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Abstract—1In the last 30 years, from 1967 to 1997, the use of luminescence signals from naturally occur-
ring minerals has gone though a major metamorphosis, from thermoluminescence (TL) dating of pot-
tery to optically stimulated luminescence (OSL) dating of sediments. Laboratory procedures for dating
sediments have been adapted from those for pottery and new procedures have been developed as the
need arises.

The majority of sediment dating applications are carried out on quartz and potassium-rich feldspars
and the general characteristics of the TL and OSL signals from these minerals are reviewed. For sedi-
ments some new problems were encountered, with some grains perhaps not being completely bleached
at deposition. For OSL signals there is no simple procedure for the selection of a thermally stable sig-
nal, as there had been in the case of pottery.

Many different laboratory protocols have been developed as our understanding of the fundamental
behaviour of luminescence signals from quartz and feldspar has improved. These protocols are
explained and discussed, giving the advantages and disadvantages of each procedure as applied to
different types of sediment.

This review is presented as a guide to the selection of the most appropriate procedure for a particular

dating application. © 1998 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

1.1. Natural luminescence dosimeters

Luminescence signals from quartz and feldspar
grains have been used over the last 30 years to pro-
duce dates for heated materials, ranging from pot-
tery and burnt flint (Roberts, 1997) to lava-baked
sediments (Forman er al, 1994b) and unheated
sediments (Prescott and Robertson, 1997). The ages
obtained range from a few tens of years (Ollerhead
et al., 1994) to almost a million yzars (Huntley et
al., 1993a, 1994). In the first dating studies, pottery
dating was carried out using the thermolumines-
cence (TL) signal generated when the grains were
heated following irradiation in thei: burial environ-
ment. Using heat to eject the charge from traps in
the crystal lattice was clearly an appropriate pro-
cedure for materials which had thkeir geologically-
produced TL removed by heating at the event of
interest. Once the TL signal from unheated quartz
and feldspar grains was found to bz reduced by ex-
posure to sunlight, the potential for TL dating of
sediments was explored (Wintle anc. Huntley, 1979).
It was observed that modern samples had a finite
TL signal due to the release of electrons from light-
insensitive traps and it was self-evident that heating
previously unheated mineral grains was not the
most  appropriate  measurement  procedure.
However, it was not until the mid-1980s that the
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use of light to eject light-sensitive electrons became
a reality (Huntley et al., 1985).

Optically stimulated luminescence (OSL) was first
observed using the 514.5nm (green) light from an
argon ion laser (Huntley et al., 1985). The success
of this approach depended on the use of glass filters
in the detection system which passed violet light
from 360-420 nm whilst preventing the stimulation-
wavelength photons reaching the photomultiplier.
One of the filters used is the Corning 7-59, already
used in many TL dating studies. It was possible to
observe OSL from both quartz and feldspars, since
spectral measurements have shown that many feld-
spars emit luminescence in the violet to blue (390-
440 nm) (Huntley er al, 1988a) and that quartz
OSL has an emission band in the near UV to violet
(360-420 nm). As with TL, the OSL signals can be
increased by adding laboratory dose and can be
decreased by exposure to light. Optical stimulation
of modern samples (Huntley et al., 1985; Godfrey-
Smith et al., 1988) gave a zero signal, thus indicat-
ing that only electrons in light-sensitive traps were
being observed.

Studies on feldspars, using a light source from
which near infrared wavelengths could be used for
stimulation, demonstrated that another lumines-
cence signal could be observed from aluminosili-
cates (Hiitt et al., 1988). This infrared stimulated
luminescence (IRSL) allowed many laboratories to
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enter the field of optical dating, as a suitable stimu-
lation source could be constructed from inexpensive
IR emitting diodes (Poolton and Bailiff, 1989;
Spooner and Franks, 1990). It can be seen from
Fig. 6 of Beotter-Jensen (1997) that stimulation at
around 850 nm enables the observation of a much
wider range of visible wavelengths than is possible
for the 514.5 nm stimulaticn; in particular a Schott
BG-39 filter is used in front of the photomultiplier
tube since it absorbs the infrared stimulation at
850 nm, but has almost 100% transmission at blue/
green wavelengths. Pure quartz does not appear to
give a significant luminescence signal under IR
stimulation (Short and Huntley, 1992), but purified
sedimentary quartz from dune ridges in Australia
has been shown to give measurable IRSL signals
(Huntley et al.,, 1993b). Tte IRSL signal was inter-
preted as being derived from micro-inclusions
within the quartz grains. Godfrey-Smith and Cada
(1996) reported a weak IRSL signal for quartz
extracted from sediments, but their measurements
of the micro-inclusion area and composition led
them to conclude that there were insufficient micro-
inclusions to give rise to the observed signal. They
concluded that their sigral, although showing a
stimulation peak at 840 nrn, probably originated in
the quartz lattice.

The desire to measure OSL from quartz using a
relatively inexpensive ligh: source was satisfied by
the use of a filtered halogen light. The broad stimu-
lation spectrum (Fig. 8 cf Better-Jensen, 1997) is
achieved using a combination filter pack selected to
produce the best signal-to-noise value (Botter-
Jensen and Duller, 1992). This green light stimu-
lated luminescence (GLSL) can be observed in the
near-ultraviolet part of the spectrum using a Hoya
U-340 filter (Fig. 8 of Betrer-Jensen, 1997).

These stimulation and detection systems, with
minor variations in precise stimulation sources and
filter combinations, form the technical background
for the family of lumirescence dating methods.
Dating is achieved by comparing the natural lumi-
nescence signal with those resulting from the admin-
istration of known | aboratory doses. This
comparison allows the equivalent dose, Dg, to be
determined; it is sometimes designated ED. The
equivalent dose is the arnount of laboratory radi-
ation dose that would be required to produce the
natural luminescence signal. It is also known as the
palacodose, P. This paper examines the laboratory
procedures which must be applied in order that the
luminescence signals observed may be used to
obtain correct and meaningful ages. Since the most
important technique developments in the last 10
years have been in the field of sediment dating, this
paper is primarily concerned with procedures and
protocols related to this topic.

1.2. Mineral separation

Quartz and feldspar are widespread in the geo-
logical environment, and often occur in sediments
as sand-sized, or finer, grains. In the parent rocks
in which they were formed, they may occur as lar-
ger crystals (e.g. in granites) or as fine grains (e.g.
in the matrix of a lava). Erosion by surface pro-
cesses, e.g. the action of wind, water or ice, mech-
anical shock or chemical weathering, causes grains
to break off from the parent rock. The grains will
be further reduced in size during transport, e.g. by
wind or water. Grains containing more than one
mineral type will break along the boundary and
crystals of a single mineral! type will break along
cleavage planes. The largest and most angular
grains will be found close to their source bedrock
and will not have been transported very far, e.g.
close to an ice mass or in high energy beaches.
Finer grains predominate in aeolian deposits, such
as loess, and make up the inorganic component of
deep sea sediments.

Grain sizes range from coarse sands (up to 5 mm
in diameter) to clay-sized grains, which by definition
are less than 4 um diameter. A range of grain sizes
from 500 um down to 2 pym was recognised in early
TL studies on pottery and the effect on the micro-
dosimetry was acknowledged (Aitken, 1985). This
resulted in two laboratory techniques being devel-
oped - the fine grain technique, in which the grains
in the 2-8 pm range (and for sediments 4—11 pum)
are selected, and the inclusion technique, in which
fine sand-sized grains (90-125 um) were extracted
and purified using mineral separation techniques.

Grain size selection is carried out after the sample
is disaggregated either mechanically or chemically.
Gentle crushing is used to cause breaks between
mineral grains in pottery or volcanic rocks.
Cemented sediments can be broken down by gentle
acid treatment (usually dilute HCl). Grain size
selection is then achieved by wet or dry sieving in
the case of sand-sized grains or by settling in a
liquid column according to Stokes’ Law for fine
grains. Further details can be found in the book by
Aitken (1985) or individual dating papers.

The fine grains can be considered to receive the
full alpha dose from elements in the decay chains of
uranium and thorium in their environment, since
the grain diameter is much smaller than the average
alpha particle range in a silicate (~20 pm). The fine
sand-sized grains will be mainly of quartz and feld-
spar, and, with a grain diameter around 100 pm,
will receive alpha radiation from their environment
only in the outer part of the grain. This contri-
bution can either be calculated or eliminated by
etching away the outer surface of the grain with
HF. However, it should be noted that SEM studies
have indicated that etching does not always proceed
isotropically and preferential erosion along cleavage
planes may occur {Bell and Zimmerman, 1978).
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Mineral separation techniques car be easily per-
formed on sand-sized grains, 100 um or larger,
using mineral-specific properties, such as density,
chemical resistance or magnetic properties. Quartz
is heavier than any feldspars, and usually has a den-
sity greater than 2.62 g cm™. Potassium-rich feld-
spars are the lightest, tending to have densities in
the range 2.58-2.54 gcm™. Plagicclase feldspars
tend to have densities between 2.58 and 2.62 gcm™.
Separation procedures are usually performed using
liquids with densities of 2.62 ard 2.58 gem™.
Density separation for TL dating was first described
by Mejdahl (1985) using heavy liquids made by
mixing tetrabromoethane and dipropylene glycol.
By 1988 these liquids had been replaced (for health
reasons) by aqueous solutions of heavy inorganic
salts, such as sodium polytungstate (for example as
used by Rhodes, 1988; Godfrey-Smith et al., 1988).

Since the minerals cover a range of densities,
such separations are less than perfect; this can be
confirmed by X-ray diffraction on the separates
(Godfrey-Smith and Cada, 1996). However, the
quartz fraction can be cleaned of feldspar grains by
etching in concentrated HF and then re-sieving to
remove any grains which have been made signifi-
cantly smaller. The purity of the et:hed grains can
be monitored by making an IRSL measurement
(Spooner and Questiaux, 1989; Smith et al., 1990b);
quartz containing micro-inclusions of feldspar will
always give a small IRSL signal (Huntley er al.,
1993b).

Feldspar grains will always contain grains with
some variation in composition, as well as feldspars
of different crystal structure. In dating studies, the
separates are monitored with regard to their potass-
ium content, either by chemical techniques, such as
flame photometry or atomic absorption spec-
trometry, or by beta counting, based on the
assumption that the natural beta emission of grains
with a density under 2.58 gcm™ is dominated by
that from “°K. Although some K-feldspar separates
have K contents of 11-13% (Mejdahl, 1989), values
of 8-10% K are commonly reported (Ollerhead et
al., 1994). These are somewhat less than the theor-
etical maximum of 14.0% K calculated for a pot-
assium aluminium silicate with a caemical formula
KAISi;04. Ollerhead er al. (1994) used a scanning
electron microscope (SEM) to obtain the K content
of individual grains in such a separated fraction.
They concluded that 90% of their grains were K-
feldspars with a more likely K content of 12 + 1%.
A similar SEM study for sands from a tsunami
deposit indicated that only about 50% of the grains
in the separate were K-feldspars (Huntley and
Clague, 1996); the values, calculated from this frac-
tion and the chemically-determined K content of
the separate, ranged from 11-14%. These values
were then used for the age calculation of the
samples, on the assumption that the IRSL was de-
rived entirely from the K-feldspar grains.
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Measurements on a wider range of sediments have
led Huntley and Baril (1997) to suggest use of a K
content of 12.5 +0.5% for the dating of the K-feld-
spar separate by IRSL. For large sand-sized grains
from some environments, the internal beta dose
rate from *K is the dominant contributor to the
natural dose rate.

The wide variation in composition and original
source of mineral grains in sediment, or pottery or
heated rocks, must be borne in mind when results
of particular experiments are reported and general
conclusions drawn. When contemplating a dating
application in a new geographic area, or relating to
a new depositional environment, an individual ex-
perimental programme may need to be devised to
check the applicability of particular laboratory pro-
cedures.

2. LUMINESCENCE SIGNALS FROM
MINERALS

2.1. Quartz TL peaks

Quartz exhibits a number of TL peaks when irra-
diated grains are heated from room temperature to
500°C. Two peaks above 300°C were observed for
sand-sized grains (quartz inclusions) extracted from
coarse pottery by sieving and etching in concen-
trated HF (Fleming, 1970). The preferred peak for
dating was observed at 375°C [Fig. 1(a)], for a heat-
ing rate of ~5°C/s. A peak occurring on the lower
shoulder of this peak, around 325°C [Fig. 1(b)], was
found to show an unreliable dose response and was
termed “‘malign” (Fleming, 1970). Another peak
which attracted attention for dating pottery was
only found in laboratory-irradiated samples; it
occurred at about 110°C and became the basis of
the “pre-dose dating method” when it was demon-
strated that the peak height could be used to moni-
tor dose-dependent sensitivity changes which were
observed after heating to 500°C (Fleming, 1973).

These peaks, and others, are also observed in
unheated quartz grains extracted from sedimentary
deposits. Figure 1(c) shows the natural TL from a
typical Australian sedimentary quartz (Wintle and
Murray, in press). A peak at 110°C can be induced
by laboratory irradiation, just as for quartz from
pottery. The suite of peaks observed, and their rela-
tive intensities, can be altered by the choice of
detection filter; this arises from the three main emis-
sion bands in quartz, as discussed by Krbetschek et
al. (1997). Natural quartz has two emission bands,
in the blue (460-480 nm) and in the orange (610-
630 nm) as shown in Fig. 2(a) for selected tempera-
ture ranges above 300°C (Huntley et al., 1988a).
Lower temperature peaks resulting from laboratory
irradiation also show an emission band in the near
UV to violet (360-420 nm), and it is this waveband
which is observed for OSL (see Section 2.2).
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Fig. 1. (a) and (b) TL glow curves for quartz extracted
from pottery measured at a Leating rate of 20°C/s showing
dominant peaks at 375 and 325°C (from Fleming, 1970).
TL was observed using a Corning 5-60 and a Chance-
Pilkington HA3J filter and was for a 5.5 Gy dose given
after heating to 500°C. (c) Natural TL measured at a heat-
ing rate of 5°C/s for WIDGB, Dg =58 + 6 Gy, a sedimen-
tary quartz from Widgingarra, Australia (from Wintle and
Murray, in press). TL was observed using two Hoya U-
340 filters and an HA-3 filter after a 0.1 s green light ex-
posure for normalization, ‘which resulted in the PTTL
peak at 110°C.

Figure 3(a) shows the natural TL for another
Australian quartz obtained using a Corning 7-59 fil-
ter and (inset) a combination of this filter and a
Schott UG11 (Prescott and Fox, 1990). The 375°C
peak can scarcely be seen on the high-temperature
edge of the 325°C peak when the Schott UG11 filter
is added. The two main quartz peaks above 300°C
show different bleaching behaviour under sunlight,
leading to them being described as the ‘“slowly
bleaching peak™ (SBP) and the “rapidly bleaching
peak” (RBP) (Franklin and Hornyak, 1990). Using
the Corning 7-59 and Schott UGI1 filter combi-
nation for yet another Australian quartz, Spooner
et al. (1988) showed the ease with which the 325°C
peak could be bleached by light of 500 + 20 nm
(Fig. S), as discussed fur:her in Section 2.1.2.

2.1.1. 375°C TL peak (SBP). The TL peak at
375°C has been used extensively for dating coastal
dune sediment in Australia (Huntley er al., 1993a,
1994). It bleaches more slowly than the 325°C peak,

but wind-blown grains and even sediments from
major river systems (Page et al, 1996) are well
bleached down to a non-reducible residual level by
the high intensity sunlight incident on Australia.

Spectral studies by Scholefield er al. (1994) have
shown that the 375°C peak emission for their
Australian sedimentary quartz [Fig. 4(b)] has a
maximum at about 480 nm. This emission has been
suggested by McKeever ef al. (1985) to be AlO, act-
ing as a hole trap in the quartz lattice. The beha-
viour of this slowly bleaching peak has been studied
by observing it with a green filter (Chance OGrl) in
combination with the Chance HA3 heat-absorbing
filter (Franklin et al.,, 1992). Any contribution from
the 325°C rapidly bleaching peak could be removed
by bleaching with green light, e.g. using the Chance
OGr] filter (Franklin er al., 1992) or a Schott GG-
475 filter (Prescott and Fox, 1990) in front of the
broad emission light source.

Trap depth studies indicate that this peak has
high thermal stability (E = 1.66eV, log;sS = 13
and T at 15°C>10%y) (Aitken, 1985). However, it
has been reported to saturate at relatively low doses
and might thus be thought not to be useful for dat-
ing over 50 ka. However, this peak has been used
most successfully in the dating of Australian beach
ridges back to 500 ka (Huntley et al., 1993a, 1994)
where it shows a non-saturating response to labora-
tory and natural radiation (see Section 4.2) and
where natural dose rates are very low (~0.5 Gy/ka).

More complex behaviour, which might limit the
use of the 375°C TL peak for dating, has been
reported by Hornyak et al. (1992) for a quartz from
the Kalahari Desert. Following a green light bleach
to remove the 325°C TL peak (Franklin and
Hornyak, 1990), the TL was observed with either
an ultraviolet filter (Schott UGI1) centred at
380 nm, or a green filter (OGrl) centred at 480 nm.
A single peak was obtained, but it was shifted some
20°C lower when observed with the ultraviolet filter
and was about half the magnitude (uncorrected for
filter transmission characteristics or photomultiplier
response). Kinetic analyses of the two peaks
suggested a distribution of activation energies, each
centred at 1.45eV. A computer model was gener-
ated which used a single electron trap and two
recombination  centres.  This  interpretation
accounted for the similarity of the isothermal decay
curves obtained for each peak when held at 260 and
293°C, when the data were normalised relative to
the initial signal. Hornyak et al. (1992) discussed
how this model might also affect the apparent
growth curve shape when dose is added in the lab-
oratory, giving rise to an age underestimation. In a
subsequent dating study on sand from the Kalahari,
Feathers (1997) has selected a narrower spectral
region by using a combination of the Schott UG11
and the Corning 7-59 filter. For their study of the
coastal dune ridges, Huntley et al. (1993b, 1994)
used two Corning 7-59 filters (320-420 nm),
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Fig. 2. TL emission spectra of examples of (a) quartz, (b) potassium-rich feldspars and (c) plagioclase

feldspars (from Huntley ez al, 1988a). The quartz samples were extracted from sediments. The steep

rise measured above 650 nm is primarily incandescence, but feldspars K2 and K4 have significant emis-
sion in this wavelength region.

together with a heat-absorbing fi.ter, which would
have passed part of the blue emission.

