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In the British and Irish Isles there has been considerable research effort expended in
improving understanding of the expansion and retreat of the last ice-sheet (Marine Isotope
Stage 2) but the chronological control for the Last Glacial Maximum (LGM) extent and
subsequent retreat phases of the British and Irish Ice-sheet (BIIS) is poor. Based on results
from extensive sedimentological and stratigraphic studies of fossil ice-marginal sandar at
Orrisdale (Isle of Man), Co. Wexford (south-eastern Ireland) and Porth Dinllaen (north-
western Wales), a suite of glaciofluvial lithofacies were identified and sampled for OSL
analysis, with the ultimate aim of dating the retreat of the Irish Sea Ice-Stream (ISIS) during
the last deglaciation of the Irish Sea basin. Complete bar-form fining-up sequences were
targeted as they are typically indicative of waning or shallow water flow, allowing sufficient
opportunity for bleaching of quartz grains within these glaciofluvial deposits.

Different grain size fractions of quartz were extracted and the SAR protocol applied using
small aliquots (~30 grains) to identify which depositional environments and grain size
fractions were best suited for optical dating. Equivalent dose (D.) distributions for all
samples showed wide and positively skewed characteristics with overdispersion values
>40%, indicative of heterogeneous bleaching. The ‘age’ model decision-protocol of Bailey
and Arnold (2006) was used to choose the most applicable ‘age’ model (i.e. Minimum Age
Model; MAM, Central Age Model; CAM or Lowest 5% Model; L5%) by analysing the D,
distribution via weighted skewness, kurtosis and overdispersion. This enabled a statistically

informed choice to be made as to which ‘age’ model was appropriate for burial dose
estimation.

No observable difference was evident between the ages calculated for different grain size
fractions of the same sample; agreement within 26 errors was observed. Glaciofluvial sandur
systems appear to act as an efficient ‘mixer’ of sediment grains, allowing some to be well-
bleached and others to be poorly-bleached, with no bias towards preferential bleaching ofa
particular grain size fraction. However differences between ice-proximal and ice-distal
depositional sub-environments were more evident. The ice-distal Orrisdale and Porth
Dinllaen samples showed better bleaching characteristics (as observed from skewness and
overdispersion parameters) than the ice-proximal Wexford samples. Age overestimation was
observed for the Wexford samples, even using the MAM. The only obvious lithofacies
difference observed was that of the trough cross-bedded sample (laterally extensive deep
sandur palaco-channel) taken from Orrisdale which showed very poor bleaching
characteristics in comparison to the other samples taken from this field site, once again,
resulting in significant age overestimation.

Ages of ~ 23 ka were calculated for Wexford samples, indicative of almost immediate retreat
of the ice-stream margin from its LGM extent off the north coast of the Scilly Isles and the
Celtic Sea to the present-day coastline of Co. Wexford. The OSL age from Porth Dinllaen is
~21 ka, indicative of continued northwards retreat, albeit in a slower and more oscillatory
manner, due to the stabilisation of the ice-stream as it was constrained by the narrow corridor
of land between Wales and Ireland. Ages in the range of 17-14 ka were calculated for the
Orrisdale samples, coincident with the Heinrich Event 1/Killard Point stadial readvance in
north-eastern Ireland. In combination with previously published ages, a detailed Bayesian
model-derived retreat sequence for the ISIS was established which allowed estimated retreat
rates to be calculated for different ice-marginal phases.
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Chapter 1

GENERAL INTRODUCTION

In the British and Irish Isles there has been considerable research effort expended in
improving understanding of the expansion and retreat of the last ice-sheet (Marine
Isotope Stage 2) (Evans and o Cofaigh, 2003a; Clark, et al., 2004a; O Cofaigh and
Evans, 2007), but the chronological control for the timing of the Last Glacial
Maximum (LGM) extent and subsequent retreat stages of the British and Irish Ice-
Sheet (BIIS) is poor when compared to the Laurentide Ice-sheet (Miller, et al., 1999;
Marsella, et al., 2000; England, et al., 2006; Carlson, et al.,, 2007). In part, this
problem reflects the paucity of material dateable by radiocarbon techniques; however
considerable strides have and are being made by applying optical (Duller, 1994;
Olley, et al., 2004; Duller, 2006) and cosmogenic (Ballantyne, et al., 2006, 2007,
Golledge, et al., 2007; Ballantyne, et al., 2008) dating techniques to glacigenic

sediments.

The attraction of optical dating lies in that it directly dates the time of deposition
using the quartz and feldspars that dominate the glaciofluvial sediments of interest in
this research. The optical dating signal itself is acquired by individual minerals
through exposure to environmental radiation within sedimentary bodies. The signal is
reset or bleached through exposure to daylight during transportation processes. Thus
Optically Stimulated Luminescence (OSL) dating of sediments attempts to determine
the time elapsed since burial. Optical dating techniques have been used to date

sediments successfully from a wide range of depositional environments; however the
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application of this technique to glacigenic sediments has proven to be more
challenging due to issues relating to the lack of opportunity for sufficient bleaching
of minerals in glacial environments. A detailed review of the challenges faced when

undertaking OSL dating of glacial sediments is given in Chapter 2.

This research focuses upon the development of OSL dating for application with
glaciofluvial deposits. The primary aim is to develop a better understanding as to the
rate of retreat of the Irish Sea Ice-Stream (ISIS) during late MIS 2. This is achieved
by using OSL dating to provide a chronology ;15 to when the ISIS deposited ice-
marginal glaciofluvial sediments at three locations around the perimeter of the
present-day Irish Sea Basin. These locations are Orrisdale on the Isle of Man
(Thomas, 1977, 1985; Thomas, et al., 1985; Chiverrell, et al., 2001; Chiverrell, et al.,
2004; Thomas, et al., 2006; Roberts, et al., 2007), Wexford in south-eastern Ireland
(Summers, 1981; Thomas and Summers, 1982; 1983; Thomas and Kerr, 1987), and
Porth Dinllaen on the Lljn peninsula in North Wales (Thomas, et al., 1998; Thomas

and Chiverrell, 2007).

Here a directed approach to sediment sampling was undertaken to evaluate which
ice-marginal sandur sub-environments (e.g. channel, bar-top, back-bar, bar-growth,
overbank) were most likely to produce assemblages of quartz grains that had been
sufficiently bleached. Within these depositional sub-environments different grain
size fractions within individual samples were targeted to tighten the sediment/process

characterised and explore any grain size dependence upon OSL resetting.
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A range of methodological techniques and statistical ‘age’ models were used to deal
with heterogeneous bleaching and poor quartz luminescence characteristics. Several
‘age’ models have been published which address the problem of deriving the best
single-valued estimate of the burial dose from such heterogeneously-bleached
equivalent dose (D) distributidns (e.g. Galbraith and Green, 1990; Olley, et al.,
1998; Galbraith, et al., 1999) further explanation of which is given in Chapters 2 and
5. Bailey and Arnold (2006) produced the first statistically-based decision-protocols
to enable the appropriate ‘age’ model to be chosen and used for equivalent dose (D)
and subsequent age determination. This decision-protocol was derived for single-
grains of heterogeneously-bleached fluvial sediments and this research assesses the
appropriateness of the decision-protocol of Bailey and Amold (2006) for its

application to small aliquots (~30 grains) of the glaciofluvial samples investigated

here.

1.1 Research context

1.1.1 The British and Irish Ice-sheet (BIIS) and the Irish Sea Ice-Stream (ISIS)

The time period focussed upon in this research is the Last Glacial Maximum (LGM)
of MIS 2, defined by EPILOG (Environmental Processes of the Ice age: Land,
Oceans, Glaciers) as the most recent interval during MIS 2 when global ice-sheets
reached their maximum integrated volume and is currently identified as centred
around 21 cal. ka BP (Mix, et al.,, 2001). Thomas and Chiverrell (submitted)
reviewed evidence for the LGM in Britain and Ireland and found an increasingly
repeatable two phase sequence, with ice advance broadly after 30 cal. ka BP and
maximum extension reached early between 30 and 24 cal. ka BP, with a retreat and

subsequent readvance in the period 24-20 cal. ka BP. However, this is not to say that
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all sectors of the BIIS reached maximum volume at the same time. Indeed there is a
plethora of evidence, reviewed in Thomas and Chiverrell (submitted) that suggests
asynchrony of the timing of maximum extent between different sectors within the

BIIS.

The late MIS 2 glaciation in Britain began after ~30 ka with extensive growth of
glaciers in the mountains of the Western Highlands and Southermn Uplands of
Scotland. These centres of ice accumulation expanded until the dominant ice from
the Highlands became confluent with Southern Upland, Lake District and Northern
Irish ice in a large stream moving southwards through the northern Irish Sea Basin
creating the Irish Sea Ice-Stream (ISIS). At its maximum at around 28-22 ka, this
lobe extended as far south as the Celtic Sea (Scourse, et al., 1990; Scourse, 1991a;
Scourse, et al., 1991; Scourse and Furze, 2001; Hiemstra, et al., 2006) as it became
confluent with Welsh and southern Irish ice caps, adding to its volume (Thomas,
1985). However, this maximum ice limit is still under debate (Bowen, et al., 2002;
Knight, 2004). The controversy is mainly due to the lack of absolute dating control
on the age of the tills in the Celtic Sea and in southern Ireland, especially that which

would constrain the timing of the advance of the ISIS to its overall maximum limit in

the Celtic Sea.

Ice-sheet modelling (Boulton, et al., 1977; Boulton, et al., 1991; Boulton and
Hagdorn, 2006) (Figure 1.1) resulted in the construction of both a minimum and
maximum extent model for the LGM BIIS. The maximum extent model was based
on ideas that the Scottish and Scandinavian ice-sheets were confluent in the North

Sea. Recent work by Bowen et al. (2002) also agreed with this proposed ice margin
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based on the terrestrial record and cosmogenic nuclide surface-exposure dating,
aminostratigraphy of ‘shelly’ glacial deposits, AMS radiocarbon dating and evidence
from continental margin marine cores (Figure 1.1). Bowen et al. (2002) concluded
that new data have shown that the BIIS was a long lived feature that probably
evolved for much of the Devensian as a mobile and sensitive ice-sheet, in which the

Last Glacial Maximum was but one important event at about 22 ka.

However, the maximum extent of the ISIS in particular, and the conditions during
deglaciation remain poorly understood and strongly contested. Many reconstructions
(Boulton, et al., 1991; Lambeck, 1993a; Bowen, et al., 2002) place the limit of the
ice across the Irish Sea between Pembrokeshire and Wexford at about 52°N.
However, there is onshore sedimentary evidence that the ISIS extended around the
south coast of Ireland, almost as far as Cork (Evans and O Cofaigh, 2003a; o)
Cofaigh and Evans, 2007), and on the basis of offshore evidence, Scourse and Furze
(2001) suggested that grounded ice deposited subglacial till as far south as the Scilly
Isles (Figure 1.1). Scourse and Furze (2001) argue that glaciomarine deposits occur
to the south of this glacial limit, where the basin is deep enough to remain flooded

even during time of low eustatic sea level.

Eyles and McCabe (1989) argued that glaciomarine deposits are evident and indeed
widespread all around the perimeter of the Irish Sea Basin, extending to well above
the present sea level, with local relative sea levels controlled by seemingly excessive
isostatic depression. Conversely, Thomas (1985) suggested that Eyles & Eyles

(1984) ignore the geomorphology, the presence of intraformational ground-ice

structures, kettle basin subsidence, and the rich terrestrial organic sequences.
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Although the glaciomarine hypothesis received support during the 1990s it has also
attracted much criticism and is now regarded as generally unsupported by the
evidence (e.g. Huddart, 1977; Thomas, et al., 1985; Thomas and Dackombe, 1985;
Harris, 1991; McCarroll, 1991; Scourse, 1991a; Scourse, et al., 1991; Scourse,
1991b; Austin and McCarroll, 1992; McCarroll and Harris, 1992; Mejdahl and
Christiansen, 1994; McCarroll, 1995; Harris, et al., 1997, Thomas, et al., 1998,
Merritt and Auton, 2000; Hambrey, et al., 2001; McCarroll, 2001; o) Cofaigh and
Evans, 2001a; Scourse and Furze, 2001; Evans and o) Cofaigh, 2003a; Glasser, et al.,
2004; Thomas, et al., 2004; McCarroll, 2005; Etienne, et al., 2006; Scourse, et al.,

2006; Thomas, et al., 2006; ¢} Cofaigh and Evans, 2007).

For over a century the extent of the BIIS during the MIS 2 in the Celtic Sea and
onshore in southern Ireland has been debated. In Ireland a large swath of land across
the southern part of the island, beyond the limit of the South Ireland End Moraine
(SIEM), was interpreted as having been unglaciated during the MIS2 based on the
subdued morphology of the surficial drifts, their deep calcification and cryoturbated
nature (Charlesworth, 1928; Synge, 1981; McCabe, 1987). These deposits were
assigned to a penultimate ‘Munsterian Glaciation’ and were contrasted to the fresh
glacial topography inside the SIEM, which was regarded as having been glaciated

during MIS 2.

However, recent AMS radiocarbon dates upon glacially transported marine shells
from the Irish Sea till at sites along the south coast of Ireland, beyond the limits of
the SIEM (O Cofaigh and Evans, 2007), provided conflicting evidence for the limits

of the last glaciation in south-eastern Ireland. Many of the shells were reworked
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marine macro- and micro-fauna enclosed within sediments that were either
subglacially or glaciotectonically stacked to produce the Irish Sea Till by a grounded
ISIS during its advance into the Celtic Sea. The reworked shell fragments from the
till gave maximum ages, with the youngest of these dates expected to be most
instructive with respect to the timing of their deposition. Six dates of between
28,072-23,931 cal. a BP! demonstrated that the last advance of the ISIS into the
Celtic Sea, which deposited the Irish Sea Till along the south coast of Ireland
occurred during MIS 2. The three youngest dates constrained the precise timing of
this advance to after ~23,000 cal. a BP. This interpretation is supported by
radiocarbon dates of 41,508-38,200 cal. a BP and 27,948-23,612 cal. a BP from
organic sediments below the Scilly Member, the stratigraphic correlative of the Irish
Sea Till, on the Scilly Isles (Scourse, et al., 1991; Hiemstra, et al., 2006). The dated
samples were well constrained stratigraphically, being collected from coastal
outcrops in which shell-rich Irish Sea Till was overlain by inland till. The dates
indicated that the inland tills record ice advance from the Irish Midlands and south-
west onto the continental shelf during the MIS 2. Therefore, the SIEM which was
thought to have represented the last glacial limit was reinterpreted as a recessional
feature formed during ice-sheet retreat from LGM extent (C) Cofaigh and Evans,

2007).

In the Celtic Sea, the Irish Sea Till records the southward advance of the largest
outlet of the BIIS to as far south as 49°30°N (O Cofaigh and Evans, 2007). Several

studies have now argued that the BIIS was extensive during MIS 2, covering most of

Y All radiocarbon ages are calibrated to the Reimer et al. (2004) (for ages of <20,000"C a BP) or Fairbanks et al. (2005) (for
ages of >20,000 ““C a BP) curves where appropriate using either the OxCal (Bronk Ramsey, C. (2001). Development of the
radiocarbon calibration program OxCal. Radiocarbon 43, 355-363.) or Fairbanks et al. (2005) software (Fairbanks, R. G.,
Mortlock, R. A., Chiu, T-C.,, Cao, L., Kaplan, A., Guilderson, T. P., Fairbanks, T. W. and Bloom, A. L. (2005). Marine
Radiocarbon Calibration Curve Spanning 0 to 50,000 Years B.P. Based on Paired *°Th/*UF*U and MC Dates on Pristine
Corals. Quaternary Science Reviews 24, 1781-1796.). The 24 radiocarbon ages are suffixed by cal. a BP with present defined
as AD 1950. For all other geochronological methodologies the ages are clearly identified and suffixed with ka.
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Ireland and extending far south into the Celtic Sea (Warren, 1985; Scourse, 1991a;
Scourse, et al., 1991; O Cofaigh and Evans, 2001a; 6) Cofaigh and Evans, 2001b;
Hiemstra, et al., 2006; Thomas and Chiverrell, submitted). This unstable and short-
lived ice advance to its overall maximum in the Celtic Sea was facilitated by a
saturated substrate of marine mud (Scourse, et al., 1990; Scourse, et al., 1991; O
Cofaigh and Evans, 2001a; o} Cofaigh and Evans, 2001b; Scourse and Furze; 2001;
Evans and O Cofaigh, 2003a; Hiemstra, et al., 2006). Further north in the Irish Sea
Basin at sites such as the Screen Hills in southeastern Ireland and Dinas Dinlle in
northwestern Wales, major deglacial sediment accumulations and stacked tills mark
stillstands and oscillations of the ice-stream during overall recession (Thomas and
Summers, 1983; McCabe, 1987; Evans and o) Cofaigh, 2003a; Thomas, et al., 2004;
Thomas and Chiverrell, 2007). These first major stillstands are thought to reflect
stabilisation of the ice-stream as it reached the narrow corridor of St. Georges

Channel, between the coasts of Wales and Ireland (O Cofaigh and Evans, 2007).

