of GI-1 and by
the time of GI-1d it was limited to mountainous source regions. It thus did not have
any calving margins capable of delivering IRD to MD95-2007.

Given that the

recalculated ages presented here are, within external uncertainties, the same as those
discussed by Ballantyne and Stone [2011] their conclusions are not challenged. The
logical conclusion is therefore that the IRDflux peak during GI-1 represents some
farfield contribution, this conclusion is tested using a new approach to IRD
provenance in the next chapter.
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Chapter 7 - Provenance of Late glacial IRD from marine core MD952007: A new application of U-Pb rutile and Zircon geochronology.*

7.1 Introduction
The inferred absence of a remnant BIIS capable of generating the GI-1 IRDflux
peak seen within the MD95-2007 record raises questions as to what potential source
was contributing IRD. IRD found within marine sediments throughout the sub-polar
North Atlantic attests to the involvement of the Northern Hemisphere ice sheets in
episodes of abrupt climate change during past glacial cycles [Broecker, 1994]. The
presence of several ice sheets with marine calving margins capable of delivering IRD
to the North Atlantic requires careful fingerprinting of both the potential sources and
the IRD itself in order to make inferences on the exact relationship between individual
ice sheets and any inferred climate response/forcing. As a result, there have been
numerous efforts to establish provenance which can be spilt into two categories; [i]
the use of diagnostic lithic types that can be assigned to an individual ice sheet, and
[ii] the use of isotopic techniques on either the bulk sediment or individual grains [cf:
Hemming, 2004].
The use of diagnostic grains assumes their occurrence in only one location
which is often an oversimplification given the similar geologies around the North
Atlantic. Knutz et al. [2001] used basaltic grains that were interpreted as having been
derived from the British Tertiary Igneous Province as diagnostic lithic indicators of a
BIIS provenance. However, basaltic centres are found across the North Atlantic in
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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chapter has been accepted for publication as Small et al., [In Press], Provenance of North
Atlantic ice rafted debris during the last deglaciation- New application of U-Pb rutile and zircon
geochronology. Geology, DOI: 10.1130/G33594.1. All material presented is the sole work of D. Small.!
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Greenland, Iceland, Rockall and the Faroes raising questions on how diagnostic such
grains are.
Techniques employed on bulk sediments produce an average of the selected
sample. These methods can differentiate source terranes with discrete compositions
but cannot readily distinguish lithologically similar but tectonically discrete sources
[Cawood 1991]. In addition, these techniques are not sensitive to subtle temporal or
spatial variations within a single source or mixing of detritus from multiple sources
[e.g., Farmer et al., 2003], such differentiation can only be achieved by analysis of
individual detrital grains.

40

Ar/39Ar dating of hornblende grains has provided useful

insights into IRD provenance [e.g., Hemming et al, 1998] but is complicated by the
complex diffusion of Argon. U-Pb analysis of detrital minerals improves on this due
to the high level of retention of daughter isotopes and is a standard method for
provenance studies.
The following section presents the first application of U-Pb dating of the
detrital minerals rutile and zircon in an offshore sediment core. During the LGIT the
extent of the pan North-Atlantic ice sheets (Figure 7.1) was considerably less than at
the LGM allowing us to make assumptions regarding the potential source regions. By
investigating the provenance of discrete IRD peaks outside the spatial and temporal
bounds of Heinrich Events it is possible to link IRD records to ice-climate interactions
without the overriding signal of major ice sheet collapse. The nature of climate
during the LGIT, characterized by rapid climate variations, suggests either increased
sensitivity of the climate system to the presence of large ice sheets or a mechanism by
which former ice sheets directly forced global climate change. The occurrence of
IRD in the marine archive provides a means to reconstruct ice sheet dynamics and

!

"#$!

!
interactions with the ocean-atmosphere system if evidence regarding the provenance
of the material can be established [Bond and Lotti, 1995].

Figure 7.1 Location map of the North Atlantic ocean showing generalized Last Glacial Interglacial
Transition ice extents, locations of metamorphic rocks likely to generate rutile ages relevant to this
study, and sediment core MD95–2007 location (star). Surface currents [Bond et al., 1996] shown are
considered likely paths of iceberg transport; EGC—East Greenland Current, LC—Labrador Current,
NAC—North Atlantic Current.

7.2 Materials and Methods
Sediment core MD95-2007 (Figures 7.1 & 7.3), located within the limits of
the former BIIS at its maximum extent [Austin and Kroon, 1996], contains a highresolution record spanning the period 17-10 ka. The chronology is based on a benthic
foraminiferal !18O record and 14C dates and verified by the presence of the Vedde Ash
providing a robust age model for the core (Section 5.5). Using this age model a new
IRD flux record has been generated (Section 5.6) which highlights distinct periods of
increased IRD flux to the core site during the LGIT (Figure. 7.2).
!
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Samples were taken from the horizons of increased IRD flux; namely GS-1
(GS-1 = 12.9-11.7 ka) and GI-1d (GI-1d= 14.1-13.9 ka) horizons. Sediments from
the Beauly and Tay fluvial catchments were sampled to provide reference age spectra
from the potential source areas within Scotland (Figure 7.3) where ice masses
persisted following initial reduction in ice sheet extent [Clark et al. 2010]. The
Beauly sample site is located at NG437403, from a point bar deposit. The Tay sample
site is located at NG003446, from a sand lag on a gravel bar. Several kilograms of
well sorted, sand sized sediment was collected at each site. The bulk sediment was
put through a Wilfley table to remove the majority of the light and fine-grained
fraction. The residue was found to be nearly completely >63 µm. Rutile and zircon

Figure 7.2 !18Oforam and IRD flux records from MD95-2007 shown in comparison to NGRIP !18Oice [Rasmussen et al.,
2006]. Asterix denote available 14C ages and position of an isochron, the Vedde Ash, is shown. Shading highlights the
periods of increased IRD flux sampled for detrital mineral analyses.
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Figure 7.3 Map of Scotland showing bedrock geology, major fault systems [MTZ= Moine Thrust Zone, GGF= Great Glen
Fault, HBF= Highland Boundary Fault] and drainage catchments sampled. White crosses mark the locations of the fluvial
samples. The GS-1 ice field is shown after Golledge et al. [2008] [solid fill] and Clark et al, [2004] [blue line].
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for geochronology were separated from the bulk IRD and fluvial sediments using
standard heavy liquid and magnetic separation techniques, specifically heavy liquid
separation using TBE (~2.9 g cm-3) then a Franz separator with currents of 0.4 A, 0.8
A and 1.5 A. Rutile and zircon grains were hand picked using an optical microscope
before mounting in an epoxy resin. The mounted samples were polished before
analysis by LA-ICP-MS at the NERC National Isotope Geosciences Laboratory
(NIGL). This system comprises a New Wave research (ESI) UP193SS 193nm solidstate laser ablation system paired with a Nu Instruments Nu-Plasma HR MC-ICP-MS.
The detection system comprises 12 Faraday cups and three ETP discrete dynode
electron multipliers. The details of this system are outlined in Cottle et al [2009].
Ablation procedures varied depending on sample characteristics, but were
consistent within runs. For the Tay sample an initial ablation spot size of 25 µm,
ablation time of 30 s at 10 Hz and 2.2 J was used. The Beauly sample was analysed
using a 35 µm spot, 30 s ablation at 10 Hz and 1.5 J. The IRD rutile samples were
analysed with the same conditions where possible however, some of the polished
faces of the grains were not of sufficient size for a 35 µm spot. In these cases a 25 µm
spot was used. All samples were referenced to the ~1720 Ma SUGLUK-4 rutile
standard, developed and calibrated at the NIGL facility. An additional rutile standard
(‘PCA’, 1880 Ma) was used as a secondary standard to evaluate inter-standard
consistency.
206

These standards agree with their known ages to within ±3% on

Pb/238U ratios. IRD zircon grains were analysed using a 25 µm spot, 30 s ablation

time at 5 Hz and 2.2 J. These samples were referenced to zircon standard 91500 and
cross-checked using the Plesovice and GJ1 secondary standards.

!

"#$!

!
Data quality and acquisition/reduction for zircon follows methods referenced
above. Signal intensities for rutile are comparatively low, owing to relatively low U
concentrations <1 ppm to ~400 ppm. The vast majority fall between 1-50 ppm with a
mean of ~10 ppm. Grains with <1 ppm U have large uncertainties and are not relied
upon. Some grains have a combination of low U and relatively high initial common
Pb rendering them discordant on Tera-Wasserburg or Wetherill concordia diagrams.
With the inability to accurately measure 204Pb to derive a corrected age grain ages are
determined using a projection from an assumed common

207

Pb/206Pb composition of

0.8 ± 0.02 when grains are demonstrably discordant. Fortunately, most IRD and river
catchment rutile grains are insensitive to this correction. Corrected ages are tallied
using probability density and histogram plots (Figure. 7.5) calculated using Isoplot 3.0
[Ludwig, 2003]. The raw data is shown on Wetherill Concordia (Figure. 7.4). In the
former plots, the primary ages used are 206Pb/ 238U ages for grains <600 Ma and 207Pb/
206

Pb ages for all older grains [Nemchin and Cawood, 2005]. Grains used in final

diagrams have been screened on the basis of analytical uncertainty and/or gross
discordance.

7.3 Results
7.3.1 Rutile
Data were obtained from 90 IRD rutile grains and 114 fluvial rutile grains. 33
grains of the 90 (GI-1d=17, GS-1=16) form the basis for the final IRD data set
whereas a total of 92 grains (Beauly=57, Tay=35) comprise the fluvial data set
(Appendix 4). The IRD rutile age distribution in the GI-1d horizon spans the range
347-1898 Ma and in the GS-1 horizon spans the range 443- 1962 Ma. The Beauly
and Tay fluvial samples have unimodal age distributions with Paleozoic peaks of c.
!
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Figure 7.4 Wetherill Concordia diagrams for all samples. n= number of concordant analyses in each
sample.
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Figure 7.5 Probability distributions and histograms for all samples; A: GI-1d IRD rutile, B: GS-1 IRD rutile, C:
Beauly fluvial rutile, D: Tay fluvial rutile, E GI-1d IRD zircon, F: GS-1 IRD zircon.
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420 Ma and c. 470 Ma respectively, ages that match the known ages of the last major
amphibolite facies tectonothermal events to affect the source rocks [Baxter et al.,
2002; Kinny et al., 2003]. As the closure temperature of rutile is around 500 °C
[Parrish and Heaman, 1991] for amphibolite facies lithologies, rutile U-Pb ages are
more appropriately interpreted as cooling ages and not ages of growth or peak
metamorphism. Rutile therefore does not retain memory of its age of crystallization if
ambient temperatures of formation or reheating were substantially in excess of 500
°C, i.e. in upper amphibolite facies. The largely unimodal ages for each catchment
imply relatively homogeneous source regions with similar cooling histories.

7.3.2 Zircon
Data were obtained from 41 IRD zircon grains and 38 form the basis of the
final data set (Appendix 4). Ages were obtained from cores due to the general lack of
metamorphic rims of sufficient size to analyze. The placing of analytical spots was
limited by small grain size. The zircon age distribution from the GI-1d horizon spans
the range 313-2752 Ma (20 grains; Figure 7.5E.). The dominant age population is
960–1190 Ma (11 grains) with a spread of Proterozoic ages 1450-1740 Ma (5 grains).
Single grains yielded ages of 313 ± 10 Ma, 449 ± 41 Ma, 2000 ± 8 Ma and 2752 ± 58
Ma. The GS-1 horizon yields a zircon age spectrum ranging from 291-2805 Ma (18
grains; Figure 7.5F]. The major age grouping is Proterozoic (1370-1660 Ma; 6
grains) with other age clusters being late Mesoproterozoic (1030-1100 Ma; 4 grains)
and Archean (2680-2805 Ma; 3 grains). A series of 4 grains yielded Paleozoic ages
of 291 to 566 Ma.
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7.4 Discussion
7.4.1 A Scottish source?
Given BIIS extent immediately prior to the start of GI-1 [Clark et al., 2010;
Ballantyne and Stone, 2011] it is reasonable to assume that the ice mass that survived
until the time of GI-1d was no bigger. Similarly during GS-1 calving margins were
restricted to the fjords of western Scotland [Golledge et al., 2008]. Based on this,
BIIS sourced IRD should primarily consist of Moinian and Dalradian material as it is
these terranes that would have been subject to glacial erosion (Figure. 7.3). Zircons
from these groups of rocks are known to have considerable overlap however, it is
demonstrable from the above fluvial data that the rutile age signatures are much more
distinctive.
The detrital rutile age spectra from both IRD horizons are broadly similar with
dominant peaks in the Paleozoic (~470 Ma) and Early Proterozoic (~1700-1800 Ma).
This bi-modal distribution of IRD rutile ages cannot be explained by sourcing from
Scotland alone as this would produce a quasi-unimodal distribution centred around
420-500 Ma. With the exception of 2 grains, that with conservative estimates of
uncertainty could equally have been derived from either Scandian (Silurian) or
Grampian (Ordovician) tectonothermal events, Moinian rutiles are absent suggesting
that the Moine was not a major source of IRD at either time. Given that both terranes
could be expected to contribute IRD to the core site the absence of Moinian rutiles
suggests minimal input of Scottish material. Both rutile and zircon from IRD contain
ages younger than any Scottish source, (313-347 Ma) demonstrating Scotland is not
the sole source of IRD to this BIIS proximal location and requiring input from other
sources.
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7.4.2 Potential contributors?
The IRD rutile data gives two significant indicators of potential sources; [i]
the Proterozoic rutile ages, and; [ii] the occurrence of a young (347 Ma) Paleozoic
rutile grain. The source terrane for these Proterozoic grains could not have undergone
any regional scale Caledonian amphibolite facies metamorphism as this would reset
the rutile ages. These grains must have been sourced from a pre-Caledonian terrane
that includes early Proterozoic components. Such terranes exist around the North
Atlantic in both Canada and Greenland [cf: Cawood et al., 2007b]. The Proterozoic
age peak present in the IRD rutile data closely resembles the

40

Ar/39Ar ages of

individual hornblende grains that are argued to be diagnostic of a northern LIS source
in the western Atlantic basin [Hemming and Hajdas, 2003]. Given that the Ar/Ar
system in hornblende has a similar closure temperature to the U-Pb system in rutile
this could indicate a similar source region.
Reconstructions of ice extent during the LGIT suggest calving margins existed
around the Labrador Sea providing a route for the Proterozoic rutile to enter the North
Atlantic [Dyke, 2004]. However, such calving margins also existed in Greenland
[Simpson et al., 2009]. Some reconstructions of Laurentide ice extent suggest that the
potential sources of Paleozoic rutile, such as Newfoundland [van Staal et al., 2009],
were largely ice free by the time of GI-1d [Shaw et al., 2006]. Hornblende 40Ar/39Ar
ages indicate that after H-1 there was minimal delivery of IRD from the southern LIS
[Hemming et al., 2000] supporting a restricted reconstruction of Laurentide ice extent
during the LGIT. In contrast, Greenland maintained calving margins throughout the
relevant interval and in northeast Greenland Devonian/Carboniferous metamorphism
occurred which could provide a potential source for the young Paleozoic rutile [Lang
and Gilotti, 2007].
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Combining the rutile dataset with U-Pb zircon ages provides further insights
as the other sources responsible must be compatible with the zircon age spectra.
Zircons with ages 960-1150 Ma are prominent within both IRD horizons and are by
far the dominant age population within the GI-1d IRD horizon. Zircons with U-Pb
ages of 1450-1660 Ma are also present within both horizons and are the dominant age
grouping with the GS-1 horizon. Zircons with the former ages are common across the
North Atlantic and thus are not diagnostic of any one source [Cawood et al., 2007a].
The mid-Proterozoic ages bear comparison to the age of the Pinwarian Orogen of
Canada [Wasteneys et al., 1997] but zircons with similar ages can also be found
within parts of East Greenland [Cawood et al., 2007a]. A Northeast American source
is suggested by the occurrence of Proterozoic rutile with ages similar to the
“diagnostic” 40Ar/39Ar hornblende ages. Such a source would also be compatible with
the IRD zircon age spectra and it is therefore suggested that the LIS could have made
a significant contribution to the IRD found within MD95-2007. However, given
uncertainty in reconciling the reconstructed ice extent with the occurrence of the
young Paleozoic rutile, it is not possible to exclude a Greenland contribution

7.5 Implications and conclusions
U-Pb analyses of detrital minerals provide a new means of investigating IRD
provenance and allows us to link ages found in offshore detrital populations to those
seen in the onshore geology. Dating rutile from river catchments can be an effective
way of characterizing large tracts of potential source geology. Much debate has
focused on the role of the ice sheets in episodes of rapid climate change such as
Heinrich Event 1 and the Younger Dryas (GS-1), in particular this debate has focused
on the potential locations of melt water delivery and sources of icebergs [e.g., Not and
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Hillaire-Marcel, 2012]. Both processes are likely to be associated with distinctive
IRD signatures controlled by the geologies present in the active pathways. Careful
fingerprinting of potential sources and U-Pb dating of IRD could allow these
pathways to be constrained based on the differing metamorphic histories.
The occurrence of IRD sourced from either North America or Greenland
within a marine core proximal to the former BIIS demonstrates the wide extent and
rapid dispersal of IRD in the North Atlantic, particularly during the short timeframe
of the GI-1d. This demonstrates near instantaneous (<150 a) transport and deposition
of LIS/GIS material to an ice distal site at a time when increased freshwater flux to
the surface ocean is inferred to have caused rapid cooling [Thornalley et al., 2010]
strongly suggesting that there is a mechanistic link between the two processes. It is
speculated that this may represent a hydrographic control on IRD deposition where
sea surface temperature at this time was reduced sufficiently to allow icebergs to
survive long enough to transport material over long distances. Confirmation of this
link would provide further evidence to the effects of freshwater perturbations of the
meridional overturning circulation during the last deglaciation. This is discussed
further in Chapter 10.
It is concluded from the IRD data presented here that Scotland was not a
major source of IRD in MD95-2007 during the LGIT.

