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Abstract: Trap stability is essential in luminescence dating and thermochronometry. Trap depth and
frequency factors determining the stability of the fast component of optically stimulated luminescence
(OSL) in quartz, which is the most important in dating, have yet to be uniquely determined, especially
for samples with an OSL signal not dominated by this component. One can determine them in OSL
thermal depletion curve (OTDC) experiments. The separation of the fast OSL signal undisturbed
by other OSL components is vital for obtaining accurate parameters for the traps of interest. This
work presents a method of simultaneous thermal and optical stimulation using red light (620 nm)
to separate the fast OSL component (the thermally modulated OSL method—TM-OSL). The OTDC
experiment with the TM-OSL stimulation was used for the trap parameter determination on a
variety of quartz samples, leading us to report for the first time, the trap parameters for the fast
OSL component analytically separated in quartz from rock samples. The results obtained for these
samples with the fast component of low intensity are consistent with those with an intensive fast OSL
component. Results of OTDC measurements for all investigated quartz samples were tested for a
wide range of irradiation doses.
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1. Introduction

In this study, we work towards an accurate determination of the values of trap pa-
rameters (trap depth, denoted by E, and frequency factor, denoted by s) obtained in
optically stimulated luminescence (OSL) isothermal experiments for quartz of various
origins. Knowledge about the stability of investigated traps in quartz is crucial for applying
the OSL method in dating and thermochronometry.

OSL dating method using quartz has an effective dating range of 10'-10° years
(e.g., [1]) and low-temperature sensitivity of ~35-60 °C (e.g., [2]) which makes it espe-
cially well-suited for Quaternary geochronology. For quartz, it was identified that the OSL
signal comprises at least three components called, depending on the rate of decay, “fast”,
“medium” and “slow” [3,4]. The primary condition for the OSL dating of the sediment
is resetting its OSL signal by sunlight before the sediment layer formation. The fastest
decaying OSL component is recognized as the one that guarantees accurate age estimation.
That made the fast OSL component an object of extensive studies (e.g., Refs. [5,6]). The
continuous-wave OSL (CW-OSL) method using blue (470 nm) stimulation light is com-
monly used to investigate the thermal stability of OSL traps in quartz (e.g., [7]). In the
CW-OSL method, optical stimulation is performed with constant stimulation energy at a
constant temperature. During such stimulation, the OSL signal from various optically active
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traps is depopulated simultaneously and the observed OSL signal represents the overall
existing OSL components in the sample. The OSL signal decay rate for a particular electron
trap depends on its optical cross-section (OCS), which stays constant at fixed stimulation
energy and temperature. Thus, for two kinds of traps with different OCSs, the ratio of OSL
decay rates remains unchanged; therefore, the ability of the CW-OSL method to separate
the signal related to various traps is limited. However, in many studies, the trap parameters
obtained in this way for sedimentary quartz samples of various geological origins show
variability in E and s values, for example, E = 1.65 &+ 0.02 eV and s = 5.01-108 s~ 1 [8],
E=14140.13eV and s =4.25-10"" s~ 1 [9], E =1.70 + 0.01 eV and s = 7.76-1013 s~ ! [10].
Besides the variability in the obtained parameters, deviation from first-order kinetics was
reported for the thermal depletion curves (e.g., Refs. [10-12]). These observations may
be explained by the different contributions of the OSL components in the depleted OSL
signal. The charge carrier transitions between traps, such as thermal transfer, as well as
the significant variation of OSL components contributions from sample to sample can
negatively affect the accuracy of the obtained values. Therefore, the isolation of the fast OSL
component from other components is of the utmost importance. Previous works [13-15]
proposed thermally modulated OSL to achieve such a separation and showed that the fast
OSL component in quartz could be measured using stimulation at 620 nm. The TM-OSL
method uses the dependency of the OCS on the temperature to separate the signal from
various types of traps more effectively. Differences between the OCSs of various traps are
more significant if the light of a longer wavelength is used for stimulation, and the OCS
increases more dynamically with temperature. The stimulation light effectively empties
the traps with the highest OCS if a suitable wavelength is applied. Moreover, the rising
temperature causes a continuous OCS increase and the time necessary to depopulate the
investigated traps is shortened. This ensures that the traps, which are not intended to be
bleached, are emptied to a negligible extent. In order to observe a pure OSL signal, the
TM-OSL stimulation should be accomplished in the temperature range where the thermal
activation of investigated traps is minimal.

Recently OSL thermal depletion curves (OTDC) were constructed using TM-OSLe20 nm
instead of CW-OSL4y0 nm for analyzing the thermal stability of traps responsible for the
fast OSL component in sedimentary quartz. The trap parameters found in this way were
compared with those obtained using other methods such as initial rise, variable heating
rate and TL peak fitting [16].

