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ABSTRACT

The objective of this thesis was to implement luminescence dating at Babes-Bolyai University
and to apply state-of-the art dating technology to materials that are relevant to archaeology and
earth sciences. Chapters I-III present luminescence methods as well as procedural and
methodological intrinsic rigor tests. The work on Neolithic ceramics from Lumea Noua (Chapter
IV) represents one of few studies available in international literature that apply SAR-IRSL and
OSL luminescence dating technology to ceramics and demonstrate the potential of these modern
techniques for establishing chronological frameworks of archaeological sites. In the last chapter,
fundamental as well as applied luminescence research of Romanian loess is presented. The
results obtained show that luminescence dating of loess is far less straightforward than generally

is accepted and thus challenge earth-scientific as well as luminescence dating communities.

1. Retrospective luminescence dosimetry — brief definition of terms

The term retrospective dosimetry refers to techniques used for evaluation of past radiation

exposure in media of interest.

Luminescence phenomena encompass a very wide range of processes. Generically, based on the
decay times associated with the luminescence emission, these processes are divided into
fluorescence (decay times ranging from 107 to 10~ seconds (Ropp, 2004) and phosphorescence
(delayed emission, with a decay time of more than 107 seconds).

For the purpose of retrospective dosimetry only optically stimulated luminescence (OSL) and
thermoluminescence (TL) processes are of interest (Bgtter-Jensen et al., 2003). OSL and TL is
the luminescence emitted from an irradiated insulator or semiconductor during exposure to light
or heat, respectively. According to the classification based on the decay times, OSL and TL can
be regarded as a fluorescencent process. However, it should be emphasized that OSL and TL are
stimulated processes, and they are usually accompanied by photoconductivity phenomena. The
luminescence signal emitted is dependent on the irradiation history of the sample. In the case of
OSL the wavelength of the emitted signal is shorter than the wavelength of the stimulation. Thus,

materials used in retrospective luminescence dosimetry are anti-Stokes phosphors.



Based on luminescence methods, retrospective dosimetry has two main applications: dating and

accident dosimetry.

Luminescence dating is based on the property of certain minerals to store the energy of nuclear
radiation. A low level of nuclear radiation is omnipresent in nature, and the longer the minerals
are exposed, the more energy they store. By stimulation with heat or light, the minerals can
release part of this energy by emitting a small amount of light, which is called luminescence. The
intensity of this luminescence signal is a function of the total accumulated radiation dose, and

hence also to the total acquisition time.

There are two variants of luminescence dating, namely thermoluminescence (TL) and optically
stimulated luminescence (OSL) dating, depending on whether the luminescence is stimulated by
heat or light, respectively. OSL dating is also simply referred to as optical dating. More specific
terms can be used depending on the wavelength of the stimulating light, such as infra-red
stimulated luminescence (IRSL), green light stimulated luminescence (GLSL or GSL) or blue

light stimulated luminescence (BLSL or BSL).

In all of the cases the latent dating information is carried in the form of trapped electrons. These
electrons are produced by the interaction of the nuclear radiations with the atoms of the mineral
and then may get trapped in certain defects of the crystalline structure. The number of trapped
electrons is a measure for the total dose — the paleodose or the archaeodose (the total amount of
energy absorbed from the ionizing radiation) the mineral has received over a certain period of
time. If also the rate is determined by which the mineral has been absorbing the dose — the
annual dose, this period of time (i.e. an age), can be determined. The paleodose or the
archaeodose is a combined dose, resulting from exposure to o, B and y radiation, it cannot be
measured directly. Therefore, it is determined as an equivalent dose, i.e. the amount of artificial
dose delivered by irradiation in the laboratory that induces a luminescence signal identical to the
natural one in the sample. The annual dose is derived by calculation based on the estimation of

environmental nuclide concentrations.



The moment that is dated with luminescence techniques is a zeroing event during which all the
effects on the mineral of its exposure to radiation are removed. In the case of pottery, the zeroing
is caused by the firing, the final part of the manufacturing process. For sediments, the zeroing
event is the exposure of the sediment grains to sunlight during transportation, prior to deposition.
Once the zeroing agent is removed, for instance when sedimentary minerals are deposited and
shielded from sunlight by other grains falling on top of them, the luminescence signal starts to
build up again. The signal can also be removed in the laboratory by exposing the mineral grains
to the same zeroing agents (heat or light). This time, the luminescence signal is measured and

used to determine the time that has elapsed since it was last set to zero.

Thus, the aim of luminescence dating is to determine the total radiation dose absorbed in
minerals throughout time from which an age can be derived. In accident dosimetry the goal is to
reconstruct the doses absorbed by available materials as a consequence of radiation accidents.
These doses are superimposed on the doses determined in dating applications (Bailiff, 1999;
Bailiff et al., 2000; Goksu et al., 2002; Bailiff et al., 2004). The techniques used in accident
dosimetry and dating applications are identical (Banerjee, 1999; McKeever, 2001; Bgtter-Jensen
et al., 2003; Thomsen, 2004)

2. Aim of our work

Luminescence methods are important analytical techniques for dating worldwide (reference can
be made to review works of Aitken, 1985, 1998, 1999; Roberts, 1997; Stokes, 1999; Duller,
2004; Lian et al., 2006; Wintle, 2008a, b, respectively Cosma et al., 2008b,d and Timar, 2008b,
2009c-in Romanian). Despite this, the method was not thoroughly applied in Romania up to now.
It should be mentioned that some attempts in using thermoluminescence for dating were made in
the past by Professor V.V. Moraiu in Cluj in the 1980s and by a group in Bucharest in 1990s
(Labau et al., 1996) but the research was abruptly ceased for reasons we are not aware of. The
interest of the group of Professor Cosma in luminescence dating dates for more than one decade
ago (Vasaru and Cosma, 1999), and our first applications have been carried out using a
Harashaw 2000 dosimetric system (Cosma et al., 2006, Cosma et al., 2008a,c). In 2006, the

material means necessary to develop a modern luminescence laboratory affiliated to the Faculty



of Environmental Sciences of Babes-Bolyai University Cluj were finally obtained through a
research grant. The work presented in this thesis started in the same year and its structure is
undoubtedly linked to the development of the first state of the art luminescence dating laboratory

in Romania.

The first aim of our work was to ensure that the methodology applied in Luminescence
Dating Laboratory in Cluj both in the case of gamma spectrometric measurements (for
radionuclide specific activity determination in environmental samples) as well as for sample
preparation and luminescence measurements are robust in order to be able to obtain
accurate values for both annual dose and equivalent doses of samples investigated. In order
to do that, both internal checks and intercomparison exercises with other laboratories have been
performed. The second but more important aim of this thesis was to apply state of the art

luminescence methodology in dating archaeological and geological materials of interest.

For archaeological applications, the Lumea Noua site was chosen, as this location is considered
to be of major importance for reconstructing the Neolithic and Aeneolithic periods in Romania

and well known for its Neolithic painted pottery.

Most efforts were conducted into applying luminescence methods for dating geological
materials, in particular the famous loess palaeosol sequence of Mircea Voda. We have chosen
this application because it is widely recognized that Romanian loess sequences preserve a
significant terrestrial record of Quaternary climate change, but in comparison to similar
sequences elsewhere in Central and Eastern Europe, the deposits in Romania have been less
extensively studied (Frechen et al., 2003). Having an absolute chronology on Romanian loess
sequences is of uttermost importance as these sequences are thought to be amongst the thickest
and most complete in Europe, and they form the link between the glacial loess deposits of
Western and Central Europe and the non-glacial loess deposits that extend all the way to China.

Obtaining an absolute chronostratigraphical framework for the Romanian loess deposits is
essential to determine (i) the timing of climatic events that are registered in the loess, (ii) the rate
of processes such as sedimentation and pedogenesis and (iii) the correlation between the loess

sequences that are spread all over Europe.



We point out as well that by reconstructing past climates and the climatic variation throughout
time data obtained can be used to test the accuracy of computer models that simulate climatic
change. Simulations of the radiative impacts of dust under present climate conditions have been
performed and already incorporate the effects of anthropogenically derived dust (Tegen et al
1996). However, the impact of the changes in the productivity of natural dust sources over
geological time and the incorporation of dust deflation, transport and deposition processes is just
beginning as spatially extensive data sets documenting the observed changes in dust
accumulation rates during the last interglacial-glacial cycle are required in order to test model
simulation of dust cycles (Harrison et al 2001). Thus investigation of sediment deposition in
relation to palaeoclimatic changes is a major focus in modern earth modeling because having an
accurate knowledge of the aeolian sedimentation rates during the Quaternary may help in
creating extended models of dust cycles and thus of climate change, with eventually making
predictions on future trends possible. Thus, dating sedimentary deposits is important for
environmental sciences not only as a matter of reconstructing the past trends but also for

predicting future ones.

3. Outline of the thesis

The thesis is structured in five chapters. Chapter I presents the basic principles of luminescence
processes and how these phenomena can be used for dating, including a discussion on signal
growth and lifetime. The general one trap model is presented as well as the more complex model
developed by Bailey (2001) for optical stimulated luminescence of quartz, and the model
proposed by Hiitt et al. (1988) for IRSL emission of feldspars. Excitation and emission spectra of
quartz and feldspars are presented as well as a comparison of their decay curves with more
emphasize on quartz signal components under the two stimulation modes used routinely in this
work (continuous wave optically stimulated luminescence CW-OSL, respectively linearly
modulated luminescence LM-OSL). A presentation of anomalous fading of feldspars is also
included along with the method used in this work (Huntley and Lamothe, 2001) for correcting for
this malign phenomenon. Although this chapter is based on the study of literature it also contains

own research in order to illustrate the properties described.



Chapter II briefly presents the techniques and methodologies available for equivalent dose
estimation. Emphasize is placed on the SAR protocol as this technique was used throughout the
present work. The underlying assumptions of the protocol are presented and their fulfillment is
exemplified by showing the behavior of samples investigated in this work. This chapter contains
also the description of the sample preparation techniques used throughout this work in order to
extract coarse (90-125um, 63-90um, 35-50 um) quartz, polymineral fine grains and respectively
fine quartz (4-11um), along with a short presentation of luminescence measurement facilities
used, including the checks routinely performed in order to verify their suitable functioning. The
calibration procedure of the radioactive sources used in our study is described to a somehow

grater detail.

Chapter III is structured in two parts. The first part presents specific aspects associated with the
evaluation of the annual dose. In the following part gamma spectrometric methodologies used for
natural radionuclides specific activities measurement implied in our laboratory are presented.
These are based our previous experience with environmental radioactivity evaluation (Begy et
al., 2007, 2009a,b; Cosma et al., 2007, 2009a, b, c; Timar et al, 2007, 2008a). An
intercomparison exercise for determining the radionuclides concentration in soil samples
performed between our laboratory and two other laboratories using independent methods (-alpha
spectrometry carried out in the Laboratory of Radiochemistry Veszprem, Hungary respectively
instrumental neutron activation analysis carried out at the Institute for Nuclear Research, Pitesti,

Romania) in order to validate our methods is presented.

Chapter 1V presents the actual application of luminescence dating in archaeology, work being
carried out on four pottery fragments excavated at Lumea Noua (Alba Iulia, Romania). The
application of single-aliquot regenerative-dose (SAR) protocol to both blue (OSL) and infrared
stimulated luminescence (IRSL) signals from coarse (90-125 pm) quartz and polymineral fine (4-
11 um) grains, respectively is described in detail, along with a more conventional approach,
which used a multiple-aliquot additive-dose (MAAD) protocol and thermoluminescence (TL)
signals from polymineral fine grains. Quartz OSL ages obtained are compared to the
conventional TL ages and to the fading corrected IRSL ages and the reliability of the investigated

protocols is discussed. Data presented are based on a former collaboration of colleagues in



Babes-Bolyai University of Cluj, Appulum University of Alba Iulia and Gent Luminescence
Dating Laboratory (Benea et al., 2007) and serve as an example on how luminescence dating,
especially by the use of the state-of-the-art techniques can contribute to establishing a complete

chronological framework for the ancient cultural development in Neolithic sites.

