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Introduction

Luminescence emission, stimulated in many materials by di�erent physical or
chemical interactions, has gained increasing scienti�c interest since the 1960s
due to its broad range of applications. Numerous physical models have been
developed to describe luminescence in laboratory-grown materials intentionally
doped with controlled impurities, allowing for theoretical predictions consis-
tent with experimental observations. In contrast, luminescence phenomena in
natural crystals remain di�cult to model due to the uncontrolled and often
unknown nature of their impurities and structural defects. Nonetheless, it is
still possible to interpret experimental results using phenomenological models.

The luminescence stimulated process can be separated into two distinct
phases. In the �rst phase, energy is absorbed by the luminescent material
from an external source of ionising radiation, driving the system into a non-
equilibrium state. During this stage, the free charge carriers generated (i.e.,
electrons and holes) may become trapped in metastable energy levels within the
band gap. In the second phase, the system returns to equilibrium upon stim-
ulation, which allows the trapped electrons to escape their metastable states
and recombine radiatively with holes, giving rise to luminescence emission.

When stimulation is thermal, the resulting emission is referred to as Ther-
moluminescence (TL); when the sample is exposed to a light source, the signal
is known as Optically Stimulated Luminescence (OSL). In both cases, the in-
tensity of the emitted signal depends on the population of the trapping levels,
which in turn is related to the total energy absorbed by the material. Con-
sequently, TL and OSL intensity in natural crystals is directly linked to the
absorbed dose, de�ned as the energy absorbed per unit mass.

One of the most signi�cant applications of luminescence phenomena is lu-
minescence dating, which allows the determination of the time elapsed since
a speci�c zeroing event that reset any luminescent signal. This method is
applied to a wide range of materials and contexts, including the last expo-
sure of ceramics, bricks, sediments, and burnt stones to heat or sunlight, as
well as the reconstruction of geological processes, archaeological occupation
phases, and the chronology of historical buildings. The principle underlying
these applications is the measurement of the absorbed dose, which accumu-
lates progressively after the resetting event and thus provides a direct means
to calculate the absolute time elapsed.

In luminescence dating, this absorbed dose corresponds to the radiation
dose accumulated by the material since the zeroing event. It is evaluated from
the intensity of the luminescence signal stored in the mineral phases, which act
as natural dosimeters. Their stimulated emission provides the measurable sig-
nal used to reconstruct the sample's exposure history. The minerals involved,
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such as quartz, feldspar, and calcite, are naturally present in the raw materials
used in the manufacture of ceramics and construction materials, occurring in
di�erent proportions. They record the energy deposited by ionising radiation
and are therefore regarded as natural dosimeters, as they store information
about the radiation dose absorbed since the last resetting event. The accumu-
lated energy is referred to as the palaeodose and originates mainly from the
decay of naturally occurring radionuclides such as 235U, 238U, 232Th, 40K, and
87Rb, in addition to the contribution from cosmic radiation. To determine the
time elapsed since the resetting event, it is necessary to evaluate the rate at
which this energy was absorbed, known as the annual dose rate (ḊR).

In the literature, the term palaeodose is often used interchangeably with
natural dose, both referring to the dose accumulated since the last e�ective
reset [1]. In practice, however, this quantity is not directly measured but
reconstructed experimentally through laboratory procedures that yield the so-
called equivalent dose (De). The equivalent dose corresponds to the amount of
radiation required, under controlled conditions, to reproduce a luminescence
signal equal to that observed in the natural state of the sample. In this thesis,
the term equivalent dose will be used to denote the experimentally derived
quantity employed in age calculation.

The present research is situated precisely within the framework of lumi-
nescence dating applied to historical buildings, with a speci�c focus on mortar
dating. Initial applications of luminescence dating targeted �red materials such
as bricks, whose high-temperature manufacture e�ectively resets the lumines-
cence signal in quartz and feldspar [2, 3]. Once incorporated into masonry,
the signal accumulates again, and the TL age re�ects the time since �ring.
Although bricks are abundant and well suited for dating, their reuse and un-
certainties related to heating or architectural modi�cations may compromise
the reliability of TL chronologies [4, 5, 6].

To address these limitations, OSL has been increasingly applied to con-
struction mortars. In lime-based mortars, the quartz grains contained in the
sandy aggregates are exposed to sunlight during preparation, and the �nal
daylight exposure before setting de�nes the zeroing event [7, 8, 9]. Once in-
corporated into the structure and shielded from light, the signal accumulates
again under environmental radiation, and the OSL age corresponds directly to
the construction phase. Unlike bricks, mortars cannot be reused once hard-
ened, which ensures a direct association between the luminescence signal and
the original building event, providing new opportunities for establishing the
chronology of architectural phases where archaeological or documentary evi-
dence is lacking.

Over time, OSL applied to mortars has gained recognition as a valuable
tool for absolute dating. A major challenge, however, is incomplete bleaching,
since not all quartz grains are fully reset during mortar preparation [10, 11].
Residual luminescence from earlier light exposures may lead to overestimation
of the De and thus of the calculated age. This results in wide De distribu-
tions, which are di�cult to resolve using conventional multigrain aliquots. The
adoption of small aliquots or single-grain OSL (SG-OSL) allows the identi�ca-
tion of the best-bleached grains and improves the reliability of age estimates
[12, 7]. SG-OSL has been successfully applied to mortars, providing consistent
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chronologies even in cases of low sensitivity and signi�cant dose dispersion
[13, 14]. Despite its advantages, no standardised protocol has yet been estab-
lished for SG-OSL applied to mortars, due to persistent methodological limi-
tations. These include the di�culty of selecting appropriate statistical models
for De estimation when dose distributions deviate markedly from Gaussian
behaviour, as well as the low luminescence sensitivity of some quartz fractions,
which often requires large numbers of single-grain measurements and signi�-
cantly increases analysis time [13]. Although SG-OSL is currently regarded as
the reference technique for mortar dating, its limitations highlight the need to
explore alternative luminescent components capable of recording the time of
construction through di�erent mechanisms.

In this context, particular attention has been directed to the carbonate frac-
tion of the binder, primarily composed of calcium carbonate (CaCO3), which
forms during the setting and hardening of lime mortars via the carbonation
process. Under ambient conditions, CaCO3 crystallises mainly as calcite, the
most stable polymorph, whose luminescent properties are at the core of the
present study [15, 16, 17]. Unlike quartz, whose signal resetting depends on
variable and often insu�cient sunlight exposure during mortar preparation, the
carbonate-related luminescence signal may be reset through thermal or chem-
ical processes directly linked to mortar manufacture. Speci�cally, zeroing may
occur either during high-temperature treatment of the raw materials or during
the in-situ crystallisation of CaCO3 within the binder during carbonation.

This work presents a preliminary experimental attempt to isolate and char-
acterise the TL signal associated with the carbonate fraction in historical mor-
tars, introducing a novel methodological approach aimed at distinguishing this
signal from the quartz contribution. The study explores the potential of the
carbonate phase as a possible chronometer for luminescence dating, a direc-
tion that has so far received little attention. In parallel, the thesis contributes
methodologically by addressing the procedures for equivalent dose determina-
tion, which remain a critical step in luminescence dating of complex materials
such as mortars.

The experimental work was carried out in two successive phases, designed to
progressively advance the development and testing of a TL-based approach for
mortar dating. In the �rst phase, controlled reference samples were prepared
and analysed in order to characterise the luminescent behaviour of quartz,
calcite, and their mixtures. Quartz and calcite were �rst investigated sepa-
rately through TL glow curve deconvolution, which allowed the identi�cation
of their characteristic peaks and the extraction of kinetic parameters. The
study was then extended to controlled mixtures of the two minerals, irradiated
with known doses, to assess the possibility of discriminating their respective
contributions within composite signals. This step provided the methodological
basis for isolating the carbonate fraction within the composite TL signal and
for studying its dosimetric behaviour.

In the second phase, the developed approach was applied to the dating
of archaeological mortars from the Roman bath complex of the Terme della
Rotonda in Catania, Italy. The De of quartz extracted from the mortars was
determined by SG-OSL and used as a reference chronology. In parallel, the TL-
based protocol was applied directly to unprepared mortars, with deconvolution

3



procedures employed to derive independent De estimates. The annual dose
rate (ḊR) was then determined and combined with the De values to obtain
absolute age estimates. The comparison of SG-OSL and TL chronologies under
real-case conditions provided a rigorous test of the proposed methodology,
demonstrating its potential to expand the methodological approaches available
for luminescence dating of complex building materials.

The experimental work was carried out at two research facilities. The
methodological development and TL measurements on reference and archae-
ological mortars were conducted at the PH3DRA laboratories (Physics for
Dating Diagnostics Dosimetry Research and Applications) of the University of
Catania, Italy, whereas the SG-OSL measurements and the annual dose rate
determinations on the samples from the Terme della Rotonda were performed
at the Archéosciences Bordeaux laboratory, Université Bordeaux Montaigne,
France.

The thesis is structured into four chapters, each advancing the investigation
of luminescence dating of mortars:

Chapter 1 establishes the theoretical foundations of luminescence phenom-
ena, focusing on the physical principles that govern the storage and release of
energy in crystalline materials exposed to ionising radiation. The mechanisms
of TL and OSL are presented in detail, including kinetic models used to inter-
pret glow curves. The chapter concludes with a discussion of the luminescent
properties of quartz and calcite, the two dosimetric phases investigated in this
thesis, highlighting their suitability for dating applications.

Chapter 2 provides the state of the art on luminescence dating, with speci�c
emphasis on its application to historical mortars. It reviews the conditions for
the applicability of the method and introduces the luminescence age equation
and its two key components: the equivalent dose (De) and the annual dose rate
(ḊR). The procedures for estimating De are discussed, including regenerative
protocols and the Single-Aliquot Regenerative-dose (SAR) method, as well as
the statistical models used to interpret heterogeneous dose distributions. The
second part addresses the determination of the annual dose rate, describing
the contributions of α, β, γ, and cosmic radiation, and the experimental ap-
proaches employed, such as high-resolution gamma spectrometry and in situ
dosimetry.

Chapter 3 presents controlled laboratory experiments on quartz, calcite,
and their mixtures, individually characterised through TL glow-curve decon-
volution to identify their characteristic peaks and kinetic parameters. Analysis
of mixed samples demonstrated the feasibility of isolating the carbonate com-
ponent and studying its behaviour with dose, thereby establishing a method-
ological basis for its potential use as an independent chronometer. The results
of this work are presented in the publication Discrimination of Thermolumi-
nescent Signals from Natural Quartz and Carbonate Crystals Mixture [18].

Chapter 4 applies the developed methodology to archaeological mortars
from the Roman bath complex of the Terme della Rotonda. The De of quartz
extracted from the mortars was determined by SG-OSL as a reference chronol-
ogy, while the TL-based deconvolution protocol was applied to unprepared
mortars to separate quartz and carbonate signals and derive independent De

estimates. These values, combined with annual dose rate determinations, al-
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lowed reconstruction of absolute ages. The direct comparison of SG-OSL and
TL chronologies under real-case conditions provides a rigorous validation of
the proposed approach and highlights its potential for luminescence dating of
complex heritage materials.

A comprehensive appendix is included in this thesis, providing the com-
plete analytical documentation of the TL investigations on the archaeological
mortars, including the full data analysis work�ow.
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1 Luminescence Physics

The present chapter establishes the theoretical foundations required to inter-
pret luminescence as a dating tool for crystalline materials exposed to ionising
radiation. Building on the general introduction, where the objectives and scope
of this thesis were outlined, the focus here is on the physical principles that
govern the storage and release of energy in minerals of dating interest.

The discussion begins with a general overview of luminescence, distinguish-
ing between �uorescence and phosphorescence, and then introduces the elec-
tronic structure of crystals with emphasis on the role of defects as trapping and
recombination centres. These concepts are essential for understanding how a
latent signal is created and preserved within natural dosimetric materials.

Subsequently, the theoretical basis of Thermoluminescence (TL) is pre-
sented in detail. Particular attention is given to the processes of thermal
release from metastable traps, the generation of glow curves, and their in-
terpretation through di�erent kinetic models. Since TL represents the core
technique applied in the experimental part of this thesis, this section provides
the framework for later analyses of glow curve structures and their deconvolu-
tion.

In addition, the theoretical aspects of Optically Stimulated Luminescence
(OSL) are introduced to provide the necessary basis for understanding its
application in the Single-Grain OSL (SG-OSL) technique on quartz grains.

The chapter concludes with a discussion of quartz and calcite, the two
minerals central to this research, highlighting their luminescent responses and
their suitability as natural dosimeters for dating purposes.

This theoretical background serves as the necessary foundation for the
methodological developments discussed in Chapter 2, where the principles in-
troduced here are applied to the study of historical mortars and their chrono-
logical assessment.

1.1 Introduction to luminescence phenomenon

Luminescence is the emission of light by a material as a result of non-thermal
excitation, and it can be triggered by a wide range of interactions, includ-
ing mechanical stress, chemical reactions, and ionising radiation. This phe-
nomenon has gained increasing relevance over the past �ve decades owing to
its wide range of applications in scienti�c and technological �elds, such as
dosimetry, materials science, archaeology, and geochronology [19, 20, 21].

Numerous theoretical models have been successfully developed to explain
the luminescence behavior of synthetic or highly controlled crystalline materi-
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als. These models are well supported by experimental evidence and allow reli-
able predictions of luminescence responses under laboratory conditions. How-
ever, when it comes to natural crystals, the situation becomes more complex.
Luminescence signals from naturally occurring materials often exhibit signi�-
cant variability and unpredictability, re�ecting the uncontrolled conditions of
their geological formation. As a result, a uni�ed and comprehensive theoretical
model that can describe their luminescence behavior remains elusive.

Nonetheless, some of the physical models originally formulated to describe
luminescence in controlled systems can still be applied to interpret experimen-
tal results from natural crystals. In this context, the objective of this chapter
is to present the theoretical foundations of the luminescence phenomenon, fo-
cusing in particular on those aspects that are relevant to the use of natural
minerals as dosimetric materials in dating applications.

The luminescence process applied in dating techniques can be described as
a sequence of two main stages. In the �rst stage, the material absorbs energy
from an external source. This input promotes electrons and holes and drives
the system into a non-equilibrium state, where charge carriers can become
trapped in metastable energy levels within the forbidden band gap of the crys-
tal lattice. In the framework of luminescence dating, the external source of
interest is ionizing radiation, responsible for the progressive accumulation of
trapped charges within the material over time. In the second stage, a stimu-
lation process supplies the energy required for the trapped electrons to escape
their traps and recombine radiatively with holes, thus leading to the emission
of photons.

If stimulation occurs by heating, the phenomenon is termed thermolumines-
cence (TL); if the stimulation is optical, the emission is referred to as optically
stimulated luminescence (OSL). In both cases, the intensity of the emitted
signal depends on the number of radiative transitions, which is determined
by the population of trapped charges. Consequently, the luminescence inten-
sity is directly related to the absorbed dose, de�ned as the amount of energy
deposited per unit mass since the last resetting event.

This chapter will therefore introduce the essential physical concepts under-
lying the luminescence phenomenon, followed by an overview of the principles
of TL and OSL dating. Particular attention will be given to the mechanisms
of energy absorption and storage, the processes of charge trapping and re-
combination, and the determination of the equivalent dose, key components
for understanding the methodological developments presented in the following
chapters. Finally, the luminescent properties of the main dosimetric materials
employed in this study will be discussed, providing the necessary background
for interpreting the experimental results described later in the thesis.

1.1.1 Luminescence and essential conditions for its oc-
currence

Luminescence is generally de�ned as the emission of electromagnetic radiation
resulting from a non-thermal excitation of atomic or molecular origin. This
distinguishes it from thermal radiation, in which the emitted energy originates
from heat. For this reason, luminescence is often referred to as cold light, in

7



contrast to incandescent light produced by thermal excitation [19]. Lumines-
cent materials are able to absorb energy, store a portion of it, and subsequently
convert it into light. These materials typically exhibit a crystalline structure.
When radiation interacts with the lattice, the energy can be reabsorbed or
re-emitted as light at a longer wavelength, in accordance with Stokes' law.
The emitted radiation usually lies in the visible range, although ultraviolet or
infrared emissions may also be observed depending on the properties of the
material.

Di�erent types of luminescence are categorized according to the source of
excitation: photoluminescence, cathodoluminescence, chemiluminescence, bio-
luminescence, and triboluminescence, corresponding to excitation by photons,
electrons, chemical reactions, biochemical processes, and mechanical stress, re-
spectively. The type of luminescence relevant to this work is that induced by
ionising radiation, which provides the physical basis for dating archaeological
materials.

The emission lifetime tc allows a broad classi�cation into �uorescence,
where tc < 10−8 s, and phosphorescence, where tc > 10−8 s [22, 23]. Fluo-
rescence occurs simultaneously with irradiation and ceases immediately once
the source is removed, whereas phosphorescence is characterized by a delay
between excitation and maximum emission intensity tmax, and it persists after
irradiation ends (Fig. 1.1).

Figure 1.1: Temporal relationship between the excitation source and emission for �uores-
cence and phosphorescence. T0 is the temperature at which irradiation occurs, tmax is the
time of maximum emission intensity, and tr is when irradiation ends and phosphorescence
decay begins. Adapted from [19].

The energy states in a solid, as described by band theory, originate from the
discrete energy levels of isolated atoms or ions. When atoms form a solid, their
energy levels broaden into bands: the valence band (V ), �lled with electrons
at absolute zero, and the conduction band (C), typically empty in insulators.
The energy di�erence between them, the band gap, de�nes the electronic and
optical properties of the material. Within this scheme, the Fermi level EF plays
a central role, representing the energy at which the probability of occupation
by an electron is 50% at thermal equilibrium. In insulators, the Fermi level lies
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inside the band gap, providing a reference for the energetic position of defect
states and determining their tendency to capture or release charge carriers. In
the context of luminescence, it is therefore essential for evaluating the stability
and occupancy of traps and recombination centers that govern the emission
process.

In real crystals, however, the ideal band structure is perturbed by the
presence of structural imperfections and impurities, which introduce localized
energy states within the band gap. The nature of these defects can be very
diverse and, in the case of natural minerals, their exact identi�cation often
remains uncertain, making it di�cult to determine which speci�c centers are
responsible for the observed luminescence.

In real crystalline solids, luminescence can arise from di�erent mechanisms
of excitation energy transport. Two main processes are generally consid-
ered: the migration of excitons, i.e. bound electron�hole pairs that propagate
through the lattice, and the migration of free charge carriers, namely electrons
and holes that move before being captured by trapping or recombination cen-
ters. Although both mechanisms may occur, in natural crystalline solids of
dosimetric relevance the dominant process is ionization, which separates elec-
trons from their lattice sites and creates complementary vacancies known as
holes.

During irradiation, electrons may be promoted to the conduction band
and subsequently captured in localized defect states. Upon stimulation, the
trapped charges may be released, return to the conduction band, and recom-
bine at luminescence centers, giving rise to the emission of photons. Lumines-
cence in a sample can thus be described as a two-step process: (1) induction,
where ionising radiation generates free electrons and holes, most of which re-
combine instantly but a fraction of which di�use and become trapped at defect
sites; and (2) stimulation, where trapped charges are released and subsequently
recombine at speci�c sites capable of radiative transitions.

Defect states can play di�erent roles in this process. On the one hand,
electron traps and hole traps store charge carriers until they are released by
stimulation. On the other hand, recombination centers (or luminescent cen-
ters) are the sites where radiative recombination takes place, and they can be
further classi�ed as electron centres or hole centres depending on the type of
carrier involved. A schematic representation of these defect states, together
with the valence band, conduction band, and the Fermi level at absolute zero,
is shown in Figure 1.2. In this speci�c condition, all electrons occupy states
in the valence band below the Fermi level, while the conduction band remains
empty. This schematic representation provides a conceptual framework for
understanding how traps and recombination centres are distributed within the
band gap, and how their energetic position relative to the Fermi level deter-
mines their role in charge storage and radiative recombination.

The TL signal generated during stimulation is therefore proportional to
the number of trapped charge carriers available for recombination, providing
a direct link between trap occupancy and luminescence intensity. A schematic
representation of the distribution of traps, recombination centers, and the
Fermi level in an insulator at absolute zero is shown in Figure 1.2.