In particular this is in

agreement with the onshore evidence introduced in the previous chapter which
indicates that at the time of GI-1d the remnant BIIS was located close to the present
day coastline with minimal calving margins. A synthesis of the behaviour of the NW
sector of the BIIS during the LGIT in light of the new data presented in this thesis is
presented in Chapter 9.
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The IRD provenance work also suggests that during GS-1 Scotland was not a
significant contributor of IRD to MD95-2007. The relatively well constrained nature
of the LLR ice mass suggests that it would have had very limited calving margins of
a similar magnitude as those present prior to GI-1d. GS-1 represents the last period of
BIIS expansion prior to complete deglaciation during the Holocene. In light of the
inference that the offshore record in terms of IRD flux represents a significant farfield influence, it is even more important to improve the understanding of the nature
and timing of GS-1 BIIS glaciation to fully develop the relationship between the BIIS
and LGIT climate change. In the following chapter the GS-1 readvance on Skye is reexamined both in terms of verifying its extent and dating the timing of maximum ice
extent.
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Chapter 8 - A Reinvestigation of the Loch Lomond Readvance in
Southern Skye.*

8.1 Introduction
!
!

The marked deterioration in climate observed at the start of GS-1 (12.9-11.7

ka) in the Greenland ice cores [Dansgaard et al., 1989; Steffensen et al., 2008],
recorded in the palaeo-climate of Scotland [Brooks and Birks, 2000], resulted in a
period of glacier expansion termed locally the ‘Loch Lomond Readvance’ (LLR). A
major ice cap grew in Western Scotland, with satellite ice fields on some islands
including Mull and Skye, as well as in the NW Highlands and the Grampians.
Golledge [2010] provides a good review of this period of glaciation and some of the
debates surrounding its extent and timing. Glacial reconstruction of the Scottish ice
cap at this time has relied heavily on the identification of features in the landscape
that can be inferred to represent former ice limits and the ability to chronologically
constrain these. Landforms used in these reconstructions include ice marginal features
such as terminal, lateral and recessional moraines. Onshore mapping of these features
has, to date, been the predominant means of reconstructing former ice limits in
Scotland (eg: [Sissons et al., 1973; Robinson and Ballantyne, 1979; Ballantyne, 1989;
Bennett and Boulton, 1993].
In comparison to the terrestrial evidence, direct offshore evidence of former
ice limits has been infrequently used to delimit former ice extent. This is primarily
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
%! The

cosmogenic data presented here forms part of Small et al., [2011], In situ cosmogenic exposure
ages from the Isle of Skye, northwest Scotland: Implications for the timing of deglaciation and
readvance from 15 to 11 ka. Journal of Quaternary Science, 27, 150-158. All work presented is the
sole work of D. Small.
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due to the difficulty in obtaining data relating to submarine geomorphological
features. In recent years several studies have utilised a variety of remote sensing
techniques to investigate the geomorphology of previously glaciated and now
submerged regions of the Scottish coast [Dix and Duck, 2000; Howe et al., 2001;
Stoker et al., 2006; Stoker et al., 2009; Stoker et al., 2010]. These studies have
contributed to a developing understanding of the glacial and deglacial history of
Scotland and demonstrate that a full understanding of this history cannot be obtained
without reference to the offshore geomorphologic record.
Initial radiocarbon dates suggested that glaciers in the Western Highlands
reached their maximum extent early in GS-1 [Sissons, 1967; Lowe, 1978; Sutherland,
1981]. This view is supported by modelling work that suggests the ice cap could have
reached its maximum extent in only 550 years [Hubbard, 1999]. However, recent
work provides evidence that at least some outlet glaciers of the main ice cap reached
their maximum extent towards the end of GS-1 [Fabel et al., 2010; MacLeod et al.,
2010; Palmer et al., 2010]. This may be the result of internal glacial dynamics
causing individual glaciers to reach their maximum extents diachronously or
alternatively, it may be a climatically driven effect with wider implications for glacier
modelling of this time.
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Figure 8.1 location map of Skye showing the location of inset maps shown in figures 8.2 (A), 8.3 (B),
8.4 (C).
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8.2 The Loch Lomond Readvance on Skye
8.2.1 Maximum extent
The features related to the LLR on Skye are of exceptional clarity. Much work
involved delimiting the LLR and there now exists a good understanding of the glacial
limits associated with this readvance [Sissons, 1977; Walker et al., 1988; Ballantyne,
1989]. During the LLR the central Cuillin Hills nourished a large ice field with an
area of ~155 km2 (Figure 8.2). In addition, seven individual corrie glaciers grew in
the west facing corries of the Cuillins [Ballantyne, 1989]. The Cuillin ice field fed
outlet glaciers, the largest of which flowed north down Glen Sligachan and fed the
Drynoch, Varigill and Sligachan glaciers [Ballantyne, 1989; Ballantyne et al., 1991].
Satellite corrie glaciers existed in the eastern Red Hills, Kyleakin Hills, Trotternish
and on MacLeod’s Tables in Duirnish [Ballantyne, 1990; Ballantyne and Benn,
1994].
The limits of the LLR as mapped by Ballantyne [1989] were used to
reconstruct palaeoclimate during the LLR. Ballantyne’s [1989] reconstruction was
based on terrestrial evidence and inferred the presence of several glaciers with marine
termini. One of these sites was the subject of a study by Dix and Duck [2000] who
constructed a seismic stratigraphy for Loch Ainort.

From this stratigraphy they

suggested that the LLR limit in this basin may have been more extensive than had
been inferred from onshore evidence alone. This study demonstrates that some LLR
limits on Skye may have been underestimated due to the initial lack of offshore data.
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Figure 8.2 Limits of the Loch Lomond Readvance on the Isle of Skye from Ballantyne [1989]. Figure
by G. Sandeman, based on Ballantyne [1989].
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The LLR Skye ice field, had an asymmetric configuration, in which the outlet
glaciers to the north extended much further from the main accumulation centre than
those in the south. This was explained as the result of the different nature of the bed
material, with northern glaciers flowing over a bed material of deformable sediment
and thus obtaining a lower surface gradient while the southern glaciers flowed over
bedrock and were able to maintain a steeper profile. If the extent of some of the outlet
glaciers has been underestimated the asymmetry would have been considerably less.
This would have implications for the palaeoclimate reconstructions based on the ELAs
of the reconstructed glaciers given that the ELAs would change due to any revised
configuration.

8.2.2 Deglaciation
Abundant moraine segments and features related to deglaciation of LLR ice are
observable on Skye. Their study has led to the proposal that LLR glaciers on Skye
experienced a two-phase retreat [Benn et al., 1992]. Initial retreat was characterised by
active ice retreat with minor oscillations of the ice margin resulting in sequences of
recessional moraines.

The second phase of retreat was largely uninterrupted and

accompanied by local ice stagnation with no associated recessional moraines. It has
been proposed that the first stage of retreat was initiated by a change in precipitation
prior to the climatic amelioration that marked the end of GS-1 and that the second
phase was in response to the sustained temperature increase associated with this
amelioration [Benn et al., 1992]. This style of retreat is different to that reported from
northwest Scotland of active retreat throughout deglaciation [Bennett and Boulton,
1993] and may have been a function of sediment availability.
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The first section of this chapter details a study of a sea loch in southern Skye to
test whether the LLR limits suggested by Ballantyne [1989] are correct.

The

integration of existing data with hitherto unobservable offshore evidence allows a
fuller understanding of the nature and extent of ice in this area to be developed. The
recent suggestion of a late LLR maximum for some outlet glaciers of the main Scottish
ice cap [eg: MacLeod et al., 2010] is examined in the second section of this chapter
with respects to a smaller ice mass (Skye Icefield) which may be expected to be more
sensitive to climatic fluctuations.

8.3 Methods
8.3.1 Study areas
This study focuses on the southern margin of the LLR Skye Ice field, namely
Loch Scavaig and Loch Slapin, Loch Scavaig opens to the south to connect with the
Sea of the Hebrides north of the Small Isles. To the west of Loch Scavaig is the island
of Soay and the Sound of Soay. Loch Scavaig is one of the locations where it is
inferred that the LLR Skye ice field had a marine terminating glacier which was
sourced from a large accumulation area in the central Cuillin [Ballantyne, 1989]. !
On the island of Soay a small section of moraine comes onshore at the northeastern corner of the Island [Clough and Harker, 1904]. This moraine section is ~200300 m in length and 4-5 m high in places. Large gabbro boulders can be found on its
crest indicating that the ice was sourced from the Cuillin Hills of Skye as Soay itself is
composed entirely of Torridonian sandstone with some Tertiary basalt dykes. The
presence of this moraine indicates that at some time ice moved south from the Cuillin
and reached the northeast corner of Soay. Striations at all altitudes on the slope
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opposite Soay indicate that during the LGM ice flow was from east to west across
Loch Scavaig and thus it is considered unlikely that the boulders could have been
deposited at this time. The implication of this is that they were deposited by a glacial
advance from the Cuillin following the retreat of LGM ice.
Loch Slapin is separated from Loch Scavaig by the Strathaird peninsula. On
the eastern shore a distinct moraine segment has been mapped as the limit of the LLR
glacier that occupied Loch Slapin [Ballantyne, 1989; Benn, 1992; Benn et al., 1992b].
This moraine is reported to continue offshore [D. Benn, pers. comm.].

The ice

occupying Loch Slapin during the LLR was sourced predominantly from Strath Mor
and Strath Beg with small contributions from the high ground to the west and east of
these glens [Benn et al., 1992]. The source area for the Slapin glacier is less than for
the glacier that occupied Loch Scavaig.

8.3.2 Bathymetry
High resolution bathymetric surveys are acquired using techniques that allow
full seafloor data coverage rather than by using digital information from single beam
sonar [Bates and Byham, 2001]. Multi-beam sonar and swath-bathymetry sonar make
acoustic measurements using hull-mounted acoustic transducers to measure a swath of
seafloor on either side of the survey vessel. Swath-bathymetry is an extension of highresolution digital side-scan that enables a picture of the seafloor to be produced across
a swath sampled by the transducers along the boat track (known as the backscatter or
amplitude map) as well as measuring the bathymetry across the swath through the use
of multiple transducers. As the width of survey is 7 to 10 times the depth of water to
the transducers [Bates and Moore, 2002] the method has found widespread application
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for mapping large swaths of gently undulating seafloor. Since the transducers are hull
mounted with the addition of a motion reference unit and dGPS it is possible to locate
features on the seafloor with a high degree of accuracy.
Multi-beam sonar uses a combination of hardware and software control of
multiple transducers to produce a number of sonar signals or beams that propagate
from the sonar head in a fan and return a bathymetric and amplitude measure of the
seafloor along the swath covered by the boat track. The method, as with swathbathymetry, produces a bathymetric map of the seafloor, which can be rendered into a
3D chart, while the amplitudes can be used for seafloor discrimination. Multi-beam
sonar is particularly effective at mapping areas with rapidly undulating seafloor,
however they have relatively limited coverage in very shallow water whereas swathbathymetry systems are particularly effective at covering large areas of gently
undulating sea floor in particular in shallow areas. Swath-bathymetry has successfully
been applied to the mapping of marine Quaternary records in Scotland [Howe et al.,
2001; Stoker et al., 2006; Baltzer, 2010].
This study used a SEA SwathPlus High Frequency System with a central
frequency of 468 kHz and a ping rate of up to 30 pings per second giving a potential
footprint of less than 5 cm at standard survey speed. Data were acquired with a
TSSDMS205 motion reference unit and positioning provided by a Topcon Hiper RTK
dGPS. The RTK dGPS base system was established on the loch shore and tied to the
BNG datum using Rinex corrections from the OS. An Applied Microsystems MicroSV
sound velocity probe was mounted at the sonar head in order to record changes in
velocity due to mixing of different waters (and thus potential salinity changes) in the
relatively enclosed waters of the loch. Final data were recorded to a position accuracy
of better than +/-5 cm, however the final data set was processed to a bin resolution of 2
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m with vertical heights given to ± 20 cm. The data was processed using SwathPlus and
GridProcessor (SEA Ltd) with further editing using IVS Fledermaus. Bathymetric data
points were converted from WGS84 to OSGP using the OSGB36 datum (origin 49ºN
and 2ºW). Final data processing was accomplished within ArcGIS (v10).

8.3.3 Vibrocores
The bathymetric survey was used as a basis for the collection of two
vibrocores, VC57/-07/844 and VC57/-07/845 from Loch Scavaig. These cores were
collected in collaboration with the British Geological Survey during RC059 utilising
the RRS James Cook in May 2011. The cores were collected using the on-board 6 m
BGS vibrocorer. The details of the two cores and their locations are outlined in Figure
8.4 and Table 8.1. The vibrocores were split and logged at the University of St
Andrews. The cores were examined for suitable material and barnacle fragments from
as near as possible to the base of the core were submitted to the 14Chrono Centre at
Queens University Belfast for AMS 14C dating.

8.3.4 Cosmogenic Isotope Analysis
Five samples for 10Be analysis were collected along a ~50 m transect on top of
the mapped LLR moraine limit on the eastern shore of Loch Slapin (Figures 8.2 & 8.3;
Photos A3.1-A3.11 [Appendix 3]). The moraine contains subrounded and facetted
boulders which are considered indicative of subglacial transport [Ballantyne et al.,
2009a]. Sample locations and characteristics are shown in Table 8.2 and sample
photographs in Appendix 3. The sampling and preparation procedures are the same as
described in Chapter 6.
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Figure 8.3 Loch Slapin area and location of samples. Adapted from Benn et al. [1992].

8.4 Results of Bathymetric Surveys
The results of the bathymetric survey are shown in Figure 8.4. The survey
clearly shows several features which can be related to glacial activity. Figure 8.5 shows
the amplitude of the return signal obtained during the bathymetry survey. The areas of
blue show areas of low return amplitude attributable to attenuation of the signal
strength by the presence of soft sediment or a thick cover of vegetation. In contrast,
the patches of green represent areas where the return signal is of higher amplitude, due
to a more reflective seabed indicating bedrock is exposed at or near the seafloor
surface.
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Figure 8.4 Bathymetric survey of Loch Scavaig annotated to show major geomorphological features as
interpreted in text. Locations of BGS vibrocores VC57/-07/844 and VC57/-07/845 are also shown.
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Figure 8.5 Signal return amplitude from Loch Scavaig.
indicative of a more absorptive substrate such as sediment.

!

Areas of blue are lower signal strengths
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The most striking features observable in the bathymetric image are the numerous
ridges aligned generally perpendicular to the loch axis. The largest of these ridges is
~5 km long and up to 3 m high. It is interpreted as a terminal moraine representing the
maximum extent of a former glacier in Loch Scavaig. The terminal moraine can be
divided into two sections, the larger stretching across Loch Scavaig with the smaller
section across the entrance to the Sound of Soay. Between these two sections is the
small onshore section of the moraine mentioned previously.
Numerous smaller ridges can be observed inside the terminal moraine. These
are interpreted as recessional moraines formed as the former Scavaig glacier retreated
from its maximum extent. The recessional moraines most proximal to the terminal
moraine are the most laterally extensive, further north these features are mainly
confined to the margins and are not observed within the glacially over deepened
basins. One possible explanation is that the basins were the focus for sedimentation as
suggested by the amplitude of the return signal. The accumulation of sediments since
deglaciation may obscure any recessional moraines that are present.
A slope failure deposit is identified near the eastern shore. This feature bears
some resemblance to submarine slope failures identified in bathymetric studies carried
out elsewhere in Scotland [Stoker et al., 2010]. A large slope failure is present on the
terrestrial loch shore at this location. The return signal amplitude suggests that much
of the seabed in this location is of higher reflectivity with interspersed pockets of
lower reflectivity. This slope failure occurred after Loch Scavaig was deglaciated and
post-glacial slope failures reported from elsewhere in Scotland have been attributed to
seismic activity associated with isostatic rebound [Stoker et al., 2010].
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8.5 Discussion of bathymetric survey
The glacial land system preserved in Loch Scavaig is different from that formed
by surging glaciers in Svalbard [Ottesen et al., 2008]. Perhaps the most obvious
difference is the nature of terminal moraine in scale and shape. In Svalbard large
terminal moraines, up to 1 km wide, are interpreted as thrust moraines. In contrast the
Scavaig moraine is a smaller feature with a well defined crest, an asymmetric profile
and arcuate plan form, features consistent with a push moraine formed at the margin of
an advancing glacier [eg: Boulton, 1986]. This suggests that the Scavaig moraine was
not formed by a surging glacier but instead was most likely climatically driven.
The presence of gabbro boulders on the Scavaig moraine indicates ice advance
from the Cuillin Hills following retreat of the main Late Devensian ice sheet. There
are two alternative scenarios that could explain this. One scenario is that the mapped
LLR limits [Ballantyne, 1989] are correct and the Scavaig moraine was deposited by
an earlier glacial readvance from the Cuillin Hills. Evidence for a post-LGM, preLLR readvance has been reported from several localities on Skye. Benn [1997]
summarises the evidence for such a readvance and, from the altitude of raised
shorelines on Skye and the mainland, concludes that it may have been broadly
contemporaneous with the Wester Ross Readvance (WRR) [Robinson and Ballantyne,
1979]. Ballantyne et al. [2009a] and Bradwell et al. [2008a] obtained cosmogenic
exposure ages from WRR which coincide with the ages obtained from an ice sheet
moraine above Strollamus (Chapter 6). This demonstrates that at the time of the WRR
there was a significant ice mass present on Skye which could have potentially
responded to the same forcing that caused the WRR and readvanced to form the
Scavaig moraine.
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The other scenario is that the Scavaig moraine represents a more extensive LLR
limit. Onshore evidence in the form of glacial striae led Ballantyne [1989] to map the
LLR glaciers as terminating at the head of Loch Scavaig (Figure 8.2). If the Scavaig
moraine represents a more extensive LLR limit then it also has implications for the
palaeo-climatic reconstructions based on the mapped ice limits [Ballantyne, 1989].
It is not possible to ascribe a definitive age to the Scavaig moraine without some
form of independent age control. The large gabbro boulders present on the onshore
moraine are suitable for surface exposure dating using cosmogenic

36

Cl which is

capable of producing ages with uncertainties !10%. This resolution would be capable
of discerning between the LLR and WRR. Six samples were collected from the
Scavaig moraine as obtaining multiple dates from several boulders is necessary to
allow outliers to be identified. These samples were submitted for
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Cl dating at

CEREGE, Aix-en-Provence, France but at the time of writing results are not
forthcoming.

8.6 Preliminary Study of vibrocores /844 and /845
The vibrocores collected from Loch Scavaig provide further information
relating to the timing of the last glacial advance to occupy the basin. To date only
preliminary logging of the cores has been undertaken (Figure 8.6).

