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Abstract: Abstract: Abstract: Abstract: Abstract: The dependence of luminescence properties of archaeological quartz pebbles with
their thermal history is investigated and consequences for TL-dating are examined; the
archaeological samples studied were collected from Solutrean layers at Laugerie Haute West
rock shelter (Dordogne, France). This study is supported by a simulation experiment carried
out on a natural quartz, using a combined approach by Cathodoluminescence (CL), Ther-
moluminescence (TL) and Electron Paramagnetic Resonance (EPR) techniques. The quartz
grains used were given a high beta dose, then independent aliquots were annealed in air at
a temperature varying from 300°C to 900°C. It has been observed that the TL growth with
dose, after annealing and re-irradiation, evolved from a linear behaviour to a marked
supralinear one according to annealing temperature linked respectively with a partial or
a total thermal drainage of charges in deep traps. Consequently, during the TL-dating pro-
cess of materials anciently heated at low temperature in the past (between 300°C and 500°C
approximately), a special care has to be taken by adopting an annealing treatment that ap-
proaches the filling state of trapped charges that the samples had after the archaeological
zeroing. This necessary new requirement strengthens accuracy and reliability of TL-dates
obtained at Laugerie Haute.
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1. INTRODUCTION

Recent experiments by our group (Roque, 2001;
Roque et al., 2004) showed that TL properties of archaeo-
logical ceramics are dependent on the thermal treatment
applied and particularly on the ancient firing conditions.
Consequently, for dating purposes, the thermal history of
the material being dated is to be addressed to define a
more reliable equivalent dose (ED) measurement proto-
col. Recent developments led us to propose a refinement
of the TL-dating procedure and data exploitation usually
implemented (see for example Aitken, 1985; Guibert
et al., 1996): additive dose technique followed by regen-
eration experiments on previously annealed material. The
main novel contribution consists in adding, for any sample,
a specific study by luminescence techniques the aim of
which is to determine the more suitable annealing treat-
ment necessarily done prior to the regeneration experi-

ments. What is expected to find, after the laboratory ther-
mal zeroing, is the growth of TL with dose that the inves-
tigated material had after its archaeological heating.

Methodological investigations were carried out on
heated quartz pebbles excavated recently from Solutrean
levels at Laugerie Haute West rock shelter (Dordogne,
France). Preliminary experiments showed that the age
measurement was highly dependent to the conditions of
annealing (see Table 1, for example), extending to quartz
earlier observations on the behaviour of polymineral fine
grains from ceramics. They led us to examine the influ-
ence of deep traps that were not totally emptied (or
radiation induced centres not totally erased) by the ar-
chaeological firing particularly on the reliability of dose
determination.

A simulation experiment was then carried out on
a natural quartz, using a combined approach by Cathodo-
luminescence (CL), Thermoluminescence (TL) and Elec-
tron Paramagnetic Resonance (EPR).
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2. A COUPLED LUMINESCENCE AND ELECTRON
PARAMAGNETIC RESONANCE STUDY

OF A PRE-IRRADIATED QUARTZ SUBMITTED
TO VARIOUS ANNEALING CONDITIONS:

A SIMULATION EXPERIMENT

Sample preparation and pre-treatment
A natural quartz of industrial interest, presenting

a high degree of purity (99.8% of SiO2, according to
Sifraco industry data) was firstly crushed. Fine grains
(3-12 µm), which were sieved then selected by successive
sedimentations, were etched by an hydrochloric solution
(HCl:1M). The grains were initialized by heating in air
at 650°C for 4 hours. Then a high dose simulating a geo-
logical irradiation was given by a beta source (3000 Gy).
Finally different annealing treatments, variable in tem-
perature, ranging from 300°C to 900°C by step of 100°C,
for 16 hours in air, were applied to simulate an archaeo-
logical firing. The respective behaviour of these aliquots
was compared to each other in order to determine the
evolution of the luminescence properties with the previ-
ous thermal treatment. In the studies that follow, all lu-
minescence intensities given are averaged over several
identical replicates and normalized by mass.

