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INTRODUCTION

The exact reconstruction of past events and processes plays a very important role in a
number of scientific disciplines, such as geology and archaeology. An accurate and
precise knowledge of the time when certain events took place, of the duration of certain
phases or periodicities, and of the rate at which certain processes are active, forms the
indispensable basis for every good reconstruction. Hence, the time factor is of primary
importance to these scientific disciplines, and the need for geo(archaeo-) chronometric
techniques is high. Nowadays, a broad spectrum of chronometric techniques is available,

each with its own possibilities and limitations.

A dating method that seems to bring about a real break-through in the chronometry of the
last 100 ka is the optically stimulated luminescence (OSL) dating method. Optical dating
1s used increasingly as a means of establishing the deposition chronology of sediment. It is
unique because it uses the constituent mineral grains of the sediment itself (quartz,
feldspars) instead of the associated material (such as '*C) that is often scarce or less

reliable.

Luminescence dating was originally developed in the 1960’s and early 1970’s for
determining the age of ancient ceramics (Aitken et al., 1964, 1968; Fleming, 1966, 1970;
Zimmerman, 1966, 1971; Mejdahl, 1969). The phenomenon used was
thermoluminescence (TL), i.e. the light (luminescence) emitted by a sample when it is
heated. Subsequent applications involved the dating of various other types of heated
archaeological materials, such as burnt flint and stones (for summaries, see Aitken, 1985;
Roberts, 1997; and Wagner, 1998), and the method became firmly established for testing
the authenticity of art ceramics (Stoneham, 1991). Wintle and Huntley (1979, 1980) were
the first to present a workable TL dating technique for determining the time of deposition
of sediments. This first application was to deep-sea sediments, but the technique was
subsequently extended to a wide range of aeolian and aquatic clastic sediments (see e.g.
the review by Prescott and Robertson, 1997). The dating of sediments became the

mainstream area of luminescence dating research. In 1985, Huntley et al. discovered that
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the dating signal could be stimulated from sedimentary minerals by exposing them to
light, instead of heat. Huntley et al.’s pilot work suggested this optically stimulated
luminescence (or optical) dating method to be a better means for dating sediments,
offering additional practical and methodological advantages. These expectations were
soon fulfilled, and nowadays, optical dating has replaced the use of TL almost completely.
Especially over the last few years, the method has undergone major developments and
enhancements in instrumentation, measurement procedures and the preferred mineral

(Better-Jensen et al., 2003a).

Optical dating is thus a relative young method, and it has not yet entirely outgrown its
developmental state. Nevertheless, owing to the methodological progress made over
recent years, enhanced confidence can be placed in the accuracy of the age results
(Murray and Olley, 2002). An increased precision is furthermore available from advanced
and sophisticated laboratory procedures for measuring OSL. As a consequence, the
method has — notwithstanding its adolescence — already found a considerable application

in archaeology and Quaternary geology, and its popularity continues to grow.

Despite this increasing international success, optical dating was, however, not yet applied
in our laboratory (or, for that matter, in Belgium). Up to 1999, all the luminescence
research was still performed using TL. Although this led to TL ages for some important
Belgian loess sections at Kesselt, Rocourt, Harmignies and Momalle (Vancraeynest, 1998;
Van den haute et al., 1998, 2003) and for aeolian dune sands from the southern African
Kalahari (Munyikwa et al., 2000), our laboratory did lag behind in the immense progress

that was being made in luminescence dating technology.

The overriding objective of this thesis, therefore, was to catch up with all these
developments, and to set up a laboratory that applies luminescence dating according to the
state of the art. In essence, this consisted of the implementation of the optical dating
method at the Ghent luminescence dating laboratory, in the first instance for the practical
purpose of obtaining accurate and reliable age information for the Late Pleniglacial to
Holocene aeolian phases of coversand and drift sand deposition in the West-European

lowlands. The implementation and dating research were taken up as an interdisciplinary
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co-operation between the Department of Analytical Chemistry (Institute for Nuclear
Sciences) and the Department of Geology and Soil Sciences (Laboratory for Mineralogy,
Petrology & Micropedology) of the Ghent University.

In Chapter 1 of this thesis, the basic principles of the luminescence process are briefly
described, with an explanation of how the phenomenon can be used for dating. Quartz is
the dosimeter that has been used throughout this work, and the most important OSL
properties of this mineral are discussed in Chapter 2. Although this chapter is based on a
study of the literature, it contains results from own research to illustrate some of these
properties more clearly. Chapter 3 deals with the two quantities that need to be
experimentally determined to arrive at an OSL age, namely the equivalent and the annual
dose. An overview is presented of the different measurement protocols and procedures for
equivalent dose (D.) determination, with specific attention to those that have been
developed for quartz. Some results from own research are used for the sake of illustration.
The most recently developed protocols allow obtaining many values of D, for a single
sample, and a discussion on the interpretation of these data is included. The determination
of the annual dose, on the other hand, is the same in TL and OSL dating. Therefore, only
the basic notions are covered. As no well-established experience was available in our
laboratory for the dating of coarse quartz grains (90-125 pum), however, the specific
aspects associated with the evaluation of the annual dose to such grains are discussed in
some greater detail.

The actual implementation of the optical dating method in our laboratory is described in
Chapter 4. The implementation consisted of the exploration of various aspects of the
method, by applying it to quartz grains extracted from a sequence of Upper-Pleniglacial to
Late-glacial coversands exposed at the locality of Ossendrecht (SW Netherlands). This
site was chosen because a number of radiocarbon dates and earlier luminescence dates are
available that provide independent age control, and hence a means for validating other
dating procedures.

Finally, Chapter 5 deals with the application of the optical dating method to a sequence of
Upper-Weichselian coversands exposed at the locality of Grubbenvorst (SE Netherlands).
The exposed sediments bear witness to the landscape evolution in the southeastern

Netherlands during the Upper Pleniglacial and Late-glacial. Therefore, the site is
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considered as a type locality of considerable importance. Because of the lack of datable
organic material, however, no absolute age information is available for the Grubbenvorst
section. Using the experience gained in the pilot study (Chapter 4), optical dating was
applied to these sediments to establish an improved and reliable chronology for this site.
This serves to illustrate the important contribution that the method can make to

palaeoclimatic research in our West European lowlands.



— CHAPTER 1 -
ESSENTIALS OF LUMINESCENCE DATING

1.1. General principles of luminescence dating

Luminescence dating belongs to the category of the so-called radiation dosimetric dating
methods, which are based on the time-dependent accumulation of radiation damage in
minerals. Other members belonging to this family of dating methods are, for instance,
fission-track dating and electron spin resonance dating. The radiation damage is the result
of the exposure to a low-level of ionising radiation that is omnipresent in nature. The
longer a mineral is exposed to this fluence of radiation, the greater the radiation damage.
The intensity of the radiation damage is consequently a measure for the total dose (the
total amount of energy absorbed from the ionising radiation) the mineral has received over
a certain period of time.

In luminescence dating, the intensity of the radiation damage is detected as a small
amount of light, which is called luminescence. The radiation damage, and hence the latent
luminescence signal, can be removed, or set to zero, by exposure to heat or light. For
ancient pottery, for instance, the ‘zeroing’ took place during manufacturing, when it was
baked in an oven. In the context of sediment dating, the zeroing event was the exposure to
daylight during erosion, transport and deposition of the mineral grains. This zeroing
through exposure to sunlight is also called bleaching. Once the zeroing agent is no longer
operative, the luminescence signal can start to build up again. For instance, in the case of
sedimentary mineral grains, the clock starts ticking anew when they are shielded from the
sunlight by burial under other grains deposited on top of them.

