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Abstract: Luminescence techniques, especially thermoluminescence (TL) and optically
stimulated luminescence (OSL), are essential for dating materials in Cultural Heritage.
TL is effective for dating bricks by determining their last heating event, but brick reuse
can introduce inaccuracies. OSL enhances accuracy by dating the last light exposure of
quartz grains in mortars, a material that is coeval with the construction of the building.
However, partial bleaching of quartz grains can lead to overestimated ages. A promising
solution involves dating the carbonate fraction of mortars, as calcium carbonate experiences
bleaching during mortar preparation. This study investigates the feasibility of isolating
signals from quartz and calcite in a composite material. Initially, TL signals for quartz and
calcite were characterized separately. A laboratory mixture, comprising 75% quartz and
25% calcite, was irradiated to simulate partial bleaching. TL curve deconvolution revealed
distinct peaks: quartz displayed four peaks, while calcite had three, notably lacking a
low-temperature peak. The mixed sample exhibited peaks at 527 K, 573 K, 618 K, and
690 K, with the first peak being exclusively quartz, the second primarily quartz with minor
calcite, and the third showing contributions from both. Dose-response curves indicated that
the quartz peaks aligned with the expected 41.40 Gy dose, and the calcite signal matched
10.40 Gy. This confirms the feasibility of separating TL signals from quartz and calcite in
mixed samples, offering a potential method for accurately dating the carbonate fraction
in mortars and addressing partial bleaching issues. Future work will focus on optimizing
detection parameters and applying this method to historically significant mortars to assess
its effectiveness.

Keywords: partial bleaching; mortar dating; carbonate fraction dating; thermoluminescent
signal deconvolution; recovery test

1. Introduction
Luminescence is now widely applied in the field of Cultural Heritage, with thermo-

luminescence (TL) being particularly useful for dating bricks. This technique enables
the examination of various phases in a building’s construction by dating the last heating
event (above 500 ◦C) of the material used for the bricks, which typically corresponds
to their manufacture phase. However, a significant limitation arises from the fact that
the production date and the last heating event can differ from the date of use due to the
common practice of reusing bricks [1,2].

To mitigate uncertainties in interpreting results, Optically Stimulated Luminescence
(OSL) has been introduced. OSL allows for dating the last exposure to light of quartz grains
in the mortar used in construction before they are embedded in masonry and shielded from
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light [3]. Unlike bricks, mortar cannot be reused, meaning OSL dating can offer a definitive
construction date corresponding to when the mortar was applied [4].

OSL works by measuring the luminescence emitted by minerals such as quartz or
feldspar that have been exposed to light. These minerals accumulate a “paleodose” as they
are exposed to environmental radiation, which can then be measured by stimulating the
grains with light. By dividing the paleodose by the annual dose rate (determined by the
sample’s radiochemical composition and environmental factors), the age of the sample can
be calculated [5,6]. This allows for precise dating of the mortar’s application.

However, a significant challenge in OSL dating arises from the incomplete or partial
bleaching of quartz grains during mortar preparation. Full bleaching of grains is essential
for accurate dating because grains that are not fully reset retain residual luminescence from
previous exposures to light. This leads to mixed luminescent signals, which result in an
overestimation of the equivalent dose and inaccurate age estimates [7]. In the context of OSL
dating, the issue of incomplete bleaching is critical, as mortars are often composed of grains
that have undergone varying degrees of bleaching. Some grains are more effectively reset
than others during mortar preparation, leading to heterogeneous luminescence signals.

Consequently, when determining the equivalent dose in incompletely bleached sam-
ples, an increase in measured luminescence may lead to an overestimation of the equivalent
dose and, consequently, the age of the sample [8]. In the field of stimulated luminescence
dating research, partial bleaching remains an ongoing issue.

Researchers have proposed several methods to separate well-bleached grains from
those with residual luminescence. The first approach is single-grain OSL dating, which
involves measuring individual grains to avoid mixed signals from multiple grains [9].
While this technique can offer more precise results, it presents the challenge of detecting
weak luminescence signals emitted by individual grains. Advances in instrumentation
and technology have, however, made single-grain analysis more feasible and accurate,
enhancing the reliability of OSL dating for mortars [6,10].