The stability of a trap is determined by its depth or activation energy,
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Figure 1.2: Schematic representation of energy levels in an insulator at absolute zero.
The diagram shows electron and hole traps, as well as recombination centres, in relation
to the valence band (EV ), conduction band (EC), and the Fermi level (EF ). At T = 0 K,
all electrons occupy states in the valence band below the Fermi level, while the conduction
band remains empty. Recombination centres are drawn in the middle of the band gap only
schematically, to emphasize their role as radiative recombination sites, without a precise
energetic position. Adapted from [19].

which represents the energy required to release the trapped carrier. Shallow
traps correspond to short-lived states and are associated with phosphorescence,
whereas deeper traps may retain charges for extremely long timescales, up to
hundreds or thousands of years under natural conditions. It is precisely these
long-lived traps that are responsible for the luminescence signal of interest in
dating applications.

When stimulation is provided by heat, the resulting emission is termed
TL, whereas stimulation by photons produces OSL. Both phenomena originate
from the same fundamental mechanism of charge trapping and recombination,
di�ering only in the nature of the stimulation.

Luminescence

Fluorescence
(tc < 10−8 s)

Phosphorescence
(tc > 10−8 s)

Short-period
Phosphorescence

(10−8 s < tc < 10−4 s)

Long-period
Phosphorescence
(tc > 10−4 s)

TL OSL

Figure 1.3: Schematic classi�cation of luminescence phenomena based on emission time
and stimulation type.

Over the past decades, TL has retained a central role despite the more
recent and widespread di�usion of OSL. TL remains a fundamental technique,
o�ering not only a reliable dating tool but also essential insights into the
trapping and recombination processes that govern luminescence.
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1.2 Thermoluminescence and theory of the glow
curves

An electron con�ned in a trap within the crystal lattice can be conceptually
compared to a ball resting at the bottom of a gravitational potential well. The
depth of the trap depends on the speci�c nature of the defect structure and
represents the binding energy of the charge carrier (either an electron or a
hole) to the defect site within the lattice. Only when su�cient thermal energy
is provided can the carrier escape from the trap, in analogy to a ball that must
overcome the potential barrier to leave the well.

During thermal stimulation, traps with di�erent depths release their charge
carriers at di�erent temperatures. The resulting light emission, plotted as a
function of temperature, produces the characteristic TL signal pro�le known
as a glow curve. This curve is the superposition of several glow peaks, each
associated with a speci�c trap population. In practice, the glow curve of
a typical luminescent material is composed of multiple contributions, some
of which are well resolved while others overlap, re�ecting the coexistence of
di�erent trap types.

A typical thermoluminescence glow curve is shown in Figure 1.4. The shape
of the curve re�ects the combined e�ect of traps with di�erent activation en-
ergies, while the intensity of the emission depends on the balance between
thermal release, retrapping, and recombination probabilities. The separation
of individual components, each corresponding to a speci�c trap, requires de-
convolution procedures that will be discussed later in Chapter 3.

Figure 1.4: Example of a TL glow curve recorded from quartz. The observed peaks at
di�erent temperatures re�ect the presence of traps with di�erent activation energies. The
intensity and shape of each peak depend on the balance between thermal release, retrapping,
and recombination probabilities. Adapted from [24].

In the following discussion, the analysis is restricted to the case of an iso-
lated single glow peak. This simpli�cation implies that the emission originates
from a population of traps of a single kind, characterized by a uniform trap
depth.
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Consider a population of electrons con�ned in such defects, commonly re-
ferred to as �lled traps. At low temperatures, these electrons occupy the ground
state of the trap, located at an energy E below the conduction band minimum.

The probability of �nding an electron at an energy ∆E above the ground
state at a given temperature T is governed by the Boltzmann distribution:

n

n0

= exp

(
−∆E

kT

)
, (1.1)

where n0 is the total number of trapped electrons and n is the number of
electrons with energy ∆E above the trap minimum. Of particular interest is
the fraction of electrons that reach an energy equal to the trap depth E, since
these are the carriers that can escape into the conduction band and contribute
to TL upon recombination. For a trap depth of 1 eV at room temperature,
this fraction is of the order of 10−13.

Although such a probability is extremely small, traps can nevertheless be
emptied e�ciently due to the high frequency at which escape attempts occur.
This e�ect is expressed by the term

p = s exp

(
− E

kT

)
, (1.2)

where s is the frequency factor, corresponding to the lattice vibrational
frequency. The parameter p represents the probability per unit time for an
electron to escape from the trap.

At any given instant only a small fraction of the trapped electron pop-
ulation acquires, through thermal �uctuations, an energy comparable to the
trap depth, enabling them to be thermally released into the conduction band.
Once these carriers escape, the system rapidly re-establishes thermal equilib-
rium: the remaining trapped electrons redistribute their energies according to
the Boltzmann distribution, and a new fraction attains the energy required for
release.

This process is inherently dynamic. At each in�nitesimal time interval, a
subset of carriers is thermally excited and released, while the rest of the popu-
lation re-adjusts to equilibrium. As the temperature increases, the probability
of reaching the activation energy grows, thereby accelerating the release rate
and leading to the progressive emptying of the traps.

This cumulative mechanism explains how thermoluminescence emission can
occur e�ciently even when the instantaneous escape probability for individual
carriers is extremely low. It also highlights the combined importance of the
trap depth (activation energy) and the frequency factor in governing the ki-
netics of TL emission. A more detailed analysis of the role and interpretation
of the frequency factor is presented in the following section.

1.2.1 Frequency factor

The thermal release of an electron from a trap of depth E involves a two-
step process. First, the electron must be thermally excited to an energy level
approximately E above the trap ground state. The fraction of electrons in the
trap population that acquires such energy is given by the Boltzmann factor
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exp(−E/kT ). However, even after reaching this energy, the electron is not
immediately free: it may either fall back into the trap or successfully transition
into the conduction band under the in�uence of continued thermal agitation.

The probability per unit time that an electron in the excited state will
escape into the conduction band is quanti�ed by the frequency factor s. In
general, any transition rate depends on three parameters: (i) the number of
available �nal states in the conduction band, (ii) the thermal velocity of the
electron, and (iii) the transition cross-section. These factors combine to give:

s = Ncσv, (1.3)

where Nc is the e�ective density of states in the conduction band (cm−3),
v is the average thermal velocity of electrons (cm s−1), and σ is the transition
cross-section (cm2). The product Ncσv therefore has units of s−1 and expresses
the number of attempts per second that a thermally activated electron makes
to escape from the trap into the conduction band. Typical values for s lie in the
range 1012�1014 s−1, comparable to the lattice vibrational (Debye) frequency.

The parametersNc and v exhibit an explicit temperature dependence, given
by:

Nc = 2

(
2πm∗kT

h2

)3/2

, (1.4)

v =

(
3kT

m∗

)1/2

, (1.5)

where m∗ is the e�ective electron mass, k is Boltzmann's constant, and h
is Planck's constant.

The transition cross-section σ has also been shown to vary with temper-
ature, with an approximate dependence of T−3/2 proposed by Lewandowski
and McKeever [25]. Combining these relations gives the overall temperature
dependence of the frequency factor:

s ∝ T 1/2. (1.6)

Despite this dependence, the value of s remains very large, typically of the
order of 1013 s−1. Consequently, over the temperature interval relevant to TL
glow curve measurements (approximately 300�700 K), its variation is small,
and it is generally acceptable to treat s as constant.

Finally, according to the principle of detailed balance, the probability that
an electron escapes from a trap into the conduction band is equal to the proba-
bility of the reverse process, namely the capture of a conduction-band electron
back into the trap. This implies that the cross-section σ is the same for both
directions of the transition [26].

1.2.2 Thermoluminescence models

The interpretation of thermoluminescence glow curves relies on theoretical
models that describe the kinetics of trap depopulation and charge recombina-
tion during thermal stimulation. The most widely adopted framework is the
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one-trap one-recombination-center (OTOR) model, which considers a single
electron trap and a single recombination center. Depending on the balance
between recombination and retrapping probabilities, di�erent kinetic regimes
can be derived from this general scheme.

The �rst formulation was given by Randall and Wilkins, who assumed
negligible retrapping. This limiting case of the OTOR scheme leads to �rst-
order (FO) kinetics, where the luminescence intensity depends solely on the
rate of trap emptying and is independent of the initial trap �lling. Garlick and
Gibson extended the model by including competitive retrapping, giving rise to
second-order (SO) kinetics, another special case of the OTOR model in which
the glow curve shape depends on trap occupancy.

To cover conditions that fall between these two extremes, May and Par-
tridge proposed the General Order Kinetics (GOK) model. This empirical
formalism provides a uni�ed expression that includes FO and SO as limiting
cases and allows for intermediate or non-integer kinetic orders. The GOK
model has therefore become a versatile tool for analyzing experimental glow
curves, particularly in natural minerals where idealized conditions are rarely
met.

In this thesis, the GOK model will be adopted to perform deconvolutions of
the thermoluminescence glow curves of the studied materials. This approach
allows the kinetic parameters of the individual peaks to be extracted, providing
quantitative insight into the trapping and recombination processes that control
the luminescent response of these minerals.

1.2.2.1 One Trap One Recombination center (OTOR) model

A simpli�ed energy-level model describing thermoluminescence emission in-
volves one type of electron trap and one type of hole recombination cen-
ter. This con�guration, known as the One Trap One Recombination center
(OTOR) model, is schematically illustrated in Figure 1.5 [27]. During irradi-
ation, traps and recombination centers are �lled with electrons and holes, re-
spectively. Upon heating, electrons are thermally released into the conduction
band and can either recombine radiatively at recombination centers (emitting
luminescence) or fall back into empty traps, a process known as retrapping.

The OTOR model represents the fundamental framework of TL theory,
since it incorporates the essential processes that govern luminescence: charge
trapping during irradiation, thermal release of carriers, and their subsequent
recombination. Despite its simplicity, this model captures the key competition
between retrapping and recombination, and provides the basis from which more
elaborate kinetic models, such as the �rst-order, second-order, or general-order
formalisms, can be derived. For this reason, OTOR is regarded as the principal
reference model for interpreting thermoluminescence kinetics. The dynamics
of the described system are governed by three fundamental rates:

� Excitation rate:

Rex = ns exp

(
− E

kT

)
(1.7)

� Retrapping rate:
Rret = ncAn(N − n) (1.8)
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Figure 1.5: Schematic representation of the One Trap One Recombination center (OTOR)
model. During irradiation (left), electrons are excited from the valence band to the con-
duction band and subsequently trapped at electron traps, while holes are captured by hole
traps. Upon heating (right), the electrons are thermally released from the traps and may
recombine with holes at recombination centers, emitting thermoluminescence (TL). Adapted
from [20].

� Recombination rate:
Rrec = ncAhh (1.9)

In these expressions, n and N denote the concentration of �lled and total
active traps, h the concentration of available recombination centers, nc the
concentration of free electrons, and E the trap depth. The coe�cients An and
Ah depend on the respective electron capture cross-sections and the thermal
velocity t in the conduction band: An = σnt, Ah = σht.

Assuming quasi-equilibrium conditions, where all free electrons quickly re-
lax either by retrapping or recombination, the fraction F of excited carriers
contributing to luminescence is given by:

F =
Rrec

Rrec +Rret
(1.10)

This fraction depends on the competition between retrapping and recombi-
nation. In more complex models, additional non-radiative relaxation pathways
(e.g., deep trap recapture) would modify the denominator of Equation 1.10,
altering the luminescence e�ciency.

Before discussing the details of the di�erent kinetic models, it is useful to
introduce the main geometrical parameters that describe the shape of a ther-
moluminescence (TL) glow peak. These quantities, illustrated in Figure 1.6,
provide a practical framework for characterizing TL curves and will serve as
a reference for a clearer understanding of the theoretical models presented in
the following sections.

As shown in the �gure, the maximum intensity of the peak is denoted by
Im, while the corresponding temperature is indicated as Tm. The peak width
at half of the maximum intensity de�nes the full width at half maximum (ω),
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which is a measure of the overall broadening of the glow peak. The high-
temperature half-width (δ) corresponds to the distance between Tm and the
point on the descending part of the curve at which the intensity drops to half
of Im. These parameters are not only descriptive but also form the basis for
calculating dimensionless factors, such as the shape factor µ = δ/ω, which are
widely used to distinguish between di�erent kinetic orders of TL processes.

Figure 1.6: De�nition of the main parameters used to describe a TL glow peak: Im is
the peak intensity, Tm the temperature at which the peak occurs, ω the full width at half
maximum (FWHM), and δ the high-temperature half-width. These quantities are used to
calculate geometrical factors such as the shape factor µ = δ/ω, commonly employed in
kinetic analysis. Adapted from [28].

1.2.2.2 Randal and Wilkins model

The Randall and Wilkins model (RW) represents the simplest case of thermo-
luminescence (TL) emission, based on the one trap one recombination center
(OTOR) scheme [27, 29]. The model assumes negligible retrapping, i.e., all
thermally released electrons recombine radiatively. Under these conditions,
the fraction F of excited carriers that contribute to luminescence is equal to
1, and the TL intensity I is directly proportional to the excitation rate Rex:

I = cRex = cns exp

(
− E

kT

)
(1.11)

Assuming linear heating with constant rate β = dT
dt
, the trap depopulation

follows:

dn

n
= −

(
s

β

)
exp

(
− E

kT

)
dT (1.12)

Integrating this relation yields the time-dependent trap population n(T ),
which leads to the TL intensity as a function of temperature:
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I(T ) = n0s exp

(
− E

kT

)
exp

[
−
∫ T

T0

(
s

β

)
exp

(
− E

kT ′

)
dT ′

]
(1.13)

The glow curve generated by this model exhibits �rst-order (FO) kinetics. The
main features and dependencies of the glow curve are:

� E�ect of trap depth E: As E increases, the peak temperature Tm shifts
to higher values. This is due to the greater thermal energy required to
release more strongly bound charges. The peak becomes broader and
shifts rightward, as shown in Figure 1.7.

� E�ect of frequency factor s: An increase in s leads to an earlier
release of charges, thus lowering Tm and narrowing the peak width ω.
This behavior is depicted in Figure 1.8.

� E�ect of heating rate β: Increasing β causes Tm to shift to higher
temperatures and increases the peak height. However, the peak area
remains constant if normalized by β, as shown in Figure 1.9.

� E�ect of initial trap �lling n0: The peak temperature Tm and shape
remain unchanged with di�erent values of n0. Only the peak intensity
scales proportionally with n0, making the model suitable for dosimetric
applications where intensity is proportional to radiation dose.

1.2.2.3 Garlick and Gibson model

The Garlick and Gibson (GG) model re�nes the Randall�Wilkins (RW) ap-
proach by including retrapping of electrons [30]. Still based on the OTOR
framework, it assumes that upon thermal excitation, the electron can either
recombine radiatively at a recombination center or be retrapped in a vacant
trap.

The recombination fraction F is:

F =
Ahn

Ahn+ An(N − n)
(1.14)

In the special case Ah = An, this simpli�es to F = n
N
. Consequently, the

TL intensity becomes:

I(T ) = −dn

dt
=

( n

N

)
ns exp

(
− E

kT

)
=

n2

N
s exp

(
− E

kT

)
(1.15)

Assuming constant heating (dT/dt = β), the glow curve follows:

I(T ) = n2
0

s

N
exp

(
− E

kT

)[
1 +

n0s

βN

∫ T

T0

exp

(
− E

kT ′

)
dT ′

]−2

(1.16)
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Figure 1.7: E�ect of trap depth E on TL glow curve: (a) shift of peak with increasing E;
(b) linear relationship between Tm and E. Adapted from [20].
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Figure 1.8: E�ect of frequency factor s on TL glow curve: (a) shift of peak to lower T
with increasing s; (b) logarithmic dependence of Tm on s. Adapted from [20].
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Figure 1.9: E�ect of the heating rate β on the shape and intensity of TL glow curves. The
�gure shows glow curves recorded at β = 2K/s and β = 4K/s plotted as: (a) TL intensity
versus time, (b) TL intensity versus temperature, and (c) normalized TL intensity (I/β)
versus temperature. As β increases, the glow peak becomes sharper and shifts to higher
temperatures, with a corresponding increase in peak intensity. However, when normalized
by β, the area under the curve remains conserved, in agreement with �rst-order kinetics.
Input parameters: E = 1.1 eV, s = 1011 s−1, and n0 = 1023m−3. Adapted from [20].
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The e�ect of the initial trap occupancy ratio n0/N on the shape of the glow
curve is illustrated in Figure 1.10. As the relative dose decreases, i.e., for lower
n0/N , the TL peak shifts to higher temperatures and becomes broader, while
the peak intensity diminishes. This behavior is characteristic of second-order
(SO) kinetics and contrasts with the �rst-order case, where the peak position
and shape remain independent of dose.

Figure 1.10: Glow curves predicted by the Garlick�Gibson model (second-order kinetics)
for di�erent values of the ratio n0/N . The trap parameters are E = 1 eV, s = 1012 s−1,
and β = 1Ks−1. Curves 1�5 correspond respectively to n0/N = 1, 10−1, 10−2, 10−3, 10−4,
with intensities of curves 2�5 scaled by factors 10, 102, 103 and 104 for clarity. The �gure
illustrates the shift of the glow peak to higher temperatures and its progressive broadening
as n0/N decreases. Adapted from [20].

This behavior characterizes second-order (SO) kinetics TL. Key e�ects in-
clude:

� The glow peak decays more gradually post-maximum compared to the
�rst-order model.

� For �xed E, s, and β, the peak temperature Tm is slightly higher in SO
than in FO, except when traps are saturated (n0 ≈ N).

� Reducing the ratio n0

N
(dose lower relative to trap capacity) results in glow

peaks that are shifted to higher Tm and become broader; both width
and asymmetry increase�a contrast with FO kinetics, where shape is
independent of dose.

� Dependencies on E, s, and β qualitatively mirror those in the FO case,
such as Tm increasing with E or β.

1.2.2.4 General order kinetic (GOK) model

The General Order (GO) kinetic model, proposed by May and Partridge [31],
extends the classical �rst- and second-order kinetics by introducing a general-
ized expression for TL intensity that can describe all intermediate cases. The
TL intensity is de�ned as:
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I = −dn

dt
= s′nb exp

(
− E

kT

)
(1.17)

where s′ is an empirical pre-exponential factor and b is the kinetic order.
The model reduces to �rst-order (FO) kinetics for b = 1, and to second-order
(SO) kinetics for b = 2. Intermediate or non-integer values of b describe non-
FO/SO behaviors.

Upon solving the di�erential equation, the TL intensity as a function of
temperature becomes:

I(T ) = sn0

(n0

N

)b−1

exp

(
− E

kT

)[
s(b− 1)

β

(n0

N

)b−1
∫ T

T0

exp

(
− E

kT ′

)
dT ′ + 1

]− b
b−1

(1.18)
where N is the total trap concentration, n0 is the initial trap occupancy, β

is the heating rate, and s is the frequency factor.
A more compact formulation of Eq. 1.18 can be obtained by introducing

the condition for the temperature of maximum intensity, Tm. At the peak
temperature Tm, the condition for maximum intensity is given by

(
dI
dT

)
Tm

= 0.
This condition leads to a relation that links the kinetic parameters E, s, β,
and the kinetic order b with the peak maximum temperature Tm.

By combining this relation with the general solution of Eq. 1.18, the TL
intensity can be rewritten in a normalized form that depends explicitly on
the maximum intensity Im and peak position Tm. The resulting expression,
derived by Kitis et al. [32], is:

I(T ) =

Im b

(b− 1) b−1
exp

(
E
kT

T−Tm

Tm

)
[
(b− 1)

(
1− 2kT

E

) (
T
Tm

)2
exp

(
E
kT

T−Tm

Tm

)
+ 1 + (b− 1)2kTm

E

] b
b−1

(1.19)

Equation 1.19 represents a solution for the general order kinetic model
that directly incorporates the peak maximum parameters. This formulation
is particularly useful in practical �tting procedures, since the intensity at any
temperature can be expressed in terms of measurable quantities such as Im
and Tm, while the shape of the glow curve is controlled by the kinetic order b
and the activation energy E.