Study of cathodoluminescence spectra
The CL spectra of the heated aliquots were recorded

using the same experimental conditions so that they could
easily be compared (a progressive spectral variation of CL
occurs while irradiating by the electron beam, according
to Rémond et al., 1992). They all exhibit three main emis-
sions deduced from a spectral decomposition of the sig-
nals; they are centred at around 390 nm, 460 nm and
630 nm, as illustrated in Fig. 1a. The relative evolution of

their intensities with the annealing temperature is re-
ported in Fig. 1b. The relative balance of these emissions
do not present important modifications with the anneal-
ing treatments, except with the one carried out at high
temperature, 900°C, which causes a significant enhance-
ment of the red and near-UV CL emissions. This result is
in agreement with those reported by another sources
(Huntley et al., 1988; Miallier et al., 1991; Hashimoto
et al., 1994; Rendell et al., 1994; Rendell and Wood, 1994),
and it has been interpreted as a modification in the popu-
lation of the luminescent centres with which these emis-
sions are assumed to be associated, i.e. NBOHC (Non
Bridging Oxygen Hole Centre) and aluminium centres
respectively (Stevens-Kalceff and Phillips, 1995). Note
that Al centers are also involved in the sensitivity changes
of near UV OSL of quartz by preheating (Murray and
Wintle, 2000; Vartanian et al., 2000).

In addition, we note that heating at 600°C causes
a decrease of the CL intensity in all spectrum. This
behaviour could be linked with the α-β reversible transi-
tion of quartz occurring at 573°C that would induce a re-
arrangement of defects within the crystal (Mc Keever
et al., 1983).

Study of thermoluminescence
The evolution of shapes of glow curves and the changes

in supralinearity behaviour according to the temperature
of the previous heating were the principal concern of this
study.

In Fig. 2 are presented the TL glow curves recorded
for each aliquot (around 1 mg deposited on brass discs,
1 cm of inner diameter) using a fixed regenerative test-
dose. From the TL signals obtained after annealing at less
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Fig. 1. Quartz crystals (from Sifraco Industries, BDX 4766):
cathodoluminescence spectrum recorded after heating at 300°C
(a) and relative evolution of the red, blue and near-UV emissions
according to the thermal treatment (b).
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Fig. 2. Glow curves obtained on quartz crystals (BDX 4766)
previously annealed in air then re-irradiated by a 6 Gy β test-
dose. TL intensities are averaged over several replicates and
normalized by mass. TL experiments were recorded with an
automatized TL-reader built in Bordeaux, according to the
following conditions: heating to 500°C at 4°C/s in nitrogen
atmosphere, preheat 165°C for 2 mn, spectral window from
350 nm to 450 nm (2 BG12 Schott filters, 1 heat rejector MTO
Ta2 filter, EMI 9814QKA phototube).



3

P. Guilbert et al.

than 500°C, a progressive shift of the broad TL peak ini-
tially situated around 400°C towards the lower tempera-
ture region (around 360°C) is observable. Such behaviour
could be phenomenologically explained by a convolution
of two TL components, their maxima being at 360°C and
around 420°C. The contribution of the 420°C TL emis-
sion to the global TL signal weakens after zeroing at 500°C
and 600°C and, as a result, the width of the high tempera-
ture TL peak diminishes. In addition, heating between
700°C and 900°C induces an increase of the 230°C TL
peak, which could be associated with the enhancement
of the CL emissions in the red or near-UV regions, previ-
ously noted.

A complementary TL study has been carried out in
order to determine the evolution of the TL response to
dose with the previous thermal treatment. Regeneration
experiments were performed on different series of
aliquots annealed between 300°C and 900°C. Each set was
composed of 20 aliquots and five regenerative doses were
administered. The different build up curves of TL with
the dose for various annealing temperatures, can be de-
duced from Fig. 3 where the mean TL sensitivity (ratio of
TL to dose) as a function of dose has been plotted. A
strictly linear behaviour should have been represented by
a line parallel to the dose axis; a supralinear one is repre-
sented by an increasing sensitivity with dose, and a satu-
rating one by a decreasing sensitivity. Our observations
show that after thermal treatments applied at 300°C and
400°C, the crystals exhibit a saturating behaviour. Then,
heating at more than 500°C leads to the development of
a supralinear response to dose, tending to be more marked
at higher annealing temperatures.