While determining these values for sedimentary quartz is important as they partially
dictate the age range of dating, the situation is much more complex when rock quartz
samples are used for thermochronometry. Thermal stability analysis of the OSL signal
is crucial for the evaluation of the “closure temperature” [2,17]. Using erroneous values
for these parameters to calculate the lifetime of a charge carrier in a trap leads to a false
reconstruction of the time-temperature history of rocks in thermochronometry. Moreover,
in the case of rock quartz, the OSL signal usually has a much lower intensity than in
sedimentary quartz and the contribution of the fast OSL component is significantly lower
(e.g., [10]). Despite this, the common trap parameters generally used in thermochronometry
applications (see e.g., Refs. [18,19]) are those obtained for sedimentary samples dominated
by the fast OSL component, namely E = 1.59 eV and s = 10'29 s~! obtained on the WIDG8
sample by Murray and Wintle [20] or E = 1.59 eV and s = 2.8-10'? s~ ! obtained on sample
LW 94/1 by Spooner and Questiaux [21]. Keeping in mind the variability observed in
sediments, one should be cautious when E and s values obtained for the fastest blue—OSL
component in sedimentary quartz are applied to thermochronometry analysis for quartz
from rocks. For practical application in this field, rock samples need to be characterized.

Here, the thermally modulated method (TM-OSLgy0 nm) Where the optical stimulation
is conducted during linear heating of the sample was applied for investigating the thermal
stability of the OSL signal of quartz extracted from granites. The results are compared to
those obtained on sedimentary quartz. The influence of measurement parameters such as
(i) preheat temperature, or in other words, the initial occupation of traps involved in the
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isothermal process, and (ii) the impact of irradiation dose on the isothermal analysis results
are thoroughly investigated. Based on these investigations we report for the first time the
analytical separation of the fast OSL signal component in quartz extracted from plutonic
rocks and present recommendations for improving the accuracy of determination of trap
parameters for the defect responsible for this signal in such problematic samples.

2. Materials and Methods
2.1. Samples

The following four samples of sedimentary quartz (coarse grain) were investigated:

e 2MYV 570—dia. 63-90 um, a loess sediment from Mircea Voda, Romania. A detailed
description of the preparation of sample 2 MV 570 can be found elsewhere [22], with
references therein (in this work subsample 2 MV 570A was used);

e  QC (calibration quartz)—dia. 180-200 um, aeolian sediments, Jutland, the Radiation
Research Division of the Technical University of Denmark in Risg (Rise DTU/RRD). A
detailed description of the preparation of the QC sample can be found elsewhere [23,24].

o  MR—dia. 150-250 um, from ~8 to 9 ka old deposits ‘Silver Sands of Morar’, reworked
intensely by fluvial and marine processes. The preparation of sample MR is described
in detail by Schmidt et al. [25].

e  FB—dia. 150-250 pum, Oligocene coastal sand from the Fontainebleau Sand Formation,
from the time of the last marine intrusion into the Paris Basin (the Stampian Sea)
~35 Ma ago. The preparation of sample FB is described in detail in Kreutzer et al. [26]
(in this work batch FB, subsample FB3A was used);

Two investigated samples of igneous (rock) quartz:

e  GC—Catalina granite, dia. 250-500 um, Cenozoic Granite with an age of about 26 Ma,
Tucson, southeast Arizona, USA [27,28].

o  GO—Oracle granite, dia. 500-1000 um, Proterozoic granite with a crystallization age
of about 1.4 Ga, Tucson, southeast Arizona, USA [27,28].

Quartz has been extracted by crushing, light mineral fraction separation by Wil-
fley table followed by centrifugation in diluted Nag[HyW1,040] x HyO (2.62 g/ cm? and
2.75 g/cm?) and 40 % hydrofluoric acid etching for 60 min followed by rinsing with 10%
HCl to remove any acid-soluble fluoride precipitates.

2.2. Instrumentation

The OTDC experiment using TM-OSLgp0 nm protocol was carried out using equipment
set up based on a Rise TL/OSL- DA-20 System equipped with an additional stimulation
light source. In the system, the signal was detected by an EMI 9235QB photomultiplier
under a 7.5 mm Hoya U-340 bandpass filter. Optical stimulation was conducted using a
dedicated module made of a single high-power LED integrated with an optical adapter
inserted into the Rise reader. The LED spectral band was 620 & 12 nm. The stimulation
power used was ~33 mW /cm?, and heating was performed in an Ar atmosphere. Irradia-
tion was performed using beta radiation delivered by *°Sr/*’Y B source with a dose rate of
112 mGy s~!. The 6 mm diameter mask was used for quartz grains deposition on stainless
steel discs delivered by Rise. A silicon spray assured a single-grain layer. The masses of all
the used aliquots were comparable (about 5 mg).