Another promising method involves the use of fine-grained quartz fractions (typically
between 4 and 11 microns) in the conventional multigrain procedure. This approach has
been applied to Mediterranean mortars and has shown promising results that correlate
with thermoluminescence dating of adjacent bricks [11,12]. The fine-grain fraction tends to
have more consistent bleaching behavior, which can reduce the degree of variability in the
luminescence signal. However, bulk measurements of fine grains can obscure individual
grain variations, which is a challenge for accurate dating. Researchers recommend combin-
ing this method with other techniques, such as TL dating of bricks, to improve the accuracy
of mortar age estimates [11,12].

Geographical variations in environmental factors can also influence the effectiveness
of OSL dating. For example, mortars from coastal regions, where factors such as sunlight
and humidity promote better bleaching, tend to produce more reliable results than mor-
tars from other areas [13]. This highlights the need for further research into how local
environmental factors affect bleaching and how these factors can be accounted for in OSL
dating methodologies.

Other statistical methods have been designed to analyze data from well-bleached
and incompletely bleached grain populations. These methods include the Central Age
Model (CAM) [14], Minimum Age Model (MAM) [15], unlogged Minimum Age Model
(MAMUL) [16], and Internal-External Consistency Criteria (IEU) [8,17].

A potential new experimental approach is to date the carbonate fraction present in
mortars. This fraction is of particular interest for OSL dating because it was formed via the
Lime Cycle during the construction of the building.
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As shown in Figure 1, during lime mortar production, geological limestone (CaCO3)
is heated above 800 ◦C to produce quicklime (CaO), which is then converted to hydrated
lime by adding water. Mixing hydrated lime with aggregate (usually sand) yields mortar,
which undergoes a carbonation process as atmospheric CO2 is incorporated, forming
anthropogenic lime carbonates [18–20]. This process can cause at least two resetting events:
the crystallization of calcium carbonate within weeks or months and the bleaching of
geological carbonate at high temperatures during limestone heating [21]. 
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Figure 1. The Lime Cycle involves a series of chemical reactions in which limestone undergoes
transformation, resulting in the formation of calcium carbonate in mortars through the carbona-
tion process.

The gold standard for absolute dating of mortars is Optically Stimulated Luminescence
(OSL) on extracted quartz, where the resetting event corresponds to the last exposure to
light during the placement process. However, the high probability of partial bleaching
remains a critical limitation, potentially leading to overestimation of the age. An innovative
alternative is to explore thermally stimulated luminescence of the carbonate fraction,
where the resetting event is intrinsically linked to the crystallization process during mortar
manufacture and placement. To date, no documented studies have pursued this approach,
making this study the first to preliminarily investigate its feasibility.

Therefore, the ultimate goal is to date historical buildings using the carbonate fraction
in mortars.

The current study aims to investigate the feasibility of using the carbonate fraction
for dating by distinguishing the luminescence signals of quartz and calcite. Laboratory
experiments were conducted in which a mixture of quartz and calcite in known proportions
was prepared, and its luminescent response and dosimetric properties were analyzed.
This work is significant because it provides a method for addressing the challenge of
distinguishing mixed luminescence signals, a problem that has been largely overlooked
in the existing literature on luminescence dating. Successfully separating the signals from
quartz and calcite would enable more accurate dating of historical mortars, particularly
in cases where traditional OSL methods face limitations due to incomplete bleaching. By
investigating the potential to distinguish these mixed signals, this study represents an
important step forward in the development of more accurate and reliable luminescence
dating techniques.
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2. Materials and Methods
Calcite and quartz, with a grain size between 180 and 212 microns (180 < Ø < 212),

were extracted from a stalagmite and marine sediment, respectively. After resetting the
natural luminescence signal (at 450 ◦C, 5 ◦C/s), quartz was irradiated with a dose of
41.40 Gy, while calcite received a dose of 10.40 Gy. The artificial irradiation was delivered
using a calibrated 90Sr/90Y beta source integrated into a semi-automated Risø TL-DA-15
reader, with a dose rate of 4.14 Gy/min.