Recently there have been attempts to map glacial landforms and features related to
the last British Ice-sheet on a comprehensive country-wide basis as part of the
BRITICE programme (Clark, et al., 2004a; Evans, et al., 2005; Greenwood, et al.,
2007). Emphasis was placed upon the compilation of evidence that would help
constrain the Devensian ice-sheet, primarily its extent (e.g. moraines, drift limits,
nunataks) and flow geometry (drumlins, erratic dispersal) to help inform future
models of ice extent. The GIS output from this vast research base clearly indicates
appropriate landforms and therefore helps to demarcate the limits of the MIS 2 BIIS.
The remote mapping of drumlins and mega-scale glacial lineations, using satellite

and flight path laser technology has also helped to identify areas that have been
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subject to ice-streaming. Evidence of landforms existing in Scotland and the Lake
District have also helped to map the extent of glaciation and ice cap formation
relating to the Loch Lomond stadial (Younger Dryas) approximately 12.5-11.5 ka.
This information, together with chronological - data mentioned previously is a

powerful tool for reconstruction of LGM limits and retreat stages of the BIIS.

Although the timing of the LGM limits for the ISIS have been constrained somewhat
by the combination of AMS radiocarbon dates mentioned above (O Cofaigh and
Evans, 2007), and large-scale remote mapping, the timing of subsequent retreat
stages is severely lacking. This lack of chronology is often the driver for such
controversy about the dynamic nature of the ISIS, how rapidly it retreated and
implications that this may have for sea level reconstructions for the Irish Sea Basin
(Lambeck, 1991; Lambeck and Purcell, 2001; Shennan, et al., 2006; Brooks, et al.,
2008; Edwards, et al., 2008; McCabe, 2008a). The application of OSL dating
techniques to sediments deposited as a direct result of the retreat of the ISIS should

therefore enable the retreat chronology to be constrained further.
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Figure 1.1 Recent reconstructions of the maximum extent of the MIS 2 ice-sheet over
the British Isles, showing the uncertainties associated with currently submarine
evidence. (I = Bowen et al. (2002); 2 = Hall (1997); 3 = Balson and Jeffrey (1991)
& Boulton et al. (1977) & Boulton et al. (1991); 4 = Scourse and Furze, 2001 &
Hiemstra et al. 2006. Lines marked 5 show the extent of readvances in the Irish Sea
Basin (Ireland —Synge (1978); Isle of Man — Dackombe & Thomas (1991); Cumbria
— Huddart, 1991). 6 = possible western margin of the Scandinavian ice-sheet at the
LGM (Hall, 1997). 7 = O Cofaigh & Evans (2007).
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1.1.2 The Devensian deglaciation, Heinrich Events & ice-sheet oscillations
Data from Greenland ice cores and North Atlantic marine cores indicate that the last
deglacial cycle was interrupted by millennial-scale climate shifts (Dansgaard, et al.,
1993; Bond and Lotti, 1995), which may correlate to the Older and Younger Dryas
stadial events. One prominent readvance of the British ice-sheet in the northern Irish
Sea region occurred between 18.8-16.4 cal. ka BP (McCabe and Clark, 1998;
McCabe, et al., 1998). An analysis by McCabe and Clark (1998) indicated that this
event occurred alongside an iceberg discharge episode known as Heinrich event 1.
The limits of this readvance can be reconstructed due to the presence of push
moraines in certain Irish Sea coastal locations such as Isle of Man (Bride Moraine)
and along the Cumbrian coast (St. Bee’s, Drigg). The pattern and direction of ice
flow associated with these extensive push moraines is similar to a readvance thought
“to have occurred across eastern Ireland, known as the Killard Point Stadial. This
suggests a regional pattern of convergent ice flows from separate ice centres in the

northern Irish Sea Basin at this time (McCabe and Clark, 1998).

The drumlin forming phase in the northern Irish Sea Basin is chronologically
equivalent to the precursor to Heinrich event 1 and provides evidence that the Irish
Sea ice-stream was involved in these climate-driven precursor events. It is therefore
probable that these events, reflecting ice-sheet variability are an oscillator driven by
climate upon unstable ice rather than any internal ice-sheet mechanism. In this
respect, it is also significant that field evidence for oscillations within the deglacial
stratigraphy are predominantly marked along the most active and sensitive ice-
streams which drained the last ice-sheet [e.g. Irish Sea ice-stream (Eyles and

McCabe, 1989)] (McCabe, 1996). The deglacial stratigraphy is clearly witnessed in
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the geological record in areas such as the Isle of Man (Orrisdale), Wexford (south-
eastern Ireland), and LIjn Peninsula (North Wales) and provides evidence for an
active and sensitive ice-stream which underwent many small scale ice-marginal

oscillations.

1.1.3 Sedimentary stratigraphy

Due to the dynamism of the glacial environment (continual advance/retreat cycles
superimposed upon minor snout oscillations), glacial sediments are rarely deposited
in a “layer cake” manner, which makes stratigraphic interpretation difficult. Glacial
sediments are more likely to be deposited in a series of interlocking lenses or
discontinuous layers, which relate to different processes. Debris that passes through
the glacial system can have a complex transport history which means that on final
deposition, individual debris elements may contain different data superimposed upon

one another (Hart, 1999).

The frequent oscillations of the ISIS margin during the period of deglaciation
resulted in a suite of proglacial sediments being deposited one on top of the other.
There are locations around the Irish Sea Basin where such sediments are exposed in
cliff sections e.g. Isle of Man (Thomas, 1977; 1985; Thomas, et al., 1985; Chiverrell,
et al., 2001; Chiverrell, et al., 2004; Thomas, et al., 2006), Wexford (Summers, 1981;
Thomas and Summers, 1982; 1983; Thomas and Kerr, 1987) and the L1yn Peninsula
(Thomas, et al., 1998; Thomas and Chiverrell, 2007). These locations, at the time of
deposition, were on the margin of the ISIS during various retreat stages. Their

sediments yield information concerning any changes in glacial sediment deposition,
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which, in turn helps identify the extent and duration of ice-sheet fluctuations at the

particular locality.

Oscillations in the ice-sheet margin allowed deposition of sandur sediments on the
continental shelf adjacent to the Irish Sea Basin. In many areas, glacial till, deposited
as a result of the MIS 2 ice-sheet advance underlies these sandur deposits, illustrating
a neat stratigraphic chronology of deglaciation and ice-sheet retreat. However, their
lack of organic material (due to the cold and ice-covered depositional environment)
limits their use for radiocarbon dating. New dating techniques such as optically
stimulated luminescence (OSL) and recent advances in such techniques, offer an
opportunity to date the sediment directly, with no need for chance occurrence of
organic material as required for radiocarbon dating techniques. This would add a

valuable chronology to the retreat of the ISIS.

Sedimentary stratigraphy and lithofacies analysis in combination with analyses of
local and regional geomorphology are powerful techniques for reconstructing palaeo-
environments of sediment deposition and enable inferences to be made concerning

sedimentary processes and ice-sheet oscillations.

1.1.4 Lithofacies analysis

Lithofacies analysis refers to the identification of lithological components,
sedimentary structures and the vertical and lateral relationships between them for a
sedimentary sequence (Miall, 2006). Understanding the architectural relationships
between lithofacies (or architectural element analysis: AEA) can subdivide

sedimentary basin fills into elements (or facies assemblages) on the basis of
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sedimentary body geometry and lithological composition (Miall, 1985; Brookfield
and Martini, 1999; Boyce and Eyles, 2000). These approaches help geologists to

constrain the nature of past depositional environments and processes.

Much of the work on lithofacies models for braided rivers is concentrated upon
modemn sedimentation processes that produce typical river morphology (Smith, 1974;
Hein and Walker, 1977; Miall, 1977; 1978; Bryant, 1983; Hammer and Smith, 1983;
Sambrook Smith, 2000). Glacial outwash environments are well described both in
terms of the spatial distribution of sediments in present systems and in terms of
vertical sequences from older deposits. Neither of these perspectives provides a
wholly satisfactory model to predict the internal organisation of sediments within
bodies of glacial outwash, since the sediments most easily observed in modern
environments have the lowest preservation potential, whereas the vertical sequence
of facies in one section has limited application to the description of later variation
(Dawson and Bryant, 1987). When looking at ancient river sediments, preservability
must therefore be questioned. The problem of preservability hangs over any study of
modem rivers, because it cannot be known with much certainty what fragments of
the most recent deposits in the river will survive erosion long enough to enter the
geological record (Miall, 1977). This is especially the case where terrestrial ice-
sheets are concerned, with a greater fluctuation in meltwater release and a high
potential reservoir of flood water, any vast release of meltwater has the potential to

destroy braided river facies and wipe away part of the geological record.

Braided stream activity dominates the sandur depositional environment. This is due

to the association of high slopes, variable discharges and coarse grain sizes (Miall,
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1977). Proglacial fluvial environments are typically characterised by large and rapid
discharge fluctuations, abundance of easily eroded debris, and high rates of sediment

transport and deposition (Hammer and Smith, 1983).

Large scale fluctuations in meltwater and sediment supplies to sandar reflect not only
seasonal, diurnal and episodic events, but also vary in response to long-term climatic
changes reflected in advance or retreat cycles of the source ice mass. Glacier advance
or retreat can act to release lower or higher volumes of meltwater, and modify the
availability of sediment to the proglacial system. Hence, lithofacies sequences within
glacial outwash may well reflect major changes in meltwater and sediment supply
regimes resulting from fluctuations in the rates and pattems of glacier movement and
melting (Maizels, 1993). It is often the case that lithofacies sequences can illustrate a

switch from distal to proximal sedimentation due to ice advance or retreat.

The first step in an analysis of a stratigraphic succession is the recognition of the
suite of lithofacies types of which the succession is composed. For some depositional
environments a limited range of lithofacies types cover virtually all the variability
present in modern and ancient deposits. This permits the establishment of standard
lithofacies schemes which may be formally defined and coded for field application
(Eyles, et al., 1983). A lithofacies coding concept proposed by Miall (1977, 1978,
and 1996) classifies primary sedimentary features (Table 1.1). This scheme was
extended for glacial deposits by Eyles et al. (1983) and specific features for

glaciofluvial deposits were added by Siegenthaler and Huggenberger (1993).
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Table 1.1 Lithofacies and sedimentary structures of modern and ancient braided
stream deposits (modified from Miall, 1996).

22325 Lithofacies Sedimentary Structures Interpretation
Gmm matrix-supported, massive weak grading p!astlc debris fiow (high-strength,
gravel viscous)
. . . pseudoplastic debris flow (low
Gmg matrix-supported gravel  inverse to normal grading strength, visous)
clast-rich debris flow (high strength) or
Gci clast-supported gravel inverse grading pseudoplastic debris flow (low
strength)
Gem clast-supported massive pseudoplastic debris flow (inertial
gravel bedload, turbulent flow)
Gh clast-supported crudely horizontal bedding, longitudinal bedforms, lad deposits,
bedded gravel imbrication sieve deposits
Gt gravel, stratified trough cross-beds minor channel fills
e transverse bedforms, deltaic growth
Gp gravel, stratified planar cross-beds from older bar remnants
st sand, fine to very coarse, solitary or grouped trough sinuous-crested and linguoid (3-D
may be pebbly cross-beds dunes)
s sand, fine to very coarse, solitary of grouped planar transverse and linguoid bedforms (2-D
P may be pebbly cross-beds dunes)
Sr sand, very fine to coarse  ripple cross-lamination ripples (lower flow regime)
Sh sand, very fine to coarse, hon’zontal. Iaminatign parting plane-bed flow (critical flow)
may be pebbly or streaming lineation
sand, very fine to coarse, o scour fills, humpback or washed-out
S may be pebbly low-angle (<15°) cross-beds dunes, antidunes
sand, fine to very coarse
' ’ fill
Ss may be pebbly broad, shallow scours scour fi
Sm sand, fine to coarse massive, or faint lamination sediment-gravity flow deposits
FI d. silt. mud fine lamination, very small  overbank, abandoned channel, or
sand, sit, ripples waning flood deposits
E it d massi backswamp or abandoned channel
sm silt, mu assive deposits
. . . . overbank, abandoned channel or
Fm mud, silt massive, desiccation cracks drape deposits
Fr mud, silt massive, roots, bioturbation root bed, incipient soil
C coal, carbonaceous mud  plant, mud films vegetated swamp deposits
P paleosol carbonate pedogenic features: nodules,

(calcite, siderite)

filaments

soil with chemical preparation
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In a lithofacies code that is employed by fluvial sedimentologists, Miall (1977, 1978
and 1996) showed that the majority of fluvial deposits, including glaciofluvial
outwash deposits, can be described using a set of 20 standard lithofacies types. Each
type has been assigned code letters for convenience in logging. The codes are in two
parts; the first is a capital letter G, S or F which represents gravel, sand, or fines. The
second part of the code consists of one or two letters to describe the most
characteristic internal feature of the lithofacies e.g. Gms for matrix-supported gravel,
Sp for planar cross-bedded sand, etc. The principal lithofacies are listed in Table 1.1
with notes on their composition, structure and brief interpretation. The key to a
positive identification of the environment of deposition, therefore, lies in the nature
of the facies assemblage, including the vertical and lateral lithologic variability and

extent.

Four vertical profile models for braided rivers, using this lithofacies code were
erected by Miall (1977) on the basis of a survey of information on modern
sedimentary processes and ancient deposits. The most appropriate facies types in
relation to glaciofluvial lithofacies are the Scott, Donjek and South Saskatchewan

type vertical profile models (Figure 1.2).

The Scott model, named after the Scott outwash river, Alaska (Boothroyd and
Ashley, 1975) was erected for proximal braided stream deposits where gravel is the
dominant facies, particularly facies Gm, with rare units of Gp and Gt, and some
interbedded sandy channel-fill deposits (Figure 1.2). The Scott type consists of
small-scale gravel-sand cycles of waning-flood origin, and intervals of superimposed

longitudinal-bar deposits. The assemblage is located in a fan environment beyond the
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limit of debris flows. Other facies types may occur to a lesser extent as a response to
waning flow. They represent small scale upward-fining sequences in abandoned

channels or the development of small scale wedges.

Scott Type Donjek Type South Saskatchewan Type
Shallow Deep Deep
gravel-bed gravel-bed perennial
braided braided braided
N <N T
Gt
i minor S
St 4 channel —
? A S|
- minor
2 A S T channels ! A
A : t
Sp bar-edge  FI |— A !
sand wedge Sr L= <0 major
Gh . channel
Sh St major
T channel
Gh G with
debris-flow FI == L macroforms S¢ »
deposit g | g G : A
Gh L
Gh ﬁ major
G hannel
St cha
? o - St with
Gh T Se | macroforms
- Fm
Gt Gp|C.-¢ .-°
Gt ,9/’(;’,.‘
Gh
4 CA A
AN
Sp \\ r_s
superimposed w<
Gh bars
metres
St T
; T
-0

Figure 1.2 Typical fluvial lithofacies assemblages and vertical profiles for the three
Sluvial styles discussed below. Vertical arrows indicate cyclic sequences of various
types, showing direction of fining and bed thinning. Lithofacies codes are given at
left of column. Redrafted from Miall, 1996.
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The Donjek model, named after the Donjek river, Yukon (Williams and Rust, 1969)
was established to encompass most types of cyclic braided river deposit. Fining-
upward cycles of several scales were present, the thicker cycles reflecting
sedimentation at different topographic levels within the channel system, or
successive events of vertical aggradation followed by channel switching (Miall,
1977). This is indicative of braided rivers with well defined active channels which
have elevated; partially inactive to entirely inactive channel reaches. The gravel
facies (Figure 1.2) are deposited in the deeper channels as various forms of bar
structure, inactive tracts above the deep channels receive sand and gravel at high
flood stages. Fines are developed on the topographic highs within the system. In
modern environments, this is aided by vegetation which acts as a trap for fine

sediment.