2.3. Trap Parameter Determination

The values of trap parameters determine the lifetime (7) of charge carriers in a trap,
i.e., the mean duration that an electron can be expected to remain trapped. The lifetime for
a trap of the depth (or the thermal activation energy) E (eV) can be calculated according to

the following equation:
T=s"1 exp(k]fir>, ey
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where s is the frequency factor (s~!) described as the number of escape attempts of an
electron from a trap per second [29], T is the temperature (K) and k is the Boltzmann
constant (eV K1)

The OTDC is constructed by the repeated measurement of the remaining OSL signal
after keeping the sample at a specific temperature T (°C), hereinafter referred to as holding
temperature for a different time ¢ (from a few to many thousands of seconds), hereinafter
referred to as holding time (see Table 1). During such an experiment the thermal release
of the electrons from traps related to the OSL is observed. The series of measurements is
terminated when the OSL signal is decreased to the PMT background level. One repeats the
OTDC measurement for several holding temperatures. Assuming the most basic first-order
kinetics and a single kind of depopulated traps, the shape of the OTDC can be described by
a simple exponential function (e.g., Refs. [29-31]):

I(t) = Iy exp(j), 2)

where Ij is the initial OSL signal for holding time ¢ = 0 and 7 (s) is the lifetime of the electron
in the trap at temperature T (Equation (1)). In this study, the trap parameters (E and s) have
been derived using the TM-OSLgp0 nm protocol (see Table 1). The lifetime was estimated for
each holding temperature by attempting to fit a single exponential function to the OTDC
first. The values of E and s were derived by regression method from the Arrhenius plot
(obtained from Equation (1)):

E
lnffﬁ—lns. 3)

Table 1. OTDC protocol used in the experiments.

Protocol TM-OSLg20 nm

1 Irradiation (D) *

2 Preheat to 150 °C or 280 °C,2Ks~1,0s

3 Heating the sample to T ** with the heating rate of 1 Ks~! and holding at T during t
*** seconds

4 TM-OSLgp0 nm from 40 °C to 200 °C, 2 Ks~ !

5 Heating to 500 °C, 5 Ks !

6 Gotostep1

Sample measured: 2 MV 570A, GO, GC; QC, FB, MR; *—10 Gy, 100 Gy, 1000 Gy; **—sample holding temperatures
in °C: 240, 250, 260, 270, 280; **—sample holding times in seconds: 0, 3, 10, 32, 100, 316, 1000, 3160, 10,000.

The plot of In T versus 1/T yields a straight line of slope E/k, and intercept In s on the
ordinate axis (e.g., [30]).

Protocol

The OTDC protocol used in experiments are shown in Table 1. Samples measured
are listed in the legend of Table 1. The OTDC protocol using the TM-OSLgp0 nm method
was described in detail previously [16]. The modification of this protocol applied here
consisted in replacing the preheat up to 150 °C with the preheat to the highest holding
temperature of those used in the protocol (in this case it was 280 °C). This was conducted
in order to remove electrons from shallow traps and to preserve the most similar initial
filling of traps for all isothermal decays used in the experiment. The optical stimulation
with 620 nm was initiated at 40 °C and continued up to 200 °C whereas linear heating
was performed with the rate of 2 Ks~!. The heating up to 500 °C was conducted in step 5
to remove all electrons from the traps responsible for the TL signal observed below this
temperature. The TM-OSLgy0 nm signal was taken as the integral under the TM-OSL curve
in the range of 40-150 °C. The sum of counts from 21 channels at the maximum of TL peak
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110 °C (measurement in step 2 of the protocol in Table 1) was used for correction of the TM-
OSLg20 nm signal for luminescence sensitivity changes [32]. The OTDCs were normalized
to the signal measured for ¢j = 0 s (thus, the y-axis caption is as follows: TM-OSL/TM-OSL
(0s).

In the TM-OSLg20 nm protocol, at least two aliquots of each sample were used. One of
the aliquots was tested in all the OTDC experiments, and the second aliquot was used to
verify the reproducibility of results for selected points of the procedures used.

3. Results
3.1. Initial Characterization of Luminescence Properties: TL, CW-OSL, TM-OSL

The luminescence properties of the samples were investigated to demonstrate the basic
differences between them. TL, CW-OSL470 nm as well as TM-OSLgy0 nm Were detected in the
UV detection range (Hoya U-340 filter) after the beta irradiation with a dose of 1000 Gy.