The experimental part of this study was divided into two distinct phases. In the
first phase, the thermoluminescence signals of quartz and calcite aliquots were separately
characterized using deconvolution processes (details in Section 2.1). Deconvolution was
conducted, fitting the thermoluminescence (TL) glow curves with multiple peak models to
identify and analyze the trapping parameters. For quartz, four high-temperature peaks
were identified, while for calcite, the glow curves were best described by the fitting of three
peaks [22–24]. The goodness of fit was assessed using the χ2 test and Figure of Merit (FOM).

The studies indicate that a constant heating rate was used during the TL curve mea-
surements. Specifically, the TL signal was recorded at a heating rate of 5 ◦C/s, following
preliminary tests conducted at 0.5, 1, 2, and 5 ◦C/s.

Although the thermal stimulation of quartz typically reaches a maximum temperature
of 500 ◦C, a maximum temperature of 450 ◦C was chosen to adapt the procedure for a
quartz–calcite mixture phase. The measurement conditions for quartz were specifically
adjusted to be consistent with those of calcite. Numerous studies indicate that a maximum
reading temperature of 450 ◦C is preferable for calcite, as higher temperatures can induce
material degradation, leading to significant variations in sensitivity from a dosimetric
perspective [25–29].

To study the dosimetric response of the two materials, a recovery test was performed
on 25 aliquots of quartz and 25 aliquots of calcite. This test is critical within the SAR
(Single Aliquot Regeneration) protocol, as it helps determine a known dose irradiated
under conditions like those following the bleaching of the natural signal during mortar
preparation after the last solar exposure [30,31]. The procedure begins by resetting the
luminescent signal of the sample without heat treatment. An artificial dose is then delivered
through irradiation. The recovery ratio (R) is defined as the ratio between the measured
dose using the SAR procedure and the known dose delivered in the laboratory [32], as
expressed in Equation (1):

R =
Measured dose

Given dose
(1)

The dosimetric response is considered reliable if the test results (R) are close to one.
If this is the case, the aliquots are then submitted to the SAR measurement protocol, as
outlined in Table 1.

After obtaining the TL curves for all aliquots, deconvolutions were performed on both
the artificial and test dose curves, using the method described in Section 2.1. This allowed
for the calculation of the ratio Lx/Tx for each deconvolution peak and the construction of an
Lx/Tx curve as a function of dose for each peak. The thermoluminescent intensities (L and
T values) useful for the analysis were obtained from the integral of the deconvolved single
peak. By interpolating Lknown dose/Tknown dose, it is possible to determine the measured dose
value for each deconvolution peak of quartz and calcite, which allows for the calculation of
the Recovery Test (R) value for both materials.

In the second phase, the irradiated aliquots were combined to create a controlled
mixture consisting of 75% quartz and 25% calcite, reflecting typical binder-to-aggregate
ratios in historical mortars [11,33,34]. Notably, quartz received a higher irradiation dose
than calcite to simulate partial bleaching conditions. To prepare the mixture, 75% quartz
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and 25% calcite were placed in a beaker, and acetone was added. The solution was mixed in
an ultrasonic bath for 5 min and then placed in a G®-Therm 015 drying oven at a controlled
temperature of 35 ◦C for 48 h to ensure complete evaporation of the acetone. These aliquots
were then subjected to a measurement protocol, as reported in Table 1.

Table 1. SAR measurement protocol.

Step Treatment Observed

1 Preheating (@220 ◦C, 10 s) -
2 Thermal Stimulation (@450 ◦C, 5 ◦C/s) Lknown dose
3 Give Test Dose, DT = 7 Gy -
4 Cut heat (@180 ◦C) -
5 Thermal Stimulation (@450 ◦C, 5 ◦C/s) Tknown dose
6 Give Dose, Di -
7 Preheating (@220 ◦C, 10 s) -
8 Thermal Stimulation (@450 ◦C, 5 ◦C/s) Lx
9 Give Test Dose, DT = 7 Gy -
10 Cut heat (@180 ◦C) -
11 Thermal Stimulation (@450 ◦C, 5 ◦C/s) Tx

12 Repeat step 8–13 for the dose value Di = 6.9 Gy,
13.80 Gy, 27.60 Gy, 41.40 Gy, 55.20 Gy -

Based on the results discussed in Section 3.2, the deconvolution process used
four peaks: one attributed to quartz (P1), two overlapping between quartz and calcite
(P2 and P3), and one last peak that is non-characteristic (P4).