The evolution of TL glow curves with varying parameters reveals several
key trends:

� Kinetic order b: As b increases, the glow peaks become broader and
shift to higher temperatures. This behavior re�ects an increased proba-
bility of retrapping, which delays the complete release of trapped charges.
The peak shape factor µ = δ/ω, already de�ned in Figure 1.6, increases
monotonically with b [20].
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� Trap occupancy n0/N : Lower values of n0/N , corresponding to low
dose conditions, result in a shift of the glow peak Tm towards higher tem-
peratures and broader peaks. This shift does not occur in FO kinetics,
providing a practical criterion to distinguish FO from non-FO peaks.

� Pre-exponential factor s′: The parameter s′ is not an independent
constant but depends on both b and N . It can be related to the standard
frequency factor s by the empirical relation [33]:

s′ =
s

N b−1
(1.20)

which leads to an alternative expression for TL intensity:

I =
( n

N

)b−1

ns exp

(
− E

kT

)
(1.21)

Figure 1.11 illustrates the evolution of glow curves computed for various
values of b and n0/N . A clear trend of peak broadening and shift to higher
temperatures is observed as b increases and n0/N decreases.

Figure 1.11: Simulated glow curves based on the General Order kinetics model for di�erent
values of kinetic order b and trap occupancy n0/N . Adapted from [20].

The GOK model thus provides a �exible theoretical framework that can
accommodate a wide range of TL behaviors, o�ering a more comprehensive
tool for �tting and interpreting experimental glow curves, especially in cases
where retrapping plays a signi�cant role.
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1.3 Optically Stimulated Luminescence (OSL)

In this thesis, OSL is introduced in direct connection with the single-grain
measurements on quartz, which will be described in detail in Chapter 4. Only
the essential theoretical concepts are presented, as they provide the basis for
interpreting OSL curve shapes and for understanding the principles underly-
ing the SG-OSL dating protocol. The discussion is therefore focused on the
key processes of optical stimulation, charge release, and recombination, which
together de�ne the theoretical framework required for the subsequent experi-
mental application.

OSL is governed by the same fundamental processes as TL, with the key
distinction that the stimulation energy in OSL is provided by photons instead
of thermal energy. In practice, the sample is stimulated with light of a speci�c
wavelength, while the luminescence emission is detected at a di�erent, usually
shorter, wavelength. Both techniques rely on the presence of trapped charge
carriers and their recombination at luminescent centers. However, it is not
guaranteed that the same defect centers participate in both processes in a
given material [34].

Optical transitions between localized defect levels and delocalized energy
bands provide the physical basis for the stimulation of radiation-induced trapped
charges, giving rise to OSL. This process occurs when a photon of suitable en-
ergy interacts with a trapped charge, promoting it to the conduction band
(for electrons) or to a localized level in the valence band (for holes). Once in
the delocalized band, the charge may recombine radiatively with an oppositely
charged center or be retrapped by an empty defect site. In this way, an OSL
signal is generated, whose intensity is proportional to the number of trapped
charges available for release under optical stimulation, and to the probabil-
ity of their recombination at luminescent centers. Under constant stimulation
conditions, the OSL intensity thus re�ects the progressive depletion of the trap
population, linking the signal to the absorbed radiation.

1.3.1 OSL model

Several models have been proposed to describe the luminescence decay curves
obtained during OSL measurements, depending on the number and type of
traps and recombination centers considered. A comprehensive treatment of
these models can be found in Chen and Pagonis [27]. In the framework of
this thesis, the analysis is restricted to the simplest case, namely a model
with a single electron trap and a single recombination center. The discussion
is further limited to the continuous-wave OSL (CW-OSL) stimulation mode,
in which the sample is illuminated with light of constant intensity and the
luminescence emission is recorded during stimulation [35]. The luminescence
signal is observed to decrease progressively with stimulation time as the opti-
cally sensitive traps are emptied, until a constant background level is reached.
The resulting decay curve constitutes the characteristic CW-OSL signal, which
is routinely monitored from the onset of illumination until this background is
established.

An example of a typical CW-OSL decay curve is shown in Figure 1.12,
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where the exponential decrease of the signal towards a stable background can
be clearly observed.

Figure 1.12: Example of a CW-OSL decay curve obtained from a sedimentary quartz
sample. The curve shows the characteristic exponential decrease of luminescence intensity
as the optically sensitive traps are progressively emptied, until a stable background level is
reached. Inset: the same data plotted on a logarithmic scale to highlight the exponential
behaviour. Adapted from [12].

1.3.1.1 One trap and one recombination center model

In this model, a single type of electron trap and a single type of radiative
recombination center are considered. Upon optical stimulation, electrons are
released from traps into the conduction band with probability per unit time:

p = σ(λ)ϕ, (1.22)

where σ(λ) is the photoionisation cross-section, which quanti�es the prob-
ability that a photon of suitable energy will release an electron from its trap,
and ϕ is the photon �ux of the stimulating light. The photon �ux is de�ned
as the number of photons incident per unit area and per unit time (pho-
tonsm−2 s−1). Under CW-OSL conditions, ϕ is assumed to remain constant
during the measurement, corresponding to a stimulation at constant light in-
tensity. The value of σ depends strongly on the photon energy and exhibits
a threshold behaviour: below a certain energy Et, photoionisation is not pos-
sible, while above the threshold the probability of transition increases with
increasing photon energy.

If n denotes the instantaneous population of trapped electrons, the detrap-
ping rate is:

dn

dt
= −pn. (1.23)

The rate at which electrons get trapped (or retrapped) in the trap T is
proportional to the concentration of electrons in the conduction band and to
the concentration of available trapping sites in the trap, i.e.:

dn

dt
= ptnc(N − n), (1.24)
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where pt is the trapping probability, nc is the concentration of electrons in
the conduction band, N is the total concentration of electron traps, and n is
the concentration of �lled traps.

The recombination rate (i.e., the transition rate of electrons from the con-
duction band to the recombination center R) is proportional to the concentra-
tion of electrons in the conduction band and to the concentration of available
holes h in the recombination center, so that:

dh

dt
= −prnch, (1.25)

where pr denotes the recombination probability.
The rate equations that describe the tra�c of electrons between the con-

duction band, traps, and recombination centers are therefore:

dnc

dt
= −dnu

dt
− dn

dt
− dh

dt
= pn− ptnc(N − n)− prnch, (1.26)

dn

dt
= −pn+ ptnc(N − n), (1.27)

dh

dt
= −prnch, (1.28)

where dnu/dt is the detrapping rate from the trap T under optical stimu-
lation [Eq. 1.23].

If it is assumed that all holes created in the initial ionisation process are
trapped in recombination centers, then the following condition holds:

n+ nc = h, (1.29)

which is the well-known charge neutrality condition.
In this model, the OSL intensity IOSL (photons/s) is equal to the rate at

which recombination occurs:

IOSL(t) = −dh

dt
= −dnc

dt
− dn

dt
≈ −dn

dt
, (1.30)

where the quasi-equilibrium approximation has been assumed, i.e. nc ≪ n
(the concentration of electrons in the conduction band is much smaller than
the concentration of trapped electrons), and |dnc/dt| ≪ |dn/dt|.

Under these conditions, an approximate expression for the OSL intensity
can be derived as:

IOSL(t) ≈ pn

(
1− pt(N − n)

prh+ pt(N − n)

)
. (1.31)

This expression is referred to as the General One-Trap (GOT) equation for
OSL [36].

26



1.3.1.1.1 CW-OSL decay curve If retrapping is assumed to be negligi-
ble, i.e. prh ≫ pt(N − n), the General One-Trap (GOT) equation reduces to
a �rst-order di�erential equation:

IOSL(t) = −dn

dt
= pn, (1.32)

whose solution yields a simple exponential decay:

IOSL(t) = I0 exp

(
− t

τ

)
, (1.33)

where I0 is the initial intensity of the OSL signal at t = 0 and τ is the
characteristic decay time, given by (σ(λ)ϕ)−1 with ϕ the photon �ux of the
stimulation light.

In real materials, however, the situation is more complex. Natural quartz,
for example, typically contains more than one type of optically active trap,
each with a di�erent photoionisation cross-section. Since all traps are stim-
ulated simultaneously under CW-OSL conditions, the measured signal is not
described by a single exponential but can be represented as a sum of exponen-
tials:

IOSL(t) =
m∑
i=1

I0i exp

(
− t

τi

)
, (1.34)

where m is the number of distinct trap populations, each associated with
a characteristic lifetime τi and initial intensity I0i.

Figure 1.13: Decomposition of a CW-OSL decay curve from quartz into exponential com-
ponents. The fast component dominates the early part of the decay and corresponds to
easy-to-bleach traps, while medium and slow components represent progressively harder-to-
bleach traps that may retain residual charges even after prolonged stimulation. Adapted
from [37].

Traps associated with the fast component are generally referred to as easy to
bleach, because they are emptied rapidly upon optical stimulation and are most
likely to be completely reset during exposure to daylight. These traps dominate
the initial part of the OSL decay and provide the most reliable dosimetric
information. Conversely, slow components correspond to hard to bleach traps,
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which release charge only gradually and may retain a residual signal even after
extended stimulation. This residual must be carefully accounted for, since it
can bias equivalent dose determinations. An intermediate medium component
is also often observed, with properties between the two extremes.

Although the multi-exponential formalism provides a practical descrip-
tion of CW-OSL curves, it relies on the assumption of negligible retrapping.
When retrapping is signi�cant, the decay becomes slower than exponential and
higher-order kinetics must be invoked. Moreover, the presence of optically in-
active traps (σ = 0) introduces additional competition, further modifying the
decay shape [34].

1.4 Quartz as a natural dosimeter

In the framework of the present thesis, one of the main materials under in-
vestigation is quartz, which is widely recognised as one of the most important
natural dosimeters in luminescence dating [38]. Like a few other minerals,
quartz has the ability to record the amount of ionising radiation to which it
has been exposed, storing it as a latent signal within its crystal lattice. For
this latent signal to be useful as a dosimeter, it must be reset by speci�c en-
vironmental events, such as exposure to daylight, or heating, thereby de�ning
a reproducible zeroing point. Once reset, quartz begins to accumulate a new
luminescence signal, which provides a measurable record of the subsequent
radiation history of the material [39].

The latent signal stored in quartz can be accessed through di�erent tech-
niques, among which TL and OSL have gained particular relevance. These
two approaches are complementary and represent the most widely employed
techniques for quartz in archaeological applications, providing powerful and
versatile tools for reconstructing the chronology of archaeological contexts and
historical buildings.

For this reason, the following sections present in detail the TL and OSL
properties of quartz, which form the theoretical basis for their application in
the dating of historical mortars investigated in this thesis.

1.4.1 TL properties of quartz

TL in quartz arises from the release of trapped electrons upon heating, followed
by recombination at speci�c luminescence centres. As already introduced be-
fore, two main physical parameters governing the TL signal are the depth of
the traps and the energy of the emitted photons. The trap depth de�nes the
temperature at which a peak appears in the TL glow curve, while the emission
energy depends on the type of recombination centre involved.

TL peaks in quartz are commonly observed at approximately 110°C, 202°C,
325°C, and 375°C, for a heating rate of 5°C/s [40, 41, 42]. The position of these
peaks is controlled primarily by the depth of the associated trap and by the fre-
quency factor. However, peak positions can vary due to di�erent heating rates
or signal interference from adjacent peaks. Notably, low-temperature peaks
are generally unstable over time and are usually observed only in arti�cially
irradiated samples.
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The spectral emission of TL in quartz spans a wide range of wavelengths.
Three major emission bands are reported [43, 38]:

� Near UV-Violet band (360�440 nm): The TL emission between 360
and 440 nm in quartz is likely associated with a (H3O4)0 centre linked
to a silicon vacancy and is commonly observed around 380 nm, near the
110°C TL peak. This emission displays �rst-order kinetics. Additional
emissions in this spectral range are found at higher temperatures, in
particular at 325°C, with corresponding wavelengths up to 430 nm.

� Blue band (around 482 nm): this emission is commonly observed in
the TL signal near 375°C. It is likely associated with the (AlO4)0 centre
substituting for Si, although other defects may contribute.

The emission band is relatively broad in both temperature and wave-
length, with asymmetry extending toward lower temperatures and higher
photon energies. Secondary peaks with similar spectral features have also
been reported at around 260�280°C and above 450°C.

� Red-orange band (600�650 nm): this emission typically appears near
320°C in natural TL signals. There is no clear link between this emission
and a particular type of defect. It shows a broad and intense lumi-
nescence emission bands. After laboratory irradiation, TL peaks are ob-
served at progressively increasing temperatures with corresponding shifts
in photon energy from 1.90 eV (650 nm) to 2.00 eV (620 nm).

For dating purposes, the TL peaks of quartz centred at approximately
325 °C and 375 °C are regarded as the most reliable, since they exhibit su�cient
thermal stability over geological timescales [38].

Spectral studies have shown that the emission pro�le of quartz can vary
depending on its geological origin. For instance, quartz of volcanic origin tends
to emit in the red, while granitic or metamorphic quartz shows stronger blue
or violet emission.

A synthetic overview of thermoluminescence emission bands in quartz is
presented in Figure 1.14, adapted from [43]. The diagram summarizes the
main TL emission wavelengths as a function of glow peak temperature. It
distinguishes between emissions observed in natural samples, arti�cially irra-
diated ones, and those not consistently present in all quartz types. Most emis-
sions fall within the violet (360�400 nm), blue (460�500 nm), and red-orange
(600�650 nm) spectral regions, and are associated with glow peaks from 100°C
to 400°C.

To complement this summary, Figure 1.15 shows a three-dimensional TL
emission surface obtained from a natural quartz sample. It displays the in-
tensity of TL as a function of both temperature and emission wavelength.
The plot highlights the presence of multiple broad emission bands and reveals
the complex nature of TL in quartz, including overlapping peaks and spectral
shifts that occur as temperature increases. This type of representation pro-
vides valuable insight into the evolution of emission centres and their thermal
behaviour.
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Figure 1.14: Summary of major TL emission bands in quartz as a function of glow peak
temperature. The diagram indicates the spectral position and occurrence (natural, arti�cial,
or variable) of each emission band [43].

Figure 1.15: Three-dimensional TL emission surface for a natural quartz sample, showing
TL intensity as a function of temperature and emission wavelength. Peaks in the blue and
red-orange regions are evident [43].

1.4.2 OSL emission properties in quartz

The optically stimulated luminescence (OSL) emission in quartz is typically
detected in the near-UV region, with a dominant peak at around 365�380 nm.
This band has been reported using di�erent stimulation sources, including blue
LEDs with a peak emission at 470 nm and Nd:YVO4 solid state diode-pumped
laser emitting at 532 nm [44, 45].

Although quartz is extensively used in luminescence dating, relatively few
studies have investigated its optical stimulation spectrum in detail. Notably,
[46] and [47] systematically measured the OSL stimulation response of sedi-
mentary quartz over a photon energy range of 1.9 to 2.9 eV, corresponding
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approximately to wavelengths from 650 to 430 nm. Their results indicate that
the stimulation e�ciency increases exponentially with photon energy, thereby
con�rming the e�ectiveness of using blue light (around 470�480 nm) for OSL
stimulation in practical dating applications.

Spectrally resolved OSL emissions are less complex than TL, with quartz
generally exhibiting only a single emission band near 365 nm. This simplicity
supports its application in dating protocols. However, the presence of feldspar
inclusions (which can emit at longer wavelengths) must be carefully excluded.

The OSL curve from quartz is usually said to be composed of three expo-
nential components: a fast, medium, and slow component, with characteristic
lifetimes of approximately 0.4 s, 10 s, and 150 s, respectively. These com-
ponents re�ect the presence of multiple optically active traps with di�erent
detrapping probabilities, contributing simultaneously to the measured signal.

Figure 1.16 shows a continuous-wave optically stimulated luminescence
(CW-OSL) decay curve obtained from a sedimentary quartz sample. Stim-
ulation was performed using blue LEDs with a central wavelength around
470�480 nm, and the luminescence was detected using 7.5 mm Hoya U-340
�lters, which e�ciently transmit the near-UV emission around 365 nm while
blocking the stimulation light [48].

The curve exhibits the typical rapid initial decrease in intensity, charac-
teristic of the fast OSL component in quartz. This behaviour is commonly
interpreted as the dominance of a single kinetic component (fast component),
which is particularly suitable for dating applications due to its high reset e�-
ciency and reproducibility.

Figure 1.16: CW-OSL decay curve obtained from a sedimentary quartz sample. The
sample was stimulated using blue LEDs and the luminescence detected through 7.5 mm
Hoya U-340 �lters. Adapted from [48].

1.5 Carbonates as a natural dosimeter

Calcium carbonate (CaCO3) is a chemical compound that naturally occurs in
several crystalline forms, known as polymorphs. The three main polymorphs
of CaCO3 are calcite, aragonite, and vaterite. Among these, calcite is the most
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thermodynamically stable form under ambient temperature and pressure con-
ditions. Therefore, while calcium carbonate refers to the chemical composition,
calcite speci�cally designates the mineral phase in which CaCO3 crystallises
in the trigonal system.

In addition to quartz, which is the most widely employed natural dosimeter
in luminescence dating, early studies have shown that calcium carbonate may
also exhibit luminescence properties that make it suitable for dosimetric pur-
poses [49]. Under appropriate conditions of impurity content and structural
order, calcite can store a latent luminescence signal generated by exposure to
ionising radiation, in a manner analogous to quartz. Although its dosimetric
behaviour has been less extensively investigated, these �ndings indicate that
carbonate materials may provide valuable chronological information, particu-
larly in archaeological contexts where they represent a major component of
historical mortars.

In the framework of this thesis, calcite will be extensively considered as
one of the main materials under investigation, with particular emphasis on its
role in the experimental tests. Although its luminescence behaviour has been
less explored than that of quartz, calcite could represents a valuable candi-
date for dosimetric applications in archaeology, especially given its widespread
occurrence in historical mortars as part of the binder. A detailed discussion
of the experimental procedures and results involving calcite will be presented
in Chapter 3. In order to provide the necessary background for these applica-
tions, the following section outlines the main characteristics of the TL signal in
calcite, which are essential for assessing its potential as a dosimetric material.

1.5.1 Thermoluminescence properties of calcite

In calcite, TL peaks are commonly observed around 285°C and 350°C when
using a heating rate of 5°C/s [50, 51]. The relative intensity and stability of
these peaks vary depending on sample type, grain size and impurity content.

The 285°C TL peak is generally associated with Mn2+ ions substituting for
Ca2+ in the lattice, which act as e�cient luminescence centres and produce a
characteristic orange-red emission around 620�650 nm [43, 52]. The e�ciency
of Mn2+ emission can be enhanced by sensitiser ions (e.g. Pb2+) or quenched
by the presence of Fe2+ and organic matter.

A representative TL emission surface for natural calcite is shown in Fig-
ure 1.17, which illustrates the intensity of the emitted light as a function of
both temperature and wavelength. The dominant orange-red emission band
near 620�650 nm is clearly visible, along with weaker components in the blue-
green region. This �gure highlights the spectral complexity and temperature
dependence of TL in calcite [43].
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Figure 1.17: Three-dimensional TL emission surface of natural calcite, showing lumines-
cence intensity as a function of temperature and emission wavelength. The strong orange-red
band near 620�650 nm is attributed to Mn2+ centres. Adapted from [43].
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2 Luminescence dating applied on
historical buildings

Following the theoretical framework outlined in Chapter 1, this chapter presents
a comprehensive overview of the methodological principles underlying lumines-
cence dating, with speci�c emphasis on its application to historical mortars.
The aim is to provide the conceptual and analytical basis required to interpret
the experimental work developed in the following chapters.

The chapter begins with a review of the main applications of TL and OSL
to built cultural heritage, tracing the evolution of the method and highlighting
the current limitations that still prevent its routine use. This overview provides
the basis for the objectives of this thesis, which focuses on addressing some of
these limitations by developing a novel luminescence dating protocol.

The discussion then focuses on the luminescence age equation and its two
fundamental components: the equivalent dose (De) and the annual dose rate
(ḊR). Particular attention is given to the procedures for estimating De, in-
cluding regenerative protocols, the Single-Aliquot Regenerative-dose (SAR)
method. The statistical treatment of De distributions is also introduced, with
reference to models commonly used to interpret heterogeneous or partially
bleached samples.