2.1.2. 325°C TL peak (RBP). The TL peak at
325°C has its emission peak at about 380 nm (Fox,
1990; Scholefield et ai., 1994) [Fig. 4(c)]. The signal
from this peak can be enhanced relative to, but not

totally separated from, the 375°C peak by using a
detection filter pack made up of a Schott UG-11
and a Corning 7-59 filter which passes from 320 to
380 nm (Prescott and Fox, 1990; Franklin and Hor-
nyak, 1990). The luminescence centre used by elec-
trons giving rise to the 325°C peak had previously
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been identified in quartz extracted from pottery as
exhibiting thermal quench.ng (Wintle, 1975). This
refers to the increased probability of non-radiative
de-excitation of the centre during the recombination
process. This resulted in a correction procedure
having to be applied, before the kinetic parameters
were calculated from laboratory experiments based
on the initial rise method (£ = 1.69¢eV,
logoS = 14, and 1 at 15°C ~ 10%) (Aitken, 1985).
These values suggest that the 325°C peak should be
stable for dating up to 10°y.

The 325°C TL peak bleaches very rapidly, even
at wavelengths as long as 500 nm. Figure 5 shows
that the natural 325°C signal is bleached very
rapidly when exposed to 500 + 20 nm light for only
1 min, when even exposure for 1200 min does not
cause any reduction in the 375°C peak. Use of
higher energy photons will bleach the 325°C peak
even more rapidly.

2.1.3. 110°C TL peak ‘pre-dose peak). The TL
peak which is found at just about 100°C for a heat-
ing rate of 5°Cjs is known as the 110°C peak. A
peak in this region can be seen in all quartz,
whether natural or artifcial (Petrov and Bailiff,
1995) provided that it has been irradiated less than
a few hours before measurement {Fig. 3(a)]. The
peak has a maximum ernission at about 380 nm,
corresponding to the H;04 hole centre in quartz
(Yang and McKeever, 1990).

The 110°C peak electron traps can be populated
by irradiation or by photo-transfer. For instance,
when quartz with a strong 325°C TL peak is
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exposed briefly to green light at room temperature
(Wintle and Murray, in press) and then heated,
phototransfer is observed, as in Fig. 1(c). The kin-
etic parameters of the 110°C TL peak are given as
E =098eV, logeS~13 and 7 at 15°C~7h
(Aitken, 1985).

The response of the 110°C TL peak to a small
test dose can be enhanced significantly by heating
to temperatures above 200°C. The process was
explained by Zimmerman (1971) and Yang and
McKeever (1990), and used to measure small doses
received by ceramics (Bailiff, 1994).

2.1.4. Other TL peaks. Examination of the glow
curve of laboratory irradiated sedimentary quartz
shows that there are several other peaks; for
example Fig. 6(a) shows peaks at 160 and 280°C,
the former also being rapidly bleached by exposure
to light (Wintle and Murray, 1997). In their study
of emission wavelengths from another Australian
quartz, Franklin er al. (1995) reported rapidly
bleaching peaks at 150-180°C and at 200-220°C,
having emission wavelengths of 392 and 410 nm, re-
spectively. Their spectral plots are shown in
Fig. 6(b). They conclude that the peaks at 110, 180,
220 and 325°C all use the same luminescence centre,
and its emission peak shifts to higher wavelengths
as the temperature of the sample is increased.

2.2. Quartz OSL

OSL can be observed when irradiated quartz is
exposed to light of any visible wavelength.
Stimulation is usually achieved with either the
514.5nm (2.41¢V) argon line or a broad band
green light source based on a filtered halogen lamp.
However, the efficiency of OSL production as a
function of stimulation wavelength has been
measured using other laser lines from the deep red
646 nm (1.92 eV) to the blue 458 nm (2.71 eV) and
including 626, 569, 530 and 488 nm (Ditlefsen and
Huntley, 1994). A continuous stimulation spectrum
from 420-650 nm (Botter-Jensen et al., 1994) has
been obtained for a sedimentary quartz (Fig. 19 of
Botter-Jensen, 1997). These measurements showed
that OSL production is strongly dependent upon
wavelength, with more energetic photons resulting
in higher OSL intensities. This might be thought to
result in different behaviour, depending upon
whether a monoenergetic laser line is used or a
broad light source, such as in the filtered light
source of the Riso reader (Fig. 8 of Better-Jensen,
1997). This was explored by Duller and Baotter-
Jensen (1996) and no difference was observed.
Murray and Wintle (1997) conclude that although
the lamp gives a stimulation band from 420 to
550 nm, it behaves as a stimulation source with an
effective energy of 2.65 eV (468 nm). It is presumed
that the main effect of decreasing stimulation wave-
length is to increase the detrapping probability, and
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Fig. 4. Spectral measurements of the natural TL of Australian sedimentary quartz from Tennant Creek

(from Scholefield er al., 1994) (a) preheated at 240°C for 60 s and given 1 Gy dose to activate the 110°C

peak, (b) after bleaching in ye!low light for 30 min and preheated at 240°C for 60 s and (c) the differ-

ence spectrum between the data in (a) and (b) to obtain the spectrum of the rapidly bleaching peak at
around 325°C.

thus the OSL production rate, rather than to access
different (deeper) traps.

The emission spectrum for Australian dune sands
has been observed using a stimulation wavelength
of 647nm from a krypton laser (Huntley es al,
1991). Figure 7(a) shows a singlz emission band
centred on 365 nm. This data point is marked on
Fig. 6(b) (at 22°C), and is in line with the trend of
emission maxima of the rapidly bleaching TL
peaks.

The OSL signal has been extensively studied (see
Spooner (1994b) and Huntley er al. (1996) for over-
views) and used in a variety of dating applications
(see reviews by Prescott and Robertson (1997) and
Roberts (1997)). No concensus has been reached
concerning the long-term stability of the OSL sig-

nal. OSL signals have been observed for quartz
grains ranging from a few years (Murray et al.,
1995) to almost a million years old (Huntley et al.,
1985). However, the OSL signal of a laboratory
irradiated quartz has been observed to decay sub-
stantially on storage over a few weeks at ambient
temperatures (Godfrey-Smith, 1994). Hence the
OSL signal appears able to be generated from at
least one unstable and one stable trap. Using iso-
thermal decay studies at elevated temperatures,
Smith er al. (1990a) considered the more geologi-
cally stable signal to be derived from a single elec-
tron trap (E = 1.84eV, log;,S =153 and t at
20°C ~ 600 x 10°y). A similar thermal stability has
been reported by Wintle and Murray (in press) who
concluded that a single electron trap explained over
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length band centered at 500 nm.

99% of their natural OSL from a 35 000-year-old
sediment. These reports conflict with that of
Huntley et al. (1996), who found the natural OSL of
a very old sample to requ:re four summed exponen-
tials to explain their isothermal decay data. Their
data, and those of Smith et al. (1990a) and Wintle
and Murray (in press) are given in Table 1. More
isothermal decay experimznts on samples of differ-
ent ages and levels of saturation are clearly required
to establish which interpretation is appropriate.

2.3. Feldspar TL peaks

Many potassium feldspars extracted from sedi-
ments also exhibit two raain TL peaks at around
280 and 330°C for a heating rate of 2°C/s (Mejdahl,
1988a) (Fig. 3 of Better-Jensen, 1997). TL emission
spectra of various alkali and plagioclase feldspars
were obtained by Huntley er al. (1988a,b) and are
reproduced in Fig. 2(b,c). Figure 2(b} shows violet
to blue emission (390-44C nm) for some K-rich feld-
spars and Fig. 2(c) shcws yellow-green emission
(560-570 nm) for some plagioclase feldspars. More
complex TL spectral behaviour has been reported
for well-characterised thin sections of feldspars
(Garcia-Guinea et al., 1996; Krbetschek er al.,
1997) but no simple rela:ionship with structure has
been found.

Effects of sunlight exposure have been reported
for TL of feldspars measured using a Corning 7-59
filter combined with an HA-3 (Robertson et al.,
1991, 1993). Data were obtained for samples whose
emission spectra had previously been obtained
(Prescott et al., 1990; Prescott and Fox, 1993). A
16-h exposure reduced tie natural TL to less than
10% of the initial value, but the bleaching rate had
already slowed appreciably after the first Sh, with

the lower temperature peaks bleaching more
rapidly. Charge transfer was observed with PTTL
peaks appearing in some samples (Robertson et al.,
1991). The effects of sunlight bleaching were
explored in more detail by Prescott et al. (1994)
when the emission spectra of the same samples were
observed after a 1-h sunlight exposure. They con-
clude that feldspars have no rapidly bleaching peak
similar to the RBP peak in quartz, and hence the
OSL signal from feldspars cannot be linked to a
particular TL peak.

Significant reduction in the TL signal of feldspars
by exposure to infrared has also been found
(Duller, 1995a) but the reduction is not specifically
related to a single TL peak. No link between IRSL
and a particular TL peak has been established.

The trap depth studies of Strickertsson (1985)
suggested that the 330°C TL had relatively high
thermal stability (>25x 10° y for storage at 10°C),
but studies on feldspar grains separated from a
Tertiary sand from Jutland (10-20 x 10°y) suggest
a lifetime of about 0.8 x 10°y for a K-feldspar sep-
arate with K = 10.5% (Mejdahl, 1988a), thus limit-
ing its application to grains less than 0.5x 10%y
old, at least for feldspars of Scandinavian origin. In
a further study of Tertiary sands, Mejdahl (1989)
measured the ratio of the saturation TL signal,
assumed to be at an equilibrium value. Combining
these ratios with the individual dose rates, he calcu-
lated lifetimes of about 0.7 x 10%y for the 330°C
peak and about 0.4x 10°y for the lower peak.
Mejdahl (1989) gives an age equation which cor-
rects for thermal fading and makes allowance for
the different rates at which the saturation level is
approached, ie. owing to the different dose rates.
For a sample of 100 ka, the uncorrected TL ages
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Fig. 6. (a) TL of Australian quartz WIDGS after bleach-
ing and irradiating with 43 Gy, and then being given a
preheat to 110°C, with one sample being exposed to green
light for 2s; the peaks at 160 and 325°C bleach rapidly
compared to the other peaks (from Wintle and Murray,
1997). (b) Spectral results for Australian quartz from
Puritjarra (from Franklin et al, 1995) showing the TL
peaks at ~325, ~160 and 110°C, each with emission peaks
which are probably related to the same luminescence
centre. X at 22°C for OSL from another quartz, as in
Fig. 7(a).

are underestimated by about 9%, for 150ka by
15% and for 200 ka by 22%. For these samples the
correction to the ages varies little with dose rate
(from 1.5 to 5 Gy/ka). For samples over 250 ka the
natural dose rate plays an important role in defin-
ing the natural saturation level, and results in the
definition of a practical dating limit which is dose
rate  dependent. For alkali feldspars of
Scandinavian origin (with 11-13% K), Mejdahl
(1989) suggested that corrected ages can be
obtained for samples as old as 400 ka; Balescu ez al.
(1997) suggested that for their lower K content feld-
spars (7-8% K) from north-western France, the
upper age limit (after correction) may be as much
as 800 ka (see Section 8.3).

However, thermal decay following predicted kin-
etic behaviour is not the only cause of loss of lumi-
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nescence. Anomalous fading of the TL signal from
feldspars of volcanic origin has been found (Wintle,
1973). It is also reported in some sedimentary feld-
spar separates, although it does not seem to occur
to the same extent. This may be due to the TL sig-
nal being from a mixture of feldspar grains, only
some of which exhibit anomalous fading.
Mechanisms of anomalous fading have been dis-
cussed by Duller (1997) (section 2.3). After several
years’ study of anomalous fading (Visocekas, 1985)
and the related phenomenon of an “afterglow”,
which is observed at low temperatures following ir-
radiation at room temperature (Visocekas, 1993), a
new possibility for dating volcanic feldspars has
emerged. Zink and Visocekas (1996) have suggested
using a near-infrared emission band centred around
700710 nm which appears to be stable over hun-
dreds of thousands of years. TL observed in this
wavelength region increases with dose and also
appears to bleach in a few hours, similar to its blue
counterpart which shows anomalous fading.
Unfortunately it is difficult to separate the TL emis-
sion at this wavelength from the black body radi-
ation, thus making observation of the TL above
300°C difficult. However, very promising prelimi-
nary results have been reported for sanidines of vol-
canic origin, for which there are independent age
estimates (Zink and Visocekas, 1997).

A peak at 150°C is found in laboratory-irradiated
potassium feldspars. The electron trap responsible
for this peak has been shown to compete with the
deeper more stable traps, with the 330°C TL peak
growing more slowly if laboratory irradiation is car-
ried out at 130°C, thus keeping the shallow traps
empty (Mejdahl et al, 1992). This has led to a
further correction procedure being applied to
samples of over 15000 y from West Greenland; this
involves the value of Dg obtained for 25°C ir-
radiations being multiplied by 1.35. This effect
needs further investigation for TL, OSL and IRSL
for a much wider range of feldspars (Mejdahl and
Christiansen, 1994),

2.4, Feldspar OSL

Feldspars were also the subject of the early OSL
studies carried out with the 514.5nm line from
argon lasers (Huntley et al., 1985; Godfrey-Smith et
al., 1988). The first emission spectra were obtained
by combining measurements of stimulation using
this line, whilst observing at wavelengths shorter
than 500 nm, and the 633 nm line from a krypton
laser, whilst observing below 550 nm (Huntley e?
al., 1989). The spectra for the plagioclase feldspars
were identical to the TL spectra of the same
samples in this restricted wavelength region. Using
narrow pass filters and the 633 nm stimulation,
Jungner and Huntley (1991) demonstrated that the
OSL is dominated by emission at 400 nm [Fig. 7(b)).
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sedimentary quartz from south-east South Australia
using the 647 nm line from a krypton laser (from
spectrum of a similar sample in Fig. 2(a), but is simi-
Fig. 6(b). (b) Emission spectra of several samples of

sedimentary K feldspars from Finland, aged about 100 ka, obtained for stimulation using the 633 nm
linz from a helium-neon laser (from Jungner and Huntley, 1991).

Given the limited number of luminescence labora-
tories which have lasers available for optical stimu-
lation (in Simon Fraser University and Oxford
University), relatively few results have been
obtained using the OSL (rather than IRSL) of feld-
spars since the initial studies were published in the
1980s. In fact the only dating application using
green light stimulation of feldspar separates was in
1985 by Huntley er al. ir. their first paper. In an
extensive study of the 4-11 pm and 43-54 um poly-
mineral fractions from a sample of European loess
(<20 ka), Questiaux (1991) used both 514.5 nm
laser stimulation and 880 nm infrared diode stimu-
lation, each with two sets of detection filters. No
significant differences were found between any of
the values of Dg obtained. Questiaux (1991) con-
cluded that it would be appropriate to measure the
larger grain size and that density separation could
be applied, as carried out in an earlier TL study of
older loess by Balescu er al. (1988).

Following the development of a filtered halogen
lamp light source (Better-Jensen and Duller, 1992),
some fundamental studies have been reported in
which the green light stimulated luminescence
(GLSL) and IRSL signals of the same samples have
been compared (Duller and Better-Jensen, 1993; Li
and Tso, 1997). Ever since infrared diodes were
shown to give an easily measurable IRSL signal,
optical dating of feldspars has been dominated by
measurements made using IR stimulation. Even
those laboratories with green light stimulation sys-
tems have used them almost entirely for quartz,
whilst using IR stimulation for feldspars. However,
the different bleaching responses of the two signals
as demonstrated by Duller and Better-Jensen (1993)
could be extremely useful for sediments where
bleaching at deposition may have been inadequate
to fully bleach either signal (see Section 8). This
different bleaching behaviour suggests that these
signals might be derived, at least in part, from two

Table 1. OSL trap parameters and lifetime at 20°C

% E (eV) 02165 (Sin s 1 at 20°C (Ma) Irrad Reference

100 1.84 +0.07 15.3 600 lab Smith et al. (1990a)

20 1.39 + 0.07 12.0 0.014 nat Huntley et al. (1996)

20 1.55 £ 0.07 12.9 2.0 nat

49 1.65+ 0.01 13.43 28 nat

1 1.82 £ 0.05 14.1 4700 nat

>99 1.88 1 0.03 159 850 nat Wintle and Murray (in press)
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separate traps. This hypothesis was backed up by
the different thermal stabilities found for the GLSL
and IRSL signals from the same feldspar separates
taken from an alluvial sediment (Li and Tso, 1997).
They calculated that for the OSL signal, the lifetime
at 10°C was about 1 million years, more than two
orders of magnitude greater than 1hat for the IRSL
signal.

OSL has also been obtained for a wide range of
stimulation wavelengths. Better-Jensen et al. (1994)
used a monochromator and halogen light source to
stimulate at wavelengths ranging from 380-1020 nm
(see Fig. 20 of Duller, 1997). The results obtained
for a suite of well-characterised mruseum specimens
of feldspar were used to try and link the spectral
changes with the known crystal structure (Poolton
et al., 1996).

2.5. Feldspar IRSL

Following the first announcement of the unex-
pected stimulation peak in the near infrared for a
number of sedimentary feldspars (Hiitt ef a/., 1988),
considerable effort has been put into characterising
the stimulation spectrum for a number of chemi-
cally-characterised museum specimens.

In particular, Bailiff (1993) and Bailiff and
Barnett (1994) used a tunable titanium-sapphire
laser to measure the stimulation spectra in the 700-
1000 nm region of the near infrared. A chip of
orthoclase (8.4% K) was found to have a stimu-
lation spectrum which could be characterised by a
Gaussian when plotted as a function of photon
energy (see Fig. 18 of Batter-Jensen, 1997). For this
particular feldspar sample they showed that the
stimulation peak at room temperature was at
854 nm (1.455 4+ 0.002 eV). These studies have been
extended to a wider range of well-characterised feld-
spars, and to fine grain sediment samples from
intertidal sediments of Holocene age (Barnett and
Bailiff, 1997). The fine grain sediment samples were
shown to contain both plagioclase feldspar and the
potassium feldspar orthoclase. These studies showed
that all samples not only had a stimulation peak
close to 1.45¢V, but also a second, weaker, peak
centred at about 1.6eV (~775nm). The authors
noted that there was a trend for the ratio of the
intensity stimulated by the ~1.6eV radiation to
that by the ~1.45 ¢V radiation to be greater for pot-
assium-rich feldspars than the sodium-rich feld-
spars, but found no systematic change in the
position of the lower energy peak, as previously
reported by Godfrey-Smith and Cada (1996).