For each aliquot and for each individual deconvolved peak contribution, the total
equivalent dose (ED) from the mixture (P3) and the ED of quartz (P1) were calculated,
followed by subtraction to obtain the ED of calcite. The experimental ED values for quartz
and calcite were then compared with the known irradiation dose using the recovery test
method described above.

For all deconvolutions, we used homemade software called Dosimetric Deconvolution
Chart, which utilizes a General Order Kinetics (GOK) model to perform the analyses (see
Section 2.1) [35].

All measurements in this study were conducted using TL-DA-15 automated Risø
readers equipped with EMI 9235QA photomultipliers [5,6]. To optimize the detection of
the luminescent signal from calcite, the BG-39 filter was utilized, which is mentioned in the
literature for detecting calcite signals [36–40].

2.1. Deconvolution Process

The luminescence intensity in the General Order Kinetics (GOK) model is described
by a mathematical formulation that accounts for the number of charge carriers present in a
single energy level and their transition rates. This model introduces parameters such as the
frequency factor, the order of kinetics (ranging between 1 and 2), and the activation energy,
which collectively define the luminescence behavior under thermal stimulation [41–43].

In this study, the fitting parameters considered for both quartz and calcite include the
peak temperature (Tm), activation energy (E), and the kinetic order (b). The initial values
used for fitting are presented in Table 2.
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Table 2. Initial fitting values for both quartz and calcite.

Quartz Calcite

Peak Number Tm (K) E (eV) b Tm (K) E (eV) b

P1 528 1.20 1.50 - - -
P2 573 1.50 1.60 568 1.50 1.60
P3 618 1.60 1.80 618 1.60 1.80
P4 698 - - 678 - -

In the assessment of the fit’s quality, the Figure of Merit (FOM) for each deconvolution
was calculated. This statistical measure enables an evaluation of the effectiveness of
an experimental fit to the data while disregarding experimental discrepancies, such as
variations in spectral shapes or techniques [40,44].

The FOM is defined as follows:

FOM =
∑n

i=1

∣∣∣yexp
i − y f it

i

∣∣∣
∑n

i=1

∣∣∣yexp
i

∣∣∣ , i = 1 . . . n (2)

where yexp
i is the experimental data, y f it

i is the fitted data, and n is the number of measure-
ments. If FOM < 0.025, it is possible to demonstrate that the fit is good from a statistical
point of view [44].

3. Results and Discussion
3.1. Analysis of the Individual Thermoluminescent Contributions

Using the measurement sequence outlined in Table 1 and the BG-39 filter, thermolumi-
nescence (TL) curves were obtained. Figure 2 presents an example of the deconvolution
results for the TL curve of quartz and calcite aliquots. In particular, the example curves were
obtained by irradiating a quartz aliquot and a calcite aliquot at 14 Gy, using a pre-heating
condition of 220 ◦C and a heating rate of 5 ◦C/s for signal reading.

In Figure 2a, the deconvolution of the quartz TL signal is shown. Quartz displays
four deconvolution peaks at different temperatures. In Figure 2b, the deconvolution of the
calcite TL signal is presented, revealing three deconvolution peaks. The residuals for each
deconvolution are also shown below the corresponding curves.

Unlike quartz, calcite does not exhibit a deconvolution peak at lower temperatures.
For all TL curves of the quartz and calcite aliquots, deconvolutions were performed

to minimize the Figure of Merit (FOM). In the deconvolutions shown in Figure 2, the
FOM obtained for quartz is 1.3%, while for calcite it is 1.9%. Both values indicate high
statistical reliability of the deconvolutions performed. Considering all aliquots on which
deconvolution was performed, the average FOM obtained is 1.5 ± 0.4% for quartz and
1.8 ± 0.4% for calcite.