The latent luminescence signal can also be released in the laboratory using the same
zeroing agents, heat or light. At this point, however, the luminescence signal that is being
emitted will be recorded. If the signal is set free by applying heat, the resulting
luminescence is called thermoluminescence (TL). If the measured signal results from
exposure of the mineral grains to a beam of light, the emitted luminescence is termed

optically stimulated luminescence (OSL).
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The luminescence signal measured in the laboratory is thus related to the dose the mineral
has received since the last zeroing event. For sediments, the last zeroing event was their
exposure to sunlight at deposition. If also the rate is determined at which the dose has
been absorbed (or, in other words, the radiation damage was created), then it is possible to
calculate an age. This age refers to the time that has elapsed between the moment that a
sediment was deposited and the moment of sampling for analysis. This is illustrated in

Figure 1.1.

Latent luminescence signal

| | | time

_ Erosion, Transport ~ Measurement:
Mineral &

. )
Formation Deposition @ or Qi

Figure 1.1: Schematic representation of the event that is being dated in the luminescence dating of
sediments. Minerals are continuously exposed to a low-level of natural radioactivity, through which they
can acquire a latent luminescence signal. During erosion, transport and deposition, the minerals are
exposed to sunlight and all the previously accumulated luminescence is removed (“bleaching”). Once
shielded from the sunlight, the signal starts to build up again, until the moment of measurement in the
laboratory. The age that is being determined is consequently the time that has elapsed between these two
zeroing events. The luminescence is measured in the laboratory by exposing the mineral grains to light or
heat, and is then termed optically stimulated luminescence (OSL) or thermally stimulated luminescence

(thermoluminescence or TL), respectively.
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1.2. Mechanism

Although reality is much more complicated and in fact poorly understood, the main
processes causing luminescence can be described in terms of the energy level diagram for
non-conducting ionic crystalline materials (Figure 1.2; Aitken, 1998).

In this model, electrons are associated with discrete ranges of energy, which are called
bands. The lowest energy band is the valence band; the highest energy band is the
conduction band. The gap between the two is the so-called ‘forbidden zone’. In an ideal
crystal, no electron occupies a position in this zone. In any natural crystal, however,
defects are present that disturb the perfectly ordered crystalline structure. Many types of
imperfections are possible such as impurities (either as substitutionals or in interstitial
positions) or missing atoms. These defects give rise to the presence of energy levels
within the forbidden zone. Whereas the conduction and the valence band extend
throughout the crystal, the defect states are associated with the defects themselves, and are
therefore called localized energy levels. These localized energy levels are the key to the
luminescence phenomenon, as they carry the memory of exposure to nuclear radiation. In
other words, luminescence requires the existence of lattice defects.

In nature, a low level of nuclear radiation is omnipresent. This radiation has an ionizing
effect and, upon interaction with the crystal, can raise an electron from the valence band
into the conduction band [Figure 1.2(a)]. For every electron that is created, an electron
vacancy, termed a hole, is left behind and both the electron and hole are free to move
through the crystal. In this way, energy of the nuclear radiation is taken up. The energy
can be released again (usually as heat) by recombination. Although most charges indeed
do recombine directly, another possibility is that the electron and the hole are trapped at
the defect centers. In this case, the nuclear energy is stored temporarily in the crystal
lattice and the system is said to be in a metastable situation [Figure 1.2(b)]. Energy is
required to remove the electrons out of the traps and to return the system to a stable
situation. The amount of energy that is necessary, is determined by the depth E of the trap
below the conduction band. This trap depth consequently determines how long an electron
will stay in the trap. To empty deeper traps, more energy will be required and those traps
are more stable over time. For dating, we are only concerned in those traps deep enough

(i.e. ~1.6 eV or more) for the lifetime to be at least several million years (see Section 1.3).
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Figure 1.2: Energy-level representation of the luminescence process (adopted from Aitken, 1998). O: hole;

®: electron.

By exposing the crystal to heat or light, the trapped electrons may absorb enough energy
to bridge the barrier to the conduction band [Figure 1.2(c)]. Once evicted, they can be
trapped again, or they can recombine with holes in the so-called recombination centers.
These are defect sites attractive to electrons. The recombination can result in either the
emission of heat (non-radiative recombination) or light (radiative recombination). The
defect sites where the radiative recombination occurs are called luminescence centers, and
the resulting light is termed thermoluminescence or optically stimulated luminescence,
depending on whether heat or light, respectively, were used to release the electrons from
the traps. The amount of light emitted is proportional to the amount of electrons stored in
defects, and hence to the amount of energy absorbed from nuclear radiation. Since the
energy is absorbed at a certain rate, the intensity is related to the time of accumulation; the
longer the material is exposed, the more signal is acquired. The colour (wavelength) of the
emitted luminescence depends on the type of luminescence center where the
recombination takes place.

The details of how luminescence is produced in any given mineral are at present poorly

understood. It is only for crystals grown in the laboratory under strict controlled
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conditions of impurity content and heat treatment that a more complete picture can be
obtained. Nevertheless, the main features of the mechanism by which luminescence is
produced, and of how the phenomenon can be exploited for dating purposes, can be
understood from the simplified representation given above. It can be added that other
types of insulators (such as glasses), as well as semi-conductors also exhibit
luminescence; metals, on the other hand, do not. For more complex and detailed accounts
on the physical theory, reference is made to McKeever (1985), Chen and McKeever,
(1997) and Baetter Jensen et al. (2003a).

1.3. Signal growth and trap stability

From the previous section it is clear that the intensity of the luminescence signal is
proportional to the number of electrons trapped: the longer the irradiation time, the more
electrons will have become trapped and the higher the luminescence intensity. There are
however two limitations. First of all, the total number of traps that is available for storing
the charge is limited. Consequently, under continuous irradiation, the available traps are
gradually filled and eventually saturation will be reached. A second limitation is that
electrons are also spontaneously evicted from their traps, a process which is termed
‘thermal fading’ (see later).

Taking both effects of thermal fading and saturation into account, the growth of the
luminescence intensity (I) as a function of time can be described by the following
equation (Wagner, 1995):

t

[()=SxDxtx(l—¢ 7) (1.1)

with:

S = the sensitivity; the amount of luminescence per unit of dose

D = the dose rate; the dose received per unit of time
T = the apparent mean lifetime

t = the time span of signal accumulation
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The term Sx D refers to the increase in luminescence intensity due to the filling of the

t
traps, while the term tx(1—e ) takes the saturation and thermal fading effects into

account. Equation 1.1 can be simplified to:

t
L) =L < (1=¢ 7) (1.2)

with I =SxD x 1, 1.e. the maximum intensity that can be built up and measured.

The apparent mean lifetime t can be written as (see e.g. Wagner, 1995; Vancraeynest,

1998):

r= 520 (1.3)
Tg +TT

with 1, a decay constant taking into account that the number of traps is limited and tr the
mean lifetime. The mean lifetime 1s the average residence time of electrons in a given type

of trap and at a temperature T.

It is clear from the above that both the saturation characteristic (ts) and the long-term
stability of the signal (1) determine the highest intensity to which a luminescence signal

can grow, and hence also the upper dating limit that can be attained.