EPR study
Room temperature EPR experiments were performed

on the annealed quartz sample in order to detect the re-
maining E’ centres, initially filled by the simulated geo-
logical irradiation. The evolution of the E’ centre popu-
lation is given in Fig. 4, as a function of annealing tem-
perature. Still easily detectable after heating at 300°C or
at 400°C for 16 hours, E’ centres are not totally erased
after 16 hours at 500°C and, for higher temperature treat-
ments, not detectable.

The progressive decrease of E’ centres with thermal
treatment can be correlated with the evolution of TL, al-
though no direct correlation TL peak / paramagnetic cen-
tre could be drawn by this experiment since other para-
magnetic stable centres (such as peroxy, for instance) were
not searched for. Nevertheless, it is important to notice
that annealing at 300°C, 400°C and even at 500°C do not
totally zero the electron trap centres or hole centres (re-
combination centres) that appeared with the simulated
geological irradiation.

Interpretation of non-linearity variations and consequences
for dating purposes

Modifications affecting both the luminescence prop-
erties and the filling state of trapped charges, are induced
by the thermal treatment performed on a pre-irradiated
quartz. From the chronological point of view, the most
important result is the evolution of the TL growth with
dose according to the annealing conditions: from a linear
behaviour to a marked supralinear one as far as empty-
ing deeper traps is becoming effective with an increasing
annealing temperature.

Interpretations of such a change can be explained by
the usual models known in the field of luminescence dat-
ing and dosimetry (Cameron et al., 1968; Yang and Mc
Keever, 1988; Lee and Chen, 1995; Bailey, 2001). Among
qualitative explanations for changes in growth behaviour,
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Fig. 3. Simulation experiment on pre-irradiated then annealed
quartz crystals (BDX 4766). Analyse of the evolution of non
linearity in the regenerated TL growth curve with dose as a
function of the previous thermal treatment. The ratio (TL/dose)
is the mean sensitivity of the material. A perfect proportionality
between dose and TL should give a line, parallel to the dose axis;
saturation effects cause a drop of the ratio and supralinear effects,
an increasing ratio with the dose. TL intensities have been
normalized by mass and integrated in the 280°C-450°C region.
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quartz crystals (BDX 4766). Evolution of the residual E’ centre
population measured by EPR, as a function of the previous
thermal treatment.
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all kinetics models may consider at least two active elec-
tron traps (among others) of different activation energies
and some recombination centres, giving rise to lumines-
cence or not: one of the electron traps gives a TL peak,
the second is deeper and not “visible” in usual TL experi-
ments, but it can be zeroed by annealing, provided tem-
perature and duration of heating were sufficient. If the
annealing conditions zero the former TL trap and not the
second one, after re-irradiation (either archaeological or
artificial in laboratory) and during the following TL pro-
cess, the possibility of an electron evicted from the TL
trap to recombine into the deeper one, in saturation state
due to the previous geological irradiation, is not probable,
thus a recombination into a (luminescent) hole trap cen-
tre is favorized, inducing an increase in sensitivity and a
linearization of the growth curve. Inversely, if both elec-
tron traps are initially emptied by heating at a higher tem-
perature, during the TL process that follows a re-irradia-
tion (either archaeological or artificial), the recombina-
tion into the deepest trap is possible, to the detriment of
luminescent recombination ways.

Complementary explanations involve recombination
centres: if deep trap emptying is not total after anneal-
ing, it remains potential active recombination centres,
according to the electrical neutrality, the number of
trapped electrons being equal to the number of trapped
holes, and the probability of a luminescent recombina-
tion is then enhanced in comparison with an initial total
zeroing of trapped charges.

Consequently, for TL-dating procedure, in reason of
the possible partial zeroing of deeper traps according to
the archaeological firing, that could cause important
changes in the shape of the growth curve, it is essential
that the annealing conditions required for the usual re-
generation experiments have to be carefully defined, in
order to approach the filling state of trapped charges that
the material had after the archaeological heating. We will
discuss in the following section about the relevance of
different methods and tools for determining appropriate
annealing conditions.