Notably, peak P4 will not be included in subsequent analyses, as background subtrac-
tion introduces excessive errors in the deconvolution parameters. This deconvolution peak
is not characteristic for studying the luminescent properties of the two materials because
it is influenced by the background subtraction process. This illustrates the challenges
in accurately modeling TL signals from minerals with overlapping emission bands and
emphasizes the importance of refining background correction techniques in such studies.
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Figure 2. Deconvolution of TL curves for (a) quartz and (b) calcite, obtained using the reading condi-
tions specified in Table 1. The graphs display the corresponding FOM values for the deconvolutions
of the two TL curves: the FOM for quartz is 1.3%, while the FOM for calcite is 1.9%, indicating
statistical significance in the fits. Below each deconvolution, the residuals associated with it are
also shown.

The deconvolution parameters obtained from the 25 aliquots of quartz and calcite are
detailed in Table 3.

Table 3. Temperature, energy, b values, frequency factor s, and lifetime τ were used for the decon-
volution of TL curves of quartz and calcite aliquots. The missing information pertains to the fourth
deconvolution peak, which will not be used for further analysis as this peak is non-characteristic.

Quartz Calcite

Peak
Number Tm (K) E (eV) b s (s−1) τ(y) Tm (K) E (eV) b s (s−1) τ(y)

P1 527 ± 4 1.29 ± 0.04 1.52 ± 0.04 1.15 × 1010 7.94 × 102 - - - - -
P2 573 ± 3 1.50 ± 0.04 1.57 ± 0.04 7.14 × 1011 2.73 × 106 568 ± 4 1.50 ± 0.04 1.57 ± 0.04 1.01 × 1012 1.95 × 106

P3 618 ± 3 1.59 ± 0.04 1.86 ± 0.04 3.79 × 1011 1.81 × 108 617 ± 4 1.59 ± 0.04 1.86 ± 0.04 4.43 × 1011 1.55 × 108

P4 701 ± 10 - - - - 678 ± 12 - - - -

Table 3 shows the temperatures associated with the deconvolution peaks. Each tem-
perature value represents the average maximum temperature observed in the TL curves of
the aliquots of both quartz and calcite, with the error indicated by the standard deviation
of the mean. Additionally, the energy (E in eV) and b parameters of the General Order
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Kinetics (GOK) model are presented. The luminescent traps in both quartz and calcite
are characterized by relatively deep activation energies (ranging from 1.29 eV to 1.59 eV),
which are consistent with typical TL behavior for these minerals. Moreover, the parameter
b, which falls between 1 and 2, supports the applicability of General Order Kinetics. The
data indicate that peaks 2 and 3 for both quartz and calcite overlap at the same temperature,
which accounts for the associated experimental errors.

The results presented in Table 3 show that the TL parameters obtained in this study
are in good agreement with previously reported values in the literature. A comparison
with references [22–24] highlights the consistency of the findings, confirming the reliability
of the deconvolution process applied to quartz and calcite TL signals.

For the first quartz peak, the measured peak temperature (Tm = 527 ± 4 K) is in
good agreement with the values reported in previous studies, which indicate peaks at
549 K ([22]) and at 515 K and 545 K ([23]). The average of these literature values results in
Tm = 536 ± 9 K, which is well within the experimental uncertainty of our results. Similarly,
the activation energy (E = 1.29 ± 0.04 eV) closely matches the values reported in [22]
(E = 1.29 eV) and [23] (E = 1.2 eV and 1.4 eV), leading to an averaged literature value of
E = 1.30 ± 0.10 eV. The kinetic order parameter b, although slightly higher in our results
(b = 1.52 ± 0.04) compared to the literature values in [22] (b = 1.30) and [23] (b = 1.21 and
b = 1.27), remains in reasonable agreement with the averaged literature value of b = 1.24 ± 0.03.

A similar trend is observed for the second quartz peak, where our measured Tm

(573 ± 3 K) falls between the values reported in the literature ([22], Tm = 598 K; [23],
Tm = 580 K), obtaining an averaged value of 589 ± 9 K. The activation energy found in this
study (E = 1.50 ± 0.04 eV) is slightly higher than the values reported in [22] (E = 1.34 eV)
and [23] (E = 1.35 eV) but remains consistent within experimental uncertainties. Similarly,
the kinetic order parameter (b = 1.57 ± 0.04) aligns well with previous studies, where
reported values range from 1.38 ([22]) to 1.51 ([23]), resulting in an averaged value of
1.44 ± 0.1.