Chapter V presents the application of optical methods on geological samples. The main part of
the chapter presents the detailed description of the application of optical dating using quartz as a
dosimeter for the purpose of establishing an accurate chronology of deposition for Mircea Voda
section in South Eastern Romania (Cosma and Timar 2008e; Timar et al. 2008c; Timar et al.,
2009 a, b; Timar et al., 2010a,b,c). The behavior of both fine (9-11 uym) quartz grains and silt
sandy (63-90 um) quartz grains in the SAR protocol is presented in great detail, along with a
comparison of equivalent doses obtained from fine grains in our laboratory and Gent
Luminescence Dating Laboratory. A thorough study on the luminescence optical properties
(thermal stability tests, LM-OSL analysis, growth curve characteristics, equivalent dose
distribution analysis etc.) of the two grain fractions is also presented. The potential and the
limitations of applying SAR OSL dating on quartz for dating Romanian loess is discussed in
detail. In Section V.2 luminescence techniques are applied for dating soil covers from the forest

steppe zone in Transylvanian Basin (Timar et. al., 2010d)

The studies presented serve to illustrate the contribution that luminescence dating methods can
make to archaeological and paleoclimatic research in Romania and conclusions are subsequently

summarised.

4. Quality assurance of procedures implemented for equivalent and annual dose estimation

4. 1. Quality control for the equivalent dose measurements

Sample and aliquot preparation

Conventional procedures (Zimmerman, 1971; Lang et al., 1996; Frechen et al., 1996) were used

to extract coarse sized quartz, fine quartz grains and polymineral fine (4-11um) grains from the



samples. All sample preparation was carried out under subdued red and orange light (Encapsulite
R-10, Ilford 902 safelights). Samples were treated overnight with diluted HC1 (10%) to remove
carbonates, and then repeatedly washed with distilled water. To remove organic materials, 10%
H202 was added and the mixture was again left overnight. The following day more concentrated
30% H202 was added. The mixture was left for 24h to assure a complete removal of organic
materials, and was subsequently washed several times with distilled water. Following this

pretreatment, wet sieving was performed.

After sieving, this fraction consists of an undifferentiated mixture of minerals, including quartz,
feldspars and heavy minerals. These minerals have slightly different densities and can be
separated in suspension using heavy liquids. The heavy liquids used were solutions of sodium
metatungstate Nag[HoW1,049] xH20 (a heavy inorganic salt) with distilled water. First the
polymineral sample is suspended in a solution with a density of 2.62 g/cm’. This enables the
separation of quartz and plagioclase grains from the lighter minerals such as clay, potassium and
sodium feldspars. Subsequently, the mineral grains are suspended in a solution with a density of
2.75 g/em’. In this case, quartz and plagioclase feldspars will float while heavy minerals such as

zircons and apatite will sink. The floating fraction was kept, washed and dried.

Quartz can no longer be separated from plagioclase by means of difference in density. Therefore,
a treatment with 40% hydrofluoric acid (40 min) was performed for coarse grains, respectively,
35 % hidrofluorosilicic acid (H, Si Fe) (5 days) for quartz fine grains. The feldspars are less
chemically resistant and are dissolved. The etching also removes the outer surface of the quartz
grains, which reduces the external alpha particle contribution to these grains to a negligible level.
A 60 min wash with warm (50°C) dilute HCl was applied after etching to remove any
precipitated fluorides. This was followed by repeated washing with distilled water and drying.

Finally the product was sieved again sieve.

To extract polymineral fine grains, the fraction < 36um was first put in beaker and (NH4OH) was
added for deflocculating. The fraction less than 11pum were then isolated by settling in Atterberg
cylinders according to Stokes’ law. The removal of the grains < 4 pm was carried out in a

centrifuge using the method described by Frechen et al. (1996).
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For measurement, the quartz grains were sparingly poured through a sieve on stainless steel
disks. Silicon oil was used as adhesive. The silicon oil used was tested and it was concluded that

it does not give any parasitic signal.

For polymineral fine grains and quartz fine grains aluminum disks were used. Aluminum is
advantageous because it has the same scattering characteristics as quartz and feldspars. For
measurement, aliquots were made by pipetting a 1 ml suspension of the fine grains (2mg of
grains /1 ml acetone) onto each aluminum disc. Prior to pipetting, the solution was homogenized
in an ultrasonic bath. The acetone was then allowed to evaporate either at room temperature, or

in an oven at ~50°C.

Testing the purity of quartz extracts

Theoretically, complete feldspar removal from samples is desirable. In practice however, it is
important to have a negligible contribution from feldspars in the signal analyzed for equivalent
dose estimation. Several tests have been used to check the purity of quartz extracts in this work.

In most studies, a signal above background in response to IR stimulation is attributed to
feldspars, as at room temperature the fast component of quartz OSL is not stimulated by IR
(Aitken, 1998), whereas a large variety of feldspars respond to IR excitation by emitting in the
UV (Krbetschek and Rieser 1995, Krbetschek 1997). All samples have been analyzed based on
this criterion and yielded negligible IR signal compared to signal collected under blue stimulation

(Figure 1)

The “IR depletion ratio” test (Duller, 2003), uses the ratio of the sensitivity corrected [post-IR]-
OSL, (L post-ir / Tx os1) to the sensitivity corrected OSL (Ly / Ty os.). This test is based on the
assumption that the UV recombination centers in feldspars responsible for IRSL and OSL share
the same source traps, as indicated by Jain and Singhvi (2001). This test has been applied to
every aliquot analyzed throughout this work by making an additional measurement at the end of
each SAR run. It was extremely rare that aliquots were rejected based on this criterion. Average

values obtained for this test for samples analyzed are quoted in for all measurements.

11
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Figure 1: UV signals stimulated in blue light (@125 °C), respectively IR (@60 °C for sample
MV 10 fine grains (natural)

A general observation that has been made is that during measurement the OSL signal from quartz
tends to decrease rapidly, and to a low residual level (Smith and Rhodes, 1994; Bailey et al
1997), while for feldspars the initial decrease is slower and a significant tail is observed even
after prolonged stimulation (Bailiff and Poolton, 1991). This different behavior potentially
provides a mean of differentiation (Duller, 2003). It is known as well that pulsed optically
stimulated luminescence characteristics of quartz and feldspars are very different, and the use of
differences in luminescence lifetimes to discriminate between quartz and feldspar signals under
pulsed stimulation has been suggested (Denby et al, 2006). As luminescence lifetimes associated
to the fast component of quartz OSL are around 30 ps, using a pulse timing of this magnitude
leads to virtually recording only the quartz signal during the off time as feldspar signals are
dominated by a fast lifetime component which rises and falls with the on-period of the
stimulation LEDs. Figure 2 presents a comparison of decay curves obtained on calibration quartz
and fine and coarse grains of quartz extracted from loess analyzed in this work under continous
wave stimulation, respectively pulsed stimulation on time: 50 ps, off time 50us. It can be
observed that the decay rates are indistinguishable proving that any feldspar contamination is

negligible.
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Figure 2: Comparison of decay curves of calibration quartz and MV5 fine (4-11 um),
respectively coarse (60-90 um) grains under continous wave stimulation, respectively pulsed (on
time: 50 us, off time 50us). Signals have been recorded after a preheat of 10 s at 220 °C. Signal
is normalized to initial intensities.

SAR protocol intrinsic rigor tests

All equivalent doses determined in this work are based on a SAR protocol measurement routine.
The SAR protocol (Murray and Wintle 2000, 2003) truly revolutionized optical dating, and it is
nowadays considered as the technique of choice for determining the dose accrued in quartz
(Stokes et al., 2000, Murray and Olley, 2002; Duller, 2004; Vandenberghe, 2004, Wintle and
Murray, 2006).

The basic assumptions for determining the equivalent dose are:

a) The signal selected for dating comes from traps stable in geological time (the signal has to be
carefully selected and the unwanted components have to be removed).

- usually this is done by applying a preheat.

b) Any competition for charge during trap filling is the same during laboratory irradiation as
during natural irradiation (i.e. trap filling is the same during laboratory and natural irradiation)

- this assumption is difficult to be tested in the laboratory and was empirically showed to be
fulfilled by comparing ages luminescence ages obtained by applying the SAR protocol with ages

obtained on the same samples by applying other independent methods.
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c¢) The luminescence per unit of trapped charge is the same during all measurements.

- applying a thermal treatment before measuring regenerated quartz OSL signals is mandatory in
order to isolate the stable (in archaeological / geological time) component. A further reason
would be the need to redistribute trapped charge in order to prevent thermal transfer to the
dosimetric trap during measurement. However, this treatment may also redistribute holes and
thus can cause sensitivity changes. For further details, reference is made to Wintle and Murray

(1999), Murray and Wintle (2000, 2003), and Vandenberge (2004).

The main assumption underlying the SAR protocol is that sensitivity changes occurring
throughout a measurement cycle can be corrected for by using the luminescence responses to a
constant test dose.

The regenerated OSL signals can than be corrected for sensitivity changes by normalizing them

to the corresponding test dose responses.

Step Treatment Observe

1. Give dose Di -

2. Preheat ( at a temp between160 and 300°C for 10s) -

3. Optically stimulate for 40s at 125 °C Li

4. Give test dose Dt -

5. Heat to T < preheat in step 2 (cutheat) -

6. Optically stimulate for 40 s at 125 °C Ti

7. Optically stimulate for 40 s at T> preheat in step 2 (280 °C) -
(ETOSL) -

Table 1: Generalized SAR measurement sequence for quartz.

The measurement procedure starts with the measurement of the natural OSL signal after the
aliquot has been preheated (Di=1=0 Gy). A test dose is then given, followed by another preheat
and the measurement of the OSL response to the test dose. The test-dose preheat (cutheat) is
meant to empty the shallow traps. This measurement cycle is then repeated after a regenerative
dose is given, and this as many times as desired. Various regenerative doses can be used
throughout the experiment but the test dose is kept constant. By dividing the regenerated OSL
signals by the corresponding test dose signals, a growth curve is obtained, which is corrected for

sensitivity changes.

14



In the SAR protocol, it can be checked for if the sensitivity correction is working properly. This
is done by repeating a measurement of the response to a dose that had been previously
administrated. If the responses are indistinguishable, this means that sensitivity correction is
working properly. The ratio of these two corrected OSL or IRSL signals is called the “recycling
ratio”” and should ideally be equal to 1. The deviation of the recycling ratio from unity can be a
criterion for acceptance or rejection of aliquots. A good recycling value can be also considered as
evidence that the growth curve patter obtained is real and not a sensitivity artifact (Wintle and

Murray 2006).

Natural luminescence signal

LXx/1X

0 .

) N
T u T T
0 20 40 60 80 100
Irradiation dose (Gy)

Figure 3: Typical growth curve for sedimentary quartz constructed in a SAR protocol. The
recycling point is represented as an open square while the zero-dose response is shown as solid
circle. (Timar A, 2006)

A second important test is to check whether the dose-response curve starts indeed at the origin.
This is accomplished by measuring the response to a zero regenerative dose. Although one would
expect this to give a zero signal, in practice a small signal is observed. The “recuperation” of
the signal arises from thermal transfer of charge inserted by the test dose into thermally shallow
but light insensitive traps which are not emptied by the cutheat. These traps are emptied by the
preheat and some of this charge can be trapped into the light sensitive traps. In most cases it has
been shown that this transfer is mainly not into the main OSL trap (fast component) but into
other OSL traps (medium component) (Jain 2003). Step 7 at the end of each cycle was later
introduced into the SAR protocol in order to reduce recuperation. For more details, reference is

made to Vandenberghe (2004) and the original works of Murray and Wintle. For a sample that
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behaves well in the SAR protocol, recuperation should be negligible. The amount of recuperation
that is observed can be used as a criterion for acceptance or rejection of an aliquot.
The ultimate test for checking the performance of the SAR protocol is the “dose recovery test”.
This test was first suggested for feldspars by Wallinga et al. (2000) and was subsequently
recommended by Wintle and Murray (2003) for quartz as well. The dose recovery test consists of
optically zeroing a sample; irradiating it with a known dose and then measuring this given dose
using the SAR protocol as if it was an unknown dose.
If De measurement and dose recovery tests are performed for different preheat temperatures and
a preheat plateau is obtained this is evidence that:

- any unwanted thermal transfer is not relevant

- sensitivity changes are properly corrected for (as different thermal treatments may

lead to a different degree of sensitivity change)

- the dosimetric signal investigated comes from traps that are thermally stable
The measurement protocol is proven to be useful if the given dose can be measured accurately.
However, as pointed out by Murray and Wintle (2003), an accurate recovery of the known dose
does not necessarily imply an accurate determination of the naturally acquired dose as well.
Nevertheless, the dose recovery test does serve to increase confidence in the measurement
procedure. Murray and Wintle (2003) also showed that the dose recovery test is a more
diagnostic than the recycling ratio for evaluating the applicability of the SAR procedure to a

given sample.