The saturation dose depends, to a first approximation, on the mineral under consideration.
Quartz, for instance, generally saturates at a much lower dose compared to feldspars.
Prescott and Robertson (1997) mention an age limit of 100-200 ka for quartz, while
feldspars could possibly provide ages up to 1 Ma, if they do not suffer from anomalous
fading (see Section 1.4). However, if the quartz minerals are exposed to a very low-level
of natural radioactivity, the traps are also less rapidly filled, which extends the age range

over which this mineral can be used. For instance, a low dose rate enabled Huntley et al.
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(1993, 1994) and Huntley and Prescott (2001), to obtain quartz-based luminescence ages
as old as ~700-800 ka.

Investigations that have been carried out over the last few years, however, suggest that, at
least in the case of quartz, the saturation dose is not a general property of a sample under
consideration, but can vary from grain to grain. Furthermore, different components of the
luminescence emitted by quartz have been found to exhibit different saturation
characteristics. All these studies suggest that quartz could be useful over a larger age

range than was previously thought. These issues will be further addressed in Chapter 2.

Besides the limitations imposed by signal saturation, the mean lifetime also restricts the
age range over which a luminescence signal can be used for dating; the luminescence
signal employed should be sufficiently stable. By this, it is meant that only those traps
should be sampled during the measurement from which there has been a negligible loss of
electrons over the time span that is being dated. It is usually said that unstable
luminescence arises from shallow traps while stable luminescence arises from deep traps.
The probability for electrons to escape from a deep trap is low, and the lifetime (tr) is
correspondingly high. The possibility exists though, owing to the random chance of an
abnormally large energetic lattice vibration causing the eviction. At a constant
temperature, the number of trapped electrons, n, exponentially decays with time according
to:

_tz - tl

n(t,) =n(t)xe (1.4)

In the context of dating, the time interval t,-t; of interest is the age of the sample.
However, when calculating the fraction of electrons that spontaneously escapes during
this period of time, it must be taken into account that there are no electrons in their traps at
time zero [i.e. at t; = 0, n(t;) = 0] and that they become trapped at a uniform rate
thereafter. For such a situation, it can be shown to a good approximation (Aitken, 1985)
that the fractional loss of luminescence due to escape during the sample’s age span, t; (=
t)-t,), 1s given by Y2(t/tr) as long as t; does not exceed one third of t1. This means that to
avoid an age underestimation by e.g. 5%, the lifetime consequently needs to be at least 10

times the age.
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The spontaneous signal loss with time is termed thermal fading because of the
dependency of the lifetime on the burial temperature. For first order kinetics, this

temperature dependency is defined through the following equation:

T, =5 xe T (1.5)

with:

s = the frequency or pre-exponential factor (in s™'); this may be thought of as the number
of attempts to escape per second

E = the depth of the trap (in eV)

T = the absolute temperature (in K)

k = Bolzmann’s constant (8.6173 x 10 eV K™)

Techniques for the evaluation in the laboratory of the main kinetic parameters, such as E
and s, from which the lifetime is predicted, can be found in Chen (1976), McKeever
(1985) and Chen and McKeever (1997), and references therein.

Predicting lifetimes is useful as it helps to establish the likely time range over which a
given signal from a given mineral will be useful. It is also important because a measured
optically stimulated luminescence signal does not contain any intrinsic information with
regard to its stability. The OSL signal arises from electrons that are evicted out of all traps
that are sensitive to the light employed for stimulation, whether these traps are deep
(stable) or not (unstable). It can be noted that this is quite contrary to the situation in TL.
In the latter case, the luminescence is recorded as a function of temperature. The curve so
obtained is termed a glow curve, and this consequently can be interpreted as a plot of
luminescence versus trap stability (as temperature increases, progressively deeper — and
hence more stable — traps are being sampled; see e.g. Aitken, 1985 and Vancraeynest,
1998). Apart from rather physically oriented measurements, evidence for a signal from
sufficiently stable traps being used can also be gained more empirically, from the dating
of materials of known age. Some further considerations regarding signal stability and

lifetimes that are directly relevant to the present work are discussed in Chapter 2.
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In nature, the filling rate of the traps is low. As the shallow traps loose their electrons
rather quickly, this means that the luminescence signal measured from a natural sample
will be primarily associated with deep traps. Thermal fading will become visible and will
lead to an age shortfall when the age of the sample is significant compared to the lifetime
of the electrons in the traps that are being sampled during the measurement of the natural
luminescence signal.

For reasons outlined in Chapter 3, however, it is also necessary to irradiate the sample in
the laboratory, and to compare the artificial luminescence signals so induced with the
natural signal. In the laboratory, the doses are administered to the samples at a much
higher rate than in nature. Now, the shallow traps will be filled and, owing to the short
time scale over which the experiments are carried out, they may contribute significantly to
the artificial signal. Therefore it is necessary to remove this unstable “contaminating”
luminescence by emptying the shallow traps before the signal is measured. This emptying
is usually accomplished by heating the sample prior to measurement. This treatment is
called preheating and it will be further discussed in Chapter 3, together with the additional

reasons for why it is necessary.

1.4. Anomalous fading

Equation 1.5 describes the expected mean lifetime of an electron in a trap of depth E and
escape frequency s at a storage temperature T. For deep traps and at low temperatures, the
lifetime will consequently be quite large and leakage of electrons from these traps will be
low. However, it has been observed for many materials that the electrons are released
from their traps at a much faster rate than predicted by equation 1.5. This fading of the
luminescence signal is therefore termed ‘anomalous’ (abnormal) fading.

For natural minerals relevant to dating, the result of anomalous fading is an age shortfall,
regardless of whether TL or OSL signals are being used. The effect was first observed by
Wintle et al. (1971) and Wintle (1973), when trying to date feldspars extracted from
volcanic lava with TL. The ages obtained were significantly lower than the accepted ages
for the lava flows. The effect has subsequently been observed and investigated in a
number of studies such as by Wintle (1977), Clark and Templer (1988), Spooner (1992;
1994a), Visocekas (2000) and Auclair et al. (2003).
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A number of natural dosimeters, most notably zircon and several types of feldspar, suffer
from anomalous fading. It is generally accepted, however, that quartz is not affected by
this phenomenon. Wintle (1973) reported no loss in TL after storage of the quartz for 2
years, while Roberts et al. (1994a) did not detect any loss in the OSL from quartz after 70
days storage at room temperature. Readhead (1988) found anomalous fading of TL in
quartz from southeastern Australia, but Fragoulis and Stoebe (1990) and Fragoulis and
Readhead (1991) subsequently found fading feldspar inclusions to be present in these

quartz grains.

Of all the mechanisms that have been proposed to explain anomalous fading, quantum
mechanical tunneling of electrons to nearby recombination centers is probably the most
accepted one. For more details on this, and other suggested explanations, reference is
made to Aitken (1985, Appendix F), Aitken (1998, Appendix D), McKeever (1985), Chen
and McKeever (1997) and Better-Jensen et al. (2003a). These publications also provide a
comprehensive overview on the reported observations of the effect, and address practical
issues that are relevant in a dating context, such as ways to detect, overcome or correct for
anomalous fading. Recent work on the correction for fading in feldspar minerals is that by

Auclair et al. (2003) and Lamothe et al. (2003).

1.5. Stimulation of the signal

From Section 1.2 it is clear that the same production mechanism is responsible for the two
luminescence phenomena, TL and OSL, and that the only difference lies in the way the

electrons are stimulated out of their traps.