The general

stratigraphy of both cores is similar with both having a clast rich basal layer
characterised by numerous and large (up to 10 cm) clasts of gabbro sourced from the
nearby Cuillin Hills. Given that Loch Scavaig is underlain by Torridonian Sandstone
the presence of these clasts indicates that the basal material most likely represents
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Figure 8.6 Graphic logs of BGS cores VC57/-07/844 & /845 from Loch Scavaig showing predominant
sedimentology, gross structure and locations of AMS 14C dates.

glacially transported material whose deposition is related to the ice margin identified
in the bathymetry. These basal layers are a diamicton. Both cores display a fining
upwards sequence from diamicton through to silty clay with an absence of any large
shells or shell fragments. Occasional large clasts are observed within this section of
both cores. It is speculated that these sections represent a transition from proximal
glaci-marine to fully marine conditions but a more definitive interpretation would
require further investigation. Above these sections in both cores are thin, crudely
laminated sand layers which are defined by sharp contacts both above and below.
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Above these sandy layers the material is composed of silty clay with occasional large
clasts and shell fragments. The top section of both cores consists of a thick shelly
layer with very numerous gastropod shell fragments. Given its stratigraphic position
this layer is speculatively ascribed to the Holocene in both cores.
Initial inspection of the cores revealed material suitable for dating by AMS 14C.
The calibrated ages of 13.94±0.16 cal ka BP and 12.77±0.14 cal ka BP obtained from
the cores located outside and inside the ice limit respectively indicate that ice retreated
from this limit sometime before the onset of GS-1. This would indicate that the
Scavaig limit pre-dates GS-1 and is related either to an earlier readvance, possibly the
WRR, or that it marks a late still stand during overall deglaciation.

Table 8.1 AMS 14C sample data and ages from Loch Scavaig

The WRR has been dated as occurring 14.7±0.9 ka [Balllantyne and Stone,
2011]. If the Scavaig moraine is related to the WRR then this suggests either, that a
significant depositional hiatus is recorded within core /844 or, sedimentation rates
during deglaciation were remarkably low in order to explain the time elapsed (1-3 kyr)
between deposition of the moraine and the minimum age of deglaciation suggested by
the AMS 14C date. The alternative explanation is that the Scavaig moraine represents a
later ice margin and that the date from /844 closely reflects the time of deglaciation.
This interpretation would imply survival of ice well into GI-1 which has been the
subject of much debate [cf: Bradwell et al., 2008a; Ballantyne et al., 2009a;
Ballantyne and Stone, 2011].
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The preliminary data from cores /844 and /845 suggests that more detailed
analyses of the materials present could provide valuable information. The presence of
foraminifera within the cores [W. Austin, pers. Comm.] may provide the opportunity to
construct a detailed foraminferal assemblage stratigraphy as has been done in other
studies of Scottish fjords during the LGIT [Stoker et al., 2009]. Given the deglaciation
age suggested by both AMS 14C dates it is likely that the return to cold conditions
during GS-1 would be recorded in such a stratigraphy from both cores. This would
support the interpretation of a pre-GS-1 age for the moraine. In addition, further age
control would allow the possibility of ice survival into GI-1 to be further explored.

8.7 Results of cosmogenic isotope analysis
The ages of the five

10

Be samples from Loch Slapin (Tables 8.2 and 8.3)

overlap at 1! uncertainty and range from 12.3±1.2 ka to 10.7±1.1 ka. The samples
yield a weighted mean exposure age of 11.5±0.9 ka. This age falls outside of GS-1
(12.9-11.7ka b2k) as defined by the INTIMATE group [Lowe et al., 2008]. Of the 5
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Sample data and AMS data for Slapin moraine samples.
Production rate (atoms g -1 a-1)
Location
Sample
SLAP1
SLAP2
SLAP3
SLAP4
SLAP5

(ºN/ºW)
57.1986/6.0011
57.1984/6.0010
57.2012/6.0011
57.2011/6.0013
57.2009/6.0012

Elevation
(m asl)
10
10
10
15
15

Thickness
(mm)
25
27
26
25
28

Spallation a

Muons b

Shielding
factor c

4.56
4.56
4.56
4.49
4.49

0.182
0.182
0.182
0.183
0.183

0.9968
0.9968
0.9968
0.9760
0.9760

Quartzd
(g)
22.368
22.514
17.775
17.073
19.975

Be carrier
(mg)
0.2267
0.3495
0.2269
0.2235
0.2283

10

Be/ 9 Beef
(x 10-15)

(10 4 atoms g -1 SiO 2 )

10

Be conc. fgh

98.885±3.355
63.726±2.428
72.660±2.246
72.065±2.404
76.744±3.592

6.16±0.28
5.86±0.32
5.57±0.26
5.67±0.27
5.29±0.31

Age fij
(ka)
12.30±1.19
11.69±1.19
11.10±1.08
11.44±1.12
10.69±1.11

Erosion rate = 1 mm ka -1 for all samples
a
constant (time invariant) local production rate based on Lal (1991) and Stone (2000). A sea-level, high-latitude value of 4.49±0.39 atoms g-1 a-1 was used. b constant (time invariant) local production rate based on
(Heisenger et al 2002a,b). c Calculated using the CRONUS online calculator. d Density of 2.65 g cm -3 was used based on the granitic composition of the samples. e Isotope ratios normalised to NIST SRM4325 with a
value of 3.06 x 10 -11 and using a 10Be half-life of 1.39 x 10 6 years. f Uncertainties are reported at the 1! confidence level. g A blank value of 74.654±17,635 10Be atoms (10Be/ 9 Be=6.103 x 10 -15 ± 8.386 x 10 -16) was
used to correct for background. h Propagated uncertainties include error in the blank, carrier mass (1%) and counting statistics. i Propagated error in the model ages includes a 6% uncertainty in the production rate of
10
Be and a 4% uncertainty in the 10Be decay constant. j 10 Be ages calculated using the CRONUS online calculator (Balco et al., 2008) version 2.2 (http://hess.ess.washington.edu/). Ages quoted in table are from the Lm
scaling scheme.

Table 8.2 Sample data and AMS data from Slapin moraine samples.
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Table 8.3 AMS ratios and exposure ages from Slapin moraine.

ages, only sample SLAP-1 falls within GS-1 (Figure 8.7). The moraine is considered
to have stabilised quickly and thus the ages represent the time of moraine deposition
The Slapin moraine retains a steep profile with a well defined crest, compared to a
diffuse profile indicative of significant post-depositional adjustment. In addition the
exceptionally wet climate would lead to vegetation being established quickly,
stabilising the moraine and currently peat formation is causing the moraine to accrete
rather than degrade. These factors lead to the conclusion that post depositional
shielding is unlikely to be a significant bias in the results and it is considered unlikely
that there was any lag at between the deposition of the moraine and the
commencement of cosmogenic nuclide accumulation.
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Figure 8.7 Exposure ages and uncertainties from the Slapin moraine using ‘Global’ production rate
from Balco et al. [2008] and Lm Scaling scheme with 1mm kyr-1 erosion plotted against NGRIP !18O
curve [Rasmussen et al., 2006]. The mean age and uncertainty is shown by the shaded box.

8.8 Discussion of Cosmogenic ages
The Slapin moraine (Figure 8.3) is mapped as the limit of the LLR in this
locality [Ballantyne, 1989; Benn et al., 1992]. For the same reasons outlined for the
Strollamus moraine, any supraglacial transport of the boulders would not affect the
conclusions. The mean exposure age of 11.5±0.9 ka would suggest that the LLR limit
was reached after the termination of GS-1. Other results suggest that limits were
achieved late in the stadial [Fabel et al., 2010; MacLeod et al., 2010; Palmer et al.,
2010] while numerical modelling also simulates some outlet glaciers reaching a late
maximum [Golledge et al., 2008]. There are a limited number of cosmogenic dates
relating to LLR moraines in the literature. Ballantyne et al. [2007] obtained 10Be ages
with a range of 10.4±1.8 ka – 12.4±1.6 ka from two former small corrie glaciers on
Orkney while Golledge et al. [2007] obtained five 10Be ages indicating ice cover over
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high ground in the Central Highlands ranging from 11.8±1.3 ka - 13.1±1.3 ka. These
ages have been recalculated using the CRONUS-earth calculator for an erosion rate of
1mm.kyr-1 to maintain a consistency with the ages presented here. Given the different
geomorphic and glaciological setting of the sample site a direct comparison between
these ages and the ones presented here is difficult. However, none of the ages appear
irreconcilable with those obtained in this study.
That glaciers experienced active retreat has been documented on Skye,
however deglaciation is inferred to have been initiated during GS-1 [Benn et al.,
1992]. The presence of numerous recessional moraines within the Slapin limit show
that active retreat occurred after the glacier retreated from this position. Taken at face
value these ages indicate that this active retreat occurred after the warming that marks
the end of GS-1.
Brooks and Birks [2000] show that the GS-1 thermal minimum in Scotland
occurred in the first half of the stadial. It is intuitive that this is when local glaciers
were most likely to be at or near their maximum extent. Following this minimum the
climate oscillated before the dramatic warming that marks the end of GS-1. It is
during this time that the active retreat outlined by Benn et al. [1992] is thought to
occur. Ballantyne [2007] reports that a summer warming in the order of 1° C would
result in near total shrinkage of LLR glaciers on the Outer Hebrides. The warming
during the second half of GS-1 was in the region of 1-1.5° C [Brooks and Birks,
2000]. If glaciers on Skye were as sensitive to summer temperature as those on the
Outer Hebrides it seems unlikely that they could survive such a temperature rise and
still be near their maximum extent as is suggested by the 10Be exposure ages. The
ages reported here were calculated using the CRONUS calculator to allow
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comparison with other SED ages from different regions. As discussed previously this
means they are calculated using a reference production rate derived from a global
calibration data set with an uncertainty of 9% [Balco et al., 2008] preventing
resolution of events that occurred within a 1000 yr time frame. This problem could
be overcome with the development of a precise local 10Be production rate. Such a
production rate, when combined with an ultra-pure beryllium carrier can obtain 10Be
dates with external uncertainties < 5% [Kaplan et al., 2010] which would be
sufficient to resolve some of the questions highlighted by this and other SED studies
in Scotland.
The suggestion of a late GS-1 glacial maximum now comes from a variety of
localities and from work done using a variety of techniques including varve
chronology [MacLeod et al., 2010; Palmer et al., 2010], SED [Fabel et al., 2010] and
numerical modelling [Golledge et al., 2008]. On the other hand there is a wide body
of work supporting a maximum earlier in the stadial [Benn et al., 1992; Brooks and
Birks 2000; Hubbard 1999]. SED can go someway to resolving this debate as it
allows direct dating of evidence of glacial maximum, however resolving events
within a c.1 kyr time frame is probably at the current limit of resolution of the
technique and would require the development of a locally calibrated production rate
(Section 6.6).
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8.8.1 Recalculation of ages using local production rate.
The calculation of local production rates as outlined in section 6.6 allows
recalculation of the five 10Be ages from Loch Slapin. The recalculated ages are shown
in table 8.4. The weighted mean of the samples is 11.9±0.9 ka which is ~400 yrs
older than the original mean age (11.5±0.9 ka) obtained using the globally calibrated
production rate [Balco et al., 2008]. This increase in ages in consistent with the
pattern observed in recalculated ages presented by Ballantyne and Stone [2011] and
Ballantyne [2012].

The ages recalculated using the Glen Roy production rate

compares to a recalculated mean age of 12.4±0.8 ka using the ‘rockfall’ LPR11.9
production rate (Table 8.4; Figure 8.8) [Ballantyne 2012]. The consistent increase in
exposure ages when using these two independently re-calculated production rates
supports the conclusion that the globally averaged production rate underestimates 10Be
exposure ages from Scotland.

Table 8.4 Comparison of Strollamus exposure ages and means calculated using alternative reference
production rates
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Figure 8.8 Comparison plot of Slapin exposure ages calculated using the GRPR and LPR11.9 of
Ballantyne and Stone [2011]. The original ages were calculated using the ‘global’ production rate of
Balco et al. [2008]. The new production rates all produce older ages than the ‘global’ averaged rate.

The recalculated ages have important implications for the timing of the LLR
maximum in Scotland. As outlined in Section 3. a debate exists regarding the timing
of maximum ice extent during the LLR with evidence for maximum ice extent late in
the stadial being based on SED using the globally calibrated production rate. These
dates must now be considered as underestimating the true exposure ages given the
pattern of increasing ages from the local production rates. The recalculated Slapin
ages suggest that the glacier reached its maximum extent within GS-1 which is
consistent with the geomorphological evidence for active retreat from this position.
Given the relatively small size of the Slapin glacier (~19 km2) it is unlikely to exhibit
significant lag to climatic forcing. If its maximum extent was a result of external
climatic forcing (and not internal glacier dynamics) it is most likely that it coincides
with the thermal minimum during GS-1, which in Scotland occurred prior to 12.4 ka
[Brooks and Birks, 2000]. This minimum is in agreement with the mean age for the
Slapin moraine calculated using both the ‘rockfall’ and ‘Glen Roy’ local production
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rates suggesting that the maximum extent was climatically controlled. The LLR Skye
icefield is relatively small and there is widespread evidence for initial active retreat
suggesting glaciers remained close to climatic equilibrium during this stage
[Ballantyne, 2012]. Combining these facts with the suggestion that at least one of the
larger outlet glaciers had a climatically controlled maxima it could be speculated that
the majority of glaciers within the LLR Skye icefield also had maxima that were
largely coincident with the GS-1 thermal minimum.
Ballantyne [2012] recalculated all the available 10Be exposure ages relating to
the timing of LLR glaciation and concluded that at the sampled sites ice had reached
its maximum extent 12.4-12.1 ka and was retreating prior to 12.1 ka.

The

recalculated SED data supports the model of maximum LLR ice extent during the mid
part of GS-1 [Ballantyne, 2012]. This does not preclude the possibility that individual
glaciers had maximum extents late in GS-1, as a result of a lagged response to
climatic forcing or internal dynamics such as surging behaviour.

This type of

behaviour is suggested for some outlet glaciers of the main Scottish LLR icecap from
both field studies and numerical modelling [Golledge et al., 2008; MacLeod et al.,
2010]. It is likely that there is a complex pattern of glacier maxima influenced by
both climate and internal dynamics resulting in asynchronous behaviour of glaciers.
Until chronological data relating to maximum extent has sufficient spatial resolution it
is not possible to favour one control over the other for any individual glacier.
However, when considering the Scottish ice masses holistically it is probably accurate
to cite a climatically controlled maximum in the middle LLS given that climate is the
dominant control on glacier mass balance.
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8.9 Conclusions
The reinvestigation of the southern margin of the LLR Skye ice mass has
revealed several factors that aid understanding of its behaviour.

The offshore

bathymetric survey has revealed a hitherto unknown ice limit which highlights the
importance of obtaining good offshore data for delimiting former glaciers that
terminated within the near shore environment. The initial “rangefinder” AMS 14C
dates obtained from two BGS vibrocores collected from Loch Scavaig indicate that
the Scavaig moraine represents a pre-LLR ice limit suggesting that the LLR ice limits
of Ballantyne [1989] are correct. Taken at face value the 14C dates indicate that initial
deglaciation of Loch Scavaig occurred sometime during GI-1 which suggests that
locally nourished ice may have survived well beyond the marked warming at the
beginning of GI-1.
The original 10Be ages reported from the Slapin moraine suggested deposition
towards the end of GS-1. This is considered unlikely given the available geomorphic
and palaeoclimatic evidence. When recalculated using a locally calibrated production
rate the Slapin

10

Be ages are consistent with maximum LLR extent occurring in the

middle of GS-1 and concurrent with the thermal minimum [cf: Ballantyne, 2012].
This suggests that climate was the dominant control on the Skye ice-field during the
LLR and by extension for much of the mainland Scottish ice-cap, although this
remains to be further investigated. The LLR represents the last period during which
ice existed within Scotland and, while it is possible that some glaciers continued to
retreat into the Holocene, no evidence for subsequent readvance has thus far been
presented. The following chapter attempts to synthesise the data presented in this
thesis. Firstly an attempt is made to synthesise the behaviour of the BIIS during the
LGIT and compare this to numerical models of this time period. The second part of
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the synthesis attempts to place data presented in this thesis into a broader North
Atlantic context with reference to the mechanisms and evidence of rapid climate
change during the LGIT.
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Chapter 9 - Thesis Synthesis Part 1- demise of the Northwest sector
of the British-Irish Ice Sheet.
9.1 Initial retreat
In recent years a convergence of views regarding the demise of the NW sector
of the former BIIS (NW-BIIS) has begun to emerge. All models implicitly share the
same starting conditions governed by the maximum ice extent and timing of the
commencement of retreat [Peacock et al., 1992; Stoker et al., 1993]. From this
starting point the BIIS is inferred to have retreated rapidly across the Hebridean shelf.
Initial

10

Be exposure dates from the Outer Hebrides suggested that here ice had

retreated onshore by 15.4±1.0 - 14.1±0.9 ka, with revision of the 10Be production rate
this age increases to 16.6±0.7 - 15.2±0.6 ka [Stone and Ballantyne, 2006]. Further
TCN data from the mainland indicates ice must have been onshore before c.15 ka and
continued to retreat before readvancing to the WRR limits. This view is supported by
the TCN data from Strollamus which indicates a thinning ice mass by at least
14.7±0.9 ka and probably by 15.4±0.9 ka (Figure 6.4).
The evidence for the maximum extent and initial timing of retreat of the NW
sector of the BIIS were initially described in Chapter 3. The available AMS 14C dates
from MD95-2007, located inside the BIIS maximum, are in broad agreement with
ages from other marine cores and numerical modeling experiments. The lowermost
14

C ages from MD95-2007 are slightly younger than the age of deglaciation indicated

by a single

14

C age from a neighboring core [Peacock et al., 1992] but suggest

deglaciation was underway by 17.6-16 ka. All of the available ages indicate ice
retreated from the continental shelf sometime after c.18 ka. This age of deglaciation
is slightly later than has been suggested by numerical modeling experiments
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Figure 9.1. Map of northwest Scotland showing deglaciation ages mentioned in the text. Underlined
ages are those from this study. A hypothesized general ice margin at c.16 ka is proposed. All 10Be
exposure ages have been recalculated using LPR11.9 from Ballantyne and Stone [2011].

[Hubbard et al., 2009] but broadly similar to the slow rates of retreat on the
Hebridean shelf reconstructed from the pattern of retreat [Clark et al., 2010].
The initial high flux of IRD within MD95-2007 in the period immediately
following the commencement of deglaciation is interpreted as representing a deglacial
signal (Section 5.7). The occurrence of these high fluxes indicates that there were
significant volumes of icebergs being calved and melting proximal to the core site
during the initial period of deglaciation. In addition the abrupt cessation of IRD
delivery to the core site at c.16.6-15.5 ka is interpreted as indicating complete
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deglaciation of the Hebridean shelf by this time (Section 5.7). Again this is later than
suggested by the numerical modeling of Hubbard et al. [2009] which places the
transition to a terrestrial based ice sheet at c.17ka. The age of shelf deglaciation
suggested by the IRD records from MD95-2007 is in good agreement with the
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Be

exposure age of 16.6±0.7 ka reported by Stone and Ballantyne [2006] from the Outer
Hebrides which lends support to the interpretation. The rapid collapse of a marine
based sector of an ice sheet would generate significant volumes of icebergs as
indicated by past [Jakobsson et al., 2011] and recent ice shelf collapse in Antarctica
[Glasser and Scambos, 2008]. This mechanism would explain both the high levels of
IRD flux within MD95-2007 at this time and the rapid deglaciation of the shelf within
c.1.5-2 kyr as indicated by the AMS 14C dates and the IRDflux record.