However, most of the information available for Donjek concerns gravel-dominated
deposits, although sand-dominated cycles are equally common in the ancient record
(Rust, 1972). The modern analogue used for this type of sand-dominated, cyclical
sequences was the South Saskatchewan River, Canada (Cant and Walker, 1978), and
this provided the basis for another profile model, the “Squth Saskatchewan type”
(Miall, 1978). The assemblage is characterised by a number of upward-fining cycles.
Their formation is a result of a complex association of sub-environments, including
channels, sand flats and cross-channel bars. Topographic variation across the system
also has a control upon the deposition, and bedforms in the deeper channels tend to
be sinuous crested dunes (Sf) whilst in shallower reaches sand waves are more
common (Sr). Large sand flats are formed by cross-channel bars building around a

nucleus. On the wane of the flood facies types Sr and Sh may form on bar tops and
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fines may accumulate in overbank inactive areas (Cant and Walker, 1978). In most
cases, facies St is the dominant component, with a varying proportion of Sp, Sr, Sh,

Se, Gm, Fl and Fm arranged within thinning and fining-up sequences.

The Scott, Donjek and South Saskatchewan profile types form a gradational
proximal-distal sequence in some ancient braided river deposits reflecting a
downstream increase in sand/gravel ratio (Miall, 1978) along with reduction in flow
velocity, turbidity and competence. Bar morphology and the types of internal
stratification are dependent on grain size and therefore, these also show downstream
changes. There is no doubt that vertical profile models act as a framework within the
ancient record but departures occur as a result of varied architectural control upon the

depositional system.

Connaughton (1986) showed, in a case study of a Late Pleistocene sandur from the
Isle of Man, that sandur deposition at the margins of large continental ice-sheets is
significantly different in character than proglacial valley sandur systems, which
display well organised proximal-distal facies transitions. Attributing certain facies
assemblages to locations within a proximal-distal relationship may result in an
incorrect assessment of the overall depositional environment. This is particularly the
case where channel systems are influenced by ice stagnation topography and where
glacio-dynamic deformation act as a control on subsequent outwash (Connaughton,
1986). Lithofacies assemblages for an ice-marginal proglacial sandur were devised

by Thomas (1985) and more detail and explanation is provided in Chapter 2.
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1.2 Research aims and objectives

The primary aim of this research is to define a chronological model for the deglacial
history of the ISIS. In order to do this, accessible and well-documented sites were
identified along the flowline of the ISIS which display evidence of glaciofluvial

sedimentary facies to which OSL dating can be applied.

A detailed lithofacies analysis of the glaciofluvial sediments of the Bishop’s Court
Member, an ice-marginal palacosandur sequence, on the west coast of the Isle of
Man (see Figure 1.1 for location details) has already been carried out by Thomas
(1977, 1984, 1985) and Thomas et al. (2006) and this information was used to target
a suite of lithofacies for luminescence sampling. Detailed lithofacies logs of the
Bishop’s Court Member were analysed and fining-upwards sequences noted, in both
proximal and distal palaco-sandur locations. A variety of lithofacies types were
sampled (Sp, Sh, Sr, St, FI) as a detailed comparison of the luminescence bleaching
properties of each was needed to direct subsequent field sampling towards the

lithofacies type that was more favourable for luminescence dating.

The most successful lithofacies for OSL dating of the ice-marginal palacosandur
from the Isle of Man were then targeted at two other field sites which display in-
section evidence of ice-marginal glaciofluvial sedimentation as a direct result of the
retreating ISIS; Porth Dinllaen, northwestern Wales and Wexford, southeastern
Ireland (see Figure 1.1 for location details and Chapter 5 for detailed site
investigations). At Porth Dinllaen, depositional evidence for a lower fan, distal
sandur environment is present within cliff section exposure (see Thomas and

Chiverrell, 2007). In comparison, ice-contact proximal glaciofluvial sedimentation
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was observed within quarry sections at Wexford (see Thomas and Summers, 1982;

1983; 1984; Thomas and Kerr, 1987). A less exhaustive field sampling technique

was required for these additional sites.

The successful application of OSL dating at each of the sites mentioned above,

allowed a time-stepped retreat of the Irish Sea ice-stream to be reconstructed with the

aid of Bayesian modelling techniques. This is the first time such a comprehensive

chronology has been achieved for this area, and so providing valuable data for the

research community. A variety of objectives were fulfilled to achieve the main aim:

1.

The present day exposed lithofacies of the Bishop’s Court Member at
Orrisdale in the Isle of Man were analysed and specific lithofacies were
selected, based upon their hypothesised depositional environment (and

inferred bleaching potential) for luminescence sampling.

Luminescence techniques (preheat tests, linearly-modulated OSL curve
fitting, constant-wave OSL decay curve fitting) were used to characterise the
quartz grains in terms of determining a ‘safe’ preheat temperature and
characterising the fast component (its relative intensity and photoionisation

cross-section).

An appropriate single-aliquot regenerative-dose (SAR) protocol (based on

results from quartz characterisation) was applied using small aliquots (~30

grains) to generate a distribution of equivalent dose (D,) values. The
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resulting D, distribution allowed the extent of heterogeneous-bleaching to be

evaluated (via skewness, kurtosis and overdispersion calculations).

The number of D, values required to ensure a reproducible distribution for
each sample was evaluated and the statistical ‘age’ model most appropriate
to calculate the D, value used for age calculation was determined via a
previously published, statistically-based decision-making protocol (Bailey

and Arnold, 2006).

. Ages were then calculated for all sand sized lithofaciesr types (Sh, St, Sr, Fl)
from the Bishop’s Court Member, Isle of Man and any discrepancies in terms

of lithofacies and grain size were compared.

The information obtained at the Isle of Man was used to inform sampling of
appropriate lithofacies at two other sites on the perimeter of the Irish Sea
Basin which were subject to terrestrial proglacial sandur sedimentation as a
result of the retreating Irish Sea ice-stream i.e Wexford (S.E. Ireland) and the

Porth Dinllaen, Llyn Peninsula (N.W. Wales).

The same luminescence and statistical analysis techniques were applied to
samples from Wexford and Porth Dinllaen and an investigation into the
applicability of the decision-protocol for choosing the most appropriate
statistical ‘age’ model for D, distributions derived from these samples was

undertaken.
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8. All chronological data (derived from this research and from previously
published papers) was reviewed to reconstruct a time-stepped retreat of the

Irish Sea ice-stream with the aid of Bayesian modelling techniques.

1.3 Thesis structure
In line with the objectives specified above, the main body of this research is
concerned with developing the successful application of OSL dating to glaciofluvial

deposits associated with the retreat of the ISIS.

In Chapter 2, a review of previous applications of luminescence dating techniques to
glacigenic sediments is given. Details concerning the intricacies of the OSL
technique are discussed together with previous investigations into problems

concerning the bleaching of glaciofluvial quartz.

Chapter 3 covers the derivation of environmental dose-rate for each sample, giving

one half of the age equation (see Chapter 2).

Chapter 4 details the series of tests used to investigate quartz luminescence
characteristics (thermal transfer, sensitivity, fast component analysis), as well as
determining an appropriate preheat temperature to use during the SAR protocol for

each sample.

Chapters 5 is the main OSL dating results chapter concerning the application of
quartz luminescence characterisation and D, determination methodology to the Isle

of Man, Porth Dinllaen and Wexford samples. It details how the appropriate
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statistical ‘age’ model was selected for D, determination via the use of a statistically-
based decision-making protocol (Bailey and Arnold, 2006). Results for OSL ages are
given and interpreted in terms of lithofacies and grain size differences and how these
optical ages sit within previously published ages derived via various chronological

techniques.

Chapter 6 is the main discussion chapter and brings all chronological data together
in an attempt to reconstruct the retreat of the ISIS with the aid of Bayesian modelling
techniques. It discusses the wider implications of this research in relation to sea-level

modelling and its contribution to the glaciomarine/terrestrial ISIS debate.

Chapter 7 summarises the main findings, evaluates the wider implications of this

research and considers future research priorities.
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Chapter 2

Luminescence dating of glacigenic deposits: a review

2.1 Introduction

There are a number of chronological techniques that can establish the age of
sediments, with radiocarbon being most routinely used. In most circumstances,
radiocarbon dating is useful only from a few hundred years to ~ 45 000 years and
obviously requires the presence of fossil organic matter. There is often a severe lack
of organic matter within glacigenic sediments due to the very nature of the
depositional environment; cold and ice-covered environments are not conducive to
the presence of abundant flora or fauna. Furthermore, for radiocarbon years to be
compared to calendar years, then detailed knowledge about past variations in the
concentration of radiocarbon in the atmosphere is needed (Bronk Ramsey, 2008;
Lian and Roberts, 2006; Smart and Frances, 1991). Linkages between a radiocarbon
age and the surrounding sediment matrix are made by assuming that the organic
material being dated, died at the same (or approximately the same) time as the
sediment iﬁ the surrounding matrix was deposited, which is often not the case. Other
methods such as potassium-argon, argon-argon, uranium-series and fission track
dating require the presence of in situ volcanic or carbonate deposits (Smart and
Frances, 1991; Lian and Roberts, 2006). Dendrochronology, amino acid racemisation
and palacomagnetic techniques only give relative ages unless age patterns can be

matched with independently dated sequences.
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There are relatively few techniques for the direct dating of the time of deposition of
sediments (Aitken, 1998). There are clear advantages to chronological techniques
that use the abundant and ubiquitous constituents of the sediment itself such as quartz
and feldspar. The luminescence methods are dominant in this respect and
thermoluminescence (TL) and optically stimulated luminescence (OSL) present an
opportunity to date the dominant constituents of the sediment itself. The history of
the exposure to environmental radiation over time is carried by electrons (charge)
trapped within defects in the lattice structure of mineral grains; the total number of
electrons in these traps will increase with burial time, but the charge is released when
the mineral grains are exposed to daylight during depositional processes. This
process of detrapping charge by light exposure is referred to as bleaching. The
amount of trapped charge forms a clock that starts ticking at the moment the mineral
is buried and shielded from light (Aitken, 1998; Wallinga, 2002). The luminescence
signal used for dating reflects the amount of charge trapped, and hence the irradiation
dose the sample has received since burial, also known as the palaecodose. The
equivalent dose (D) equates to the laboratory irradiation dose required to induce a
luminescence signal equal to that acquired since the most recent bleaching event. The
equivalent dose is routinely determined for a sample that ranges in size from
individual grain (single-grain) to small sub-samples (30-200 grains). These sub-
samples are known as aliquots. The optical age is then determined by dividing the D,

(Gy) by the environmental dose-rate (Gy/year).

OSL techniques have been used to successfully date sediments from a wide range of
depositional environments, especially aeolian dunes (Huntley, et al., 1985; Stokes,

1992; Ollerhead, et al., 1994; Fitzsimmons, et al., 2007; Telfer, et al., 2008; Zhou, et
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al., 2008) and loess deposits (e.g. Wintle, 1990; Lang, et al., 2003; Roberts, et al.,
2003; Lai, et al., 2007; Buylaert, et al., 2008; Demuro, et al., 2008). These types of
sediments are lain down in environments conducive to grains having been
sufficiently bleached upon exposure to daylight during aeolian transport processes to
remove any pre-existing trapped charge. The application of this technique to
glacigenic sediments has proven to be more challenging due to the lack of
opportunity for minerals to be exposed to daylight as the majority of glacigenic
sediments are transported and deposited by a glacier or ice-sheet or are deposited in

turbid proglacial sandur environments.

This chapter reviews the application of OSL dating techniques to establish accurate
chronologies for glacigenic, and in particular, glaciofluvial deposits. Glacigenic
sediments encompass a variety of depositional environments from subglacial diamict
to glaciofluvial outwash, each of which can experience different bleaching
conditions. The literature suggests that proglacial glaciofluvial depositional
environments offer the greatest opportunity for a proportion of mineral grains to be
completely bleached upon deposition. However, problems such as insensitive quartz,
the lack of a dating ‘signal’ (fast component — see Section 2.2.4) and the incomplete
bleaching of some mineral grains still remain. Recent literature is used to illustrate
how problems such as heterogeneous-bleaching have been overcome through
advances in measurement methodology (Duller, 2004; 2006), such as the movement
towards analysis of ‘populations’ of aliquots and using single-aliquot and single-
grain analysis techniques. This single-aliquot/grain approach and the measurement of
numerous D, values for a sample has permitted the use of robust statistical D,

analysis methodologies (Galbraith and Green, 1990; Olley, et al., 1998; Galbraith, et
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al., 1999) to identify the extent of heterogeneous-bleaching and bleaching history for
the composite quartz grains. Linking the extent of heterogeneous-bleaching to certain
sedimentary environments and lithofacies types could then direct luminescence
sampling of glacigenic sediments towards those depositional environments that are

more likely to yield mineral grains that are well-bleached.

2.2 The Optically Stimulated Luminescence technique

The basic concept of the luminescence technique is to use naturally occurring
minerals, principally quartz and various feldspars, as dosimeters, which record their
exposure to ionising radiation from the environment (mainly produced by the U and
Th series and *°K) and a small contribution from cosmic rays. During exposure to
ionising radiation, free charge carriers (electrons and holes) are produced and some
of them are trapped at defects in the crystal lattice as shown in Figure 2.1. The
charge retained in the OSL traps targeted for dating are stable over long periods of
time (>1 Ma) and either heat or light can release the trapped electrons. Under such
stimuli, some of these released electrons will recombine with electron holes in
recombination centres and emit light. This light is called luminescence and is
referred to as optically stimulated luminescence (OSL) and thermoluminescence
(TL) when the stimulation is via visible light and heat respectively (Aitken, et al.,
1964; Aitken, et al., 1968; Aitken, 1998). The following sections review some key
methodological issues integral to the luminescence dating technique and its

application to glacigenic sediments.
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2.2.1 The ‘age’ equation
The luminescence age of a sample is given by the following equation, where the dose

rate is the irradiation dose flux experienced in the natural environment, per annum

(Aitken, 1998).

"B &() * #+,'-/&0"12 #84(" -,{35%)
. [+] () 64(" #&21%5%7%"&')

The equivalent dose (D.) equates to the laboratory irradiation dose required to induce
a luminescence signal equal to that acquired since the most recent bleaching event
(palacodose). The dose rate represents the rate at which energy is absorbed from the
flux of naturally occurring nuclear radiation; it is evaluated by assessment of the
radioactivity of the sediment, and can be carried out both in the laboratory and on-
site through field gamma spectrometry (Aitken, 1998). Thus the sample age is the
total dose accumulated by the mineral grain (D) over its period of burial divided by

the rate at which it accumulates (the environmental dose-rate).

2.2.2 The single-aliquot regenerative-dose (SAR) protocol

For quartz, the most rigorous and commonly used method for measuring the D, is the
single-aliquot regenerative-dose (SAR) protocol (Murray and Roberts, 1998; Murray
and Wintle, 2000). Before this was established, the main problem concerning the
measurement of OSL was that repeat stimulation, preheat and irradiation of quartz
causes the grain to change sensitivity i.e. the quartz gives a higher/lower OSL
response with repeated dosing and stimulation. The SAR protocol (Murray and

Wintle, 2000) was devised to account and compensate for sensitivity change.
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Figure 2.1 Energy-level representation of the OSL process (based on Aitken, 1998,
redrafted from Wallinga, 2002). (4) lonisation (detachment) due to exposure of the
crystal to nuclear radiation, with trapping of electrons and holes at defects, T and L
respectively. (B) Storage during time, in order that leakage is negligible the lifetime
of electrons in traps needs to be much longer than the age span of the sample. This
lifetime is determined by depth E of the trap below the conduction band and for
dating purposes we are interested in those deep enough for the lifetime to be at least
several million years. (C) By shining light of appropriate wavelength onto the
sample, electrons are evicted from traps and some of these reach luminescence
centres; if so, light (i.e. OSL) is emitted in the process of combining into these
centres. The TL process is similar except that stimulation is by heat: a temperature is
reached at which the thermal vibrations of the crystal lattice are sufficient to cause
eviction; the deeper the trap the higher the temperature necessary.