In OSL, the electron escapes from its trap as the result of the absorption of a photon of
light with a sufficient energy. The rate of eviction depends on the intensity of the
stimulating light and the sensitivity of the trap to light. There is also a dependency on the
temperature of the sample (see Chapter 2).

The intensity refers to the number of photons arriving within a certain time. It can easily
be understood that the more photons arrive per unit of time, the more electrons will be

stimulated out of their traps. The light-sensitivity of a trap can be understood by
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imagining the traps as baskets and the stimulating light photons as balls. Not all baskets
have the same diameter; some are large whereas others are small. The balls will obviously
have the highest probability of going into the largest baskets. These large baskets hence
represent the most light-sensitive traps. The light-sensitivity of a trap is not well described
by the trap depth E; it depends on other characteristics of the trap, as well as on the
wavelength of the stimulating light (Aitken, 1998). In general, shorter wavelengths
(higher energy) are more effective in stimulating electrons from their traps.

It would consequently seem advantageous to use a short wavelength for stimulation.
However, an important limitation to the wavelengths that can be used for stimulation is
imposed by the wavelength of the emitted luminescence. Indeed, when detecting the
luminescence emitted by a sample, one clearly has to avoid a situation in which it is
diluted by the stimulating light. Consequently, stimulation and luminescence emission
wavelength regions need to be well separated from each other. Furthermore, the
wavelength of the luminescence signal that is used for dating should be shorter than the
one used for stimulation. This is to avoid the possibility of measuring luminescence from
electrons which are not detrapped, as zero setting is in doubt for such a signal (Aitken,
1998). From these latter points of view, it would hence be advantageous to use longer
stimulation wavelengths, as then a larger range of wavelengths becomes available for
luminescence detection without any risk of measuring the stimulating light as well.
Finally, the type of mineral that is under investigation also plays a role in the selection of
the most appropriate light source for stimulation. A given wavelength can be effective for
stimulating a luminescence signal from some minerals, whereas for other minerals, it

proves to be not suitable.

From the above considerations, it was found that for quartz, for instance, stimulation by
visible light with a wavelength somewhere in the blue to green region of the spectrum is
appropriate. For feldspathic minerals, but not for quartz, on the other hand, it has been
found that long wavelengths, in the infrared region (800-900 nm) also can be used (Hiitt et
al., 1988). It can be mentioned here that longer wavelengths can also be effective, if the
temperature of the sample is raised. This effect is called thermal assistance and will

receive some further attention in Chapter 2.
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Depending on the wavelength used for stimulation, the resulting luminescence is termed
infrared stimulated luminescence (IRSL), blue-plus-green stimulated luminescence
(BGSL), green light stimulated luminescence (GLSL or GSL) or blue light stimulated
luminescence (BLSL or BSL). OSL generally refers to any luminescence signal that is
obtained via stimulation with light, regardless of the wavelength. In some literature,
however, the term OSL should be read as encompassing visible stimulation wavelengths
only. To avoid confusion, it is therefore perhaps more appropriate to specify the

stimulation wavelength, for example as OSL (514.5 nm).

1.6. Minerals used for optical dating

Feldspars and quartz are the most widely used minerals in the optical dating of sediments.
Both types have been found to emit OSL signals that can be used for dating. The choice of
the mineral that is being used usually depends on the availability within a sample, and the
age of the sediments. Quartz saturates at lower doses than feldspars, and so the use of
feldspar might prove to be advantageous for dating older deposits. Whereas for sand-sized
grains (of ~0.1 mm in diameter), the different mineral fractions can be easily separated
from each other, this is not the case for silt-sized grains (of ~0.01 mm in diameter).
Usually, the measurements are then carried out on the polymineral fine fraction, which is
a mixture of all kinds of minerals with a grain size within the range 4-11 um.

Zircon (Smith et al., 1986; Smith, 1988) and apatite (Smith et al., 1986) have been found
to emit OSL as well, but apart from these studies, their applicability for dating purposes
does not seem to have been further investigated. Compared to feldspar and quartz, these
minerals occur in sediments in much smaller quantities, which limits their use in any case.
Finally, it is perhaps worth mentioning that also glass extracted from volcanic ash deposits
has been found to emit OSL (Berger and Huntley, 1994; Berger and Neil, 1999).
Encouraging initial results were obtained, but further work is necessary to establish the

full extent to which this glass might be suitable for optical dating.
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OSL FROM QUARTZ

Quartz is the dosimeter that has been used throughout this work. This mineral was chosen
because of its abundance in the sediments to be investigated, and because it has certain
advantages with regard to microdosimetry and anomalous fading. Furthermore, over the
last seven years or so, considerable progress has been made in the understanding of its
luminescence properties, through which it nowadays has become the preferred mineral for

dating purposes. In this chapter, the key features of the quartz OSL signal are discussed.

2.1. Stimulation of quartz

A stimulation spectrum yields information on the efficiency by which a certain
wavelength is able to stimulate a certain mineral. For instance, Hiitt et al. (1988)
discovered in this manner that infrared light could be used for stimulating feldspars, but
not for quartz. Knowledge of the stimulation spectra is however not only important
because it allows the selection of a specific mineral, but also for optimising the

stimulation wavelength to obtain a maximum light output.

Botter-Jensen et al. (1994) investigated the stimulation efficiency of quartz at different
wavelengths. They found an increase in signal intensity (I) with decreasing stimulation
wavelength (increasing energy), as is shown in Figure 2.1. Stimulation spectra were also
published by Ditlefsen and Huntley (1994; further elaborated by Huntley et al., 1996) and
Kuhn et al. (2000), with no significant differences. It can be seen in Figure 2.1 that there
is a slight change in response at around 500-520 nm. The reason for this “knee” is still
poorly understood. The same observation was made by Kuhn et al. (2000) who,
consequently, recommended avoiding stimulation with wavelengths in this region to
minimize additional scatter in the luminescence output from identical samples.

The stimulation spectrum also shows that practically no luminescent signal is to be
expected when quartz is stimulated with infrared light. Spooner (1994b) also found that

wavelengths greater than 690 nm are inefficient for stimulating a luminescence signal
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from quartz. This is quite opposite to the situation for feldspars, for which also infrared
light in between 800 and 900 nm can be used.

Godfrey-Smith et al. (1988) and Godfrey-Smith and Cada (1996), however, did observe
an IRSL signal from quartz, which they attributed to charge-compensated Al impurities in
the quartz lattice, rather than to the feldspathic microinclusions that were found to be
present within the quartz grains. Up to now, however, apart from these rather isolated
reports, no other evidence for a substantial IRSL signal originating at room temperature

from the quartz lattice itself has been reported in literature.
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Figure 2.1: Optical stimulation spectrum of quartz (from Better-Jensen et al., 1994).

The experimental data shown in Figure 2.1 are seemingly in contradiction with the
theoretical expectation that for quartz ~400 nm is the maximum wavelength for which
eviction should occur (see e.g. Chen and McKeever, 1997, p. 218, or Aitken, 1998, p. 16
and 34, for further explanation). However, raising the sample temperature increases the
rate at which electrons are evicted from their traps. This phenomenon is termed “thermal
assistance” and allows lower photon energies (i.e. longer wavelengths) to be effective as
well for stimulating luminescence. Provided that the sample temperature is sufficiently
high, luminescence can then be observed even under IR stimulation. Thermal assistance
has been documented by a number of authors, such as Spooner (1994b), Huntley et al.