Recycling ratios and recuperation values have been evaluated for all aliquots investigated in this

work. Dose recovery tests have been carried out on all samples.

Measurement and irradiation facilities performance tests
Measurements on quartz were performed using a Risg TL/OSL-DA-12, TL/OSL-DA-15 (in
Ghent) readers respectively a Risg TL/OSL-DA-20 device in Clu;.

Calibration of the radioactive sources
Calibration of the beta source is performed by comparing the luminescence induced in a sample

by a known dose (usually administrated by a calibrated gamma source) with the luminescence

16



induced in the same sample by a given duration of irradiation by the beta source of unknown
strength. Because of the aforementioned effects of build-up, backscattering and attenuation, the
calibration applies only to the precise conditions of the beta irradiation. New calibrations must be
carried out for other grain sizes, substrates, etc. (Armitage and Bailey 2005; Chen S. et al 2009)
For calibrating the beta sources, use was made of the calibration quartz produced by Risg
National Laboratory.

This calibration quartz is quartz that had been annealed to a high temperature and subsequently
received a known gamma dose. Calibration quartz of different grain sizes is available. The
calibration was performed using the SAR protocol. This yields a value in seconds from which the
source strength is easily derived. The dose rate for the Da-12 reader (Ghent) for fine grains was
0.057 Gyl/s (reference date March 2008), while for the DA-20 machine (Cluj Napoca), values of
0.175 Gyl/s for the coarse grains on stainless steel disks, respectively 0.135 Gy/s for the fine
grains on aluminium disks (June 2008). For all the irradiations that were carried out after the
calibration, allowance was made for the decrease in the strength of the sources owing to the

radioactive decay of *°Sr (TVz = 28.74 y).

Testing for thermal stability of the heating plate

The thermal stability and the constancy of the heating rate (5 °C/s) for the kanthal heater element
was constantly monitored making use of the 110 °C TL peak of quartz, as it is known from the
kinetics of the luminescence phenomena that TL peaks will shift to higher temperatures as the

heating rate increases.

Testing for stability of the photomultiplier tube

Before each measurement was performed photomultiplier dark counts were registered for 10s.
Risg systems also include a blue calibration LED. Measuring the counts using this LED assures
that there is no breakthrough of the blue stimulation light into the photomultiplier through the

thick Hoya UV filter when performing OSL measurements on quartz.

Intercomparison with Gent Luminescence Dating Laboratory

Several samples of fine grains of quartz extracted from loess have been measured on the
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Risg TL/OSL DA-20 reader in Cluj Luminescece Laboratory as well as on the Risg TL/OSL DA-
12 machine in Gent Luminescence Dating Laboratory using the same measurement protocol. The
results obtained are resented in the following table and show a very good agreement between the

data obtained in the two different laboratories.

SAMPLE DE Recycling Recuperation IR DE UBB/
(Gy) (%) depletion DE Gent
ratio

MV1 255+x04 098+0.02 0.07+0.03 0.97 £0.01 1.02 + 0.02
MV3 67.2 £0.7 1.00£0.01 0.05+0.01 1.00 £0.01 1.04 £ 0.03

MV7 203 +£2 1.00£0.01 0.03+0.01 0.99 £0.01 1.03 £ 0.02
MV9 224 +£2 098 +£0.01 0.07+0.01 0.99 £0.01 1.01 £ 0.02
MV10 314 +4 1.00£0.01 0.04+0.01 1.00 £ 0.01 1.01 £ 0.03

MV12 433 +18 1.00+£0.01 0.01+0.01 0.99 +£0.01 1.01 £ 0.05

Table 2: Comparison of equivalent doses obtained for different samples in Ghent and Cluj
Luminescence Laboratories.

4. 2. Quality control for annual dose estimation

Estimation of environmental radionuclide concentrations in soils, a comparison of methods
for the annual radiation dose determination in luminescence dating in archaeology — a case

study

The assessment of the annual radiation dose is an important step in the dating process since it
influences directly the final result and its uncertainty is linearly transferred to the age.

However, in the determination of the dose rate for luminescent dating it is important to
distinguish between the dose absorbed by the soil matrix and by the grain showing luminescence.
For example, quartz grains separated from the soil are almost free of internal radioactivity, and
the outer layer of large grains can be etched, reducing thus the contribution of alpha radiation to
zero. On the contrary, the fine grain technique is concerned only with grains that have received
the total matrix dose. In particular, humidity is also an important factor, influencing mostly the
alpha dose received by grains (Aitken, 1985). Therefore the annual dose rate of radiation has to
be divided at least into three contributions to the varied absorption of alpha, beta and gamma

radiation. And the age calculated upon the equation:

Da(U,Th) +Dﬂ(U,Th,K,Rb)+ Dy(U,Th,K)

1+1SWF  1+125WF 1+ L14WF =

Annual dose =a
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Where:

a — is the alpha efficiency factor

W - is the water saturation level

-W=W| in the case of sediment dating

-W refers to the water saturation level of the ceramic shred in the case of pottery dating

- W, refers to the water saturation level of the surrounding soil in the case of pottery dating

F- fraction of saturation

Da, DB, Dy- are the o, B,y dose rate contribution derived from radioactive elemental

concentration or specific activities using conversion factors. And D, is the cosmic dose rate.

Thus, the determination of the dose rate in luminescent dating implies two steps. Firstly, the
activities of the above mentioned isotopes have to be measured and then the relevant activities
have to be converted to the energy released per disintegration. This energy has to be related to
the alpha, beta and gamma contribution. As usual, Auger and internal conversion electrons are
included in the beta part, X-ray and bremsstrahlung radiation in the gamma contribution.
Conversion is performed using factors calculated from nuclear data tables, the most recent

system being the one proposed by Adamiec and Aitken (Adamiec and Aitken, 1998).

In this work three of the most important methods available for natural radioactive isotope
concentration measurement are compared, namely: instrumental neutron activation for measuring
30, #2Th and K, high resolution gamma spectrometry for determining the activities of 24T,
226Ra, 214Pb, 214Bi, 210Pb, 228Ac, 208Tl, as well as 4OK, and, moreover, concentrations of 210P0, 226

Ra and *** U were also determined through alpha spectrometry.

It should be mentioned that no special efforts were made to measure the Rb-annual dose rate,
which can be derived with sufficient accuracy from an assumed average K: Rb concentration
ratio of 200:1 (Aitken 1985). Also, our measurement does not yield information on 233U. This is
however of minor importance in view of its small contribution to the total U activity (~4.4%).
Nevertheless, its contribution can be taken into account via **U, assuming a natural isotopic

ratio of *°U to ***U. Finally, the contribution from cosmic radiation amounts to a few percent

19



and can be calculated using the formula developed by Prescott and Hutton (Prescott and Hutton,

1994).

The case study chosen was the Neolithic archaeological site of Lumea Noud, Romania. The

analysis was carried out on five soil samples.

High resolution gamma ray spectrometry analysis was carried out on an ORTEC hiperpure
germanium detector having the following characteristics: active volume of 181 cm?, 0.878 keV
FWHM at 59KeV, 1.92 keV FWHM and 34.2 % relative efficiency at 1332.5 keV in the
laboratory of Natural Radioactivity and Nuclear Dating Center.

Alpha spectrometric measurements and neutron activation analysis has been carried out at
Radiochemistry Department, University of Veszprém, Hungary, Institute for Nuclear Research,

Mioveni, Pitesti Romania, respectively.

The system was calibrated in energy using a standard Eu source. The detector is mounted in a
lead castle and has a 0.5mm beryllium window which makes it suited for measuring several U

and Th decay products, down to 210

Pb with a gamma ray energy of 46.5keV. This is important,
because it is an indicator for possible radon escape in archaeological or geological times. In
addition to this nuclide, other lines that were investigated are 24Th (63.3keV), 226Ra (186.2keV),
** Pb (295.2 and 351keV), *'*Bi (609keV). The line at 609 keV of *'*Bi was later on excluded
from calculation as it was concluded that suffers consistent sum out effects. This is in agreement
with other studies as well (for example Garcia-Talavera et al 2001) The lines at 63.3keV and
186.2keV are moderately to heavily interfered by the 63.8 and 185.7keV lines of ***Th and *U,
respectively, thus requiring proper corrections (Hossain, 2002). In the ***Th decay chain we
measured “*Ac (338.3 and 911keV) and Tl (583.2keV). Eventually, also the 1460.8keV
gamma ray of YK can be measured (Figure 4).

The activity of each nuclide in the sample was derived from the equation:

N

A=—>"
t €y

Where N represents the net number of counts (intensity) under the peak of interest, t, is the

spectrum acquisition time, € is the computed efficiency of the sample-detector and y represents
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the absolute intensity (emission probability) of the gamma line. Detection efficiencies were
computed for the energies of interest using a Monte Carlo Code (GES-Gamma Electron

Efficiency Simulator version 2.7 (Fulea, 2009).
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Figure 4: Typical high resolution gamma spectrum of a soil sample (soil sample number 5). The
measurement time was 500000 seconds.

In order to validate the procedure used we also determined the detection efficiencies
experimentally, using radiometric reference materials RGU-1 (400 + 2 ug/g) and RGTh-1 (800 +
16 pg/g), issued by the IAEA.

All the samples were measured for at least 150000 seconds the measurement geometry being a
cylinder in all cases. Radon loss due to sample preparation was estimated at 15%, thus we stress
upon the need for storing the samples for three weeks before measurement in order to for the

radioactive equilibrium to be reached again.

As previously mentioned, **°Ra 186.2keV is heavily interfered by the >*°U 185.7keV line and a
correction for this interference is needed to obtain unambiguous results, directly obtained values

226

for “""Ra being of major importance as usually in soils equilibrium cannot be assumed between

23U and *°Ra the latter being soluble and thus being subjected to transportation by percolating

21



groundwater. Correction for the interference was made following a suggestion of De Corte et al

f 25U 185.7 peak area from the rather intense 24Th

(2005). This is based on the calculation o
peak at 63.3keV. Two assumptions have to be made in this case: that >>*U and **°U are present in
their isotopic natural ratio and that ***U and its immediate daughter >**Th are in equilibrium.
Moreover 63.3 keV ***Th peak is also spectrally interfered by a 22T peak at 63.8 keV. The
correction for this interference is made using ***Ac peak at 338.1keV, obviously assuming

equilibrium between **Th and ***Ac. (Figure 5)

63.3 keV 234Th + 185.7 keV 235U+
63.8 keV 232Th 186.2 keV 226Ra

338.3 keV

l F 3
l, Measured

226Ra—+ Measured sumpeak Sumpeak of 338.3
Np [63.3 keV < — Np [185.7 keV 235U ] keV 228Ac
234Th]

|

Measured Sumpeak
— [63.8 keV 232Th}

Figure 5: The principle for direct measurement of Ra-226 activity from the
185.7 keV gamma line

The procedure was validated by measuring IAEA-312 radionuclides in soil standard. Values
obtained experimentally and values given by IAEA are plotted in Figure 6. It can be seen that a
very good agreement within error limits was obtained. Thus the procedure was applied for all

measured samples.
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Figure 6: comparison between the experimentally calculated values and the values given by
IAEA for the specific activities for uranium, radium and thorium for standard material “IAEA-
312 radionuclides in soil”.