The SAR protocol detailed in Table 2.1 uses the response to a fixed test dose, applied
after each regeneration dose, to monitor for changes in sensitivity. The fundamental
assumption is that the response (7) to the test dose provides an appropriate measure
of the sensitivity that pertained during measurement of the main OSL signal (L)
(Murray and Wintle, 2003). If this is not the case, sensitivity changes cannot be
accounted for throughout each cycle of the SAR and an invalid estimate of D, will

result. Preheats are given during each cycle (Table 2.1) to remove thermally unstable
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charge from optically-sensitive traps which would otherwise cause artificially high

De values and produce age overestimation.

The SAR sequence is repeated with varying incremental regenerative doses chosen to
be in the vicinity of the expected natural dose and so building a sensitivity corrected
dose-response curve (Figure 2.2) (Murray and Wintle, 2000). The sensitivity-
corrected natural-OSL signal is then interpolated across to the dose-response curve
and the dose required to achieve such a natural signal can be determined from further

interpolation to the x-axis where the estimation of D, is obtained.

Table 2.1 Generalised quartz SAR protocol (after Murray and Wintle, 2000, 2003).

For the natural sample, i = 0 and Dy is the natural dose.

Alzquot cooled to < 60°C after heating. In step 5, the TL signal from the test dose
can be observed.
¢ The stimulation time is dependent on the stimulation light intensity and wavelength
(e g. 40 s for blue light diodes, 100-125 s for lamp-based green-light sources).

4 L; and T; are derived from the stimulation curve, typically the first 1-10 s of initial
OSL signal, minus a background estimated from the last part of the stimulation
curve.

Step Treatment Observed

Give dose?, D;

Preheat” (usually between 160-280°C for 10s)

Optical stimulation® at 125°C for 40s L
Give test dose, D,

Heat® (160-280°C)

Optical stimulation® at 125°C for 40s T?

N N W AW N -

Returnto 1
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Figure 2.2 Dose-response curve illustrating linear growth in OSL with regenerated
dose. Graph highlights how interpolation allows the equivalent dose to be estimated
(redrafted from Murray & Wintle, 2000).

2.2.3 Single-aliquot and single-grain analysis

Originally, TL procedures involved the measurement of TL from individual aliquots
of sediment which had been subjected to different laboratory irradiation and optical
bleaching regimes prior to measurement. This involved heating grains to 500°C,
thereby removing all information concerning trapped electron populations giving rise
to the TL signal. Therefore, TL dating involved the preparation and measurement of
numerous aliquots of the same sample that were assumed to be identical in relation to
luminescence response and sensitivity (Murray, et al., 1997). A composite dose-
response curve is then created which was thought to be representative of the entire
sample. This is unlikely to be the case for glacigenic sediments where variation in the
extent of bleaching and in the sensitivity of each individual grain would be masked
by the multiple-aliquot approach, often resulting in age overestimation. The multiple-
aliquot approach was extended to optical dating methods where different aliquots of
the same sample are once again used to construct a single dose-response curve for D,

determination. The accuracy and precision of the D. is controlled by the
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appropriateness of the dose-response curve and aliquot-to-aliquot scatter in the

luminescence signal which results in large uncertainties in D, estimates (Jain, et al.,

2003a).

The development of the SAR protocol (Murray and Wintle, 2000; Murray and Olley,
2002) which uses qnly a single aliquot to determine a D. has allowed higher
precision and improved accuracy (Jain, et al.,, 2003a) as a dose-response curve is
derived for each individual aliquot. When single-aliquots are analysed often more
than 50 D, values and dose-response curves are obtained per sample (Olley, et al.,
1998; Lepper, et al., 2000) to ensure that a D, representative of the entire sample is
achieved. For single-grain analysis, often thousands of quartz grains are measured
individually to allow an acceptable number of D, values to be determined (many are
rejected on an individual basis due to poor luminescence characteristics). This allows
a D, distribution to be analysed, and for a sample that is well-bleached (a simple
unimodal distribution), the average D, can be taken and used for age determination.
For glacigenic samples that are often poorly- or heterogenecously-bleached, more

complex statistical treatments of D, distributions are required (see Section 2.6).

2.2.4 The ‘fast’ component

Quartz shows a complicated natural-OSL decay curve as shown in Figure 2.3 where
different components are identified as easy to bleach and hard to bleach. Bailey et al.
(1997) suggest that the OSL decay curve from quartz can be approximated using
three first-order decay components (these components were referred to as the “fast”,
“medium” and “slow” components) each with different detrapping rates reflecting

how easily bleached they are. The most probable explanation is that the OSL signal
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originates from three physically distinct traps (fast, medium and slow) (Bailey, 1997)
with different rates of charge loss due to different trap depths and trap
photoionisation cross-sections (Singarayer and Bailey, 2003). The fast component
has a larger trap photoionisation cross-section and therefore empties quickly in
relation to traps with smaller photoionisation cross-sections, which yield the medium

and slow components (Kuhns, et al., 2000).

The fast component is suitable for luminescence dating as it is quick to bleach under
optical stimulation and should give a low residual signal after exposure to sunlight
during transport. This is especially important in glacigenic sediments where
opportunity for exposure to sunlight is limited. The SAR protocol (Murray and
Wintle, 2000) was developed on a sample that had a dominant fast component.
Although Jain et al. (2003b) found that the majority of quartz samples have optical
signals that are dominated by the fast component, in some samples this is not the
case. In studies where the optical signal was dominated by other components
(medium/slow) (Choi, et al., 2003a; Tsukamoto, et al., 2003) the standard SAR
protocol does not work as effectively. It is therefore important to assess whether the

samples are dominated by the fast component.

Page | 35



700

9] Raw data
600 ————— Fast component
q :
—————— Medium component
i —— Slow component

500 £

400 -

300 A

200 A

100 -

Luminescence Intensity (counts/0.4s)

1 10 100

Stimulation Time (seconds)
Figure 2.3 Natural-OSL decay curve for a small aliquot (~30 quartz grains) of a
glaciofluvial palaeo-sandur sample from Wexford, south-eastern Ireland (Chapter
5). Illustrated are the fast, medium and slow components which comprise the
natural-OSL decay curve, extracted via curve fitting procedures. The slow

component is likely to represent the background signal rather than a ‘real’ slow
component.

2.2.5 Bleaching

An implicit assumption when dating sediments is that the mineral grains in question
were exposed to daylight during transport and deposition and that this exposure
removed any remnant optical luminescence signal they may have carried. Thus,
when grains are first deposited, they have a minimal luminescence signal and their
equivalent dose (D.) is approximately zero. In glacigenic sediments, this is often not
the case due to a lack of opportunity for mineral grains to be sufficiently bleached in
the glacial depositional environment, resulting in a poorly-bleached composite of

mineral grains.

Theoretically, poor bleaching can take two forms (Duller, et al.,, 1995); firstly,

sediments where all the grains have been equally, but poorly-bleached at deposition,
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owing to the short duration of exposure or because the light spectrum used for
bleaching has been restricted, these sediments are termed homogenously poorly-
bleached. This bleaching-type can cause significant age overestimations due to the
luminescence signal being composed of a dominant residual signal remaining from
the penultimate depositional cycle. Secondly, sediments can comprise a mixture of
grains, some well-bleached whereas others are not bleached at all at deposition, these
are termed heterogeneously-bleached. If analysis is on a small aliquot or single-grain
level, the well-bleached grains can be statistically ‘extracted’ (see Section 2.6) and
used to calculate an optical age. When single aliquot/grain analysis is used, most

glacial sediments appear to be heterogeneously bleached albeit to differing degrees.

2.3 Glacigenic sediments and their potential for bleaching

Glacigenic sediments are composed of grain sizes ranging from boulders to fine silts
and clay and can be transported and deposited on top of (supraglacial), beneath
(subglacial) or within (englacial) a glacier or ice-sheet. The finer-grained material is
then released from the ice as it melts and transported in deep, turbid and fast flowing
subaqueous environments (proglacial). Duller et al. (1995) suggested that light
penetration through either the body of ice or the turbid water column is minimal and
the degree of resetting of the OSL signal in mineral grains is often homogenously-

poor.

2.3.1 Subglacial deposition
At the bed of the glacier, sediment can be incorporated into the ice by a variety of
mechanisms (Boulton, 1974). In some cases, the sediment can be brought up to the

surface of the glacier along dirt bands or thrust planes within the ice and
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subsequently can melt out at the surface to release the sediment (Gemmell, 1988b).
However, the dominant proportion of mineral grains transported in a subglacial
environment emerge from the glacial system as deformation till and subglacial
meltout tills (Tsukamoto, et al., 2002). Sediment transport and deposition in this
manner occurs beneath a glacier or ice-sheet and hence sediments are unlikely to
have been exposed to daylight during transport or deposition. Basal till in particular
very rarely shows any trace of bleaching prior to deposition as illustrated by a
number of TL (Punning and Raukas, 1983; Berger, 1984; Wintle and Catt, 1985;
Gemmell, 1988b) and OSL (Tsukamoto, et al, 2002; Zhou, et al, 2008)
investigations. Tsukamoto et al. (2002) observed that deformation tills sampled in the
Kanchenjunga Himal, eastern Nepal gave age overestimations of ~ 29 ka (38.8 + 6.3
ka and 36.5 + 2.8 ka) in comparison to glaciofluvial and supraglacial meltout tills
(8.1 £ 0.7 ka, 9.8 + 0.6 ka and 9.0 + 1.4 ka) which, in contrast appeared to be well-
bleached upon deposition and gave ages in agreement with each other. The
luminescence signal observed in such deformation tills is likely to be composed of a
dominant residual OSL signal relating to the timing of the penultimate depositional
cycle. A homogenously poorly-bleached OSL signal will result and the calculated
optical age will not reflect the time elapsed since deposition as a subglacial till but
will give an age overestimate which relates to the timing of the previous depositional
event. Investigations into a range of subglacial waterlain depositional environments
(eskers, fluviokames) have also suggested that their chaotic depositional setting is

not conducive to satisfactory bleaching of mineral grains (Raukas and Stankowski,

2005).
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2.3.2 Supraglacial deposition

For supraglacial deposits, the chance of bleaching is much greater as the sediment is
transported on the glacier surface, therefore the sediment at the surface of the deposit
is subsequently exposed to daylight and should be completely bleached (Tsukamoto,
et al., 2002). Some mineral grains may be subject to supraglacial stream flow and
transported in this manner across the glacier surface. The mixing of the sediment as it
is transported in this way gives a greater opportunity for more mineral grains to be

sufficiently bleached.

The dominant method of transport on to the glacier surface is via slump or fall from
the valley sides. If the sediment lands on the glacier above the fimn line, it is likely to
be buried by further snowfall and moved downwards within the ice and so limiting
the likelihood of complete bleaching (Gemmell, 1988b). If the sediment is deposited
below the firn line it could then be transported to the glacier margin with the
movement of the glacier ice and deposited as a flow or supraglacial meltout till. Such
mass-movement of sediment is not conducive to satisfactory bleaching of mineral
grains as the deposit has not been sufficiently mixed upon transport and deposition

for the majority of mineral grains to be exposed to daylight.

2.3.3 Proglacial outwash deposition

The greatest chance of sufficient bleaching of mineral grains in the glacial system is
likely to occur in proglacial outwash streams (Richards, 2000) (i.e. a sandur) and this
is where the majority of research into OSL dating of glacigenic sediments has been
directed (e.g. Gemmell, 1988a; b; Hiitt and Jungner, 1992; Rhodes and Pownall,

1994; Duller, et al., 1995; Owen, et al., 1997; Rhodes and Bailey, 1997; Duller,
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2006; Klasen, et al., 2006; Alexanderson and Murray, 2007; Bge, et al., 2007;
Gemmell, et al., 2007; Lukas, et al., 2007; Pawley, et al., 2008). This is due to the
greater transport distance between glacier margin and point of deposition, which
increases the probability of grains having undergone sufficient exposure to sunlight
(Richards, 2000). Proglacial outwash streams can transport grains originating from
on, in or beneath the glacier for many kilometres beyond the glacier margin. The
subsequent mixing and cycling of sediment in the sandur system should allow a
dominant ‘population’ of mineral grains to be sufficiently bleached. Distal sandur
sediments are more likely to yield mineral grains that have been satisfactorily
bleached in comparison to proximal sandur sediments. Sediments in distal
environments are transported a greater distance and have been subject to many
depositional and erosional cycles (for example, deposited on a bar top during waning
flow but subsequently eroded and deposited further downstream during rising flow)

(Richards, 2000).

Although glaciofluvial sandur systems offer greater opportunity for bleaching than
the aforementioned glacial environments, their turbulence and turbidity means that
some grains are not sufficiently exposed to daylight to enable the optical signal to be
completely reset (Ditlefsen, 1992; Rendell, et al., 1994; Sanderson, et al., 2007),
whereas other grains (those transported at the top of the water column) may have

been well-bleached, producing a heterogeneously-bleached population of grains.

In exposed proglacial forelands during low water flow, when a large proportion of
the sandur is subaerially exposed, aeolian transport via dust storms can occur

frequently (McGowan, et al., 1996; McGowan and Sturman, 1997) and so enhancing
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the opportunity for sufficient bleaching (Richards, 2000). These grains can be
redeposited across the entire sandur system and reincorporated into glaciofluvial
transport. They can also be transported great distances and deposited supraglacially
or as coversands in periglacial environments extending from a few km? to thousands
of km® and have been successfully dated using TL and OSL techniques (e.g.
Bateman, 1995; 1998; Murton, et al., 2003; Bateman and Murton, 2006) due to their
well-bleached nature. The redistribution of aeolian sediments across the proglacial
foreland allows them to be incorporated into glaciofluvial sedimentary stratigraphy.
Although difficult to identify, it enhances the chance of sampling well-bleached

mineral grains across the full range of glaciofluvial depositional environments.

Despite problems concerning poor-bleaching many authors have applied
luminescence dating techniques to constrain the timing of deposition of glacigenic
sediments with some being more successful (e.g. Owen, et al., 2002; Duller, 2006;
Alexanderson and Murray, 2007; Bee, et al., 2007; Gemmell, et al., 2007; Klasen, et

al., 2007) than others (e.g. Duller, et al., 1995; Raukas and Stankowski, 2005).

2.4. Problems associated with OSL dating of glaciofluvial sediments

2.4.1 Quartz or feldspar?

For quartz, optical stimulation in the laboratory is with blue light (wavelength
470A30 nm). For most feldspars, infrared stimulation (IRSL) in the region of 800-
900 nm is used (Hiitt, et al., 1988). There is a mineral dependency upon how easily
the luminescence signal is bleached, with quartz being more easily bleached in full
daylight than potassium feldspars as illustrated in Figure 2.4 (Godfrey-Smith, et al.,

1988; Wintle, 1997). Hansen et al. (1999) report feldspar IRSL ages a factor of two
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greater than quartz OSL ages for early Holocene glaciofluvial sediments from East
Greenland illustrating that in turbid environments, quartz can be preferentially

bleached over feldspar minerals.

This view was supported by Spencer and Owen (2004) who compared the outcome
of applying optical dating techniques to quartz and feldspar from the same samples
taken from numerous glacigenic sedimentary environments (glaciolacustrine, fluvial,
glaciofluvial, supraglacial lagustrine, glaciotectonised glaciofluvial and diamict
moraine deposits) from the Upper Hunza Valley of the Himalayas. The D, for quartz
samples was determined using the SAR protocol whereas for feldspars IRSL was
used and D, was determined using the single-aliquot additive dose (SAAD) protocol
(Spencer and Owen, 2004). The results showed that the onset of luminescence
saturation with increasing dose occurred much earlier in their feldspars in
comparison to quartz and so constraining their use. They interpreted this as reflecting
the presence of large remnant geological luminescence signals, suggesting
inadequate bleaching of the infrared signal before deposition and, therefore,

overestimation of the feldspar ages (Owen, et al., 2002; Spencer and Owen, 2004).

