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Feldspars stand among the most widely used minerals in dosimetric methods of dating using thermolu-
minescence (TL), optically stimulated luminescence (OSL) and infrared stimulated luminescence (IRSL).
Having very good dosimetric properties, they can in principle contribute to the dating of every site of
archaeological and geological interest. The present work studies basic properties of ten naturally occur-
ring K-feldspar samples belonging to three feldspar species, namely sanidine, orthoclase and microcline.
The basic properties studied are (a) the influence of blue light and infrared stimulation on the thermolu-
minescence glow-curves, (b) the growth of OSL, IRSL, residual TL and TL-loss as a function of OSL and IRSL
bleaching time and (c) the correlation between the OSL and IRSL signals and the energy levels responsible
for the TL glow-curve. All experimental data were fitted using analytical expressions derived from a
recently developed tunneling recombination model. The results show that the analytical expressions pro-
vide excellent fits to all experimental results, thus verifying the tunneling recombination mechanism in
these materials and providing valuable information about the concentrations of luminescence centers.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Thermoluminescence (TL), optically stimulated luminescence
(OSL) and infrared stimulated luminescence (IRSL) are well known
dosimetric methods for dating (DMD). They are based on the dosi-
metric properties of naturally occurring inorganic materials.
Feldspars stand among the most widely used minerals in DMD
and can be found in all rock types, igneous, sedimentary and meta-
morphic. Having very good dosimetric properties, they can in prin-
ciple contribute to the dating of every site of archaeological and
geological interest. However, their general use in DMD is limited
by the anomalous loss of their TL and OSL signal after irradiation,
which contradicts the predictions of standard luminescence kinetic
theory.

In a pioneer study Wintle [1] examined the possibility of using
feldspars from volcanic rocks for dating, but found problems with
anomalous signal loss after irradiation. Mejdahl [2] showed that
although fading did exist in some samples, the phenomenon was
not ubiquitous, and he pioneered the use of feldspars in archaeo-
logical, and subsequently geological, dating applications [3,4].
This anomalous signal loss is known as anomalous fading (AF),
and has been reported for both IRSL and OSL emissions [5–8].
The AF phenomenon is attributed to quantum tunneling effects
[1,9–17].

One of the great advantages of working with feldspars (as
opposed to quartz) is that many feldspars exhibit a luminescence
signal when stimulated in the infrared. Hutt et al. [18] showed
the preferential depletion of this specific signal at ambient temper-
atures. Furthermore, due to their attractive dosimetric properties,
feldspars are still extensively studied in order (a) to circumvent
AF [19–22], (b) to explore the tunneling mechanism [13,17,23–
28], (c) to find the appropriate corrections for the anomalous signal
loss [23,24,29], and (d) to find new energy levels which do not suf-
fer from anomalous fading [30–32].

The thermal, optical and infrared stimulation modes considered
in the present work are entirely different. However, it is possible
that all these stimulation modes access the same trap. It is
assumed that the stimulated electrons escape from the traps and
recombine with positive holes, giving rise to the emission of TL
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or OSL or IRSL light, which is a measure of the natural dose. These
three stimulation modes have been recently described by the
model of Jain et al. [26,27], which is based on tunneling recombi-
nations within a random distribution of donor–acceptor pairs.
Within this model, Kitis and Pagonis [28] developed analytical
equations which can describe these luminescence signals.

Recently Polymeris et al. [33] investigated the possibility of
using TL for structural characterization of ten K-feldspar samples.
They found a good correlation between TL sensitivity and individ-
ual K-feldspar structure. The properties of the group of samples
used by Polymeris et al. [33] make them ideal for investigating
basic TL, OSL and IRSL properties, as well as their correlation.

The main goal of the present work is to use the analytical
expressions of Kitis and Pagonis [28], to describe OSL, IRSL and
residual TL (R-TL) signals from these ten K-feldspar samples.

The specific goals of this work are:

� To study the influence of optical and infrared bleaching on the
TL glow-curves. Previous researchers have reported on these
bleaching effects [34–39], but to the best of our knowledge this
is the first quantitative description of these bleaching effects
using analytical equations.
� To find a correlation between the OSL and IRSL signals and the

TL lost after optical or infrared bleaching.
� To describe and fit the CW-OSL and CW-IRSL signals using ana-

lytical expressions
� To perform a component resolved analysis of CW-OSL and

CW-IRSL decay curves.