The second part of the chapter deals with the evaluation of the annual dose
rate. The contributions of α, β, γ, and cosmic radiation are described. The
implications of radioactive disequilibrium in the U and Th decay chains are
discussed, together with their potential impact on dose rate estimates. Finally,
the main experimental approaches are outlined, including low-background gamma
spectrometry for laboratory measurements of radionuclide concentrations and
in situ dosimetry for �eld determination of environmental and cosmic dose
rates.

By integrating these aspects, this chapter establishes the methodological
framework required for the application of luminescence dating to mortars. This
framework is then translated into practice in the following two chapters, which
constitute the experimental core of this thesis and are devoted respectively to
a methodological study on reference materials (Chapter 3) and to a case study
on archaeological mortars (Chapter 4).
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2.1 Conditions for the applicability of lumines-
cence dating

As discussed in the Introduction, luminescence dating techniques rely on the
capacity of natural minerals to accumulate and store the e�ects of ionising
radiation over time, and to release this information in the form of light when
appropriately stimulated. However, for this accumulation process to be chrono-
logically meaningful and reproducible, a series of speci�c conditions must be
met. These conditions for applicability, based on the physical mechanisms de-
scribed in Chapter 1, serve to ensure that the measured luminescence signal
corresponds to the time elapsed since a well-de�ned resetting event.

In practical terms, these conditions can be divided into three main cat-
egories: (1) material-related requirements, which concern the intrinsic prop-
erties of the dosimetric phase; (2) signal-related criteria, which refer to the
behaviour of the luminescence signal in response to the amount of radiation
absorbed over time (i.e., the dose); and (3) context-speci�c factors, which in-
volve the depositional or structural environment in which the material was
placed. In the following, these three aspects are addressed in detail.

� Presence of a stable and sensitive dosimetric phase (material-related):
The material must contain minerals able to trap charge carriers over
timescales relevant to archaeological or historical dating. Quartz is gen-
erally preferred for its thermal stability and well-characterised lumines-
cence properties, while feldspar and carbonates may also be used under
speci�c conditions.

� Predictable dose�response behaviour (signal-related): The luminescence
intensity should increase in a quanti�able way with the absorbed radi-
ation dose, allowing for the construction of a dose�response curve. Ide-
ally, this relationship should be linear or well-approximated by a known
saturating function, ensuring the accuracy of dose interpolation in the
laboratory.

� Existence of a clearly identi�able zeroing event (signal-related): The last
exposure to light (for OSL) or heat (for TL) must correspond temporally
to the event that is intended to be dated, such as the construction of a
wall or the �ring of a ceramic. The zeroing must be complete and uniform
across the grains being analysed; otherwise, residual signals may lead to
age overestimation.

� Integrity of the trapped charge population (signal-related): The absence of
any later disturbance (thermal, optical, or mechanical) that could result
in partial signal loss is essential. For example, even short-term exposure
to daylight during sampling or handling can a�ect the reliability of the
OSL signal, particularly for shallow traps.

� Chronological relevance of the reset event (signal-related): The event
that resets the luminescence signal must coincide with the archaeological
event of interest. If, for instance, the exposure to light occurred during a
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secondary use or alteration of the material, the resulting age will re�ect
that later episode rather than the original construction.

� Environmental stability post-resetting (context-speci�c): After the signal
has been reset, the environmental conditions surrounding the sample
must remain su�ciently stable over time to ensure a constant radiation
exposure throughout the post-depositional period. Temporal variations
in factors such as moisture content or radionuclide mobility can alter the
rate at which dose is accumulated, thus compromising the reliability of
the dating result.

� Favourable dosimetric context (context-speci�c): In addition to temporal
stability, the spatial characteristics of the sample's environment must al-
low for a uniform exposure to environmental radiation. The surrounding
radiation �eld should be su�ciently homogeneous, without localised hot
spots or shielding heterogeneities, to ensure that the dose received by the
sample is representative and accurately quanti�able.

The applicability conditions outlined above de�ne the physical and contex-
tual requirements necessary for interpreting the luminescence signal in chrono-
logical terms. When these conditions are ful�lled, the signal accumulated by
the dosimetric material becomes a measurable physical quantity that correlates
with the time elapsed since the last e�ective zeroing event. In this framework,
the age of the sample can be estimated by establishing a quantitative relation-
ship between the accumulated dose and the rate at which ionising radiation has
been absorbed over time. This relationship is expressed by the luminescence
dating equation, introduced in the following section.

2.2 Age equation

Luminescence dating is based on the principle that minerals accumulate a mea-
surable signal during burial as a result of their exposure to ionising radiation.
When the necessary conditions are satis�ed, this signal can be quantitatively
related to the time elapsed since the last e�ective zeroing event.

The total radiation absorbed by the sample since that event is referred to as
the palaeodose. In practice, this quantity is determined indirectly: the natural
luminescence signal is compared with signals induced by controlled laboratory
irradiations, and the laboratory dose that reproduces the natural response is
de�ned as the equivalent dose (De). The equivalent dose, expressed in grays
(Gy), therefore quanti�es the cumulative energy stored in the crystal lattice
of the dosimetric material since its last reset [39].

The age of a sample is obtained by combining De with the annual dose rate
ḊR, which represents the amount of energy absorbed per unit mass per year
from the decay of natural radionuclides (238U, 235U, 232Th, 40K and 87Rb) and
from cosmic rays. The relationship is expressed by the fundamental lumines-
cence dating equation:

Age (years) =
De (Gy)

ḊR (Gy/year)
(2.1)
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The physical mechanisms that give rise to the luminescence signal, namely
charge trapping and recombination, have already been discussed in Chapter 1.
The methodological aspects related to the experimental determination of both
De and the ḊR will be addressed later in this Chapter.

Figure 2.1 schematically illustrates the accumulation and resetting of the
luminescence signal: during burial, irradiation leads to a progressive increase in
trapped charge carriers, which produce a measurable signal upon stimulation;
exposure to light or heat resets the system, returning the signal to zero.

Figure 2.1: Schematic representation of the luminescence signal growth and resetting
process. After mineral formation, ionising radiation leads to the accumulation of trapped
charges, producing a luminescence signal. A resetting event, such as exposure to light or
heat, brings the signal back to zero. From that point onward, the signal accumulates again
until it is measured in the laboratory. Adapted from [53].

2.3 Luminescence dating of historical buildings

Having established the physical framework of luminescence dating, with the
equivalent dose and the annual dose rate as the two key components of the age
equation, the next step is to examine how these components can be determined
in practice. The following sections focus on the dating of historical buildings,
where luminescence techniques have been employed to identify construction
phases through the direct analysis of masonry materials. Key studies based
on TL and OSL are reviewed, outlining the main methodological advances
and current challenges. Particular attention is given to the determination
of the equivalent dose (De), which represents not only a crucial parameter
for the application of the age equation but also the central physical quantity
investigated in this thesis.

2.3.1 Thermoluminescence dating of bricks

Fired bricks and other ceramic structural components are well suited for TL
dating because, during their manufacture, they undergo high-temperature
treatment that resets the luminescence signal accumulated from natural en-
vironmental radiation. The temperatures reached during �ring are typically
su�cient to empty the electron traps in the crystal lattice of dosimetric min-
erals such as quartz and feldspar embedded in the clay matrix [2, 3]. This
thermal resetting de�nes the zeroing event, which marks the starting point for
signal accumulation.
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Once removed from the kiln and incorporated into a structure, the bricks
are exposed to environmental ionising radiation, and the luminescence signal
begins to accumulate progressively. The age determined through TL measure-
ments corresponds to the time elapsed since the last �ring, under the assump-
tion that no subsequent events have altered the trapped charge population.

In historical masonry, bricks are commonly available, compositionally ho-
mogeneous, and often well shielded from external environmental changes. These
features enhance the reliability of TL-based age determinations [4]. When
proper dosimetric reconstruction and calibration protocols are applied, uncer-
tainties as low as 5�10% can be achieved.

Several limitations must nevertheless be considered. Accidental heating
events, such as those caused by �res, may induce a partial or complete reset of
the signal and lead to underestimation of the age [5]. Architectural alterations
may also change the local radiation �eld, introducing uncertainties in the dose
rate determination. In addition, bricks are frequently reused in later construc-
tion phases, which means that the TL age re�ects the �ring date rather than
the time of incorporation into the new structure [6].

These limitations have led to increasing interest in alternative luminescence
methods. OSL, in particular, has been proposed for dating materials such as
mortars, where the last exposure to light may coincide more directly with the
construction event.

2.3.2 Optically stimulated luminescence dating of mor-
tars

In recent decades, OSL dating has been increasingly employed for the investi-
gation of historical building mortars. These materials were typically produced
using lime as the main binder, occasionally mixed with pozzolanic additives to
improve their hydraulic behaviour, and more rarely with gypsum-based com-
positions. As a result, lime-based mortars represent the most widespread type
in European and, particularly, Mediterranean masonry traditions [8, 9].

The relevance of these mortars for luminescence dating lies in their prepa-
ration process, during which the sandy aggregates containing quartz grains
are repeatedly exposed to daylight through activities such as quarrying, trans-
port, mixing, and placement. Exposure to full sunlight for only a few seconds
is su�cient to induce a substantial reduction of the OSL signal in quartz,
showing that even very short light exposures may e�ectively bleach the signal
and reset the luminescence clock [54]. The �nal exposure to sunlight, which
typically occurs immediately before the mortar sets within the masonry, de-
�nes the zeroing event. Once the material is shielded from light, the quartz
grains begin to accumulate a new luminescence signal as a result of continuous
exposure to environmental ionising radiation. The OSL age thus corresponds
to the time elapsed since the last daylight exposure and is directly linked to
the construction phase.

The feasibility of applying OSL to mortars was �rst demonstrated in the
early 2000s. Bøtter-Jensen et al. [55] used quartz grains from mortars as
dosimetric material, followed by successful applications on Byzantine mortars
by Zacharias et al. [56]. Subsequent studies con�rmed the method's applica-
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bility to di�erent architectural contexts, showing that coarser quartz grains
tend to be better bleached and yield more accurate ages [57, 58]. Gueli et
al. [59] and Stella et al. [60, 61] applied a multigrain �ne-grain approach to
medieval mortars and obtained OSL ages consistent with TL results from as-
sociated bricks. In this context, an aliquot refers to a portion of the studied
material mounted on a metallic disc used in the luminescence reader and mea-
sured as a single unit. In conventional multigrain measurements, each aliquot
typically contains thousands of grains, producing an averaged luminescence
signal [1, 44, 12]. With the subsequent development of the Single-Aliquot
Regenerative-dose (SAR) protocol (please refer to Section 2.4.2), it became
possible to reduce the number of grains per aliquot and to analyse smaller
fractions. These so-called small aliquots, usually containing a few tens to a
few hundred grains, reduce averaging e�ects and provide greater sensitivity to
the variability among individual grains [62, 63, 64, 12].

While the use of smaller aliquots represented a methodological advance,
multigrain approaches could still mask the variability between grains and the
presence of residual signals from incompletely bleached grains. Goedicke [7]
therefore highlighted the importance of assessing the degree of bleaching and
recommended the use of small aliquots or even single-grain measurements when
bleaching is incomplete. The issue of incomplete bleaching is one of the main
challenges in OSL dating of mortars. Although the OSL signal in quartz can
be rapidly reset under ideal sunlight exposure, with a reduction of about 50%
after only a few seconds of full sunlight [54], this does not necessarily ensure
full resetting at the moment of mortar setting. Inadequate exposure, low light
intensity, or �ltered spectra may prevent complete zeroing [65, 11], leading
to residual luminescence signals in some grains. Such incompletely zeroed
samples are referred to as partially or poorly bleached. If not identi�ed, these
residual signals may cause an overestimation of the equivalent dose and thus
of the calculated age [10, 66, 62, 63].

A useful indicator of incomplete bleaching is the scatter observed in the
distribution of individual De values. Several studies have shown that partially
bleached samples exhibit signi�cant dispersion in their equivalent dose distri-
butions [10, 67, 68, 69, 70]. However, large multigrain aliquots, consisting of
thousands of grains, often average out grain-to-grain variability, potentially
masking the presence of residual doses. Reducing the number of grains per
aliquot to a few hundred (small aliquots) or even down to individual grains
(SG-OSL) increases the probability of detecting poorly bleached components
[12, 10, 11]. In this way, the best-bleached grains at the time of burial are
more likely to be isolated, yielding equivalent doses that better re�ect the true
burial dose.

To describe the probability of selecting poorly bleached grains within an
aliquot, Olley et al. [71] introduced a probabilistic model based on the binomial
distribution. In this framework, the number of poorly bleached grains K in an
aliquot of size n is treated as a binomial random variable with probability p
that a given grain is poorly bleached, i.e. K ∼ Binomial(n, p). The probability
of observing exactly k poorly bleached grains is
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Pr(K = k) =

(
n

k

)
p k(1− p)n−k . (2.2)

In the special case k = 0, the probability that an aliquot contains only
well-bleached grains is

Pr(K = 0) = (1− p)n . (2.3)

This probability decreases monotonically with increasing p, and decreases
exponentially with increasing n. For example, with p = 0.045 and n = 100, one
obtains Pr(K = 0) = 0.955100 ≈ 0.010, i.e. about 1.0%. Increasing n to 101
lowers this probability below 1%. Therefore, the use of small aliquots or single-
grain measurements increases the likelihood of isolating well-bleached grains,
thereby enhancing the reliability of equivalent dose estimation in partially
bleached or heterogeneous samples.

A practical way to implement this approach is through SG-OSL, where
individual quartz grains are hand-picked and measured independently, each
providing its own equivalent dose estimate. This method represents the nat-
ural extension of the progressive reduction in aliquot size, from thousands of
grains in conventional multigrain measurements, to hundreds in small aliquots,
and �nally to individual grains [12]. The development of dedicated single-grain
systems further enabled this advance [72, 73]. By isolating the luminescence re-
sponse of each grain, SG-OSL provides a means of identifying the well-bleached
subpopulation already discussed in relation to partial bleaching and improves
the accuracy of age estimates in challenging cases of heterogeneous bleaching.

The �rst applications of SG-OSL to mortars emerged from accidental dosime-
try studies and focused on modern materials [58, 74]. These works showed that
multigrain aliquots tend to overestimate the dose due to averaging e�ects and
demonstrated the advantage of single-grain measurements. Goedicke [7] con-
cluded that SG-OSL is the only reliable technique when bleaching is extremely
limited.

Recent archaeological applications have further con�rmed the potential of
SG-OSL. Urbanová et al. [75, 13, 76] successfully dated mortars from various
historic sites, obtaining reliable results despite low grain sensitivity and sig-
ni�cant dose dispersion. Panzeri et al. [14] combined SG-OSL and TL to date
mortars and bricks from the UNESCO site of Modena, reporting consistent
ages.

Despite its advantages, SG-OSL requires sensitive instrumentation and in-
volves long measurement procedures, since each grain must undergo multiple
SAR cycles of irradiation, stimulation, and readout.

Such high dispersion in De values requires appropriate statistical treat-
ment. In this context, models such as the Central Age Model (CAM) and
the Minimum Age Model (MAM) are commonly employed [77]. CAM as-
sumes that most grains were e�ectively bleached and estimates the central
tendency of the distribution. MAM, instead, isolates the component related
to well-bleached grains and is preferred in cases of incomplete resetting. These
statistical approaches are especially relevant when dating historical mortars,
where heterogeneous bleaching conditions are frequently encountered. A de-
tailed discussion of CAM and MAM is presented in Section 2.4.3.
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2.3.3 A potential new approach to historical building
dating

A potential experimental pathway in luminescence dating targets the carbon-
ate fraction of historical lime mortars, namely the calcium carbonate that
precipitates in situ during binder carbonation after placement. Because this
phase forms within the wall fabric, it may provide a direct chronological link
to the construction event and thus represents a promising dosimetric target
for luminescence dating.

Lime mortars are produced through the lime cycle, a sequence of transfor-
mations illustrated in Figure 2.2, which begins with the calcination of geologi-
cal limestone (CaCO3) at temperatures above 800 ◦C. Calcination decomposes
CaCO3 into quicklime (CaO), releasing CO2. In traditional mortar production,
the quicklime (CaO) was often mixed directly with aggregates before or dur-
ing hydration, a process known as hot mixing. During hydration, CaO reacts
with water to form portlandite or hydrated lime (Ca(OH)2) within the mix-
ture. After application to masonry, the mortar progressively hardens through
carbonation, as Ca(OH)2 reacts with atmospheric CO2 and reprecipitates as a
new calcium carbonate phase within the wall fabric.

The CaCO3 formed during carbonation is therefore a newly created phase,
distinct from the geological carbonate originally used in calcination. This dis-
tinction has direct implications for luminescence dating: calcination destroys
the initial carbonate structure, eliminating any pre-existing trapped-charge
signal, while carbonation de�nes the onset of a new luminescence clock in the
binder. In parallel, the aggregate fraction may be exposed to daylight during
quarrying, transport, and mixing, providing the basis for conventional OSL
and TL dating.

Historically, lime mortars were often prepared with aggregate-to-binder
ratios close to 3:1 [61, 78, 79]. Aggregates, predominantly composed of quartz
and feldspar, constitute the traditional dosimetric minerals for luminescence
dating, whereas the carbonate-rich binder, despite its potential as a direct
chronological marker of mortar setting, has so far received comparatively little
attention.

The sequence illustrated in Figure 2.2 thus tracks the transformation from
geological limestone to quicklime, to hydrated lime, and �nally to the newly
precipitated carbonate binder within the wall. In this thesis, particular em-
phasis is placed on investigating the luminescence properties of this carbonate
fraction in order to evaluate its potential as a direct chronological marker
of mortar setting, complementing the information traditionally derived from
quartz-based luminescence dating.

A key point for chronological interpretation is that the CaCO3 produced
by carbonation is not the original geological CaCO3 used at the start of the
cycle. Carbonation then creates a newly formed CaCO3 binder in situ. This
distinction has direct implications for luminescence dating: First, the high-
temperature calcination step eliminates prior luminescence in the geological
carbonate. Second, the progressive precipitation of calcium carbonate during
carbonation de�nes the formation of a new binder phase, which can in prin-
ciple start a new luminescence clock for the carbonate fraction. In parallel,
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Figure 2.2: Schematic representation of the lime cycle. Geological limestone (CaCO3) is
calcined at ∼800 ◦C to produce quicklime (CaO) with release of CO2. In traditional practice,
the quicklime is combined with aggregates before or during hydration, forming portlandite
or hydrated lime (Ca(OH)2) within the mixture. After application to masonry, the mortar
hardens through carbonation, as Ca(OH)2 reacts with atmospheric CO2 and reprecipitates
in situ as a new CaCO3 binder. Adapted from [18].

the aggregate fraction, mainly composed of quartz and feldspar, is introduced
after calcination and can be exposed to daylight during quarrying, transport,
mixing, and placement, which provides the basis for conventional OSL dating
of aggregates.

This thesis aims to develop a new methodology for luminescence dating
based on the evaluation of the equivalent dose from the luminescence signals
of the carbonate fraction within the mortar binder. Since this CaCO3 forms
in situ during carbonation, predominantly as calcite, which is the most stable
and widespread crystalline polymorph of calcium carbonate [15], calcite was
selected as the reference mineral in the experimental work. Its luminescence
properties were investigated in order to assess its potential as a dosimetric
phase for the direct dating of mortar setting.

The experimental work conducted in this thesis is structured into the fol-
lowing key phases:

� Methodological study on reference materials: this phase comprises the
thermoluminescence characterization of quartz and calcite as individual
components, as well as the investigation of their controlled mixtures. The
aim was to analyze their thermoluminescence properties and dosimetric
behavior under laboratory conditions, and to evaluate the feasibility of
separating the contributions of the two mineral phases through signal
deconvolution protocols.

� Case study on archaeological mortars: The approach established through
the methodological study was subsequently applied to archaeological
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mortars collected during a sampling campaign in Catania. In this phase,
the developed protocol was used to obtain equivalent dose (De) values
from the carbonate fraction, which, combined with the annual dose rate,
provided absolute age estimates. To ensure validation, the same samples
were also dated using the SG-OSL technique, the established reference for
mortar dating, allowing a direct comparison between the two approaches.