9.2 What caused initial retreat of NW-BIIS margin?
9.2.1 External forcing?
There are two types of forcing mechanisms that could explain the onset of
rapid retreat of the NW-BIIS, external and internal. External mechanisms comprise
changes to oceanic conditions including eustatic sea-level change and climatic
forcing. The nature of retreat from the shelf edge would appear to rule out a simple
climatic control. If climatic change was the sole control on deglaciation of the NWBIIS then it would be intuitive to assume that a rapid and dramatic warming would be
required to initiate the rapid retreat that is observed. At the time of the onset of retreat
there is no such warming recorded in the Greenland ice cores [Svensson et al., 2006].
A slight increase in !18O values is visible within the GRIP and NGRIP records with a
slight decrease in values being observed within the GISP2 (Figure 9.2). This pattern
of variation is such that it cannot be definitively stated that any warming over
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Greenland occurred and there is no indication whether any such small rise would have
been manifest around the BIIS. If temperature was to be invoked as the sole driver of
NW-BIIS retreat then it would suggest a hypersensitivity of this section of the icesheet to very small perturbations.
The other dominant climatic control on mass balance is precipitation, There
are no direct records of precipitation variations for the NW-BIIS at the relevant time
however the local climate is coupled to the North Atlantic Ocean through AMOC.
Due to this linkage and the prevailing wind direction a record of summer sea surface
temperature (SST) west of Ireland [McManus et al., 1999] has been used as a proxy
for precipitation [Stemerdink et al., 2010]. There is no sustained reduction in SST
observable prior to the onset of deglaciation that might be expected to be associated
with lower precipitation. As such it is unlikely that precipitation was the fundamental
control on the onset of NW-BIIS deglaciation.
Changes to oceanic conditions constitute the other external forcing factors that
could have influenced deglaciation of the NW-BIIS.

Changes to oceanic

temperatures have been cited as the cause of glaciological response in present day
glaciers and ice shelves in both Greenland and Antarctica [Holland et al., 2008;
Jacobs et al., 2011]. Subsurface warming has also been proposed as a trigger for Hevents recorded in glacial North Atlantic sediments [Marcott et al., 2011]. Marcott et
al. [2011] conducted modeling experiments that suggest a basin wide warming of
subsurface waters due to a reduced AMOC in the period immediately preceding H-1.
This warming increased the melt-rate of the proposed ice shelf buttressing the Hudson
Strait Ice Stream (HSIS) causing it to weaken and collapse with a concomitant
increase in glacier flow, similar to modern Antarctic analogues [Rignot et al., 2004].
The timing of this process broadly corresponds to the time when the NW-BIIS was
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undergoing rapid retreat which could suggest it is responding to the same forcing
however, there are caveats that need to be considered.
The processes acting on the ice shelf that buttressed the HSIS were occurring
at depths of 400-800 m [Marcott et al., 2011] which is deeper than the grounding line
of the NW-BIIS and the shelf across which it retreated [Sejrup et al., 2005b]. Given
the overall geometry of the grounded NW-BIIS it is unlikely that any fringing ice
shelves would have been affected by subsurface warming in the way proposed by
Marcott et al. [2011]. In addition, the modeling work of Marcott et al. [2011]
suggests cooling of the surface waters at latitudes and depths corresponding to the
NW-BIIS margin. Whether this cooling would translate onto the shelf environment is
not clear but if so it would be counter-intuitive to have a ice mass retreating in
response to it. As a combined result of these caveats it is considered that the initial
retreat of the NW-BIIS was unlikely to have been driven by changes in oceanic subsurface temperature.
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Figure 9.2 Comparison of Greenland ice core records on various published timescales. Also shown is
RSL change (red) and rate of sea level change (blue) from Stanford et al. [2010]. The grey shading
highlights the time period of potential initiation of NW-BIIS deglaciation from the shelf edge as
determined in this study and others.
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The other oceanic change that could trigger retreat of the NW-BIIS is a rise in
eustatic sea level. This process is thought to be behind draw-down and thinning of
modern day Antarctic glaciers [Payne et al., 2004]. In addition, rises in sea-level
have been cited as the causes of retreat of other sectors of the former BIIS; in the
North Sea as a response to SL rise associated with H-2 [Bradwell et al., 2008b] and
the Moray Firth Ice Stream [Merritt et al., 1995]. The direct evidence for sea-level
change in NW Scotland at the time of initial NW-BIIS retreat is absent given the
extensive ice cover. The earliest records extend to c.15 ka but these are subject to
large dating uncertainties and are only constrained by a single data point [Selby and
Smith, 2007]. Furthermore, these records document relative sea level change and it is
thus hard to disentangle the isostatic component from the eustatic and steric
components. Because of these constraints the changes in eusatic sea level need to be
derived from far-field locations.
The largest change in eustatic sea level to occur during the LGIT is known as
Meltwater Pulse 1A (Mwp-1a) (Figure 9.2) and has been dated to 14.3-12.8 ka
[Stanford et al., 2010]. This event therefore post-dates the onset of retreat in the NWBIIS and cannot be the cause. Reconstructions of the rate of sea-level change during
the LGIT show that sea level had been rising for up to 2 kyr prior to the inferred onset
of NW-BIIS deglaciation. There is a marked acceleration of sea-level rise at 19 ka
which is believed to have been sourced from the NHIS, in particular the GIS [Clark et
al., 2009] (Figure 9.2). This 19 ka meltwater pulse has been suggested as a cause of
retreat of other sectors of the BIIS [Clark et al., 2004c] and was initially suggested as
a possible cause of initial retreat of the Minch Ice Stream [Bradwell et al., 2007].
However its timing is c. 1 kyr earlier than the initiation of retreat suggested by field
evidence. Far-field records also show an increased rate of sea level change associated
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with H-1 whose timing post-dates the earliest possible initial NW-BIIS retreat
[Stanford et al., 2010; Stanford et al., 2011]. However, with a broader definition of
H-1 the acceleration in sea level rise associated with it was occurring at a time when
deglaciation of the NW-BIIS was continuing. Given the fact that sea-level rise was
continuous prior to and during NW-BIIS deglaciation it is suggested that there was a
threshold that, once sea level exceeded, caused rapid deglaciation. However without
further empirical data or numerical modeling experiments the extent of deglaciation
triggered by a threshold effect in sea level remains speculative.

9.2.2 Internal forcing?
The alternative explanation for the timing of NW-BIIS deglaciation is that it
reflected the culmination of internal flow instabilities. It has come to be recognized
that the former BIIS was not a radial ice sheet as reflected in some early models
[Boulton et al., 1977] but was in fact dominated by a series of fast flowing outlet ice
streams [Stoker and Bradwell, 2005; Boulton and Hagdorn, 2006; Golledge and
Stoker, 2006; Bradwell et al., 2007; Finlayson et al., 2007; O' Cofaigh and Evans,
2007; Hubbard et al., 2009]. In the NW-BIIS these ice streams extended across the
continental shelf where they calved into the North Atlantic Ocean [Knutz et al., 2001;
Bradwell et al., 2007; Knutz et al., 2007]. The onset of zones of fast flow within an
ice sheet has complex controls but in the BIIS they are thought to be determined by
onshore topography and mobilized by basal decoupling over deformable offshore
sediments [Boulton et al., 1985; Bradwell et al., 2007; Hubbard et al., 2009]. These
ice streams act to draw down the ice sheet and numerical modeling experiments
predict that repeated cycles of build up and draw down, so called “binge-purge”
cycles, will occur over time [Hubbard et al., 2009]. The mechanism for this is that
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fast flow lowers the ice sheet profile and exhausts replenishment such that velocity
falls, permitting the freezing of ice to the bed. This increases the basal friction
permitting the profile to steepen until basal melting occurs, reducing friction and
permitting fast flow to be re-established [Clarke et al., 1977; MacAyeal, 1993].
One of the characteristics of ice streams is that they can act quasiindependently of climate. An ice stream can sustain an extended margin as long as
the accumulation, or stored volume, of ice in the catchment area is able to sustain the
flux of ice through the ice stream [Boulton and Hagdorn, 2006]. When this condition
is no longer met the ice stream is out of equilibrium with the prevailing climate with
a large volume of ice in the ablation zone, resulting in rapid retreat. Given that the
NW-BIIS was characterised by at least one major ice stream, the Minch palaeo-ice
stream, it is reasonable to presume that the timing of it maximum extent was at least
partially determined by their cyclicity and was the purge component of one of several
“binge-purge” cycles during the last glacial period.

9.2.3 Comparison to models of BIIS behaviour
There have been numerous attempts to numerically model the behaviour of the
BIIS [Boulton and Hagdorn, 2006; Evans et al., 2009; Hubbard et al., 2009]. In
addition, ice-sheet scale reconstructions have been collated from available
geomorphological field evidence. The most recent numerical modeling experiments
of Hubbard et al. [2009] (Figure 9.3) predict that the BIIS was an extremely dynamic
ice sheet drained primarily by transient ice streams with asynchronous behaviour
between its various sections. Hubbard et al. [2009] model a rapid retreat of the NWBIIS with complete deglaciation of the shelf being achieved in c.2 ka. This rapid
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collapse of the NW-BIIS is also suggested by the evidence from MD95-2007
presented in this thesis. As outlined in section 5.7 the cessation of IRD delivery to the
core site at 16.6-15.5 ka indicates the absence of a calving BIIS margin and its
transition to a terrestrial based ice sheet. This compares to an inferred deglaciation
age from

14

C dates of 17 ka, although this is subject to uncertainties relating to the

MRE. Regardless it does indicate that deglacation of the Hebridean shelf was rapid
and achieved within 2 kyr as suggested by the model of Hubbard et al. [2009].
One area where there is disagreement with the model of Hubbard et al. [2009]
is in the timing of the initiation of retreat. The model suggests retreat was initiated at
19.4 ka which is up to 2 kyr earlier than suggested by the 14C dates from the St Kilda
basin. It has already been highlighted that the

14

C dates are subject to reservoir

uncertainties and they do not directly date deglaciation merely the age of the organic
material. In addition Hubbard et al. [2009] point out that within the optimal model
runs, ice-sheet geometry and dynamics can differ on centennial to millennial scales.
As a consequence the difference between the onset of deglaciation suggested by the
model and that inferred from the 14C data is very possibly not significant.
The driving mechanism of the modeled NW-BIIS retreat at 19.4 ka [Hubbard
et al., 2009] is a warming indicated in the NGRIP !18O record. The difference
between the average isotopic signatures during the modeled period of retreat and the
preceding period of stability is small (~1 ‰). If this is the driver then it would
indicate that the NW-BIIS was, at this time, extremely sensitive to small changes in
temperature recorded in Greenland. The early section of the !18Oforam record from
MD95-2007 shows values that are similar to those during GI-1 which could suggest
that warmer waters were present around the NW-BIIS margins as it was retreating.
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Figure 9.3 Key time slices between 23-11 ka from model of Hubbard et al. [2009].
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9.2.4 Externally driven retreat?
The highly dynamic nature of the BIIS led to the development of an extended
ice mass on the Hebridean continental shelf representing an extensive marine margin
[Hubbard et al., 2009]. In addition, the relatively low profile of this extended ice
sheet would result in small climatic changes resulting in large areas of the ice sheet
being out of equilibrium. During its period of retreat, the NW-BIIS was subjected to
two definite external perturbations, namely a slight warming in the North Atlantic
c19-17 ka and a period of global sea-level rise including the 19 ka meltwater pulse
and culminating during H-1. In order to identify whether it was one, the other or a
combination of these perturbations that triggered retreat of the BIIS requires better
chronological constraint of when deglaciation was initiated.

The uncertainties

surrounding marine reservoir corrections currently preclude assigning a precise age of
deglaciation from the MD95-2007 record but it is clear that deglaciation was
underway by 17 ka and very possibly by 18 ka. It is speculated that internal dynamics
played an important role in determining the maximum extent of the ice sheet and this
likely made it vulnerable to external perturbations, most importantly sea level rise.
However, the relative importance of these external forcing mechanisms remains to be
developed.
Current chronological constraints on the timing of deglaciation have
uncertainties which hinder attempts to firmly link NW-BIIS retreat to external forcing
factors. The occurrence of external forcing during the LGIT, in the form of sea level
rise and temperature changes, is without question and it is vitally important to
determine which, if any, of these influenced NW-BIIS retreat in order to further our
understanding of ice sheet behaviour under rapidly changing climate.
14

available dates are predominantly AMS
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C ages. Therefore, until variations in the
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MRE are better understood, the precision of these ages will be limited. Deglaciation
of the shelf environment, where NW-BIIS deglaciation began, is particularly difficult
to constrain through other dating techniques due to lack of suitable sampling sites.

9.3 Transition to a terrestrial ice sheet, persistence and disappearance.
Following deglaciation of the continental shelf various lines of evidence
indicate that the ice sheet was located at or close to the present day shoreline by c.16
ka [Stone and Ballantyne, 2006; Bradwell et al., 2008b]. This conclusion is supported
by the recalibrated 10Be dates from Strollamus which indicate a thinning ice mass at
15.4±0.9 ka. The main point of debate about the behaviour of the NW-BIIS following
the transition to a terrestrial based ice sheet surrounds the issue of persistence of the
remnant ice mass. One model describes a complete or near compete disappearance of
ice during GI-1 [Kirk and Godwin, 1963; Sissons and Walker, 1974; Lowe et al.,
1994; Stoker et al., 2009]. The alternative model describes a persistent ice mass
surviving well into GI-1 [Bradwell et al., 2008a; Ballantyne et al., 2009a; Stoker et
al., 2009]. The catalyst for this debate was the publication of two sets of
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Be ages

from WRR moraines that placed their deposition well within the bounds of GI-1
suggesting that sizeable ice caps persisted over low ground under the relatively warm
conditions of the interstadial [Bradwell et al., 2008a; Ballantyne et al., 2009a]. This
conclusion was supported by the

10

Be ages from Strollamus as calculated using the

CRONUS calculator which also suggested that a considerable ice mass was present
on Skye during GI-1. Further evidence for a persistent ice mass was presented by
Stoker et al. [2009] who cited three

14

C ages from molluscs within what they

interpreted as proximal glaci-marine sediments that provided ages 13.0-14.1 ka.
According to their interpretation this indicated the presence of tidewater glaciers as
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late as 13 ka, at the GS-1/GI-1 transition, implying that substantial ice masses
survived throughout the warm interstadial. The AMS

14

C ages from Loch Scavaig

presented in Section 8.6 are similar to those of Stoker et al. [2009] and could also be
interpreted as indicating ice survival well into GI-1.
Two strands of evidence provide compelling arguments against a persistent ice
mass throughout GI-1.

Firstly, since the initial dates were reported, the
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production rate has been revised resulting in the ages increasing by 6.5-12%. These
older ages constrain the WRR as occurring around the time of major climatic
warming at the start of GI-1 and it is suggested that it occurred in response to
increased precipitation [Ballantyne and Stone, 2011]. This new production rate is in
broad agreement with an independently constructed production rate presented in
section 6.6 and this strongly supports the conclusion that the WRR occurred at the
very beginning of GI-1. Recalculating the Strollamus ages using the newly available
local production rates produces ages that are consistent with the recalculated WRR
ages (Figure 9.4).
The second strand of evidence comes from Loch Droma, a Lateglacial site that
would have been within the source area for the ice masses described by Bradwell et
al., [2008a] and Stoker et al. [2009] [Ballantyne and Stone, 2011; Finlayson et al.,
2011]. A 14C age from a basal organic layer yielded a calibrated age of 15.5±0.5 cal
ka BP [Kirk and Godwin, 1963] but this conflicts with the pollen stratigraphy which is
consistent with deglaciation being complete by 14.0 ka [Kirk and Godwin, 1963;
Pennington et al., 1972; Finlayson et al., 2011]. The issue of basal radiocarbon ages
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Figure 9.4 All exposure ages from WRR and Strollamus plotted against NGRIP !18O record [Rasmussen et al.,
.2006].
The mean age with uncertainty of all 22 WRR samples is shown as the shaded box.
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being “too old” has been highlighted by Walker et al. [1988] and Bradwell et al
[2008a]. Considering the pollen stratigraphy, it is hard to envisage ice free conditions at
Loch Droma at the same time that extensive ice occupies Loch Broom [Ballantyne and
Stone, 2011].
The available evidence does not support the extensive ice masses over low
ground during GI-1 as envisaged by Bradwell et al. [2008a]. However, the available
10

Be exposure ages from NW Scotland suggest that significant volumes of ice remained

over low ground at the start of GI-1 with high ground emerging from ice cover at 16.014.5 ka [Ballantyne and Stone, 2011; Fabel and Ballantyne, pers. comm.]. This raises
the question of how fast ice subsequently retreated under the warm conditions of GI-1
and whether any ice survived until renewed growth was triggered by the return to cold
conditions at the start of GS-1. As cited above, the Loch Droma pollen stratigraphy
indicates ice free conditions over low ground at 14 ka. Given that the pattern of
recessional moraines indicates ice retreated towards Loch Droma from both the west
and east [Finlayson et al., 2011] it is likely that this age broadly constrains the
disappearance of ice from valleys in this part of NW Scotland.
Based on geomorphological evidence it has been suggested that ice persisted in
some favourable locations throughout the interstadial [Finlayson et al., 2011]. Limited
ice survival is also suggested by numerical modeling experiments [Hubbard et al.,
2009]. The 10Be exposure ages from high level erratics [cf: Fabel and Ballantyne, pers.
comm.] suggest that some high level sites were completely deglaciated so it is likely
that any persistent ice cover was extremely restricted in nature.

The ultimate

implication of this is that the entire NW-BIIS deglaciated within c. 4 kyr with initial
deglaciation of the continental shelf starting at c.18 ka and all low ground and much of
the high ground in the source areas deglaciated by c.14 ka.
!
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implications for understanding how ice sheets behave in response to rapid climate
change.

Specifically it implies that rapid collapse of a marine sector can occur

independently of climatic drivers as a result of a sea-level rise initiated by a previous
warming. Speculatively this could have implications for the stability of the WAIS if the
predicted warming [cf: IPCC, 2007] produces a significant sea level rise, perhaps
soureced from the GIS.