Specific activities of the nuclides of interest measured in the three different laboratories are
presented (Figure 7). Values obtained for >**U by instrumental neutron activation are consistent

within error limits with the values obtained for **

Th through high resolution gamma
spectrometry. As equilibrium between the above mentioned nuclides can be regarded as a fair
assumption in the case of soils, we can conclude that the emission at 63 keV of 234Th can be used
with satisfying accuracy for gamma spectrometric measurement of *°U. The assumption that
radium disequilibrium is not unusual in soils was supported by the results obtained both through
gamma spectrometry in the cases of sample 2 and sample 3, where a certain degree of radium
enrichment can be noticed.

However, the degree of disequilibrium is not sufficiently severe to have an important influence
on the final age of ceramics taking into consideration the overall precision of the luminescence
method (see Figure 8). Nevertheless, taking into consideration the fact that gamma spectrometric

226 D
Ra we do stress upon considering the

data are supported by alpha spectrometric results for
detailed investigation on the concentration of this nuclide as a worthwhile procedure when

performing gamma spectroscopic measurements.
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Figure 7: Comparison between specific activities of radionuclides of interest obtained in the
three different laboratories.
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Figure 7: Calculated ages for an Eneolitic shred collected from Lumea Noua archaeological site
taking into consideration the dosimetric information for soil sample 2 provided by gamma ray
spectrometry (O) (taking into consideration radium enrichment) and by neutron activation

24



analysis (m) (method that does not take into consideration the possible cases of disequilibrium in
uranium series). Internal dose rate was taken from Cosma et al. (2000).

Deriving the activity *'Pb is also of major importance as this nuclide can serve as an indicator of
radon loss throughout geological or archaeological time. Due to the low energy emission of this
nuclide (46.5 keV) gamma spectrometric measurements are difficult to be performed with
sufficient precision unless special detectors in ultra low background conditions are being used.

. 210
Thus we consider data on

Po derived through alpha spectrometry to yield more reliable results.
A relatively good agreement between gamma spectrometry and instrumental neutron activation
was observed. Nevertheless, it can concluded that despite the better precision of instrumental
neutron activation the method of choice for obtaining routine dosimetric information regarding
natural nuclides in soils in luminescence dating can be considered to be gamma spectrometry due
to the less efforts involved in the experimental procedure and the advantages it offers on the

possibility of checking for radioactive disequilibrium in uranium series.

Considering an equivalent dose of 19.97 + 0.810 and an average of the internal dose rates
presented in Benea et al 2007, the luminescence ages calculated taking in to consideration the
external dose rates determined by elemental radionuclide concentration with the above described
methods yield the following ages: CLUJ] GAMMA SPECTROMETRY- Age = 6.82 + 0.57 ka,
VESZPREM -Age = 6.79 + 0.56 Ka, INNA PITESTI- Age = 6.88 + 0.57 Ka leading us to
conclude that annual dose rates necessary in order to calculate luminescence ages can be
determined with sufficient confidence using gamma spectrometry measurements in our

laboratory.

It should be noted that this study should be taken as intoductory work for the validation of
methodologies. All gamma spectrometric measurements have been carried ot in 2007.
Research resulted in a BDI publication. At the moment of writing this thesis gamma
spectometric measurements in Environmental and Nuclear Dating Center are carried out in
much lower background condition due to a new lead shielding enabling higher precision of
measurements as well as a lower limit of detection of the system. Other gamma spectometric
investigation of environmental samples are presented in Begy et al 2009 a,b, Cosma et al 2007.
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5. Applications of luminescence dating in key applications and potential contributions
compared to the most recent achievements in mainstream publications

5.1 Applications in archaeology

Luminescence dating of Neolithic ceramics from Romania

Pottery is often the most abundant material found on archaeological sites and is the basis of many
chronological frameworks for the Neolithic, especially in Southeast Europe.

The possibility of dating ceramic objects by the use of their thermoluminescent properties was
first proposed by Grogler et al. (1960) and Kennedy and Knopff (1960). Since then, the method
has been extensively studied and applied (see e.g. the reviews by Aitken, 1985 and Roberts,
1997). In the last few years, there have been major developments in both luminescence dating
instrumentation and measurement methodology. The introduction of optically stimulated
luminescence (OSL) signals in combination with single-aliquot measurement protocols has led to
a significant increase in precision, while less sample material is required; this makes
luminescence dating a potentially much more useful chronometric tool in archaeology.
Nevertheless, the application of luminescence to burnt pottery appears to have benefited only
little from these advances in dating technology. Only a few studies are available in the literature
and some relevant reports include those by Hong et al. (2001), Takano et al. (2003) and Lamothe
(2004). The latter author applied state-of-the-art luminescence dating procedures (i.e. using the
single-aliquot regenerative-dose (SAR) protocol, and both infrared and blue stimulated
luminescence signals) to heated artefacts from archaeological sites in Quebec (Canada), and

demonstrated that these procedures are able to provide a reliable chronological framework.

In this study, luminescence dating was applied to four pottery fragments excavated at Lumea
Noua (Alba Iulia, Romania). Although the Lumea Noud settlement has been investigated for over
6 decades now, there is still no accurate and precise chronology available for the excavated Neo-
Aeneolithic habitation levels. Therefore, the aim of this study was to apply new approaches in

optical dating to improve the chronological framework for the site.

To this purpose, the single-aliquot regenerative-dose (SAR) protocol was applied to both blue

(OSL) and infrared stimulated luminescence (IRSL) signals from coarse (90-125 um) quartz and
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polymineral fine (4-11 pm) grains, respectively. For the sake of comparison, a more conventional
approach, which uses a multiple-aliquot additive-dose @~ (MAAD) protocol and
thermoluminescence (TL) signals from polymineral fine grains, was applied as well. The
characteristics of the OSL and IRSL signals were investigate in terms of behavior in the SAR

protocol, dose response and dose recovery.

The presence of anomalous fading in the 410 nm IRSL emission as well as blue TL emission
indicates that our IRSL and TL ages would underestimate the true ages (figure 9). To correct the
SAR-IRSL results for fading, we applied correction procedure proposed by Huntley and Lamothe
(2001). No correction was applied to the TL results, as it not valid to correct the bulk signal

originating from an undifferentiated fine-grained mineral mixture using the fading observed from

only part of this mixture.3
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Figure 9: Anomalous fading data for a representative aliquot of sample Al. Plotted are the
measured L/T; ratios versus the logarithm of the time elapsed since the end of the irradiation.

The TL, SAR-OSL and SAR-IRSL ages (both corrected and uncorrected) are plotted in Figure
10. In general, the uncorrected TL-ages are consistent with the uncorrected SAR-IRSL ages, and
both are lower than the quartz SAR-OSL ages. The uncorrected TL age for sample V2 is higher
than the uncorrected SAR-IRSL age, but this might be due to a lack in measurement precision.
The fading corrected ages. Compared to the TL method, the IRSL and OSL approaches are based

on a more robust dating methodology. Therefore, they are expected to yield the most reliable age
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information. As SAR-OSL dating of quartz yields the most precise age estimates, this is

considered to be the technique of choice.
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Figure 10: Illustrative comparison of the ages obtained through the methods used

As mentioned before, there is no age control for Lumea Noua site. The average of the four quartz
SAR-OSL ages presented above would place the transition from Foeni to Petresti culture at
Lumea Nouad site around 6.2+0.5 ka; taking into consideration the archaeological information,
this age seems extremely plausible. Further investigations are needed for establishing a complete
chronological framework for the ancient cultural development at Lumea Noud. Nevertheless the
present study clearly illustrates how luminescence dating, especially by the use of state-of-the-art

techniques can contribute to this purpose.

It should be noted that the measurements have been carried out in Gent Luminescence Dating
Laboratory; fading corrections have been newly developed at the time, and SAR OSL dating of
sand sized quartz extracted from heated ceramics was a relatively novel application. The
research has been published in an international-peer reviewed journal (Benea et al, 2007).
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5.2. Applications in geology and environmental studies

5.2.1. Optical dating of Romanian loess using fine grained quartz

Loess deposits preserve a potentially important and detailed archive of Pleistocene climate
change. Although a variety of loess characteristics (such as magnetic susceptibility and grain
size) can be studied as proxy record for palaecoclimate and palacoenvironment, the deposits can
only be fully understood, and their significance evaluated, once a robust chronological
framework is established. Indeed, it is well known that terrestrial archives may be incomplete,
and an increasing body of evidence demonstrates that the rate of loess accumulation may vary
considerable both within a stratigraphic unit and between equivalent units at different localities

(see e.g. Frechen et al., 2003; Roberts, 2008).

Luminescence dating is, at present, the only method that allows establishing an absolute
chronology for loess deposits. The method uses grains of quartz and/or feldspar, which are both
typically abundant in loess, and the windblown nature of loess ensures that the luminescence
clock was completely reset prior to deposition. We have reported the first optically stimulated
luminescence (OSL) ages for the loess sequence near Mircea Voda (Dobrogea, SE Romania).
The study focussed on loess from the last four glacial periods and used silt-sized (4-11um) quartz

as dosimeter.

The study site is located near the village of Mircea Voda, which is situated in the Dobrogea-
plateau (SE Romania) at about 15 km from the River Danube. The section is ~26 m thick; it
comprises six well-developed palaeosols (stratigraphic nomencelature: SO0-S5, with SO
representing the Holocene soil) and intercalated loess layers (L1-L6), with no apparent evidence
for remarkable hiatuses.

C. Panaiotu used magnetic susceptibility record to create a time-depth model, which indicated
that the first well-developed palaeosol (S1) was formed during MIS 5; the model allocated a
weakly developed soil in middle of the uppermost loess unit (L1) to the MIS 3 interstadial.

29



Fine quartz grains analysed displayed bright fast decaying OSL signals indicating that are
dominated by a fast component and thus ammendable to the application of the SAR protocol
(Figure 11).
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Figure 11: Typical decay curve of natural (red symbols) OSL signal of sample MV 10 (fine
quartz) compared to the regenerated signal (navy symbols) and the OSL decay of calibration
quartz (black symbols). Signal and background integration intervals are indicated in the inset.
The measurement was performed on a Risp TL OSL DA-12 machine.

An internally consistent set of optical ages was obtained and the optical ages have been

compared with a magnetic time-depth model based on magnetic susceptibility measurements
(Figure 12).

Based on luminescence ages, evidence was presented for a varying loess accumulation rate
during the Last Glacial the optical ages indicate that this unit did not accumulate at a constant
rate (Figure 12 —inset), with loess being deposited at a significantly lower rate during the past
~50 ka. This illustrates the limitations of proxy records (such as magnetic susceptibility) to
interpret and derive a chronology for these deposits. The age results for the L1 unit contrast with
the commonly held assumption that loess sedimentation in this region occurred at a constant rate.
They are, however, in line with the ideas emerging from the study of Singhvi et al. (2001), and
the recent insights gained from optical dating of Chinese loess; at several localities in the Chinese

loess plateau, loess accumulation rates have been found to vary during the last glacial period (see
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e.g. Stevens et al. 2007; Buylaert et al., 2008).

While it could be confirmed that the uppermost palacosol (usually denoted by S1 in stratigraphic
nomenclature) formed during the last Interglacial, comparison with independent age control
(pedostratigraphy and a newly developed palacomagnetic time-depth model) also indicated that

the dating procedure underestimates the true burial age from the penultimate glacial period

onwards.
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Figure 12: Plot of optical ages (open squares, 1 sigma total uncertainties) as a function of
depth; the results from the palaeomagnetic time-depth modeling are shown by the gray line (C.
Panaiotu).The inset shows the optical ages (open squares, 1 sigma random uncertainties) and

sedimentation rates obtained for the L1 unit.

The SAR-OSL ages obtained for the three samples taken below the S1 soil are interpreted as age
underestimates, with the degree of age underestimation increasing with depth.