2. Experimental procedure

2.1. Sample details and preparation

The samples used in this study are those used by Polymeris
et al. [33] and are listed in Table 1. As it is seen from Table 1 the
samples were ten naturally occurring K-feldspars from igneous
rocks of Northern Greece. The K-feldspars were separated from
mafic and felsic minerals with the use of Franz (model L-1) mag-
netic separator and Sodium Polytungstate (SPT) heavy liquid,
respectively. The purity of K-feldspars was identified and classified
based on XRPD measurements. The XRPD patterns were obtained
on a PHILIPS PW 1820/00 X-ray diffractometer. The operating con-
dition for all samples were 35 kV and 25 mA using Ni-filtered Cu
Kaave radiation. The 2theta (2h) scanning range was between 3�

and 63� min�1. The identification of the samples was made using
the JCPDS-ICDD 2003 database. The unit cell parameters, as well
as, refinements were calculated with CHEKCELL software [40].
The probability of an Al-cation occupying one of the T1 sites
(RT1þ T10þ T1m) was calculated using the Kroll and Ribbe equa-
tions [41]. According to the XRPD patterns of the examined sam-
ples, they are divided in three species: sanidine, orthoclase and
microcline. It should be noted that the probability RT1 has the
Table 1
K-Feldspar samples studied in the present work.

Sample Kfs species Unit cell volume (A3) RT1

bal2 Sanidine 699.5000 ± 0,3700 0.53 ± 0,023
sam2 Sanidine 704.8630 ± 0.4340 0.55 ± 0.024
sam3 Sanidine 708.4800 ± 0.2830 0.63 ± 0.019
mrk4 Orthoclase 713.5640 ± 0.4580 0.66 ± 0.028
xan8 Orthoclase 718.9580 ± 0.3550 0.79 ± 0.023
vrs4 Orthoclase 717.6500 ± 0.4100 0.86 ± 0.028
eld1 Microcline 717.4400 ± 0.2870 0.85 ± 0.019
vrs3 Microcline 717.2540 ± 0.5120 0.89 ± 0.042
vrs8 Microcline 713.9430 ± 0.3650 0.90 ± 0.022
kst4 Microcline 718.8690 ± 0.4020 0.98 ± 0.029
lowest values for sanidine and the highest for microcline samples.
Therefore, the examined samples were selected to cover the entire
region of the potential RT1 values. Structural classification of
K-feldspars are summarized by Deer et al. [42], while spectral
information from feldspars relevant for luminescence dating were
previously presented by Krbetschek et al. [43].

2.2. Apparatus and measurement conditions

Luminescence measurements were carried out using a Risø
TL/OSL reader (modelTL/OSL?DA?15), equipped with a 90Sr/90Y
beta particle source, delivering a nominal dose rate of 0.075 Gy/s,
a 9635QA photomultiplier tube and a 7.5 mm Hoya U-340 filter
(340 nm, FWHM 80 nm). Even though it is well established that
IRSL normally consists of photons in violet-blue range, the Hoya
U-340 filter was applied in all luminescence measurements in
order to perform correlations. Therefore, in present work the UV
part of the IRSL has been studied. All measurements were per-
formed in a nitrogen atmosphere with a low constant heating rate
of 2 �C/s, in order to avoid significant temperature lag, and the
samples were heated up to the maximum temperature of 500 �C.

The OSL stimulation wavelength is 470 (±20) nm for the case of
blue stimulation, delivering at the sample position a maximum
power of 40 mW/cm2. For IRSL, the stimulation wavelength is
875 (±40) nm and the maximum power of �135 mW/cm2.
Conventional OSL and IRSL measurements were performed at RT.

2.3. Experimental protocol

The experimental procedure used is according to the following
protocol.

� Step 0: Test dose and TL measurement up to a temperature
T ¼ 500 �C at 2 �C/s.
� Step 1: Test dose .
� Step 2: Continuous-wave OSL (CW-OSL) at room temperature

for time ti.
� Step 3: TL measurement up to a temperature T ¼ 500 �C at

2 �C/s.
� Step 4: Repeat steps 1–3 for a new stimulation time ti.
� Step 5: Test dose and TL measurement up to a temperature

T ¼ 500 �C at 2 �C/s.

The stimulation times used were ti = 0, 1, 2, 4, 8, 16, 32, 50, 75,
100, 200, 400, 600, 800, 1000, 1500 and 2000 s. The case of ti ¼ 0 s
corresponds to unbleached TL. In order to avoid any
pre-conditioning of the samples between irradiation and measure-
ment, room temperature was selected as the stimulation tempera-
ture for all measurements.

The same protocol was also applied using CW-IRSL stimulation
in step 2, instead of CW-OSL stimulation.