9.4 The Loch Lomond Readvance (LLR) during GS-1
As introduced in Section 3.6 some uncertainty surrounds the timing of
maximum LLR glacier extent in Scotland during GS-1. The initial 10Be exposure ages
from the Slapin moraine would support the inference of maximum ice extent late in GS1. However it was noted that a late maximum is not consistent with the combined
geomorphological and palaeoclimatic evidence (Section 8.8). When the Slapin ages are
recalculated using either the ‘Glen Roy’ or ‘rockfall’ LPR’s the revised ages are more
consistent with the glacier reaching its maximum extent by the middle of GS-1 with the
best estimated available production rate (LPR11.9 cf: Ballantyne and Stone [2011]
yielding a mean age of 12.4±0.8 ka (Figure 9.5). This age is consistent with the other
lines of evidence for an early maximum.
Ballantyne [2012] recalculated all the available

10

Be exposure ages relating to

the timing of LLR glaciation and concluded that at the sampled sites ice had reached its
maximum extent 12.4-12.1 ka and was retreating prior to 12.1 ka. Given the similarity
with the ‘rockfall’ production rate, similar conclusions would be reached when
recalculating these ages using the Glen Roy production rate. The recalculated SED data
supports the model of maximum LLR ice extent during the mid part of GS-1 [cf:
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Ballantyne. 2012]. This does not preclude the possibility that individual glaciers had
maximum extents late in GS-1, as a result of a lagged response to climatic forcing or
internal dynamics such as surging behaviour. This type of behaviour is suggested for
some outlet glaciers of the main Scottish LLR ice cap from both field studies and
numerical modelling [Golledge et al., 2008; MacLeod et al., 2010].

Figure 9.5 Comparison of Slapin exposure ages originally calculated using the ‘Global’ production rate
[Balco et al., 2008] and the same ages calculated using the LPR11.9 production rate of Ballantyne and
Stone [2011] plotted against NGRIP !18O [Rasmussen et al., 2006]. The mean ages with uncertainties are
shown by the shaded box.
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Given the pattern of active retreat documented in disparate parts of Scotland
[Benn et al., 1992; Bennett and Boulton, 1993; Philips et al., 2002; Lukas, 2005] it is
likely that retreat of many LLR glaciers was well advanced by the time of the warming
that marks the end of GS-1. It has been suggested that following active retreat during
the second half of GS-1 surviving ice stagnated and disappeared rapidly following the
rapid climatic amelioration [Benn et al., 1992; Benn and Ballantyne, 2005]. This is in
contrast to the suggestion of prolonged active retreat till final disappearance [Bennett
and Boulton, 1993]. It is likely that both of these models apply to some glaciers of the
LLR and it should be noted that the examples of ice stagnation come from small
satellite ice fields and not the main ice cap. Regardless of the style of retreat both of
these scenarios imply that the timing of final ice disappearance would be closely
associated with the rapid warming at 11.7 ka.
The timing of final ice disappearance is not well constrained and most of the
available dates are old radiocarbon ages which are likely influenced by mineral carbon
errors [Bradwell et al., 2008a]. Using such dates, Lowe and Walker [1992] constrain
final deglaciation of Rannoch Moor to before 11.8-12.0 cal ka [Golledge, 2010]. Given
that Rannoch Moor was at the centre of the main LLR ice cap and that some of the
major outlet glaciers reached their maximum extents at similar times [MacLeod et al.,
2010] this age is considered too old. Cosmogenic exposure ages relating to final
disappearance are virtually non-existent. Golledge [2010] cites two unpublished and
uncorrected ages from a tributary valley above Loch Lomond that have ages of 10.6
±1.0 and 11.0±1.1 ka. Using either of the LPR’s would increase these ages by several
hundred years but their accuracy is difficult to assess without a fuller description of
geomorphic context. The ages do appear to be broadly consistent with the fact that the
major outlet glacier into which the valley fed was at its maximum extent till 11.7 ka
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[MacLeod et al., 2010]. Given this, it is likely that some ice was present in Scotland
during the very earliest Holocene but at present a definitive date for final disappearance
is not available.
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Chapter 10 - Thesis synthesis Part 2- Placing the records from MD952007 into a wider North Atlantic context.

10.1 Introduction

To date, the deglacial !18Oforam and IRDflux records from marine core MD952007 represent the only such complete records from the Hebridean Shelf. Other !18O
and IRDflux records located proximal to the former BIIS come from continental
margin settings [Knutz et al., 2001; Knutz et al., 2007; Scourse et al., 2009; Hibbert
et al., 2010]. These records have proved useful for elucidating the history of the
former BIIS during the last and previous glacial cycles, however their resolution
prevents careful investigation of the LGIT period.

MD95-2007 provides an

opportunity to investigate the offshore record of BIIS deglaciation during this period
and compare it to the adjacent onshore evidence. The remarkably high temporal
resolution of MD95-2007 is due to the elevated sedimentation rate throughout the
LGIT [Austin and Kroon, 1996]. In addition the availability of the paired IRDflux and
!18Oforam records allows the results from MD95-2007 to be linked to the wider story
of climate change in the North Atlantic during the LGIT.

10.2 Comparing the ! 18Oforam record from MD95-2007
The proxy records from MD95-2007 are consistent with the broad climate
history of the North Atlantic during the LGIT. The !18O record clearly records GS-1
and at least one of the cold reversals seen during GI-1 in the NGRIP !18O record
[Rasmussen et al., 2006]. The return to cold conditions during GS-1 is clearly visible
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in both the MD95-2007 !18O record and other palaeoclimate proxies around Scotland
[Brooks and Birks, 2000; Knutz et al., 2001; Knutz et al., 2007; Hibbert et al., 2010].
The prominent cold reversal seen in MD95-2007 is correlated with GI-1d on the
basis of the constraining radiocarbon ages (Section 5.5).

This correlation is

supported by the fact that GI-1d is the most prominent cold reversal recorded in other
paleoclimate records from Scotland [Brooks and Birks, 2000; Matthews et al., 2011]
(Figure 10.1) and the nearby North Atlantic [Kroon et al., 1997; Knutz et al., 2007a].
The subsequent variation, GI-1b, is relatively subdued within all these records in
comparison to what is recorded in the NGRIP !18O record. There is no prominent
expression of GI-1b within the MD95-2007 !18Oforam stratigraphy although Austin et
al. [2011] correlate a small reduction in !18O values to it.
The similarities between the cited palaeoclimate records are in-keeping with
the well established tele-connections between climate in Greenland and the wider
North Atlantic region [Bond et al., 1993; von Grafenstein et al., 1998]. One key
focus of research is whether rapid changes observed in these records are synchronous
or whether there are significant lead/lags [Lowe et al., 2008; Austin and Hibbert,
2012].

The resolution of the MD95-2007 record allows some insight into this

question. Regardless of the age model adopted the relative time difference between
GI-1d and the start of GS-1 never exceeds ~1.7 kyr (Figure 10.2) and this maximum
value is when !R=0 which is known to not be the case for much of the LGIT [Austin
et al., 2011]. The accepted relative time difference between these two events in the
NGRIP record is ~1.1 kyr [Rasmussen et al., 2006]. It is thus evident that any leads
or lags, if they are present operate on a centennial timescale making determination of
said leads/lags by radiocarbon dating problematic as they are within the range of
uncertainty
!

""#!

!

Figure 10.1 Terrestrial records of climate in Scotland during the LGIT shown in comparison to the
NGRIP !18O record [Rasmussen et al., 2006]. The cold oscillation of GI-1d is correlated between
records. VA= Vedde Ash, PT= Penifiler Tephra, BT= Borrobol tephra. From [Brooks et al., 2012].
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Figure 10.2 Radiocarbon constrained age models for MD95-2007 using three values for !R (see Section
5.6). The relative time difference between the cold interval GI-1d and GS-1 is shown as ! highlighting
that it never exceeds 1.7 kyr.
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associated with the correction applied due to variations in the MRE (Section 5.2). As
noted in section 5.2, the MRE varies spatially and temporally and the magnitude of
potential change during the period of interest is in the order of hundreds of years [Austin
et al., 1995; Waelbroeck et al., 2001; Austin et al., 2011]. Given these facts it will be
difficult to reduce uncertainties associated with 14C ages in any given record to a level
where centennial and sub-centennial scale leads and/or lags can be investigated.
Given the acknowledged issues that a variable MRE presents [Reimer et al.,
2009] it is likely that the use of time parallel marker horizons, in the form of tephras,
offers the best potential for testing climate synchronicity [Lowe et al., 2008; Austin and
Hibbert, 2012]. To date one tephra described from MD95-2007 has been used as an
isochron, the Vedde Ash [Austin et al., 1995]. It occurs within GS-1 and in a similar
stratigraphic position to its occurrence within the NGRIP ice core [Rasmussen et al.,
2006]. While this consistency gives verification to the age model the position of the
Vedde Ash within the GS-1 chronozone does not allow it to be used to investigate leads
and/or lags in the regional climate system. To do this requires identification of a
tephra(s) that occurs either on a climate transition or within a well constrained, short
lived climatic event [Austin et al., 2004; Austin and Abbott, 2010].
Overall, the !18Oforam record from MD95-2007 suggests that the sequence of
climatic events on the Hebridean shelf was the same as that within the wider North
Atlantic. The similarites with the terrestrial records from Scotland also demonstrate the
shared sequence of climatic events in both marine and terrestrial environments during
the LGIT. While the absolute timing of these events retain dating uncertainties, it can
be concluded that the NGRIP regional stratotype provides a useful framework for
assessing the response of the BIIS to climate change during the LGIT.
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10.3 MD95-2007 – IRD Record and implications.
10.3.1 Implications of the GI-1 IRD peak
High resolution records spanning the LGIT have consistently revealed a climate
system punctuated by numerous abrupt climate transitions [Severinghaus and Brook,
1999; Alley et al., 2003; Steffensen et al., 2008b]. Several of these events have been
linked to changes in the AMOC and its associated heat flux due to its sensitivity to
increased freshwater input [Clark et al., 2001; Clark et al., 2002b; McManus et al.,
2004]. To firmly establish freshwater forcing as an underlying causal mechanism of
these abrupt climate transitions requires widespread geological evidence that links the
North Atlantic’s surface conditions to changes in the deep and intermediate ocean.
The occurrence of IRD within marine sediments has long been used to
investigate the links between climate, oceans and ice sheets [Heinrich, 1988; Bond et
al., 1993; Elliot et al., 2001; Hemming, 2004; Peck et al., 2007; Hendy and Cosma,
2008; Scourse et al., 2009]. There has been much discussion regarding IRD peaks and
whether they represent ice sheet advance or retreat [McCabe and Clark, 1998; Marshall
and Koutnik, 2006]. In order to fully understand these links it is not only important to
understand how variations in IRD relate to ice sheet advance and/or retreat but also to
develop an understanding of the way hydro-graphic controls can influence the dispersal
of IRD within an oceanic basin. There has been relatively little work relating hydrographic factors to IRD records, although some authors have argued for minimal hydrographic control in parts of the sub-polar North Atlantic [Elliot et al., 2001]. One
situation where hydro-graphic controls have been cited as influencing the pattern of IRD
deposition is the location of the Ruddiman Belt.

In this case the locus of IRD

deposition is controlled by the location of the polar front which caused increased
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melting of icebergs thus focussing deposition of IRD into a relatively well defined zone
[Ruddiman and McIntyre, 1981; Scourse et al., 2009] (Figure 10.3).
Potential hydro-graphic controls on IRD dispersal include the pattern of oceanic
surface currents which affect the dispersal patterns of icebergs and, potentially more
importantly, sea surface temperature (SST) variations. Palaeoclimatic records indicate
that large and abrupt shifts in AMOC occurred repeatedly during the last glacial period
and that these changes were associated with large and abrupt changes in climate [Vidal
et al., 1997; Clark et al., 2002b; Rahmstorf, 2002; McManus et al., 2004]. Many
workers have suggested freshwater input to the North Atlantic as one of the major
drivers of changes to AMOC and their attendant climatic impacts [Broecker, 1991;
Broecker, 1994]. This link is supported by proxy data [Elliot et al., 2002; McManus et
al., 2004] and modeling studies [LeGrande et al., 2006; Clarke et al., 2009; Liu et al.,
2009] which demonstrate that a weakening of AMOC is associated with cooling and
lower SSTs. SSTs influence the melt rates of icebergs and thus how long they persist in
the open ocean so that at times of lower SSTs icebergs are more likely to travel large
distances across the ocean basin. IRD peaks in ice distal sites at these times may reflect
the increased persistence and dispersal of icebergs calved at the background calving rate
rather than an increased total flux of icebergs related to ice sheet dynamics. Comparing
IRD records from distal sites with records relating to temporal variations in iceberg flux
can allow these links to be investigated.
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Figure 10.3 Map of the North Atlantic showing the location of the IRD belt [Ruddiman, 1977] and the
approximate location of the polar front at various times in the past [McManus et al., 1994]. It can be seen that
the location of the main IRD belt corresponds closely to the position of the polar front during glacial times.
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Figure 10.4 Location map of the North Atlantic showing all cores mentioned in text.
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10.3.1.1 Hydrographic controls on IRD dispersal
The IRDflux and benthic !18Oforam records from MD95-2007 are shown in
comparison to proxy records from several other North Atlantic cores (Figure 10.5). The
highlighted peak in IRD flux observed at 14.1 ka and coincident to a low !18Oforam
excursion is correlative with distinct features in these other records. The behaviour of the
BIIS in this timeframe is discussed in Chapter 9. The conclusion that the BIIS did not
have significant calving margins capable of supplying IRD to the offshore record is
supported by the IRD provenance work carried out in this study which demonstrates a
distinct distal input of IRD to MD95-2007 (Chapter 7). The implication of this is that, if
the overall flux of icebergs to the North Atlantic is the fundamental control on the
occurrence of IRD within MD95-2007, the MD95-2007 IRDflux record should reflect
variations in this flux. A similar relationship would exist for DAPC-2 which is also
inferred to have been predominantly supplied with BIIS sourced IRD for most of its
history [Knutz et al., 2007], thus during GI-1 it too must be recording distal IRD input.
The IRD peaks during GI-1 reported from two other cores in the North Atlantic
(DAPC-2, RAPid-15-4P; Figure 10.4) occur at times of relative high abundance of the
planktonic foraminifera N. pachyderma sinistral (Nps) [Knutz et al., 2007; Thornalley et
al., 2010; Stanford et al., 2011]. Nps% is a semi-quantitative proxy for SST and can also
be used as a proxy for the meridional migration of the Polar Front [Bond et al., 1993;
Scourse et al., 2009]. The occurrence of IRD peaks at times of high Nps% indicates they
occurred during times of low SST when the sites were north of the Polar Front. RAPid15-4P is located on the South Iceland Rise and shows a discrete interstadial IRD peak at
the same time as the one observed in MD95-2007. The timing of this peak corresponds to
the occurrence of an Icelandic tephra, interpreted as being the Katla Ash.
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Figure 10.5 Composite stratigraphic plot of the IRD records discussed in the text plotted on their
original timescales. The tuned proxies from MD95-2007, DAPC2 [Knutz et al., 2007] and RAPid-154P [Thornalley et al., 2010] are shown alongside the IRD records. The NGRIP !18O record
[Rasmussen et al., 2006] is shown alongside TTR-451 [Stanford et al., 2011] which was tuned to it.
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This tephra is also observed within the NGRIP record and can thus be assigned a
precise age [Thornalley et al., 2010]. DAPC-2 is a core located on the Rosemary
Bank in the North East Atlantic [Knutz et al., 2007b]. It also displays a discrete IRD
peak during GI-1. The age model of this core was constructed by visual tuning of the
Nps% record with the GISP2 !18O record which results in an offset compared to the
cores tuned to the NGRIP record. The availability of AMS radiocarbon dates within
this core is not sufficient to independently verify the tuning in this part of the
stratigraphy. However, the occurrence of multiple peaks within the Nps% records of
DAPC-2 means the stratigraphic position of the IRD peak strongly suggests that it is
correlative to GI-1d thus there can be confidence that the IRD peak represents the
same event that is seen in MD95-2007 and RAPid-15-4P.
If the observed GI-1d IRD peak within these cores reflects an increased flux of
IRD to the North Atlantic then it would be expected that they would record IRD at
other times when it is recorded in ice proximal core sites. Core TTR-451 from the
Eirik Drift, south of Greenland [Stanford et al., 2011] shows increased IRD flux
throughout GI-1. It can be inferred from this that significant amounts of icebergs
were being calved from the GIS and IRD being deposited at this ice proximal site at
times when no IRD was reaching the more distal core sites. Furthermore, models
suggest that the GIS would have maintained calving margins for a large part of GI-1,
providing a persistent possible source for icebergs [Simpson et al., 2009]. This
implies that some other control was acting to prevent deposition at the ice distal sites
at times of continuing iceberg flux to higher latitudes.
Records of SST variations based on Nps% from the North East Atlantic show
a series of variations during GI-1. A series of rapid variations in SST are observed in
the Nps% records from cores DAPC2 and RAPid-15-4P [Knutz et al., 2007;
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Thornalley et al., 2010]. In each core one of these variations is correlated with GI-1d
and is coincident with the GI-1 IRD peak. Nps% peaks indicating cooler periods of
SST during GI-1 are also seen in core MD95-2006, taken from the Barra fan, <100
km west of MD95-2007 [Wilson et al., 2002; Peters et al., 2010].

Although

determining the exact timing of these variations in MD95-2006 requires refinement of
the age model it is reasonable to presume that one of the peaks corresponds to GI-1d
given the widespread and simultaneous nature of climate change in the North Atlantic
at this time [Bjorck et al., 1996; Broecker, 2000; Rohling et al., 2003]. An additional
record from the Barra Fan based on the planktonic foraminiferal assemblages in core
56/-10/36 also shows a variation in SST around the time of GI-1d [Kroon et al.,
1997].

The occurrence of these brief periods of lower SST would favour the

southerly penetration of icebergs calved from the surviving North Atlantic ice sheets
given the fundamental control SST has on the survival of icebergs in the ocean
[Dowdeswell and Murray, 1990]. Given the absence of IRD at times of higher SSTs
when there was a continuing flux of icebergs from the same potential sources it is
likely that it is SST which was the fundamental control on IRD dispersal during GI-1.
The occurrence of a peak in IRD flux associated with GI-1d is inferred to be the result
of the attendant reduction in SSTs associated with this climatic oscillation.