(1996), Bailey et al. (1997) and Bailey (1998).

A variety of light sources have been used throughout the years for stimulating OSL from
quartz. At first, the 514.5 nm line from an argon ion laser was used (e.g. Huntley et al.
1985; Smith et al. 1990a, 1990b). As techniques developed, more convenient light

sources, with regard to stability, lifetime and cost, became available. Systems have been
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described where the stimulation is provided by light filtered from a halogen lamp (Baotter-
Jensen and Duller, 1992; Bortolot, 1997) or from a xenon arc lamp (Bortolot, 1997).
Galloway (1993, 1994), Galloway et al. (1997) and Bortolot (2000) report on stimulation
units based on green light from light emitting diodes (LED’s). In this work, use was made
of powerful blue (470 nm) LED’s developed by Better-Jensen and co-workers (1999a,
1999b, 2003b). The set-up will be outlined in Section 2.3, as well as in Chapter 4.
Comprehensive reviews of the various optical stimulation sources have been presented

most recently by Better-Jensen et al. (2003a, 2003b).

2.2. Emission by quartz

As the colour (or wavelength) of the emitted luminescent signal is characteristic for the
luminescence centre (see Chapter 1), emission spectra carry information about these
recombination centres. Knowledge of luminescence emissions also helps to select the
most appropriate detection window for dating, as different emissions might have different
characteristics with regard to stability, bleachability or dose-response. Some signals are
also characteristic of a certain mineral, and selection of an appropriate wavelength may

therefore favour the contribution of one mineral with respect to another.

Whereas there are only a few studies concerned with quartz OSL stimulation spectra,
there are even less reports on emission spectra from quartz OSL. Up to now, the only
information available is that published by Huntley et al. (1991; the same data are
presented in Huntley et al., 1996). Using 647 nm stimulation at room temperature, they
found a single emission band centred at 365 nm (Figure 2.2), which confirmed the
preliminary findings of Huntley et al. (1989). Similar spectra were obtained with green

(514.5 nm) light stimulation.
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Figure 2.2: OSL emission spectrum of quartz (from Huntley et al. 1991). The data were obtained using
647 nm stimulation, but similar spectra were obtained using 514.5 nm. The quartz grains were extracted

from dunes of various ages from south-east South Australia (see Huntley et al., 1993).

TL emission spectra, on the other hand, have been collected by a number of authors and
summaries have been presented e.g. by McKeever (1985), Prescott et al. (1995),
Krbetschek et al. (1997) and, most recently, by Better-Jensen et al. (2003a). With respect
to their use in luminescence dating, the three main quartz TL emission bands are at 360-
440 nm (UV-blue), at 460-500 nm (blue-green) and at 600-650 nm (orange-red).

In their study of an Australian sedimentary quartz, Franklin et al. (1995) concluded “that
the quartz TL peak at 305-325°C and the peaks at 95-110°C, 150-180°C and 200-220°C,
which all emit at wavelengths below 430 nm, form a family, the electron traps of which
all feed the same luminescence centre using the conduction band for electron transport.”
Based on their similarity in emission wavelength, the quartz OSL emission is thought to
originate from the same recombination centres as those from which these TL peaks arise.
As can be seen from Table 2.1, the emission wavelengths are indeed similar (note that the
emission peak shifts to longer wavelengths as the temperature is raised), and are

consistent with the OSL emission centred at 365 nm at room temperature. It remains to be
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confirmed however, if the OSL emission wavelength also increases with increasing

temperature.

Temperature (°C) Wavelength (nm)

22 365
95-110 376
150-180 392
200-220 410
305-325 430

Table 2.1: Emission wavelengths of the “family” of TL peaks at ~100, 180, 220 and 305°C (Franklin et al.,
1995). The emission peak at room temperature is for OSL, and was obtained by Huntley et al. (1991; see
Figure 2.2).

The probable luminescence centre giving rise to the OSL emission has been identified by
Yang and McKeever (1990a, b) as the [H;04]° centre (these are silicon vacancies,
occupied by 3 hydrogen atoms and a trapped hole, the latter being denoted by the
superscript ©). Using ESR (electron spin resonance) and TL, they were able to show that
two point defects are responsible for the TL signal at ~100°C, namely [AlO4]° and
[H;04]°. However, only the [H;04]° centre yields emission at 380 nm, comparable to the
OSL emission (Figure 2.2 and Table 2.1), from which is deduced that it is the most likely

recombination centre.

2.3. Measuring the OSL from quartz

To avoid detecting the stimulation light without a significant attenuation of the 365 nm
luminescence to be measured, the wavelengths must be sufficiently separated from each
other. Also, the stimulation wavelength must be longer than the one from the desired
luminescence, to avoid the use of signals originating from traps that are not relevant to
dating (Aitken, 1998; see also Chapter 1). On the other hand, the stimulating light must

remain sufficiently energetic for the stimulation to be efficient.
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A set-up of the possible wavelength windows for stimulating and detecting OSL from
quartz — more specifically, the one used in this work — is shown in Figure 2.3. The
stimulation is achieved by blue diodes emitting at 470 nm (Better-Jensen et al., 1999a,
1999b, 2003b) and the resulting quartz OSL is detected through a Hoya U-340 UV filter.
A Schott GG 420 optical filter removes the tail of the diode emission extending to shorter
wavelengths. The Hoya U-340 filter also has a red transmission window (not indicated in
the figure) and consequently the long wavelength tail in the blue diode emission spectrum
could contribute to the measured luminescence. This problem is solved by using metal
oxide coated U-340 filters (Botter-Jensen et al., 1999a), or, as was the case in this work,
by using filters of a sufficient thickness (e.g. 7.5 mm) to ensure a complete attenuation of
this disturbing component. Figure 2.3 also includes the data from Table 2.1 to illustrate
that the U-340 filter is suited for measuring the OSL at room temperature, but that with
increasing measurement temperature, the shift in emission wavelength causes a

progressive loss in detection.
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Figure 2.3: Characteristics of OSL emission and TL emission (see Table 2.1) and stimulation and

detection windows (redrawn from Better-Jensen et al., 1999b by Wintle and Murray, 2000).

2.4. The quartz shine-down curve

When measuring an optically stimulated luminescence signal, the emitted luminescence is
recorded as a function of stimulation time. The resulting plot is called a ‘shine-down’
curve. An example of a shine-down curve obtained for one of the quartz samples

investigated in this work is shown in Figure 2.4.
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Figure 2.4: Example of a shine-down curve — the measured luminescence as a function of stimulation time.

The observed signal can be seen to decay with time. The commonly accepted explanation
for this decay is that the number of trapped electrons is progressively depleted during
stimulation. When the stimulation is for a long enough period, all the light-sensitive traps
will be emptied. The total luminescence recorded (the area beneath the shine-down curve,
or ‘light-sum’) is proportional to the number of electrons that was trapped (and hence to
the accumulated dose). Because the probability of a photon interacting with a trapped
electron is proportional to the total number of trapped electrons present, this is also true
for a short exposure to stimulation light. The latter is called a ‘short-shine’ and involves

consequently the sampling of only a fraction of the total population of charge trapped.