Feldspar is also known to display other problems such as anomalous fading (Wintle,
1973; Spooner, 1994; Lamothe and Auclair, 1999; Huntley and Lamothe, 2001;
Auclair, et al,, 2003; Kars, et al., 2008) and changes in trapping probability
(Wallinga, et al., 2000) which are challenging to account for and overcome. Other
investigations (Duller, et al., 1995; Owen, et al., 2002; Spencer and Owen, 2004;
Lukas, et al., 2007) also show failure of IRSL on K-feldspars from different parts of

the world, confirming their unfavourable characteristics for dating glacigenic
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sediments. Due to the limitations of using the IRSL signal from feldspars in glacial
settings most recent work has concentrated on quartz measurements using the SAR

method (Duller, 2006; Alexanderson and Murray, 2007; Boe, et al., 2007).
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Figure 2.4 Sunlight bleaching of natural TL and of natural OSL (based on Godfrey-
Smith et al, 1988, redrafied from Wallinga, 2002). Quartz grains (Q) and K-feldspar
grains (F) were used; the unbleached luminescence levels are shown on the vertical
axis. The graph shows that the OSL of the minerals (® and +) is reset more readily
than the TL (o and A). It is also shown that the quartz OSL is reset more readily than

the feldspar OSL.

2.4.2 Poor quartz luminescence sensitivity and an absent fast component

Poor quartz luminescence sensitivity has been reported from glacially-derived
sediments (Rhodes and Pownall, 1994; Rhodes and Bailey, 1997; Rhodes, 2000;
Richards, 2000; Spencer and Owen, 2004; Lukas, et al, 2007) and has been
attributed to geologically-young non-sedimentary bedrock sources, a lack of
subaerial weathering of grains (Rhodes and Pownall, 1994) or an insufficient number

of bleaching and dosing cycles prior to deposition (Pietsch, et al., 2008).
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Lukas et al. (2007) observed that quartz from the north-western Scottish Highlands
had a weak or absent fast component which was thought to be linked to the poor
sensitivity of this quartz. The bedrock of the surrounding area was dominantly
metamorphic schistose rocks which had not been through previous cycles of erosion
and deposition and lacked opportunity to build up luminescence sensitivity. This is in
contrést to the work of Gemmell et al. (2007) and Duller (2006) who observed
adequately bleached quartz with reasonable luminescence sensitivity characteristics
from the Buchan area in north-eastern Scotland, although a fast component was not
always dominant. This could be explained by the greater lithological variety found in
Buchan, including Devonian sandstones which may have been subject to previous
bleaching and dosing cycles in Devonian desert environments, allowing

luminescence sensitivity to build up (Gemmell, et al., 2007; Lukas, et al., 2007).

More recent short-duration episodes of deposition and reworking during the transport
of grains through an ephemeral fluvial system have been shown to increase quartz
luminescence sensitivity with distance travelled downstream. This was investigated
by Pietsch et al. (2008) for the Castlereagh River in New South Wales, Australia. As
grains were transported and subsequently deposited, their exposure to intense
sunlight either on bar-tops or dry river beds allowed complete bleaching. Repeated
erosion, transport and deposition cycles allowed quartz luminescence sensitivity to
increase with each bleaching and dosing (burial) cycle as grains were transported
further downstream (Pietsch, et al., 2008). This could be equally applicable to
glaciofluvial environments where mineral grains undergo numerous episodes of

deposition and reworking during transport through the sandur system. The depth and

Page | 44



turbidity of the water column which prevents sufficient bleaching in glaciofluvial

environments could somewhat hinder this process.

The problem of quartz luminescence sensitivity and the lack of a fast component
seem therefore to be related to bedrock provenance, the quartz type that is dominant
within that bedrock lithology and the number of episodes of deposition and
reworking that the quartz grain has undergone. To overcome this problem, detailed
investigations into the provenance of the sediment being sampled for luminescence
dating should be undertaken. An evaluation of whether quartz grains may have
undergone previous cycles of erosion and deposition and hence multiple dosing
cycles can then be made; for example, Permo-Triassic sandstones will have been
subject to cycles of both aeolian and fluvial transport and deposition in Permo-

Triassic desert environments, allowing quartz luminescence sensitivity to build up.

2.4.3 Turbidity of the water column

Under turbid water in a glaciofluvial environment, the intensity of the light is greatly
reduced, and the spectrum of the light is restricted, slowing the average rate of
bleaching for grains in transport (Gemmell, 1997). The highly turbid flows in
glaciofluvial rivers imply that long transport distances and repeated
deposition/erosion cycles may be needed to effectively bleach a high proportion of

sediment grains in glaciofluvial environments (Richards, 2000).

Gemmell (1985) suggested that the turbidity of glaciofluvial sandur systems along
with their high flow velocity combine to create an environment unsuitable for

sufficient bleaching of mineral grains, especially when using TL measurements. This
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was supported by field evidence from Western Norway (Gemmell, 1988a). The TL
signal is reset much more slowly than the ‘fast’ component targeted in OSL dating,
as shown in Figure 2.4 (Godfrey-Smith, et al., 1988) and so the use of OSL would
therefore increase the opportunity for fully and partially bleached grains to dominate

the sediment composition.

A particular factor needing to be considered is the presence of suspended sediment
within the water column which, through selective absorption shifts the peak
wavelengths of light penetrating the water towards the red part of the spectrum
(Gemmell, 1988a). This wavelength is less effective at bleaching the remnant
TL/OSL signal within quartz mineral grains. Shorter and longer wavelengths are
attenuated and this attenuation effect increases with sediment concentration (Berger,
1990). The potential for underwater bleaching of the TL and OSL signals has been
tested at different depths through a calm water column for both quartz and feldspar
grains (Rendell, et al., 1994). The results indicated that a three hour light exposure is
sufficient to bleach the optical signals down to water depths of 10 metres for feldspar
IRSL and 12-14 metres for quartz OSL in the English Channel with visibility of 15
metres (Ditlefsen, 1992; Rendell, et al., 1994). This does not account for varying
turbidity of water as observed in glaciofluvial environments (Clifford, et al., 1995;
Hodson and Ferguson, 1999) and so partial bleaching is much more prevalent in

quartz and feldspar from such deposits.

Sanderson et al. (2007) undertook underwater bleaching experiments upon canal
sediments from Vietnam which provided an important insight into the effect of

turbidity upon bleaching of the optical signal. The results showed that both
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illumination intensities and spectral distributions are severely altered by as little as
1.5 m of turbid water and that OSL bleaching rates for both quartz and feldspars are
reduced. At peak daylight wavelengths (~400-700 nm) intensities are reduced to ~5%
of surface levels through 150 cm of moderately turbid water. By contrast the UV
wavelengths and some IR components are attenuated more severely leaving less than
1% of surface intensities over the same depth range. Residual OSL signals for quartz
minerals at depth under a moderately turbid water column were much greater than
for feldspar minerals. It appeared that feldspars may therefore be more rapidly
bleached than quartz under conditions of severe daylight attenuation and the shift to
longer wavelengths of the moderately turbid underwater environment. However, the
other challenges associated with optical dating of feldspar minerals as listed in
Section 2.4.1 still hinder the widespread use of feldspars for optical dating of
glacigenic sediments. The data implied that the assumption that quartz will normally
be completely reset may not be satisfied under conditions of turbid water (Sanderson,
et al, 2007). Although the water column in this research was described as
“moderately turbid”, an exact value for turbidity is not given. It could be assumed
that the glaciofluvial water column is likely to be more turbid than that of a canal,

resulting in further attenuation of daylight in the water column.

The results of Sanderson et al. (2007) support those of Ditlefsen (1992) where
bleaching studies of potassium feldspars in turbid water suspensions showed that the
IRSL signal bleached very slowly once suspended sediment concentrations reached
greater than 200 mg/l. Investigations by Clifford et al. (1995) and Hodson and
Ferguson (1999) show that suspended sediment concentrations (SSC) of glacial

meltwater streams from glaciers of different thermal states can vary from as low as
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200 mg/1 to as high as 30 000 mg/l measured during one pulsing event (Clifford, et
al., 1995; Hodson and Ferguson, 1999). When compared to the SSC mentioned by
Ditlefsen (1992) the problem of poor bleaching of quartz and feldspar grains in such

depositional environments becomes more apparent.

Although these SSC figures are high, they are recorded for main channel turbulent
flow immediately downstream from the glacier terminus. There are sandur sub-
environments (for example; overbank, bar top and back bar) where sediment can
rain-out of suspension under lower SSC’s and so increasing the opportunity for
complete bleaching. The potential for successful optical dating of Pleistocene
glaciofluvial and glacigenic samples is high, particularly if finer grains sizes and

lower energy environments are sampled in the field (Rhodes and Bailey, 1997).

2.4.4 Diurnal and annual flow regime

The flow regime of glacier-fed rivers is strongly diurnal with maximum flow
occurring in the afternoon (Ferguson, 1984; Collins, 1996; Benn and Evans, 1998)
shortly after peak temperature and insolation and during maximum melting of the
ice. The mineral grains transported/deposited during hours of darkness are unlikely
to be bleached, creating a heterogeneously-bleached sediment when mixed with
material transported, deposited and satisfactorily bleached during daylight (Gemmell,
1999). Repeated deposition and remobilisation of mineral grains as a result of the
multiple diurnal flow cycles is likely to result in satisfactory bleaching to give near
zero Gy equivalent doses (e.g. Boe, et al, 2007). Thus many grains undergo
numerous transport events and some may experience periods of subaerial exposure

early in the day before water flow maximum. Both of these factors increase the
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likelihood of effective bleaching (Richards, 2000) and bleaching potential increases

with distance transported.

Ferguson (1984) investigated the influence of annual flow regime in relation to
sediments from the Himalayas and observed that over 95% of glaciofluvial sediment
transport in the Himalaya occurs in the summer, coinciding with highest insolation
intensity. The higher insolation and average temperature in summer months
associated with the annual flow regime of glacial outwash should therefore aid the
bleaching of mineral grains although the related high sediment loads may mitigate

against this point (Richards, 2000).

Diurnal and annual flow regime of glaciofluvial sediments could in theory aid the
bleaching of mineral grains. Large fluctuations in sediment and water supply cause
mineral grains to be cycled repeatedly throughout transport in the sandur system.
This creates multiple transport events for each mineral grain and so enhancing the

chance for sufficient bleaching. It also allows for subaerial exposure.

2.5 Techniques used to detect and account for heterogeneous bleaching

Several different schemes have been devised with the aim of detecting heterogeneous
bleaching and these can be broadly separated into two groups; ‘signal analyses’ and
‘distribution methods’. Signal analysis methods allow a comparison of various parts
of the OSL signal to detect heterogeneous bleaching whereas distribution methods
rely upon the analysis and interpretation of the form of a distribution of D, values.

This section details each of these methods.
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2.5.1 Signal analysis; D.(t) plots

The investigation of D, as a function of stimulation time; D.(t) plots, was first
suggested by Huntley et al. (1985). In this method, the D, is calculated using
successive intervals of the decaying OSL signal. A requirement for this test is that
the OSL signal must be composed of at least two thermally stable components of
differing bleachability (Bailey, et al., 2003). Significant evidence exists to suggest
that the quartz OSL signal does indeed comprise of several thermally stable
components that each decay at different rates under stimulation (Bailey, et al., 1997,
Bulur, et al.,, 2000; Jain, et al,, 2003b); see also Section 2.2.4. A flat D(t) plot
suggests that all components were equally reset prior to burial and that the same age
was obtained for all portions of the OSL signal i.e. a fully bleached sample. A rising
D.(t) plot may indicate insufficient signal resetting prior to deposition as the more
slowly bleached components are expected to retain a larger residual signal and would

therefore yield a greater age upon measurement i.e. a heterogeneously bleached

sample (Bailey, 2000a; Bailey, et al., 2003).

Bailey et al. (2003) compared the D.(t) plots of two samples types; aeolian and
fluvial (Figure 2.5 a & b respectively). The young (<1000 years) aeolian gave a
constant D.(t) which suggested that the sample was well bleached whereas the
modern-age fluvial sample showed a consistently rising D¢(t) plot indicative of
heterogeneous bleaching. There are, however, a number of complications with this
technique outlined in Bailey et al. (2003) and summarised here. A thermally unstable
slow component can yield a falling D(t) plot and thermal transfer of charge to the
medium component can cause a rising De(t) plot, both of which are unrelated to how

well bleached the sample is.
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2.5.2 Distribution methods

Empirical studies of glaciofluvial and fluvial sediments (Murray, et al., 1995; Olley,
et al., 1998; Olley, et al., 1999; Lepper, et al., 2000; Olley, et al., 2004; Rodnight,
2006) have reported evidence of asymmetric D, distributions based on single-aliquot
and single-grain approaches, where the larger D, values are attributed to the presence
of poorly-bleached grains in the sample. Olley et al. (1999) analysed D, distributions
(Figure 2.5) of fluvial samples from New South Wales in Australia. Figure 2.5 shows
the measured D.’s from small aliquots (60-100 grains) of quartz from one sample.
The distribution is clearly asymmetric and positively skewed, with a dominance of
well-bleached grains and a population of poorly-bleached grains that contribute to

the long “tail’ on the D distribution towards higher D, values.

Overdispersion is a parameter which can be used to detect heterogeneous bleaching.
It can be calculated for each D, distribution and is described as the spread in the D,
population that is in addition to the spread expected from the error on each D, value
(Galbraith, et al., 1999). Jacobs et al. (2006) and Duller and Augustinus (2006) found
overdispersion values of 10-12% for single-grain and small aliquot datasets from
well-bleached aeolian sand. This natural variation in D, values could be related to
non-uniform emptying of optically-sensitive traps and thermal transfer (Galbraith, et
al.,, 2005). Therefore, any overdispersion value of >10% for single-grain/small
aliquot D, distributions is indicative of heterogeneous bleaching, assuming that no
other post-depositional disturbance or beta-dose heterogeneity has occurred within
the samples. In fluvial samples from South Africa, Rodnight et al. (2006) observed
overdispersion values of between 35-101% which was illustrative of partial

bleaching within these sediments.
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Figure 2.5 (a) D, (1) plot for a young aeolian sediment (redrafied from Bailey et al.,
2003) (b) D.(t) plot for a modern-age fluvial sample (redrafted from Bailey et al,
2003) (c) D, distribution obtained from small aliquots (60-100 grains) of fluvial
quartz from New South Wales, Australia. The distributions are skewed to higher
doses as a result of contamination of the sample by a small number of poorly-
bleached quartz grains (redrafied from Olley et al. 1999).
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2.5.3 Deriving a D, from a heterogeneously-bleached quartz; statistical ‘age’

models

Several schemes have been published which address the problem of deriving a

single-value estimate of the burial dose from such positively skewed and

overdispersed D distributions, some of which are described below:

1.

The Minimum Age Models (MAM) of Galbraith et al. (1999) attempt to define
the minimum D, acquired by the fully bleached proportion of grains within a
heterogeneously-bleached D, distribution. The distribution of D. values is
approximated by a truncated log-normal distribution, with the truncation

point giving the estimate of palaecodose (Galbraith, et al., 1999).

The mean of the lowest 5% (L5%) of D. values (Olley, et al., 1998) are
expected to represent the well-bleached portion of a sample that shows
evidence of heterogeneous-bleaching. This was used upon partially bleached
fluvial samples from Australia (Olley, et al., 1998). By calculating the mean
of the lowest 5% of D. values, age estimates were obtained that were

stratigraphically consistent.

The Finite Mixture Model (FMM) of Galbraith and Green (1990) identifies
‘populations’ (or clusters) of aliquots/single grains within the entire
heterogeneously-bleached D, distribution. Each component population of
aliquots/single grains has its own D. and error associated with it.
Additionally, the Bayesian Information Criterion (BIC) is given, which is

used to assess the ‘best fit’ number of populations to fit a dataset. BIC
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reduces to a minimum at the optimum number of component populations
(Rodnight, 2006). The lowest D, population identified through this process is

thought to reflect the well-bleached proportion of the sample.

The decision protocols of Bailey and Arnold (2006) enable a robust statistically-
informed choice to be made as to which statistical ‘age’ model is most appropriate
for a particular shaped D, distribution. These protocols were based upon a set of real
and modelled D distributions from fluvial samples using overdispersion, weighted
skewness and kurtosis to characterise the D, distribution (see Bailey and Arnold,
2006; Armold et al., 2007 for decision protocols). This decision process was then
tested on empirical data (Arnold, et al., 2007) for samples for which there was

independent age control (Bailey and Arnold, 2006).