Interestingly, the luminescence characteristics do not indicate such behavior: (1) the dosimetric
signal continues to grow to high doses (Figures 13a, b), (ii) yields D.’s and recovered doses that
are independent of preheat temperature (suggesting that the signal is thermally stable; Fig. 14, a,
b), (iii) passes the testing of the laboratory measurement procedure (Figure 15), and (iv) leads to

ages that increase with depth (up to at least 15 m).
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Figure 13a: Representative SAR growth curve for a single aliquot of fine-grained quartz
extracted from sample MV 10. Recycling and recuperation points are shown as an open triangle
and open circle.
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Figure 13b: Comparison of average SAR-OSL growth curves for fine quartz from 6 samples of
different ages.
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Figure V.14: a) Dependence of D, (a) and of the measured to given dose ratio; b) on preheat
temperature for sample MV10. Each data point represents the average (£ 1 standard error) of at
least three replicate measurements. The dashed and dotted lines in (b) are meant as an eye guide

The dose recovery experiments indicate that our SAR protocol is able to accurately measure a
laboratory dose given prior to any heat treatment (Figure 15). Note that good dose recoveries
were also obtained from the high dose linear region of the growth curve (Table 2). Although the

results give confidence in the reliability of the laboratory measurement procedure, they do not



necessarily imply that natural doses can be measured accurately as well. For each sample, at least
six replicate measurements of the D. were made. The average values (+ 1 standard error) are

summarized in Table 3.
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Figure V.15: Summary of dose recovery data for all samples using a preheat of 10s at 220 °C).
The given dose was chosen to approximate the equivalent dose; for sample MV 10, the dose
recovery test was carried out for given doses of ~300Gy and ~420GYy (data presented in Fig

V.12). The solid line (eye guide) represents the 1:1 relation, the dotted lines (eye guide) bracket

a 10% deviation from unity.

Sample x 2/ DOF D, D, “Practical x 2/ DOF Dy* Dy* error
code (exponential fit) (Gy) error limit” (exponential + (Gy) (Gy)
(Gy) (Gy) linear fit)

MV2 0.085 225 25 426 0.011 126 12
MV4 0.092 235 27 446 0.014 108 13
MV6 0.091 238 27 452 0.010 110 11
MV10 0.101 241 28 457 0.010 112 10
MV12 0.096 255 29 448 0.017 113 9
MV13 0.134 255 38 484 0.027 116 18

Table 2: Goodness of fit and values for the characteristic dose (D and Dy*) for SAR growth
curves for fine quartz from six samples of different ages. The dose-response curves were
measured up to ~ 700 Gy using a constant test dose of 17.1 Gy. The functions used for fitting
were a single saturating exponential I1=1,,,(1-exp(-(D+D;)/Dy), and the sum of a single
saturating exponential and a linear component I =Imax*( 1-exp(-(D+D;*)/Dy*)+Dea. 85 % of
saturation level in the case of a single saturation exponential fit is denoted as “practical limit”.
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These results are consistent with those reported for old (>70 ka) Chinese loess (Buylaert et al.,
2007; 2008), and with the more general suggestion that SAR may underestimate the true age (to
some degree) in the older age range (see e.g. Murray et al., 2007). Our results are in contrast to
the findings by Murray et al. (2008) for quartz extracted from a deposit on the Seyda River in
northern Russia. In the latter study, natural doses of ~350 Gy were obtained using the high dose
linear region of the growth curve, which resulted in optical ages that were in excellent agreement
with the independent age controls.

We concluded that optical dating of fine-grained quartz can be used to establish a reliable
chronology for Romanian loess up to ~70 ka. This age values correspond to equivalent doses of ~
200Gy. Up to this value an exponential function and an exponential plus a linear term function
give the same goodness of fit to experimental data. At least for our samples, the results obtained
from the high dose linear region of the growth curve do not appear to be accurate. The procedure
underestimates the true burial age when applied to loess that was deposited before the last
climatic cycle; further research is necessary to establish what causes the age underestimation.
Our results illustrated that an apparently reliable OSL laboratory measurement procedure not

necessarily guarantees an accurate determination of the true burial.

It should be noted that a substantial part of the measurements performed on quartz fine grains
have been carried out in Gent Luminescence Dating Laboratory; the results have been
published in a highly ranked peer reviewed journal (Timar et al. 2010a) and have already been
referenced to.

5.2.2. A comparison of luminescence properties and optical ages obtained on different grain

sizes of quartz extracted from loess

Introduction

Loess is generally considered as an ideal material for luminescence dating. The first
luminescence methods that have been applied to loess used thermoluminescence (TL) signals
from polymineral fine (4-11 um) grains (see e.g. Wintle 1981, Van den haute et al. 1998, 2003).
This was followed by stimulation of the polymineral fine grains with infrared light (infrared

stimulated luminescence; IRSL), which became increasingly used for dating loess (Forman,
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1991; Frechen and Dodonov, 1998; Frechen, 1999; Tsukamoto et al., 2001). More recent
developments in dating technology allowed exploring the potential of quartz. Optically
stimulated luminescence (OSL) dating has been applied to silt-sized (4-11 pum) quartz (Watanuki
et al. 2003; Wang et al. 2006, Lu et al. 2007; Timar et al., 2010a), middle-sized (35-63 pm)
quartz (Roberts, 2006, Stevens et al. 2007; Lai et al., 2007) and sand-sized (63-90 um) quartz
(Buylaert et al., 2007; 2008). While it seems logic to assume that for a windblown material (such
as loess) grains from several fractions are suitable for optical dating, this has not been explicitly
demonstrated. At least to our knowledge, no studies are available that compare the luminescence
characteristics and age of quartz grains of different granulometric fractions extracted from loess.

This study reports on such an investigation for samples collected from the loess sequence near
Mircea Voda (Dobrogea, SE Romania). Timar et al. (2010)a previously dated this sequence
using OSL signals from 4-11 um quartz grains. Here, we investigate the luminescence properties
and age of the fine sandy (63-90 um) quartz fraction from exactly these same samples; additional

investigations on the silt-sized fraction are included.

Luminescence characteristics

Investigations were performed on the same samples as used by Timar et al. (2010a). Samples
MV1 to -MV9 come from the first loess layer (L.1), while samples MV 10, -12 and -13 were taken
from the L2, L3 and L4 loess units, respectively.

Luminescence investigations were carried out using automated Risg readers (TL/OSL-DA-12
and TL/OSL-DA-20) equipped with blue (470+£30 nm) LED’s. Stimulation with infrared light
was through an IR laser diode (830 nm; TL/OSL-DA-12) or IR diodes (875 nm; TL/OSL-DA-
20). All luminescence emissions were detected through a 7.5 mm thick Hoya U-340 UV filter.
The luminescence characteristics of both the fine and coarse grains were investigated using a
single-aliquot regenerative-dose (SAR) protocol (Murray and Wintle, 2000). Stimulation with the
blue diodes was for 40 s at 125°C. The initial 0.32 s of the decay curve was used, less a
background evaluated from the 1.60 to 2.24 s interval. A constant test dose of 17 Gy was used in
all experiments. Unless stated otherwise, a preheat of 10 s at 220°C preceded the measurement of

natural and regenerative signals and a cutheat to 180°C that of test dose signals, respectively.
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After the measurement of each test dose signal, a high-temperature bleach was performed by

stimulating with the blue diodes for 40 s at 280°C (Murray and Wintle, 2003).

The OSL signals of both the fine and the coarse quartz grains exhibit a fast decay with
stimulation time. The natural and regenerated signals have the same shape, and all are
indistinguishable from the signals observed from calibration quartz. As it is generally accepted
that the quartz OSL signal of calibration quartz is dominated by a fast component, it is deduced
that the signals from the samples are as well. This is confirmed by examination of the LM-OSL
signal. The natural and regenerated LM-OSL signals show a well-defined peak early in the curve;
the position of this peak matches the signal observed for calibration quartz (Figure 16) and is not
dependent on prior heating between 180°C and 360°C (Figure 17). The same observation was

made for the other samples as well.

1.04 - —o—MVI1 fine
—o—MV7 fine
0.8 —o—MVO fine
= —o—MVI12 fine
& | CAL Q fine
§ 0.6 - —o—MV3 coarse
§ T —o—MYV 7 coarse
g 0.4 - —o0-—MV 12 coarse
§ : —o— CAL Q coarse
=
0.2 1

0.0 1

10 100 1000
Stimulation time (s)

Figure 16: LM-OSL natural signals of fine (4-11um) and fine sand (63-90 um) sedimentary
quartz extracted from Mircea Voda section compared to calibration quartz. Stimulation was
performed at 125 °C ramping the stimulation power from 0-100% in 3000s. One data channel
represents 6 seconds of stimulation. For a better visual comparison values collected in all data
channels have been normalized to the maximum value obtained in a data channel.
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Figure 17: LM-OSL natural signals of fine and coarse sedimentary quartz extracted from Mircea
Voda section following preheats of 2 seconds at temperature ranging from 220 ° C to 360 °. The
inserts present the corresponding test dose signals (recorded after a cutheat to 180 °C) For a
better visual comparison values collected in all data channels have been normalized to the
maximum value obtained in a data channel.

It has been previously showed that the SAR protocol is applicable to the OSL signals from the 4-
11 pm quartz extracts: sensitivity changes occurring throughout a SAR measurement sequence
are accurately corrected for (as indicated by recycling ratios indistinguishable from unity),
recuperation is negligible (< 0.2% of the sensitivity corrected natural signal), and a known dose
given to a bleached and unheated sample can be accurately measured.

The 63-90 um quartz grains exhibit a similar behavior. The response to a zero dose
(recuperation) amounts to less then 0.3% of the corrected natural signal and sensitivity changes
occurring throughout a SAR measurement cycle are accurately corrected for. The latter is

illustrated in Figure 18. The response of fine and silt-sandy quartz aliquots of sample MV9 was
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analyzed in a SAR protocol, the response to a regenerative dose (220 Gy) being repeatedly
measured. It can bee seen that the sensitivity corrected signals are indistinguishable.

The applicability of a SAR protocol to the sand-sized quartz grains was also tested through a
dose recovery test. In this test, natural aliquots were bleached twice for 250s at room temperature
using the blue diodes; the two bleaching treatments were separated by a 10ks pause. The aliquots
were then given a known dose chosen to be equal to the estimated natural dose, and measured
using the SAR protocol. The results are shown in Figure 19 (circles). The given dose can be
recovered reasonably accurately over the entire dose range (i.e. from ~28Gy to ~ 480Gy) and the
overall average measured to given dose ratio is 1.04 = 0.02 (n = 12). For the sake of comparison,
the results from the dose recovery test on the fine grains are included in Figure 19 (squares; from
Timar et al., 2010); in this case, the overall average measured to given dose ratio is 1.04 = 0.04.
The results from the dose recovery test indicate that the SAR protocol is able to measure
laboratory doses given prior to any heat treatment both accurately and reasonably precisely, for
both the coarse and the fine quartz grains. This does not necessarily imply, however, that natural

doses can be measured equally precise and accurate for one or both grains size fractions.
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Figure 18: Sensitivity corrected signals obtained using a constant regenerative dose of 220 Gy
over 10 SAR measurement cycles. All values are normalized to data obtained in the first
measurement cycle. Lines are meant as eye-guides. Dashed lines represent 5% deviation from

unity.

The SAR protocol has been designed for use with the fast component of the quartz OSL signal;

the above-mentioned test are intended to detect the effects of faster and/or slower components
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(Murray and Wintle 2000; 2003). Application of these tests to our samples thus indicates that the
signal selected for analysis is dominated, if not composed exclusively, of the fast component,

which confirms the observations made.
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Figure 19: Summary of dose recovery data for all silt-sized (open squares; data from Timar et
al., 2010) and sand-sized (open circles) quartz samples. The given dose was chosen to
approximate the equivalent dose. The solid line (eye guide) represents the 1:1 relation; the
dotted lines (eye guide) bracket a 10% deviation from unity.

Thermal stability

Although the majority of studies concerning OSL signal components (Singarayer and Bailey
2003, Jain 2003) report long term stability of the medium OSL component (with a thermal
lifetime at ambient temperature of an order of magnitude of 10° MA), several studies have
highlighted that a contamination of the OSL dosimetric signal (fast component) with a medium
components can cause significant underestimation of optical ages (Choi et al 2003, Li and Li
2006, Steffen et al 2009). These studies argue that the long thermal lifetime quoted above does
not ubiquitously apply and the characteristics of this signal component may be related to the
geological origin and history of quartz.