Such studies aid the selection of the most appro-
priate diodes for more routine measurements.
Commonly used diodes have emission peaks at
880nm (e.g. TEMT 484) or 875nm (Telefunken
TSHA 6203), both of which have a width of about
80 nm. Godfrey-Smith and Cada (1996) suggested
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that it might be more appropriate to use a small
semiconductor laser tuned to 845 nm.

Given that the stimulation wavelength for IRSL
is well away from the visible emission region, it has
been relatively easy to determine the emission spec-
trum. The first results were obtained by Huntley et
al. (1991) for the K feldspars whose TL spectra had
already been studied. They used IR diodes (775-
980 nm) for stimulation and found the emission
peak to be at 410 nm (Fig. 8), with evidence of a
less intense peak between 300 and 350 nm.
Measurements made on the plagioclase feldspars
indicated that they emitted primarily at 570 nm.
Thus IRSL signals from both types of feldspar are
passed by the Schott BG-39 filter (Fig. 6 of Better-
Jensen, 1997), although the orange 570 nm emission
will be less efficiently detected as the quantum effi-
ciency of a bialkali photomultiplier tube starts to
drop off in this wavelength region (Fig. 1 of Better-
Jensen, 1997). Using a CCD camera-based spec-
trometer, Krbetschek er al. (1996) observed emis-
sion bands at 330, 410 and 560 nm for the natural
IRSL of potassium-rich feldspars extracted from a
sediment. They alse reported the presence of emis-
sion bands at about 280 and 700 nm, although
these could not be detected directly because of the
need to use a Schott BG-39 filter to prevent light
from the stimulation source reaching the detector.

Rendell er al. (1995) used a spectrometer with
two imaging photon detectors (IPDs) to give an
extended spectral range (200-800 nm) (Fig. 17 of
Botter-Jensen, 1997) (Luff and Townsend, 1993).
They observed the emission peak at 290 nm for
natural TL confirming the spectral results of
Prescott and Fox (1993) and Prescott et al. (1994).
They also found a 290 nm emission for IRSL from
the same laboratory-irradiated sample, but no natu-
ral IRSL at this wavelength. This behaviour was
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Fig. 8. IRSL emission spectra in the range 300-530 nm for
K-rich feldspar obtained using IR diode stimulation (from
Huntley ez al., 1991).
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subsequently explained in a further study using the
same system. Clarke and Rendell (1997a) found
that the 290 nm IRSL emission from a laboratory-
irradiated chip of albite could be removed by heat-
ing. As the preheat temperature was increased up to
200°C, there was also an ini:ial increase in the emis-
sion at 380 nm, which subsequently decreased as
200°C was reached. Clark: and Rendell (1997b)
demonstrated that the UV emission is probably re-
lated to a defect site associated with a sodium feld-
spar lattice structure. Smell amounts of sodium
feldspar may be found in some potassium-rich feld-
spars, and this explains their observation of 290 nm
emission in all feldspar samples, whether museum
specimens, feldspar standards or potassium-rich
feldspars separated from secliments.

Experiments carried out involving a 220°C pre-
heat show that sustained preheats, of 1min or
more, remove the 290 nm emission and simul-
taneously result in stabilisation of the emission at
380 and 560 nm (Fig. 9). This phenomenon results
in very different behaviour of the IRSL signal when
it is observed with each of the two commonly used
filter combinations, namely the Corning 7-59 plus
Schott BG-39 (as used in OSL/TL readers equipped
only with infrared diodes) and the Hoya U-340 (as
used in readers equipped with a green light stimu-
lation system). The IRSL signal observed with the
U-340 decreases with increasing preheat tempera-
ture, whereas it increases when observed with the
other filter combination (Clarke and Rendell,
1997a). A preheat of at least | min at 220°C would
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eliminate differences between measurements made
with different filters during a dating procedure.
Another effect of the observed phenomenon
relates to the use of IR stimulation as a check for
the purity of quartz (Section 1.2). If the check for
IRSL was made with the U-340 filter, as might be
the case in an OSL quartz dating procedure, very
little signal would be detected from the natural
samples. It would thus be preferable to make the
IRSL test using either a BG-39 filter alone (or com-
bined with a 7-59 filter) or an irradiated, but unpre-
heated, sub-sample. '
There is limited information on the long-term
thermal stability of the IRSL signal from feldspars.
Anomalous fading of the IRSL signals from a large
number of feldspars has been reported by Spooner
(1992, 1994a). A few isothermal decay studies of
IRSL from feldspars not exhibiting anomalous fad-
ing are reported in the literature (Li and Wintle,
1992), but none have led to the derivation of trap
depth values and calculated half-lives. Instead the
trap depths and frequency factors have been deter-
mined using procedures analogous to those for TL
analyses. Short and Tso (1994) proposed a method
of analysis which used a non-linear heating rate. A
simpler method was proposed by Li et al. (1997)
which involves pulse annealing of samples after an
initial preheat at 220°C for 10 min to isolate the
more thermally stable part of the IRSL signal
Preliminary results obtained by Tso et al. (1996) on
one K-rich and one Na-rich feldspar separate gave
a lifetime of ~10%y for the former, but one five
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Fig. 9. IRSL emission spectrum over the range 200-800 nm obtained for a laboratory-irradiated chip of
the sodium-rich feldspar albite (CLBR). Sustained heating for more than 1 min at 220°C removes all
emission at 290 nm (from Clarke and Rendell, 1997b).
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orders of magnitude less for the latter. Further stu-
dies of this type are required on a wide range of
feldspars. In a second study, Li and Tso (1997) car-
ried out the same procedure on another K-rich feld-
spar separate and found a similar lifetime for the
IRSL, but a lifetime two orders of magnitude less
when the same procedure was used for the OSL.

2.6. Calcite TL and OSL

Calcite, a crystalline form of CaCOj; found in
nature as flowstone in caves, has a TL signal, with
emission around 570 nm. The potential for using at
least one of the TL peaks for dating has been
explored (Wintle, 1978; Debenham, 1983).
However, applications have been few due to the
limited nature of the application to cave deposits.
Also, disequilibrium of the uranium decay chain
needs to be accounted for, and th: measurements
required are themselves the basis of a better estab-
lished dating method.

Ugumori and Ikeya (1980) presented the results
of optical stimulation experiments on calcite from
an archaeological site. Unlike the OSL measure-
ments on feldspars and quartz, they used stimu-
lation wavelengths shorter than the detection
wavelengths. This work was not followed up, but
the relatively high luminescence sensitivity of pure
crystalline calcite may lead to rew possibilities
using optical stimulation. For example, Liritzis
(1994) has used light-sensitive TL signals for dating
the construction of buildings made of limestone
blocks; a more detailed study o the bleaching
characteristics of the TL from a number of lime-
stone and marble samples has shown charge trans-
fer from the 280 and 350°C TL peaks to a PTTL
peak at around 180°C (Liritzis et al, 1996). OSL
measurements would be more appropriate for this
type of dating application.

2.7. Zircon TL and OSL

Zircon grains have long been realised to be useful
dosimeters. Zircon grains have high concentrations
of uranium in their lattice structure, and thus their
dose rate is dominated by their self dose. This
means that they are negligibly affected by changes
in the dose rate of their environment, such as is
caused by changing water content. Their dose rate
is constant, as the uranium was incorporated in the
lattice far back in geological time. TL dating of in-
dividual grains has been carried out (Templer and
Smith, 1988) on zircons extracted from pottery and
TL emission spectra of zircons have been obtained
by Huntley et al. (1988a). However, a grain-by-
grain approach is required because each grain has a
different uranium content and a different TL sensi-
tivity. A significant improvement ir. measurement of
zircon grains was achieved by Smith et al. (1991),
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who used an imaging photon detector (IPD) instead
of a photomultiplier tube for measuring the TL sig-
nal from a number of grains simultaneously.

An additional problem is caused by the original
formation of the zircon grain, a process which
results in a non-uniform crystal structure (Templer,
1985, 1986). This meant the simple comparison of
the natural TL and the regenerated signal from the
same grain may not result in an equivalent dose
which can be combined directly with measurements
of the grain’s internal dose rate based on the aver-
age uranium content.

The same problem of sample inhomogeneity
applies to the OSL signal that is obtained from zir-
con grains. Zircon grains are known to produce
OSL signals (Smith, 1988), and their contribution
to the OSL signal from quartz grains separated
from a sediment needs to be considered if heavy
liquid separation has not been employed to remove
heavy minerals, including zircon grains.

3. OPTICAL BLEACHING
3.1. Effects of light exposure

It was recognised early on in the development of
TL dating of pottery that samples should be pre-
pared in reduced light levels, ambient lighting being
found to decrease the TL signals. The role of sun-
light as a bleaching agent which could reduce TL
signals to a finite but stable level was not exploited
until results were reported for fine grain silicate
minerals extracted from an ocean core (Wintle and
Huntley, 1979). Dating of sediments had been
reported in the Russian scientific literature several
years earlier than this, but the mechanism which
was thought to reduce the TL signal was the break-
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Fig. 10. Reduction of natural OSL and TL signals from

samples of quartz and feldspar when exposed to sunlight.

The OSL signals are reduced both more rapidly and more

completely than the TL from the same sample (from
Godfrey-Smith er al., 1988).
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down and grinding of bedrock by ice at the base of
the massive ice sheets which covered northern parts
of Europe during giacial periods.

The much greater speed of reduction of OSL
than TL signals was demonstrated for quartz and
feldspar by Godfrey-Smith et al. (1988). Figure 10
shows the reduction in quartz and feldspar OSL as
a function of sunlight, with the quartz OSL (as
measured with an argon ion laser) being reduced to
~1% of the initial value by 20 s exposure to direct
bright sunlight. The feldspar OSL bleached less
rapidly under the same conditions, taking about
6 min to reach that level of reduction. Weak OSL
signals could still be observed after several hours’
sunlight exposure, but in the case of quartz were
less than 0.01% of the initial value and close to the
equipment background. In the same time the quartz
TL signal measured at 375°C had only reduced to
10% of its initial value and appeared to be reaching
a finite residual level. The feldspar TL shows that a
greater reduction is possible on extended light ex-
posure. These findings are consistent with finite TL
signals being found for quartz (and feldspar) from
modern sediments, but with zero OSL signals
(Godfrey-Smith er al., 1988; Huntley ez al., 1985).
Figure 11 shows the sunlight bleaching of the TL
and IRSL of sedimentary feldspar grains, again in-
dicating the more rapid and more complete bleach-
ing of the optically stimulated signal, in this case
the IRSL.

3.1.1. Untrapping of electrons. The most obvious
explanation for the decay in the luminescence sig-
nals when they are exposed to light is that the OSL
is produced by the recombination of electrons
which have been optically detrapped, and the
observed decay is due to the depletion of the trap
with continual stimulatioa. For quartz, release of
charge (presumed to be electrons) from these traps
can also be monitored by the observation of a TL
peak at 110°C after light exposure. This photo-
transferred TL (PTTL) peak has been shown to
vary in phase with the OSL signal and with the loss
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Fig. 11. Reduction in natural IRSL and TL on exposure
to bright sunlight for K-rich feldspars separated from
sand.
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of TL from the light-sensitive 325°C TL peak
(Stoneham and Stokes, 1991; Murray, 1996b;
Wintle and Murray, 1997). The initial OSL signal
from quartz had already been related to the 325°C
TL peak (Smith ez al., 1986; Kaylor et al., 1995).

3.1.2. Reduction in the number of luminescence
centres. Whilst untrapping of electrons is the most
likely explanation for the decay of the OSL signals
from quartz under prolonged stimulation, the re-
duction in the number of luminescence centres
available for radiative recombination during lumi-
nescence measurements subsequent to bleaching
must also be considered (McKeever, 1991, 1994).
Computer simulations by McKeever and Morris
(1994) have shown that such a reduction in lumines-
cence centres, linked to the availability of at least
one non-radiative centre, could explain the decay of
some luminescence signals from quartz which were
observed experimentally (Morris and McKeever,
1994). Allocation of the effect of bleaching on other
luminescence signals, such as the PTTL peak at
110°C, to either loss of trapped electrons or loss of
luminescence signals is less clear-cut (Wintle and
Murray, 1997). No similar study has been done on
any feldspar, although a characteristic feature of
their behaviour is that there is either no loss in TL
at any temperature after the IRSL has been
removed by the measurement (Musson et al., 1994)
or there is a uniform but limited reduction in TL
(e.g. ~10%, Musson and Wintle (1994) or ~20%,
Richardson et al. (1997)).

3.2. Use of different wavelengths

Comprehensive bleaching studies using wave-
length bands selected from a tungsten halogen lamp
with narrow pass filters have been carried out on
quartz. The bleaching behaviour of the 325 and
375°C TL peaks as a function of wavelength was
reported by Spooner er al. (1988). Figure 12 shows
the power required to reduce these peaks (given
here as 320°C and 370°C) to 0% and 80% of their
initial values, respectively. Also shown is the power
required to reduce the OSL signal obtained using
the 514.5 nm argon laser line by 5, 50 and 95%, re-
spectively (Spooner, 1994b). It can be seen that it is
extremely difficult to reduce the 370°C TL peak
(and a higher peak at 480°C, see Fig. 5(a)) with
wavelengths greater than 400 nm. Bleaching of
these peaks appears to be restricted to the violet
part of the visible spectrum and the near ultraviolet.
The 325°C peak also shows a similar relationship
for the power levels required at different wave-
lengths from 320 to 400 nm, but with 100 times less
power being required to achieve the same percen-
tage reduction.

In addition, significant reduction was also
observed for wavelengths up to 630 nm, albeit for
increased power levels. The variation in power with
wavelength from 400 to 600 nm was similar for the
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OSL stimulated using the 514.5nm laser line (from
Spooner, 1994b).

325°C peak and the OSL signal, again demonstrat-
ing their intimate relationship. Clase comparison of
these results with the transmission characteristics of
the filters in the stimulation filter pack of the Rise
green light system (Fig. 8 of Better-Jensen, 1997)
indicates that exposure of irradiated quartz to the
green light would not affect the 370°C TL peak, but
would cause rapid reduction in the 325°C TL peak
and the OSL signal. Since there is no reduction in
the 370 and 480°C peaks in this wavelength region,
it is unlikely that the electron traps for these peaks
contribute directly to the OSL signal, although
Murray and Wintle (1997) have shown that there is
a contribution of ~1% from traps in this tempera-
ture region. The inclusion of the more energetic
wavelengths below 500nm in this stimulation
source must be borne in mind when experimental
results obtained with this source are compared with
those from the coherent, monochromatic light from
the 514.5 nm argon ion laser line; as noted earlier,
Murray and Wintle (1997) ccncluded that the
broad band green light in the Rise OSL/TL reader
acts as a light source with a single wavelength of
468 nm. Duller and Baotter-Jensen (1996) have made
a direct comparison of the behaviour of the OSL
signal obtained using the broad band green light
(420-560 nm) and narrow wavebands with 25 nm
resolution from 420 to 630 nm obtained using a
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narrow band pass monochromator in front of the
stimulation light source. They concluded that, once
a correction had been applied for the variation in
stimulation efficiency as a function of wavelength,
the shapes of the OSL decay curves were the same
over the range from 425 to 575 nm. This suggests
that the traps and luminescence centres used in the
production of OSL are the same, irrespective of
wavelength.

3.3. Use of different power

Relatively few OSL experiments have been
reported in which the power level is varied, whilst
retaining the same stimulation wavelengths. The
photon flux density at the sample is important as it
has a bearing on the mechanism of charge untrap-
ping, whether the process uses one or more pho-
tons. Using short stimulation times with the 514 nm
laser line, Spooner (1994b) showed that the OSL
intensity of a quartz sample was linear with the
power of the laser beam over three orders of magni-
tude (0.28-238 mW cm™2). He concluded that this
behaviour was indicative of a single photon absorp-
tion process, as originally proposed by Hiitt er al.
(1988).

The power is also likely to affect the rate of
charge untrapping, particularly if shallow traps are
involved in the production of the OSL. This could
alter the shape of the OSL decay curve, and this led
Duller and Botter-Jensen (1996) to measure full
OSL decay curves for quartz illuminated with green
light from a broad band (420-560 nm) light source.
The decay curves obtained over a power range cov-
ering two orders of magnitude (0.11-12 mW cm™?)
were almost identical when plotted with the OSL
given in counts per mJ (rather than in cts/s).

For dating studies, power levels are usually
selected to be as high as possible, in order to obtain
the maximum luminescence signal output. It is lack
of available power that is the reason for green light
emitting diodes not being adopted as a cheap and
robust alternative to the filtered green light
(Galloway, 1993, 1994)

3.4, Natural bleaching spectrum

In the natural environment, bleaching of the TL
and OSL signals occurs as the result of exposure to
all solar wavelengths that reach the Earth’s surface.
Atmospheric absorption bands place a lower limit
on the wavelengths available in the near UV. A
typical mid-day solar spectrum is shown in
Fig. 13(a) (from Baray and Zoller, 1994). This gives
the range of wavelengths experienced by grains in
an aeolian sediment.

Grains which are transported underwater, never
having been exposed to direct sunlight, will have ex-
perienced a more restricted spectrum due to absorb-
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Fig. 13. (a) Spectra for SOL2 sunlamp and a daylight standard (from Baray and Zéller, 1994). (b)

Measured natural solar spectra obtained on deck and at a depth of 4 m in a turbid river (original from

Berger and Luternauer, 1987). Note spectral attenuation below 500 nm and above 690 nm (from Fuller
et al., 1994).

tion and scattering in the water column (Berger,
1990). Any sediment in the water will restrict the
spectrum even further, as shown by Berger and
Luternauer (1987) in their study of the TL of fine
grained sediment from the Fraser River [Fig. 13(b)].
Underwater bleaching experiments on the TL and
OSL signais from quartz and TL and IRSL signals
from feldspars have been carried out at depths of
up to 14 m below a calm sea surface (Rendell et al.,
1994b). The IRSL and OSL signals were effectively
zeroed by 3h exposure 2t water depths down to
about 10 m, whereas the TL signals were reduced
by about 50%.