2.5.4 Overcoming heterogeneous bleaching

Duller et al (1995) applied OSL techniques to large aliquots of potassium-rich
feldspars of pre-late Devensian sites in Scotland, the majority of which were
glacigenic in origin. A number of glaciofluvial sediments from Scottish sites had
been sampled including;: Howe of Byth, Burn of Bigholm and Mains of Cardno
(Duller, et al., 1995). At Howe of Byth a series of meltwater gravels were sampled
from a horizontally-laminated sand (Sh) overlying imbricate cobble-gravels (Duller,
et al., 1995; Hall and Connell, 2000) representing deposition of sheet flow sand over
a gravel-bedded channel in a ice-proximal, fast flowing environment. At Burn of
Bigholm the presence of imbricate gravel horizons and cross- and flat-bedded sand

lenses from which the luminescence sample was taken indicates a braided stream
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deposit undergoing ice-proximal sheet-flow. The Mains of Cardno sample was taken

from a bar-edge sand lens within braided outwash gravels.

The Howe of Byth sample from the horizontally laminated sand gave IRSL ages of
45.5 + 3.8 and 36.8 + 3.6 ka, much older than their hypothesised Late Devensian age.
The Burn of Bigholm sample gave a multiple grain IRSL age of 21.3 + 4.6 ka, also
much older than the postulated age defined by a series of four calibrated radiocarbon
ages (13.3-11.0 ka) and the Mains of Cardno sample also gave a significant age
overestimate of 120 + 10 ka and 108 + 13 ka. These age overestimations were likely
to have been a result of the ice-proximal environment in which all samples were
hypothesised to have been deposited allowing few feldspar grains to be completely-
bleached upon deposition. The results from such samples led Duller et al (1995) to
conclude that these sediments, deposited a few kilometres from an ice margin were
unsuitable for OSL dating purposes. This multiple-grain IRSL approach
demonstrated that such sediments showed incomplete bleaching of grains (Duller, et

al., 1995; Hall and Connell, 2000).

Due to advances in protocols (Murray and Wintle, 2000) and equipment (Botter-
Jensen and Duller, 1992; Beotter-Jensen, et al., 1999; Duller, et al., 1999; Better-
Jensen, et al., 2000; Batter-Jensen, et al., 2003) it is now feasible to measure the D,
of single mineral grains. Quartz single-grain OSL dating of Duller’s Scottish glacial
sediments (Duller, 2006) showed much more encouraging results. The use of the
FMM allowed the identification of clusters or ‘populations’ of D, values within the
distribution with the lowest D, cluster representing the well-bleached portion of the

sample. The approach to applying the FMM as used by Duller (2006) was to choose
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the dose population with the lowest D, but which contains at least 10% of the grains
(or D, values) to enable the rejection of outlying low D, values (after Rodnight, et al.,
2006). For the Burn of Bigholm and Mains of Cardno samples, three D, components

were fitted to each D, distribution (Duller, 2006).

The Burn of Bigholm sample, whose multiple grain IRSL age overestimated the
independent age control by ~10 ka, was measured once again using single grains of
quartz and an age of 10.8 + 1.0 ka was calculated which was in agreement with the
11.0-13.3 ka radiocarbon ages (Duller, 2006). The Mains of Cardno sample which
originally overestimated the hypothesised age by a factor of five, gave a single-grain
OSL age 17.3 = 1.5 ka. A significant reduction in the calculated ages is observed.
The radial plot for the Mains of Cardno sample shown in Figure 2.6 allows the
different D, clusters to be observed clearly. A population of grains with higher D,
values is apparent, centred on ~250 Gy (~145 ka). This relates to a dominant

proportion of grains that have not been completely bleached.

Both Burn of Bigholm and Mains of Cardno samples were taken from ice-proximal
gravelly-lithofacies with intercalating sand layers, but clearly there were grains
within the sediment matrix that still had the opportunity to be well-bleached upon
deposition. The single-grain approach and the use of the appropriate ‘age’ model
(FMM) then allowed these well-bleached grains to be identified within the D,
distribution and an optical age to be calculated as a result. This illustrates the impact
that recent technique and statistical analysis development has had upon the ability to
date sediments that were once thought impossible to date due to poor luminescence

characteristics and partial bleaching.
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Figure 2.6 Radial plot of single-grain D, values for Scottish Mains of Cardno
sample. The grey shading denotes the D, value obtained from fitting the Finite
Mixture Model. A higher D, cluster is also indicated by the dashed line. This cluster
is hypothesised to be related to unbleached grains in the sample. Redrawn and
adapted from Duller (2006).

2.6 Recent successful applications of OSL dating of glaciofluvial sediments

The use of single-grain and small aliquot methodologies (Duller, 2006; Alexanderson
and Murray, 2007; Bee, et al., 2007) has improved understanding of the bleaching
history of a sample. These ‘population’-based approaches reveal significant
differences in bleaching between depositional environments. Duller (2006) attempted
to produce an absolute chronology for glacigenic deposits of Exploradores and
Leones valleys, Chile. Single-grain optical dating was applied to ice-contact
glaciofluvial deposits along the margins of the former glacier purposely avoiding

glacial diamicts. Applying the FMM identified a D, component that, together with
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dose-rate data, gave ages that were consistent with the cosmogenic chronology data
from boulders in the respective valleys (Glasser, et al., 2006). Single-grain OSL
dating of specifically targeted fossil glaciofluvial depositional environments has
therefore proven to be a successful approach to gaining a reliable chronology from

such sediments.

The analysis of contemporary environments provides an opportunity to evaluate the
degree of bleaching that quartz grains have experienced in different depositional
settings (Alexanderson and Murray, 2007; Bee, et al., 2007). For glaciofluvial
depositional environments, small aliquot investigations in Southern Sweden
(Alexanderson and Murray, 2007) and southern Norway (Bage, et al., 2007) showed
that D¢’s of modern samples taken from both deep-channelled stream and ripple and
laminated structures deposited in shallow water were <5% of the average for the
fossil sandur sediments of interest. This strongly suggested that the sediment
sampled was readily bleached by the prevailing conditions at the time of deposition

(Beoe, et al., 2007).

Optical ages of the fossil sandur sediments as determined by Alexanderson and
Murray (2007), taken from similar depositional environments as the ‘contemporary’
environments, were stratigraphically consistent and they also agreed between sites
kilometres apart. Those obtained by Bee et al. (2007) agreed with independent age
information (**C and '"Be) and so emphasising the reliability of the OSL
chronological data for the deposition of glaciofluvial sediments as a result of the

melting of a lobe of the regional LGM ice-sheet in Norway.
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These investigations (Duller, 2006; Alexanderson and Murray, 2007; Bee, et al.,
2007) have shown that reliable quartz OSL chronologies can be successfully
obtained from glacigenic sediments, but suggest that sampling needs to be directed
towards depositional environments that are conducive to yielding well-bleached
quartz grains. For example, distal glaciofluvial sub-environments have been proven
to yield well-bleached quartz grains (Alexanderson and Murray, 2007; Bee, et al.,
2007), due to deposition within a shallow and non-turbid water column allowing

exposure to sufficient daylight bleach the optical signal upon deposition.

2.7 Directions for future research; a lithofacies-based approach

2.7.1 The lithofacies concept

Lithofacies analysis refers to the identification of lithological components,
sedimentary structures and the vertical and lateral relationships between them for a
sedimentary sequence (Miall, 2006). Understanding the architectural relationships
between lithofacies (or architectural element analysis (AEA)) assists the subdivision
of sedimentary basin fills into elements (or facies assemblages) on the basis of
sedimentary body geometry and lithological composition (Miall, 1985; Brookfield
and Martini, 1999; Boyce and Eyles, 2000). These approaches help to constrain the

nature of past depositional environments and processes.

Contemporary glaciofluvial environments are typically braided systems and
characterised by large and rapid discharge fluctuations, abundance of easily erodible
material, and high rates of sediment transport and deposition (Hammer and Smith,
1983). Fluctuations in meltwater and sediment supply to sandar reflect seasonal,

diurnal and stochastic changes, as well as responses to advance or retreat cycles of

Page | 59



the source ice masses. All these factors result in a spatially and temporally variable
pattern of sediment grain size and structure which is then preserved in the fossil
record as complicated laterally and vertically variable sequences of lithofacies

(Thomas, et al., 1985).

An example of a typical glaciofluvial lithofacies succession is given in Figure 2.7
which illustrates the construction of a facies model for lithofacies assemblages found
in a palaeosandur at Orrisdale in the Isle of Man. This Facies Relation Diagram
(Thomas, et al., 1985; Connaughton, 1986) illustrates an idealised progression from
one lithofacies to another for two different glaciofluvial depositional environments.
Lithofacies assemblage A shows an idealised assemblage deposited in a high energy,
ice-proximal environment where gravel bars (Gm/Gp) dominate the assemblage and
from a luminescence perspective the bleaching potential is thought to be minimal.
The number of potentially well-bleached lithofacies in ice-proximal depositional
environments is reduced and is perhaps limited to bar-top and back-bar ripple and
laminated sands (S#/FI) that reflect waning flow conditions as part of the
diurnal/annual flow cycle. Lithofacies assemblage B shows a sand-dominated
stratigraphy related to a more ice-distal depositional environment. Although there is
sandy bar-growth lithofacies (Sp) present, there is evidence of fining-up sequences
indicating waning flow and therefore greater potential for bleaching, especially if bar

tops (F1) are subsequently subaerially exposed.
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Figure 2.7 Facies Relation Diagram for each of the Assemblages A and B. Idealised
Jacies sequences for each assemblage, based on the Facies Relation Diagram and
average thickness are also given (redrafted from Thomas, 1985).

2.7.2 A conceptual method for targeting well-bleached glaciofluvial sediments

Figure 2.8 shows a flow diagram of the main routeways, storage and depositional
environments of a proglacial sandur, identifying the transport and storage
mechanisms (and associated lithofacies) that provide enhanced opportunities for
bleaching of mineral grains. Those lithofacies with low bleaching potential are
deposited in turbid environments proximal to the ice margin such as bar core
(massive gravels; Gm) and bar growth (planar cross bedded sands/gravels; Sp/Gp)
lithofacies. Those deposited during waning flow in shallow, slow flowing or stagnant
water columns were sediment can settle out of suspension under relatively clear
water have the highest chance of bleaching such as bar-top and back-bar deposits
(rippled sands; Sr, horizontally-laminated sands; Sk and finely-laminated sands; FJ).

Subsequent subaerial exposure of these deposits presents an opportunity for these
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bar-top and back-bar deposits to be subject to aeolian transport under daylight
(McGowan, et al., 1996; McGowan and Sturman, 1997) further enhancing their
potential to be sufficiently bleached. Research from Lake Tekapo in New Zealand’s
South Island (McGowan, et al., 1996; McGowan and Sturman, 1997) has suggested
that aeolian transport in cold environments is a significant transport mechanism for
sand across exposed proglacial areas. Such dust storms occur where ice marginal
temperature differences encourage wind circulation and strong gusts to initiate dust
storms on exposed areas of the proglacial sandur. The exposure of such sediments to
sunlight during these dust storrhs adds further opportunity for sufficient bleaching

and re-deposition across the entire sandur surface.

Undertaking a targeted lithofacies-based approach to sampling for optical dating
maximises the opportunity of extracting quartz that has been well-bleached. A
comprehensive knowledge of proglacial glaciofluvial transport and depositional
processes is therefore required to identify the lithofacies most likely to yield such
well-bleached quartz grains (Duller, 2006; Alexanderson and Murray, 2007; Bge, et
al., 2007) . If samples prove to be problematic in relation to bleaching status, single
aliquot/grain analysis methodologies allow the few well-bleached grains to be
identified. The use of appropriate statistical ‘age’ models then allows the grains
assumed to be well-bleached to be used for D, determination and age calculation

(Duller, 2006).
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2.8 Conclusions

This review has identified a series of key issues that have implications for future

OSL dating of glacigenic sediments which are summarised below:

Quartz is the preferred mineral for optical dating of glacigenic sediments due
to the luminescence signal of some grains being more readily bleached than
feldspar minerals even under turbid water columns. Additional problems
associated with optical dating of feldspars including anomalous fading and
changes in trapping sensitivity further hinders their use with glacigenic
sediments.

Problems related to quartz luminescence sensitivity and the lack of a fast
component in glacigenic sediments seem to be related to quartz bedrock
provenance and sedimentary history and are physical characteristics of the
quartz itself that, at present cannot be overcome. Therefore a detailed
evaluation of quartz provenance is necessary to ensure that the surrounding
bedrock lithology is composed of mineral grains that may have been subject
to previous dosing cycles.

It is clear that heterogeneous-bleaching is always likely to be an issue during
OSL dating of glacigenic sediments due to the very nature of their
depositional environments. Improvements in sampling methodology such as
using a lithofacies-based approach has improved the analysis of depositional
environments which should in turn guide the researcher to sample such areas
where satisfactory bleaching is most likely to have occurred. Proglacial
glaciofluvial sediments offer the greatest chance for sufficient bleaching of

quartz grains and should be targeted for future research.
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Methodological improvements for the analysis of luminescence such as the
advent of the SAR protocol (Murray and Wintle, 2000) together with a
critical understanding of quartz bleaching history and regime and the ability
to measure the optical signal of individual grains of quartz (Duller, 2004) and
small aliquots, has enhanced the likelihood of obtaining a population of well-
bleached grains within a D, distribution, from which the depositional age can
be derived.

A product of the move to population based approaches to collecting D,
measurements requires the use of statistical ‘age’ models such as the
Minimum Age Model (Galbraith, ef al., 1999) and the Finite Mixture Model
(Galbraith and Green, 1990) for heterogeneously-bleached deposits. These
have enabled the nature of heterogeneously-bleached D, distributions to be
analysed in greater detail, allowing the well-bleached D, population to be

statistically extracted from those that are poorly-bleached.
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Chapter 3
Dosimetry

3.1 Introduction

The measurement of natural radioactivity and its evaluation in terms of natural dose-
rate received by the sample is of equal importance to the measurement of OSL and
the derivation of D.. For the majority of samples, nearly the entire natural dose-rate
is provided by the radioactive decay of isotopes in the uranium series, thorium series
(shown in Figure 3.1) and potassium-40. A small contribution comes from the decay
of rubidium-87 and cosmic rays (Aitken, 1985). Natural uranium has three isotopes,
2 8U, 235U and 2**U and their relative atom abundances are 99.2745%, 0.7200% and
0.0055% respectively. The decay of these uranium isotopes, along with 2**Th series
isotopes results in the emission of alpha and beta particles and photons. “°K
represents 0.0117% of the natural potassium and emits beta particles and photons
whereas ¥’Rb emits only beta particles on decay (Aitken, 1985). The half-lives of the
U and Th parent isotopes, and of 0K, are in the order of 10° years. Thus the natural
abundaﬁce of these remains constant over the period of time that OSL dating is

feasible (up to 10° years).

Minerals accumulate dose gradually from this natural irradiation from alpha, beta
and gamma emitters. A fundamental assumption is that the number of trapped
electrons in the crystal lattice is related to the dose that the crystal receives from
natural irradiation. This dose is equivalent to the laboratory irradiation that can create

the same number of trapped electrons as natural irradiation. Therefore, the length of
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time that the mineral was exposed to natural irradiation can be determined if the
environmental dose-rate can be found. However, there is an assumption that the
dose-rate is equal to the rate of energy emission per unit mass, implying that there is
homogeneity in radioactive content in the sediment surrounding the dosimeter and in

absorption coefficient (Adamiec and Aitken, 1998).

However, secular disequilibrium of the decay chain can occur when a radioisotope is
added to or removed from a system (Osmond and Cowart, 1982). If due to some
process an excess amount of daughter is present, the rate of decay will exceed the
rate of production and the amount will decrease until the equilibrium condition is
reached. In this case, the daughter is supported by the parent. If by some process the
parent is removed, then the daughter becomes unsupported and its amount decreases
exponentially with time as determined by its half-life (Aitken, 1985). Therefore, the
activity of daughter products will change through time and thus the environmental
dose-rate cannot be calculated from the concentrations of the parent isotopes alone.
The activity of a number of daughter radionuclides in the decay series should be

compared to allow a full picture of the decay series to be achieved.