The methodological study on the characterization of pure minerals and
mixtures forms the basis of Chapter 3, while the case study on archaeological
mortars constitutes the core of Chapter 4.

Ultimately, the goal of this research is to evaluate whether the carbonate
binder fraction can serve as a complement to traditional quartz-based lumi-
nescence techniques, with the aim of improving the chronological accuracy
of mortar dating, particularly in contexts a�ected by partial bleaching. By
exploiting the complementary luminescence signals of quartz and calcite, the
carbonate phase may support the interpretation of complex dose distributions
and increase the reliability of age estimates for masonry structures.

To achieve this goal, it is �rst necessary to present the theoretical basis
of luminescence dating. The following sections outline both the underlying
physical principles and the measurement techniques required to determine the
key parameters for age estimation. The discussion is organised into two parts:
the �rst describes the principles and protocols used to estimate the equivalent
dose (De), while the second addresses the evaluation of the annual dose rate
(ḊR). Together, these parameters constitute the fundamental components of
the luminescence age equation, and their accurate determination is essential
for reliable dating results.

2.4 Equivalent Dose determination

As introduced in Section 2.2, the equivalent dose (De) is the total amount of
ionising radiation absorbed by a luminescent mineral since its last complete
zeroing event. Along with the annual dose rate (ḊR), it represents one of the
two key quantities in the luminescence age equation.

The determination of De requires laboratory measurements in which the
luminescence signal of a sample, obtained after controlled stimulation, is com-
pared to the signals induced by known radiation doses. Accurate estimation of
this parameter is essential for the reliability of luminescence dating, particu-
larly when applied to historical mortars that often present incomplete bleaching
and internal heterogeneity.

The following sections introduce the main protocols used for De determi-
nation in this thesis, namely the regenerative protocol and the Single-Aliquot
Regenerative-dose (SAR), with particular attention to their implementation.
The SAR, originally developed for OSL, has also been successfully adapted to
thermoluminescence (TL) signals, which will be relevant for the applications
presented in this work. Finally, statistical models for interpreting equivalent
dose distributions are presented, as they are especially relevant for samples
a�ected by partial bleaching or compositional variability.
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2.4.1 The regenerative protocol

The estimation of the equivalent dose is based on a simple concept. The lu-
minescence signal naturally stored in the sample (i.e., the natural signal) is
�rst measured in the laboratory. This measurement corresponds to the emis-
sion induced by the stimulation of charge traps that have accumulated energy
due to natural irradiation since the last zeroing event. The sample is then
exposed to known laboratory doses Di, and the resulting luminescence signals
are recorded after each dose. Before each measurement, a thermal treatment
known as preheating is applied to the sample. This step serves to remove
unstable or shallow traps that could contribute unstable signal components.
By ensuring that only thermally stable traps are stimulated, the preheating
step improves the accuracy and reproducibility of the dose-response curve.
By repeating the regeneration procedure for increasing dose values, a curve is
constructed that describes how the luminescence intensity varies as a function
of absorbed radiation, known as dose-response curve. The equivalent dose is
then obtained by interpolating the initial natural signal onto this curve, and
corresponds to the laboratory dose required to reproduce the observed natural
luminescence intensity.

This regenerative approach is one of the measurements protocols performed
on single aliquots. Each aliquot is treated and measured independently, allow-
ing for the construction of its own dose-response curve [80].

Although the regenerative approach o�ers a conceptually simple framework
for estimating the equivalent dose, its practical application is complicated by
changes in luminescence sensitivity that occur as a result of laboratory proce-
dures such as irradiation, heating, and optical stimulation. These variations
compromised the reproducibility of dose measurements, as the luminescence in-
tensity could no longer be assumed to scale linearly with the administered dose.
To overcome these limitations, the regenerative scheme was re�ned through
the introduction of the Single-Aliquot Regenerative-dose (SAR) protocol [64].
By incorporating internal test doses and speci�c correction steps, SAR allows
for the monitoring and adjustment of sensitivity variations within the same
aliquot, thereby improving the accuracy and reliability of equivalent dose de-
terminations. The next section outlines the structure of this protocol.

2.4.2 The Single-Aliquot Regenerative-dose (SAR) pro-
tocol

The Single-Aliquot Regenerative-dose (SAR) protocol was developed to pro-
vide a reliable procedure for equivalent dose determination while explicitly
correcting for sensitivity changes induced by irradiation, heating, and stim-
ulation. This correction is achieved by administering a small test dose after
each regenerative dose cycle and normalising the luminescence response to the
signal obtained from the test dose [64, 81, 82]. In this way, the e�ects of sen-
sitivity variation can be monitored throughout the sequence and e�ectively
compensated.

The procedure starts with the measurement of the natural signal (LN), ob-
tained without preheating, in order to preserve the original charge distribution
within the traps. Preheating is a thermal treatment at a �xed temperature
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prior to optical stimulation, used to remove unstable signal components and
stabilise the luminescence response. Immediately afterwards, a test dose (Dt),
usually smaller than the expectedDe, is administered. The aliquot then under-
goes a cutheat treatment (TCH), a shorter heating step at a lower temperature
than the preheat, designed to empty only the shallowest and least stable traps.
The luminescence response to the test dose (TN) is subsequently measured and
used as a sensitivity monitor.

The aliquot is then subjected to a series of regenerative doses (Di). After
each dose, a preheat at a �xed temperature (TPH, typically 160�300 ◦C) is ap-
plied, followed by optical stimulation to record the regenerative signal (Li). To
monitor sensitivity changes, a test dose is again applied after each regenerative
dose, followed by a cutheat step and the measurement of the corresponding
test dose signal (Ti).

Sensitivity-corrected signals are obtained by normalising each regenerative
signal to its corresponding test dose response, i.e. Ii = Li/Ti, while the natural
signal is expressed as IN = LN/TN . These corrected intensities are plotted
against the given regenerative doses to construct a dose�response curve. The
equivalent dose (De) is interpolated by matching the corrected natural signal
IN to the �tted curve [64, 82].

A summary of the SAR procedure is reported in Table 2.1, which lists the
sequence of treatments and the corresponding observed signals.

Table 2.1: Parametrised single-aliquot regenerative-dose (SAR) sequence, including the
natural measurement and one regenerative cycle. Adapted from [64].

Step Treatmenta Observed
Natural measurement (DN = 0 Gy)
1 Optical stimulation at Tstim for ∆tstim LN

2 Give test dose, Dt �
3 Cutheat at TCH for ∆tCH �
4 Optical stimulation at Tstim for ∆tstim TN

Regenerative cycle
5 Give regenerative dose, Di �
6 Preheating at TPH for ∆tPH at heating rate HR �
7 Optical stimulation at Tstim for ∆tstim Li

8 Give test dose, Dt �
9 Cutheat at TCH for ∆tCH �
10 Optical stimulation at Tstim for ∆tstim Ti

11 Return to step 5 with next Di+1 �
a Parameters: T = temperature, ∆t = duration, HR = heating rate. The
speci�c values of TPH, ∆tPH, HR, Tstim, ∆tstim, Dt, TCH, and ∆tCH are
chosen according to the characteristics of the di�erent samples.

Originally developed for measurements on small-aliquot [64], the SAR pro-
tocol was later adapted for single-grain applications in order to address with
the speci�c challenges of analysing individual quartz grains. The modi�ed ver-
sion proposed by Ballarini et al. [83] retains the basic structure of the SAR
sequence but introduces several adjustments to account for the lower signal in-
tensities and higher variability inherent to single-grain measurements. These
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include the use of relatively larger test doses to ensure statistically signi�cant
sensitivity monitoring, as well as optimised preheat and cutheat treatments de-
signed to stabilise the luminescence signal without inducing excessive charge
loss. In addition, more stringent dose recovery and recycling tests are applied
to validate the protocol at the single-grain level. Together, these modi�cations
enhance the robustness of the SAR protocol when applied to SG-OSL, enabling
reliable equivalent dose estimation even in highly heterogeneous samples.

Although originally developed for OSL, the SAR protocol has also been
adapted for thermoluminescence (TL) signals, with successful applications re-
ported for heated quartz and related materials [84, 85, 86]. In this variant,
optical stimulation is replaced by thermal stimulation, and the dose�response
curve is derived from TL signals measured at speci�c temperature intervals.
The overall sequence follows the same structure outlined in Table 2.1, with
the only di�erence that stimulation is thermal rather than optical (Thermal
stimulation at Tstim at heating rate HR).

2.4.2.1 Quality control tests

In the framework of the SAR protocol, a set of internal tests can be system-
atically performed to assess the reliability and accuracy of the measurement
sequence. These tests are essential to verify that the protocol can correctly
account for sensitivity changes, preheating e�ects, and other experimental vari-
ables, ensuring that the equivalent dose determinations are robust. In partic-
ular, the following checks were implemented: the Dose Recovery Test, the
Recycling Test, and the Recuperation Check [81].

The Dose Recovery Test represents a speci�c and essential quality control
procedure. It is designed to validate the ability of the SAR sequence to accu-
rately determine a known laboratory dose under the same conditions applied
for equivalent dose determination.

Its primary objective is to verify whether the measurement sequence and
applied corrections can reliably determine a known laboratory dose. The pro-
cedure begins by resetting the natural luminescence signal of the sample, typ-
ically through thermal or optical stimulation. A known dose is �rst admin-
istered under controlled laboratory conditions; the luminescence signal gener-
ated by this dose is treated as the natural signal for the purposes of the test.
The aliquot is then subjected to the full SAR measurement protocol, which
includes pre-heating, regenerative dose cycles, and test dose monitoring. A
dose-response curve is constructed based on the regenerative measurements,
and the equivalent dose (De) is determined by interpolating the signal cor-
responding to the given dose on this curve. The accuracy of the procedure
is evaluated by comparing the determined equivalent dose with the known
administered dose (Dgiven).

The ratio between these two quantities de�nes the Recovery Ratio (R):

R =
De

Dgiven

(2.4)

where R ideally approaches unity. A recovery ratio close to 1 indicates
that the protocol accurately reproduces the given dose and that factors such
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as sensitivity change corrections, test dose normalization, and preheat treat-
ments are appropriately accounted for. Conversely, signi�cant deviations from
unity may highlight issues such as inadequate sensitivity correction, or other
experimental artefacts [81].

The Recycling Test assesses the reproducibility of the luminescence re-
sponse when a regenerative dose is repeated at a later stage of the SAR se-
quence. Speci�cally, this test compares the sensitivity-corrected luminescence
signal, denoted as Lx/Tx, obtained for the recycled regenerative dose with that
measured during its �rst administration. The recycling ratio is de�ned as:

Recycling ratio =
(Lx/Tx)recycled
(Lx/Tx)initial

(2.5)

An ideal value of this ratio is close to unity, indicating that the luminescence
response is stable and that sensitivity changes have been properly corrected.
Signi�cant deviations from unity may reveal sensitivity drift, dose misadmin-
istration, or issues in the applied correction procedures.

The Recuperation Check evaluates the sensitivity-corrected luminescence
signal Lx/Tx measured after applying a regenerative dose of zero within the
SAR sequence. This signal, referred to as the recuperation signal, should
ideally be negligible. The recuperation ratio is de�ned as:

Recuperation ratio =
(Lx/Tx)zero dose
(Lx/Tx)given dose

(2.6)

where the denominator corresponds to the sensitivity-corrected signal from
the known administered dose in the dose recovery test. A low recuperation
ratio con�rms that no spurious charge transfer, or contributions from light-
insensitive traps are present. Elevated recuperation signals could lead to dose
overestimation and suggest the need for additional preheating or stimulation
steps, as discussed by Murray and Wintle [81].

Together, these tests provide a comprehensive evaluation of the SAR pro-
tocol's performance, ensuring that the sensitivity-corrected equivalent doses
derived from the luminescence measurements are reliable for dating purposes.

Once the luminescence signals have been measured and the equivalent doses
determined using the SAR protocol, it becomes necessary to analyse the result-
ing data distributions to obtain a representative dose value for age calculation.
This step is particularly critical when dealing with single-grain or small-aliquot
measurements, where natural variability and partial bleaching can introduce
signi�cant dispersion in the data. The following section introduces the main
statistical models employed to interpret such distributions, with particular at-
tention to their theoretical assumptions and applicability conditions in the
context of historical mortars.

2.4.3 Equivalent dose modelling and age models

Once individual equivalent dose (De) values have been obtained, they must
be combined through appropriate statistical methods to derive a representa-
tive value for age calculation. These values may originate either from single-
grain measurements, where each grain provides an individual estimate, or from
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multigrain aliquots, where each aliquot yields an averaged signal from a pop-
ulation of grains. In both cases, the number of measurements performed, the
degree of scatter observed in the data, and the archaeological context all in-
�uence the selection of an appropriate statistical model.

These models, commonly referred to as age models, are statistical tools
designed to estimate the most representative equivalent dose from a set of
individual determinations [87]. In this section, the most commonly used age
models for luminescence dating are introduced, with a focus on their assump-
tions, applicability, and interpretation. The basis for model selection and the
presentation of De distributions are also discussed, as they are essential in age
determinations. Graphical tools such as radial plots or density plots are often
employed to visualise the spread and relative precision of individual De values
[77]. Among these, the radial plot [88] is especially useful, as it enables a si-
multaneous evaluation of the statistical dispersion and the uncertainty of each
data point, thereby guiding the selection of the most appropriate age model.
The number of grains or aliquots measured, the degree of scatter in the data,
and the archaeological context all in�uence the selection of an appropriate
statistical model.

2.4.3.1 Central Age Model (CAM)

The Central Age Model (CAM), introduced by Galbraith et al. [77, 88], is one of
the most commonly used statistical models for calculating the equivalent dose
(De) in luminescence dating. It assumes that the distribution of individual De

values follows a log-normal distribution, which becomes symmetric when the
logarithm of the doses is taken.

This model is best applied in situations where the majority of grains in
the sample were well bleached at the time of the zeroing event, such as during
exposure to sunlight or heat before burial. In contrast, samples that include
grains which were not fully reset before burial partially bleached, tend to exhibit
asymmetric De distributions, often with a pronounced tail towards higher dose
values.

The CAM estimates the central value of the dose distribution by accounting
for the overdispersion in the data, which includes both the natural variability of
the sample and the analytical uncertainties. After a logarithmic transformation
of the individual measured doses di, each value is expressed as:

Di = δi + ϵi (2.7)

where Di is the natural logarithm of the measured dose for an aliquot or a
grain i, δi denotes the theoretical expected dose value on the logarithmic scale,
that is, the value around which each measurement is assumed to �uctuate,
while ϵi is the random error term, assumed to be normally distributed with
mean zero and variance s2i .

The total variance of the measured data is then:

v = σ2 + s2i (2.8)

where σ represents the intrinsic dispersion (overdispersion) of the dose distri-
bution and s2i is the individual measurement uncertainty.
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The CAM estimates the mean of the logarithmic dose distribution, δ, by
computing the weighted average of the Di values:

δ =

∑
wiDi∑
wi

(2.9)

with weights de�ned as the inverse of the total variance:

wi =
1

σ2 + s2i
(2.10)

The central dose is then obtained by exponentiating the weighted mean δ:

DCAM = exp(δ) (2.11)

The CAM also provides an estimate of the relative scatter in the data
through the parameter known as overdispersion, de�ned as:

OD = σ × 100 (2.12)

This value, expressed as a percentage, quanti�es the additional variability in
the dose distribution not explained by individual measurement uncertainties
alone.

The CAM has become the standard model for describing dose distributions
in well-bleached samples. It provides a statistically robust estimate of the
equivalent dose when the observed dispersion is due mainly to measurement
error and intrinsic variability, rather than to partial bleaching.

In cases where the data include very small or negative De values and a
logarithmic transformation is not appropriate, the CAM can also be applied
using non-log-transformed data, as proposed by Arnold et al. [89].

2.4.3.2 Minimum Age Model (MAM)

The Minimum Age Model (MAM), proposed by Galbraith et al. [77], is de-
signed for samples where not all grains were fully bleached at the time of the
zeroing event, leading to asymmetric De distributions with a tail toward higher
doses. This situation is typical in cases of incomplete bleaching.

Like the CAM, the MAM assumes a log-normal distribution of individual
equivalent doses, but introduces the concept of a minimum dose γ, representing
the true dose received by the well-bleached grain population. The observed
De distribution is modeled as a mixture of two components: a proportion p
of grains that were adequately bleached and a remaining fraction 1 − p that
includes grains a�ected by residual signals due to partial bleaching.

The measured individual dose di is log-transformed to obtain:

Di = δi + ϵi (2.13)

where Di is the natural logarithm of the measured dose for grain i, δi denotes
the expected log dose value, that is, the theoretical quantity which the model
assumes each measurement is centred on, and ϵi is the measurement error,
assumed to be normally distributed with mean zero and variance s2i .

The total variance is then:
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vi = σ2 + s2i (2.14)

The true dose distribution is modeled as a truncated normal distribution
starting at the minimum dose γ. The log-dose distribution for the partially
bleached grains follows a normal distribution with mean µ and standard de-
viation σ, truncated below at γ. The resulting probability density function
is:

f(z) = p · δ(z − γ) + (1− p) ·
ϕ
(
z−µ
σ

)
σ · Φ

(
µ−γ
σ

) (2.15)

In this expression, p represents the proportion of well-bleached grains, ϕ(·) is
the standard normal probability density function, and Φ(·) is the cumulative
distribution function of the standard normal distribution. The parameters µ
and σ correspond to the mean and standard deviation of the log dose distri-
bution of the partially bleached grains, while γ de�nes the minimum log dose,
acting as the truncation threshold of the distribution.

The model parameters p, µ, σ, and γ are estimated via maximum likelihood.
The minimum dose is then obtained by back-transforming γ:

DMAM = exp(γ) (2.16)

This value is interpreted as the equivalent dose associated with the well-
bleached grain population of the sample and should be used for age calculation
in heterogeneous samples a�ected by partial bleaching.

Before applying the MAM, it is necessary to �x an expected overdispersion
(σb) that characterises the well-bleached grain population. This parameter
is not estimated from the analysed dataset, but is assumed a priori based
on values reported in the literature, typically in the range of 0.10�0.20 (i.e.,
10�20%) [77]. It represents the residual scatter expected among grains that
were fully reset before burial and is added in quadrature to the individual
measurement uncertainties, thereby accounting for both analytical error and
intrinsic sample variability during the model �tting procedure.

The MAM has become a widely adopted tool for interpreting dose distri-
butions in partially bleached samples.

2.4.3.3 Graphical representation of equivalent dose distributions:
radial plots and density plots

The graphical representation of equivalent dose (De) distributions is essential
for assessing the internal structure of the dataset, identifying possible outliers,
and selecting an appropriate statistical model for age calculation. Among the
most e�ective tools available are the radial plot and the density plot, which
provide complementary perspectives on the same dataset. Examples of both
representations are shown side by side in Figure 2.3.

The radial plot, introduced by Galbraith [77, 88], is designed to simulta-
neously display both the magnitude and precision of individual De values on
a two-dimensional plane. Each data point is represented by a transformed
coordinate pair derived from the natural logarithm of the De value and its
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associated standard error. Speci�cally, each data point is plotted with a hor-
izontal position that increases with the precision of the measurement: more
precise measurements, having smaller standard errors, are plotted farther from
the origin. This is achieved by using the inverse of the standard error on the
x-axis. The angular position of the point (its angle relative to the vertical
axis) represents how much the measured dose di�ers from a chosen central
value (often the geometric mean or the estimate from a statistical age model).
In this way, the radial plot conveys both how far a measurement deviates from
the centre and how reliable that measurement is, allowing the viewer to visu-
ally assess both the deviation and the reliability of each data point within the
distribution.

Mathematically, let zi = ln(De,i) and si be the standard error of zi. The
radial plot positions each point at a horizontal distance 1/si, and a vertical
displacement proportional to (zi− z̄)/si, where z̄ is the estimated central value
of the log-transformed doses. In this way, the plot emphasizes the spread and
relative in�uence of each point on the overall distribution. This representation
is particularly advantageous in the presence of overdispersed or mixed popula-
tions. Unlike other graphical methods, the radial plot does not require binning
and visually incorporates measurement precision into the spatial layout of the
points. Clusters of high-precision points distant from the main population
can thus be easily identi�ed and interpreted, which is particularly useful in
scenarios involving partial bleaching or heterogeneities in grain behaviour.