Signal deconvolution in CW-OSL measurements was not performed as after several fitting

attempts we have concluded that in many cases the procedure may be unreliable, the results
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depending strongly on the choice of initial parameters, number of components and background.
Deconvolution of signals composed of a sum of exponential factors is not a straightforward
matter, the problem being termed ill posed (Istratov and Vyvenko 1999). Nevertheless, we are
confident that the OSL dosimetric signal of our fine grains is not contaminated with an unstable
medium component and in the following we will present the evidence that led us to conclude
this.

i) Contamination with a thermally less stable slow component is unlikely to be significant
considering the background subtraction (signal: 0-0.32s; background: 1.6-2.24s) and the shape of
the decay curves. For all samples, the regenerated signals are identical in shape to that of the
natural and to the CW- OSL signal of calibration quartz. This is further substantiated by the
shape of the LM-OSL signals.

ii) The preheat plateau is specifically intended to isolate a thermally stable signal; we observed a
lack of dependence of D, on preheat temperature

ii1) In order to compare the behavior of our signals to the finds of Choi et al 2003, Li and Li,
2006, Steffen et al 2009; we constructed D, (t) plots for samples of different ages. We observed
no dependence of D, with stimulation time. In our case, contrary to the finds of Li and Li (2006),
there is no falling trend in De (t) plots of natural signals, just the same degree of scatter in both
the natural and laboratory induced signals (data nor shown).

iv) We used a pulse anneal experiment to confirm the thermal stability of the OSL signals from
the fine quartz extracts; for the sake of comparison, this experiment was also performed for sand-

sized quartz, and for fine and coarse-grained calibration quartz.

The results are shown in Figure 20. The pulse anneal curves for both the coarse and the fine
grains are very similar to those measured using calibration quartz. In all cases, there’s little signal
loss when heated to 250°C for 10s and the signal is removed after preheating at temperatures >
325°C. The pulse anneal data do not indicate that the regenerated OSL signals are significantly
contaminated by a thermally less stable component. The derivatives of the data (see inset to
Figure 20) show a minimum in the range of 300-330°C; this might arise because of the depletion

of the 325 °C TL trap (Murray and Wintle, 1999).
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Figure 20: Pulse anneal curves for the OSL signals from an aliquot of silt-sized (a) and sand-
sized (b) quartz grains from samplesMV5, 9 and calibration quartz. The analyzed aliquots have
been bleached, given a dose approximately equal to the equivalent dose, the OSL signal being
measured at 125 °C following different preheat (10 s) temperatures, each value being normalized
to the response to a constant test dose of 17 Gy (cutheat to 180°C). The suitability of the
sensitivity change correction has been monitored by at six repeat points (data not shown).The
inset shows the first order derivative of the curves.
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Growth curve characteristics

For both the fine and the coarse quartz grains, sensitivity-corrected growth curves extending up
to ~ 700Gy were constructed using the SAR protocol. A very different pattern of growth was
noticed for the two quartz grain fractions analyzed. Based on a single saturation exponential fit
(I:Imax*(l—exp (-(D+D;*)/Dy)), the OSL signal shows much higher saturation characteristics (Do
~ 250 Gy) in the case of fine quartz than in the case of coarser grains (Do ~ 155 Gy). Although
the growth curves could be fitted acceptably to a single saturating exponential, the growth to high
doses is represented best by the sum of a single saturating exponential and a linear component
(I:Imax*(1—exp(—(D+Di*)/D0*)+D-a). For each grain size fraction, the dose response curve exhibits
little variation in saturation characteristics as a function of depth. The average characteristic dose
Do* obtained using at least three aliquots per sample on 6 samples of different ages is 120 Gy in
the case of fine grains, respectively 80 Gy in the case of fine sandy quartz grains.

As good dose recoveries were also obtained from the high-dose linear region of the growth
curve, the difference in saturation characteristics would suggest that the signal from fine-grained

quartz could be useful for D, determination over a larger dose range.

Equivalent dose (D.) determination

Equivalent dose determination used a SAR protocol with a preheat of 10 s at 220°C and a cutheat
to 180°C. Aliquots were accepted if both the recycling and depletion ratio were within 10 % from
unity and if recuperation did not exceed 5 % of the natural corrected signal; no aliquots had to be

rejected on the basis of these criteria.

Optical ages

Table 3 summarizes the information relevant to the age and uncertainty calculation.
Uncertainties on the ages were calculated following the error assessment system formalized by

Aitken and Alldred (1972) and Aitken (1976).

It can be seen that the systematic uncertainty is dominant in the overall uncertainty on the ages.
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Sampling Laboratory Grains Equivalent Recycling Recup. IR Total dose Cosmic Age Ran- System

Depth code Size Dose ratio (%) depletion rate dose (ka) dom atic
(m) (um) (Gy) ratio (Gy/ka) rate error error
(Gy/ka) (%) (%)

0.85 MV 1 4-11 249+ 0.4 0.95+£0.01 0.06 £0.02 0.94 £0.01 2.84 +0.05 0.19£0.03 8.7+1.3 2.2 14.2
63-90 37+ 2 -1 1.01 £0.01 0.27 £ 0.07 0.98 +£0.01 2.40 + 0.04 16 £2 7.1 12.4

105 MV 2 4-11 323+£09 0.94 £0.01 0.05+£0.02 0.95+£0.01 2.86 £ 0.05 0.19 £0.03 11.3+1.6 3.3 14.2
63-90 46 + 4 5 1.03 £0.01 0.06 + 0.02 0.99 £ 0.01 2.42 +0.04 20+3 8.5 12.5

130 MV 3 4-11 64+2 4 0.96 £0.01 0.05+£0.02 0.96 £0.01 3.07 £0.05 0.19 £0.03 21+3 2.7 14.3
63-90 87+4 .1» 1.00 £ 0.01 0.15 +0.03 1.00 £ 0.01 2.58 £ 0.04 32+4 4.4 12.5

185 MV 4 4-11 114+2 0.99 £0.01 0.04 £0.01 1.00 £ 0.01 2.78 £ 0.04 0.17 £0.03 41 +6 2.0 14.4
63-90 118 +£3 1o 0.99 £ 0.01 0.09 £ 0.02 1.01 £0.01 2.33 +0.03 517 2.8 12.6

225 MV 5 4-11 156 £3 .11 1.00 £ 0.01 0.07 £0.03 0.98 £0.01 3.00 + 0.06 0.17 £0.03 52+8 2.6 14.5
63-90 157 £5 .1 1.02 £ 0.01 0.08 £0.01 1.01 £0.01 2.51 £0.05 63 +8 3.5 12.6

280 MYV 6 4-11 190 +3 0.98 £0.01 0.05+£0.02 0.99 £0.01 3.09 £ 0.04 0.16 £0.03 61+9 2.0 14.6
63-90 2104 4 1.01 £0.01 0.08 £0.01 1.01 £0.01 2.58 +£0.03 82+11 2.5 12.6

375 MV 7 4-11 197 £ 04 _; 1.01 £0.01 0.05+£0.01 1.01 £0.01 3.15+0.05 0.15+£0.02 62+9 2.1 14.7
63-90 217 3 ,_a1 1.00 £ 0.01 0.09 £ 0.01 1.00 £ 0.01 2.62 + 0.04 83+11 2.1 12.7

400 MV 8 4-11 209 +3 .y 1.00 £ 0.01 0.06 £0.01 0.97 £0.01 3.30+£0.05 0.14+£0.02 63+9 2.0 14.6
63-90 247 £ 8 5 1.01 £0.01 0.07 £0.01 1.01£0.01 2.76 £ 0.04 89 +12 34 12.8

500 MV 9 4-11 2215 .4 0.97 £0.01 0.06 £0.01 0.91£0.01 3.27+£0.03 0.13+£0.02 68 + 10 2.4 14.5
63-90 237 +6 -3 0.99 £ 0.01 0.14 £0.01 1.00 £ 0.01 2.74 + 0.03 86 +11 2.5 12.8

800 MV 10 4-11 3109 .y 0.98 £0.02 0.05+£0.01 1.00 £ 0.01 2.91 +£0.04 0.10£0.02 106 = 16 3.1 14.7
63-90 319+15 _» 0.98 £ 0.01 0.12 +0.02 0.98 £ 0.01 2.44 +0.03 132 + 18 4.9 12.9

1500 MV 12 4-11 430 £ 13 ¢ 1.00 £ 0.01 0.07 £0.01 1.01£0.02 2.91 £0.05 0.06 £0.01 147 + 23 3.3 14.8
63-90 438 + 6 ,_s 1.00 £ 0.01 0.17 £ 0.05 1.02 £ 0.01 2.43 +0.04 200 £+ 27 2.1 13.6

1800 MV 13 4-11 467 £ 11 1.01 £0.02 0.06 £0.02 1.01 £0.01 2.91 £0.03 0.05+£0.01 159 + 24 2.6 14.9
63-90 554 +11 4 0.99 £ 0.01 0.11 £0.01 1.00 £ 0.01 2.43 +0.03 230 + 31 2.3 13.2

mentioned with the optical ages are the overall uncertainty. All uncertainties represent 1 sigma. The number of replicate D, measurements is given

cosmic rays, and allowance was made for both the effect of moisture (assuming water content of 20+£5%) and the beta attenuation factor (assuming
a value of 0.94 = 0.045 in the case of 63-90 um quartz grains) as well as for the lower efficiency of alpha radiation in inducing luminescence in
fine silt (4-11 um) grains (assuming an a value of 0.04 +0.02). An internal dose rate of 0.010 £0.002 Gy/ ka was assumed in the case of the

Table 3: Summary of equivalent doses (D,), recycling ratios, recuperation values, IR depletion ratios, calculated dose rates, optical ages, and

random and systematic uncertainties. The uncertainties mentioned with the luminescence and dosimetry data are random; the uncertainties

between brackets. Measurements have been performed on large (9mm diameter aliquots). The total dose rate includes the contribution from

coarser fraction based on Vandenberghe et al (2008). Equivalent dose values determined interpolating on a single saturation exponential
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We previously reported the ages for the silt-sized quartz extracts. Their data set shows no clear
outliers and increases with depth; optical ages in between 8.7 + 1.3 ka and 68 + 10 ka were
obtained for the L1 unit, while samples taken from below the S3, S2 and S1 palaeosols yield
optical ages of ~160 ka, ~150 ka, and ~110 ka, respectively.

The ages obtained using sand-sized quartz are as consistent with the stratigraphic position of the
samples as the ages for the fine grains. They are, however, significantly and systematically older:
the L1 unit range is dated in between 16 + 2ka and 86 + ka, and optical ages of ~230 ka, ~180 ka,
and ~130 ka are obtained for samples from below the S3, S2 and S1 palaeosols. The age
difference varies from ~20 to ~70%; apart from perhaps for the two uppermost samples, there is

no clear dependence on the age of the samples.

Discussion

Figure 21 compares the OSL ages obtained using sand-sized (63-90 pum) quartz to the age
information that was previously obtained by Timar et al. (2010) through optical dating of silt-
sized quartz and time-depth modeling of magnetic susceptibility data. Given that no confidence
limits can be defined for the time-depth model, we conclude that it is broadly consistent with
both sets of optical ages for the L1 unit. The inset to Figure 21 shows the optical ages obtained
for the L1 unit as a function of depth to greater detail. The optical ages indicate a clear change in
the rate of loess accumulation during the last Interglacial/Glacial cycle.

Although the sedimentation rates obtained using the fine and coarse-grained quartz are
reasonable consistent, they cover different absolute time-ranges and, by consequence, conflict on
the precise timing of the change in sedimentation rate. Indeed, the ages obtained using fine-
grained quartz suggests that the rate of loess accumulation varied during the last glacial period.
The change in sedimentation rate occurred at ~60 ka, which coincides with the transition of MIS
4 to MIS 3. The fine-grained optical age chronology also allocates a weakly-developed palaeosol
in the middle of the L1 unit to MIS 3; this is consistent with the prediction from the magnetic
time-depth model. The fine grains do seem to underestimate the true burial age from the
penultimate glacial periods onwards, but confirm that the S1 unit must have formed during

MISS.
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Figure 21: Plot of optical ages obtained on fine sand quartz grains (open circles, 1 sigma total
uncertainties) as a function of depth compared to fine silt optical ages (open squares, 1 sigma
total uncertainties) and the results from the palaecomagnetic time-depth modeling (shown by the
gray line. The inset shows the optical ages (1 sigma random uncertainties) and sedimentation
rates obtained for the L1 unit.