Studies investigating sediments with disequilibrium have been performed using high-
resolution gamma spectrometry (Olley, et al., 1996) or a combination of alpha
spectrometry and gamma spectrometry (Krbetschek, et al., 1994; Olley, et al., 1997).
These techniques are able to determine the activity of various nuclides in the decay
chains, enabling an assessment of equilibrium status to be made. In this research,
high-resolution gamma spectrometry was performed on samples to estimate the

238

environmental dose-rate and to assess the equilibrium status of the 2°U decay chain.
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Uranium-238 Series Uranium-235 Series Thorium-232 Series
Nuclide Decay mode Half-life Nuclide  Decay mode __ Half-life Nuclide Decay mode  Ilalf-life

U 447 % 10°a Y 7.04 x 10°a **Th 1.39x 10%a
l o 1 a l a

*Th 24.104d T 25.52h *Ra 575a
| B | B l p

Pa 117m Mpa 3.28x 10'a Ac 6.13h
! p ) @ | B

MU 245x10°a Ac 21.77a =Th 191 a
| o ! B | o

*Th 754x10'a *Th 18.72d *Ra 3.66d
i o } a ! a

™Ra 160 % 10*a *Ra 11.43d *Rn 55.60's
| a | a l a

*Rn 3.80d MRa 3.96s **Po 0.15s
{ a } a } a

"*Po 311m Mpg 1.78x 10" s pp 10.64h
! a | e | B

*'Pb 26,80 m pp 36.10 m ;i 60.50 m
| B ! B ! B

i 19.90 m Bj 214m *po 3.04%107s
! B } o ! a

*Po 163.69 us *T1 477m 7] 3.10m
! « ! B | p

P 22.26a *ph Stable ) Stable
| B

"B 5014
l B

"'Po 138.38 d.
l a

*Pb Stable

Figure 3.1 Decay series for B8y, 35U and *°Th. The decay mode and half life of
each isotope are also indicated.

3.2 Internal dose-rate

The D, values in this work were obtained from measurements on quartz grains. If K
was present in significant quantities in the grains then the *’Rb contribution to the
internal dose-rate should be taken into account (Mejdahl, 1987). Quartz grains
contain very low levels of U, Th and K and hence whilst the grains may have some

alpha activity, it is thought that one is able to assume that the internal dose-rate of the
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grains is negligible (Aitken, 1998). However, for particularly low-activity samples,
the contribution of internal dose-rate to total dose-rate becomes increasingly
significant and so for all samples, an internal dose-rate of 0.035 + 0.010 Gy/ka was

assumed (Mejdahl, 1987; Murray and Funder, 2003).

3.3 External dose-rate

The external beta and gamma dose-rates and the cosmic dose-rate are summed with
the internal dose to derive the environmental dose-rate for a sample. The external
alpha dose-rate does not need to be taken into account because alpha particles only
penetrate the outer rind of a quartz grain; the alpha particles are attenuated before
reaching the inner core and the HF acid treatment used in sample preparation is

assumed to etch away the alpha irradiated skin (the outer 10 pm of the quartz grain).

3.3.1 Cosmic ray contribution

Cosmic radiation usually contributes a few percent to annual dose (Aitken, 1985) and
varies with altitude, latitude, longitude and burial depth (Prescott and Hutton, 1994).
Prescott and Hutton (1994) calculated the long-term variation of cosmic radiation
and concluded that the variation is negligible for the natural dose-rate calculation.
The dependence of cosmic dose-rate on latitude is due to the change of the magnetic
field of the earth. However, for latitudes above 40°, the cosmic dose-rate is not
significantly affected by latitude and is constant at the same altitude (Prescott and
Hutton, 1994). The total cosmic dose-rate under 0.5 m depth and 110g/cm? density is
approximately 185 + 11 mGy/ka and 280 + 14 mGy/ka at the surface (Aitken, 1985).
The natural dose-rate that the sediments received is the sum of the dose-rate

calculated from radioactive decay and cosmic radiation.
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Due to both rapid sediment accumulation during the period of deposition (as typical
of a glaciofluvial sandur system) and the depth of sampling locations beneath the
present day land surface (10-20 metres) the contribution of cosmic radiation (Prescott
and Hutton, 1994) was minimal (0.0281 + 0.0014 Gy/ka) but the proportional
contribution to the total dose rate is larger for low activity samples (see Chapter 5 for

more detailed site-specific depositional environment information).

3.4 Factors affecting the accuracy of determination of the natural dose-rate

There are a number of factors that can affect the accuracy of natural dose-rate
determination, including radiation equilibrium status, water content, organic content
and alpha radiation efficiency (only for the analysis of fine grained samples i.e. <63

pm).

3.4.1 Radioactive disequilibrium

Secular disequilibrium in the **Th series is not significant for optical dating since
the longest half-life of the decay daughters in this series is no more than 6 years
(Aitken, 1985) and secular equilibrium can be achieved after around 40 years of
burial. Disequilibrium in the **°U series is also not important due to its limited
contribution to the total natural dose-rate. However, disequilibrium in the 2**U chain
is a prominent contributor to inaccurate dose-rate values. Several members of the
24y decay series have relatively long half-lives and, therefore, once equilibrium is

broken, a relatively long time is needed before equilibrium can be re-established

(Olley, et al., 1996; Olley, et al., 1997).
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Disequilibrium can result from geochemical sorting, whereby a process acts to move
a parent or daughter into or out of the system at a rate which is significant relative to
the half-life of the daughter. The decay chains in deeply buried, unweathered
materials are generally in equilibrium (Olley, et al,, 1996). However, weathering
processes that occur at or near the earth’s surface operate on a sufficiently short time-
scale for disequilibrium to result. Weathering processes in surficial environments can
cause disequilibrium by two main processes. Firstly, dissolution and precipitation
reactions occur as a result of the presence of water; for example, radium may be
leached out by groundwater and then all subsequent members of the series are also
depleted (Aitken, 1985). This process is more likely to occur in waterlain sediments,
and thus for a glaciofluvial environment it is important to assess if a decay chain is in
secular equilibrium. Secondly, emanation of radon isotopes via diffusion (Olley, et
al., 1996) can occur as a result of physical disturbance to the depositional sediment
matrix. This escape is most likely if the sample is porous rather than compact and so

is unable to retain radon gas due to its loose and unconsolidated nature.

Olley et al. (1996) investigated young fluvial samples for disequilibria in both the U
and Th decay chains. Their results showed significant disequilibrium for various
parent-daughter ratios of the »*U decay chain, although this rarely exceeded 50%
(i.e. activity concentration ratios for relevant parent-daughter pairs of 0.5-1.5). The
22T decay chain was generally near secular equilibrium. In a number of samples,
however, an excess of ***Ra was present; this was attributed to rapid, significant,
radium redistribution. Due to the short half-lives of radionuclides in the »**Th decay
chain (the longest lived daughter product is 22%Ra with a half-life of 5.75 years),

disequilibrium in the 2*Th decay chain is unlikely to be important and thus the 22*Ra
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excess should not be a problem in dose-rate calculation. The findings from these
studies indicate that it is important to assess if disequilibrium particularly in the U

decay series is present.

3.4.2 Water content

Another factor affecting the accuracy of dose-rate determination is water content. For
the calculation of natural dose-rate, an important assumption is that the matrix is
homogeneous as to the radiation mass stopping powers (for beta particles) and mass
absorption coefficient (for photons). However, water and organic materials which
may be present within the sediment have different mass stopping powers and mass
absorption coefficients compared to minerals, resulting in attenuation of alpha and
beta particles and photons. This must be accounted for by using the equations given

in Section 3.6.2.

The water content of each sample was measured in the laboratory. The sampling
bags were completely sealed at the time of sampling and so the laboratory measured
water content was a good representation of the field value. The water content
measured in the laboratory was calculated as the mass of water divided by the mass
of the dry sediment multiplied by 100. The mass of water was calculated by
weighing the wet sediment and then weighing once again after drying for at least 24
hours at 100°C. The mass of water was determined by subtracting the weight of the
dry sediment from the weight of the wet sediment. A good estimate of the water
content was necessary for calculation of the appropriate environmental dose-rate
because water absorbs a significant amount of radiation that would otherwise reach

the mineral grains.

Page | 72



3.4.3 Organic content

In highly organic sediments, disequilibrium in the U decay chain is possible since
organic matter takes up U from groundwater (Lian, et al., 1995). Although
disequilibrium could occur at several points in the decay chain, the main concern is
with the decay of *U to 2°Th, which has a half-life of ~75 ka, much longer than
that of the other decay products. An equation allowing for the correction of dose-rate

according to organic content (Divigalpitiya, 1982) is given in Lian et al. (1995).

A correction for organic content was not necessary for these samples as they were
laid down in an environment which was not conducive to organic growth and

therefore are devoid of any form of organic material.

3.5 High-resolution gamma spectrometry

High-resolution low-background gamma spectrometry was used to determine the
activities of various isotopes of the uranium and thorium decay chains and of “’K and
also to enable the detection of disequilibrium within the decay series. Two gamma
detectors were used for these measurements to allow a comparison to be made (to
check for reproducibility of results) and to allow an assessment of any secular

disequilibrium within the **U decay chain to be made.

3.5.1 University of Liverpool

For samples measured at the University of Liverpool (all samples) the gamma
spectrometer uses a coaxial HPGe detector (Pop Top type) with relative efficiency at
1.33 MeV of 32%. The detector has a size of ~70 mm in diameter and ~33 mm in

height and is shielded with 15 mm copper and a 10 cm low activity lead castle. The
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entrance window is mylar placed at around 5 mm distance from the Ge-crystal. A
Perspex bar guarantees exact positioning of the sample onto the detector to ensure
that measurement geometry was the same for each measurement enabling a direct
comparison to be made with the reference material (Nussi) with regard to activity
ratios. Samples were packed into air-tight plastic containers holding approximately
120 g and stored for around four weeks in order to achieve secular equilibrium
between 2°Ra and ?Rn (half-life of 3.90 days) (Mauz, et al., 2002). The increasing
background together with the increasing self-absorption reduces the precision of
counting in the low energy range (~<100 keV) and a precise assessment of secular

disequilibrium requires long measurement times.

3.5.2 Victoria University of Wellington

In addition, selected samples (BLA1, BLA3, OR14) were measured at Victoria
University of Wellington, New Zealand using an Ultralow-level Canberra BE5030
detector (Broad Energy 50 cm” area 30 mm thickness) J-style configuration, shielded
with 6 inches of low level lead with electrolytic copper on the inside (Figure 3.2 and
3.3). Between the lead and the copper there is also a layer of tin. The sample was
stored for four weeks and measured in a reusable airtight plastic container (Figure
3.3), which has a 0.5mm perspex window and the maximum filling height is 14mm.
The area of the container approximately matches the area of the detector, so they are
sitting face to face as in a planar detector. The use of this machine resulted in higher
relative efficiency at 1.33 MeV of 50% (Figure 3.4) and quicker measurement time
for low-activity samples. Due to the higher precision of counting in the low energy
range associated with this machine (due to higher nominal efficiency), detection of

secular disequilibrium in the 2®U decay chain is possible (Section 3.5.4) via
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measurement and comparison of T (~63 and 92 keV), **°Ra (~186 keV, taking
into account the contribution of *°U at this energy level, this was only used for a
qualitative assessment) and >'’Pb (~46 keV) daughter radionuclide activities (Rieser,

pers. comm.).

Figure 3.2 Photograph showing the Ultralow-level Canberra BES0 detector used
for samples ORI14, BLAI and BLA3. The electrolytic copper on the inside of the
detector can also be seen (Photograph courtesy of Dr Uwe Reiser, Victoria
University of Wellington, New Zealand).

Figure 3.3 Photograph showing the Ultralow-level Canberra BES50 detector
together with the airtight plastic container used for sample storage and measurement

(Photograph courtesy of Dr Uwe Reiser, Victoria University of Wellington, New
Zealand).

Page | 75



P
oy

10.0

N -
\..

-

|
=
N\
N

-§ :
|

-
2

Etiiciancy (%)

[ 3]

s g ittt

¢
{

0.0t

5 10 o) & 100 200 500 1000 2000
Energy {xaV}
Typical aceolite ntficiency curves for various Ge deiectors
with 2 5 0D 50U 10 INT-CaP SPacny

Cotm: (1) REGS, 15% Aelatve Efticency  (3) LEGe, 200 mm” x 10 mn thick
XiRa, 15% Relasve Efficinty

(BILEGe 10em x5 mminik  (4) Coaxal G, 10% Relatve Efficiency

(5} BEQe, 5000 mm’ x 30 mm thex

Figure 3.4 Graph illustrating the absolute efficiency achieved by the Ultralow-level
Canberra BE50 detector (line number 5) in comparison to other detectors (graphic
courtesy of Dr Uwe Reiser, Victoria University of Wellington, New Zealand).

3.5.3 Calculation of activities

Using high-resolution gamma spectrometry at the University of Liverpool (all
samples) the activity of certain radionuclides can be measured directly from peaks in
the gamma ray spectrum. 2381 cannot be measured directly but was derived from the
214Pb (~295 and 352 keV) and 24Bi (~609, 1120 and 1764 keV) activity. 22Th has
no direct gamma emission, but was calculated as the weighted mean of ***TI (~585
and 860 keV) and *®!Ac (~328, 338, 270 and 911 keV). The activity of “’K in the
sample can be derived directly from the peak associated with YK at 1461 keV. The
energy lines of the gamma spectrum indicated above were selected according to (1)
detector efficiency, (2) specific line intensities, (3) expected nuclide concentrations,
(4) superposition of energy lines, (5) position of the Compton edge, (6) self-

absorption of the sample (Mauz, et al., 2002).
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For samples BLA1, BLA3 and OR14 radionuclide activity data was additionally
provided by Victoria University of Wellington using the Ultralow-level Canberra
BES030 detector to allow the reproducibility of results to be checked. For these
samples, BYy activity was determined via the weighted mean of activities from 2lpy,
(~295 and 352 keV) and 2144 (609 keV). For 234’I‘h, activity was determined via the

weighted mean of me, 20371 and 2*Ac energy lines.

The specific activities [4,(?)], given in Bq kg! were subsequently transformed into

concentration (ppm) using the following equation:
g g
8 $2) * #———# ¢$2)
>? @

where A*; = concentration (ppm and wt %), N4 = Avogadro constant, m, = atomic

weight (n) and 4 = v (decay constant) (Mauz, et al., 2002).
This data was then compared directly to data from the University of Liverpool HPGe

detector to ensure reproducibility. No significant disagreement in radionuclide

activity (within 26 errors) between the two gamma detectors was evident (Table 3.1).
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Table 3.1 A comparison of radionuclide activities measured by two different gamma
detectors (Liverpool — HPGe and Wellington — BE5030). Activity data for different
radionuclides of the “**U decay chain are given. Errors indicated are 2 values. Note
the higher errors on the data derived from the HPGe detector compared to those
measured using the higher efficiency Ultralow-level Canberra BE50 detector.