3.5. Use of laboratory light sources for bleaching

Since it was first established that the TL signal in
modern sediments was not zero (Wintle and
Huntley, 1979), it was realised that fixed intensity
laboratory light sources would need to be used to
attempt to establish the signal which would have
been found in sample grains at deposition. Solar
radiation in many parts of the world is not suffi-
ciently constant to be used for laboratory exper-
iments, and lamps were chosen which had spectral
characteristics similar to sunlight, e.g. the Honle
SOL2 lamp, whose spectrum is reproduced in
Fig. 13(a). Comparison of these spectra with the
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data of Fig. 12 shows that the higher temperature
peaks will be bleached by both sunlight and the
SOL2. Baray and Zoller (1994) expressed concern
at the effect of the peak in the spectrum of the
SOL2 at about 370 nm, shown shaded in Fig. 13(a).
Berger (1995) has strongly advised against the use
of any unfiltered sunlamp for laboratory bleaching
experiments, in particular for the dating of fine
grain sediments by TL. Also it should be noted that
the SOL2 intensity is several times that of direct
sunlight.

An alternative laboratory bleaching approach has
been used for TL dating of feldspars, in which a
range of residual signals is obtained using a fluor-
escent lamp (Philips TLO5) (Mejdahl and
Christiansen, 1994). This lamp has a significant
ultraviolet component, but was chosen as it pro-
duced residual glow curves for K feldspars which
were the same as those produced by natural sun-
light.

4. GROWTH CURVES

A growth curve is the name given to the plot of
luminescence signal versus dose. The signal may be
TL or OSL (including IRSL). For TL, the lumines-
cence signal may be the TL at a particular tempera-
ture (e.g. 375°C) or an integrated TL signal over a
particular temperature range, provided that the sig-
nals show sufficient thermal stability. For TL the
luminescence signal is usually expressed in counts/
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sec and the magnitude will depend upon the heating
rate, as well as filters and collection geometry. The
signals may also be shown normalised by weight
when values are to be compared (e.g. cts/s/mg). The
OSL may be expressed as the total number of
counts, as obtained in the integration of the OSL
decay curve as stimulation progresses, or as the in-
itial count obtained in a fixed time, e.g. 0.4 s.

4.1. Response to radiation

The radiation response is obtained by carrying
out laboratory irradiations with a calibrated source,
usually beta or gamma. In the simplest case the
luminescence signal will increase with dose as elec-
trons produced by ionisation are trapped at defects
in the crystal lattice. A finite number of electron
traps of a particular type (e.g. corresponding to the
325°C TL peak) exist. Thus, although the growth
will appear to be linear at low dose, it is in fact in
the form of a saturating exponential with
I = I(1 —e™P/Po) where [ is the intensity of lumi-
nescence corresponding to a dose D, I, is the maxi-
mum signal attainable and D, is a parameter which
characterises the curve. Given the number of differ-
ent electron traps found for a single mineral type,
and the extent to which they are widened by pertur-
bation of the crystal lattice due to impurities and
by the temperatures at which measurements are
made (i.e. well above absolute zero), it is amazing
that the luminescence signal derived from the group
of grains making up the mineral separate (or from
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Fig. 14. (a) Growth curve of iaitial OSL signal from quartz from a 122 ka dune sand (SESA-61) show-

ing saturating response which would preclude the dating of similar, but older, samples (from Huntley et

al., 1996). (b) Combined additive dose (x) and regenerated (@) growth curves for TL at 360°C for

quartz from the same dune. The data are fitted by an equation incorporating a saturating exponential

and a linear signal. This is an example of the Australian slide method of equivalent dose determination
(from Huntley et al., 1994).
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the fine grain fraction from a loess sample) shows
exponential behaviour. Figure 14(a) shows the in-
itial OSL signal as a function of added laboratory
dose for quartz from a 120 ka dune sand (Huntley
et al., 1996).

4.2. Non-linearity of response

In spite of the general statement made above,
there are some significant deviations from this beha-
viour for both young and old samples.

4.2.1. For very young samples. Early studies of
pottery had shown that the early growth of TL
with dose was often supra-linear, with a very low
initial response to dose which resulted in growth
curves for heated samples which did not pass
through the origin (Flerring, 1970). By studying
this response for samples whose ages were known
independently, it was concluded that the growth of
TL after burial followed the same pattern. Samples
are dated by construction of two growth curves,
one for doses added to th: natural sample and one
for doses after the natural sample has been heated
to measure its TL, the so-called second glow growth
curve. The dose intercept between the two straight
line fits (ignoring the origin on the second glow
growth curve) is taken as the radiation dose
received by the grains since they were fired. In the
worst cases, Fleming (1970) found that, if supra-lin-
earity was not measured and allowed for, TL ages
for Romano-British pottery were underestimated by
up to 50%. Similar supra-linear behaviour has been
reported for feldspars extracted from some young
sediments (Lundqvist and Mejdahl, 1987).

42.2. Approach to saturation. As samples
approach saturation, as shown for OSL in
Fig. 14(a), the curve fitting procedure becomes diffi-
cult unless the saturation level I, can be well estab-
lished. Application of lerge laboratory doses to
quartz from the same cune sand SESA 61 has
shown that the 375°C TL grows in a very different
way [Fig. 14(b)]. A more sxtreme curve is shown in
Fig. 18(a) for an older dune sand SESA 72, which
will be discussed later. The growth appears to be
best fitted by the combination of a saturating expo-
nential and linear growth function. This combi-
nation appears to explain the behaviour of the peak
when irradiated either in nature or in the labora-
tory. This contrasts with behaviour reported by
Chawla er al. (1992) who found a saturation level
above which growth could be achieved only by lab-
oratory irradiation (Fig. 15).

4.3. Natural versus artificial irradiation

Since all luminescence dating applications require
the estimation of the radiation exposure that has
occurred since the zeroing event, it is necessary that
the response observed in the laboratory is the same
as that which pertained in the environment.

A. G. WINTLE

40 T T T T T T
o <
3 T 2360°C
é TLD~-8
30~ @ NTL +SL+ 8 .
§ o NTL+ B
°
£
a
no 20
"
x
g 10 a -
~
- Third order polynomial fit
F 12212 +0.430 -0.006 D° +0.0000370°
0 1 1 1 ] ]
o] 40 80 120
Dose (min)—=
| min=4.23 Gy

Fig. 15. Additive dose and regenerated growth curves for

TL at 360°C for quartz from India. A polynomial fit was

used for the regenerated data set, which show an increase
in TL signal at higher doses (from Chawla er al., 1992).

However, there are several reasons why this may
not be true.

Firstly, it is obvious that the dose rates used in
the laboratory are many orders of magnitude higher
than those experienced in nature. Experiments have
been conducted using dose rates which vary over
about 3 orders of magnitude (Valladas and
Valladas, 1982), and there is some evidence of
differences in response for the highest practicable
laboratory dose rates.

Secondly, and related to the previous difference,
is the effect of the total time period over which the
dose is administered. In particular, during natural
irradiation the shallow, thermally unstable traps,
such as those giving rise to the 110°C TL trap, are
effectively empty. Although charge is able to be
trapped, it will soon become thermally untrapped,
whereas in laboratory irradiations at ambient tem-
perature the shallow traps become filled and may
even become saturated. Given the delivery of a
fixed number of electrons to the conduction band
by a fixed radiation dose, the competition between
deep traps and shallow traps for electrons during ir-
radiation may result in different sensitivities of the
deep trap under the different irradiation conditions.
Such behaviour has been demonstrated for K feld-
spars, in which the peak at 150°C competes for elec-
trons. In experiments in which irradiations at 130°C
were compared with irradiations at room tempera-
ture, the high-temperature TL peak at 330°C was
found to grow at a different rate [Fig. 16(a)]
(Mejdahl er al,, 1992). This behaviour was reported
for a number of sedimentary samples from
Scandinavia which were thought to have a common
origin, namely the Fennoscandian Shield, from
which glacial action removed a considerable thick-
ness of bedrock to form the sediments which were
deposited as the ice retreated at the end of each
major glaciation. For a set of sediments from
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Fig. 16. (a) Regenerated growth curves for the 330°C TL
peak for K-rich feldspar from a Danish sediment. The
sub-samples for curve A were irradiated at room tempera-
ture and those for curve B at a temperature of 130°C. (b)
Doses obtained for sedimentary K-rict. feldspar from the
Thule area of Greenland for irradiations at 130°C and at
room temperature, showing the former are about 35% lar-
ger (from Mejdahl er al., 1992).

Greenland, all values of D were found to be 35%
larger when irradiation was performed at 130°C,
rather than at 25°C [Fig. 16(b)]. A correction for
the effect of this competitive behaviour is now
made routinely for samples over 15 000 years old in
this region (Mejdahl and Christiansen, 1994).
Unfortunately, it is not known if this effect is wide-
spread, although published glow carves of feldspars
often show a peak at about 150°C for irradiated
samples. Further experiments at ¢levated tempera-
ture are needed to understand this phenomenon
and to provide the data on which to base a labora-
tory protocol for dating. It is possible that labora-
tory irradiation units will need to be fitted with a
sample heating stage for the cdlating of certain
samples.
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A third difference between natural and artificial
irradiation, which also relates to the difference in
time over which the irradiation is made, concerns
the redistribution of charge which occurs as elec-
trons are thermally ejected from shallow traps. In

TL dating applications it is assumed that the trans-

fer from shallow to deep traps is small, with the
released electrons either undergoing radiative
recombination or losing their energy as phonon in-
teraction. More thought has been given to charge
transfer in OSL studies, in which laboratory preheat
procedures have been designed to remove charge
from shallow light-sensitive traps which might also
contribute to the OSL signal (Rhodes, 1988).
During preheating charge may also be transferred
from light-insensitive traps, which are thermally
stable at ambient temperature, to the OSL trap(s).
This was given as the cause of higher than expected
OSL observed when zero-age sediments were pre-
heated, and for which the OSL increased with pre-
heat temperature (Godfrey-Smith et al., 1988).

A fourth reason for differences between the OSL
signals following natural and laboratory irradiation
can be ascribed to a sensitivity change caused by a
change in the luminescence efficiency. Aitken and
Smith (1988) reported an increase in OSL sensitivity
as the preheat temperature was raised. They moni-
tored the sensitivity changes using the OSL from a
small test dose given after the preheat and showed
that the most rapid change in sensitivity was
observed between 220 and 280°C, although sensi-
tivity enhancement continued up to 600°C.
Following their suggestion that the increase in sen-
sitivity of the 110°C TL peak followed a similar
pattern, Stoneham and Stokes (1991) suggested the
use of the 110°C TL peak to monitor for sensitivity
changes following preheating, initially with regard
to multiple aliquot dating procedures. Stokes (1994)
went further and suggested that the 110°C peak
could be used to monitor for sensitivity changes in
a single aliquot regeneration OSL protocol. Wintle
and Murray (in press) have observed major differ-
ences between natural and laboratory-irradiated
quartz sediments for the 110°C TL sensitivity re-
sponse for preheats from 160°C to 280°C. This
difference was thought to be due to an enhancement
in the naturally irradiated samples which occurs
over the burial period.

4.4. Quartz versus feldspar

There have been several reports of feldspar TL
signals being preferred for dating older samples.
For example, fine grain quartz, extracted from
European loess by etching with H,SiF¢, shows non-
linearity of growth, and apparent saturation at dose
values far lower than for the mixed mineral TL sig-
nal for the same sample (Wintle, 1982). The latter
includes both the quartz and feldspar TL, although
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the relative proportions will vary with the choice of
detection filters (Debenham, 1987). Figure 17 shows
the natural TL glow curves from a fine-grain sedi-
ment sample which have been obtained using two
different filters (a Schott UG11 and a Corning 7-59
with an HA-3) and two sample treatments (normal
preparation of fine grains and an additional treat-
ment with 35% fluorosilicic acid for 3 days). It
should be noted that all curves can be represented
by two signals, designated A and B, and although
their relative proportions change, neither are elimi-
nated either by choice of filter or by selective etch-
ing to remove the fine-grain feldspar. Debenham
concluded that signal B, bzst observed with a blue
filter, is of limited use for dating sediments because
of its resistance to bleaching and its early satur-
ation. However, it is not possible to observe type A
or type B signals alone. From Fig. 17 it can be seen
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that there is always some contribution from both
signals in the region of the peaks of A or B.
However, it is possible to treat the TL curve math-
ematically and deconvolve the signals (Debenham,
personal communication).

A small number of intercomparisons have been
carried out for sand-sized grains, for example by
Rendell et al. (1991, 1994a). In these examples the
ages are compared, rather than the values of Dg,
since the internal dose rate of the potassium feld-
spars is higher. A particularly interesting compari-
son for older samples can be seen in Fig. 18, where
the growth curve for the 375°C TL of quartz grains
(Huntley et al., 1994) is compared with that for the
IRSL of micro-inclusions from the same sample
(Huntley et al., 1993a). The grains were separated
from a beach sand deposited about 200 ka ago
during the penultimate interglacial and forming

1 N i
(a) Carve I

f.g.
UG 11

(b) Curve 11

f.g.
7-59 + HA3

A+B

(c) Carve I

f.g.
H,SiF,
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Temperature (°C)

Fig. 17. TL glow curves obtained for a fine-grained sediment using two different filter combinations

(Schott UG-11 or Corning 7-59 plus heat-absorbing filter) (compare left with right) and using two

different preparation methods (with and without use of fluorosilicic acid) (compare lower and upper

graphs, respectively). Curves can be deconvolved into two luminescence components, A and B (from
Debenham, 1987).
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Fig. 18. (a) Combined additive dose (x) and regenerated (@) growth curves for TL at 360°C for a
quartz from a dune (West Dairy) older than that in Fig. 14 (from Huntley er al., 1994). (b) Additive
IRSL data for quartz from the same dune as in (a) (from Huntley es af., 1993a).

what is known as the West Dairv Range in SE
Australia. The micro-inclusions are so small
(< 10 um) that their internal dose rate is negligible
and hence the equivalent doses obtained should be
the same as for quartz, provided that both signals
are thermally stable. For the 200 ka beach sand this
assumption appears to be valid and the equivalent
doses are similar. However, Fig. 18(b) shows the far
greater linearity for the micro-inclusions, although
saturating behaviour can be seen when higher ir-
radiations were given whilst attempting to date the
older dune sands which extend back in age towards
1 million years.

4.5. Alpha versus beta and gamma

One phenomenon which appears to have received
less attention in recent years is the different TL re-
sponse to alpha radiation from that to beta and
gamma radiation. In simplified terras, the TL from
beta and gamma radiation is produced by ionis-
ation caused by the secondary electrons produced
when the high-energy beta particle or gamma ray
photon interacts with the crystal. This results in a
uniform production of free charge through the crys-
tal. This is compared with the localised delivery of
energy associated with an alpha particle moving
through the crystal lattice. Ionisation is localised
close to the linear track of the alpha particle and
thus the TL along the track is in saturation
(Aitken, 1985). This has two effects, namely lower
TL produced per unit dose absorbed (leading to the
need to measure the alpha efficiency relative to beta
or gamma efficiency) and a growth curve which

remains linear to a higher dose level than for either
beta or gamma irradiation, which behave identically
(Aitken, 1984).

4.6. Fine grain versus coarse grain

Although feldspar separates, particularly potass-
ium-rich feldspar separates, have a higher satur-
ation level than quartz, as discussed in Section 4.4,
there appears to be a lower saturation level for fine-
grain feldspars such as are found in loess (Wintle,
1990). This type of matrix has a dose rate of
~3-5Gy/ka, and the TL, OSL and IRSL growth
curves show clear exponential behaviour for
samples as young as 50 ka (Zhou and Wintle, 1994,
Questiaux, 1991). It has not been established
whether this relatively early saturation of both the
TL and IRSL signals is because of the domination
of the luminescence output by a particular feldspar
group, e.g. the plagioclase feldspars, and it would
be of interest to obtain growth curves for different
emission bands.

Differences in thermal stability have been
recorded in isothermal experiments on fine-grain
loess and on finely crushed potassium feldspar (Li
and Wintle, 1992). It would also be interesting to
compare their growth curves.

In nature, differences might also result from sur-
face weathering effects which would be greater
(relative to volume) for the smaller grain size and,
in the case of the natural irradiation response, the
growth to saturation would be affected by the alpha
response as discussed in the previous section. It is
interesting to note that neither of these situations is
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relevant to micro-inclusions inside

quartz grains.

of feldspar

4.7. Equilibrium below satvration

Another important consideration in dating older
samples relates to the long-term thermal stability of
the luminescence signal. An equilibrium between
electron trapping from the environmental radiation
field, and thermal detrapping depending on the trap
characteristics, may be established before the trap
reaches saturation. The TL signal from such a
sample can always be increased by laboratory ir-
radiation, even though the natural TL signal has
become constant during burial. In this situation, no
growth curve construction approach can result in
the appropriate equivalent dose being derived.

4.8. Concept of D plateau

If a single TL (or OSL) trap could be identified
and sufficient thermal stability established, either by
laboratory experiments or by the dating of a sample
of known age, then the integrated TL peak or OSL
decay curve could be used for dating. However,
many TL peaks are observed in natural materials,
and because of the high measurement temperatures
(i.e. above room temperature) and the relatively
high heating rates (e.g. around 5°C/s, so that a
large number of measurcments can be made in a
short time) these TL peaks overlap. Hence, a lab-
oratory procedure was devised to establish the part
of the glow curve which had sufficient long-term
stability (Aitken, 1985).

48.1. Dg plateau versus T for assessing thermal
stability. The simplest approach developed for
heated material was to plot the ratio of the natural
TL and the regenerated TL response (obtained
from a subsequent laboratory irradiation) for a
single disc sample. Provided that there has been no
non-uniform sensitivity change due to the heating, a
plateau will occur above a particular temperature,
and the TL output above that temperature can be
used for dating.