The optical ages obtained using sand-sized quartz, on the other hand, suggest that loess
accumulated at a constant rate during the Last Glacial Stage (MIS 4-2). Furthermore, the dataset
indicates that the weak palaeosol, the uppermost well-developed palacosol (S1) and the
intercalated loess unit (the lower part of 1) belong to one complex that formed during MISS. It
is only for significantly older loess units (L3 onwards) that optical dating of coarse quartz grains
appears to underestimate the true burial age.

Quartz from both grain-size fractions behaves in the SAR protocol in a similar manner, and
procedural tests (recuperation, recycling ratio, and dose recovery) suggest that their OSL signals
should be suitable for equivalent dose determination. All signals are dominated by a thermally
stable fast component. The cause for the difference in age is, therefore, not understood. One

could argue that incomplete resetting may account for age overestimation in the optical dating of
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coarse grains. This remains to be investigated, but is considered unlikely to be the only cause for
the observed age discrepancy. Indeed, it would require residual doses of the order of at least tens
of Gy to explain the age offset for all samples. Even in fluvial environments, where exposure to
sunlight is usually more restricted, dose offsets in samples older than a few ka are rarely
significant (Jain, 2004). An other source of inaccuracy may be the a-value. The alfa efficiency in
inducing luminescence in fine grains could not be measured directly in our study and a value of
0.04 + 0.02 was adopted from other studies (Rees Jones et al 1995). Adopting a lower value
would slightly increase the fine grain OSL ages. However, the values obtained on sand -sized
quartz are always higher than the De’s in the silt-sized quartz and in the case of the younger
samples not even using a nil value for the alpha efficiency would not overcome the age
discrepancy. Furthermore, in the case of older samples the alpha efficiency values could be even

higher than 0.04 (Mauz et al 2006), thus leading to a more pronounced age difference.

Conclusions

Loess is generally considered as an ideal material for luminescence dating. It is a windblown
deposit, which should ensure that the constituent mineral grains received sufficient light-
exposure to fully reset the luminescence clock. In recent years, quartz has become the dosimeter
of choice and modern optical dating technology is increasingly applied to various grain-size
fractions of quartz that have been extracted from loess. In these studies, it is implicitly assumed
that the age for each grain-size fraction is indeed identical and accurately reflects the time of
burial.

This study demonstrates that luminescence dating of loess may be more complicated. For
samples collected from the loess sequence near Mircea Voda (SE Romania), it is observed that
OSL signals from silt-sized and sand-sized quartz yield ages that differ significantly. The OSL
characteristics of both fractions, however, appear just as suitable for dating the deposits. The
signals are dominated by a fast component and they are thermally stable. The OSL signals from
the two fractions behave well in the SAR protocol (in terms of recycling, recuperation and dose
recovery), indicating that the SAR protocol should be suitable for determining the equivalent
dose in both. As such, there would be no cause to doubt the data generated by analysis of a single

grain-size fraction of quartz (at least from a pure laboratory-methodological perspective).
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For now, it is concluded that optical dating of quartz is a powerful tool for recognizing variations
in loess sedimentation rate that occurred during the last Glacial/Interglacial cycle. At least for the
loess record near Mircea Voda, it also allows establishing the chronostratigraphic position (MIS
5) of the uppermost well-developed palaeosol (S1).

The apparent controversy arises upon comparison of the age results obtained for quartz grains
from different fractions and this observation is of relevance to both past and future studies.
Indeed, although this study focussed on samples from a single section, there is evidence that the
phenomenon may be more ubiquitous (Vandenberghe et al., 2009). At present, this age

discrepancy is not understood and further work is underway that aims at resolving the issue.

The research presented has been carried out in the Luminescence Dating Laboratory of
Environmental Radioactivity and Nuclear Dating Centre of Babes-Bolyai University Cluj
Napoca and have been presented to several international meetings (Timar et al. 2009b, 2010b)
and submitted to a highly ranked peer reviewed publication (Timar et al. 2010a)

5.2.3. Further investigation into the luminescence properties of silt sandy (63-90 um) and

fine (4-11 um) quartz

An examination of the equivalent dose distributions of fine and silt-sandy quartz grains

Analyzing the random variability of equivalent doses can give information on partial bleaching,
microdosimetric variations or post depositional mixing

If an analysed sample was well bleached at deposition, has gone no significant post-depositional
alteration or translocation and has been subjected to a uniform radiation field the De values
obtained should form a narrow Gaussian distribution.

Figure 22 presents the equivalent dose distribution (represented as a histogram and as a radial
plot) obtained for sample MV2 using small (2 mm diameter) aliquots. It can be observed that
despite the fact that the uncertainty in each individual equivalent dose due to counting statistics is
typically 3-6 % the distribution obtained on 49 disks though, is very broad, having a relative
standard deviation of almost 50 %. The distribution obtained in the case of the dose recovery test
(recovered dose approximating the natural dose) is symmetric and has a relative standard

deviation of 10 % (figure 22 b)).
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This clearly indicates that an additional source of scatter is present in the natural data which is
not related to analytical or instrumental uncertainties.

We do not exclude that partial bleaching might be a cause for the age oversitmation of the
coarser quartz fraction compared to the fine grains; this is unlikely though to be the case due to
the windblown nature of the of the deposits analyzed; it is also unlikely to account alone for the
difference observed for the older samples in which the De’s differences amount from tens to

hundreds of Gy.
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Figure 22: Distribution of equivalent doses for natural signals obtained on 49 small aliquots (2
mm diameter) of sample MV 2 coarse grains represented as a histogram and as a radial plot. b):
Distribution of equivalent doses obtained in a dose recovery test on 45 small aliquots (2 mm
diameter) of sample MV?2 represented as a histogram and as a radial plot. The given dose was
chosen to be approximately equal to the equivalent dose. The average recovered to given dose
ratio obtained was 1.04 +0.02.
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Testing the possibility of the existence of thermally unstable recombination centers in

coarse (silt-sandy) quartz

A question that has to be addressed is whether it is possible for different quartz types to yield
different equivalent doses following common palacodoses. A fundamental requirement of
luminescence dating procedures is that natural and artificial irradiation are equivalent in terms of
the luminescence produced. This assumption basically means that the growth curve constructed
in the laboratory matches signal growth in nature. This assumption is impossible though to be
tested directly as natural dose rates of our samples are = g+10™! Gy /s while the dose rates used
in laboratory are = 0.1 Gy /s.

Based on the model developed in 2001 Bailey (Bailey, 2004) suggested that dose rate effects in
quartz may cause systematic overestimation of absorbed doses (and therefore age estimates).
Based on numerical simulations he argued that this effect can be caused by competition from the
relatively thermally unstable R1 recombination centre. Later on Bailey et al., (2005) investigated
pulsed-irradiation regeneration of quartz OSL and showed that in the case of certain samples this
technique can correct for equivalent dose overestimation. Bailey, (2004) suggested that
performing the irradiations at high temperature (200 °C) would remove this unwanted effect, as
the holes would be detrapped from R1 centre due to the thermal treatment. We have carried out
elevated temperature irradiation on 3 aliquots of silt sandy quartz of sample MVS8. An average
equivalent dose of 240 + 20 Gy was obtained; this value is consistent within error limits to the
one obtained using normal irradiation (248 + 8 Gy). There was no difference noticed in the case
of growth curve shape.

Pulsed irradiation (as recommended by Wallinga (2002)) had also been investigated. A small (~
6%) decrease in the average measured equivalent doses is obtained in the case of pulsed
irradiation for samples MV5 and MV8, while the average equivalent doses obtained for sample
MV6 are consistent. At a first look, the decrease observed both in the case of pulsed irradiation
and elevated temperature irradiation might suggest the possibility of competition effects of R1
centers. However, this was not substantiated by a change in growth curve shape.

Unfortunately, older samples could not have been investigated due to the lack of material.
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Further dose response investigations

We have taken out investigation one step further and constructed much extended growth curves
up to 10000Gy. In figure 23, we are showing the dose response of one aliquot of fine grains
extracted from sample MV 10. In this case the dose response could not be fitted satisfactory with

a single saturating exponential, the behavior being described by the sum of two such functions.
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Figure 23: Dose response curve of fine grains constructed up to 10000 Gy.

The dose response up to 10000 Gy of an aliquot of coarse grains was compared to the response
of fine grains as well as the dose response of an aliquot of coarse grains after subjecting it to
repeated cycles of dosing and bleaching. It was observed that the fine grains have higher
saturation characteristics than the coarse grains. Upon subjecting the coarse grains to repeated
cycles of bleaching and irradiation (thus simulating transport in nature) the growth pattern
obtained resembles fine quart behaviour may imply that the high saturation characteristics of fine
quartz might be a consequence of changes generated by weathering.

It should be noted that no difference was observed in the growth pattern in the lower region of
the dose response curve. As differences exist only for the non-linear part of the response, we
infer that the mechanism is dose dependent. A possible mechanism for this behavior was

proposed. However it need further investigations in order to be confirmed.
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5.2.4. Testing the potential of optically stimulated luminescence dating methods for dating

soil covers from the forest steppe zone in Transylvanian Basin

The drier colder climatic period of the Holocene known as the Subboreal favored the expansion
of the Boreal forests and steppes / forest-steppes in Western Eurasia. In the late Holocene a
climatic transition from this climate to milder wetter conditions (Subatlantic) has taken place.

In the area of the expositional forest-steppe in the Transylvanian Basin there are many larger or
smaller islands of Clinostagnic Phaeozems and Chernozems (named formerly “Black
Clinohydromorph Soils” by the Romanian Pedologists) covered by Luvisols. These are gradually
diminishing with increasing of the precipitations until they completely disappear as actual soils.
The C-14 dating of the dark forest-steppe soils from such areas revealed ages in between 14.000-
20.000 ka BP proving that in such drier regions the forest-steppe type of landscape and its
associated soils (not necessarily also the strict vegetational types) are stable structures since the
upper Pleistocene (Pendea et al., 2002; Pendea, 2005).

Unfortunately, though intuitively posed in connection with the climate change associated with
the Subboreal-Subatlantic climatic transition (Badarau, 2005) no such a pedological structure
was dated until now in Transylvania.

Luminescence analysis were performed on a sample of Albic Luvisol -LABORATORY CODE:
3A (LU), and a sample of Clinostagnic Phaecozem -LABORATORY CODE: 4B (PHZ). Linearly
modulated-OSL measurements (Bulur et al 2001) indicated that the luminescence signal of
interest is dominated by a fast component (Figure 24), and thus amendable to be analysed
through the single aliquot regeneration protocol (Murray and Wintle 2003, Wintle and Murray
2006)

Equivalent doses were determined for both samples performing 30 replicate measurements. An
average value of 28.3 Gy was obtained for sample 4B clinostagnic phaeozem while for sample
3A albic luvisol we have obtained an average value of 12.6 Gy.

Overdispersion can be observed in the data. This is not an experimental artifact or a result of
quartz OSL signal intrinsic characteristics, as it was demonstrated that our measurement protocol
is robust. From radial plots, it can be seen that the precision in individual equivalent doses

obtained is always better than 3%. The observed scatter is probably an effect quartz grain mixing
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in the soil layer due to pedo or bioturbation. The scatter might be also caused by the low
resolution that is achieved when sampling soils for luminescence dating (7 cm in our case).

In order to find the best estimate for the true value of the burial dose measurements have to be
repeated using smaller amount of grains and by applying statistical analysis of the dataset.
However minimum and maximum ages based on a selected limited number of analysed aliquots

are presented in Table 4.