Figure 1 clearly shows the differences in the shapes of TL curves. Three temperature
ranges can be distinguished above 110 °C. In the first one, below 160 °C, all samples except
QC have similar shapes of the TL curves. For some of them (GC, FB and MR), the peak at
approximately 130 °C is more pronounced, but the overall trend of a slight decrease in TL
with temperature is visible. From 160 °C to 240 °C, there is a further general trend of TL
decrease, resulting from thermal quenching [33-36] in which for samples GC, FB and 2 MV
570A, a peak around 200 °C is clearly marked. Between 240 °C and 280 °C, the TL in rock
samples QC and GO is distinguished by its stronger intensity (maximum about 260 °C) in
contrast to the clear lowering in the signal of other samples. Above 280 °C, the signal of
samples MR and QC stands out, with TL curves having a broad TL maximum centered at
340 °C. In the rest of the samples, TL in this range decays slowly, and no particular peaks
can be distinguished.

10- n —_2MV 570A
e MR
0.34 i —QC
\ FB
0.8 4 —_—GC
— GO
=]
&
= 0.6
£
[@]
c
: 1 ! —
120_160 200 240 280 320 360 400 440
I

I |7 ¥
240 320 400 480

Temperature (°C)

i r r T
0 80 160

Figure 1. Normalized TL glow curves measured for one aliquot of each sample after irradiation with
a dose of 1000 Gy. The inset shows the same data for the high-temperature range with the marked
preheat (dashed lines) and storage temperatures (dotted line) used in experiments. TL glow curves
were measured immediately after irradiation with heating rate of 2 Ks~! and standard background
subtraction was performed for each aliquot.
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The complex shapes of TL glow curves indicate a multi-trap structure in the inves-
tigated quartz samples. The obtained diversity in the TL curve shapes shows that the
concentrations of the defects responsible for the individual electron traps in the samples
are different.

Based on the CW-OSL470 nm decays (Figure 2) obtained for the same quartz samples,
it is possible to distinguish two qualitatively different sample groups with two samples
(GC and MR) displaying a slower decay rate than the others. It means that the fast OSL
component contribution in the total OSL signal for GC and MR samples is lower than for
FB, QC, GO, and 2 MV 570A samples. The observations that the OSL signal originating
from FB is dominated by the fast OSL component whereas in the case of the MR sample
the total OSL signal is evidently composed of the other OSL components agrees with
LM-OSL results for these samples published recently [25]. The LM-OSL curves for both
samples were decomposed into several first-order kinetics LM-OSL components. The fast
component observed in sample FB was not present in the decomposition results obtained
for sample MR.

1.0 — 2MV 570A

% o0 — MR
o | —QC
= FB
O 0.6
3z —GC
D2 0.4 —GO
©
S
S 024
=

0.0

2 4 6 8
Time (s)

Figure 2. CW-OSL,7( nm curves measured for one aliquot of each sample after irradiation with a dose
of 1000 Gy and preheat up to 240 °C. Data set after normalization to the initial intensity. The blue
LEDs were used for the optical stimulation with 90% of their maximal power ~80 mW /cm?.

The shape of TM-OSLgp nm curves depends on the population of the trap responsible
for the fast OSL component. When the fast OSL component is present in the sample,
the TM-OSLgp0 nm curves have a broad-peak shape as presented in Figure 3a, where a
comparison of the TM-OSLgp( nm curves measured for each of the quartz samples is shown.
The brightest in TM-OSLgy) nm among the investigated samples are sedimentary quartz
FB and QC. Rock quartz samples are less sensitive; however, two sedimentary samples
MR and 2 MV 570A are comparable with them in intensities. Differences are visible in the
shape of TM-OSL curves for GC and MR samples, where the maximum of the TM-OSL
peak is shifted in the higher temperature region; in the case of the MR sample, this shift
is slight, whereas for GC is evident (Figure 3b). This behavior agrees with CW-OSL470 nm
decays indicating the small contribution of the fast OSL components in these samples.
Nevertheless, in the case of these two samples, another OSL component can be observed in
the TM-OSLg20 nm curve. It manifests itself in a TM-OSL peak at about 150-160 °C, for a
heating rate of 2 Ks~!. In the case of bright samples FB and QC, the predominance of the
fast component over the rest of the OSL signal is vast. In this way, the slower component
(medium) is not easy for direct observation in the TM-OSLg0 nm-
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Figure 3. (a) TM-OSLgp0 nm curves measured for one aliquot of each sample after irradiation with a
dose of 1000 Gy and preheat up to 280 °C, (b) the same data set normalized to the curve maximum.
TM-OSL signals were measured after irradiation and preheat up to 280 °C with a heating rate of
2 Ks~ 1. During linear heating with a rate of 2 Ks~!, the optical stimulation was carried out using
620 nm LEDs with power ~33 mW /cm?.