10.3.1.2 Links to AMOC
SSTs in the North Atlantic depend strongly on the AMOC with a weaker
AMOC associated with lower SSTs [Schmittner et al., 2005; Barker et al., 2009].
Episodic rerouting of meltwater from the Laurentide Ice Sheet (LIS) has been cited as
the driver of reductions in AMOC and associated cooling events throughout the GI-1
[Clark et al., 2001]. Support for this hypothesis comes from both modelling work
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[Meissner and Clark, 2006; Clarke et al., 2009] and proxy data [McManus et al.,
2004; Thornalley et al., 2010].
During the LGIT the mean rate of global sea level rise was punctuated by
periods of more rapid increase fuelled by meltwater pulses from the decaying ice
sheets [Fairbanks, 1989; Hanebuth et al., 2000; Bard et al., 2010]. These meltwater
pulses had various sources but their effects, both in terms of sea level rise and climate,
were widespread [Stanford et al., 2006; Stanford et al., 2010]. The largest of the todate identified meltwater pulses is MWP-1a whose initial contributor is thought to be
the Antarctic Ice Sheet (AIS) whose partial collapse released freshwater into the
Southern Ocean [Clark et al., 2002a]. A resumption in NADW formation forced by a
Southern injection of meltwater and resulting in warming in the Northern Hemisphere
[Weaver et al., 2003] would explain the Bølling warming that marks the end of the
LGM and the start of GI-1 [Lowe et al., 2008]. This warming would have favoured
melting of the Northern Hemisphere ice sheets which would have made a subsequent
contribution to MWP-1a [Carlson et al., 2012] influencing the vigour of AMOC.
This interaction produces a feedback between climate and meltwater input as outlined
by Clark et al. [2001]. They propose that during warm intervals, when AMOC was
vigorous, the LIS margin retreated allowing meltwater to drain via eastern routes, this
increased input close to sites of deep convection subsequently slowed AMOC and
resulted in cooling and advance of the LIS margin so that meltwater drained south.
This allowed AMOC to recover and circum-North Atlantic warming to occur.
Rerouting events have been identified that correspond to the abrupt climate reversals
of the last deglaciation [Clark et al., 2001] and one such release of freshwater is
proposed as the cause of GI-1d and its concomitant cooling that is seen across the
North Atlantic [Rasmussen et al., 2006; Thornalley et al., 2010]. This freshwater
!

"#"!

!
input, likely caused an AMOC slowdown with a concomitant decrease in SSTs,
visible in the palaeorecords, that was sufficient to allow icebergs to reach MD95-2007
and other ice distal sites and deposit IRD.

10.3.2 The GS-1 IRD peak
Some authors have argued for the presence of an ice rafting event during GS1 that bears some affinities with the earlier Heinrich Events and has been termed H-0
[Andrews et al., 1995]. The presence of H-0 is recorded in core V23-81 from the
Ferni Drift, west of Ireland where it is accompanied by an increase in Nps% and
lithic concentrations evidencing lower SSTs and increased number of icebergs in the
North Atlantic at this time [Andrews et al., 1995]. The source for H-0 is believed to
be the Hudson Strait although with a different flow regime operating than during
typical H-events. [Andrews et al., 1995; Andrews and MacLean, 2003].
It is known that during GS-1 the remnant Scottish ice mass had calving
margins although these were of very limited extent.

Numerical modeling

experiments predict that peak calving losses were on the order of 1-2 km3 a-1 with a
total calved volume of ~77 km3, half of which is attributed to a single large glacier in
Loch Linnhe [Golledge et al., 2008]. When combined with evidence of a Laurentian
component within the IRD from U-Pb analyses these low Scottish calving fluxes
indicate that the IRD peak during GS-1 in MD95-2007 is at least partially of a distal
origin and may be, to date, the easternmost expression of this H-0 calving event.
10.3.3 Implications
The conclusions that both the GI-1 and GS-1 IRD peaks contain distal
material and that hydrographic conditions are important controls on IRD
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dispersal have far reaching implications. IRD has been used to elucidate the
long term history of ice sheets through multiple glacial cycles [Thierens et al.
2011; Knutz et al., 2001; Flesche Kleiven et al., 2002; Scourse et al., 2009;
Hibbert et al., 2010]. Thierens et al., [2011] highlight that for some ice sheets
(eg: FIS, BIIS) marine evidence is the only means by which earlier Cenozoic
glaciations have been identified while Eldrett et al. [2007] use the presence of
IRD within a marine core to infer glaciation of Southwest Greenland in the
Eocene and Oligocene.

The location of their study site in the Norwegian-

Greenland Sea allows several landmasses to be potential sources of the material.
Their elimination of Svalbard as a potential source is based on the presence of
Late Cretaceous dinocysts as starta of this age are absent from Svalbard. The
major assumption here is that there is no mixing of sources within the core.
While Greenland is the most obvious source due to its proximity the evidence
presented in this thesis highlights that distal sources can be significant
contributors.

Without unequivocal evidence linking the material to a given

source region any conclusions reached remain open to question.
Similar problems arise when inferring finer scale behaviour of individual ice
sheets from IRD. IRD deposited in the North Atlantic during the last glacial cycle
records sub-Milankovitch scale (millennial) climatic changes which involved the
abrupt decay of marine ice-sheet margins. In order to elucidate the sequence of
ice sheet fluctuations it is imperative to be able to attribute the IRD observed in
ocean cores to individual ice sheets. This allows investigation of whether ice
sheets were responding to a common climatic forcing and whether any significant
leads or lags were in operation.
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Knutz et al., [2001] carried out a study on a core from the Barra Fan which
related fluctuations in the BIIS to Dansgaard-Oeschger (D/O) cycles.

The

correlation between D/O cycles and the deposition of grains considered diagnostic
of a BIIS provenance was one of the key lines of evidence used to link BIIS
behaviour and regional climate change.

The ‘diagnostic’ lithics were basaltic

grains believed to have been derived from the British Tertiary Igneous Province.
However, around the North Atlantic there are numerous sources of such material.
The potential for the one of these ‘alternative sources’ to contribute “diagnostic”
grains which could then be misinterpreted as representing a BIIS response is
highlighted by the fact that Knutz et al., [2001] record a basaltic peak at 10.89 14C
ka B.P, during GS-1. As they attribute basaltic material to deposition from ice
calved from the BIIS it is implicit in the argument that this peak is sourced from
there.

Figure 7.3 shows the modeled limits of ice in Scotland during GS-1

[Golledge et al., 2008] with respects to bedrock geology. It can be seen that the ice
at its maximum extent extended over a very limited area of exposed basalt and that
this ice was unlikely to terminate in marine calving margins. When considered
alongside the data on modeled calving flux during GS-1 highlighted above it seems
likely that the GS-1 glaciation in Scotland was not sufficient to produce the basaltic
peak observed by Knutz et al., [2001].

This calls into question whether the

correlation between D/O cycles and basaltic peaks truly represents a response of the
BIIS or whether it represents response of distal ice sheets which is recorded in a
location proximal to the former BIIS.
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10.4 Conclusions
The recent improvements in constraining the chronology of BIIS retreat
during the LGIT indicate that it is not a likely candidate to supply the IRD seen in
MD95-2007 during GI-1. This conclusion is supported by detailed U-Pb analyses
of detrital minerals which suggest a contribution from a distal source(s),
specifically the LIS with a possible GIS contribution (Chapter 7).
The paired, high-resolution IRDflux and !18Oforam records from MD95-2007
provide evidence of an IRD peak during GI-1 that is coincident with a period of lower
!18O values in the epi-benthic foraminifera record from Cibicides lobatulus. The
timing of this event is constrained using 14C dates and tuning of the record to NGRIP
and is correlated with GI-1d. Given the distribution of the pan-North Atlantic ice
sheets and IRD provenance fingerprinting using U-Pb dating of detrital minerals it has
been established that the IRD peak reflects input of distally sourced material. If IRD
flux to the wider North Atlantic from the surviving ice sheets was the primary control
on the occurrence of IRD then it would be expected to see IRD within MD95-2007
during periods when this flux was at a level comparable to GI-1d. A similar pattern
of IRD occurrence is also observed within other cores from the North Atlantic and
this pattern is considered indicative of another, more important control.
The release of freshwater into the North Atlantic is proposed as the driving
mechanism of the short-lived and abrupt climate variations such as GI-1d. The
effects of freshwater input to the North Atlantic are primarily manifested through a
slowdown of AMOC that reduces SSTs. A reduction in SSTs favours survival of
icebergs and their wider dispersal with the result that IRD can be deposited in places
where it is absent during times of higher SSTs.

!
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mechanism that allows IRD to be deposited in these North Atlantic cores during GI1d. As a result this demonstrates the widespread effects of meltwater input to the
North Atlantic during the LGIT. This evidence is some of the first that does not rely
on planktonic foraminiferal !18O.
A similar scenario exists during GS-1 with limited local margins and
similar evidence of distal IRD sources. This may represent material deposited by
icebergs calved during the H-0 calving event, interpreted from cores in the
northwest Atlantic, which were able to persist long enough to transport material to
the core site. These conclusion have implications for the interpretation of IRD in
ice proximal sites and suggest that the assumption of a local source may not always
hold. Overall this highlights the importance of understanding the behaviour of
individual ice sheets in order to interpret proxy records of environmental change
such as IRDflux.
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Chapter 11 - CONCLUSIONS

11.1 Summary of main findings
•

This thesis utilizes a combination of marine and terrestrial evidence to allow new
chronological constraints to be placed on the deglaciation of the Northwest sector of
the BIIS (NW-BIIS). The construction of a detailed chronostratigraphy for marine
core MD95-2007 tuned to the regional climate stratotype and anchored by a basal
radiocarbon date reveals that ice was still present on the continental shelf at c.18 ka
somewhat later than initial deglaciation in other sectors of the BIIS. After initial
deglaciation the NW-BIIS deglaciated rapidly with ice retreating to the coastline by
c.16 ka as indicated the IRDflux record from MD95-2007. When combined with
previous work from NW Scotland this data suggests that near complete deglaciation
of the NW-BIIS, from shelf to mountainous sources, was achieved in c.4 kyr. Initial
deglaciation of the BIIS occurred prior to H-1 sensu stricto but during a time of
accelerating eustatic sea level rise. It is speculated that NW-BIIS deglaciation was a
response to this sea level rise and that subsequent rise due to H-1 could have either
maintained or excacerbated NW-BIIS deglaciation. This improved chronology of
NW-BIIS retreat provides further temporal constraints for assessing the validity of
numerical models of the BIIS during deglaciation.

•

The cosmogenic exposure dates obtained from Strollamus as part of this study bear
comparison to other ages from NW Scotland which initially suggested ice survival
during GI-1. This conclusion was re-assessed by calculating a new production rate
and comparing this to another, newly published, production rate from Scotland. The
!
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consistency between the two independently generated production rates indicates that
the globally averaged production rate underestimates exposure ages from Scotland
during the LGIT. The re-calibrated ages from Strollamus are consistent with the
IRDflux record in indicating that ice had reached the coastline by c.16 ka.

•

The recalculated exposure ages from Strollamus and elsewhere in NW Scotland
suggest that ice was present within Scotland at the start of GI-1. The possibility that
persistence of this ice and subsequent readvance could explain the presence of an
IRDflux peak with the record of MD95-2007 is assessed using a new approach to IRD
provenance, namely U-Pb dating of detrital minerals. The results of this, while not
conclusively excluding a Scottish contribution, indicate a distal source of IRD during
GI-1.

This work demonstrates the utility of the U-Pb method for investigating

questions of IRD provenance.

•

The occurence of a distally sourced GI-1 IRDflux peak at the same time as a rapid cold
oscillation is interpreted to represent a hydrographic control on IRD dispersal, namely
SST. This is supported by the occurrence of similar peaks in ice distal sites and the
absence of IRD in these cores when flux to ice proximal sites was continuing. The
reduction in SST is most likely related to a reduction in the strength of AMOC due to
one of the periodic inputs of freshwater during the LGIT. The suggestion of such a
hydrographic control on IRD dispersal demonstrates the rapid dispersal of IRD during
the short lived cold oscillation GI-1d.
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•

The return to cold conditions during GS-1 resulted in the re-growth of a main Scottish
ice cap and several satellite ice fields. The discovery of a submarine moraine in Loch
Scavaig raised the possibility that the extent of the Skye ice field may have been
underestimated and this hypothesis was tested using radiocarbon dates from two cores
obtained by the BGS. The dates reveal that the originally mapped ice margin holds
and that the Scavaig moraine represents a pre-GS-1 ice limit, possibly related to other
readvance limits in NW Scotland. Definitive dating of this margin using cosmogenic
36

Cl is ongoing. A mid-stadial maximum for the ice mass on Skye is suggested by

ages from a moraine on its southern margin recalculated using the local production
rate. This mid-stadial maximum is argued to be representative of the overall picture
of GS-1 glaciation in Scotland which is contrary to some recent suggestions of a late
GS-1 maximum but more consistent with the palaeoclimatic data which shows that
the thermal minimum was midway through the stadial.

11.2 Possibilities for future work
•

The improved chronology of NW-BIIS retreat presented here and the conclusions that
can be drawn from it highlight the importance of obtaining chronological controls on
BIIS ice margin retreat during the LGIT. Efforts to further improve this chronology
are therefore strongly recommended. In particular with respect to the NW-BIIS there
is still an overall lack of dates from the continental shelf however, the Hebridean shelf
contains one potential site of interest. The archipelago of St Kilda, rising to over
400m asl, provides an opportunity to use terrestrial dating techniques, such as TCN
surface exposure dating, to constrain deglaciation of the Hebridean shelf if it can be
established that the last BIIS impinged upon it. It is suggested that investigation of St
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Kilda should be a pressing research priority in attempts to further constrain
deglaciation of the NW-BIIS.

•

In addition to constraining the timing of deglacation the style of deglaciation from the
continental shelf to coastline has still to be established. While it has been shown to be
relatively rapid it is not known whether this retreat was catastrophic, oscillatory or
punctuated by any major readvance. Recent advances in remote sensing offer the
opportunity to investigate the sea floor for any geomorphic features that may reflect
the style of retreat of the NW-BIIS.

•

As highlighted in Chapter 10, Matthews et al. [2011] record that the deposition of the
Penifiler and Borrobol tephras brackets the cold interval of GI-1d (Figure 10.1).
Given the geographic extent of these tephras it is very possible that they are recorded
within MD95-2007.

If their presence can be established it would provide an

opportunity to test the synchronicity of the terrestrial Scottish records and MD952007. Furthermore, if the age of the Penifiler and Borrobol tephras can be determined
on the GICC05 timescale they may offer the opportunity to test the synchronicity of
the cold reversal GI-1d across the wider North Atlantic.

•

It has been shown that, when combined with knowledge of the age signatures of
potential sources, U-Pb dating of detrital mineral is a useful tool for investigating IRD
provenance. In order to further utilize this method to determine the provenance of
IRD in the North Atlantic further characterization of source regions is required.
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Appendix 1 – Sample preparation procedure for 10Be analysis
!
The following sample procedure guidelines are taken from the Procedures Manual of
the Centre for Geosciences’ Cosmogenic Isotope Laboratory at the Scottish
Universities Environmental Research Centre (SUERC).

Initial Quartz Cleaning
Summary

For preparing very pure quartz separates. Most silicate minerals dissolve faster than
quartz in dilute HF and can be etched away to leave a very pure quartz residue. Some
quartz is lost - usually ~10% of coarse-grained fractions (500-850 mm) and up to 2030% of fine-grained fractions (250-500 mm). It is difficult to get good yields from
this procedure using grain sizes <250 mm.

Some minerals will not dissolve (e.g. garnet, zircon, rutile, ilmenite). Fortunately,
except for garnet, these are trace constituents of most rocks. Muscovite is the only
other common mineral that causes problems. It dissolves at about the same rate as
quartz, so the procedure won't concentrate quartz relative to muscovite.

An initial heavy liquid separation will remove garnet and muscovite (as well as most
other mafic silicates and oxide minerals), if present. However, not all rocks need to
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be processed in heavy liquids before HF treatment.

Small amounts of zircon,

ilmenite, etc. in the final sample do not cause problems in the Al-Be extraction
chemistry.

The HF leach has the added advantage of dissolving the outermost shell of the quartz
grains, as well as etching cracks, where any contamination by meteoric 10Be would be
concentrated.

Sample pre-treatment and loading
(1)

Pre-clean samples in hot 2% HNO3. All carbonates must be removed before
reacting the samples with HF. If necessary, separate the "quartz" fraction (2.63
g/cc < r < 2.67 g/cc) in heavy liquid.

(2)

Judge the amount of sample, aiming to finish up with 30-60 g of quartz after the
full clean-up procedure. If you've done a density separation, use the entire
"quartz" fraction.

This procedure will remove composite grains and most

minerals other the quartz likely to remain in the 2.63 g/cc < r < 2.67 g/cc
density fraction.
(3)

Label a clean 500 ml polyethylene (PE) bottle with the sample name or number.

(4)

Transfer the sample to the bottle.
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QUARTZ CLEANING PROCEDURE

Pre-treatment
(1)

Pour about 60 grams of sample into a 600 ml glass beaker.

(2)

Wash the sample with water to remove the remaining fines.

(3)

Under the fume hood and wearing gloves add enough aqua regia
(10%HCl+10%HNO3) to cover the sample.

(4)

Place the beaker on a hotplate on LOW setting (~50°C) and cover it with a
watch glass. Stir the sample; if gas evolves after stirring be very careful with
heating applied to sample as gas may get trapped in sample’s layers having an
“explosive “ effect. Never heat the sample too vigorously. Leave the sample
overnight.

(5)

The next day stir the sample. If solution gets yellower and grains lighter go to
step 6; if not heat the sample longer and at a slightly higher temperature.
Bubbles will evolved (we are getting rid of Fe2O3)

(6)

Cool the beaker and carefully pour the acid into the hazardous waste container
without loosing sample.

(7)

Rinse the sample several times with water and discard the liquid into the
hazardous waste container. After thorough rinsing, solution should be clearer
and pH~5.2.

(8)

Once the sample is clean dry it in the drying oven.

(9)

Once samples are dry bag them up
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HF leaching
(1)

Using 500ml bottles designated for HF leaching transfer up to 60 g of sample
per bottle. Weight the bottle before the transfer; tare the bottle’s weight and
weigh again after samples’ transfer -to monitor samples’ mass loss-. It is
expected a loss of 1 g per leach of pure quartz; greater loses indicates the
presence of other minerals (e.g. feldspars). If processing more than 60 g of
sample split it in as many bottles as necessary (usually a maximum of
120g/sample is sufficient).

(2)

Under the fume hood make up a ~2% HF +2%HNO3 (nominal) solution in the 5
liter container (4800ml H2O + 100ml HF+100ml HNO3). All leaches except the
last one are prepared with RO water, the last one with MQ water.

(3)

Fill the sample bottle with the 2% HF +2%HNO3 solution to within 2 cm of the
top.