Sample 28U (Bg/kg)'!  P*Th (Bq/kg) **°Ra (Bg/kg) *'°Pb (Bq/kg)*
OR14 (BE5030) 9.52 + 0.49 9.27+2.72 11.87+1.73 12.11 £2.47
OR14 (HPGe) 10.81 £0.72 10.44 +4.81 10.36 +3.02 11.81 £5.76
ORIS[HPGe) 16994100 1asesst 1208338 16574636
OR22 (HPGe) 15.92 +£0.92 13.81 £4.78 11.14 +£2.94 14.65 + 5.60
OR26 (HPGe) 13.78 £0.90 14.21 £4.41 10.48 +2.74 11.89 +4.40
BLAT(ESON) w7 0 sse2:2 001148 0025198
BLALI (HPGe) 7.55+0.89 6.47 £3.48 7.49+2.26 6.17£3.16
BLAYBESI0)  S198025 seilm so3e124 519:148
BLA3 (HPGe) 4.98 +0.37 6.87 +2.88 5.17+1.70 472 +£2.46
NEF4(HPGe) 14854088 12245474 11564294 17064618

b3y activity derived from energy lines associated with *'*Pb and *'* Bi (295, 352,

26023keV)

A 4Th activity is derived from the 63.29 keV energy line
Ra activity is derived from the 186.11 keV energy line
'%pp activity is derived from the 46.52 keV energy line
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Sample Lithofacies Grain size Water Potassium  Uranium Thorium  Beta dose-rate dii:?rr:?c Environmental
(um) content (%) (%) (ppm) (ppm) {Gy/ka) (Gy/ka) dose-rate (Gy/ka)

ORI14* Sr 90-125 5 1.23+003 0.77+0.02 259+0.04 1.04 £ 0.07 0.48 +0.01 1.59 £0.07
OR14* Sr 200-250 5 1.23£0.03 077£0.02 2.59+0.04 0.99 +0.06 0.48 £ 0.01 1.84 £ 0.06
ORI15 Fi 90-125 16 1.31+£0.03 137004 4.10+0.12 1.07+0.07 0.57+0.02 1.70 £ 0.07
OR22 Sh 90-125 9 1234003 1284004 4.01x0.11 1.09 £ 0.07 0.58 £0.02 1.73 £ 0.08
OR22 Sh 150-180 9 1.23+0.03 1282004 4.01+£0.11 1.06 £ 0.07 0.58 + 0.02 1.70 £ 0.07
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BLAL*  FI 90125 10 0.68+001 071£001 239+004  060£0.02  032:001  098£0.02
BLAI1* Fl 180-212 10 0.68+00F 071x£0.01 239+0.04 0.58 +£0.02 0.32+0.01 0.96 = 0.02
BLA3* Sr 90-125 6 0444001 042+0.01 142 +£0.03 0.40 £ 0.01 0211001 0.67 £ 0.01
BLA3"’ o :Sji; o 212-250 o 6 0.44 £0.01 9.427# 0.01 142+ ().Q3 0.38 £ 0.01 o 021 :i:OOl ) ~0.65+0.01
NEF4 S 90-125 12 1.00£003 119004 3.73£0.10 088+005 049001 143005
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3.5.4 Investigations into radioactive disequilibrium

Disequilibrium in the ??*U decay chain has been shown to cause a problem in
estimating the environmental dose-rate for fluvial sediments (Olley, et al., 1996) and
so this needed to be investigated for the glaciofluvial sediments studied here. For
samples measured via the Ultralow-level Canberra BE50 detector, an assessment into
radioactive disequilibrium could be undertaken as the higher relative efficiency of

the machine allowed greater precision within the lower energy lines.

As mentioned in Section 3.4.1, disequilibrium in the 25U and ’Th is unimportant
and so was not investigated or corrected for in this research. Disequilibrium within
the U decay chain is assessed by analysing the activity ratios for 2*U, #*Th, 2*°Th

and 2%

Ra (this radionuclide shares a gamma emission energy line with 2*°U and so it
was used for a qualitative assessment only). However, the values for 2*U and >°Th
are based on the activities of >**U and ?*Ra and so only 2*®U and ***Ra can be
compared. 2!°Pb can also be measured directly, allowing an analysis into the state of
equilibrium at the latter end of the decay chain to be undertaken. Table 3.1 gives the
radionuclide activity data (Bq/kg) for 234Th, **Ra, 219, for each of the three samples
(BLA1, BLA3 and OR14) measured using the BE5030 detector, all values for each

radionuclide activity overlap within 2 suggesting that radioactive disequilibrium in

238 . . :
the ““U decay chain was not an issue in these samples.

The same radionuclide activities were also measured using the HPGe detector and
are also shown in Table 3.1. However, the lower counting efficiency associated with
the coaxial HPGe detector resulted in higher error values for activity data. It must be

noted, however, that the activities for these radionuclides do overlap within 26 errors

Page | 80



for all samples, suggesting that radioactive disequilibrium was not an issue within

these samples (Table 3.1).

3.6 Calculation of environmental dose-rate

The concentrations of the radioelements (in ppm for U and Th, and % for K — Table
3.2) derived from high-resolution gamma spectrometry were converted to dose-rates
(in Gy/ka) by using the conversion factors in Adamiec and Aitken (1998) shown in
Table 3.3. The emission values (from nuclear data tables) for the three radioactive
decay series were converted to dose-rate by assuming an infinite matrix where the
rate of energy emission is equal to the rate of energy absorption in a volume with

dimensions greater than the ranges of the radiation (Roesch and Attix, 1968; Aitken,

1985).

3.6.1 Attenuation of the beta dose

The energy of the beta particle when interacting with matter needs to be corrected
both for attenuation within the grains and for attenuation from the water content of
the sediment (Bell, 1979; Mejdahl, 1979). The degree of attenuation within the grain
is dependent on the energy of the beta particle. Mejdahl (1979) provides tabulated
figures for the absorbed beta-dose in quartz grains over a range of diameters (5-
10,000 um); from these, the appropriate values for the grain size of quartz used for
OSL analysis can be selected to correct the absorbed beta-dose due to attenuation.
The HF etching performed on the quartz grains will have a disproportionate effect on
the beta dose-rate. This is because the exterior of the grain will have a higher
absorbed dose fraction than the centre of the grain (Mejdahl, 1979). The values are

taken from Bell (1979), who calculated the effect of etching on the absorbed beta-
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dose from the U, Th and K chains, and thus the attenuation factors take into account
the distribution of dose within the grain arising from the different energies of the beta

emissions.

Table 3.3 Dose-rate conversion factors for converting potassium, rubidium, thorium
and uranium concentration to dose-rate (Adamiec and Aitken, 1998).

Alpha Beta Gamma
Full chain 2.685 0.143 0.112
238U
Pre-radon 1.145 0.057 0.0025
5 Full chain 16.6 0.515 0.269
35U
Pre-radon (16.6) 0.515 0.269
2 Full chain 0.732 0.0273 0.0476
’Th
Pre-radon 0.305 0.0091 0.0178
“K , - 0.782 0.243
¥Rb - 0.019 -
Notes:

1. Concentration for uranium and thorium is 1 ppm, for potassium it is 1%
natural K,0 and for rubidium it is 50 ppm.

2. Therows labelled ‘pre-radon’ give the values for 100% escape of radon in the
case of the >**Th and **U series, but because of the short half-life of ?*’Rn the
values given for 2*°U include contributions of that gas and its daughters.

3. Full chain indicates radioactive equilibrium.
4. Unitis Gy/ka.
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3.6.2 Correcting for water content

Conventional dose-rate estimates consider air and water as a constant pore-filling
substance and account for the attenuation effect of water using correction factors
(Zimmerman, 1971; Aitken, 1985; Aitken and Xie, 1990; Nathan and Mauz, 2008).
Water has a much higher absorption coefficient than minerals for alpha, beta and
gamma radiation. Therefore, the dose-rate calculated using dry materials must be

adjusted (Aitken, 1985).

Recently, Nathan and Mauz (2008) produced alternative correction factors for
carbonate-cemented deposits which experience accumulation and dissolution of
carbonate as a pore-filling substance over time. Zimmerman’s method did not
explicitly take into account the variability of the degraded energy spectra of the beta
and gamma radiations as the composition of the interstitial material changes (Nathan
and Mauz, 2008). Nathan and Mauz (2008) derived beta- and gamma-dose correction
factors for carbonate-rich sediments for varying carbonate and water contents using
dose-rate modelling, based upon primary energy spectra of U, Th and K from

Evaluated Nuclear Structure Data File (ENSDF).

For the samples researched here, carbonate content is assumed to be zero (no
significant carbonate) and water content between 5-16% (see Table 3.2). Using these
values, the correction factors used for water content as derived by Nathan and Mauz

(2008) are shown below:

Ds=Dpayl+1.19%)

D, =Dyay/(1+1.02W)
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Where W is the water content in the sediments expressed as (weight of
water)/(weight of dry material). D s ,and D » are the B and y dose-rates corrected for

water absorption and D san and D, are the p and y dose-rates of the dry sample.

However, it should be noted that in natural environments, the water content of
sediments is not always constant but fluctuates with climate and weather change,
ground water variation and compaction. Therefore, an appropriate estimate of past
water content variation and suitable correction was necessary for accurate dose-rate
determination. Table 3.2 shows that the moisture content for all samples varied from
5-16%. Although this reflects the present day water content, the sediments are free-
draining sand and gravel, thus temporal variation in water content is thought to be
minimal. An appropriate error of +5% was given to each value to account for

possible post-depositional variations in water content.
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3.7 Conclusions

In this chapter, the high-resolution gamma spectrometry method used to
calculate the U, Th and K concentrations from the Orrisdale, Wexford and
Porth Dinllaen samples has been outlined. The use of two different gamma
detectors, the coaxial HPGe detector and the Ultralow-level Canberra BE50
detector allowed reproducibility of radionuclide activities and concentrations
to be assessed. The results suggested that there was no systematic deviation in
radionuclide activity/concentration between the two gamma detectors. For the
samples where the Ultralow-level Canberra BE5S0 detector was used (OR14,
BLAI1, BLA3), results from this detector were used for dose-rate calculation
due to the higher precision output from this higher efficiency detector.

The gamma spectrometry technique allowed an assessment of disequilibrium
within the samples to be made. Activity values for radionuclides of the 238y
decay chain showed agreement within 2¢ errors. Therefore, disequilibrium
within these samples is not an issue. Corrections were made for beta dose
attenuation both within the grains (Bell, 1979; Mejdahl, 1979) and for water
content (Zimmerman, 1971; Aitken, 1985; Aitken and Xie, 1990; Nathan and
Mauz, 2008).

Assessment of the correct environmental dose-rate is vital to allow the correct
age to be calculated for a sample using OSL dating as it forms one half of the
age equation. The dose-rates shown in Table 3.2 are used for final age

calculation together with appropriate D, values.
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Chapter 4

Quartz Luminescence Characterisation

4.1 Introduction

In settings such as formerly glaciated environments the provenance of materials can
be extremely variable, thus a luminescence dating approach should include
characterisation of quartz luminescence. This ensures that a picture concerning
variation of quartz behaviour within samples and between samples from different
field sites is gained. Although the quartz at all field sites has originated from the Irish
Sea Basin, the Southern Uplands of Scotland, the Lake District and Northern Ireland,
such a large geographical source area means the ice overran bedrock lithologies
composed of different types of quartz grains (e.g. Triassic sandstones, Permo-
Triassic sandstones, Carboniferous material; see Figure 4.9). The dominance of
certain quartz types within the glacial deposit will influence its luminescence
properties. The quartz under analysis was characterised to ensure that the most
appropriate SAR protocol was applied to each sample (in terms of preheat
temperature applied), and also to confirm that the dating protocol was targeting a
dominant ‘fast’ component (Bailey, et al., 1997). This is the fast, easy to bleach

optical trap that the original SAR protocol targets (Murray and Wintle, 2000).

Preheat tests which allowed an appropriate preheat range to be defined were
undertaken and recycling ratios and thermal transfer were calculated for each preheat
temperature. Linearly-Modulated (LM) and Constant-Wave (CW) OSL decay curve

fitting allowed an assessment be made of the presence and dominance of certain
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optical components within the quartz. The fast component could then be defined in
terms of its photoionisation cross-section and compared to other components that

may be present.

Tests were applied to one sample from each field site, Orrisdale (OR), Porth Dinllaen
(NEF) and Wexford (BLA). These samples were taken as representative of the quartz
at each field site due to the close proximity of samples to one another. The short-term
processes and rapid sediment accumulation which occurred during the period of
glaciofluvial deposition also ensures that the quartz type is similar for each sample
from the same field site. The glaciofluvial stratigraphy within each field site is not
thought to be a result of multiple glacial events occurring at different times with
changing quartz provenance. This chapter outlines the concepts, methodology and
results for each quartz characterisation test. It also discusses luminescence
characteristics in relation to quartz provenance. For details concerning field site
investigations, field sampling methodologies and sample laboratory preparation

procedures see Chapter 5.

4.2 Concepts and Methodology

4.2.1 Measurement details

All luminescence measurements were performed using automated Rise DA-15
readers, equipped with diodes emitting 470A30 nm and an EMI 9235QB
photomultiplier. The optical stimulation units delivered ~30 mW cm? at 90% power
of blue diodes. The OSL, IRSL and TL emissions were detected through an optical
filter (Hoya U340, 7.5 mm) transmitting 260 nm to 390 nm wavelengths. Risg 1 had

a beta source with a dose-rate of 0.09714 + 0.00194 Gy/s (calibrated 16.01.07) and
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Risg 2 had a beta-source with a dose rate of 0.13099 + 0.00262 Gy/s (calibrated

16.01.07). For simplicity, irradiation doses will be given in Gray (Gy).

The OSL and signal depletion measurements were carried out at 125°C to prevent
retrapping of charge in the trap corresponding to the 110°C TL peak (Murray and
Wintle, 1998; Wintle and Murray, 2000). The optical stimulation time used for all
the OSL measurements was 40 seconds (unless otherwise stated) with counts in 250
channels each lasting 0.16 seconds. This was to ensure good counting statistics. The
sensitivity-corrected regenerated (Ly) and test dose (Tx) values were derived from the
OSL signal counts obtained from the initial 0.8 seconds of the OSL decay curves,
minus a background estimate obtained in the last 8 seconds consisting of instrument

‘noise’ and any remaining slower bleaching signal components.

4.2.2 The Single-Aliquot Regenerative-dose (SAR) protocol

The SAR procedure for quartz was described by Murray and Roberts (1998) and
developed further by Murray and Wintle (2000). The basic details of the SAR
protocol are outlined in Chapter 2. As luminescence efficiency per unit trapped
charge and the rate of trap filling per unit jonisation can change between
measurement of natural-OSL and subsequent regenerated signals it was necessary for
sensitivity to be monitored for each OSL measurement (Murray and Wintle, 2000).
In the SAR procedure, sensitivity changes were monitored by measuring the OSL
signal response to a test dose (Tx) given immediately after the natural (L,) or
regenerated (L,) OSL signal. By calculating a number of sensitivity corrected
regenerative luminescence intensities (L,/Tx) it was possible to produce a dose-

response (or ‘growth’) curve that brackets the expected sensitivity corrected natural
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intensity (Lw/Ty). D, estimates could then be derived by interpolation of the L,/T,

values onto their respective growth curves (See Chapter 2).

The growth curves obtained in the single-aliquot analysis were all fitted with a

function comprised of a single saturating exponential term in the form:

$CF G

HIJ

%* &A B "CDIB

Where x is the laboratory dose, a is the saturation level, the level to which the OSL
tends for large x, c is the y-intercept, and b is a dose parameter indicative of the onset

of saturation.

The fundamental assumption of the SAR protocol is that the response to the test dose
provides an appropriate measure of the sensitivity that pertained during measurement
of the main OSL signal (Murray and Wintle, 2003). This allows sensitivity to be
corrected for in both natural and regenerated cycles. For the response to the test dose
to monitor the luminescence sensitivity, the assumption is made that the electron

traps that are being probed are the same as the responsible for the main signal.

4.2.3 Assessing the suitability of the SAR protocol

The present assessment of the SAR procedure aims to (i) investigate whether the
assumptions inherent to the SAR protocol are upheld for these samples and (ii) assess
the general suitability of the particular SAR measurement conditions adopted in the
analysis of D.. This is achieved using a number of ‘internal checks’ on the SAR

protocol performance, along with the tests of SAR reliability suggested by Murray
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and Wintle (2000) (namely preheat plateau, thermal transfer, recycling ratio and dose
recovery tests). The tests outlined below have the aim of helping to design a SAR
protocol which is tailored to the samples in terms of selecting appropriate
regeneration doses, preheat temperatures and deciding whether additional recycling
ratio, OSL-IR depletion ratio (Duller, 2003), and thermal transfer tests are required.
Furthermore, confirmation that the SAR protocol was targeting a dominant ‘fast’
component was also obtained (Bailey, et al., 1997; Murray and Wintle, 2000; Murray

and Wintle, 2003).

4.2.4 D, as a function of preheat temperature; the preheat ‘plateau’ test

Preheat temperatures are an essential part of the SAR protocol as they are required to
empty any thermally-unstable light-sensitive shallow traps, particularly those filled
by laboratory irradiations. If preheat temperature is too low, then the light-sensitive
shallow traps are not effectively emptied and their el