3.2. TM-OSL Method Used for the Fast OSL Component Separation

As was recently shown [37], the preheat applied immediately after irradiation before
starting the storage at a certain holding temperature (step 2 in Table 1) is important not
only to remove carriers from shallow traps but also, to ensure a similar level of trap filling
for each value of the holding temperature applied in the experiment. In the first stage
of the OTDC experiment, the effect of changing the preheat temperature from 150 °C to
280 °C in the TM-OSL¢ nm procedure was tested using samples FB and 2 MV 570. The
OTDCs obtained for the FB sample (the same aliquot) for the preheat temperatures of
280 °C and 150 °C are shown in Figures 4a and 4b, respectively. For this sample, additional
holding temperatures (250 and 270 °C) next to the standard 240, 260, and 280 °C values
were applied. Additional holding temperatures were chosen in order to follow thermal
depletion processes more carefully. Finally, the best OTDC fits were obtained for holding
temperatures: 240, 260, and 280 °C when the preheat temperature of 150 °C was used and
for 250, 260, 270 and 280 °C in the case of preheat to 280 °C. When preheat temperature
of 150 °C is applied, the experimental points deviate from the exponential curve. The
improvement in isothermal decay fitting quality (compare the obtained FOM values in
Figure 4a,b) is visible for the preheat to 280 °C. For both samples tested here, when one
achieves the better first-order fitting result, i.e., for the higher preheat temperature, the
obtained trap depths are higher than for the lower preheat temperature.

Figures 5 and 6 show, for four samples, the sets of OTDCs created for the OSL signal
measured by the TM-OSLgp nm method. The protocol applied, in this case, is shown in
Table 1. Results were selected for samples that originate both from sediments and rock and
whose contribution of the fast component is different.
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Figure 4. The OTDCs for one aliquot of the FB sample using TM-OSLg0 nm procedure after irradiation
with dose 1000 Gy and preheating: (a) 280 °C, FOMjp5p = 1.89%, FOMy¢p = 3.17%, FOMy7y = 2.03%,
FOMygg = 2.33%, (b) 150 °C, FOMy49 = 2.75%, FOMyg = 4.13%, FOMpgy = 3.91%.
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Figure 5. The OTDCs of the quartz samples (a) 2 MV 570A for dose 1000 Gy, FOMy4g = 1.57%,
FOM260 = 1.530/0, FOMQg() = 2.990/0, (b) MR for dose 100 Gy, FOM24O = 1.170/0, FOM260 = 1.650/0,
FOMyg = 2.98% for one aliquot and preheating 280 °C.
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Figure 6. The OTDCs of the granite samples (a) Catalina FOMy4g = 4.46% FOMys59 = 4.70%
FOMy40 = 5.23% (b) Oracle FOMjg = 3.57% FOMy4 = 1.90% FOM,49 = 2.72% for one aliquot after
dose 1000 Gy and preheating 280 °C.
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Sample 2 MV 570 (Figure 5a) represents the case of sediment quartz with a substan-
tial share of the fast component in the OSL signal. In this case, the first-order curves
correctly reproduce the OTDCs. Estimated trap parameters E = 1.629 & 0.003 eV and
s =(1.46 + 0.11) x 10" s~! have a low value of standard uncertainties. The investigation
of OSL components in the sample MR was performed previously [25] and showed that
this sample has a very low intensity of the fast OSL component. As shown in Figure 5b,
the first-order decay curves can be fitted to OTDCs obtained in these experiments with
excellent accuracy. The trap depth and frequency factor estimated for sample MR equal
E=1.67+£0.03eVands = (3.0 = 1.9) x 10'3 s~ ! are consistent with the values for the rest
of the samples.

The TM-OSL method, whose outcomes are shown in Figure 6a,b, enables the construc-
tion of OTDCs having regular first-order shapes for both the GO sample with a significant
share of the fast component and the GC sample characterized by a low percentage of the fast
component in the total OSL signal. It is worth mentioning that the first-order decay fitting
for holding a temperature equal to 280 °C for sample granite Catalina is worse than for other
temperatures. Therefore, the OTDC for 280 °C was replaced by OTDC measured at 250 °C,
for which the first-order fitting gives accurate results. The E and s (E =1.59 + 0.01 eV;
s=(7.3+0.9) x 1012 s~ for GO and E = 1.590 4 0.001 eV; s = (5.3 £+ 0.17) x 10'2 s~ for
GC) were determined with good precision and agree with those obtained for sediment
samples. Summing up, in all the above-presented cases, the first-order decay can be fitted
with good quality when the TM-OSLgq nm procedure is applied.