(4)

Gently squeeze the bottle before capping. This gives the contents room to
expand when the bottle heats up. Also, loss of vacuum will alert you to the
possibility that the bottle has leaked. Check that the bottle is tightly sealed and
holding its slight vacuum.

(5)

In the fume hood, gently invert it 3-4 times to mix the contents.

(6)

Mark the bottle to indicate how many times it has been processed.

(7)

Place the bottle in the ultrasonic bath for 72 hours applying heat and ultrasound
3 times per day for a period of 99’ each time. Mix the contents of the bottle
several times during sonication.
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After the first 3-days, change the solution as follows:
(8)

Cool the bottles (if they are warm).

(9)

In the fume hood, uncap the bottle and discard the solution into the HF waste
container. Be careful not to pour out the sample.

(10) Rinse the remaining grains thoroughly with 2 changes of RO water; decanting
off the rinse water into the waste acid container while any clay or fine, milky
fluoride precipitate is still suspended, but after "fine sand"-sized grains have
settled. Don't worry about losing some of the very fine grains, unless the
sample is unusually small.
(11) Add ~2% HF +2%HNO3 in RO water solution to the bottle just like in the first
treatment and repeat the 3-day processing for a second time. A minimum of 2
leaches with 2% HF +2%HNO3 in RO water ARE NECESSARY.

After the second 3-days, check the appearance of the sample as follows:
Pure quartz samples have a uniform appearance and do not cake on the floor of the
bottle. Impure samples usually appear speckled and may contain a cloudy fluoride
precipitate.
If the sample does not appear pure, repeat the HF leaching for another 3-day period
with 2% HF +2%HNO3 in RO water. If the sample appears pure repeat the leach with
2% HF +2%HNO3 in MQ water. Remember, LAST LEACHING SHOULD BE
WITH 2% HF +2%HNO3 in MQ water.
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Sample recovery

After the last leach (in MQ water) has been carried out in a pure quartz sample cool
the bottle.

(1)

In the fume hood, uncap the bottle and discard the solution into the HF waste
container.

(2)

Rinse with at least 3 changes of MilliQ as above. Try to rinse away any trace of
milky fluoride. The rinse water must be clear (and absolutely free of residual HF).

(3)

Dry in the oven at 70°C.

(4)

Cool the samples and transfer them –with the help of funnels- to a labelled ziplock
bag. Weight the bag before and after sample’s transfer and record the weight of
sample and number of leaches carried out.

Aluminium Determination from a Mineral Aliquot (MA)
To assess the purity of the quartz we determine the aluminium content of the
cleaned separate. It is essential to obtain the lowest possible Al concentration. The
higher the Al concentration, the lower the 26Al/27Al ratio for measurement, the fewer
26

Al nuclides counted and the worse the counting statistics. The Al concentration

should preferably be in the range 10 - 100 ppm. A higher concentration generally
(though not always) indicates the presence of an impurity such as feldspar, muscovite
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or an insoluble fluoride residue from the quartz clean-up (e.g. Na3AlF6). Note that
~0.5% feldspar gives ~1000 ppm Al.

PROCEDURE
Static charge should always be removed before weighing.
1. Label and weigh a 15 ml Teflon vial and lid on the 4-figure balance. Record the
tare weight to 4 decimal places on the sample data sheet. Using a stainless steel
spatula, transfer 0.3 - 0.6 g of the sample into the vial. Replace the lid and record
the weight. The amount of sample is not too critical, but its weight must be
recorded accurately. Be careful when replacing the lid, as static charge may cause
small grains to jump up onto the lid or out of the vial. Clean the spatula with a
kimwipe (+ethanol) before using it for the next sample.
2. When all the samples have been weighed into vials, open the vials in a fume hood
and add approximately 5 ml of conc. HF (c ) (48 - 50% w/w, ~30 M) and 5-7
drops of 1:1 H2SO4 to each. (Don't try to pour these quantities of HF and sulfuric
acid from bottles. Better to transfer the amount needed for the batch into a clean
Teflon beaker and dispense into individual vials with a clean plastic disposable
pipette (one squeeze is roughly 2.5 ml). Rinse the inside of the teflon beaker
several times with MilliQ water before drying the beaker. Triple rinse the pipette
with water before throwing it into the bin).
3. In the fume hood, place the open vials on the edge of the hotplate at low setting
for 8 hours (overnight). Keep track of which lid belongs to which vial. The
quartz will dissolve as the solution slowly evaporates. After total dissolution has
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been achieved, increase the heat to fume off HF/ H2SO4~(set 4). Do not overheat
the small flat-bottomed vials, as solutions will boil and damage the hotplate
surface. Tilting the hotplate a few degrees by propping up the front will ensure
that the solid fluorides crystallise as a small clump in one "corner" of the vial.
4. Once all the HF/ H2SO4 has evaporated, the residue should be a dry, brown speck,
containing a few hundred !g total of Al, Fe and Ti fluorides. If any quartz
remains (usually only if the original sample was very coarse-grained), cool the
vials and repeat the procedure with a further 2 - 3 ml of HF and 5 drops of 1:1
H2SO4.
5. Cool the vials. Dissolve the dry residue in 9.5 ml of 2% HNO3 and 0.5 ml of
20000ppm KCl if sample will be analysed by AAS. If sample will be analysed by
ICP-0ES dissolve in 10 ml of 2% HNO3 .Use the Eppendorf 1-5 ml adjustable
pipettor and the attachment dedicated to dilute HNO3. Cap the vials with their
original caps and leave to stand a few hours. The fluorides should dissolve totally
to give a clear (or perhaps faintly green) solution.
6. Invert the capped vials a few times to homogenise the solutions, then weigh and
record the vial+solution weights. Decant the solutions into labelled centrifuge
tubes and send them off for analysis.
7. The expected concentration of Al in pure quartz is <100 ppm
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Carrier Addition and Sample Digestion

Our aim is to extract Beryllium from the quartz sample and to measure the 10Be/9Be
ratio using AMS. However, Be is a very rare element in quartz. Therefore it is
necessary to spike the sample with a known quantity of 9Be. The aim of spiking is that
we can trace the movement of the Be through the processing and that the very low
concentrations of naturally occurring Be will follow the same path as the added Be.
Also it is neccessary to end up with enough Be to generate an ion beam in the AMS.
Obviously we do not want to introduce 10Be to the sample since this is the nuclide we
are trying to measure. For this reason we have Be carrier solutions with known
concentrations of 9Be. It is critical that a low-level carrier is used for samples with
potentially low levels of 9Be.

The amount of sample required for the AMS measurement of 26Al is a minimum of 1
mg, but larger amounts are easier to run. For samples containing 50 ppm Al, at least
20 g of quartz should be dissolved, but note that processing more than 40 g becomes
unwieldy; 20g should be enough unless sample is quite young (~25 g of sample
should be processed in that case). In some samples the Al concentration is so low that
it needs to be spiked with Al carrier. We aim to have a total of 1000-1500ug Al on
each sample. If the sample has less Al, add carrier to reach this value but never spike
with more than 1000ug of Al. For blanks, add 1ml of 1000ppm Al carrier solution. To
add Al carrier solution to samples use the same procedure as for the Be carrier.
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PROCEDURE
Sample weighing
1.

Label, remove static (by wrapping bottle in foil paper or using the anti static cathode)
and weigh a clean FEP Teflon bottle (bottle+lid). Make sure to use a bottle (250 or
500ml) large enough to contain the HF (~5ml per gram of sample). Record the tare
weight on the sample data sheet. Transfer the sample to the bottle. This is best done
with the help of a funnel (one per sample). It helps to reduce static if bottle is wrapped
in foil paper when transferring the sample. Some grains will charge and cling to the
bottle walls. No problem. Cap the bottle.

2.

Remove static and re-weigh. Subtract the bottle tare to determine the sample weight.

Be carrier addition
1.

Take the current Be carrier bottle, invert it a few times to homogenize the solution.
Be sure drops of condensation around the lid are mixed in. Remove static (by
wrapping bottle in foil paper or using the anti static cathode) and weigh it. Record the
initial weight in the blank sample log sheet (and if possible, confirm that it equals the
final weight from its last use).

2.

Load the 1000 !l Eppendorf pipette with a clean tip and uptake 820µl of Be carrier
(0.820g*299ug/g=~246ug Be).

Be sure the tip does not touch anything while

handling the pipette. DON'T RISK CONTAMINATING THE CARRIER.
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3.

Start the Be carrier addition with the blank sample of the batch. Open the sample
bottle.

4.

Tare the balance to zero. Remove the carrier, open it and pipette carrier into the
sample bottle. Eject the carrier smoothly, being sure not to leave a drop in the tip. If
this happens uptake MQ water and dispense over the sample to ensure ALL carrier is
added. Don't allow the tip to touch the sample bottle. Recap the carrier bottle as
quickly as possible, remove static and re-weigh it. The balance will read the weight
removed. Record the weight and the Be concentration of the carrier. Calculate the Be
added.

5.

At the end of each session tare the balance to zero and record the final weight of the
carrier bottle in the blank log sheet for cross-checking.

Sample digestion
1. Using the measuring cylinder marked for concentrated HF, add 5ml AR grade HF
for each gram of quartz in the sample bottle. Add ~100ml HF (c) to the blank
bottle.
2. Cap the bottle, tighten the lid down, then back it off ~1/4 turn. The bottle must
not be gas-tight (check by squeezing it gently). Beware if the sample is finegrained – the reaction may proceed fast and the bottle may get very hot. If it
looks like starting to boil, be prepared to sit it in a beaker or basin of cold water to
quench the reaction a bit. Don’t swirl the bottle at first – the initial reaction
doesn’t need any encouragement. Never shake the bottle!
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3. Once the reaction has subsided (usually 1-2 hours), the bottles can be placed
around the edges of the hotplate set on a low temperature (set 2, ~50°C). They
only need very gentle warming to ensure overnight dissolution. From this point
on, they can also be swirled occasionally to mix HF down into the dense H2SiF6
forming around the quartz grains (REMEMBER TO CLOSE THE LID
TIGHTLY BEFORE swirling sample). During the day the temperature can be
increased slightly (SET 3, ~ 100 °C)
4. Once all quartz has been dissolved turn off hotplate and cool bottles to room
temperature. 30 g of pure quartz may take up to 3 days; 60 g may take 4 days. If
solution seems to be saturated (dissolution goes very slowly) add more HF(c) to
sample. (If brown-black grains are present in solution and do not dissolve after
adding more HF; heating and swirling samples for a long period of time they are
probably not quartz. Make a note of it and carry on with sample preparation as
indicated in point 5).
5. Tighten the caps, being wary of any droplets of condensation inside the screw
threads that might be squeezed out onto the surface of the bottle.

Parent Solution Dry Down and Chloride Conversion
Successive evaporation and re-dissolution eliminates fluoride (as HF) almost entirely.
Fe, Ti, Al, Be, alkalis etc. should be left as chloride salts ready for anion exchange
clean-up. The final solution will generally be coloured a deep yellow-green by FeCl3.
By the end of this procedure, however, some samples may have thrown a fine,
powdery, white precipitate that will not re-dissolve. This is TiO2. No Al or Be is co-
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precipitated with the Ti, which should be removed by centrifuging before moving on
to the anion exchange columns.

PROCEDURE
1. Carefully transfer the parent solution to a clean and labelled Teflon beaker (250 or
500 ml).
2. Rinse the bottle with a few ml of MilliQ and add the rinsate to the beaker. Take
care not to let any sample solution splash back onto the MQ wash bottle.
3. Using separate disposable transfer pipettes add 2-3 ml of 6M HCl and 1ml of 8M
HNO3 to each beaker.
4. SWITCH THE WATER PUMP ON to allow water to recirculate through the
system. Place the beakers on the hotplate and dry at setting 4 (~90°C-140°C)
overnight; during the day temperature can be increased up to set 5 ONLY if PTFE
Teflon is used!! (130°C –180°C ). For <100 ml, the beakers will dry down in 12 15 hours. Larger solution volumes may take a bit longer. When drying large
volumes droplets will condense on the rim of beakers, do not worry they will dry
off. When dry, there will be a thin covering of white to gray-green fluoride salts
on the floor of the beaker. There may also be some residual tiny droplets on the
beaker walls - don't worry about these.

Fuming sulphuric: TO CHANGE SECTION
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1.

Transfer the sample (centrifuge if necessary) to the Pt crucible using a disposable
transfer pipette

2.

Rinse sample container with 0.5ml of 6N HCl (centrifuge if necessary) and transfer to
Pt crucible using the same pipette. Heat the Pt crucible to a temperature sufficient for
sulphuric acid to evaporate (whitish fumes). The boiling point of sulphuric acid is 338
°C.

3.

Once the sulphuric acid is gone cool the sample.

4.

Dissolve the sample in 2ml 6N HCl; leave standing for one hour and transfer to
centrifuge tube.

5.

Rinse the Pt crucible with 1ml 6N HCl and transfer to centrifuge tube. Repeat this step
if necessary.

6.

Clean the Pt crucible
To convert the residue to chloride form…
5. Take the beakers off the hotplate and cool them. Using a disposable pipette, add
~2 ml of 6N HCl (the amount is not critical; samples with a very large fluoride
cake may require a little more). The cake should mostly re-dissolve
instantaneously, and in most cases will go back into solution entirely after
warming on the hotplate.
6. Return the beakers to the hotplate and dry again at setting 4 (~90°C-140°C).
7. Cool and repeat the 6N HCl addition.
8. Dry again, cool and re-dissolve a third time, then take down as close to dryness as
possible. Try to avoid complete drying at the end of this step, to make it easy to

!

"#$!

!
get the sample back into solution for anion exchange. Don't worry if drying is
unavoidable, however.
9. Add 2 ml of 6N HCl to each sample container. The precise volume is not critical
and can be measured from the marks on a disposable pipette. Swirl the liquid to
pick up and dissolve the entire sample from the floor of the container. Leave
standing overnight.

Do not warm to promote dissolution - evaporation will

change the acid strength.
10.

After standing overnight (or at least a few hours) transfer each sample to a

labelled centrifuge tube -using a clean disposable pipette for each sample-. Add a
further ml of 6N HCl to each sample container and rinse. Swirl to pick up any
remaining droplets of the original sample solution. Pick the rinse solution up and add
to their appropriate centrifuge tube. If necessary –presence of TiO2 (smoky white
insoluble material) or other insoluble particulates -solutions will have to be
centrifuged before running them through the columns. Spin the tubes at maximum
speed (notionally 3500 RPM) for 10 minutes and keep centrifuge tube with residue
material until results are obtained. The pipettes used for each sample should be
reserved (in the original sample containers) for loading onto columns. If sample is
fully dissolved centrifugation is not necessary. The samples can be stored indefinitely
in centrifuge tubes.

CENTRIFUGE: Make sure that the loads in the centrifuge are balanced. Use a
massed dummy tube if there is a spare slot in the centrifuge.
11.

Samples are now ready for anion exchange chromatography.
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Ion Exchange

Anion exchange columns are used to separate remaining impurities such as Fe and Ti
from the sample. In strong HCl, Fe(III) forms a range of anionic Cl- complexes
(FeCl4-, FeCl52- and FeCl63-), which bind tightly to the anion exchange resin. These
can be seen as a brown stain in the top few mm of the resin. Al and Be do not form
strong Cl- complexes and wash through the column as HCl is added. Titanium is a bit
more problematic; Ti(IV) forms TiCl62-, which binds, but some Ti always seems to
remain cationic, form neutral species or revert to Ti(III), which doesn't form strong
Cl- complexes. Ti is seldom 100% stripped from the Al + Be fraction. Al and Be are
split and Ti is further removed using cation exchange columns.

Procedure for ANION EXCHANGE CHROMATOGRAPHY
AX chromatography may take up to 4 hours. (6ml takes ~30’ to be eluted)
(1)

Load a column stand with ion exchange columns. Place a plastic container

underneath.
(2)

Squirt some alcohol (ethanol, isopropanol, whatever is on hand) into each to

wet the frit (to eliminate trapped air).
(3)

Using AG-1 X8 200-400# anion resin from stock soaking in 1.2N HCl, pipette

a very loose slurry into each column (use a disposable pipette). The aim is to block
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the column and back up a head of acid so that the resin bed can be built up from
suspension. This prevents trapping of air bubbles.
(4)

Now continue slurrying resin into the columns to build 2 ml resin beds. If too

much resin is added, a long pasteur pipette can be used to adjust the volume. If too
thick a slurry is added and bubbles get trapped in the bed, the column must be
emptied and re-packed. Bubbles will channel flow through the column and ruin the
separation. Once the resin has compacted to the correct height, allow the supernatant
to drain through.
(5)

Wash the resin with 10ml HCl –up to top of column holder- (1.2M ("10%") HCl
is convenient, though more dilute HCl does a better job. Allow the wash
solution to drain through the resin bed.

(6)

Condition the resin with 10ml 6N HCl. Add the first ml by running drops down
the column walls - try to keep the top surface of the resin bed flat to ensure
uniform flow through the column when the sample is added. The resin will
darken and shrink as it adjusts to the higher acid strength (it may not be
noticeable).

(7)

Take a batch of 20 ml Teflon vials and label them with sample ID (Al and Be
fraction).

(8)

Once the 6M HCl conditioning solutions have drained, carefully remove the
plastic container from beneath the columns and replace them with 20 ml Teflon
vials. The HCl in the container should be disposed in the acid waste container.

(9)

Using separate disposable pipette for each sample (those centrifuged will
already have one), load the sample solutions onto the columns.
!
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solution down the column wall, reaching as far as possible into the column with
the pipette. Do NOT pour the sample into the column. Try to transfer the
sample quantitatively. Try not to disrupt the top surface of the resin. Return
each pipette to its sample container.
(10) Allow the loading solution to drain fully into the resin.
(11) Elute Al + Be from the columns by adding 6ml 6M HCl. The first ml should be
added carefully from a disposable pipette so as not to disrupt the top of the resin
bed. Allow to drain through before adding the remaining 5 ml.
(12) Once Al + Be have been eluted, remove the vials and replace them with labelled
15ml disposable centrifuge tubes (the long tubes with plug caps) (Fe and Ti
fraction).
(13) If BULK Al removal is REQUIRED continue with steps 16 and 17 and
proceed with the Al/Be fraction as indicated in the BULK Al REMOVAL
section.
(14) If BULK Al removal is NOT REQUIRED, Add 1 drop of 2% H2O2 to each
Teflon vial. Change of colour to yellow-orange indicates the presence of Ti in
the fraction. Note changes to monitor fractions during following sample prep
steps.
(15) Dry at setting 3 ! (70°C-90°C) to avoid boiling the sample. After dry down,
proceed with the Al/Be fraction as indicated in the section To convert the
residue to sulphate form. (ignore the section in Bulk Al removal if samples do
not required this step).
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(16) Wash Fe + Ti off the resin with 10ml MQ water. (Fe reverts to the cationic ±
FeCl30 form - HCl will drip yellow-green after a few ml). Rinse out and discard
the sample and dispensing pipettes. Rinse out and wash the sample transfer
containers.
(17) Rinse out resin and clean the columns as described under Laboratory
Cleanliness.