The OSL signal is usually recorded at a constant stimulation power, i.e. the rate at which
the stimulating photons arrive is kept constant. As was previously mentioned in Chapter 1,
the rate of electron eviction, and hence the decay rate of the shine-down, is dependent on
the stimulation power. This dependency is illustrated in Figure 2.5. The dashed curve
represents the luminescence measured at half of the stimulation power used to measure
the solid curve. It is clear that doubling the stimulation power initially leads to doubling of
the measured signal, and that the signal decays more rapidly. The light-sum is the same

for both curves.
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Figure 2.5: Influence of the stimulation power on the quartz shine-down curve. The stimulation light
power used to record the shine-downs, expressed as percentage of the maximum power that is possible, is
indicated in the upper right corner. The quartz grains were extracted from a fluvial sand that was
investigated in this work (Grubbenvorst, lab code G10). The measurements were carried out at 125°C,
after sensitising and stabilising the signal through repeated irradiation (~29 Gy) and heating (to 500°C)

cycles.

Furthermore, there is a dependence on sample temperature. At low temperatures (~20°C),
the eviction rate increases at about 1% per °C (Aitken, 1998). This is due to thermal
assistance (see Section 2.1) and the effect is illustrated in Figure 2.6. It can be seen that
stimulation at higher temperature results in an initially higher light output, and a steeper
decay of the signal with time. There is however a competing process called “thermal
quenching”, which causes the efficiency of luminescence centres (i.e. their ability to emit
a photon when an electron arrives) to decrease when the sample temperature is raised
(Chen and McKeever, 1997, p. 74-76; Wintle, 1975). Due to this process the total light-
sum is less for the shine-down recorded at the higher temperature. A shift to higher
emission wavelengths can also cause the total measured luminescence to decrease (see

Figure 2.3).
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Figure 2.6: Influence of the measurement temperature on the shine-down curve. The quartz is the same as
in Figure 2.5. Note that, for visualisation purposes, the intensity and stimulation time are shown on a

linear and on a logarithmic axis, respectively, while in the inset the scales are inversed.

Stimulating with a high power and at an elevated temperature has the immediate practical
advantage that the background becomes less important. This is especially relevant for
measuring so-called “dim” samples. These are samples with a low light output either
because they are insensitive, or because they are young. Due to the temperature
dependence and the difficulty of maintaining a constant room temperature, working at an
elevated temperature also improves the reproducibility of the measurements. There is,
however, another reason why stimulating at higher temperatures proves to be

advantageous, as discussed below.

Assuming that the loss of trapped electrons per unit of time (expressed as percentage of
those remaining) remains constant throughout the shine-down, the number remaining is
expected to decrease exponentially. The process is exactly the same as the one describing

radioactive decay and can be expressed by:

dN
(— dtj =AN 2.1)
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where N is the number of electrons remaining in the traps at time t and A is a decay
constant describing the probability that an electron will escape from the traps. The

solution of this equation is:

N=Nge™ (2.2)

with N, the number of trapped electrons at t=0.

The OSL emitted per unit of time is proportional to the rate at which electrons are evicted

from their traps, namely AN. The luminescence output consequently can be described as:

L=Le™ (2.3)

with L, the value of L at t=0.

Consequently, assuming that the luminescence intensity is only determined by the rate of
electrons escaping from traps”, one would expect the OSL curve to decay exponentially.

However, the decay of the actually observed OSL signal is typically slower than
exponential. This is illustrated in Figure 2.7, where the first 15 s of a shine-down is shown
(note the logarithmic scale). The solid line represents the measured OSL signal. The
dashed line shows what the measured OSL signal would look like if its decay could be

truly characterised by a single exponentially decaying function.

* This implies that the change in the probability of an evicted electron giving rise to a luminescence photon
(meaning the degree to which available luminescence centres are used up during the stimulation) and the

probability of electrons being retrapped must be small.
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Figure 2.7: OSL signal (logarithmic scale) as a function of stimulation time (linear scale). The shine-down
measured is shown as the solid line. The dashed curve shows what a single exponentially decaying signal
would look like, having the same depletion rate as during the first 1 s of stimulation. The signal is the
natural OSL signal from sample G7 (Grubbenvorst) and was measured at 125°C after a preheat of 10 s at

240°C, using the blue diodes for stimulation.

The slower-than-exponential decay can be explained by a number of causes (Aitken,

1998):

1) two or more traps are contributing to the observed OSL signal. These traps have
different eviction probabilities and hence different depletion rates. In other words:
the signal consists of different components. It is not necessary that each of these
components then decays exponentially, as other processes (see e.g. #2 or #3) might
still be operative;

2) some of the evicted electrons get trapped again in other OSL traps, instead of
recombining directly. They are evicted later on, together with electrons released
for the first time, as the stimulation process continues;

3) instead of being retrapped in the OSL traps, the electrons can get trapped
temporarily in other traps. Subsequently they can be thermally evicted and give
rise to a delayed signal;

4) the probability that an electron produces a photon changes during the stimulation

(= the luminescence efficiency changes). This can be due to the retrapping of



28 Chapter 2

charge in one way or another (see e.g. #2 and #3) or to a limited availability of
luminescence centres. With respect to the latter possibility, it can be mentioned
that McKeever and Morris (1994) and McKeever (1994, see also McKeever, 1991)
describe the results obtained from a computer simulation of the bleaching of TL
and the production of OSL during optical stimulation. In the model used for the
simulation, the radiative recombination centers are depleted during optical
stimulation. The simulated OSL signal decays rapidly at first, but has a long tail
such that the overall decay is not exponential, which is in agreement with
experimental observations. Wintle and Murray (1997), however, later found

McKeever’s model insufficient to explain their experimental observations.

A number of authors have shown that there is charge traffic between the OSL trap and
other traps that temporarily store the electrons (possibility #3). More specifically, it has
been demonstrated that electrons can be transferred both in and out of the quartz 110°C
TL peak during optical stimulation (e.g. Bailey 1997; Wintle and Murray, 1997; Murray
and Wintle, 1998). Figure 2.8 demonstrates this transfer of electrons (from the trap
associated with the 325°C TL peak; see section 2.10) into the trap associated with the
110°C TL peak during the stimulation of an OSL signal. The ‘no bleach’ glow curve
refers to the TL regenerated in a portion of (previously annealed) quartz grains by a beta
dose of ~29 Gy. The second glow curve (‘after bleach’) was obtained in the same way, but
the sample was first exposed to blue diode light (which releases an OSL signal) before the
TL was recorded. Comparison of the two glow curves shows that the exposure to light
caused a loss in TL at around 300°C and induced a new peak at about 100°C. This effect
is known as photo-transferred TL.

This recycling of electrons in and out of traps would give rise to second-order effects.
Murray and Wintle (1998) unambiguously identified the effect of the 110°C TL peak on
the shape of the OSL decay curve, while Botter-Jensen et al. (1999b) identified the OSL
component arising from the 110°C trap using the linear modulation technique. To remove
the effect of retrapping, Wintle and Murray (1997) and Murray and Wintle (1998)
therefore suggested to perform the measurements at or near an elevated temperature of

100°C.
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Figure 2.8: Illustration of photo-transfer in quartz. The quartz grains were first put through a repeated
cycle of irradiation and heating to obtain a stable and reproducible luminescence signal. The sample was
then given a regenerative beta dose (~29Gy), preheated for 10s at 240°C and measured, yielding the ‘no
bleach’ TL glow curve. The measurement was then repeated, but before the TL was recorded the sample
was first exposed to light (40s blue diode light at room temperature). Due to the exposure to light,
electrons were evicted from deeper traps (at ~300-325°C) and were subsequently trapped again in more
shallow traps (at ~110°C). The 110°C peak in the glow curve that is recorded after the illumination (or
bleaching) is termed photo-transferred TL (PTTL). It is worth mentioning that this phenomenon can be
exploited for dating pottery (e.g. Bailiff et al., 1977) as well as sediments (e.g. Wallner et al., 1990;
Murray, 1996a). The quartz grains were extracted from a fluvial sand from the Netherlands

(Grubbenvorst, lab code G10).