For the third quartz peak, the agreement with the literature is again evident. The peak
temperature found in this study (Tm = 618 ± 3 K) is consistent with reported values in [23]
(Tm = 616 K) and [22] (Tm = 625 K), with an averaged literature value of 620 ± 5 K. The
activation energy (E = 1.59 ± 0.04 eV) is slightly higher than the literature-reported values
of 1.48 eV ([22]) and 1.45 eV ([23]), with an average of E = 1.46 ± 0.10 eV, but still within an
acceptable range. The kinetic order parameter (b = 1.86 ± 0.04) is in good agreement with
previous studies, where values of 1.70 ([22]) and 1.93 ([23]) have been reported, leading to
an averaged value of b = 1.81 ± 0.10.

Turning to calcite, a strong agreement is also observed. The second calcite peak,
identified at Tm = 568 ± 4 K, is well within the range reported in the literature ([24]), where
an average peak temperature of Tm = 540 ± 13 K has been found. The activation energy
(E = 1.50 ± 0.04 eV) closely matches the literature value of E = 1.53 ± 0.04 eV ([24]), and the
kinetic order parameter (b = 1.57 ± 0.04) is compatible with the literature-reported value of
b = 1.64 ± 0.16 ([24]).

Finally, for the third calcite peak, results obtained in this study indicate a peak
temperature of Tm = 617 ± 4 K, in good agreement with the literature average of
Tm = 621 ± 16 K ([24]). The activation energy (E = 1.59 ± 0.04 eV) is slightly lower than the
reported literature value of E = 1.76 ± 0.07 eV ([24]), but the difference remains within a
reasonable experimental margin. Similarly, the kinetic order parameter (b = 1.86 ± 0.04) is
consistent with the literature-reported value of b = 1.90 ± 0.06 ([24]).

Overall, the comparison with literature data confirms the robustness of the followed
experimental approach and the accuracy of the deconvolution method used in this study.
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To assess the dosimetric response of the materials, a recovery test was conducted on
25 aliquots of quartz and 25 aliquots of calcite. The results, showing the averages of the
Recovery Ratio (R) values for all deconvolution peaks, are presented in Table 4.

Table 4. Results of the recovery test conducted on aliquots of quartz and calcite. The displayed
recovery ratio values are the mean of the aliquots for each deconvolution peak.

Peak RQuartz RCalcite

P1 0.92 ± 0.30 -
P2 0.94 ± 0.27 0.97 ± 0.27
P3 0.96 ± 0.26 0.99 ± 0.27

The R values are close to 1, indicating that the SAR protocol accurately measured the
doses delivered. These results suggest that both quartz and calcite are reliable materials for
dosimetric purposes, with quartz showing slightly lower recovery ratios, possibly due to
the higher dose irradiated.

Figure 3 shows a linear growth of the L/T signal as a function of dose for both peaks
1 and 3 of quartz and peak 3 of calcite. The fit for peak 1 presents a slope coefficient of
0.155 ± 0.001 (R2 = 0.997), the fit for peak 2 has a value of 0.159 ± 0.002 (R2 = 0.997), while
the fit for calcite shows a slope coefficient of 0.132 ± 0.001 (R2 = 0.996). While the first two
are nearly identical, the lower value for the fit on peak 3 indicates a different behavior,
showing reduced sensitivity to dose. This confirms the literature data, which indicate
quartz, due to its linearity and dose sensitivity, as the primary dosimeter for optically
stimulated luminescence dating of historical buildings.
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3.2. Analysis of the Thermoluminescent Contribution in the Mixed Phase

A four-peak deconvolution approach was adopted for the deconvolution of the mix,
considering the overlaps between the various peaks of quartz and calcite.

Figure 4 illustrates this four-peak deconvolution for one aliquot of the mixture.
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Figure 4. Deconvolution of the mix TL curve. In this case, the deconvolution is made up of four
peaks. Below the deconvolution curve of the mix, the residuals are also shown.

Deconvolution of the mixed phase yielded four distinct peaks, including two overlap-
ping peaks (P2 and P3) that represent contributions from both minerals: the peak at 527 K
is solely attributed to the quartz signal, while peaks at 573 K and 618 K arise from signals
of both materials.