……………………………………………………………………...
BULK Al removal
•

Once Al + Be have been eluted (step 12 from AX) dry fraction on the hotplate

overnight. Dry at setting 3 ! (70°C-90°C) to avoid boiling the sample
•

When the sample is nearly dry remove beaker from hotplate

•

Add 10ml MQ water and 2ml HNO3 (c)

•

Warm up if necessary -at very low temperature- to aid dissolution (wit the lid

on)
•

Transfer to 50ml centrifuge tube

•

Rinse beaker with 20ml 1M HNO3 and add rinsate to sample

•

Add NH4OH (c) to solution until pH 8 is reached. A total volume of 2ml of

conc. ammonia may be needed but it needs to be added with caution (by adding
volumes of 0.3 ml initially and drops when the pH is close). If pH goes above 8 add
DROPS of HNO3 (c) to adjust pH back to 8. The pH of a solution will not go higher
than 10 if we use ammonia so in the first step of the Al BULK REMOVAL we use
ammonia to reach pH 8. At this pH both Al and Be will precipitate.
•

Set in a bath of warm water for at least 2 hours.
!

"#$!

!
•

Adjust to pH 11.5 using small amounts of 50% NaOH (~12.5 M NaOH)

initially (in 0.2ml additions) and drops of 6M NaOH (~25% NaOH) when pH is
closer to 11.5. If pH goes above 11.5 acidify solution but try not to go below pH 8, if
this occurs; start the process as if the precipitation at pH 8 is happening for the first
time. At pH 11.5 ONLY Al will re-dissolve, Be is still in a precipitate form.
•

Vortex samples.

•

Centrifuge at 3500rpm during 10’

•

Collect the supernatant (Al fraction) into 50ml centrifuge tubes. Add drops of

HNO3 (c) to acidify the solution (<pH 4) and store.
•

The precipitate (Be, and maybe Al, Ti..) needs to be washed by adding 20ml

MQ water with 2 drops of concentrated ammonia (to keep solution alkaline).
•

Vortex samples

•

Centrifuge at 3500rpm during 10’

•

Transfer supernatant to 50ml centrifuge tubes and stored until results are

obtained
•

Add 5ml 1.2 MHCl to the original 50 ml centrifuge tube containing the

precipitate (Be and maybe Al, Ti..)
•

Vortex

•

Transfer solution to Teflon vial

•

Rinse centrifuge tube with 2ml 1.2 M HCl

•

Vortex and transfer to Teflon vial

•

Dry down solution in Teflon vial (Be, and maybe Al, Ti… fraction in a total

7ml of 1.2 M HCl) at setting 3 1/4 overnight
•

Fraction (Be, and maybe Al, Ti…) is now ready for sulphate conversion.

……………………………………………………………………...
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To convert the residue to sulphate form
(18)

Cool the vials. Add 5-6 drops of ~2% H2O2. Add 2ml MilliQ containing a

trace of 0.5M H2SO4 (Solution~0.0368 M H2SO4 prepared by adding 2ml 1:1 H2SO4
to 500 ml MQ water) (~74 µmol). The cakes will begin to dissolve, taking on an
amber/gold color (TiO[H2O2]2+) if Ti is present. Reheat the vials. The black charry
material will disperse and disappear (do not worry if it does not happen straight away;
the heat applied will help the dispersion).
(19)

Dry the samples down again (max at set 4 (90°C -150°C) if you are in the lab;

set 3 if left overnight). The H2O2 oxidises the organics. It also indicates the presence
of Ti in the sample by turning the solution yellow-orange. The darker the colour, the
more Ti is present.
(20)

Cool the vials and repeat the H2O2/MilliQ water addition, and dry the samples

a second time. At the end of this procedure, the samples should end up either as
compact white cakes; small, syrupy droplets of involatile H2SO4 or orange/yellow
syrupy cakes. If they remain charry or discolored, repeat the peroxide/water addition
and dry them down as many times as necessary
(21)

Take the sample up (as a cake or 1-2 drops) in 2ml H2O containing a trace of

0.5M H2SO4. Add 1 drop of ~2%H2O2. Leave overnight.
If sample does not contain Ti (e.g. 2nd CX, take sample up in 2ml 1.2 M HCl.
Transfer to centrifuge tube. Rinse beaker with 1ml 1.2 M HCl and add rinsate to
appropriate centrifuge tube).
(22)

If samples do not dissolve completely after leaving overnight warm them a
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little. Don’t risk evaporating too much water – keeping the acid strength low for
column loading gives a sharper elution and cleaner Ti-Be cut. The samples are now
in ~0.398 M H2SO4 (500+ (4*74) )µmol/2ml) as addition/dry down is carried out a
total of 3 times on average.
(23)

Transfer sample to a labelled centrifuge tube. Add a further ml of 0.5M H2SO4

(500 µmol) (final concentration ~ 0.432M H2SO4) with a trace of H2O2 to the sample
containers and rinse. Swirl to pick up any remaining droplets of the original sample
solution. Pick the rinse solution up and add to their appropriate centrifuge tubes. If
necessary (dissolution is not complete) centrifuge sample and keep centrifuge tube
with residue material until results are obtained. If sample is fully dissolved
centrifugation is not necessary. The samples can be stored indefinitely in centrifuge
tubes.
(24)

Samples are now ready for cation exchange to remove Ti and to split Be and

Al into separate fractions.

Procedure for CATION EXCHANGE CHROMATOGRAPHY
CX chromatography may take up to 7 hours. (10ml takes ~30’ to be eluted)
(1)

Load a column stand with ion exchange columns. Place a plastic container

underneath.
(2)

Squirt some alcohol (ethanol, isopropanol, whatever is on hand) into each to

wet the frit.
(3)

Using AG 50W - X8 200-400# cation resin from stock soaking in dilute HCl

(1.2 M HCl) , pipette a very loose slurry into each column (use a disposable pipette).
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The aim is to block the column and back up a head of acid so that the resin bed can be
built up from suspension. This prevents trapping of air bubbles.
(4)

Now continue slurrying resin into the columns to build 2 ml resin beds. If too

much resin is added, a long pasteur pipette can be used to adjust the volume. If too
thick a slurry is added and bubbles get trapped in the bed, the column must be
emptied and re-packed. Bubbles will channel flow through the column and ruin the
separation. Once the resin has compacted to the correct height, allow the supernatant
to drain through.
(5)

Strip the columns with 10ml (up to top of column holder) 4M HCl followed

by 10ml 1.2M HCl.
(6)

Condition the columns with 10ml 0.2M H2SO4 (with a trace of H2O2)

(7)

Once the 0.2M H2SO4 conditioning solutions have drained, carefully remove

the plastic beaker from beneath the columns and replace them with labelled 15 ml
disposable centrifuge tubes (the long tubes with plug caps) to collect the Ti fraction.
(8)

Using separate disposable pipettes for each, load the sample solutions onto the

columns. Drip the solution down the column wall, reaching as far as possible into the
column with the pipette. Do NOT pour the sample into the column. Try to transfer
the sample quantitatively. Try not to disrupt the top surface of the resin. Return each
pipette to its sample container. [column conditioning solution]<[sample]<[mobile
phase] ~ (0.2M<0.432M<0.5M)
(9)

Allow the loading solution to drain fully into the resin. If present, Ti will have

formed an orange band at the top of the column.
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(10)

Add a total of 8ml 0.5M H2SO4 with a trace of H2O2 to the columns but

PIPETTING the first 2 ml to avoid disturbing the resin. Allow to drain through
before adding the remaining 6 ml (DO NOT TRANSFER DIRECTLY, PIPETTE
THE FIRSTS mls) and watch the band of Ti move down the column.
(11)

If not all Ti has been eluted the elutant/tip are yellow and/or an orange band

will be present in the resin. In all cases (all Ti has been eluted or not) add 2 further
mls of 0.5 M H2SO4 with a trace of H2O2 Do not add more than 2ml as Be will start to
be eluted then. If not all Ti is eluted after the further 2mls added make a note of the
sample and Ti will be separated from fraction by precipitating it at pH 4 (see
Precipitation as Hydroxides)
(12)

Replace the centrifuge tubes with labelled 20ml Teflon vials to collect the Be

fraction.
(13)

Elute Be from the columns by adding 10ml 1.2 N HCl. The first few ml

should be added carefully from a disposable pipette so as not to disrupt the top of the
resin bed. (Yellow elutant indicates the presence of Ti)
(14)

Once the columns have drained replace the vials with labelled 15ml centrifuge

tubes (use the tubes that will fit in the centrifuge) to collect Al.
(15)

Add 5 drops of 8M HNO3 (to dry off Boron, more drops may cause static

problems) to the Teflon vials. Dry them down overnight at setting 2 ! (~60C) to
avoid total dryness if possible.
(16)

Elute Al from the columns by adding 6ml of 4M HCl. The first few ml should

be added carefully from a disposable pipette so as not to disrupt the top of the resin
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bed. Once the columns have drained cap the tubes and store them until hydroxide
precipitation.
(17)

Clean the columns as described under Laboratory Cleanliness.

If sample does not contain Ti proceed with step 1 to 5 as indicated. Load sample
solution (~in 3ml 1.2M HCl) into the columns and then follow up from step 12
onwards

Precipitation as Hydroxides
Be fraction
1.

Once the Be solutions have dried down (near dryness as possible), cool the

vials. There should only be a small white dot or small drop in the bottom of the vials.
2.

Add 2ml 1%HNO3 to the vials. The Be should dissolve readily. If it doesn't

you can heat the vials to assist dissolution.
3.

Transfer the solutions to labelled 15ml centrifuge tubes.

4.

Add another 1ml 1% HNO3 to the vials, swirl it around and transfer the rinse

solution to the appropriate tube.
5.

If Ti is present in sample use 10%-20% NH4OH solutions to bring pH up to 4.

Ti will precipitate as hydroxide whilst Be will remain in solution. Centrifuge the
solutions at 3500rpm for 10 minutes. Decant and collect supernatant (Be fraction)
in ~15 ml centrifuge tubes. Precipitate is Ti hydroxide.
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6.

Using 25%-50% NH4OH solutions, bring Be solutions in the 15 ml centrifuge

tubes to pH 8 (8- 8.5) (beyond pH 10 Be will re-dissolve) to precipitate Be as a
hydroxide. Addition of ammonium hydroxide may have to be drop by drop with pH
checks in-between. Leave the tubes standing for a few hours. (To speed up
precipitation you can place the tubes into a warm water bath).
7.

Centrifuge the solutions at 3500rpm for 10 minutes.

8.

Decant and discard the supernatant into the acid waste tank.

9.

Rinse the samples with 5 ml MilliQ water and 1 drop 25% NH4OH added to

the centrifuge tubes.
10.

Disperse the samples by vortexing (until precipitate is re-dissolved)

11.

Centrifuge again at 3500rpm for 10 minutes.

12.

Decant and discard the supernatant into the acid waste tank.

13.

Repeat the MilliQ + NH4OH rinse three times (in total).

Drying and Oxidation
1.

Carefully open the 15 ml centrifuge tubes containing the Be and Al

hydroxides and lie them on a kimwipe in the drying oven. It helps to put a folded
kimwipe under the open ends to keep them slightly elevated. Keep track of which lid
belongs to which tube. Cover the tubes with a kimwipe and dry overnight at 70°C.
2.

When dry, cap the 15 ml centrifuge tubes with their respective lids and let

them cool. (Tap them slightly to free the oxide).
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3.

Weigh a cleaned quartz crucible and lid to 4 decimal places.

Place the

crucible into the perspex holder. On a piece of paper write down the relative positions
of the quartz crucibles and the Sample ID of the sample which will be transferred into
them.
4.

For Be hydroxides: In the Be box, wearing a new pair of gloves, and a face

mask pour the small pellet of dried Be hydroxide over a clean weighing paper and
transfer it to the quartz crucible. Use the help of a spatula if the pellet does not come
off the walls of the centrifuge tube easily. If you experience problems with static
electricity; use the anti-static device or wrap tubes with foil paper. Pour the pellet over
a clean weighing paper and transfer it to the quartz crucible. Cover the quartz crucible
with its respective quartz lid. Place the crucibles in their position in the Perspex
holder. Avoid sample cross contamination.
Transfer perplex holder to the furnace. Place crucibles (covered with lids)
inside the furnace making sure that the relative positions of the crucibles is
maintained.
5.

Bake the crucibles at 800 ºC for 2 hours. (The furnace is programmed for this)

6.

Let the furnace and crucibles cool down (15 hours).

7.

Remove the crucibles from the furnace, weigh them and subtract the tare

weight to get the weight of the oxides. Transfer them to the perplex holder keeping
their relative position.

All materials in direct or potential contact with Be should be disposed of in the
Be hazardous waste container.
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Mixing and Pressing
Mixing Be oxide standard material or machine blank material
Before starting to mix prepare your working area:
•

Wipe the surface of the acrylic box with MQ water or alcohol.

•

Cover the surface of your working area with foil paper.

•

Wrap the acrylic glass stand with foil paper and place on the working area.

•

Place antistatic cathode inside the acrylic box.

•

Select devices needed for mixing (for standards or blanks depending on the

material you are mixing): agate mortar and pestle, spatula and wipe them with
alcohol.
•

Place eppindorf vial containing Nb powder and Nb spatula beside balance.

Wipe spatula with alcohol.
To mix your material:
1.

Wrap the vial containing BeO in foil paper and pass through the antistatic

cathode.
2.

Place the vial (still wrapped in foil paper) inside the small plastic box provided

and very carefully transfer to the balance (be very cautious- the balance is outside of
the acrylic box). Record the weight (before BeO removal).
3.

Transfer the small plastic box containing the BeO vial back to the acrylic box,

unwrap the vial carefully (do keep the foil paper for step 5) and transfer the desired
amount of BeO material to the agate mortar.
4.

Handle the BeO material very gently with the agate pestle to avoid any spills,

especially if the material is brittle. First, knock only gently on the solid without
grinding. Start grinding only after it is obvious that this will not cause any spilling.
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5.

Wrap the vial containing the BeO in the foil paper used on step 1; place vial

on the small plastic box (as on step 2) and very carefully transfer to the balance to
weigh (be very cautious- the balance is outside of the acrylic box). Record the weight
(after BeO removal). Calculate the transferred BeO mass.
6.

Calculate the mass of Nb powder needed to mix with the transferred BeO

material (six times the BeO mass).
7.

After grinding the beryllium oxide to fine powder, add the calculated, weighed

mass of niobium (Nb) powder and homogenize gently in the mortar.
8.

Once the mixture is homogenised transfer to a weighing paper and from there

to a labelled eppindorf vial. Use the help of a spatula to remove the mixture from the
mortar as completely as possible.
9.

Clean all devices used thoroughly with alcohol (wipe 2 to 3 times). The

Kimwipes used for cleaning can be discarded after being sealed in disposable gloves
(however, the first wipe of the mortar should go to the Be waste). All devices used
during mixing will be stored in the cabinet inside the acrylic glass box.
10.

The vial containing beryllium oxide/niobium mixture is placed in a sealed bag

along with a sheet of paper where you should record your name, date, BeO compound
name, total weight of mixture and how many cathodes are expected to be pressed
(approx.) from the mixture. Store in the appropriate drawer in the cabinet inside the
acrylic glass box.
11.

Record mixing details (your name, date, BeO compound name, total mixture

amount) in the laboratory mixing and pressing book.

Pressing BeO standard material or machine blank material
Before starting pressing:
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•

Wipe the surface of the acrylic box with MQ water or alcohol.

•

Cover the surface of your working area with foil paper.

•

Wrap one of the acrylic glass stands with foil paper and place on the working

area.
•

Place antistatic cathode inside the acrylic box.

•

Place a weighing paper on top of the acrylic glass stand. This will allow you to

recover any spilt material and will keep the working area clean. Change the weighing
paper when necessary.
•

Select pressing devices needed. Depending on the expected

10

Be/9Be isotope

ratio, blank or standard devices (press parts and spatula) are used. Blank devices are
used for ratios less than 1E-12 and standard devices are used for ratios above 1E-12.
There is also a separate spatula for relatively hot samples (10Be/9Be ratio between 5E13 and 1E-12). Wipe with alcohol once and set up.
•

Place anvil assembly on the acrylic stand on top of a weighing paper to

facilitate its movement.
•

Ensure that you have enough clean cathodes, wipes and alcohol.

•

Record an entry on the mixing & pressing lab book detailing your name, date,

material to be pressed and parts used.
•

Label eppindorf vials (each one may contain up to 6 cathodes).

To press:
1.

Select material to press and pass it through the antistatic cathode.

2.

Wrap in foil paper and place inside a sealed bag. Weigh in the balance outside

of the box. Tara the balance to 0. Bring vial back to the box and unwrap. Keep foil
paper and bag for step 3.
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3.

Place a clean cathode inside the anvil assembly. Transfer ~5.5-6mg of Be0-Nb

mixture directly into the cathode using a spatula. To ensure that you are transferring
the necessary amount of mixture weigh the vial again (wrapped in the original foil
paper and inside the same bag). The minus figure shown in the balance is the amount
transferred to the cathode. Once the required amount is transferred record it in the lab
book.
4.

Tap the anvil assembly gently to allow the mixture to funnel through to the

cathode.
5.

Transfer the anvil assembly to the press. It is vital to support the assembly –

holding all parts together- when transferring it for pressing; otherwise the sample may
be lost.
6.

Bring the needle down and apply ~125-150psi Pressure once the needle is

inside the cathode, turn anvil assembly 180 degrees and repeat. DO NOT apply
excessive pressure as the cathode may be damaged as a consequence, making its
removal from the assembly very difficult. Release needle holding the anvil assembly
down.
7.

Bring the anvil assembly down to acrylic stand, open the assembly and

remove the cathode with the help of the spanner.
8.

Place cathode in the appropriate labelled eppindorf vial.

9.

Before you start pressing a different material wipe all devices used with

alcohol a couple of times, the first wipe should go into the BeO waste bag.
10.

Repeat the process. Once all cathodes are pressed place them in a labelled bag

and store them inside the cabinet until they are submitted to the AMS for analysis.
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Appendix 2 – Sample and AMS data for all 10Be samples
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Appendix 3 –Cosmogenic Sample Photographs.
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Appendix 4 – LA-ICP-MS data for all U-Pb samples
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