3. APPLICATION TO THE STUDY OF SOLUTREAN
QUARTZ PEBBLES FROM LAUGERIE HAUTE WEST

Sample preparation and general aspects
of the dating protocol

Cylinders of quartz (diameter: 10 mm) were cut in the
archaeological pebbles and their 2 mm external parts were
removed by a low speed diamond disc saw. The inner part
of samples was crushed in an agate mortar: the 80-200µm
fraction is used for beta ED determination. The grains
were etched by diluted acid solutions (successively: HCl
1M, HCl 1M + HF 0.5M for 90 min., HCl 1M) for re-
moving the superficial part of the grains (ca. 1 µm) that
could exhibit possible spurious TL signals due to the
mechanical treatment.

The cleaned grains were divided into two sets. Classi-
cally, the first one was employed for the “first reading”
experiments, using an additive dose technique. The sec-
ond one was heated in laboratory in order to erase all TL

signals, according to conditions that were carefully deter-
mined (see following sections); then, the grains were ir-
radiated by artificial beta doses and their regenerated TL
was recorded. A dose – plateau test was carried out to
determine the temperature range within which the TL
intensity can be integrated in order to determine the
equivalent dose. After treatment of the regeneration
curves, a growth function was defined and fitted to the
first TL reading experimental data. The intercept of this
function with the dose axis gives the final value of ED,
according to a slide method described earlier (Guibert
et al., 1996).

Although the internal radioactivity of quartz is very
low, the sensitivity of those material to alpha radiation
was studied. The k-value determination was carried out
on fine grains (3-12 µm) resulting from crushing. Grains
were heated at 600°C for 1 hour in order to remove both
natural TL signals and those induced by grinding. They
were chemically etched (same treatment as described for
the 80-200 µm grains) and deposited onto brass discs.
Aliquots were given a beta dose equal to the β ED previ-
ously determined; others were administered alpha doses
in order to define the alpha growth curve, TL intensity
versus alpha dose. The α-ED, and the corresponding
k-value, were deduced from the intersection of TL inten-
sity from beta dosed aliquots, with the a dose growth curve.
Possible changes in k-value with the thermal treatment
are to be addressed. However, as the content in U and
Th of quartz pebbles approaches zero, the uncertainty
about k-value was considered as negligible in compari-
son with other sources (the alpha effective dose-rate was
in all cases ranging from 1 to 5% of the total).

An example of the influence of annealing temperature on
dose and age measurements of archaeological quartz pebbles

Table 1, as an example of the importance of the an-
nealing stage of the dating protocol, presents the dose and
age determination results for two quartz samples using
two different annealing temperatures, 300 and 400°C (in
air for 16 hours), applied before the regeneration experi-
ments. Significant differences in dose and age are ob-
served in each case, in agreement with the conclusions of
the simulation experiments described above. Annealing
at 400°C results in higher ED than at 300°C since the
growth curve determined from the regenerated TL (glo-
bal signal integrated between 350 and 450°C) is more
supralinear, or less saturating, the additive dose data used
being the same in both cases. (NB: if we had used a linear
approximation to fit the experimental data, we should
have obtained a greater supralinear correction after an-
nealing at 400°C than at 300°C.)

Moreover, the comparison of TL-ages with the known
chronology of the solutrean culture or with the 14C data
(correction after Bard et al., 1995, Stuiver et al., 1998)
obtained at Laugerie Haute, demonstrates that the an-
nealing parameters plays a critical part in the age deter-
mination procedure, in a similar way as we also observed
in archaeological ceramics (Roque et al., 2004). With the
examples cited in Table 1, erroneous results are obtained
after annealing for 16 hours at 400°C.
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About the use of TL to determine appropriate
annealing conditions

In practice, to search for the appropriate annealing
conditions that are expected to produce equivalent effects
on luminescence properties to the archaeological firing,
independent aliquots of the powdered archaeological
quartz were heated in air for 16 hours at 300°C and 400°C.
The final annealing temperature to apply was determined
by a comparison of shapes of the regenerated TL after
annealing to the natural TL. The regenerative dose em-
ployed approached the equivalent dose to avoid possible
dose effects in the growth of TL peaks, and subsequently
possible dose-variations of the shape of glow curves. As
shown in Fig. 5, differences in annealing temperature can
produce visible changes in the glow curves; this is con-
firmed by plotting the ratio natural TL on regenerated
TL as a function of temperature. For that sample (Bdx
5861), we adopted the following annealing conditions,
300°C for 16 hours, before the regeneration experiments
were carried out, since the shape of the 300°C TL curve is
the closest to the natural one.