The FOM value of 1.6% for the mixed phase deconvolution suggests that the fitting
procedure was effective.

A measurement protocol utilizing the SAR method was conducted on aliquots of the
mixture to determine the equivalent dose for each aliquot. Deconvolution was performed
on each TL curve obtained through SAR, and integrals under the deconvolution peaks (P1,
P2, P3) were calculated. Subsequently, Lx/Tx ratios were determined, and via interpolation,
the values of ED (P1) and ED (P3) were obtained. The results are illustrated in the Radial
Plots in Figure 5.

In a radial plot, the ED distributions are plotted on a logarithmic scale on the radial axis.
The left side depicts the 2-sigma error, with bar width determined by the ED distribution.
The bottom scale provides a measure of the error for each ED measurement, allowing
relative error and precision assessments.

As shown in Figure 5, the equivalent doses (ED) cluster around a central value of
40.04 ± 0.22 Gy for the first peak, which, within experimental error, aligns with the
irradiation dose of quartz prior to mixing, confirming the validity of the deconvolution
method for quantifying the dose absorbed by quartz.
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For the third peak, P3, the ED values are higher than the one of ED(P1), clustering
around 50.02 ± 0.35 Gy, due to a higher contribution from calcite’s signal.

To isolate the ED contribution of quartz from calcite, the differences between the
ED values attributed to peak P3, ED(P3), and those attributed to peak P1, ED(P1), were
computed. The results are presented in the radial plot shown in Figure 6.
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Figure 6. Radial plot of the dose distribution ED(P3 – P1). Blue dots represent individual ED values,
while the magenta line indicates the reference mean value, EDRef = ED(P3) − ED(P1) = 10.26 ± 0.49.

The reference dose indicated corresponds to the irradiation dose of calcite in the
analyzed mix, equal to 10.40 ± 0.20 Gy. The points on the radial plot represent ED values
obtained by subtracting the ED values from the third and the first deconvolution peaks.
All points cluster around the central value, which overlaps within the experimental error
with the reference irradiation value of calcite.

This analysis demonstrates that it is possible to determine the irradiation dose ab-
sorbed by calcite. By examining the distribution of ED values and comparing them to
the reference irradiation value, one can estimate the amount of irradiation received by
the mineral.

Finally, the radial plots of ED distributions (Figures 5 and 6) clearly demonstrate the
capability of this methodology to differentiate the dosimetric responses of quartz and calcite
within the mixture. The ED values for quartz cluster around 40.04 ± 0.22 Gy, which agrees
with the initial dose applied, while the ED values for calcite in peak P3 cluster around
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50.02 ± 0.35 Gy, reflecting the higher contribution of calcite’s signal due to its lower initial
dose and the overlapping nature of the peaks in the mixed phase. The subtraction of the
ED values from P1 and P3 effectively isolates the calcite contribution, with the resulting ED
distribution aligning with the reference irradiation dose of 10.40 ± 0.20 Gy, confirming the
accuracy of the method in distinguishing the two materials.

The equivalent dose (ED) calculated from the peak 1 of quartz corresponds to the dose
accumulated from the geological formation of the mineral, reduced by bleaching exposures.
In fact, during the transport of quartz sand from the gravel pit to the mortar production
site, bleaching occurs. However, it likely stops once the grains are coated with a calcite
layer. Given the large quantities of sand being transported, not all grains are exposed
to enough light to fully reset the luminescence accumulated over geological time. As a
result, the resetting process produces a mixture of grains that are bleached unevenly and
incompletely [45].