An example of how to read the radial plot is provided by the red point
in Figure 2.3a. This point represents the central dose estimate obtained from
the dataset. Its horizontal position, at a precision of about 10, corresponds
to a relative standard error close to 10%. Its angular position aligns with the
radial scale at approximately 55 Gy, indicating the equivalent dose associated
with this estimate. This example illustrates how the position of a point on the
radial plot simultaneously conveys the equivalent dose value and the reliability
of the corresponding measurement.

The density plot, in contrast, displays the distribution of equivalent dose
values in a way that directly re�ects their frequency and relative abundance.
Unlike the radial plot, which integrates both dose magnitude and precision,
the density plot focuses on the visualisation of the overall shape and spread of
the dose distribution. Each individual De value is represented by a symmetric
kernel function, typically Gaussian, centred on the estimated dose. These ker-
nels are then summed to produce a continuous curve that approximates the
underlying probability density function of the data. Mathematically, the den-
sity plot represents the kernel density estimate (KDE) of the De distribution
and is de�ned as:

f(D) =
1

nh

n∑
i=1

K

(
D −De,i

h

)
(2.17)

where D is the dose variable, De,i is the equivalent dose of the i-th grain or
aliquot, K(·) is the kernel function, usually a standard normal distribution,
and h is the bandwidth parameter that controls the smoothness of the resulting
curve.

A key advantage of the density plot is its ability to highlight multimodal-
ity and asymmetry in the dose distribution, which may arise due to partial
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bleaching, mixed populations, or other forms of internal heterogeneity. Peaks
in the density plot correspond to clusters of similar De values, and the shape
of the distribution can guide the selection of an appropriate statistical model.
For example, a single, narrow peak may support the use of CAM, while mul-
tiple peaks or skewed tails may indicate the need for MAM or other mixture
models.

When used together, radial and density plots provide complementary in-
sights: while the radial plot emphasizes measurement precision and the rela-
tionship of each data point to a central value, the density plot highlights the
overall structure and modality of the dataset. Their combined use therefore
o�ers a robust graphical framework for interpreting luminescence dating data.

(a) Radial plot. Each point's distance from the ori-
gin re�ects its precision, while the angle encodes the
deviation from the central value.

(b) Density plot. Peaks indicate clusters of similar
dose values and highlight the overall shape of the
distribution.

Figure 2.3: Examples of graphical representations of equivalent dose (De) distributions.
(a) Radial plot emphasising the relationship between precision and deviation from a central
value. (b) Density plot illustrating the overall structure and modality of the distribution.
Adapted from [88].

2.5 Annual dose rate determination

In luminescence dating, the annual dose rate (ḊR) quanti�es the amount of ion-
ising radiation absorbed by a sample in one year since its last signal-resetting
event. Together with the equivalent dose (De), it constitutes one of the two
key quantities of the age equation (Section 2.2). While the previous section
addressed the procedures for determining De, the following discussion focuses
on the evaluation of ḊR, which requires distinct physical considerations and
analytical approaches.

In the framework of this thesis, the assessment of ḊR plays a central role,
as it is required for dating archaeological mortars both through the established
SG-OSL technique and within the new methodological approach proposed in
this study. Although the evaluation of the annual dose rate is not the main
focus of the research, it remains a fundamental parameter in the luminescence
age equation. For this reason, the following section introduces the main physi-
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cal concepts and methodological aspects relevant to its determination, ensuring
the reliability of the chronological results.

This section �rst outlines the physical basis of dose rate evaluation. It then
introduces the experimental techniques employed to measure the internal and
external dose components, including low-background gamma spectrometry for
laboratory determination of radionuclide concentrations and in situ dosimetry
for direct �eld assessment of the environmental and cosmic dose rate.

2.5.1 Individual contributions to the annual dose rate

The annual dose rate includes contributions from alpha, beta, and gamma
radiation emitted by naturally occurring radionuclides, as well as from cos-
mic rays. The main radionuclides responsible for the irradiation of minerals
in archaeological materials are those with very long half-lives, which remain
active over geological and archaeological timescales and therefore contribute
signi�cantly to the natural radiation �eld. These include potassium (40K, with
a natural isotopic abundance of 0.0117%), which emits both beta and gamma
radiation; the uranium series (238U, 99.29% and 235U, 0.71%) and the thorium
series (232Th, 100%), which emit alpha particles as well as beta and gamma
radiation along their decay chains; and rubidium (87Rb), which contributes
beta radiation but only as a minor component. The relative importance of
these contributions depends on the concentrations of the radionuclides in the
surrounding geological context. In addition, a cosmic-ray component is always
present: it becomes increasingly relevant at high altitudes or in environments
with low radionuclide content and therefore cannot be neglected in dose rate
estimation [1, 90].

The way these radiations interact with minerals depends on their energy
and, in the case of alpha and beta particles, also on their charge. In all cases,
the interaction is further in�uenced by medium properties such as density (ρ,
expressed in g cm−3) and the atomic-to-mass number ratio (Z/A).

For example, in materials like quartz, alpha particles are highly ionising
but a�ect only the outer 20�40 µm of a grain. Beta particles penetrate up to a
few millimetres, interacting with both the grain and its immediate surround-
ings. Gamma rays are much more penetrating, traversing tens of centimetres,
while cosmic rays reach the sample from the Earth's surface and atmosphere,
contributing uniformly to the dose. These di�erences in penetration depth are
schematically illustrated in Figure 2.4, which compares the e�ective ranges of
the main radiation types. Alpha particles, with a range of only a few tens of
micrometres, interact within the outermost rim of mineral grains. Beta parti-
cles, with a penetration of up to a few millimetres, a�ect both the grain and its
immediate surroundings. In contrast, gamma rays, with ranges of several tens
of centimetres, contribute to irradiation over much larger volumes of material.

In the context of luminescence dating, an archaeological sample is continu-
ously irradiated by natural radionuclides located both within the sample and
in its surrounding environment. The relative contribution of these sources de-
pends on their spatial distribution and can be expressed as the sum of three
components:
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Figure 2.4: Penetration ranges of ionising radiation in materials like quartz. Alpha parti-
cles a�ect only the outer ∼ 30µm, beta particles up to ∼ 3mm, and gamma rays irradiate
from several centimetres to decimetres. Adapted from [91].

ḊR = Ḋinc + Ḋint + Ḋenv (2.18)

Here, Ḋinc denotes the dose produced by radionuclides included within the
mineral grains themselves, Ḋint represents the contribution from radionuclides
dispersed in the binder matrix or bulk of the sample, and Ḋenv corresponds to
the external dose arising from the surrounding sediments or building materials.
This distinction between internal and external components is essential for ac-
curately assessing the annual dose rate. In the notation of Eq 2.18, each of the
terms implicitly encompasses the di�erent radiation components (α, β, and
γ), which contribute to the overall irradiation of the mineral grains together
with the cosmic component in the case of the external environment.

In the present study, several of these contributions can be excluded for the
following reasons:

� The dose rate from inclusions within the mineral grains (Ḋinc) is assumed
to be negligible in this study, as no signi�cant internal radioactive inclu-
sions are expected within the investigated materials.

� The penetration depth of alpha particles in mineral matrices does not
exceed ∼20 µm, while beta particles reach a maximum of 2�3 mm. Since
the analysed sample corresponds to a mortar fragment extracted from
the selected architectural structure, the external surface layer (2�3 mm)
is removed during sample preparation, thus the external α and β com-
ponents (Ḋα,env, Ḋβ,env) can be neglected.

� The γ contribution originating from the sample itself (Ḋγ,int) can also
be disregarded. As pointed out by Aitken [1], in the case of archaeolog-
ical materials of limited dimensions, such as mortars from architectural
structures, the internal γ dose is negligible compared to that from the
surrounding environment. The total γ dose rate can therefore be at-
tributed entirely to the external environment.
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Taking these aspects into account, the total dose rate equation simpli�es
to:

ḊR = Ḋα,int + Ḋβ,int + Ḋγ,env + Ḋcosm (2.19)

Finally, accurate estimation of the annual dose rate also requires accounting
for the attenuation of ionising radiation due to water content in the burial
environment. The presence of water reduces the energy deposited by α, β,
and γ radiation, and this e�ect is corrected using two empirical factors: the
W factor, which quanti�es the water absorption capacity of the sample, and
the F factor, representing the average �eld water saturation. The corrected
dose contributions are thus expressed as:

Ḋα,corr =
Ḋα

1 + 1.50 ·WF
(2.20)

Ḋβ,corr =
Ḋβ

1 + 1.25 ·WF
(2.21)

Ḋγ,corr =
Ḋγ

1 + 1.16 ·WF
(2.22)

2.5.2 Assessment of radioactive equilibrium and its im-
plications for dose rate evaluation

The dating method relies on the assumption that the annual dose rate re-
mained constant over time, provided the sample's burial environment has not
been altered. However, �eld observations frequently challenge this assumption
because archaeological sites often undergo physical and geochemical changes.
In particular, radioactive disequilibria caused by the migration or selective
retention of radionuclides can lead to signi�cant variations in environmental
radioactivity, ultimately a�ecting age calculations if not accounted for prop-
erly.

Radioactive equilibrium corresponds to the condition in which all members
of a decay chain exhibit equal activities that match the one of the long-lived
parent isotope. Disequilibrium arises when one of the daughter nuclides is
added or lost due to processes, such as radon gas escape, dissolution, or selec-
tive mobilization driven by water circulation, redox variations, or changes in
pH. These processes can a�ect the dose rate when they occur on timescales
that are comparable to the half-life of the a�ected radionuclide. If no further
disturbance occurs, the decay chains tend to re-establish secular equilibrium
over time. For this reason, the identi�cation and quanti�cation of any disequi-
librium are essential to correctly determine the mean annual dose rate, which
is the e�ective quantity used in luminescence age calculation.

Uranium and thorium have distinct chemical behaviours. Thorium is largely
immobile and is retained in insoluble mineral phases or adsorbed onto clays.
Uranium is more reactive and can be mobilized under oxidizing conditions, es-
pecially in the hexavalent form, which produces the soluble uranyl ion UO2+

2 .
The tetravalent form of uranium is much less soluble and tends to remain in-
corporated in minerals such as uraninite and co�nite. Radium, although less

55



mobile than uranium, can still migrate or become adsorbed onto clay minerals
or incorporated into carbonate matrices.

Natural uranium occurs as a mixture of three isotopes. Two of these iso-
topes, 238U and 235U, are the starting points of two natural radioactive decay
chains. The third isotope, 234U, is a radiogenic daughter of 238U. In total, there
are three natural radioactive series. The thorium series starts with 232Th and
includes isotopes with mass number divisible by four. The uranium series
starts with 238U and includes isotopes with mass number equal to four times
an integer plus two. The actinium series starts with 235U and includes isotopes
with mass number equal to four times an integer plus three. Among these,
the uranium series is the most relevant in luminescence dating because of its
abundance.

Near the surface, both uranium and thorium can be mobilized in oxidising
conditions, although in very di�erent ways. Thorium is usually found in insol-
uble phases or adsorbed onto clay surfaces, while uranium is often transported
in solution as uranyl complexes or as part of the detrital mineral fraction. In
primary rocks and minerals, both elements are typically in the +4 oxidation
state. However, uranium can also exist in +5 and +6 oxidation states. The
+6 state is the most stable under oxidising conditions and forms the uranyl
ion UO2+

2 according to the reaction:

U4+ + 2H2O ⇌ UO2+
2 + 4H+ + 2e− (2.23)

The uranyl ion may form complexes depending on pH and the presence
of other dissolved species. Uranium in the +4 state remains insoluble under
slightly acidic to alkaline conditions, and its solubility is controlled by the
precipitation of uraninite or co�nite. In contrast, uranium in the +6 state is
much more soluble. The mobility of uranium is also enhanced by alpha decay
recoil, which damages the mineral lattice and facilitates its release.

Radium can also be mobile, although to a lesser extent than uranium. It
can be incorporated into secondary mineral phases such as calcite or retained
by adsorption onto clays. Thorium is considered poorly mobile because of its
low solubility and strong a�nity for insoluble phases.

Geochemical processes that selectively enrich or deplete radionuclides alter
the annual dose. They do so not only by modifying the local abundance
of radioactive elements but also because the system gradually evolves back
toward secular equilibrium once the perturbation ceases. Disequilibrium arises
when the addition or removal of a parent or daughter nuclide occurs at a
rate comparable to the half-life of the a�ected daughter. The study of these
processes is therefore necessary to determine the e�ective dose rate experienced
by the sample and to reconstruct its time-averaged dose history.

The di�erent types of disequilibrium commonly encountered in natural
samples, including uranium enrichment, radium loss, and radon escape, can
be visualised through schematic representations of the decay chains. These
diagrams highlight the deviation from equilibrium activity levels and help to
understand the potential in�uence of speci�c geochemical processes on the dose
rate absorbed by the sample.
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Figure 2.5: Simpli�ed diagram of the 238U decay chain in secular equilibrium (top) and in
a uranium enrichment scenario (bottom). The initial increase in 238U and 234U results in
an activity excess in the upper part of the chain [92].

Figure 2.6: Simpli�ed diagram of the 238U decay chain in secular equilibrium (top) and in
a radium loss scenario (bottom). The reduction in 226Ra activity leads to a decrease in the
activity of its daughters [92].
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Figure 2.7: Simpli�ed diagram of the 238U decay chain in secular equilibrium (top) and in
a radium enrichment scenario (bottom). The addition of 226Ra produces a localised increase
in activity in the lower part of the chain [92].

Figure 2.8: Simpli�ed diagram of the 238U decay chain in secular equilibrium (top) and in
a radium removal scenario (bottom). The loss of 226Ra reduces the activity of subsequent
daughters [92].
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Figure 2.9: Simpli�ed diagram of the 238U decay chain in secular equilibrium (top) and in
a combined uranium enrichment and radium depletion scenario (bottom). The imbalance
produces a strong deviation in the activity pro�le across the chain [92].
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Figures 2.5 to 2.9 present schematic representations of the 238U decay chain
under di�erent geochemical conditions. Each �gure compares the ideal case
of secular equilibrium (top) with a speci�c disequilibrium scenario (bottom).
In secular equilibrium, all radionuclides in the chain exhibit equal speci�c
activities, corresponding to a stable and time-invariant dose rate. Deviations
from this condition may arise when one or more radionuclides are selectively
added to or removed from the system.

Figure 2.5 illustrates the case of uranium enrichment, where an increase
in the concentration of 238U and 234U leads to an excess in the upper part of
the chain. The downstream radionuclides remain unchanged until equilibrium
is progressively restored by radioactive decay. Figure 2.6 shows a scenario of
radium depletion, in which the activity of 226Ra and its daughters is reduced.

In Figure 2.7, the system is a�ected by radium enrichment, which enhances
the activity of the lower part of the decay chain. This may arti�cially increase
the external dose rate if the origin of the enrichment is not properly identi�ed.
Figure 2.8 depicts the partial removal of radium, a condition that may occur
due to leaching or low retention in the surrounding matrix, with a correspond-
ing decrease in the activity of its short-lived daughters.

Figure 2.9 presents a complex situation in which uranium is enriched while
radium is simultaneously depleted. This combination produces an imbalanced
activity pro�le along the decay chain, which can lead to signi�cant errors in
dose rate estimation if not appropriately corrected. These graphical models
highlight the importance of assessing the internal consistency of the decay
chain through high-resolution spectrometric analysis and applying correction
factors when disequilibrium is detected.

2.5.3 Measurements of the individual components of the
annual dose

The reliability of luminescence dating depends critically on the accurate deter-
mination of the ḊR, as any uncertainty directly propagates into the calculated
age [93]. Its evaluation requires complementary approaches to characterise
both the internal and environmental contributions.

The internal component is typically determined in the laboratory using low-
background gamma spectrometry, which measures the activity concentrations
of 40K, 238U, 235U, and 232Th. These values are then converted into dose rates
(Ḋα,int, Ḋβ,int) through standard conversion factors, with corrections for grain
size and attenuation e�ects [94].

The environmental component is instead assessed through in situ dosime-
try, which provides site-speci�c estimates of the external γ dose (Ḋγ,env) to-
gether with the cosmic-ray contribution (Ḋcosm).

The following sections describe these two techniques, which together allow
for a comprehensive evaluation of the annual dose rate.
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2.5.3.1 Low-background gamma spectrometry for internal dose rate
determination

The use of low-background gamma spectrometry in the context of luminescence
dating has been widespread since the late 1970s [95]. The major advantage of
gamma emission spectrometry is its sensitivity to the elements of interest in
TL and OSL dating.

This technique allows for the determination of the activity concentrations
of naturally occurring gamma-emitting radionuclides such as 40K, 235U, and the
decay products of 238U and 232Th. From these activities, the concentrations
of K, U, and Th can be calculated, assuming secular equilibrium within the
uranium and thorium series.

Given the relatively low concentrations of radionuclides in samples used for
luminescence dating � typically 0.5�5 ppm of uranium, 2�20 ppm of thorium,
and 0.2�4% of potassium � the detection of the gamma spectrum they emit
requires the use of highly e�cient shielding around the detector [95]. For this
purpose, high-purity germanium (HPGe) detectors are employed, which are
capable of detecting low-intensity gamma emissions with high resolution.

The standard procedure consists of placing a powdered sample, typically
between 10 and 120 grams, into a sealed container with �xed geometry and
acquiring the gamma spectrum over a prolonged measurement time, usually
ranging from 16 to 64 hours, in order to obtain statistically signi�cant results.

Once the gamma spectrum has been acquired, the peaks with the highest
intensity and methodological relevance are selected for analysis. By process-
ing the spectra, the intensity of each selected peak (Ii) is obtained, typically
expressed as the number of photons detected per unit time. These raw in-
tensity values must be corrected for self-absorption e�ects within the sample,
particularly when measuring low-activity materials. The correction factor for
self-absorption (Sabs) depends on the photon energy, the density (ρ) of the
sample, and its thickness (x), and is given by the equation:

Sabs = exp
(µ ρ x

2

)
(2.24)

where µ is the mass attenuation coe�cient, which, in the energy range of
interest, can be considered independent of the chemical composition of the
sample [96].

After this correction is applied, the net intensity Ii becomes proportional
to the activity Ai of the emitting isotope, according to:

Ii = Ai fi ϵi (2.25)

where fi is the branching ratio of the gamma emission (available in lit-
erature tables, e.g., [97, 98, 99]), andϵi is the absolute detection e�ciency of
the system for registering gamma photons that deposit their full energy at the
speci�c energy Ei.

In the case of decay chains such as those of uranium and thorium, where
multiple peaks are used to estimate the activity, the apparent activity of the
parent element (e.g., 238U or 232Th) is obtained by a weighted average of the
individual peak activities, assuming secular equilibrium within the series.
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The elemental concentration C of potassium, uranium, or thorium is then
derived from the measured activity using the following relationship:

C =
AT1/2M

ln 2Nav αm
(2.26)

where:

� A is the activity of the radionuclide [Bq],

� T1/2 is the half-life of the parent isotope,

� M is the molar mass of the parent element,

� Nav is Avogadro's number,

� α is the natural isotopic abundance,

� m is the sample mass.

2.5.3.2 In situ dosimetry for environmental and cosmic dose as-
sessment

The enviromental component of the annual dose rate, which includes gamma
radiation from surrounding materials, and cosmic radiation, can be evaluated
through in situ dosimetry. This method employs a portable gamma probe
that enables the real-time measurement of the ambient gamma and cosmic
radiation directly at the sampling location.

The probe is typically positioned at the same depth and geometry as the
sampled material, allowing for a representative characterisation of the radia-
tive environment surrounding the sample. The measurement provides a direct
estimation of the local dose rate, expressed in units of dose per unit time (e.g.,
µGy/h), which can be converted to annual dose rate values. When necessary,
standard correction procedures can be applied to account for water content,
density variations, and geometry.