Another technique for the evaluation of the anneal-
ing temperature has been used: in general, it is more sen-
sitive than the glow curve shape comparison procedure,
but it requires larger amounts of sample, and more ex-
perimental time, too. It is based on the dose-plateau test
that takes account of all series of glow curves (first read-
ing TL- and regenerated TL experiments): as it can be
deduced from Fig. 6 with another quartz sample (Bdx
5825), an acceptable plateau is obtained with the data of
the quartz having been annealed at 300°C (for 16 hours
in air) instead of 400°C.

It is important to note that, as well as shapes of glow
curves and TL growth with dose, the β ED plateau is sen-
sitive to the annealing conditions since the various parts
of the glow curve originating in different traps have also
different non-linearity behaviours. The dose plateau test
can then be considered as a tool for evaluating the
appropriateness of the laboratory zeroing conditions and
age determination. The example given in Fig. 6 shows that
annealing this sample at 400°C does not reveal any
plateau region, and a possible alternative (but wrong)

Table 1. Example of the influence of annealing conditions on equivalent dose and age measurements
for two quartz pebbles from Laugerie Haute. Comparison of results with radiocarbon dates obtained
on bones, „fresh” or burnt (Roque et al., 2001).

T – annealing temperature. The range of calenadar age (BC or ky BP) was obtained on the basis of calibration of
14C dates set with laboratory codes given in the Table.
1 ranges were obtained on the basis of samples: GrN-4441, GrN-4605, GifA-100632, Ly-1173(OxA)
2 ranges were obtained on the basis of samples: GrN-4446, GrN-4469, GrN-4573, Gif-100632, Ly-1175(OxA)
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Fig. 5. Palaeolithic quartz pebble (BDX 5861, Solutrean culture, Laugerie Haute West, Dordogne, France): (a) TL glow curves of natural
and annealed quartz grains. TL intensities are averaged over several identical replicates and normalized by mass. Same experimental
conditions as in Fig. 2 except preheating temperature: 245°C. (b) Ratio of natural TL to regenerated TL as a function of temperature.
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interpretation without any alternative information, should
have been that the investigated material was not heated
enough in the past to give an acceptable TL date.
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Fig. 6. Palaeolithic quartz pebble (BDX 5825, Solutrean culture,
Laugerie Haute West, Dordogne, France). Dose plateau test
as a tool for checking the suitability of annealing conditions:
annealing at 300°C gives the most reliable result for this
sample.

Table 2. Laugerie Haute West (Dordogne, France): TL dates of Solutrean heated quartz pebbles.
Dating results are given with their statistical and systematic uncertainties. the annealing conditions preceding the regeneration
experiments were determined according to a comparison of shapes between the natural glow curve and regenerated ones.
The annual dose rate is determined mainly from low background gamma spectroscopy measurements; its major component
is the gamma one, evaluated using the reconstruction technique detailed in Guibert et al. (1998).

T – annealing temperature, ED - Equivalent Dose, D - annual dose rate, u1 and u2 - statistical and systematic uncertainities.
The range of calendar age (BC or ky BP) was obtained on the basis of calibration of 14C dates set with laboratory codes given in the Table.

At this point of our work, we want to highlight the fact
that the use of a fixed temperature or fixed conditions to
anneal TL (400°C for 16 hours as we usually did in past
studies, or 500°C for short whiles, using the TL thermal
cycle as a very common annealing process), whatever the
sample and its thermal history, is a potential source of
error or dispersion in age measurements, until 25% in one
of the examples cited. Our studies indicate that the an-
nealing conditions have to be determined carefully for any
sample being dated.

Laugerie Haute Solutrean TL-dates
As an illustration of the variable annealing conditions,

β ED, annual dose rates and TL-dates of heated Solutrean
quartz pebbles from Laugerie Haute are reported in
Table 2. Internal dose rate was determined from low back-
ground gamma spectroscopy analyses (Guibert and
Schvoerer, 1991) by using Adamiec and Aitken’s data
(1998). Since the archaeological layers were particularly
heterogeneous, external dose rate is the result of a recon-
struction calculation (Guibert et al., 1998; Roque et al.,
2001) taking account of i) the radioactivity of lithologic
elements around quartz pebbles measured by gamma
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spectroscopy, ii) the position and iii) mass of these ele-
ments, iv) in situ measurements by TL-dosimetry of en-
vironmental dose rate of unexcavated areas in the close
vicinity of the samples dated and v) cosmic dose rate
measured by in situ γ spectroscopy (NaI:Tl).