Both protocols (CW-OSL and CW-IRSL) run in single aliquot
mode. The sensitivity tests in steps 0 and 5 were also applied
two more times after the bleaching times of 32 and 400 s. In all
cases the results verified the already known excellent stability of
these materials to repeated irradiation-TL readout cycles.
Negligible sensitivity changes were observed for all samples.
3. Results and discussion

3.1. Influence of the bleaching on the shapes of TL glow-curves

The glow-curve shapes of K-feldspar samples listed in Table 1
were reported by Polymeris et al. [33]. A characteristic example
of the way the optical and infrared stimulations bleach the electron
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traps responsible for the TL glow-curve is shown in Fig. 1 for the
case of sample sam2 (sanidine). Similar results are shown in
Fig. 2 for sample mrk4 (orthoclase) and Fig. 3 for sample eld1
(microcline).

Similar sets of glow curves were also presented by Duller [35]
for the case of orthoclases after IR stimulation, both with and with-
out a preheat of the samples. Duller [35] studied four feldspar sam-
ples (two orthoclases, an albite and an oligoclase) and although the
relative loss of signal from the TL peaks varied, similar patterns
were observed in all samples. The signal loss was observed at all
temperatures of the residual glow curve. The most comprehensive
set of measurements made of the bleaching of museum feldspars
by sunlight was by Robertson et al. [39], who studied a range of
alkali feldspars and plagioclase samples. All samples showed a
rapid drop in their TL peaks from 180 to 400 �C, with signal loss
broadly being similar for all peaks. However, the rate of bleaching
varied from one sample to another, as did the percentage of the
signal that bleached after the longest exposure. Within the data
set presented by these authors, there was little evidence for prefer-
ential bleaching of a specific TL peak. Robertson et al. [36] also ana-
lyzed the behavior of five of their samples when exposed to light at
specific wavelengths ranging from 322 to 550 nm. They reported
that the TL peak shifted to higher temperatures after longer bleach-
ing times, and they interpreted this as the preferential bleaching of
a low temperature peak.

The differences between optical and infrared stimulation
bleaching in Figs. 1–3 are very interesting and informative. The
effect of the IRSL bleaching is significant, although weaker than
the corresponding influence of the blue light stimulation. A
Fig. 1. R-TL glow curves shapes of sam2 K-feldspar sample after bleaching with
blue light and infrared radiation.

Fig. 2. R-TL glow curves shapes of mrk4 K-feldspar sample after bleaching with
blue light and infrared radiation.
detailed analysis will be presented in subsequent sections.
However, first obvious observation is that the blue light influences
simultaneously all electron traps responsible for the TL signal, even
from the lowest bleaching time of 1 s. This means that the intensity
of the corresponding CW-OSL decay curve will contain, even at the
first second of the stimulation, a substantial contribution from all
electron traps existing in the material. This is due to the ability
of blue photons to raise electrons from the traps to either the con-
duction band by a delocalized transition, or to an excited energy
level via a localized transition.

A second general observation is that IR stimulation does not
influence all electron traps responsible for the TL signal in the same
manner. The influence of the IR stimulation seems to be stronger at
the low temperature part of the TL glow curve, and decreases grad-
ually as the temperature increases along the TL glow-curve. This
behavior is characteristic of a localized transition and has been
reported recently by Pagonis et al. [44]. Moreover, in all
K-feldspars there is a part of the high-temperature TL glow curve
which remains unaffected by the IRSL bleaching, no matter how
long the stimulation time. The temperature range of this unaf-
fected part of the TL glow curve increases for the orthoclase group
of K-feldspars, while for the other two groups it remains about the
same.

The observed changes in the R-TL glow-curves in Figs. 1–3
caused by OSL and IRSL bleaching suggest most likely a difference
between delocalized and localized transitions in these materials.

All K-feldspar samples have a low temperature TL glow-peak
with a peak maximum temperature below 100 �C. In the case of
IR stimulation the energy level responsible for this TL peak behaves
in a different manner than the energy levels responsible for the rest



Fig. 3. R-TL glow curves shapes of eld1 K-feldspar sample after bleaching with blue
light and infrared radiation.
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of the TL glow-curve. In the cases of samples bal2, sam3, vrs4, xan8
and eld1, the residual intensity of this low temperature peak left
after the IR stimulation does not decrease with increased stimula-
tion time as expected, but was found to increase instead by about
15–20%. This happens for IR stimulation time up to 50 s. For higher
IR stimulation times the residual intensity of this TL peak starts
decreasing with increased IR bleaching time, as expected. In the
case of blue light stimulation this effect is observed only in samples
eld1 and vrs4. This effect can be understood by assuming that
retrapping takes place into the lowest energy level of the samples.
The retrapping processes can involve transfer of charged carriers
via either delocalized or localized transitions. This discussion will
be continued in Section 4.3, during the description of the shapes
of the IRSL decay curves.
Fig. 4. R-TL response normalized over zero bleaching time as a function of both
blue light and infrared stimulation time. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
3.2. Decay of the residual TL signal (R-TL) versus bleaching time