The next approach was to use two discs and com-
pare the natural TL of one disc with the enhanced
signal from the other disc which has received an
added dose at least as large as the equivalent dose.
This removes the requirement for sensitivity change,
but now requires the growth to be linear for all
glow curve temperatures. This would be inappropri-
ate for pottery whose TL signals showed supra-line-
arity around 325°C (Fleming, 1970).

For samples showing such non-linearity it is
necessary to calculate Dy as a function of tempera-
ture and use this to judge the region of thermal
stability. This, and the simpler ratio plots, were also
useful in determining whether the light signals
observed on heating contained a component which
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was not due to the release of trapped electrons, but
due to chemical processes on the surface of grains,
so-called spurious luminescence (Aitken, 1985).

4.8.2. Anomalous fading and the Dg plateau.
Another phenomenon which may, or may not, be
detected by plateau tests of the type described
above is anomalous fading. This is the term used
for the reduction in TL signal that is seen in the
high-temperature part of the glow curve and which
cannot be explained in terms of normal thermal
fading. Its presence is detected when irradiated
samples are stored for some time before measure-
ment, compared with the signal that would have
been obtained immediately after irradiation. It was
first observed for feldspars of volcanic origin (Win-
tle, 1973) but has since been observed for a range
of feldspars extracted from pottery and sediments.
The behaviour was termed anomalous as it
occurred in parts of the glow curve which would be
expected to be thermally stable over a period of
weeks (namely above 200°C). There is often a weak
dependence on glow curve temperature, with fading
being greater between 200°C and 300°C, compared
with 300°C to 400°C, and this would show up as a
poor Dg plateau when TL measurements were
made immediately after irradiation.

4.8.3. Dg plateau for assessing bleaching of TL.
When TL measurements were first made on fine-
grained sediments, bleaching experiments indicated
that the TL at higher temperatures was bleached
more slowly (Wintle and Huntley. 1980). Modern
samples gave finite signals, whose absolute values
were greater at higher temperatures. Since this
unbleachable residual TL signal would be incorpor-
ated in the TL signal of any older sample, it would
cause the three earlier tests (Section 4.8.1) to be
inapplicable. Instead measurement procedures
which involved the estimation of, and allowance
for, the residual level were developed (Section
5.4.1); the values of Dg were then plotted as a func-
tion of temperature, and a poor plateau was taken
to be a sign of incomplete bleaching at deposition,
which was inadequately allowed for by the labora-
tory bleaching experiments.

For TL dating of potassium feldspars separated
from sediments which are likely to have experienced
limited light exposure, Mejdahl (1988b) developed a
procedure which involved using several aliquots of
sample which had been exposed to light for differ-
ent lengths of time. The value of Dg used for dating
was that obtained using the bleached aliquot which
gave the best plateau for Dg versus 7. In this case
the residual level for that light exposure was pre-
sumed to be equal to that which would have been
obtained for the samples at deposition.

4.8.4. Dg plateau versus t for assessing bleaching
of OSL. OSL and IRSL signals are measured as a
decaying luminescence curve as a function of stimu-
lation time, r. If the OSL/IRSL signal is made up
of more than one component, each with a different
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light sensitivity, then the analysis of the additive
dose growth curves obtained for each stimulation
time should provide inforrnation on the complete-
ness of bleaching at deposition, as was first
suggested by Huntley et a!. (1985). For this to be
applicable, the shape of the OSL/IRSL decay curves
needs to be independent of dose. For well-bleached
samples, which would have zero luminescence at de-
position, the value of Dg should be independent of
the stimulation time at which it is derived (Aitken,
1992).

Figure 19(a) shows IRSL decay curves obtained
for fine-grained loess (Lang and Wagner, 1997) and
Fig. 19(b) shows the plot of Dg versus stimulation
time. No Dg plateau was achieved. However,
Fig. 19(c) shows that a plateau is obtained if the
mean IRSL intensity for tae 10 s interval (50-60 s)
was subtracted from the data for 0-40s. This sub-
traction technique, which was devised by Aitken
and Xie (1992), also takes account of photomulti-
plier tube noise and scattered light.

5. USE OF GROWTH (CURVES TO OBTAIN
Dy;

Estimates of Dg are achieved by comparing the
natural luminescence signal with those induced by
laboratory irradiation. A common way of making
this comparison is by the use of dose response
curves, often known as growth curves.

5.1. Multiple aliquots

For TL dating, in which all the trapped electrons
are ejected in the measurzments, each estimate of
Dg uses many aliquots of the sample, each consist-
ing of 5-8 mg of sand-sized grains, of either feld-
spar or quartz, or ~1-1.5mg of fine (4-11 pm)
grains. In each case the grains are spread, or depos-
ited, on 1 cm diameter aluminium discs for ease of
handling and, in the case of TL, for heat transfer.
The same approaches are applied to OSL measure-
ments.

5.1.1. Additive dose. In the additive dose pro-
cedure, each disc (or group of 4-6 discs) is given a
different laboratory dos: which results in the
enhancement of the luminescence signal. This
approach was developed for pottery dating and
relies on there being zero signal at 1 = 0, i.e. at the
time of firing. The assumption is that the sensitivity
to laboratory irradiation is the same as it had been
for radiation during burial. Figure 20(a) shows that
Dg is obtained by extrapolating the signal value to
zero, assuming that the mathematical function for
the growth behaviour is known (i.e. is linear, expo-
nential or polynomial).

The strength of this procedure is in the fact that
the response to laboratory irradiation has not been
altered by any laboratorv zeroing procedure, such
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as heating, or bleaching with a sunlamp. The main
weakness is that it involves extrapolation, with Dg
being obtained outside the experimental data set
and with the value being dependent upon the math-
ematical expression used. For samples with poor
reproducibility it is difficult to be confident of the
most appropriate expression and in any case a large
error in Dg will be obtained from the extrapolation.

5.1.2. Total bleach — additive dose. For TL of
sediments it was clear that the extrapolation needed
to be made back to a residual level. For samples
which were expected to be well bleached, this could
be achieved by using a bleached disc for a measured
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residual level, selecting the bleaching time so that
longer exposures result in a negligible decrease in
the residual TL. For very young samples the re-
sidual TL signal will make a significant contribution
to the measured natural TL, and this limits the dat-
ing of very young samples with this approach. For
sediments from less well-bleached environments, it
is not clear how the appropriate residual level is
obtained (see Section 4.8.3).

5.1.3. Regeneration. For pottery, i is possible to
obtain a TL signal by irradiating the grains after
they have been heated in order to measure their
natural TL. This regeneration TL signal was some-
times found to have a different sensitivity when
compared with the additive dose response, in spite
of the fact that the grains must have been heated to
even higher temperatures, and for longer, during
the manufacture of the pottery. Such sensitivity
changes were found to be due to both transparency
changes (the discs sometimes discoloured on heat-
ing) and dose-dependent sensitivity changes con-
nected with particular TL peaks.

In a regeneration protocol, the natural tumines-
cence is compared with very similar light levels
resulting from the laboratory irradiation. Thus the
precise form of the growth curve, and the math-
ematical function selected, are unimportant and Dg
is obtained by interpolation [see Fig. 20(b)]. This
approach will result in a higher precision for the
value of Dg. The accuracy, however, will depend
upon whether there has been any significant sensi-
tivity change as a result of the laboratory zeroing
procedure.

5.1.4. Total bleach — regeneration. For sediments
which had never been heated, sensitivity changes
following TL measurement were even more appar-
ent; instead, the TL signal has been regenerated by
irradiating grains which have been optically
bleached prior to irradiation. Again, the natural TL
was matched to the regenerated signal growth curve
in order to determine Dg. This method makes two
fundamental assumptions, first that the laboratory
residual level is appropriate and second that the
sensitivity has not been altered by the bleaching,
either due to the strength or wavelength range of
the laboratory source. In geographical areas where
sunlight is intense and the samples are from aeolian
deposits (e.g. Australian and African desert and
coastal sands), the sun is the most appropriate light
source. For these sands it is also likely that they
have been through many bleaching and burial
cycles since the grains were released from the bed-
rock, in contrast to glacial outwash sediments. This
multiple cycling is likely to result in a residual level
which is similar to that achieved by present-day
sunlight bleaching.

5.1.5. The universal growth curve. In geographical
areas where the mineral input is likely to remain
constant, it might be possible to determine a “‘uni-
versal growth curve” by constructing a growth

curve from the addition of doses to discs of a
young sample. The natural TL signals of older
samples could then be fitted to the curve and their
Dg values obtained [Fig. 21(a)]. This approach has
been tried for quartz TL from Australian sands
(Smith, 1983) and more recently an additive dose
master curve [Fig. 21(b)] was obtained for four
samples of sand from a rock shelter in Botswana,
whose ages ranged from about 20 to about 60 ka.
The best fit of all the data appeared to be the com-
bined response of a saturating exponential with a
linear growth showing up at higher doses. Zhou
and Wintle (1994) tried to construct a universal
growth curve for loess from China but they con-
cluded that sensitivity changes precluded its adop-
tion.

An approach for quartz grains extracted from
loess has been developed by Shlukov and
Shakhovets (1987), based on their earlier exper-
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Fig. 21. (a) Schematic diagram of method of using a uni-
versal growth curve constructed for a young sample, A.
The normalized natural TL values for samples B, C and D
are matched to the curve to determine their equivalent
dose values (from Zhou and Wintle, 1994). (b) Additive
dose growth curves for four samples from the White
Paintings Rock Shelter, Botswana, which can be overlaid
and suggest that a universal growth curve could be used at
this site (from Feathers, 1997).



794

imental work (Shlukov et al, 1993). All loess is
assumed to have the same saturation value S,.. The
radiation sensitivity y (in terms of luminescence sig-
nal per unit absorbed dcse) is assumed to be the
same for all samples and is obtained for a cali-
bration sample whose age has been obtained by the
radiocarbon dating method applied to associated
material. For individual samples it is only necessary
to measure the natural luminescence signal (S), the
level reached after 3h bleaching with a mercury
lamp (Sp) and the in situ dose rate (E) measured in
the same way as for the calibration sample. A
simple growth towards saturation is assumed and
thus the age for the sample is given as

L -1 (Soo - SD)

t = («E) ln[ oS }

Results have been reported for parts of Russia

and the Ukraine (Shlukov er al., 1997), but it

appears that a curve witlk. new parameters needs to

be established for each area with different source
material.

5.2. Scatter of luminescence signals

5.2.1. Sources of scatter. There are several reasons
why any one sub-sample of grains is not the same
as any other, thus causing variations in the amount
of luminescence observed from each sub-sample.
Firstly, larger amounts of material will result in
different amounts of light. It is thus good practice
to make measurements on equal weights of grains
as much as possible, with weights of 1-5 mg being
typical. The number of 100 pm grains in a Smg
sample is about 4000 (see Aitken (1985), p. 38) and
the number of fine (4-11 pm) grains in a 1 mg fine-
grain sample is much larger. Provided that a high
precision balance is available, it is possible in theory
to use “weight” normalisation.

However, many studies on quartz have shown
that relatively few grains are responsible for most
of the signal. Using an imaging photon detector,
McFee and Tite (1994) found that in four sediment
samples the individual TL response of the quartz
grains had quite differeat behaviour. They found
that about 5% of the grains were significantly
brighter than the rest, and of these some had high
natural TL and a high second glow TL, whereas
others had high natural TL but a low second glow.
Such behaviour is thought to be very common.
Murray and Roberts (in press a) and Murray et al.
(1995) found a wide range of sensitivities for the
OSL of single quartz grains.

McFee and Tite (1994) discuss two main reasons
why some grains have a high TL or OSL response
and a lower response to laboratory irradiation,
both relating to the level of dose experienced by the
individual grain. This may relate to a problem of
bleaching, with a significant residual signal being
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left in some grains and not others, as would be
expected for any grain not transported by the wind.

Huntley and Berger (1995) presented IRSL data
obtained for potassium feldspars from two incom-
pletely bleached sediments. They discussed the scat-
ter in terms of two models relating to incomplete
bleaching at deposition. In one the light-sensitive
traps giving rise to the OSL are not completely
emptied in all grains; in the other, traps from which
electrons from less light-sensitive traps can be
released by the preheat procedure and then trapped
in the OSL traps. How these affect normalisation
procedures is discussed in Section 5.2.4.

It is important to realise the procedural impli-
cations of incomplete bleaching. If it is homo-
geneous (i.e. all grains are partially bleached to the
same degree), then it does not contribute to scatter
and the multiple aliquot protocols described earlier
are entirely appropriate, but too old an age may be
obtained. If, however, bleaching is heterogeneous
(i.e. the grains are bleached to differing extents),
then each grain will contain a different Dg and only
the lowest values of Dg will relate to the sedimen-
tary event of interest. This differential bleaching
will directly contribute to scatter, which may then
be reduced by using a large number of grains.
Unfortunately the average Dg then measured will
not be relevant to the depositional event.

A completely different source of scatter is related
to the microdosimetry. Such a problem could occur
if a grain contains an inclusion which is highly
radioactive, such as a small zircon, or if the grains
are close to such grains. The dose rate could be
lower for some grains rather than others in the case
of some grains being coated with calcite, and others
not; the two populations of grains would be mixed
during sample preparation (Olley et al., 1997).

5.2.2. Normalisation procedures to overcome scat-
ter. In the application of multiple aliquot dating
procedures, it is assumed that the grains on any one
disc are similar, in terms of the total dose received,
to those on any other. If this is the case, then it
should be possible to make allowance for slightly
different amounts of grains on each disc by weigh-
ing each disc and calculating a normalisation factor
to be applied to the luminescence signal obtained
from each disc. For fine grains, weighing of individ-
ual discs is not necessary, since the production of
the discs should result in equal weights being depos-
ited. For sand-sized grains, weight normalisation is
one of the procedures which has been tried. How-
ever, the [uminescence output from quartz extracted
from sediments has been shown to be highly vari-
able (Huntley ez al., 1993a) and the signal from any
one disc is dominated by relatively few grains. This
has led to high disc-to-disc scatter (even after
weight normalisation), as observed in early OSL
dating studies on quartz (Rhodes, 1988; Godfrey-
Smith et al., 1988).
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5.2.3. Procedures developed for TL. For TL dat-
ing, normalisation procedures were developed
which utilised the TL signal generated by an ir-
radiation subsequent to the TL measurements made
to obtain the additive dose or regencration growth
curve, This is known as ‘“dose normalisation”.
However, for this procedure to work it was necess-
ary for the “second glow” response to be indepen-
dent of the dose received by the sample prior to the
first TL measurement. If there was a dose-depen-
dent sensitivity change, then the shape of the first
growth curve would be altered and an incorrect
value of Dg obtained. To overcome this, the “equal
pre-dose” normalisation procedure was developed
(see Aitken (1985), p. 128), in which all discs are
arranged to have received the same total dose and
two preheats prior to the application of the normal-
isation dose.

Another normalisation technique developed for
TL of pottery is known as “zero-glow monitoring”
(Aitken and Bussell, 1979; see Aitken (1985), p.
127) which has been applied to both fine-grain and
coarse-grain samples. Before any treatment (pre-
heating, bleaching or large irradiation), the discs
are given a small test dose and heated to about
160°C to obtain the integrated TL response in the
region 100-150°C, which is then used for normali-
sation.

5.2.4. Procedures developed for OSL. For OSL
dating it is possible to use another type of normali-
sation procedure, ‘‘natural” normalisation, which
involves the measurement of the initial part of the
natural signal prior to any laboratory treatment.
This is also known as “short shine” normalisation,
as it involves a short exposure (typicaily 0.1s) to
the stimulation light source, removing <1% of the
natural OSL (Smith et al.,, 1990b). Rhodes (1988)
reports a reduction of the scatter of data points for
a well-bleached sand dune from +5-15% to +2-8%
when using “natural” normalisat.on instead of
weight normalisation.

Since natural normalisation is given before any
treatment, a problem could arise if there were
grains present which had signals with different ther-
mal stabilities. Stoneham and Stokes (1991)
reported a comparison of the “natural” normalisa-
tion and “dose” normalisation applied to sediments.
For the latter, the normalisation factor obtained
was derived from the optically bleached discs which
had been given the same beta irraciation and then
had their OSL measured for a few seconds; how-
ever, different values of Dg were obtained since the
normalisation factor was proporticnal to the dose
given in order to construct the addi:ive dose growth
curve.

“Natural” normalisation can cnly be applied
when the natural OSL signal is sufficiently large.
For samples with low sensitivity, a procedure simi-
lar to the ‘“equal pre-dose”” normalisation procedure
for TL has been applied (see Pye et al., 1995). The

OSL response to a test dose is measured following
a series of bleaching and preheat procedures, and
this approach is known as “‘equal total dose” nor-
malisation. A comparison of the results using the
method and “‘natural” normalisation has been
reported for a number of young (<500y) sands
from a dunefield in south-eastern California (Stokes
et al, 1997). The values of Dg obtained for each
method agreed within one standard deviation. For
older samples (~120 ka) Wood (1994) reported that
“natural” normalisation resulted in less scatter than
“dose” normalisation. Even so, his growth curves
show considerable scatter (around 20%). This could
result from either unequal and inadequate bleaching
of grains, since they are from tsunami deposits and
related marine units, or unequal post-depositional
irradiation since some of the tsunami sand samples
were collected from between boulders in the tsu-
nami-formed deposit. A similar increase in scatter
when using “dose” normalisation was reported for
fluvial sediments (Perkins and Rhodes, 1994).

For grains in which the main OSL traps are
incompletely bleached, “natural normalisation” will
result in a normalised additive dose growth curve
for which the natural values are very similar, but
there is increasing scatter for the higher additive
dose points (Duller, 1994b; Huntley and Berger,
1995). Huntley and Berger (1995) also consider
another model in which the OSL traps were com-
pletely emptied at deposition, but in which there
are also traps which are less light sensitive, and
which are bleached to different extents. Charge
could be transferred from these traps to the OSL
traps by a preheat, as reported by Ollerhead et al.
(1994). This would result in the same range of
scatter for each point (including the natural) on
the additive dose growth curve, but Huntley and
Berger (1995) had not found such behaviour in
their study.

Another normalisation procedure was proposed
by Stoneham and Stokes (1991) in which the re-
sponse of the 110°C TL peak to a test dose was
used. This is based on the relationship between the
110°C TL peak and the OSL signal. The sensitivity
of the 110°C TL peak to a small test dose was
measured at the beginning and end of a typical
multiple aliquot dating procedure.