The normal statistical distribution of the set of TL-
dates finally obtained at Laugerie Haute on quartz pebbles
(Table 1) and their agreement with the radiocarbon chro-
nology strengthen the reliability of age determination and
lead us to validate the procedures specially developed for
ED measurements, taking into account the thermal past
of samples to be dated. Such methodological improve-
ments can be therefore applicable for a reliable and ac-
curate TL-dating of other prehistoric sites and periods.

4. CONCLUSION

Experiments carried out on natural quartz from ar-
chaeological or industrial origin, show that various ther-
mal treatments applied to pre-irradiated material induce
variations in thermoluminescence characteristics, shape
of glow curves and growth of TL with dose. According to
a coupled EPR/ luminescence study, it can be stated that
the modifications observed are linked to the residual fill-
ing state of trapped charges, induced by the previous ther-
mal treatment.

Consequently, in the specific case of TL-dating of
materials anciently heated adopting annealing conditions
that approach the filling state of trapped charges that the
material had after the archaeological zeroing (i.e. the ther-
mal history from the trapped charge point of view) is at
the present state of the TL-dating protocol, a necessary
requirement in order to improve the reliability of dates.
The thermal history of the archaeological artefact and/or
an appropriate annealing treatment can be approached
by the comparison of the shape of the regenerated TL
glow curves obtained after annealing a series of aliquots
at different temperatures, with the shape of the natural
glow curve or by the use of the dose-plateau test. Satisfy-
ing dating results were obtained at Laugerie Haute using
that procedure; TL-dates match quite well with calibrated
AMS and beta counting radiocarbon dates on bones or
burnt bones fragments from the same layers (Roque
et al., 2001).

ACKNOWLEDGEMENT

The present work is a part of the TL-dating side of
a multi-dating operation that concerned the revision
of chronological referentials for the Upper Palaeolithic
cultures from South West of France. Laugerie Haute West
Rock Shelter was re-occupied in September 1998 by
a group of chronologists and prehistorians (from Bordeaux,
Gif, Les Eyzies, Lyon and Paris) in the view of sampling
new objects of dating interest. Financial support by CNRS
and Région Aquitaine.

REFERENCES

Adamiec G. and Aitken M.J., 1998: Dose-rate conversion factors:
update. Ancient-TL 16(2): 37-49.

Aitken M.J., 1985: Thermoluminescence dating. Academic Press
(England): 359 p.

Bailey R.M., 2001: Towards a general kinetic model for optically
and thermally stimulated luminescence of quartz. Radiation
Measurements 33: 17-45.

Bard E., Hamelin B., Arnold M. and Tisnérat N., 1995 : Etude de
la calibration du 14C (About 14C calibration within the 30-10 ky
BP time range). In : Rapport 1995 du GDR CNRS « Méthodes
Nucléaires en Archéologie » : 31-34 (in French).

Cameron J.R., Suntharalingam N., Wilson C.R. and Watanabe S.,
1968: Supralinearity of thermoluminescent phosphors. In: Pro-
ceedings of the second Conference on Luminescence Dosimetry,
USAEC CONF-680920. U.S. Dpt. of Commerce, Springfield:
332-340.

Guibert P. and Schvoerer M., 1991: TL dating: low background
gamma spectrometry as a tool for the determination of the
annual dose. Nuclear Tracks and Radiation Measurements 18
(1/2): 231-238.

Guibert P., Vartanian E., Bechtel F. and Schvoerer M., 1996: Non
linear approach of TL response to dose: polynomial approxi-
mation. Ancient-TL 14(2): 7-14.

Guibert P., Bechtel F., Schvoerer M., Müller P. and Balescu S., 1998:
A new method for gamma dose-rate estimation of heteroge-
neous media in TL-dating. Radiation Measurements 29(5):
561-572.

Hashimoto T., Sakaue S., Aoki H. and Ichino M., 1994: Dependence
of TL-property changes of natural quartzes on aluminium con-
tents accompanied by thermal annealing treatment. Radiation
Measurements 23(2/3): 293-299.