The bleaching effects of both OSL and IRSL stimulation on the TL
glow-curve are shown in Fig. 4, where the integral of the R-TL
glow-curve is plotted as a function of the stimulation time. The
results are normalized over the zero bleaching time, i.e. over the
unbleached glow curve integral. It is observed that there is an
interesting grouping of K-feldspar samples belonging to the sani-
dine, orthoclase and microcline species shown in the upper, middle
and lower parts of Fig. 4 correspondingly. It seems that there is a
homogeneous behavior of the sanidine and orthoclase samples,
whereas in the case of microclines the behavior of each sample is
slightly differentiated. A quantitative analysis of all R-TL decay ver-
sus bleaching time will be given in Section 4.2.

In the case of IRSL bleaching, the IRSL signal does not get
reduced significantly for bleaching times smaller than 50 s, even
though a significant IRSL signal is measured at all stimulation
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times. For higher IRSL bleaching times the R-TL clearly decreases,
indicating that the electrons traps responsible for the TL
glow-curve are emptied by the IRSL stimulation. This observation
is necessary in order to explain some of the results presented in
the next Section 3.3.
3.3. Correlation between TL-lost and OSL/IRSL signals

The difference between the unbleached TL glow-curve and the
TL glow-curve measured after OSL/IRSL bleaching, measures the
TL light lost (TL-lost) during the bleaching process. Previous
researchers [34,35] found that in many feldspar samples the
TL-lost and OSL/IRSL signals are correlated, despite the very differ-
ent physical processes behind each stimulation mode [34,35].
Some common qualitative observations from these previous stud-
ies are the following:

(a) These signals may originate in single or multiple traps.
(b) It is much easier usually to empty the traps using heat (TL),

than using OSL or IRSL stimulation.
(c) While in some samples the TL-lost signals and the OSL/IRSL

signals are equal, in many samples they are proportional to
each other.

Phenomenologically, one might expect that the TL-lost signal
would be equal to the measured OSL and IRSL signals. This is
observed for samples mrk4 and xan8 in a quite broad region of
OSL bleaching times. However, in all other samples studied it is
found that the experimental situation is more complicated. Fig. 5
shows the ratio of the integrated OSL signal over the TL-lost, as it
was defined above. The general conclusion from this figure is that
in most cases the amount of the measured OSL is lower than the
amount of TL-lost for short bleaching times. As the bleaching time
increases, the OSL signal approaches the amount of TL lost, and can
become even higher than the TL-lost signal for very long bleaching
times. One possible explanation for this effect is that the optical
stimulation is able to access and detrap electrons from very deep
traps at long stimulation times. Such very deep traps could corre-
spond to TL signals beyond the maximum readout temperature of
500 �C used in the present work.

The corresponding behavior for IRSL bleaching is shown in
Fig. 6. Qualitatively, the behavior is similar with one major differ-
ence at short bleaching times. As it was discussed above for the
IRSL case of Fig. 5, although the obtained IRSL signal is measurable
for IRSL bleaching times up to 50 s, the corresponding residual TL
glow-curve remains unaffected by the IRSL bleaching. The influ-
ence of IRSL bleaching is lower than the standard deviation of
the TL glow curve for these low bleaching times, and the difference
between unbleached and bleached glow-curves takes random pos-
itive and negative values. These data points are not included in the
graphs, and this is the reason for the missing experimental points
at short bleaching times in Fig. 6. In the cases the IRSL signal
becomes even higher than the TL-lost signal for very long bleach-
ing times, the explanation is exactly similar with the case of OSL
discussed in the previous paragraph.
Fig. 5. The ratio of OSL signal over the difference between the unbleached TL and
the R-TL bleached by blue light stimulations a function of stimulation time. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
4. Quantitative analysis of the results

All experimental data obtained in the present work were ana-
lyzed by fitting them with analytical equations to be presented
in the next sections. The fittings were performed using the
MINUIT routine of the ROOT package of CERN [45]. In the case of
computerized curve deconvolution analysis of CW-OSL and
CW-IRSL curves, the goodness of fit was tested by the figure of
merit (FOM) of Balian and Eddy [46].
4.1. Growth of TL-lost, OSL and IRSL signals with the bleaching time

The integrated OSL, IRSL, and TL-lost signals increase as a func-
tion of the bleaching time, and this behavior is shown in Fig. 7. The
specific case of the TL-lost signal after IRSL bleaching is not
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