In a subsequent study on the same sediment
sample, Stokes (1994) used the 110°C TL peak re-
sponse to a small test dose after heating to 200°C
after every step of a conventional multiple aliquot
additive dose procedure. A large dose-dependent
sensitivity change in the 100°C TL peak was
observed as a result of the 16-h preheat employed
prior to the OSL measurement. A further set of ex-
periments were reported in which short laser ex-
posures were given throughout a series of
irradiations and preheats. Comparison of the two
sets of sensitivity measurements led Stokes to con-
clude that *“the 110°C TL peak increased after dos-
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ing and preheating, whereas the OSL sensitivity
changed only when optical bleaching had preceded
the dosing and preheating” (Stokes, 1994). Such
behaviour permits additive dose multiple aliquot
procedures to be normalised using the “natural”
normalisation procedure, as demonstrated by
Stokes for preheats at »oth 160°C for 16 h and
220°C for 5 min. This behaviour would also allow
the application of a sirgle aliquot additive dose
procedure, similar to that developed for feldspars
by Duller (1991). It was also pointed out by Stokes
(1994) that the 110°C TL peak could be used to
monitor sensitivity changes which occur in regener-
ation procedures when optical bleaching occurs
prior to the laboratory irradiation.

5.3. Potential problems

From the discussion in Section 5.1, it is clear that
each method has inherent problems, particularly as
related to TL of sediments.

5.3.1. I is not known. For sediments, the TL level
of modern samples, Iy, is always finite, and can be
changed by exposure to laboratory light sources
with intensities and wavelengths different from
natural sunlight. It also must be remembered that
in some cases (e.g. Namib desert sand) the grains
have coatings of iron and manganese oxides which
may alter the wavelengih distribution of sunlight
reaching the interior of the grains. When laboratory
bleaching experiments are carried out, it is usually
on grains which have had their outer surfaces
etched, for example to remove an external alpha
dose contribution (see Fiz. 3 inset).

Fortunately I is found to be zero when the OSL
(or IRSL) signals of many modern samples are
observed. Zero IRSL signal is likely to be reached
in a couple of hours of direct southern African
mid-day sun (Fig. 11) or even less time for quartz
OSL (Fig. 10). It is this virtual certainty of zeroing
in aeolian environments, and a high probability of
zeroing in other depositional environments, that
makes optical dating so attractive, particularly for
young samples.

5.3.2. Sensitivity changes due to laboratory bleach-
ing. It might be thought that sensitivity changes
would be less of a problem for optical dating. The
OSL (or IRSL) could be reduced to an effectively
zero level by the light exposure which results in the
natural OSL (or IRSL) signal. A known laboratory
dose could then be given, an appropriate preheat
applied, and the OSL (or IRSL) signal could then
be re-measured. Use of the green light source or in-
frared diodes within a Riso TL/OSL reader
equipped with a beta source and hotplate would
thus allow such measurements to be made under
computer control.

However, although such limited spectrum
bleaching implies the OSL (or IRSL) traps are
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emptied, the mineral grains will still contain a
large number of electrons in less light-sensitive
traps. If the sample is relatively old and these
traps are mainly filled, then the probability of an
electron being trapped in one of the empty light-
sensitive traps might be enhanced for the regener-
ation measurement. For sediment grains which
were well-bleached at deposition, it would appear
to be more appropriate to use the bleaching proto-
col which would have been applied for TL dating,
e.g. natural sunlight.

One situation where this is not the case has been
reported for incompletely bleached colluvial grains
(Li, 1994). The TL traps of the feldspar grains from
colluvium had not been fully bleached at deposition
and thus the sensitivity of the IRSL traps was rela-
tively enhanced, compared to what would have
been found if the IRSL signal had been measured
after a prolonged bleaching. The sensitivity of the
IRSL could be altered by changing the bleaching
conditions and for these colluvial samples the most
appropriate bleaching prior to IRSL regeneration
was using IR diodes.

5.3.3. Uncertainties in curve fitting. For older
samples the growth curves become non-linear as
electron traps start to fill. The use of linear fitting
to the “‘apparently linear” part of an exponential
growth curve can produce large systematic errors
(Griin, 1996). For a single electron trap, the re-
sponse can be represented by a single saturating ex-
ponential, 1= A(1 —e~?/%) where D, is the
parameter which characterises the dose level at
which saturation occurs. However for natural
samples, a TL signal from a single electron trap is
never observed. In spite of this, the most common
curve fitting procedure involves the use of a single
exponential function, presumably on the assump-
tion that close to the observed saturation value for
the mineral mixture, the signal will be dominated
by a particular trap (e.g. Lamothe et al., 1994).

Some data sets appear to be better fitted by the
combination of an exponential and a linear growth
term { = A(1 — e~2/P) + BD, where the linear com-
ponent continues to grow after the exponential
component has saturated (Griin and McDonald,
1989). For young samples which exhibit supra-lin-
ear growth at low doses, other functions have been
applied (Griin and McDonald, 1589). A more gen-
eral empirical approach involves the use of poly-
nomial functions (Guibert et al. (1996), Berger
(1996), and references therein).

The choice of a curve fitting procedure and
appropriate weighting of data points for a particu-
lar data set is probably the major cause of differ-
ences in Dg that would be obtained by different
laboratories, when using an additive dose pro-
cedure. These problems do not apply when regener-
ation procedures are used, since Dg is obtained by
interpolation of the data set, making the choice of a
particular growth function unimportant. It is thus
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important to bear in mind the possible choice of
curve fitting procedures when ccmparing dates
obtained by different research groups.

5.4. Multiple aliquots — other approaches

More sophisticated methods for determination of
Dg have been developed to overcome the problems
related to optical bleaching (Section 5.2) and pro-
blems of non-linearity (Section 4.2).

5.4.1. The partial bleach method. This approach
was developed for TL dating of sediments for
which it appeared that the TL signal at any particu-
lar temperature could be divided :nto a ‘“bleach-
able” and an “unbleachable” component (Wintle
and Huntley, 1980). For dating it would be necess-
ary to separate the bleachable component that had
built up since deposition. The philosophy behind
this approach is clearly laid out by Huntley (1985).
It is also a necessary requirement that the bleach-
able signal is reduced by the light source in a way
which does not depend upon the dose that the
grains have previously received. The applicability of
this method is also critically dependent on the
nature of the bleaching process, i.e. whether grains
are homogeneously or heterogencously bleached
(see Section 5.2.1).

An idealised data set that would be obtained by
the partial bleach is shown in Fig. 20(c). One half
of the prepared discs are irradiated and measured
as in the production of the additive dose growth
curve. The other half received the same irradiations,
but are then exposed to a light source of relatively
low intensity which had its spectrum restricted to
the less energetic wavelengths. The aim of this
bleaching is to reduce the bleachable component of
the TL from each disc by a fixed percentage. The
two lines will then intersect at a point whose co-
ordinate on the dose axis is Dg. This approach has
proved powerful in a variety of depositional en-
vironments and useful back to several hundred
thousand years (Berger et al., 1992).

A similar philosophy was applied to IRSL from a
fine-grained alluvial deposit (Fuller er al, 1994).
Using IRSL it is possible to use a single set of irra-
diated discs for all the measurements, provided that
the IRSL is measured for a short time. Using a 0.5-
s infrared exposure, a set of partial bleach curves
was determined with the signal being reduced by
increasing exposure to a light source with output
restricted to wavelengths from 500 to 660 nm (e.g.
using a SOL2 light source with a Schott BG-39 and
a Corning 3-67 filter combination). This approach
is based on the assumption that the IRSL signal is
made up of more than one component, each with a
different sensitivity to light. In the example of flu-
vial sands from Spain which were dated using this
procedure (Fuller er al., 1996), it appears that the
samples were actually well blezched, since the
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analysis resulted in low residual levels for each
sample.

5.4.2. The selective bleach method. The bleachabil-
ity of the 325°C TL peak in quartz and the charac-
terisation of its emission spectrum have been put
together to form the basis of the selective bleach
method (Prescott and Mojarrabi, 1993). The TL of
one set of natural and irradiated samples is
measured using a Schott UG-11 and Coring 7-59
filter combination (Franklin and Hornyak, 1990),
so that the 380 nm emission (Section 2.1.2) is
enhanced relative to the wavelength emission of the
375°C TL peak (Section 2.1.1). The TL of another
identical set of discs is measured after bleaching
with wavelengths longer than 475 nm (e.g. by pla-
cing a Chris James 101 yellow gel filter in front of a
sunlamp) (Section 3.2). The difference between the
two sets of glow curves will permit the construction
of the growth curve of the 325°C TL peak. Given
the close relationship between the 325°C TL and
the OSL signal from quartz, it would now appear
preferable to use the OSL measurements of this
trapped electron population. However, good
examples of the application of the selective bleach
method are presented by Smith er al. (1997).

5.43. The “Australian slide” method. Given the
behaviour of the 375°C TL peak observed for
quartz from Australian dune sands {Fig. 18(a)], it
was necessary to find a curve fitting procedure
which used the regeneration data set to determine
the shape of the growth curve. In the “Australian
slide” method, this regeneration curve is moved
along the dose axis until it overlaps the additive
dose data set. The dose shift required to match the
two data sets will give Dg. The software that has
been developed to perform this shift makes allow-
ance for a sensitivity change between the two data
sets, although this is not necessarily advocated (Pre-
scott and Robertson, 1997). For quartz grains
which have been through many cycles of irradiation
and bleaching, this sensitivity change appears to be
small. The philosophy behind this protocol is
expanded in Prescott and Robertson (1997). For
the SE Australian dune sands the high-temperature
quartz growth could be fitted by the combination of
a straight line and a saturating exponential (Hunt-
ley et al., 1994).

5.5. SARA

Regeneration procedures have long been recog-
nised as being able to provide precise estimates of
the dose required to give a laboratory-produced
luminescence signal which matches the natural lumi-
nescence signal. However, it was known that in
many cases, sensitivity changes prevented that value
of the dose from being equal to the equivalent dose,
Dg. This is true of both sediments and heated ma-
terials. A method which exploits the precision avail-
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able from regeneration measurements, but allows
for the sensitivity change, was developed for young
archaeological materials by Mejdahl and Better-
Jensen (1994) and was called SARA, the Single
Aliquot Regeneration on Additive Dose method.
Although the words “single aliquot regeneration”
appear in the name of this protocol, the method is
not a true single aliquot method, as at least four
discs are required.

In this procedure, which uses a relatively small
number of discs, the natural luminescence is com-
pared with a short growth curve constructed with
three regeneration doses, one to give a luminescence
signal slightly above the natural luminescence, one
slightly below it and one very close to it. The in-
terpolated dose Dy that matches the natural dose is
obtained. In the case of pottery, the discs were
heated to erase the natural TL; in the case of GLSL
and IRSL measurements, light exposures of 100s
were applied to erase the natural signal. The same
regeneration procedure is nsed for other discs which
have received additional doses (BI, B2, B3) on top
of their natural dose. For these discs values of DI,
D2 and D3 are obtained. By plotting Dy, DI, D2
and D3 as a function of added dose, a straight line
graph is obtained which can be extrapolated to the
dose axis to obtain Dg. The dose values Dy, Di, D2
and D3 may be incorrect owing to sensitivity
changes. Provided that the sensitivity change is
independent of the applisd dose, Dg obtained in
this way will be the true equivalent dose.

Further tests of the SARA method have been
undertaken, both using the TL signal of archaeolo-
gical samples (both quartz and feldspar) and the
green light stimulated luminescence (GLSL) of
young geological sediments (both quartz and feld-
spar) (Mejdahl and Bptter-Jensen, 1997). The
SARA results were compared with TL or IRSL
ages obtained by conventional muitiple aliquot pro-
cedures and the agreement was excellent. The repro-
ducibility was found to be improved if an
additional preheat was applied after each OSL
measurement and before the subsequent regener-
ation dose was give. Mejdahl and Better-Jensen
(1997) used a 40 s preheat at 220°C for both quartz
and feldspars. An advantage of the SARA method
is that it also makes allowance for supra-linearity,
which is difficult to correct for using the multiple
aliquot procedure when there is a substantial sensi-
tivity change.

5.6. Modified SARA

Murray (1996a) extended the SARA method as
described by Mejdahl and Beotter-Jensen (1994) in
his study of the OSL and PTTL of quartz from
very young fluvial samples. The original SARA pro-
tocol was inapplicable on these samples as they
required very long bleaching times between ir-

radiations to reduce the OSL to a level which con-
tains no evidence of the previous dose history of
the sample (Murray, 1996b). To overcome the
effects of this changeable baseline, two slightly
different regeneration doses are added to two discs
which have identical initial irradiations. The doses
are selected so that one results in an added dose
OSL integral which is slightly higher than the natu-
ral OSL integral and one which is slightly lower,
thus allowing an interpolated value of the matching
dose to be determined. These interpolated dose
values are then plotted as in the normal SARA
method. This approach was used by Murray et al.
(1995) and by Olley et al. (in press) for studies of
fluvial sediments.

6. PREHEATING

After irradiation or bleaching, but before the TL,
OSL or IRSL is measured, it is usual to hold the
sample at a temperature above room temperature
for some period of time. There are several reasons
for such preheating, and some laboratory protocols
involve more than one preheat. Alongside the
choice of the optical detection filter, choice of pre-
heat protocol for the particular luminescence signal
is probably the most contentious issue in the pro-
duction of dates. Preheats have been selected with
three main objectives in mind, and I will illustrate
these with examples from Volume 13 of Quaternary
Science Reviews (Quaternary Geochronology), the
proceedings of the 7™ TL International Specialist
Seminar on TL and ESR Dating.

6.1. To reduce the effect of anomalous fading

Anomalous fading of feldspars can be observed
to occur at room temperature over a period of
weeks to months. This has been observed for both
TL (Wintle, 1973), OSL (Spooner, 1992) and IRSL
(Spooner, 1992) of feldspars. Spooner (1994a)
reported anomalous fading of the IRSL of a large
number of feldspars when they were measured
during storage at either 10 or 100°C for 15 months.
The luminescence signal decays logarithmically with
time, a behaviour which can be expected on theor-
etical grounds (Visocekas, 1985). The rate of fading
has been shown to be more rapid at elevated tem-
peratures, and protocols for TL dating of feldspars
often include a relatively long preheat (Clark and
Templer, 1988). Mejdahl and Christiansen (1994)
advocate keeping both natural and irradiated
samples at 100°C for 1 week before measurement.
Shorter high-temperature preheats of Sh at 160°C
were used by Forman et al. (1994a) to isolate the
thermally stable IRSL signal from their fine-grained
high Arctic marine sediments; however, this did not
prevent anomalous fading of up to 20% on sub-
sequent storage at room temperature for 30 days.
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6.2. To isolate traps with adequate thermal stability

6.2.1. Fine-grain TL. For TL dating of fine-
grained mixed-mineral samples it is particularly im-
portant to remove laboratory-induced thermally-un-
stable TL (Berger, 1995). The TL peaks overlap
and in general the lower temperature peaks have a
higher sensitivity (Berger et al., 199Z), perhaps re-
lated to thermal quenching of luminescence centres
(Poolton er al., 1995) as the feldspar temperature
increases. The effect of preheating at 115°C for 4
days for a sample from a lake core in Alaska is
shown in Fig. 22; using this preheat a plateau for
De of 36.7Gy was obtained from 230-330°C,
resulting in an age of 11.6 +1.3ka, some 3.4ka
younger than the calendar-corrected radiocarbon
date of 15.6ka. However, no single preheating
recipe could be applied to all the sarnples from the
core. In a wider ranging discussion of fine-grain
samples, Berger and Anderson (1994) concluded
that no single preheat procedure could ever be suc-
cessful and that different preheating procedures
should be tried until a Dg plateau is obtained; only
then is an accurate value of Dg available for an age
calculation.
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Fig. 22. Glow curves for a fine-grained sample from a lake
core in Alaska showing the effect of a 4-day preheat at
115°C on the natural TL () and permitting comparison
with similarly treated irradiated (N + 91 Gy) and bleached
sample discs; the latter were given a ligat exposure in the
wavelength range 560 to 800 nm for 3 days, as part of the
partial bleach method of Dg determination. Upper inset
shows the values of Dg obtained as a function of glow
curve temperature (from Berger and Anderson, 1994).
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6.2.2. OSL of quartz. The need for a preheat
after irradiation was demonstrated by Godfrey-
Smith (1994) who monitored the decay of OSL sig-
nals over a 68-day period, obtained when doses of
100 or 200 Gy are given in addition to the natural
dose to samples of both quartz and potassium feld-
spars. For quartz the OSL seemed to be made up
of a short-lived component which decays in a few
days at ambient temperature, and a stable com-
ponent.

For OSL dating it is more difficult to select a pre-
heat since the thermal stability of the different
populations of electron traps giving rise to the
room-temperature OSL signal after irradiation is
not known. Two preheat procedures have been used
extensively for multiple aliquot dating procedures,
namely 5 min at 220°C as originally developed by
Rhodes (1988) and 16 h at 160°C as developed by
Stokes (1992). The former procedure is suitable for
an automated system, such as in single aliquot pro-
cedures (see Section 7), whereas the latter is not. If
the OSL is derived from only the 325°C peak, and
if the trap depth and frequency factor values of
Wintle (1975) are correct, then both preheats would
have only a small effect on the OSL signal, a loss of
16.9% for the 5 min at 220°C, and 12.5% for 16 h
at 160°C (Stokes, 1996a). The equivalence of the
preheat for the reduction in the natural OSL was
demonstrated with data for 28 different sediment
samples for which a reduction of 10-20% was
found for most samples.

However, Roberts et al. (1993, 1994b) present
evidence for significantly different values of Dg
being obtained for 5 samples when using the two
preheats. A more recent intercomparison using
these same preheats has given values of Dg for 45
samples with ages ranging from a few hundred to
about 125000y (Stokes, 1996b). No significant
difference was found between the two preheat pro-
cedures for which the weighted mean ratio of Dg
values was 0.95 4+ 0.14,

6.2.3. For feldspar OSL and IRSL. For feldspar
OSL Li (1991) suggested two possible preheats,
10 min at 220°C and Sh at 160°C on the basis of
three criteria: (i) a plateau being obtained for the
ratio of the natural and irradiated signais, (ii) simi-
larity of the thermal decay rates for the two signals
and (iii) the similarity of the shape of the TL glow
curves of the natural and irradiated samples after
such a preheat.