Huntley D.J., Godfrey-Smith D.I., Thewalt M.L.W., Prescott J.R. and
Hutton J.T., 1988: Some quartz thermoluminescence spectra
relevant to TL-dating. Nuclear Tracks and Radiation Measure-
ments 14(1/2): 27-33.

Lee C.K. and Chen R., 1995: Explanation of the supralinear
behaviour of thermoluminescence by considering the residual
holes in the recombinaison centres before irradiation. Journal
of Physics D: Applied Physics. 28: 408-414.

Mc Keever S.W.S., Strain J.A., Townsend P.D. and Uvdal P., 1983:
Effects on thermal cycling on the TL and radioluminescence
of quartz. PACT 9 (1): 123-132.

Miallier D., Faïn J., Montret M., Pilleyre Th., Sanzelle S. and
Soumana S., 1991: Properties of the red TL peak of quartz rel-
evant to TL-dating. Nuclear Tracks and Radiation Measurements
18 (1/2): 89-94.

Murray A.S. and Wintle A.G., 2000: Luminescence dating of quartz
using an improved single-aliquot regenerative-dose protocol.
Radiation Measurements 32: 57-73.

Rémond G., Cesbron F., Chapoulie R., Ohnenstetter D., Roques-
Carmes C. and Schvoerer M., 1992: Cathodoluminescence ap-
plied to the microcharacterization of mineral materials:
a present status in experimentation and interpretation. Scan-
ning Microscopy 6: 23-68.

Rendell H.M., Townsend P.D., Wood R.A. and Luff B.J., 1994:
Thermal treatments and emission spectra of TL from quartz.
Radiation Measurements 23(2/3): 441-449.

Rendell H.M. and Wood R.A., 1994: Quartz sample pretreatment
for TL/OSL dating: studies of TL emission spectra. Radiation
Measurements 23(2/3): 575-580.

Roque C., 2001: TL and OSL dating in Archaeology: from meth-
odological research to chronological studies of reference sites
for the Solutrean (Laugerie Haute, France), the Neolithic



8

DEPENDENCE OF LUMINESCENCE CHARACTERISTICS OF IRRADIATED QUARTZ WITH THE THERMAL TREATMENT...

(Dikili Tash, Greece), and the prehispanic Moche culture (Sipan
and Trujillo, Peru). PhD Thesis. Université Bordeaux III, 406 p
(in French).

Roque C., Guibert P., Vartanian E., Bechtel F., Schvoerer M.,
Oberlin C., Evin J., Mercier N., Valladas H., Texier J.P., Rigaud
J.Ph, Delpech F., Cleyet Merle J.J. and Turq A., 2001: Une
expérience de croisement de datations TL/C14 sur la séquence
solutréenne de Laugerie-Haute, Dordogne (A TL and 14C dat-
ing experiment at the Solutrean site of Laugerie Haute West;
Dordogne, France). In: Barrandon J.-N., Guibert P. and Michel
V. Dir., eds. Datation, Actes des XXI° Rencontres Internationales
d’Archéologie et d’Histoire d’Antibes, 19-21 Octobre 2000,
APDCA: 217-232 (in French).

Roque C., Guibert P., Vartanian E., Vieillevigne E. and Bechtel F.,
2004: Changes in luminescence properties induced by thermal
treatments; a case-study at Sipan and Trujillo Moche sites
(Peru). Radiation Measurements 38(1): 119-126.

Stevens Kalceff M.A. and Phillips M.R., 1995: Cathodolumine-
scence microcharacterization of defect structure of quartz.
Physical Review B 55(5): 3122-3134.

Stuiver M., Reimer P.J., Bard E., Beck J.W., Burr G.S., Hughen K.A.,
Kromer B., McCormac F.G., Van der Plicht J. and Spurk M.,
1998: Calibration 1998. Radiocarbon (40): 1041-1083.

Vartanian E., Guibert P., Roque C., Bechtel F. and Schvoerer M.,
2000: Changes in OSL properties of quartz by preheating: an
interpretation. Radiation Measurements 32: 647-652.

Yang X.H., and Mc Keever S.W.S., 1988: Characterization of the
predose effect using ESR and TL. Nuclear Tracks and Radia-
tion Measurements 14(1/2): 75-79.