This technique is fast, non-destructive, and allows for multiple measure-
ments to be carried out across the site. These features make in situ dosimetry
with a portable gamma probe particularly valuable in archaeological and ar-
chitectural contexts, where rapid dose assessment is required and installation
of passive dosimeters may not be feasible [100].
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3 Discrimination of
thermoluminescent signals from
natural quartz and carbonate
crystals mixture

The previous chapter introduced the theoretical and methodological back-
ground of luminescence dating, with particular emphasis on the challenges
associated with the application of this technique to historical mortars. Build-
ing on this framework, the present chapter is devoted to a methodological study
aimed at characterizing the thermoluminescence signals of selected reference
materials. These consist of quartz (Qzref), calcite (Calref), and a controlled
mixture of the two (Mixref). The analysis of these materials provides the ex-
perimental basis for the development of a protocol that can subsequently be
applied to archaeological samples.

The �rst part of the chapter focuses on the TL characterization of quartz
and calcite considered individually. For each material, glow curves were anal-
ysed through curve deconvolution, with the aim of identifying the main peaks
contributing to the TL signal and of extracting the associated kinetic param-
eters. This step was essential to determine which TL components can be
regarded as characteristic of each mineral phase and to assess their dosimetric
properties.

In the second part of the study, the controlled mixture (Mixref) is examined.
The mixture was prepared from known proportions of Qzref and Calref, both
irradiated with well-de�ned doses prior to mixing. The composite TL glow
curves of the mixture are deconvoluted to assess the degree of overlap between
the luminescence contributions of quartz and calcite. The aim of this analysis is
to evaluate if the characteristic peaks identi�ed in the individual materials can
still be distinguished within the mixture and to assess its dosimetric properties.

The results presented in this chapter therefore represent a key method-
ological step, providing the foundation for the application of the developed
approach to complex materials such as historical mortars for dating purposes.
This application will be the subject of the Chapter 4, where the methodology
is tested on archaeological samples.
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3.1 Materials

This section describes the reference materials and their preparation, which
formed the basis for the methodological characterization carried out in this
study.

3.1.1 Samples Qzref and Calref

Quartz extracted from a marine sediment, named Qzref, and calcite obtained
from a stalagmite, named Calref, were selected as reference materials for this
study.

The preparation of Qzref followed a coarse grain protocol aimed at isolating
grains in the 180�212 µm diameter range [101, 102, 103, 104, 105]. During
the entire preparation process, the sample was kept at room temperature and
shielded from light to avoid signal loss. The sediment was �rst sieved to obtain
grains below 500 µm, then treated with 10% H2O2 for 48 h to remove organic
matter and with 20% HCl for 120 min to dissolve carbonate components. After
sieving to retain grains in the 100�300 µm range, the material, consisting of
quartz, feldspars and heavy minerals, underwent density separation in sodium
polytungstate with ρ = 2.62 g/cm3 to isolate quartz fraction. The obtained
quartz sample was etched in 40% HF for 50 min, removing approximately
30 µm of the grain surface to eliminate the alpha-irradiated outer shell. A
�nal cleaning step with 10% HCl for 25 min removed �uorides precipitated
during HF etching. After rinsing, drying, and sieving, the �nal fraction of
180�212 µm was obtained.

The preparation work�ow for Qzref is summarised in Figure 3.1.
The preparation of Calref consisted of the mechanical disaggregation of the

stalagmite, with the isolation of coarse grains in the 180�212 µm diameter
range. To avoid the in�uence of light-bleached material, the outermost 10 mm
layer was �rst removed with a hand �le [106]. The remaining inner portion
was then gently crushed and sieved, and the resulting grains were subsequently
treated with a 1% acetic acid solution for approximately 7 min to minimise
potential spurious triboluminescence (tribo-TL) induced during crushing [49,
107, 108]. The preparation work�ow for Calref is summarised in Figure 3.2.

The preparation procedures allowed obtaining quartz and calcite fractions
that were then used for thermoluminescence measurements.

3.1.2 Sample Mixref

In addition to the individual monocrystalline fractions, a controlled mixture
was prepared using Qzref and Calref as starting materials. The mixture con-
sisted of 75% quartz and 25% calcite by weight, a proportion chosen to approx-
imate the typical binder-to-aggregate ratio commonly observed in historical
lime mortars [78, 79, 61, 109, 110].

Prior to mixing, both fractions were �rst bleached to remove any pre-
existing luminescence signal and subsequently irradiated with di�erent doses:
41.4 Gy for quartz and 10.4 Gy for calcite. The di�erence in irradiation doses
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Marine sediment

Sieving
Obtain grains with � < 500 µm

Removal of organics
10% H2O2 for 48 h

Carbonate removal
20% HCl for 120 min

Sieving
Retain grains with 100 µm < � < 300 µm

Density separation
Sodium polytungstate, ρ = 2.62 g/cm3; isolate quartz
fraction

HF etching
40% HF for 50 min; remove ∼30 µm outer shell

Cleaning
10% HCl for 25 min; remove �uoride precipitates

Sieving
Select fraction 180 µm < � < 212 µm

Coarse quartz fraction Qzref

Constant conditions
Room temperature
Light-shielded room

Figure 3.1: Flowchart of the preparation steps for the monocrystalline quartz fraction that
constitutes the sample denoted as Qzref.

Stalagmite

Surface removal
Remove outer 15 mm with hand �le (eliminate poten-
tially light-bleached layer)

Mechanical disaggregation
Gently crush inner portion

Sieving
Select fraction 180 µm < � < 212 µm

Acetic acid treatment
1% CH3COOH for ∼7 min (reduce tribo-TL)

Calcite fraction Calref

Constant conditions
Room temperature
Light-shielded room

Figure 3.2: Flowchart of the preparation steps for the monocrystalline calcite fraction that
constitutes the sample denoted as Calref.
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arises from the fact that the luminescence signal of calcite begins to accumu-
late only after mortar hardening, when new crystals are formed during the
carbonation process. Quartz, on the other hand, undergoes optical resetting
during mortar preparation, but if bleaching is incomplete it retains part of
its geological dose. This residual component is then added to the dose accu-
mulated during the burial of the mortar, so that at the time of measurement
the equivalent dose of quartz is higher than that of the carbonate fraction. In
the present experiment, this additional geological contribution due to partial
bleaching was simulated by assigning quartz a dose approximately four times
greater than that of calcite. The resulting 4:1 ratio was chosen to reproduce
a realistic scenario in which the carbonate fraction carries a fully reset signal
of low equivalent dose, while quartz preserves a larger residual signal inherited
from its geological history.

The irradiated fractions were then combined in a beaker, dispersed in ace-
tone, and homogenised in an ultrasonic bath for 5 minutes. The suspension
was subsequently dried in a G®-Therm 015 oven at 35°C for 48 hours to ensure
complete evaporation of the solvent. This procedure yielded a homogeneous
dry mixture suitable for thermoluminescence measurements.

Starting materials
Qzref (41.4 Gy) and Calref (10.4 Gy)

Weighing and proportioning
75% quartz + 25% calcite by weight

Dispersion
Add acetone and mix in beaker

Ultrasonic homogenisation
5 min ultrasonic bath

Drying
G®-Therm 015 oven, 35°C for 48 h (complete solvent
evaporation)

Mixref
75% Qz + 25% Cal (irradiated), grains 180�212 µm

Constant conditions
Room temperature
Light-shielded room

Figure 3.3: Flowchart of the preparation steps for the controlled mixture Mixref obtained
from Qzref and Calref.

3.2 Methods

This section presents the experimental methods and analytical procedures
adopted for the methodological study. Consistent with the structure of the
research work�ow, the content is organised into two main parts. The �rst part
describes the instrumentation employed for luminescence measurements: the
Risø DA-15 TL/OSL reader.

The second part details the measurement protocols applied to the reference
materials Qzref, Calref, and Mixref, together with the corresponding strategies
for data analysis.
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3.2.1 Luminescence measurements instrument:
Risø TL/OSL DA-15 reader

The measurements for the methodological part of this thesis were carried out
using a Risø TL/OSL DA-15 reader, a system widely employed in luminescence
dating. The instrument is equipped for both TL and OSL analyses; however,
in this methodological study and throughout the thesis it was used exclusively
for TL measurements. A photograph of the instrument is shown in Fig. 3.4.

Figure 3.4: Automated luminescence reader used in this study: Risø TL/OSL DA-15.

The DA-15 is equipped with a carousel that can hold up to 48 stainless
steel sample cups or discs, each 1 cm in diameter. For this study, the reference
samples Qzref, Calref, and Mixref were mounted on these cups. Each cup con-
tained a thin monolayer of the samples �xed with silicone spray, which allowed
TL measurements to be carried out under reproducible conditions (Fig. 3.5).

The heating system of the DA-15 provides precise temperature control up
to 700 °C, with programmable rates between 0.1 and 30 °C/s, ensuring stable
and reliable TL analyses. The heating unit, positioned under the sample, also
acts as a lifting mechanism that brings the cup into the measurement position.
It consists of a Kanthal strip with a central depression, designed to improve
thermal contact and ensure proper sample alignment [12, 35, 55].

Temperature regulation is achieved by a type K (Alumel�Chromel) ther-
mocouple located directly under the cup, providing accurate feedback control.
To prevent oxidation and maintain stable conditions during high-temperature
operation, the heating chamber is continuously �ushed with nitrogen [55].

A close-up of the heating unit con�guration is shown in Fig. 3.6.
Luminescence detection is performed by an EMI 9835 QA photomultiplier

67



Figure 3.5: Stainless steel cups mounted in the Risø carousel, each containing a monolayer
of sample grains �xed with silicone spray. These holders were used for multigrain TL mea-
surements in this study.

Figure 3.6: Close-up view of the heating unit in the Risø TL/OSL DA-15 reader. The
stainless steel sample cup is positioned above the Kanthal strip, which ensures e�cient ther-
mal contact, while the thermocouple provides real-time temperature feedback for accurate
regulation.
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tube (PMT), used in photon-counting mode. The geometry of the sample
measurement position and the PMT is optimised to a 55 mm distance, ensuring
a detection solid angle of 0.4 sr.

Since the spectral emission of carbonates falls within the orange region of
the spectrum (570�650 nm), the use of a dedicated optical �lter was necessary
to detect this signal (see Section 1.5 in Chapter 1 for further details). In this
study, the BG-39 �lter, a broad band-pass type with transmission extending
into the green�orange range, was adopted as detection �lter for TL analy-
ses. The choice of this �lter resulted from preliminary tests that indicated
its suitability for detecting both the carbonate emission (around 570 nm) and
the quartz emission (around 365 nm). The BG-39 �lter and its transmittance
curve are shown in Fig. 3.7.

Figure 3.7: BG-39 optical �lter employed for the detection of carbonate emissions: pho-
tograph (left) and measured transmittance curve (right), obtained with a Perkin-Elmer
Lambda 1050 UV-VIS-NIR spectrophotometer.

The system is further equipped with a built-in 90Sr/90Y beta source, which
delivered a dose rate of 4.14 Gy/min (1 February 2023).

For further technical details on the DA-15 system and its components, the
reader is referred to the comprehensive descriptions available in the literature
[12, 35, 55].

3.2.2 Measurements on reference materials

This section focuses on the experimental investigation of the reference materi-
als, with the aim of establishing the characteristic TL response of quartz and
calcite under controlled laboratory conditions.

3.2.2.1 Measurements on Qzref and Calref

A total of 25 aliquots were prepared for each of the reference samples Qzref and
Calref, mounted in cups and measured by TL using the Risø TL/OSL DA-15
system.
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The �rst experimental step focused on characterizing the TL response of
the reference samples under controlled laboratory conditions. In this context,
arti�cial signals were employed for two main reasons. First, Qzref and Calref
were obtained from materials with di�erent geological origins and dosimetric
histories, making their natural luminescence signals not directly comparable.
Second, the use of arti�cial irradiation allows the creation of reproducible
experimental conditions, which are essential for a consistent methodological
study. The investigation of these signals was therefore aimed at establishing
the TL behaviour of each phase, thus providing reference conditions for the
subsequent application of the method to mortars.

The natural luminescence signal of the aliquots was removed by thermal
annealing at 450 °C, carried out with a controlled heating rate of 5 °C/s. Each
aliquot was then subjected to a well-de�ned experimental sequence. A labora-
tory beta dose of 14 Gy was administered, after which the samples underwent
a preheating stage at 220 °C for 10 s to remove electrons from unstable traps.
The TL signal was then acquired by thermal stimulation from room tempera-
ture up to 450 °C at a constant heating rate of 5 °C/s, with detection through
a BG-39 optical �lter to ensure spectral selectivity.

The complete measurement sequence applied to the aliquots is reported in
Table 3.1.

Table 3.1: Measurement sequence applied for TL acquisition of arti�cial signals from Qzref
and Calref aliquots.

Sequence step Treatment Observed

1 Thermal annealing (@450 °C, 5 °C/s) �
2 Beta irradiation: 14 Gy �
3 Preheating (@220 °C, 10 s) �
4 Thermal stimulation (@450 °C, 5 °C/s) Lx

To assess the dosimetric response of the two samples, a Dose Recovery Test
was carried out on the same set of aliquots (see Section 2.4.2.1, Eq. 2.4). After
annealing, two beta doses were administered: 41.40 Gy to the aliquots of Qzref
and 10.40 Gy to those of Calref. These irradiation doses were treated as the
�natural� dose to be recovered, and the aliquots were subsequently measured
using a TL SAR protocol in order to derive a De estimate to be compared with
Dgiven as part of the recovery test.

The detailed TL SAR sequence adopted for the Dose Recovery Test is
summarised in Table 3.2.

3.2.2.2 Measurements on Mixref

For Mixref, a �rst set of 5 aliquots was analysed with the purpose of charac-
terising the composite TL signal of the mixture. The measurement procedure
consisted of a preheating step at 220 °C for 10 s, followed by TL readout up to
450 °C at a heating rate of 5 °C/s. The signal recorded in this con�guration
re�ects the luminescence arising from the arti�cial irradiation previously ad-
ministered to the quartz and calcite fractions prior to mixing and was therefore
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Table 3.2: TL SAR measurement sequence applied during the Recovery Test on Qzref and
Calref aliquots.

Sequence step Treatment Observed

1 Preheating (@220 °C, 10 s) �
2 Thermal stimulation (@450 °C, 5 °C/s) Lgiven

3 Give test dose, DT = 7 Gy �
4 Cut heat (@180 °C) �
5 Thermal stimulation (@450 °C, 5 °C/s) Tgiven

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 steps 6�11
for Di = 6.90 Gy, 13.80 Gy, 27.60 Gy,
41.40 Gy, 55.20 Gy

�

treated, within the context of this study, as the �natural� signal of the mixture
(LN). The adopted measurement sequence is summarised in Table 3.3.

Table 3.3: Measurement sequence applied for TL signal acquisition from Mixref aliquots.

Step Treatment Observed

1 Preheating (@220 °C, 10 s) �
2 Thermal stimulation (@450 °C, 5 °C/s) LN

A second set of 25 aliquots was analysed by applying a TL SAR proto-
col in order to reconstruct the equivalent dose associated with the arti�cial
irradiations previously administered to the quartz and calcite fractions. The
measurement sequence applied to these aliquots is summarised in Table 3.4.
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Table 3.4: TL SAR measurement sequence applied to Mixref aliquots.

Step Treatment Observed

1 Preheating (@220 °C, 10 s) �
2 Thermal stimulation (@450 °C, 5 °C/s) LN

3 Give test dose, DT = 7 Gy �
4 Cut heat (@180 °C) �
5 Thermal stimulation (@450 °C, 5 °C/s) TN

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 steps 6�11
for Di = 6.90, 13.80, 27.60, 41.40, 55.20 Gy

�

3.2.3 Analysis

For all TL datasets considered in this methodological study, namely Qzref,
Calref, and Mixref, the same data analysis work�ow was applied.

Following the measurement sequences, each measured glow curve was anal-
ysed individually through deconvolution in order to separate overlapping com-
ponents.

Deconvolutions were performed with a home-made stand-alone application
named Dosimetric Deconvolution Chart. The software provides an interactive
graphical interface for �tting complex glow curves and implements the GOK
formalism, which describes kinetic behaviour between �rst and second order
(please refer to Section 1.2.2.4 and Eq. 1.19 for the general expression of the
model). The user de�nes the number of deconvolution peaks and supplies ini-
tial values for the peak temperature Tm, the maximum intensity Im at Tm, the
activation energy E, and the kinetic order b. These values are then iteratively
optimised during the �tting process. During optimisation the software dis-
plays simultaneously the experimental curve, the individual components and
the global �t, and reports residuals and �t metrics in real time.

For each deconvolution, the residuals between experimental and �tted data
were calculated and normalised with respect to the maximum absolute residual,
providing a direct check of the �t quality. In addition to this qualitative control,
the goodness of �t was quantitatively assessed using the Figure of Merit (FOM)
[111], a widely employed indicator in thermoluminescence studies to evaluate
the agreement between experimental and �tted glow curves [112].

FOM =

∑n
i=1

∣∣yexpi − yfiti
∣∣∑n

i=1 |y
exp
i |

, (3.1)

where yexpi and yfiti denote the experimental and �tted intensities at point
i. The FOM values are generally expressed as percentages, with a threshold
of 5%, which is considered indicative of good agreement.
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For all TL signals, deconvolutions were applied to both regenerative (Lx)
and test (Tx) signals in order to separate the individual contributions of each
component. The notation Pj is used throughout this work to denote each
deconvolution peak, where j = 1, 2, . . . , Np and Np is the total number of peaks
identi�ed for a given glow curve. The initial �tting parameters associated with
each Pj, namely the peak temperature Tm(Pj), the activation energy E(Pj),
and the kinetic order b(Pj), provided the starting point for the optimisation
procedure.

For each peak, the integrals of the luminescence intensity corresponding
to regenerative and test doses, Lx(Pj) and Tx(Pj), were calculated. The
sensitivity-corrected signal was then obtained as

I(Pj) =
Lx(Pj)

Tx(Pj)
, (3.2)

and used to construct dose�response curves as a function of the applied
regenerative doses. The equivalent dose of each peak, De(Pj), was determined
by interpolating the natural signal LN(Pj)/TN(Pj) on the corresponding curve.

In the case of Qzref and Calref, the equivalent dose values obtained for
each deconvolution peak, De(Pj), were used to quantify the accuracy of the
SAR protocol through the dose�recovery test. Speci�cally, for each peak the
recovery ratio (Eq. 2.4) was calculated as

R(Pj) =
De(Pj)

Dgiven

, (3.3)

A recovery ratio R(Pj) close to unity indicates that the measured equivalent
dose correctly reproduces the given dose, thereby con�rming the reliability of
the applied procedure.

In contrast, for Mixref the equivalent dose values of each peak were further
analysed with radial plots obtained with the RadialPlotter software, which
allowed a more comprehensive assessment of the distribution of De(Pj) values
across the analysed aliquots.

3.3 Results

This section summarises the TL behaviour of the reference materials. First,
single-phase glow curves of Qzref and Calref are deconvolved to de�ne peak
structure and kinetic parameters. Second, Mixref is analysed to verify peak
correspondence and to separate the relative contributions of quartz and cal-
cite. Third, TL SAR measurements are used to reconstruct equivalent doses
associated with the known arti�cial irradiations, supported by sensitivity mon-
itoring and L/T dose�response analysis. A concise comparison with literature
values closes the section and anticipates the application to archaeological mor-
tars in the next chapter.
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3.3.1 Characterization of the reference samples Qzref and
Calref

Glow curves for both quartz and calcite aliquots were acquired following the
measurement sequence in Table 3.1. Figure 3.8 presents a representative ex-
ample of the deconvolution analysis performed on the TL signal of a single
aliquot, along with the corresponding residuals.

(a) (b)

(c) (d)

Figure 3.8: Thermoluminescence signal deconvolution of irradiated aliquots. (a) Quartz
glow curve with �tted peaks at 254 ◦C, 300 ◦C, 345 ◦C, and 428 ◦C. (b) Calcite glow curve
with �tted peaks at 295 ◦C, 344 ◦C, and 405 ◦C. Residuals are reported in (c) and (d),
respectively.

As shown in Figure 3.8a, the quartz TL glow curve is well described by
four peaks, centred at 254 ◦C, 300 ◦C, 345 ◦C, and 428 ◦C. In contrast, the
calcite signal in Figure 3.8b is described by three peaks, located at 295 ◦C,
344 ◦C, and 405 ◦C. Notably, unlike quartz, calcite does not exhibit a distinct
low-temperature peak.