Li and Wintle (1992) demonstrated the similarity
for loess from many sites around the world of the
thermal decay on storage at 220°C of IRSL resuit-
ing from laboratory irradiation. However, the IRSL
signal from K feldspar separates appeared to have
greater stability. They also characterised the IRSL
for loess by observing the reduction in signal
brought about by heating to successively higher
temperatures and concluded that, once the sample
had been heated to 350°C, no IRSL signal was
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observed. Duller (1994a) took this a significant step
further, using smaller incremental temperatures to
improve resolution, and showed that natural and
irradiated samples have different responses, unless a
preheat (e.g. 220°C for 10 min) is applied. The data
indicate that the stable IRSL is related to a trap
which has a similar thermal stability to the 350°C
peak, but no one-to-one correspondence has been
found between the IRSL signal and a recorded TL
peak.

6.3. To redistribute charge

In a recently zeroed mineral, radiation results in
charge being trapped according to the relative cap-
ture cross-sections of the traps. During irradiation
in nature, charge will be trapped at and lost from
shallow traps, and some of this charge may be
retrapped in the trap giving rise to the OSL signal.
It may thus be important in the dating procedure to
employ a preheat which will cause the equivalent
charge transfer after laboratory irradiation
(Rhodes, 1988).

6.4. To equalise sensitivity changes

Although sensitivity changes are clearly seen
when thermal activation characteristic (TAC) curves
are measured by pulse heating to temperatures
above 250°C (Wintle and Murray, 1997), it is also
possible that similar activation could have occurred
over long time periods at high ambient tempera-
tures, such as in deserts where the surface tempera-
ture may reach 70°C every day. Indeed, for one
Australian sedimentary quartz, TAC curves for
natural and laboratory irradiated samples have
been shown to be substantially different (Wintle
and Murray, in press). For this sample, correcting
the change in luminescent recombination prob-
ability (i.e. sensitivity) as a function of preheat tem-
perature almost completely removed the previously
convincing evidence for thermal transfer in the lab-
oratory irradiated aliquot. This observation has
since been repeated on 1 number of Scandinavian
sedimentary and heated quartz samples (Murray,
personal communication). Hence giving both natu-
ral and irradiated discs the same preheat is a means
of equalizing any possible sensitivity changes of this
type.

6.5. A check for adequacy of preheat — Dg versus T

6.5.1. For TL. Since heating to higher tempera-
tures results in the emptying of progressively more
thermally stable traps, a plateau of Dg versus T,
covering several TL peaks, is the best way of ensur-
ing that the correct valie of Dg is obtained. This
approach was taken for fine grains (discussed in
Section 6.2.1) but is betier demonstrated for a sedi-
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mentary quartz from the archaeological site of Nau-
walabila I in northern Australia (Roberts et al.,
1994a). A plateau was obtained [Fig. 23(a)] across
three peaks (280, 325 and 375°C at 5°C/s) from 240
to 430°C, giving a TL age of 28 + 2 ka. This con-
firmed both that the stability of all three peaks was
adequate for dating a sample of this age and that
the grains were well bleached at deposition, since
both the 325 and the 280°C peaks bleach more
rapidly than the 375°C peak. This criterion for
bleaching of both the 325 and the 375°C peaks has
been discussed further for a suite of quartz samples
from fluvial sands in Australia (Price, 1994).

6.5.2. For OSL of quartz. For the Nauwalabila I
sample discussed in the previous section, OSL dat-
ing was also carried out on another set of discs
which had been preheated for 5 min at 220°C. This
preheat was shown to erase the optically-sensitive
peak at 280°C [Fig. 23(b) inset]. Dg was obtained
for the integral over the first 500 mJ of laser ex-
posure [Fig. 23(b)].

For OSL it is impractical to use multiple aliquots
to obtain sufficient measurements of Dg as a func-
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Fig. 23. (a) Natural TL glow curves and plot of Dg
against temperature for a sample of Australian sedimen-
tary quartz from Nauwalabila I. The plateau extends
upwards from 240°C, suggesting both thermal stability
and efficient bleaching at deposition (from Roberts et al.,
1994a). (b) OSL decay curves obtained after a preheat at
220°C for S min, which removed the TL at 280°C (see
inset). Using these decay curves, the value of Dg was
found to be 24.6 + 0.7 Gy (from Roberts et al., 1994a).
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tion of preheat temperature to obtain a meaningful
plateau. Instead, a procedure ecuivalent to the
simple TL plateau test (Section 4.8) was carried out
by Rhodes (1988) in irradiated and unirradiated
natural aliquots preheated for 5 min at different
temperatures from 160 to 280°C. The (N/N + f)
OSL ratios showed stability for 5 min at tempera-
tures of 220°C and above.

6.6. OSL measurement at elevated temperature

6.6.1. Feldspars. Another use of heating in OSL
measurement procedures relates to the temperature
at which the measurement is made. The measure-
ment can be made at room temperature, but this
may not be well controlled. Several papers have
presented data on the variation of IRSL and OSL
signals as a function of the measurement tempera-
ture. It is possible to measure the luminescence for
a fraction of a second whilst heating up the sample
in what would otherwise result ir. a normal glow
curve. Duller and Wintle (1991) showed that the
IRSL signal obtained from a feldspar increased as
the temperature was raised from 30 to 200°C and
then decreased as the trap was emptied with
increasing temperature. The increase above room
temperature has been used to measure the energy of
thermal assistance involved in the production of
IRSL, which involves low energy photons in the
stimulation (Hiitt er al., 1988; Bailiff and Poolton,
1991). It is now relatively common for IRSL
measurements to be made at 50°C to obtain a
reproducible signal which is also slightly higher
than that at room temperature. However, it is poss-
ible to increase the signal by as much as a factor of
5 by measuring at even higher temperatures, pro-
vided that an appropriate filter is used so that small
shifts in peak emission wavelength do not have an
adverse effect (Duller and Better-Jensen, 1997).
This study also demonstrates that when measure-
ments are carried out at elevated -emperatures, the
luminescence centres may also be affected by
another thermally activated process, namely thermal
quenching, as pointed out by Poolton et al. (1995).

6.6.2. Quartz. Smith et al. (1990b) suggested that
the OSL signal from sedimentary quartz could be
increased by making the measurement at an elev-
ated temperature and reported a dating study using
measurements made at 100°C. In a more recent
study Murray and Wintle (1997) conclude that it
would be an advantage to measure OSL of quartz
at a temperature of 125°C, so that the trap(s) re-
sponsible for the 110°C TL peak are kept empty.
Measurement at this temperature increases thermal
assistance and results in the majority of the OSL
being emitted in the first 10s of green light ex-
posure in a Risg OSL/TL reader. This also results
in a smaller contribution of an OSL signal with a
long decay constant under optical stimulation, and

would be advantageous for younger samples. A
10% reduction in integrated OSL due to thermal
quenching was observed compared to stimulation at
room temperature, but this is outweighed by the
other improvements.

7. SINGLE ALIQUOT PROTOCOLS
7.1. Introduction

In Section 5.1, the procedures used to obtain the
equivalent dose involved the use of 24 to 50 sample
discs. For TL dating this was necessary because the
measurement of the TL signal is destructive, since
all electrons are ejected from the traps during heat-
ing. The large number of discs used was required to
define the growth curve with sufficient precision to
enable its extrapolation to be meaningful for the
additive dose method. This philosophy was carried
over into the new optical dating methods, although
even in the first paper on the topic, Huntley et al.
(1985) recognised that it should be possible to
obtain an estimate of Dg using a single portion of
sample. As with multiple aliquot procedures, two
approaches could be taken:

one in which the natural OSL could be com-
pared with the OSL resulting from a known lab-
oratory irradiation; this would be a regeneration
method, probably using optical bleaching to zero
the signal before delivery of a laboratory radi-
ation dose.

the second would use only the initial part of
the OSL signal as the measurement, and ad-
ditional doses would be given to increase the
OSL signal. These would be used to construct an
additive dose growth curve, as first suggested by
Smith et al. (1986).

In both procedures a preheat would be required,
as outlined in the previous section, and in the sec-
ond approach some form of correction would need
to be applied to allow for the repeated preheats
that a sample disc would experience.

Single aliquot procedures have a number of
theoretical and practical advantages.

1. The value of D¢ obtained for each aliquot has a
very high precision. This is to be expected since
the natural response of each aliquot is compared
with its individual response to laboratory ir-
radiation. The error term is given by the fitting
program used, and even for additive dose pro-
cedures the fitting error is typically +4% (e.g.
Wintle et al., in press). For samples that have
been well zeroed by the event that is being dated
and that have been in a uniform radiation en-
vironment since deposition, the values of Dg are
very close. For pottery these requirements are
met and typically the standard deviation in Dg
between aliquots is less than 5%. For K-rich
feldspars from sands ranging from 300 to 600y,
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Normalised IRSL

the standard error in the mean of 18 aliquots
was found to be 5-7% (Wintle et al., in press).
The size of the standard deviation can be used to
evaluate whether all the grains have been well
bleached or not (Li, 1994; Clarke, 1996) and the
range in Dg has also bzen used to demonstrate
incomplete bleaching (Murray et al., 1995) and
inhomogeneity of the radiation environment for
aeolian grains trapped in a carbonate matrix
(Olley et al., 1997).

. Very small amounts of the mineral of the appro-
priate grain size need to be extracted. This is im-
portant for archaeological samples of finite size,
such as a piece of pottery or burnt stone. It is of
even greater importance for single items such as
a wasp’s nest forming on the surface of a piece
of rock art (Roberts et al, 1997). For very
young sediments it is also important when using
K feldspar, which may make up as little as 3%
of the bulk sediment, for dating coastal dunes
from Britain and Ireland (Wintle et al., in press).
In the ultimate application, single aliquot dating
can be applied to single grains, provided that
their sensitivities are high enough. Lamothe et
al. (1994) have performad such studies on paired
feldspar grains and Murray and Roberts (in
press b) have made similar studies on single
grains of Australian sedimentary quartz.
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No normalization procedures are required to
allow for variations in the number of grains on
each sample disc, or different disc-to-disc sensi-
tivities.

Procedures for preheating, bleaching and ir-
radiation, as well as the OSL measurement, can
all be performed readily within an automated
reader. This also increases precision, as there is
less opportunity for inadvertent light exposure or
loss of grains. For each single aliquot additive
dose technique, the laboratory irradiation time is
considerably less than that for dating with a
multiple aliquot technique, when the same radi-
ation source is used; this results from the cumu-
lative nature of the irradiation schedule in the
single aliquot procedure. However, in reality a
number of repeat measurements are made and
allowance must be made for the preheating times
(often 10 min). For pottery samples with high
reproducibility it would be possible to use a lim-
ited number of aliquots. However, for sediments,
many more discs (usually 12 to 18) are used in
order to estimate the scatter. Also, the relatively
young ages of pottery (usually <3000 y) require
shorter irradiation times, compared with most
sediments (usually >>1000 y). This may result in
measurement sequences on sediments lasting sev-
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Fig. 24. Single aliquot additive dose data set for K-rich feldspars from a dune sand in New Zealand:

(a) raw additive dose data, (b) preheat data set, (c) data from (a) corrected using data from (b) for the

“luminescence correction method” (Duller, 1991), and (d) as for (c) but using the “dose correction
method” (Duller, 1994a) (from Duller, 1995b).
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eral weeks if irradiation is performed in a Rise
OSL/TL reader (e.g. Clarke et al., in preparation).

7.2. Additive dose with luminescence correction

The first automated ‘“single aliquot” procedure
was given by Duller (1991), although it should be
mentioned that two discs are required in practice —
one for the additive dose growth curve and a sec-
ond to determine the loss of signal caused by each
successive preheat. In the initial study, potassium
feldspar samples were subjected to a preheat,
measure and irradiate cycle, which was repeated
enough times to construct a meaningful growth
curve which could be extrapolated to the dose axis.
However, the growth curve which resulted from the
0.5 s IRSL measurements [Fig. 24(a)] could not be
used in this way to obtain the Dg as each preheat
caused depletion of the trapped electrons, greater
than that caused by the IR exposure used to make
the IRSL measurement. The growth curve thus
needs to be corrected before the extrapolation is
made. However, it should be noted that appli-
cations of the additive dose proc:dure make no
allowance for initial non-linear growth, known as
supra-linearity.

7.2.1. Separate preheat correction. The approach
taken by Duller (1991) was to use additional discs
(usually six, to improve precision, although one
should be adequate if all the aliqucts are identical)
and to subject them to a preheat and measurement
cycle in which no additional dose is given. For the
K feldspars a preheat of 10 min at 220°C repeated
about 10 times reduces the IRSL to about 40% of
the initial value [Fig. 24(b)]. The loss was not expo-
nential.

Several correction procedures ‘were attempted
(Duller, 1991). To check that the procedure was
appropriate, the sample disc used for the additive
dose measurements was exposed to four additional
cycles of preheat and measurement, but with no ad-
ditional dose being given. The correction procedure
was applied sequentially to all data points, includ-
ing these. The ability of the procedure to give iden-
tical luminescence values for these points was the
criterion used to select the best correction pro-
cedure. The best approach was that which treated
each portion of the IRSL signal separately, with the
natural IRSL being corrected one more time than
the IRSL resulting from the first added dose, etc.
[Fig. 24(c)]. This is interesting as it implies that
each population of trapped charge is acting inde-
pendently, a suggestion which is at odds with the
notion of a single electron trap bzing responsible
for the stable IRSL signal.

7.2.2. End-point preheat correcticn. A single ali-
quot procedure which indeed uses only a single disc
was put forward by Galloway (1996). He used the
RM 27/5-6—G

decay curve obtained by even more preheat and
measurement cycles at the end of the additive dose
procedure to correct the additive dose growth curve
on a disc-by-disc basis. The decay has been charac-
terised by Galloway (1996) in terms of the number
(n) of preheat/measurement cycles employed and
can be expressed as f(n) = | — aln(n) where « is a
constant. This correction procedure also required
each portion of the IRSL to be corrected separately
and had as its condition of acceptance the require-
ment for it to be applicable for the final data set,
even after multiple correction. The procedure was
tested by Galloway (1996) using Duller’s published
data set (Duller, 1991).

7.3. Additive dose with dose correction

When the additive dose growth curve deviates
significantly from linearity, the correction in Section
7.2 is not appropriate. In this case the uncorrected
luminescence growth curve is non-linear not just

Normalised 0.1 s OSL, counts

Normalised 0.1 s OSL, counts

Stimulation Cycle

Fig. 25. Initial OSL (0.1 s at 110°C) measurements. (a)
Pulsed decay curves for sample WIDGS8 (N + 43 Gy,
Dg =58 Gy) for 10 s repeated preheat cycles at 20°C tem-
perature intervals from 160 to 300°C. About 90% of the
decay is exponential. (b) Pulsed decay curves for WIDG8
using a 280°C 10s preheat when the sample had been
given added doses of 0, 1.7, 3.4, 6.8, 13.5, 27, 54, 108 and
215 Gy. The decay is independent of dose (from Murray
et al., 1997).
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because of loss of signal owing to the preheat, but
because of saturation. To deal with this Duller
(1994a) proposed a ‘‘dose correction” procedure
which applies the fractioral loss with preheating to
each dose component, rather than each lumines-
cence component [Fig. 24(d)]. This procedure was
used for K feldspars fromn dune sands dating back
to 17.3 ka (Clarke, 1994) and for even older fluvio-
glacial sands (Duller, 1994b).

7.4. Single aliquots of quartz

Following the success of the single aliquot addi-
tive dose procedure for feldspars, only a few studies
(e.g. Stokes, 1994) were reported in which the
authors attempted a similar approach for quartz.
An exception was a comprehensive study on some
Australian aeolian sands Murray et al., 1997) using
broad-band green light stimulation. They observed
that the initial (0.1s) OSL signal from quartz
decreased exponentially as a function of the number
of times the sample was given a 10s preheat.
Figure 25(a) shows the decay in the OSL measured
at 110°C (1o keep the 100°C TL trap empty) for a
sample (WIDGS, with Dg=58 Gy) given an added
dose of 43 Gy. At least 90% of the decay of the
OSL intensity is exponential when the charge is
released optically (for temperatures below 260°C) or
by a combination of thermal and optical erosion (at
above 260°C). Further experiments demonstrated
that this decay, as exemplified by the behaviour of
the 10s 280°C preheats, was independent of the
applied dose [Fig. 25(b)].

Based on the data in Fig. 25, and similar data for
other Australian sedimertary quartz, Murray et al.
(1997) formulated a simple model to describe the
decay correction procedure to be applied to similar
samples in an additive dose single aliquot protocol.
It uses the data points obtained at the end of the
additive dose cycle, when repeated preheat/stimu-
lation cycles are performed with no added dose, to
determine the decay constant; this is then applied to
the additive dose data set in a correction procedure
analogous to the “luminescence correction” pro-
cedure of Duller (1991), discussed in Section 7.2.
This approach is also similar to that of Galloway
(1996) in that it is a truly single aliquot procedure,
but differs fundamentally in that the decay per cycle
is constant; Galloway’s empirical relationship for
feldspars (given in Section 7.2.2) is necessary
because the decay rate decreases with measurement
cycle, as found in earlier measurements by Duller
(1991). Murray et al. (1997) further demonstrated
the strength of this protocol by applying it to a
number of aliquots, using different 10s preheats
from 150 to 300°C, in order to produce a plateau
of Dg against preheat temperature (see Section 7.8).

Stokes (1994) also investigated whether dose-
dependent sensitivity changes would occur as a
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result of the sequence used for the single aliquot
additive dose method when used for quartz. No
such change occurred using a preheat of 160°C for
16 h and he obtained a date on an Australian sand
using this procedure, but not carried out in an
automated reader. Liritzis et al. (1994) also used an
additive dose single aliquot protocol for quartz
extracted from pottery, but using a green diode
array (Galloway, 1994), rather than a laser or green
light source.