SAMPLE De De De AVERAGE MINIMUM MAXIMUM
average minimum maximum AGE Age Age
(Gy) (Gy) (Gy) (ka) (ka) (ka)
4B 28.8+0.8 24.0+0.8 35.1+£08 109+14 92+12 134+1.8
(PHZ) (n=30) (n=6) (n=7)
3A 12603 11.8+£0.2 144+£03 4306 4.0+0.5 49+0.5

(LUV) (n=30) (n=20) (n=10)

Table 4: Average, respectively maximum and minimum assumed equivalent doses derived from a
selected number of aliquots denoted by n. Uncertainties quoted represent only random errors.
For the age calculation a total moisture content of 20 £5 % was assumed and a beta attenuation
factor of 0.94 +0.45. Systematic uncertainties of 5% concerning the calibration of the gamma
spectrometer, respectively 3% for the calibration of the radioactive source. The last columns

presents the ages and the corresponding overall uncertainties calculated using the system of
Aitken (1976).

The ages obtained can be regarded as evidence that the dark soil cover was a stable feature in the
Subboreal in most of the area of Transylvania and their replacement with Luvisols reflects a
climatic transition from a drier climate (Subboreal) that have favored the extension of the Boreal
forests and steppic grasslands to a wetter milder one (the Subatlantic) that favored the expansion
of the nemoral and subtropical forests in the Holocene. Thus the paleo-pedological structures
from Transylvania and presumably from other areas of Romania which consists of a fossil mollic
horizon of a Phaeozem covered by an albic horizon of an actual Luvisol can be considered as a
climatic marker which resumes the climatic changes which are associated with the Subboreal-

Subatlantic transition which began around 4ka BP.

These results have been accepted for publication in a peer reviewed journal (Timar et al.,
2010d).
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Summary and conclusions

Luminescence phenomena encompass a very wide range of processes. For the purpose of
retrospective dosimetry only optically stimulated luminescence (OSL) and thermoluminescence
(TL) processes are of interest. OSL and TL is the luminescence emitted from an irradiated
insulator or semiconductor during exposure to light or respectively heat; thus OSL and TL are
stimulated processes. The luminescence signal emitted is dependent on the irradiation history of

the sample.

Although the processes giving rise to luminescence phenomena in natural wide-gap crystals such
as quartz and feldspars are complicated and not fully understood this phenomenon can be

exploited for dating.

In the past ten years luminescence dating has undergone extreme technological and
methodological advances and at the moment is characterized by a degree of quality control
seldom seen with other dating techniques. Despite this however, modern luminescence dating
techniques have not been applied in a Romanian laboratory up to now. In this thesis quality
control of procedures concerning sample preparation, paleodose and annual dose estimation in
Luminescence Dating Laboratory, Environmental Radioactivity and Nuclear Dating Centre of
Babes-Boyai University of Cluj Napoca, Romania have been presented. State-of-the-art

luminescence dating techniques have applied in key applications.

For equivalent dose measurement, the extraction of quartz and polymineral fine grains from
samples using conventional luminescence dating sample preparation techniques was
implemented in our laboratory. The purity of OSL signals from the extracted quartz grains was
tested and confirmed by the absence of IR signals following irradiation, through the
measurement of IR depletion ratios, by recording TL glow curves, and by performing pulsed
OSL measurements. The dose rate delivered on different substrates and for different grains sizes
by the %Sr-Y beta source mounted on the Risg TL/OSL DA-20 luminescence reader was

determined by making use of gamma dosed calibration quartz supplied by Risg and equivalent
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dose measurement procedures were validated through an intercomparison exercise with Gent

Luminescence Dating Laboratory, Belgium.

Annual dose was determined based on radionuclide concentrations determined in our laboratory
by means of high resolution gamma ray spectrometry using an ORTEC hiperpure germanium
detector (active volume of 181 cm3, 0.878 keV FWHM at 5.9KeV, 1.92 keV FWHM and 34.2 %
relative efficiency at 1332.5 keV). The system was calibrated in energy using an europium
source while the efficiency calibration was performed using a Monte Carlo routine which was
validated using IAEA standards. A method for determining 226 Ra concentrations directly by
making use of the interfered line at 186.2keV was implemented. 234Th, 214 Pb, 214Bi, 214Bi, 210 Pb,
B Ac, ®T1, and *K can be routinely measured in environmental samples. The procedures have
been validated through an intercomparison exercise with two other different methods - alpha
spectrometry (The Radiochemistry Laboratory from Veszprem), respectively instrumental
neutron activation (Institute for Nuclear Research, Pitesti, Romania), and with Gent
Luminescence Dating Laboratory where the same techniques are being used (high resolution

gamma spectrometry with relative efficiency calibration).

Luminescence dating was applied to four pottery fragments excavated at Lumea Noud (Alba
Iulia, Romania). The aim of this study was to apply new approaches in optical dating to improve
the chronological framework for the site. To this purpose, the SAR protocol was applied to both
blue (OSL) and infrared stimulated luminescence (IRSL) signals from coarse (90-125 um) quartz
and polymineral fine (4-11 um) grains, respectively. For the sake of comparison, a more
conventional approach, which MAAD protocol and thermoluminescence TL signals from
polymineral fine grains, was applied as well. The presence of anomalous fading in the 410 nm
IRSL emission as well as blue TL emission indicated that our IRSL and TL ages would
underestimate the true ages. To correct the SAR-IRSL results for fading, we applied the
correction procedure proposed by Huntley and Lamothe. No correction was applied to the TL
results, as it is not valid to correct the bulk signal originating from an undifferentiated fine-
grained mineral mixture using the fading observed from only part of this mixture. It was
concluded that compared to the TL method, the IRSL and OSL approaches are based on a more
robust dating methodology. As SAR-OSL dating of quartz yielded the most precise age
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estimates, this was considered to be the technique of choice. The average of the four quartz SAR-
OSL ages presented above placed the transition from Foeni to Petresti culture at Lumea Noua site
around 6.2 + 0.5 ka an extremely plausible age taking into consideration the archaeological
information. Further investigations are needed for establishing a complete chronological
framework for the ancient cultural development at Lumea Noud. Nevertheless our study is a clear
illustration of how luminescence dating, especially by the use of state-of-the-art techniques can

contribute to this purpose.

The Romanian loess-palaeosol sequences preserve a significant terrestrial record of Quaternary
climate change during at least five Glacial / Interglacial cycles. We have reported the first high
resolution optically stimulated luminescence (OSL) dating study for the loess sequence near
Mircea Voda (Dobrogea, SE Romania). The study focussed on loess from the last four glacial
periods and used silt-sized (4-11um) quartz as dosimeter.

An internally consistent set of optical ages was obtained and the optical ages have been
compared with a magnetic time-depth model ellaborated by Conf. Dr. Cristian Panaiotu and
Conf. Dr. Cristina Panaiotu (University of Bucharest) based on magnetic susceptibility
measurements. Based on luminescence ages, evidence was presented for a varying loess
accumulation rate during the Last Glacial. The optical ages indicated that this unit did not
accumulate at a constant rate, with loess being deposited at a significantly lower rate during the
past ~50 ka. This illustrates the limitations of proxy records (such as magnetic susceptibility) to
interpret and derive a chronology for these deposits.

While it could be confirmed that the uppermost palacosol (usually denoted by S1 in stratigraphic
nomenclature) formed during the last Interglacial, comparison with independent age control
(pedostratigraphy and a newly developed palacomagnetic time-depth model) also indicated that
the dating procedure underestimates the true burial age from the penultimate glacial period
onwards. The SAR-OSL ages obtained for the three samples taken below the S1 soil were
interpreted as age underestimates, with the degree of age underestimation increasing with depth.
Interestingly, the luminescence characteristics did not indicate such behavior: the signal
continues to grow to high doses, the laboratory measurement procedure is accurate, and the ages

increase with depth.
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In that study we concluded that optical dating of fine-grained quartz can be used to establish a
reliable chronology for Romanian loess up to ~70 ka. This age values correspond to equivalent
doses of ~ 200Gy. Up to this value an exponential function and an exponential plus a linear term
function give the same goodness of fit to experimental data. At least for our samples, the results
obtained from the high dose linear region of the growth curve do not appear to be accurate. The
procedure underestimates the true burial age when applied to loess that was deposited before the
last climatic cycle; further research is necessary to establish what causes the age underestimation.
Our results illustrated that an apparently reliable OSL laboratory measurement procedure not

necessarily guarantees an accurate determination of the true burial.

In recent years, quartz has become the dosimeter of choice and modern optical dating technology
is increasingly applied to various grain-size fractions of quartz that have been extracted from
loess. While it seems logic to assume that for a windblown material (such as loess) grains from
several fractions are suitable for optical dating, this has not been explicitly demonstrated. At least
to our knowledge, no studies are available that compare the luminescence characteristics and age
of quartz grains of different granulometric fractions extracted from loess. We have conducted
such a study.

Our results indicate luminescence dating of loess may be more complicated. For samples
collected from the loess sequence near Mircea Voda (SE Romania), it was observed that the
optical ages obtained on silt-sandy grains (63-90 wm) are in between ~20 and 70% higher than
those obtained on the fine silt fraction (4-11 wm). Optical ages obtained on several samples of
different ages using the coarse silt fraction (35-50 pum) fraction are in agreement with the ages
obtained on the silt sandy fraction. The apparent controversy is of relevance to both past and
future studies worldwide.

It was observed that the equivalent doses obtained for sand -sized quartz are always higher than
the De’s in the silt-sized quartz, with the relative difference being more pronounced in the case of
the younger samples. Not even considering a nil value for the alpha efficiency would overcome
the age discrepancy. As such, we conducted our investigation for determining the cause for the
observed age controversy focusing on luminescence emissions.

Based on LM-OSL analysis it was concluded that all samples analysed have signals dominated

by the fast component and thus are suitable for equivalent dose measurement using the SAR
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protocol. It was also shown that the signal used for optical dating is thermally stable. The OSL
signals from all fractions behaved well in the SAR protocol (in terms of recycling, recuperation
and dose recovery), indicating that the SAR protocol should be suitable for determining the
equivalent dose in both. As such, there would be no cause to doubt the data generated by analysis
of a single grain-size fraction of quartz (at least from a pure laboratory-methodological
perspective).

Both coarser fractions show overdispersion in equivalent dose distributions. Partial bleaching can
be considered as a possible cause as grains size distributions in the investigated loess are bi-
modal or even three-modal distributions, reflecting multiple sources of the clastic material. The
coarse silt and fine sand material could have proximal source, while the silt could have a distant
source.

However, partial bleaching could not account alone for the age discrepancy observed in the case
of older samples where residual doses of the order of at least tens of Gy would be required. Thus,
we concluded that at least in the case of older samples a second mechanism should interfere.

By constructing dose response curves to high dose (up to ~700 Gy) a very similar pattern of
growth was observed for samples of different ages in the case of both fractions. It was also
observed that the growth can be best represented by a function of the form of a single saturating
exponential plus a linear term. Growth curve characteristics of the two fractions investigated
were found to be very different though, with coarse grains saturating at much lower doses. The
average characteristic dose (Do*; obtained using a single saturation exponential plus a linear
term) was 120 Gy in the case of fine silt quartz grains, and 80 Gy in the case of the coarse silt
and fine-sandy grains.

It should be noted that the existence of a linear component in dose response curves constructed at
high doses has been identified in other studies as well. However, the intrinsic mechanism of this
behavior is far from being understood and the reliability of using this part of the growth curve
has yet to be investigated. Very little is known empirically on the possible dose rate dependence
of OSL while different simulation studies infer that this kind of effects is prone to occur. For our
investigated samples the possibility of existence of dose and/ or dose rate effects could not be
excluded, and a speculative mechanism was proposed. We infer that the fundamental

requirement of luminescence dating that the natural (low dose rate) and artificial irradiation (very
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high dose rate) are equivalent in terms of luminescence produced might not be fulfilled for high

doses, at least in the case of certain samples.

The results obtained show that luminescence dating of loess is far less straightforward than
generally is accepted and thus challenge earth-scientific as well as luminescence dating
communities. Further work should refine our knowledge of the origin of luminescence signals in
quartz. The upper dating limit of quartz OSL signals and particularly the cause of the observed
linear plus-exponential shape of the dose response curves at higher doses are issues that remain

to be addressed. Optical dating of old sediments remains thus a difficult task.
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