3.3. Influence of the Irradiation Dose on the OTDC Measurement Results

The final results of experiments for three different irradiation doses—10 Gy, 100 Gy
and 1000 Gy are presented in Table 2, while representative TM-OSL signals for different
doses are presented in Figure 7. The first-order kinetics TL peaks are shown in Figure 8 for
the E and s values obtained in these experiments. They are calculated for a heating rate
of 2Ks~ 1. Assuming a linear rate of heating the sample, b (Ks 1), the TL intensity for the
first-order kinetic traps can be expressed as follows [38]:

_ T
Itp(T) = sny exp(lc,f)exp [—Z/T exp(—kET,>dT’} 4)

1y (m~3) is the number of trapped electrons at the beginning of heating.

When applying the TM-OSLgp nm protocol with a preheat temperature of 280 °C, one
can observe some slight variation in parameters with the change of dose. However, no
general trend of these changes can be seen. The thermal activation energy varies from
1.54 £ 0.02 eV and 1.54 £ 0.08 eV (the lowest values obtained, respectively, for GC and FB
samples, both for dose 10 Gy) up to 1.67 & 0.31 eV and 1.67 & 0.03 eV (the highest values
obtained for 2 MV 570 and MR samples, both for dose 100 Gy). The frequency factor s
varies from (5.52 4 2.33) x 10'! s~! (the lowest value obtained for GC when dose 10 Gy
was applied) up to (3.14 £ 21.3) x 10'3 s~ (the highest value obtained for 2 MV 570 when
dose 100 Gy was applied). Although the values of frequency factors differ significantly, they
are consistent within their uncertainties. The precision of trap parameters also varies from
experiment to experiment carried out for one aliquot. The good precision of the majority
of E results and very high one estimated in a few cases (MR for dose 10 Gy, GC and 2 MV
570 for dose 1000 Gy) contrast with very low precision obtained for samples 2 MV 570
and MR when 100 Gy and 1000 Gy were applied, respectively (Table 2). The low precision
of the determined parameters results from the quality of fitting of the exponential curve.
Although small, the observed differences in energy values and significant differences in the
precision of the parameters determined in OTDC measurements confirm the importance of
the dose selection also in the TM-OSLg20 nm protocol. Results in Table 2 seem to indicate that
the trap parameters obtained for rock samples are slightly lower than those for sediments.
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Table 2. Trap parameters values (E and s) obtained for various irradiation doses in OTDC experiment

using TM-OSLgog nm protocol for preheat 280 °C. Tmax values are the maxima of TL peak positions

simulated using first-order kinetic for adequate E, s and heating rate of 2 K/s.

Rocks Sediments
GO GC 2 MV 570 FB QC MR

[e]i/] 1.60 + 0.11 1.54 +0.02 1.56 + 0.04 1.54 4+ 0.08 1.64 + 0.05 1.653 £ 0.004
[Cl;(;] [;1] (8.3 £19.0) x 10'2 (5.52 £ 2.33) x 101 (2.96 + 2.51) x 10'2 (2.21 + 3.88) x 10'2 (1.98 +2.02) x 10%3 (2.28 +0.19) x 1083

};“E’]‘ 307.7 335.3 312.1 309.3 307.3 309.3

[e]i/] 1.56 + 0.03 1.63 £ 0.03 1.67 £0.31 1.64 £ 0.03 1.65 &£ 0.01 1.67 £ 0.03
[1(23] [;1] (3.43 £ 2.15) x 102 (1.4 £ 0.9) x 10" (3.14 £21.3) x 10" (2.15 4= 1.38) x 103 (2.50 4- 0.32) x 10 (3.0 £ 1.9) x 10"

};‘“(":”]‘ 308.9 309.4 310.0 305.8 306.4 310.6

[e]i/] 1.59 + 0.01 1.590 + 0.001 1.629 + 0.003 1.65 £ 0.05 1.65 £ 0.04 1.63 £+ 0.15
%g;g [551] (7.3 +0.9) x 10%2 (5.3 £ 0.17) x 10'? (1.46 4 0.11) x 108 (2.47 £2.72) x 1013 (2.60 &= 2.14) x 108 (4.51 £ 14.4) x 10'?