7.5. Regeneration

Conceptually the regeneration method is the sim-
plest approach of single aliquot dating. For OSL it
is assumed that the signal at deposition (if any) is
that which is reached by the laboratory bleaching.
It is assumed that the laboratory bleaching does not
alter the OSL sensitivity as measured with the
regenerated signal. The sample can then be irra-
diated and measured in a repetitive cycle, using
different radiation doses to construct a growth
curve. Duller (1991) tested this approach for IRSL
from potassium feldspars from sediments and used
a 10-min preheat at 220°C to remove unstable com-
ponents in the signal. Using an IR bleach to zero
the IRSL, he found a progressive change in sensi-
tivity (of the order of 5-10%) as repeat measure-
ments were made. Richardson (1994) found a range
of sensitivity changes when the IRSL of potassium
feldspars was measured for recent dune sands which
had been exposed to a variety of natural and artifi-
cial light sources, and the behaviour agrees well
with predictions from a recent modelling study by
McKeever et al. (1997). The amount of sensitivity
change for IRSL signals appears to relate to the
bleaching history of the grains, as found for studies
on colluvial samples (Li and Wintle, 1991, 1992;
Wintle et al., 1995a,b). They suggest that, for grains
which have had their IRSL, but not their TL, zer-
oed at deposition, IR bleaching in the single aliquot
regeneration method gives reliable Dg values for
potassium feldspars.

Tso and Li (1994) used a single aliquot regener-
ation procedure for fine grains from pottery, with
heating rather than bleaching being used as the
more appropriate zeroing procedure; their pro-
cedure actually required three discs.

The single aliquot regeneration method has also
been attempted for quartz, but sensitivity changes
have been reported which precluded this simple
method being adopted (Mejdahl and Batter-Jensen,
1994). Since then Murray and Roberts (submitted)
have described a single aliquot regeneration pro-
cedure for quartz which explicitly measures the sen-
sitivity change resulting from each preheat/bleach
cycle, using the 110°C TL peak response (as
described in Section 7.7). They showed that the Dg
observed on one aeolian sample using this approach
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was in excellent agreement with that expected from
the known ('*C) age, and with the observed values
using TL, multiple aliquot OSL additive dose, and
single aliquot OSL additive dose protocols. This
new procedure has also been applied to many other
Australian sediments, and to sediments and heated
quartz samples from Scandinavia (Andrew Murray,
personal communication).

7.6. D versus preheat temperature

The modified SARA method (described in
Section 5.6) was also applied to the integrated
phototransferred TL (PTTL) measured in the
110°TL peak after the green light exposure
(required in the OSL study). The value of Dg
obtained for both the OSL and the PTTL study
were shown to be independent of the 10s preheat
used, provided that the preheat temperature was
above 180°C [Fig. 26(a)].

In Section 6, the importance and necessity of
employing a preheat prior to the OSL measurement
was discussed. For single aliquot procedures a pre-
heat is just as important, but the effect it has is
more difficult to monitor. Using the modified
SARA protocol, Murray (1996a) selected a preheat
of 10s at 190°C for routine use for young fluvial
sediments, based on Fig. 26(a).

In Section 7.4, the additive dose single aliquot
procedure of Murray et al. (1997) was explored.
The protocol was applied using 10 s preheats at 10
or 20°C intervals between 150 and 300°C. Results
were obtained on 5 samples which had values of Dg
ranging from 0.026 Gy up to 52 Gy [Fig. 26(b)].
The older samples showed a tendency for Dg to
give a plateau at the higher preheat temperatures
(above 260°C). Using the values in the plateau
region gave excellent agreement of the value Dg
with that derived from multiple aliquot additive
dose procedures. For one of these older samples (a
10 000-year-old aeolian sand from Allen’s Cave in
South Australia with Dg around 24 Gy) a preheat
of 10s at 280°C was chosen, when a single grain
additive dose protocol was applied (Murray and
Roberts, in press).

In a study on a slightly older (30000y and
De~58 Gy) sand from Widgingarri in western
Australia, Wintle and Murray (submitted) showed
that for a simple single aliquot regeneration dating
procedure, the value of Dg obtained was highly
dependent on the preheat temperature. In their ex-
periments they compared the natural OSL with that
for a sample which had been bleached and given a
regeneration dose of 56 Gy. The results were
obtained using a single disc to which successive
pulse anneal preheats for 10 s were applied between
each 0.1 s measurement of its OSL at 125°C, first
for the natural dose and then for the regenerated
dose. Within this procedure a small test dose was
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applied and the 110°C TL. peak was measured to  submitted) and fired grains (Murray and Mejdahl,
monitor for sensitivity changes resulting from the submitted).

preheat immediately prior -0 the delivery of the test

dose. This showed a thermal activation process

which was significantly different for the natural and 7.7. Single-grain procedures

laboratory irradiations. This has led to the develop- o

ment of a new measurement protocol for single ali-

The importance of single-grain TL measurements
quots of sediments (Murray and Roberts,

has been demonstrated both for quartz (Huntley et
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Fig. 27. (a) Glow curves for 6 individual grains of feldspar from Danish cover sands (from Griin ez al.,

1989). (b) Glow curves for 7 individual 150-180 um grains of quartz from an Australian dune, and the

inset shows the distribution in brightness (photon counts between 300 and 320°C (from Huntley et al.,
1993b).
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al., 1993b) and K feldspars (Griin ez al., 1989).
Both studies showed the variability in both intensity
and glow curve shape [Fig. 27(a,b)] and led to the
conclusion that the light was comirg from a very
small number of grains. In the study of the
Australian dune sands, this variation in natural
light level is best explained by the different grains
having different sensitivities, or possibly different
saturation levels, since the dunes a-e several hun-
dred thousand years old.

In the case of material which may incorporate
unbleached grains, the ability to measure the lumi-
nescence signal from single grains may permit clear
distinction between relatively recently deposited
well-bleached grains and unbleached grains incor-
porated by reworking of older sedirnents. Lamothe
et al. (1994) were particularly successful in their
results for late glacial marine sands from Québec.
They found a range of natural IRSL signal intensi-
ties from individual grains picked from the 500-
1000 um grain size range, which were subsequently
shown to have an internal K content of 11.7%.
Using the additive dose single aliquot procedure
(with luminescence correction) they obtained Dg
and then calculated an age for each grain, and the
results are shown in Fig. 28. Half the grains are too
old and it is suggested that these might have been
derived from older non-glacial sediments. The
others are about 30% too young and it is suggested
that these might exhibit anomalous fading. The
combined age obtained, as would have been
obtained if all the grains had been on one disc and
used in a multiple-grain single aliquot measurement,

70 —
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50 —
40 - Apparent IRSL ages

[ Expectad age

Age (ka)

30 |-

20

10

1 2 3 4 5 6 7

was about 51 ka, similar to actual measurements
reported elsewhere (Balescu and Lamothe, 1994).

Lamothe and Auclair (1997) have attempted to
develop a laboratory test to identify the presence of
unbleached grains in 6 samples for which the mul-
tiple aliquot additive dose procedure for IRSL gave
ages far in excess of the radiocarbon or strati-
graphic age estimate. They hand picked up to 70
single K-feldspar grains of 500 pm to 1 mm diam-
eter and compared the natural IRSL with that for
the IRSL obtained after giving an additional
gamma dose to the same grain. The ratios R are
shown in Fig. 29 alongside the multiple aliquot
data set. The results for CES2 demonstrate the
homogeneity of the grains in that sediment,
suggesting that none of the grains in the fluviogla-
cial sand were exposed to light. The other two
samples gave a wider range of R; suggesting that
these samples have a significant proportion of
unbleached (or perhaps poorly bleached) grains.
Fading tests were also carried out on the same
single grains from CES3, chosen to see if there was
significant fading in grains from the Saint Césaire
site. Some grains lost almost half of their IRSL in
the 7-month room-temperature storage, even
though they were preheated at 220°C for 10 min.
As a result of this study, Lamothe and Auclair
(1997) proposed a sequence of measurements to be
performed on 50 grains to assess the homogeneity
of bleaching at the time of burial and the presence
of anomalous fading.

Based on the possibility of using the 110°C TL
peak to monitor the effect of sensitivity changes in
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Fig. 28. Calculated ages basec: on the IRSL from 15 individual K-rich feldspars (500-1000 um) com-
pared with the age of 9.5ka expected on the basis of the geological context and related radiocarbon
date (from Lamothe et al., 1994).
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Fig. 29. IRSL growth curves using a conventional multiple aliquot data set for 150-250 um K-rich feld-
spars for three samples. Also shown are the ratios, R;, of the natural IRSL to that from a 50 Gy dose
for single grains of 500 pm to | mm diameter from the same three sediments.

natural and regenerated OSL signals from quartz
(Wintle and Murray, 1997), Murray and Roberts
(submitted) proposed a single aliquot regeneration
protocol. This was successfully applied to single
grains of quartz extracted from a sand from an
Australian cave site (see Section 7.5) (Murray and
Roberts, in press). Regeneration single aliquot
measurements on 25 grains showed a wide range of
response, both in terms of brightness and growth
curve. The histogram of values of Dg gave a stan-
dard deviation of 5 Gy, which it was concluded was
the result of non-uniformity in the beta radiation
field in the environment (Olley er al., 1997). The
average value was in agreement with the best esti-

mates of Dg obtained using single and multiple pro-
tocols for aliquots containing a large number of
grains (Murray and Roberts, in press).

7.8. Multiple evaluations of Dg

The application of the single aliquot procedures
presented in the preceding sections to a number of
aliquots enables additional information to be
obtained concerning the uniformity of the sedimen-
tary deposit, both with regard to completeness of
bleaching and microdosimetry. Such an approach
assists in the production of a precise and accurate
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age. Typically, around 20 determinations are made.
Li (1994) plotted individual values of Dg against
natural intensity, [,,, for each disc of feldspars taken
from several samples of colluvium. The distribution
of these data points, each representing a unique
value of Dg and I, were interpreted in terms of
varying sensitivity of the grains and/or varying
values of dose recorded by the grains. The latter
would result from incomplete bleaching of the sedi-
ment. By reducing the number of grains of potass-
ium feldspar on a disc from a few thousand to only

809

a few hundred, Li (1994) showed that for the two
youngest samples he was able to obtain the smallest
values of Dg for discs with relatively few grains. He
concluded that these values were likely to be closest
to the value of Dg representing the age of the
deposit.

Similar plots for modern colluvial and alluvial
sediments have been obtained by Porat er al.
(1997). Figure 30(a) shows that for the potassium-
rich feldspars from the colluvium, the data fall on a
line through the origin, suggesting that the grains
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Fig. 30. (a) Dg plotted against /, (natural IRSL intensity) for single aliquot measurements of two mod-

ern sediments, an alluvium aad a colluvium from southern Israel. The sediments are not completely

bleached, but the colluvium is better bleached (from Porat er a/., 1997). (b) Histograms of single aliquot

Dg values obtained for 1 mg samples of 90-250 pm quartz from 4 modern water-lain deposits from
Australia (from Murray er al., 1995).
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all have the same IRSL sensitivity, but have been
bleached to different extents. The samples of allu-
vial origin appear to be less well bleached. The
values of Dg for the two samples result in ““ages” of
540 + 375y and a range of 2300-5100y, respect-
ively. These represent small age offsets compared
with the ages of the fault-related sediments which
were the focus of the study.

Clarke (1996) has taken this idea further by plot-
ting normalised values of Dg versus normalised
values of I, and has developed criteria based on the
scatter of the Dg data set. These criteria for level of
bleaching at deposition were discussed using
examples of potassium-rich feldspars from well-
bleached aeolian deposits and incompletely-
bleached colluvial and fluvial deposits.

Murray et al. (1995) used another approach for
their single aliquot data on quartz from modern
water-lain deposits from Australia. They made 120
measurements of Dg using discs with only 1 mg of
sample, containing about 130 grains. They plotted
them as histograms [Fig. 30(b)] and observed a
tight cluster of values near the origin, with a few
discs with significantly higher values. As expected,
the distribution has a rapidly rising edge on the low
dose side. They proposed that this edge can be used
to define the depositional age for poorly bleached
samples. This procedure was further tested on a
modern dune sand and a modern fluvial sediment
from a bar and then applied to a short core taken
within the flood channel of the Namoi River, New
South Wales (Olley et al., in press). Using aliquots
consisting of 60-100 grains, asymmetric histograms
of values of Dg were obtained, suggesting that the
aliquots were poorly bleached. Age estimates ran-
ging from 22 y at the top of the core to 146y at the
bottom were obtained by taking the mean value of
the lowest 5% of Dg values for each of the sample
data sets.

8. COMBINED OSL/TL MEASUREMENTS
8.1. Quartz TL, feldspar T.. and feldspar IRSL

From the preceding seciions, it can be seen that
there are a number of luminescence signals which
are reduced at different rates when exposed to sun-
light. Using more than one of these signals for
grains from the same sedimentary unit may enable
an assessment to be made of the extent to which
the grains were exposed to light at deposition. This
may be carried out using different minerals, e.g.
using the quartz TL and feldspar TL and IRSL as
employed by Rendell er al. (1994a). They studied
sand ramps in the Mojave Desert in California.
These are formed as sand is blown up against the
base of a mountain range; the sediments are made
up primarily of grains of aeolian origin, as well as
some which will have moved down slope in oc-
casional heavy rain storms. In this situation it
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might be expected that the colluvial grains will have
had a shorter light exposure, and thus the age
obtained using the more rapidly bleached signal,
namely the feldspar IRSL, will be closest to the
true age. Since the feldspar and quartz grains would
have had different dose rates, owing to the internal
potassium content of the potassium-rich feldspar
separate, the ages, rather than Dg values, were com-
pared for each signal. For the younger samples, up
to 20 ka, all three signals are in good agreement,
suggesting that the units that were sampled were
comprised of well-bleached grains.

8.2. The RBP, SBP and OSL from quartz

In a study of luminescence signals from grains
extracted from an excavated rock shelter in
Botswana, Feathers (1997) used three signals from
quartz, namely the RBP TL (Section 2.1.2), the
SBP TL (Section 2.1.1) and the OSL. There was
concern that the sand units, which were primarily
aeolian, may have contained grains which had been
either washed in or derived from the walls of the
rock shelter. For the three youngest samples, the
values of Dg obtained for the SBP and for the OSL
single aliquot data sets showed agreement, implying
that the samples were well bleached at deposition.
The RBP measurements lacked precision and this
resulted in large errors in the Dg values obtained,
thus precluding any useful conclusion being drawn.

Another rock shelter site where roof-fall material
may have contributed to the deposits is Puritjarra
in central Australia (Smith er al, 1997). Samples
from this site have played a major role in the devel-
opment of TL techniques for quartz (Prescott and
Fox, 1990). At this site more than 30 radiocarbon
dates on charcoal were available for comparison
with the TL results. Data for TL growth curves
were obtained using both the total bleach technique
and the selective bleach method, and the two data
sets were each fitted using the ‘“Australian slide”
procedure; the growth curves were fitted using a
combination of a saturating exponential and a lin-
ear curve. The total bleach and the selective bleach
methods give very similar values of Dg, and these
are in agreement with the limited number of OSL
ages which were also presented in the paper. In ad-
dition, experiments were carried out to see if the
clay rinds on the grains might have prevented total
bleaching of the RBP at deposition, but it was con-
cluded that this was not the case. However, the
ages obtained using this peak were significantly lar-
ger than the associated radiocarbon dates, by 6000-
10000y. Some of the discrepancy could be
explained by sampling problems, but the more
likely explanation is that some unbleached grains
derived from the sandstone bedrock were incorpor-
ated in the sediments without exposure to light, and
this is discussed in detail by Smith er al. (1997).



LUMINESCENCE DATING: LABORATORY PROCEDURES AND PROTOCOLS 811

This problem could be explored using single grain
OSL procedures as used at Ngarratullgan Cave, a
rock shelter in Queensland (David er al., 1997). In
this case the single grain results were in agreement
with the multiple aliquot measurement, indicating
that it was unlikely that any decomposed bedrock
was incorporated in the sediment.

8.3. TL and IRSL from feldspars

Balescu er al. (1997) extracted alkali feldspars
(containing 7% K) from two interglacial estuarine
sediments, assigned to oxygen isotope stages 9
(303-339 ka) and 7 (186~245 ka). Following at least
a year’s storage after irradiation ard a subsequent
preheat at 160°C for 16 h, the additive dose TL and
IRSL growth curves gave identical values of Dg,
with agreement also being found for a Pliocene (3—
4 Ma) sand being used to assess the degree of age
underestimation (see Section 2.3). The luminescence
ages that were calculated using the measured dose
rate and values of Dg indicated significant age
underestimation for the interglacial deposits, thus
suggesting that long-term fading affects equally the
TL and IRSL signals for these feldspars from
north-western France. Using the Pliocene sample,
Balescu er al. (1997) suggest that for these alkali
feldspars, the mean lives for fading in the environ-
ment of north-western France, experiencing both
interglacial and glacial temperatures for tens of
thousands of years, are close to 1 million years.
Using equations which allow for both non-linear
luminescence growth and thermal fading (Mejdahl,
1988a, 1989), both the IRSL and TL data result in
corrected ages in excellent agreement with the strati-
graphic evidence. This agreement suggests that the
estuarine grains were well bleached when originally
deposited.

9. CONCLUSIONS

The variety of luminescence signals that can be
obtained from the most common sedimentary min-
erals, quartz and feldspars, provide useful dating
tools for Quaternary sediments.

Each signal, whether TL, OSL cr IRSL, has par-
ticular advantages and disadvantages with regard to
long-term thermal stability, intrinsic sensitivity and
optical bleachability.

New developments, such as single aliquot pro-
cedures, permit a better understaading of the effi-
ciency of the bleaching process at deposition, as
well as providing a less time-corsuming measure-
ment procedure.

Fundamental experiments on the sensitivity of
the luminescence signals to light and heat play a
fundamental role in the development of the most
appropriate laboratory protocols for use in routine
dating applications. Such studies have been per-

formed on quartz, but similar studies are required
for feldspars.

The most exciting developments in the past 7
years have been the OSL and IRSL methods based
on single aliquot approaches. For quartz these have
been used to obtain dates for single grains for
samples with ages of several tens of thousand of
years. For younger samples, a few hundred grains
are required to obtain a statistically meaningful sig-
nal. These results have been obtained primarily for
Australian quartz and it will be interesting to see
results obtained from other parts of the world.
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