Wintle and Murray (2000) summarize all the above-mentioned effects to arrive at
optimum measurement conditions for quartz OSL. Seeking a compromise between the
increase in decay rate due to removal of the effect of the 110°C TL peak and thermal
assistance and the decrease in OSL due to a probable shift of the emission peak to longer
wavelengths with increasing temperature and thermal quenching, they conclude that
measuring the OSL at or around 125°C gives a rapidly decaying luminescence signal,

optimised for signal intensity.
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2.5. Quartz OSL components

Although performing the measurements at an elevated temperature removes the possibility
of retrapping in the 110°C peak, and consequently simplifies the interpretation of the
decay curve, the decay remains slower-than-exponential. Smith and Rhodes (1994), e.g.,
observed the OSL signal at an elevated temperature of 220°C and found that the decay
could still not be characterised by a single exponential. The shine-down curve shown in
Figure 2.7 was recorded at 125°C and illustrates this observation. It can be seen that the
decay remains more complicated than a single exponential even though the elevated
measurement temperature removes the charge transfer effects involving the 110°C TL
peak.

This observation led Smith and Rhodes (1994) to suggest that the signal has its origin in
charge released from more than one trapping site, each with a different susceptibility to
the optical stimulation (possibility #1 in the previous section). They demonstrated that the
OSL signal could be broken down into three exponential components, which they termed
“fast”, “medium” and “slow”, according to their decay throughout the stimulation. The
fast component is the most light-sensitive and hence the most rapidly depleted component,
followed by the medium and then the slow one. Bailey et al. (1997) confirmed the
existence of these components and further investigated their properties with regard to
thermal stability and dose response characteristics. Subsequent studies showed the quartz
OSL signal to be composed of even more components. Jain et al. (2003) and Singarayer
and Bailey (2003) recently identified up to 7 distinct components in the quartz OSL
signal, although not all components were found to be present in all investigated samples.
Deconvolution of a decay curve is clearly not straightforward. The underlying
components are poorly resolved, and the curve fitting used to separate them from each
other is rather complex. Bulur (1996) introduced an alternative technique for measuring
the OSL, which allows an easier discrimination between the various OSL components. In
this technique, which is called linear modulation (LM), the excitation power is increased
linearly from zero to a maximum value during the measurement. The most easily
stimulated OSL is consequently measured first, while progressively harder to bleach
components come out later. The individual OSL components from different traps are
better separated as a function of time and a plot of the LM-OSL as a function of time

shows peaks, instead of the monotonic decay that is obtained when measuring at a
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constant power. Each peak corresponds to a different component. The situation is
comparable to a TL glow curve, where the luminescence is recorded as the temperature is
raised. The technique has been used in a number of studies dealing with the quartz OSL
and component characterisation, amongst which those already mentioned by Jain et al.
(2003) and Singarayer and Bailey (2003). Other relevant studies using LM-OSL include
those by Agersnap Larsen et al. (2000), Bulur et al. (2000, 2001, 2002), Kuhns et al.
(2000), Poolton et al. (2000), Schilles et al. (2001) and Choi et al. (2003a, b). It can be
noted that Bulur (2000) presented a mathematical expression to transform the OSL decay
curves obtained at a constant stimulation light intensity into LM-OSL curves. A more
detailed discussion of this technique falls beyond the scope of this thesis. Nevertheless, it
is worth mentioning here that in the course of the optical dating work described in
subsequent chapters, the OSL from several samples was also investigated using the linear
modulation technique. In the present context, it suffices to lift out one example from this
dataset to illustrate the presence of different components in the OSL signal from quartz.
Figure 2.9 shows an LM-OSL curve obtained for quartz grains extracted from a Dutch
Holocene drift sand sample. In the given example, four distinct components can be

recognised: a fast (peak 1), a medium (peak 2) and two slow (peaks 3 and 4) components.
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Figure 2.9: Regenerated LM-OSL from quartz extracted from a Holocene drift sand sample
(Defensiedijk-1, lab code W3). The sample was first sensitised through repeated irradiation and heating
cycles until a stable and reproducible signal was obtained. It was then given a regenerative dose of about
20 Gy and preheated for 10s at 240°C. The LM-OSL was subsequently measured at 125°C for 7200 s. The
various components are indicated by the arrows and were obtained by curve fitting (dashed lines). A
linear sum of these components gives the solid line, and approximated the measured LM-OSL data (open

circles) successfully. The inset shows the same data on a log-log scale.
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The characteristics of the various OSL components (thermal stability, signal growth, etc.)
have been studied e.g. by Bulur et al. (2000), Jain et al. (2003) and Singarayer and Bailey
(2003), and were found to be quite different. To give an example, some of the results by
Singarayer and Bailey (2003) are reproduced in Figure 2.10. The growth of the
luminescence with dose for five distinct quartz OSL components is shown (such curves
are termed ‘growth-curves’ or ‘dose-response curves’; see also Chapter 3). The dose-
response characteristics of the various components are clearly different. One of the slow
components (S3) especially appears to saturate at much higher doses. Singarayer and
Bailey (2003) further suggest that this component also has a significant thermal stability,
which might make it suitable for dating samples beyond the 100-200 ka limit that is
usually accepted for quartz (see Chapter 1).
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Figure 2.10: Growth of luminescence as a function of dose for several quartz OSL components (from
Singarayer and Bailey, 2003). The different components were obtained using the linear modulation
technique. S1, S2 and S3 refer to the slow components. The quartz was extracted from a Moroccan dune

sand.

2.6. Signal stability

As outlined in Chapter 1, it is obviously necessary to use a signal that is stable over the
time span that is being dated. Table 2.2 summarises some reported values for trap
parameters and corresponding calculated lifetimes for quartz. Some values reported for
the parameters of the electron trap associated with the 325°C TL peak are included in the
table as well, to illustrate their similarity with the values obtained for the OSL signal. This
is one of the pieces of evidence supporting the hypothesis that both signals originate from

the same trapped charge population (see Section 2.10).
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The uncertainties associated with the lifetimes are usually large, which might explain,
beside sensitivity changes (see Section 2.7), some of the differences between the lifetimes
obtained by various authors. It can also not be excluded that some differences arise due to
the fact that different components of the OSL signal, or different combinations of them,
were considered in these studies. Using the linear modulation technique, Singarayer and
Bailey (2003) were able to carry out more detailed investigations on the thermal stability
of the different components of the OSL signal. They found that the different components
exhibited different thermal stabilities, with the so-called fast, medium and S1 component
(and possibly also the S3 component; see section 2.5 and Figure 2.10) being sufficiently
stable for dating sediments on Quaternary timescales. For the fast component, for
instance, they found a lifetime of 310 Ma at 20°C, which is comparable to the estimates
given in Table 2.2. On the whole, however, it can be concluded that the parts of the quartz
OSL signal that are nowadays usually employed for dating, are sufficiently stable to
permit dating over the entire time range of the Quaternary, with an upper limit determined

by signal saturation, rather than thermal fading.