}z,"&’i 306.5 3124 308.5 306.9 306.1 329.0
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Figure 7. TM-OSLgp0 nm curves measured for one aliquot of MR sample after irradiation with a dose:
10 Gy (blue), 100 Gy (red) and 1000 Gy (black) and preheat up to 280 °C.

It is worth noting that the positions of the first-order TL peaks obtained for all the

results presented in Table 2 (Figure 8) do not differ significantly, except in two cases: sample
GC measured with dose 10 Gy (red line) and MR with 1000 Gy (magenta dot line). We
attribute this behavior to the dependence of OTDC results on the initial filling of traps
active in the processes taking place in the OTDC measurement, as indicated earlier in the
simulation study [37] (see Section 4).
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Figure 8. The theoretical single first-order kinetic TL peaks calculated for trap parameters E and s
obtained in OTDC experiments set in Table 2 according to Equation (4) (left vertical axis), heating
rate of 2 Ks~!. Experimental TL curves (area filled with grey lines) measured using heating rate of
2 Ks~! for MR and FB samples after irradiation with a dose of 1000 Gy and normalisation to peak
110 °C (right vertical axis)—the same data as shown in Figure 1.

4. Discussion

Recently, the processes occurring during OTDC measurements in a simple OSL model
were studied by simulations using the luminescence kinetics model [37]. The shape of
OTDC was presented for a few cases when the measurement for a single OSL trap kind is
disturbed by the contribution of other traps in the thermal decay or OSL process. The signal
of the investigated OSL traps was assumed to decay according to the first-order kinetics
when the process is independent of other traps. These basic investigations allowed us to
distinguish two main reasons for OTDCs deformation (1) the optical release of carriers from
disturbing traps and their participation in the emission during the OSL measurement, and
(2) the thermal transfer of carriers to OSL traps from disturbing traps during the isothermal
holding. Both disturbing processes strongly depend on the trap filling at the start of
the isothermal holding, so they depend on the irradiation dose and preheat temperature
applied in the OTDC protocol.

In light of the research mentioned above, the fundamental problem in OTDC exper-
iments is separating the fast OSL component from other components for investigations.
As previously shown, the TM-OSL method with 620 nm wavelength stimulation enables
the separation of the fast OSL component in quartz [13-16]. It is important to note that the
method allows for detecting the fast component even in samples in which its intensity is
very low. Such a case is shown in Figure 7 for the MR sample for which it was previously
shown that the fast component is about 100 times less intense than in well-behaved sam-
ples such as sample FB. This component was not detected in sample MR by the LM-OSL
measurement with blue light (see [25], (Figure 9) therein).

The OTDC measurement simulations proved that the constant preheat temperature
should be used in the whole OTDC protocol and it should be not lower than the highest
used holding temperature [37]. This ensures that the filling of traps at the beginning
of the isothermal holding is constant in the procedure. However, this is not the only
condition that must be met when selecting the correct temperature of the preheat. The
preheat should be high enough to empty the shallower traps participating in the OSL and
others participating in the thermal transfer during the isothermal holding. This problem,
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however, also applies to the TM-OSLg0nm protocol, even though the signal from the
fast component is well separated. When initially a preheat to 150 °C was used, then the
shape of the OTDCs was usually distorted. It is demonstrated in Section 3.2 for samples
with the fast OSL component of relatively high intensity. As mentioned, the E and s
values determined with too low preheat temperature are lower than those established with
properly selected preheat for protocol TM-OSLgy0 nm (compare Figure 4a,b) for sample FB.
It is worth noting that the reduction in values E and s means a significant reduction in a
trap lifetime. For example, the trap lifetimes in the case of sample 2 MV 570 for the preheat
to 280 °C is (2.14 + 0.04) x 10° ka, for preheat 150 °C it is (1.58 & 1.70) x 10* ka (calculated
for 10 °C).

On the other hand, the selected preheat temperature cannot lead to excessive depop-
ulation of the tested OSL traps. When empty, the shallow traps effectively retrap charge
carriers thermally released during the isothermal holding from a deeper trap. Such a pure
effect of thermal transfer causes OTDC deformation, especially at longer holding times
(see [37], (Figure 13d) therein). In other cases, significant depletion of the tested OSL traps
may emphasize in the measured OSL signal the previously negligible contribution from
other slower decaying OSL traps in the sample. Then a lowering of trap parameters from
OTDC measurement was observed. In the presented measurement results, such a situation
seems to occur for sample GC with a low intensity of the fast OSL component. The OTDC
experiment carried out using the TM-OSL protocol with the irradiation dose of 10 Gy led
to the E and s values of 1.54 + 0.02 eV and (5.52 + 2.33) x 10! s71, respectively. These
values are lower than those obtained for the same aliquot of this sample but for higher
doses (Table 2). The first-order peak for these parameters is shifted into high temperatures
from the peak obtained for other doses in the case of sample GC and the rest of the samples
by more than 20 °C.