Optical exposure reduces the measured TL dose in quartz by depleting the shallower
electron traps that contribute to the TL signal. This process decreases the number of trapped
electrons available to generate measurable luminescence during TL measurement when the
sample is heated. The interaction between shallow traps and optical stimulation leads to a
reduction in the measured TL dose, as charge is removed from these traps, which would
otherwise contribute to the TL response. This phenomenon is supported by the literature,
particularly the model proposed by Bøtter-Jensen et al. (1995) [46], which describes a
five-level band system: Level 1 (shallow electron traps), Level 2 (optically active traps),
Level 3 (deep electron traps), and Levels 4 and 5 (recombination centers). The shallow traps
(Level 1) are partially stable at irradiation temperatures and are highly sensitive to optical
exposure. When quartz is exposed to light (for example, during an OSL measurement), the
electrons in these shallow traps can be optically stimulated and released. This reduces the
number of trapped electrons available for subsequent thermoluminescence measurements.
Since optically active traps (Level 2) are emptied by optical exposure, electrons that would
have contributed to the TL signal (during heating) are no longer available for recombination
at the recombination centers (Level 4).

Because the TL signal depends on the release and recombination of electrons from
these traps, removing electrons from the shallow traps (which are responsible for the TL
peaks) reduces the overall signal intensity. This leads to a reduction in the measured TL
dose after optical exposure. The deep traps (Level 3) are not affected by optical exposure
and, therefore, do not directly influence the reduction of the TL dose. However, the
overall luminescence response is still influenced by the redistribution of charges in the
shallower traps.

Another important consideration in our work is that we started with a simple model
composed of quartz + calcite, excluding other “luminescent” minerals at this stage. How-
ever, the validity of this model is supported by the work of Krbetschek et al. (1997) [47],
which provides spectral information from minerals relevant to luminescence dating. This
work is foundational for stimulated luminescence dating. Based on this article, here are
some considerations made in our work: Feldspars, particularly plagioclase feldspars and
alkali feldspars, are the most influential minerals in terms of luminescence signal inten-
sity. However, the strongest signals occur in the blue-violet range (around 420 nm), while
weaker signals in the green (560–570 nm) are associated with plagioclase feldspars. Another
emission (700–750 nm) is linked to feldspars but occurs at emission temperatures below
200 ◦C.

Mica and clay minerals generally produce less intense luminescence signals compared
to feldspars. Emissions at higher wavelengths, such as red (700–750 nm) or yellow (650 nm),
are weak and do not constitute the main part of the signal. Mica can contribute to the red
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luminescence (700–750 nm), but this signal is only present at low temperatures (<200 ◦C)
and has limited intensity. Clay minerals, such as illite, kaolinite, and montmorillonite,
contribute only minimally to luminescence. While they can emit signals, these are much
weaker compared to those from quartz. Considering that we use a BG39 signal acquisition
filter operating between 390 nm and 600 nm, signals from other minerals are considered
negligible at this stage of the experiment.

4. Conclusions
The present study explores the thermoluminescent (TL) properties of quartz and

calcite, two prevalent minerals in environmental and archaeological contexts, employing
a detailed deconvolution approach. It evaluates the dosimetric responses of quartz and
calcite both individually and in mixed phases, determining their equivalent dose (ED)
distributions through experimental protocols and advanced analytical techniques.

This research demonstrates the effectiveness of TL signal deconvolution, combined
with the SAR protocol, in accurately measuring the equivalent dose absorbed by individual
minerals and their mixtures. The findings underscore the potential of this method for
dosimetric applications, particularly in analyzing complex mineral mixtures, such as
historical mortars, for their luminescent properties.

Moreover, the study emphasizes the importance of precise background subtraction and
addressing peak overlap to ensure accurate dose estimation in mixed-phase samples. These
results contribute valuable insights to the application of TL in cultural heritage research,
enhancing the precision and reliability of luminescence dating for historical mortars and
other composite materials.

As an original contribution, this method enables the separation of equivalent dose
contributions from quartz and other luminescent mineral fractions, such as calcite, within
mixed-phase signals. This capability provides a valuable tool for supporting OSL dating
of historical mortars and, by extension, historically significant buildings. The approach
represents a promising avenue for advancing the application of luminescence dating in
heritage conservation and archaeological research. Furthermore, while this study focuses
on dose ranges typically encountered in historical mortar dating, the methodology has
the potential to be expanded and optimized for other contexts. Future work could explore
different dose ranges to further refine and extend the methodology.

However, at this stage, it does not represent an alternative method to existing ones
for dating historical mortars using stimulated luminescence, but rather a guideline for the
creation of a supporting method for optically stimulated luminescence dating on quartz
extracted using single grain techniques.
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