Signal E (eV) s(s) Tyeec (@) Reference
OSL 1.84 2%10° 6 * 10° Smith et al. (1990a)
OSL 1.65 2.7*10" 2.8 %10’ Huntley et al. (1996)"
OSL 1.59 2.8 %10" 2.1 %107 Spooner and Questiaux (2000)
OSL 1.66 1*10" 1.1* 10" Murray and Wintle (1999a)*
325°C TL 1.69 1*10" 3.0 * 107 Wintle (1975)
325°C TL 1.60 5.7 % 10" 1.7 * 107 Spooner and Questiaux (2000)

Table 2.2: Some reported values of trap parameters E (trap depth) and s (frequency factor), and
calculated lifetimes at 20°C for quartz. All values were obtained using isothermal decay methods. The
table is by no means exhaustive. T: In their experiments, Huntley et al. (1996) identified four traps; the
data tabulated here are those for the trap with the largest contribution to the total initial luminescence. I:
Murray and Wintle (1999a) found three OSL components; the values given in the table are for the major
component of the initial OSL decay in both natural and laboratory irradiated samples, after sensitivity
correction. It can be added that only the values obtained by Murray and Wintle (1999a) are corrected for

sensitivity changes occurring during the measurements (see Section 2.7).
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2.7. Sensitivity changes

The sensitivity is defined as the luminescence produced per unit of dose. It has been
known for a long time that this is not a constant property but can change from one
measurement cycle to another. A change in sensitivity means in practice that upon reuse
of the same portion of quartz grains, its properties will have changed in such a way, that a
different OSL signal will result, even if they receive the same treatment every time they
are reused. This is illustrated in Figure 2.9. Although each measurement cycle was carried
out in exactly the same way, it is clear that, in this case, the sensitivity first decreases with
progressive measurement cycles, before levelling off to an approximately constant value

after 5 measurement cycles.
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Figure 2.9: Illustration of the change in sensitivity (OSL per unit of dose) with reuse. The quartz grains
were extracted from a coversand sample from Ossendrecht (lab code OS-C). After the natural signal was
removed, the aliquot was put through a repeated identical cycle of irradiation (~11 Gy), preheat (10 s at
160°C) and OSL measurement (40 s 470 nm at 125°C). The signals are normalised to the OSL response

obtained in the first measurement cycle.

Sensitivity changes such as shown in Figure 2.9 are primarily caused by the heat treatment
(of a certain duration and stringency) that is applied to the samples after irradiation (in
nature or the laboratory) and before the OSL measurement. As mentioned in Chapter 1,
this treatment is called ‘preheating’ and it will be discussed more elaborately in the

following chapter.
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The occurrence of these sensitivity changes in quartz is well documented in literature, and
this effect has been studied extensively over the last few years (e.g. Murray and Roberts,
1998; Wintle and Murray, 1999; Murray and Wintle, 1999b; Armitage et al., 2000; Chen
and Li, 2000; Murray and Wintle, 2000a; Vartanian et al., 2000). One of the major
insights gained is that the sensitivity change is different for the naturally acquired OSL
and the artificial OSL arising from laboratory irradiation (Wintle and Murray, 1998,
1999). This means, for instance, that the same heat treatment can lead to the measurement
of a different OSL signal for a natural sample compared to the OSL that would be
measured for a sample that had been given a laboratory dose of exactly the same size as
the natural dose. This different behaviour is illustrated in Figure 2.10 (from Wintle and
Murray, 1998). The figure shows the response of the 110°C TL peak, which can be used
as a sensitivity monitor of the OSL signal (see Chapter 3), to a small test dose given
immediately after two aliquots were heated for 10 s at the indicated temperature. The two
aliquots were identical (from the same sample), except that one was irradiated in nature
(open circles), while the other was first bleached and subsequently irradiated in the
laboratory (solid circles). The sensitivity change is clearly much larger for the laboratory-
irradiated aliquot than for one irradiated in nature (up to ~300% compared to ~30%,

respectively).
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Figure 2.10: Sensitivity changes during preheating observed for a natural aliquot and one that received a
laboratory dose after its signal was optically removed (from Wintle and Murray, 1998). The aliquots were
heated to the temperature indicated, held there for 10s and cooled. Subsequently the 110°C TL response
to a small test dose was measured. The data have been normalised to a value of 1 assigned to the natural
aliquot after heating to 500°C. The responses of natural (open symbols) and artificially irradiated (solid
symbols) quartz grains are only the same at a preheat of 10s at 240°C; otherwise the responses to the same

preheat are clearly different.
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As will be outlined in Chapter 3, a comparison between the natural OSL signal and OSL
signals induced in the laboratory is one of the very things needed to arrive at an optical
date. Figure 2.10 clearly illustrates that, for such a comparison to make sense, the effects
of sensitivity change and the different behaviour of natural and artificial OSL signals must
be taken into account.

There are two ways to accomplish this. One possibility is to equalise the sensitivity of
both naturally and laboratory irradiated samples. This is possible, at least in principle, by
using a heat treatment. As is clear from Figure 2.10, however, finding the appropriate
preheat conditions is not straightforward. Furthermore, as the sensitisation depends on
both temperature and duration of the storage in the lab and the environment (Wintle and
Murray, 1999), the correct heat treatment is likely to differ from sample to sample. A
better and more straightforward approach would be to measure the sensitivity appropriate
to each OSL signal, and to make allowance for any differences. Such a procedure not only
corrects for the difference in behaviour of the natural and regenerated OSL signals (Figure
2.10), but also for sensitivity changes between subsequent regeneration cycles (Figure
2.9). The OSL sensitivity can best be monitored using the OSL response to a small test
dose that is given after every OSL measurement (Murray and Wintle, 2000a). This will be
explained more detailed in the following chapter, but the idea can already be understood
by looking at Figure 2.11. An aliquot of quartz grains was put through a repeated and
identical cycle of irradiation, preheat and OSL measurement after the natural signal had
been removed, exactly as was the case in Figure 2.9. The absolute intensities of measured
OSL signals are now shown as solid squares on the left hand figure. The decrease in
sensitivity with progressive measurement cycle can again be seen. Additionally, after each
measurement cycle was completed, the OSL response to a small test dose was now
measured as well. These signals are shown as the solid diamonds on the left hand figure
(note that the intensities are multiplied by a factor of 3), and give a true representation of
the luminescence sensitivity of the OSL signal recorded during the immediately preceding
measurement cycle. A correction can then be made for the sensitivity changes by dividing
the OSL signals by the corresponding test dose OSL signals. If the sensitivity correction is
working properly, all the normalised sensitivity corrected signals should now lie on a
straight line (because they are induced by the same laboratory dose), which, as is shown in

the right hand figure, is indeed the case. The open symbols represent the signals
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associated with the natural signal. The sensitivity corrected natural OSL signal (open
circle) is slightly lower than the corrected regenerated circles. This is owing to the fact
that the regenerative dose employed in the experiment was slightly higher than the natural
dose.

Knowledge of the influence of thermal treatments (both in nature and in the laboratory) on
the luminescence efficiency has revolutionised optical dating technology over the last few
years. It can finally be pointed out, however, that an exact mechanism explaining
sensitivity changes in quartz remains to be established. Some relevant studies of this
matter are those by Zimmerman (1971), Aitken (1998), Wintle and Murray (1999), Chen
and Li (2000), Vartanian et al. (2000) and Bailey (2001, 2002).
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