The above example indicates the significance of the irradiation dose selection in the
OTDC protocol. This has been demonstrated by the simulation study mentioned above.
When a preheat temperature that ensures that the shallower traps are emptied is applied
before isothermal holding, it may turn out that the initial occupation of the investigated OSL
traps is very low. This can lead to a low signal-to-background ratio. Then, using a higher
irradiation dose in the protocol helps obtain better precision in the OSL measurements.
However, the higher dose used in the measurements does not always guarantee the correct
determination of the parameters of the tested OSL traps. As shown, the crucial condition is
the significant dominance of the signal from these traps in the total OSL signal measured
in the OTDC protocol. Applying a higher dose does not necessarily make the condition
true. It is the case, for example, when other slower decaying, thermally deeper OSL traps
have a significantly higher concentration and, due to a lower retrapping factor, they fill up
more slowly. For the doses for which the tested OSL traps are full, the share of the total
OSL signal of the slower traps begins to play an increasingly important role. Hence, when
a high dose that is too high is applied, the stipulation of the tested trap dominance in the
total OSL signal is weakened and the resulting OTDCs have a slower decay.

In Figure 8, one can notice another example of the TL peak shifting from the others
to higher temperatures. It is the curve calculated for the E and s obtained for sample
MR, hence again for a sample with a relatively low intensity of the fast OSL component.
The case corresponds to the above-mentioned situation when a too-high dose is used in
the OTDC protocol. One can fit the OTDCs by an exponential decay with reasonable
accuracy, but the frequency factor assuring this result is much lower than for smaller
doses (s = (4.51 + 14.4) x 102 s~! versus s = (2.28 £ 0.19) x 103 s~! for doses 1000 Gy
and 10 Gy, respectively). Its low value determines the position of the calculated TL peak on
the temperature axis. In the case of other samples, such a high dose did not cause a similarly
severe parameter deviation, indicating that the effects are sample-dependent. Intuitively,
they should be such when one explains deformations of OTDCs by processes resulting
from the competition of various traps. The latter is controlled by trap concentrations, which
may vary significantly from sample to sample and, in the case of sediments, from grain
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to grain. It means that one should not arbitrarily apply a once-selected OTDC procedure
to all tested samples but check how the results change with the preheat temperature and
dose. The shape of OTDCs and the quality of curve fitting should be carefully viewed and
selected for trap parameter estimation.

5. Conclusions

Trap parameters estimated by OTDC measurements may depend on various measure-
ment parameters applied. The significant discrepancy in the values of the trap depth and
the frequency factor of traps responsible for the fast OSL component in quartz previously
presented in the literature is most probably a consequence of the complexity of the pro-
cesses occurring in quartz during OTDC measurements. It was demonstrated that a careful
selection of the measurement parameters and the protocols used is needed. To sum up:

e  Both in samples with a low share and with a dominant share of the fast component
in the total OSL signal, the proper separation of the fast OSL component in the OSL
measurement is crucial for obtaining reliable values of trap parameters.

e A procedure using the TM-OSL method for measurement of the isothermal depletion
curve with preheat 280 °C seems to be the best solution, at least in the case of the
investigated samples. This is supported by the fact that a single exponential function
is sufficient to obtain a good reconstruction of OTDC even for quartz samples of low
OSL fast component intensity.

e  For samples not dominated by the fast OSL component, the OTDCs can be more
stretched and the fit quality can decrease. However, if the TM-OSL signal is mea-
surable, probably after finding the proper dose, preheat and thermal holding tem-
peratures, the trap stability may be successfully designated still using the first-order
kinetic decay.

e  The trap responsible for the fast OSL component in quartz is independent of the
quartz sample type (sediment or rock). The mean trap depth and s factor (calculated
based on bold data from Table 2) are: E = 1.63 + 0.01 eV, s = (1.83 + 0.37) x 108 s~
and are close to these established earlier for sedimentary quartz that had the fast
component dominating in OSL signal by Murray and Wintle [20]: E = 1.66 £ 0.03 eV,
s=(1.00 + 1.99) x 1013 s~ 1.

Overall, we showed that the TM-OSLgy0 nmm method used in the isothermal procedure
can be used independently of quartz origin even for low sensitivity samples if the TM-OSL
signal is measurable and experiments are carried out for proper values of dose, preheat,
and isothermal holding temperatures.
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