The deconvolutions were performed by minimising the Figure of Merit
(FOM), obtaining values lower than 3% for the two representative aliquots
shown in Figure 3.8. These values indicate a high degree of statistical relia-
bility of the �t for each individual case. The corresponding residuals, shown
in Figures 3.8c and 3.8d, con�rm the robustness of the �ts across the temper-
ature interval considered. In both cases, the residuals remain close to zero,
con�rming that the �tted curves reproduce well the experimental data. For
calcite, the residuals show a slightly larger spread than those of quartz, which
may be explained by higher signal noise.
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The deconvolution procedure was applied to all 25 aliquots of quartz and
calcite, respectively. Averaging the FOM values obtained from each individual
deconvolution yielded mean values of 1.5% ± 0.4% for quartz and 1.8% ± 0.4%
for calcite. These results con�rm the overall reliability and consistency of the
deconvolution procedure applied to all measured aliquots.

Peak P4 of the quartz deconvolution (428 ◦C) was excluded from subsequent
dosimetric analysis, as its parameters are strongly a�ected by uncertainties in
the background subtraction. Similarly, the highest-temperature peak identi-
�ed in the calcite glow curve (405 ◦C) was also excluded for the same reason. In
this temperature range, the background mainly arises from the incandescence
of the sample itself during heating, which intensi�es with increasing tempera-
ture and interferes with the discrimination of the actual TL emission. These
high-temperature components are therefore not considered representative of
the intrinsic luminescence properties of quartz and calcite, and their inclusion
could introduce additional uncertainties in dose estimation procedures.

Following the deconvolution of the 25 aliquots of quartz and calcite, a set
of kinetic parameters was obtained for each deconvolved TL peak. These pa-
rameters include the maximum temperature of the peak (Tm in ◦C), activation
energy (E in eV), and kinetic order (b). For each identi�ed peak, average values
and the corresponding standard errors of the mean were calculated across all
aliquots. The results of this analysis are reported in Table 3.5, which includes
the mean deconvolution parameters for quartz and calcite peaks P1 to P4.
Peaks P4 were excluded from kinetic evaluation due to uncertainties arising
from background subtraction, as discussed previously.

The parameters reported in Table 3.5 summarise the thermal and kinetic
characteristics of the TL glow peaks identi�ed in quartz and calcite. For both
minerals, three reproducible peaks (P1 to P3) were observed between 254 and
345 ◦C for quartz and between 295 and 344 ◦C for calcite. Their activation
energies range from 1.29 to 1.59 eV. The kinetic orders vary between 1.52 and
1.86, consistent with general-order kinetics, that is intermediate between �rst-
and second-order behaviour.

These results are consistent with the expected behaviour of stable TL com-
ponents in quartz and carbonates. Peak P1 was identi�ed only in quartz,
con�rming its speci�city for this mineral phase. In contrast, peaks P2 and
P3 show very similar kinetic parameters in both minerals, indicating that the
charge carriers involved have comparable thermal stability under the applied
measurement conditions. This outcome provides a solid basis for discriminat-
ing and modelling TL signals in composite materials such as historical mortars.

A detailed comparison between the TL deconvolution parameters obtained
in this study and those reported in the literature for quartz is presented in
Table 3.6. The values refer to the three main peaks identi�ed (P1, P2, P3),
and include the peak temperature (Tm), activation energy (E), and kinetic
order (b). The literature data have been averaged where multiple values are
available, in order to provide a more robust reference for comparison.

As presented in Table 3.6, the thermoluminescence parameters derived in
this study for quartz peaks P1, P2, and P3 exhibit a generally good agreement
with those reported in the literature. For peak P1, the measured peak tem-
perature (Tm = 254 ± 4 ◦C) is consistent with the average literature value of
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Table 3.6: Comparison between TL deconvolution parameters obtained in this study and
average values reported in the literature for quartz peaks P1, P2, and P3. Values include
peak temperature (Tm), activation energy (E), and kinetic order (b).

Peak Parameter This study
Average values

(literature) [113, 114]

P1
Tm (◦C) 254± 4 263± 9
E (eV) 1.29± 0.04 1.30± 0.10
b 1.52± 0.04 1.24± 0.03

P2
Tm (◦C) 300± 3 316± 9
E (eV) 1.50± 0.04 1.35± 0.10
b 1.57± 0.04 1.44± 0.10

P3
Tm (◦C) 345± 3 347± 5
E (eV) 1.59± 0.04 1.46± 0.10
b 1.86± 0.04 1.81± 0.10

263 ± 9 ◦C. The activation energy (E = 1.29 ± 0.04 eV) is in good agreement
to the average reported value (1.30± 0.10 eV), con�rming the reliability of the
deconvolution model adopted. The kinetic order parameter (b = 1.52± 0.04),
although slightly higher than the reference value (1.24 ± 0.03), falls within a
reasonable range of variation and may re�ect di�erences in sample origin or
trapping con�gurations.

In the case of peak P2, the experimental peak temperature (300 ± 3 ◦C)
is slightly lower than the average value found in the literature (316 ± 9 ◦C).
The activation energy obtained (1.50± 0.04 eV) exceeds the average reported
value (1.35±0.10 eV), although the deviation remains within the experimental
uncertainty typical of TL kinetic analyses. The kinetic order parameter (b =
1.57± 0.04) is compatible with the literature average (1.44± 0.10).

For peak P3, the measured parameters show excellent correspondence with
literature data. The peak temperature (345 ± 3 ◦C) matches the reported
average (347 ± 5 ◦C), and the activation energy (1.59 ± 0.04 eV) is slightly
elevated relative to the reference value (1.46± 0.10 eV), yet remains within an
acceptable range. Similarly, the kinetic order (b = 1.86± 0.04) is in very good
agreement with the average literature value (1.81± 0.10).

Overall, the results support the robustness and reproducibility of the de-
convolution approach applied in this work. The minor deviations observed
are attributable to di�erences in the defects con�guration and thermal history,
and do not compromise the overall consistency of the kinetic interpretation,
which is strongly supported by the close agreement observed across most of
the deconvolution parameters.

As shown in Table 3.7, a direct comparison between the kinetic parame-
ters derived in this work and the average values reported in the literature is
presented for calcite peaks P2 and P3, as already done for quartz.

As shown in Table 3.7, for peak P2, the measured peak temperature is
295± 4 ◦C, which is moderately higher than the average value from literature,
267± 13 ◦C. The activation energy obtained in this study, 1.50± 0.04 eV, is in
very good agreement with the literature average of 1.53 ± 0.04 eV. Likewise,
the kinetic order parameter b = 1.57± 0.04 shows strong consistency with the
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Table 3.7: Comparison between TL deconvolution parameters obtained in this study and
average values reported in the literature for calcite peaks P2 and P3. Values include peak
temperature (Tm), activation energy (E), and kinetic order (b).

Peak Parameter This study
Average values

(literature) [115, 116, 117, 118, 119]

P2
Tm (◦C) 295± 4 267± 13
E (eV) 1.50± 0.04 1.53± 0.04
b 1.57± 0.04 1.64± 0.16

P3
Tm (◦C) 344± 4 348± 16
E (eV) 1.59± 0.04 1.76± 0.07
b 1.86± 0.04 1.90± 0.06

average literature value of 1.64± 0.16.
For peak P3, the measured peak temperature is 344±4 ◦C, closely matching

the average value of 348± 16 ◦C from literature works. The activation energy
determined, 1.59±0.04 eV, is slightly lower than the reported literature average
of 1.76± 0.07 eV, yet the deviation remains within acceptable bounds for ther-
moluminescence kinetic analysis. The kinetic order parameter b = 1.86± 0.04
is in excellent agreement with the literature value of 1.90± 0.06.

In conclusion, the comparison con�rms a high degree of consistency be-
tween the TL parameters obtained in this study and those reported in the
literature, particularly with regard to the activation energy and kinetic order,
which display minimal deviations. The slightly greater variability observed in
peak temperature values can be attributed to di�erences in sample provenance
and the distribution of intrinsic defects, all of which can in�uence recombina-
tion dynamics.

As described in Section 3.2.2.1, the Dose Recovery Test was applied to
25 aliquots of Qzref and 25 aliquots of Calref to assess the accuracy of dose
reconstruction through deconvolution. All TL curves obtained in the recov-
ery test were subjected to deconvolution. For each deconvolution peak, PQz 1,
PQz 2, and PQz 3 in Qzref, and PCal 2 and PCal 3 in Calref, the equivalent dose
(De) was determined by interpolation on the respective dose�response curve.
The Recovery Ratio (R) was then calculated as the ratio between the recon-
structed and the administered dose, providing a peak-speci�c evaluation of
measurement accuracy.

Figure 3.9 presents the results of the SAR protocol applied in the Dose
Recovery Test. Panels a and b display the TL glow curves of representative
aliquots of quartz and calcite measured after successive regenerative doses,
illustrating the evolution of the luminescence signal with increasing tempera-
ture. Panels c and d show the corresponding sensitivity-corrected signal ratios
Tx/Tn for the main deconvolution peaks. The ratio, where Tx denotes the test
dose signal and Tn the natural dose signal, was monitored across all cycles to
assess both sensitivity correction and signal stability, which are essential for
reliable equivalent dose determination.
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(a) (b)

(c) (d)

Figure 3.9: Evaluation of signal stability and sensitivity correction during the SAR pro-
tocol. (a)�(b) TL glow curves obtained from a representative aliquot of quartz and calcite
subjected to increasing regenerative doses. (c)�(d) Evolution of the sensitivity-corrected
signal ratio Tx/Tn for each deconvolution peak, as observed in the same example aliquot.

As shown in Figures 3.9c and 3.9d, the Tx/Tn ratio of quartz remains
consistently close to unity for all three deconvolution peaks, with minimal
�uctuation across cycles, indicating e�ective sensitivity correction. Calcite
shows a similarly stable behaviour for peaks P2 and P3, with slightly higher
variability, yet still consistent with proper sensitivity correction.

The dose�response behaviour of the main TL deconvolved peaks was in-
vestigated by plotting the sensitivity-corrected signal (Lx/Tx) as a function
of the administered dose (Figure 3.10). For quartz (Qzref), peaks 1, 2, and 3
exhibit linear growth, with slopes of 0.153± 0.002 (R2 = 0.997), 0.175± 0.004
(R2 = 0.998), and 0.158 ± 0.002 (R2 = 0.997), respectively. For calcite
(Calref), peaks 2 and 3 also follow a linear trend, with slopes of 0.143± 0.002
(R2 = 0.997) and 0.133± 0.002 (R2 = 0.996). These results demonstrate that
both quartz and calcite display a linearity of the dosimetric signal over the
investigated dose range.

Finally, in the Table 3.8 reports the average Recovery Ratio (R) values
obtained for each deconvolution peak in quartz and calcite.

The results presented in Table 3.8 show that, for both quartz and calcite,
the average Recovery Ratios (R) associated with the main TL peaks are close to
unity. In quartz, R values increase from 0.92±0.30 for P1 to 0.96±0.26 for P3,
suggesting a slightly improved agreement between administered and measured
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Figure 3.10: Dose�response curves of sensitivity-corrected signals (Lx/Tx) for deconvolu-
tion peaks 1�3 of quartz and peaks 2�3 of calcite. The solid lines represent the best-�t linear
regressions, with slopes and coe�cients of determination reported in the text.

Table 3.8: Average Recovery Ratio (R) values obtained for each deconvolution peak of
quartz and calcite. A value close to 1 indicates accurate dose reconstruction. The uncertainty
represents the standard deviation of the R values obtained from the 25 aliquots analysed for
each material.

Peak Quartz R Calcite R

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

doses at higher temperatures. The relatively large standard deviations re�ect
intrinsic variability among aliquots, possibly related to di�erences in sensitivity
changes or signal stability across measurements.

For calcite, recovery was evaluated for peaks P2 and P3, which yielded R
values of 0.97 ± 0.27 and 0.99 ± 0.27, respectively. These results con�rm the
capability of the selected TL components to provide accurate dose estimates
under the applied SAR protocol.

3.3.2 Characterization of the Mixref

To evaluate the dosimetric performance of the proposed methodology un-
der conditions simulating real mortars, the controlled mixture Mixref of pre-
irradiated quartz and calcite grains was analysed. This con�guration repro-
duces the luminescence behaviour expected in historical mortars and provides
a test case for applying the deconvolution approach under mixed mineral con-
ditions.

Deconvolution of the TL signals revealed the thermoluminescent compo-
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nents of the composite glow curve and allowed extraction of their kinetic pa-
rameters, using initial �tting conditions derived from the separate characteri-
zation of the reference samples Qzref and Calref.

As shown in Figure 3.11a, the TL glow curve of a representative mixed
aliquot was deconvolved into four distinct peaks. Peak 1 (P1), centred at
approximately 254 ◦C, is exclusively associated with the quartz component,
while peaks 2 (P2) and 3 (P3), located around 300 ◦C and 345 ◦C respectively,
result from the overlap of TL signals emitted by both quartz and calcite.
Peak 4 (P4), observed at temperatures of 417 ◦C, was excluded from subsequent
dose evaluations due to the signi�cant in�uence of background subtraction in
this temperature region, in accordance with the approach adopted for the
individual mineral phases.

All the analysed aliquots of the mixture showed TL glow curves that could
be consistently described by this same four-peak structure, with peak positions
corresponding closely to those identi�ed in the example shown.

(a) Deconvolution of the TL glow curve of the quartz�calcite
mixture. Four peaks were used to model the experimental signal,
with a resulting FOM of 1.6%.

(b) Residuals of the �t expressed as a percentage di�erence be-
tween experimental and modelled data, as a function of temper-
ature.

Figure 3.11: TL signal deconvolution of a mixed aliquot of quartz and calcite. The residuals
in panel (b) con�rm the overall goodness of �t, with deviations mostly within ±10%. The
increased dispersion observed below 227 ◦C is likely due to the reduced signal-to-noise ratio
in this region.
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The quality of the �t was �rst evaluated for the representative aliquot
shown in Figure 3.11a, which yielded a FOM of 1.6%. The residuals plot-
ted below the glow curve further support the reliability of the deconvolution,
remaining close to zero and mostly within the normalised range of �1 to 1.

Extending the analysis to all aliquots of the mixture, the deconvolution
procedure consistently produced FOM values below 2.5%, con�rming the ro-
bustness of the �tting approach.

The mean kinetic parameters obtained from the deconvolution of the 25
analysed aliquots are summarised in Table 3.9.

Table 3.9: Kinetic parameters obtained from the deconvolution of the TL signal of a mixed
quartz-calcite aliquot. Tm is the peak temperature, E the activation energy, and b the kinetic
order. Uncertainties on Tm, E, and b are standard errors derived from the deconvolution
�tting.

Peak Tm (◦C) b E (eV)

P1 254± 4.0 1.42± 0.04 1.25± 0.04
P2 300± 3.0 1.45± 0.03 1.42± 0.03
P3 345± 4.0 1.83± 0.05 1.37± 0.04
P4 417± 4.0 � �

As indicated in Section 3.2.2.2, the SAR TL protocol was applied to the
mixed aliquots. De values for peaks P1, P2, and P3 were derived from the de-
convoluted signals by interpolation on the corresponding dose�response curves,
thus re�ecting the irradiation history of the quartz and calcite fractions prior
to mixing.

The results are shown in the Radial Plots in Figure 3.12.
Figure 3.12 displays the radial plot representation of the equivalent dose

(De) values obtained from the deconvolution peaks P1, P2, and P3 in the mixed
aliquots. In a Radial Plot, De values are shown using a logarithmic scale on
the radial axis. The 2σ error for each point is represented on the left side of the
plot, while the horizontal scale at the bottom provides a standard orthogonal
(x, y) coordinate system that allows evaluating the relative error and precision
of each measurement. The equivalent dose corresponding to each point can
be directly read from the radial axis on the right, and the central value of the
distribution is indicated by a solid line extending from the y-axis of errors to
the radial axis.

The distribution of De values associated with peak P1 is centred around
40.04 ± 0.22Gy, which, within experimental uncertainty, coincides with the
irradiation dose applied to quartz prior to mixing. This supports the inter-
pretation that peak P1 in the deconvolution of the mixed TL signal originates
exclusively from the quartz component.

The De values obtained from peak P2 also cluster around a central value of
40.12 ± 0.30Gy. The agreement with the De values of peak P1 con�rms that
the second peak, although associated with contributions from both minerals,
is still predominantly in�uenced by quartz luminescence.

In contrast, the De values related to peak P3 show a systematic shift to-
ward higher values, centring around 50.02 ± 0.35Gy. This increase re�ects
the growing contribution from the calcite fraction in this temperature region,
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Figure 3.12: Radial plot showing the distribution of equivalent dose (De) values obtained
from the deconvolution peaks P1, P2, and P3 in the mixed aliquots. Each point represents a
single De measurement. The radial axis on the right gives the dose in Gy on a logarithmic
scale, while the bottom axis expresses the relative error. The solid line indicates the central
value of the distribution.

which retains a higher residual signal due to its distinct irradiation history.
The displacement of the De(P3) population relative to De(P1) and De(P2) on
the radial scale con�rms the di�erence in the luminescence signal contributions
within these peaks.

Based on the distributions of the equivalent dose values associated with
each deconvolution peak, and considering the relative contributions of quartz
and calcite to the composite signal, the speci�c contribution of calcite was
isolated. This was achieved by calculating the di�erence between the De of
peak P3 and those of P1 and P2. The resulting di�erential values are shown
in the Radial Plot of Figure 3.13, where the reference line corresponds to the
known irradiation dose of calcite in the mixture (10.40± 0.20Gy).

Each data point represents an individual De value obtained by subtracting
the contributions of P1 and P2 from that of P3. The data are distributed around
a central value that, within the experimental uncertainty, coincides with the
known calcite dose. Speci�cally, the resulting central values are 10.26±0.49Gy
for De(P3 − P1) and 10.46 ± 0.56Gy for De(P3 − P2), both of which are in
excellent agreement with the reference dose.

This result con�rms that the proposed di�erential method allows for the
isolation of the calcite signal within the mixed TL response. By subtracting the
contributions associated with quartz-only peaks (P1 and P2) from the mixed
peak (P3), it is possible to reconstruct the absorbed dose of the carbonate
fraction in the mixture with good accuracy.

The equivalent dose (De) derived from peak 1 of quartz re�ects the lab-
oratory dose administered to the quartz fraction prior to mixing, and in this
experimental framework it can be regarded as an analogue of the residual dose
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Figure 3.13: Radial Plot showing the distributions of equivalent dose di�erences used
to isolate the calcite signal: De(P3 − P1) = 10.26 ± 0.49Gy and De(P3 − P2) = 10.46 ±
0.56Gy. The solid reference line indicates the known irradiation dose of calcite in the
mixture, 10.40 ± 0.20Gy. The clustering of the data points around this value con�rms the
feasibility of isolating the carbonate contribution by subtraction.

expected in incompletely bleached grains.

Conclusions

The methodological study presented in this chapter allowed a detailed char-
acterisation of the TL response of quartz (sample Qzref) and calcite (sample
Calref), both individually and in controlled mixtures (sample Mixref).

The deconvolution analyses of the monocrystalline fractions con�rmed the
presence of reproducible peaks in the 250�350 ◦C range, whose kinetic param-
eters are consistent with values reported in the literature. Peak P1 was found
to be speci�c to quartz, while peaks P2 and P3 were common to both miner-
als, showing comparable activation energies and kinetic orders. Dose recovery
tests demonstrated that the selected TL components provide accurate and sta-
ble estimates of the administered laboratory doses, with recovery ratios close
to unity. In addition, dose�response analyses con�rmed the linearity of the
main peaks, supporting their dosimetric reliability.

The analysis of the controlled mixture (Mixref) showed that the TL contri-
butions of quartz and calcite can be discriminated through deconvolution. In
particular, the di�erential approach applied to peaks P2 and P3 enabled the
isolation of the carbonate signal, with results in excellent agreement with the
known irradiation dose of calcite. This �nding is particularly relevant, as it
demonstrates the feasibility of extracting carbonate-speci�c information from
complex luminescence signals.
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Overall, the results of this methodological investigation provide a robust ex-
perimental and analytical basis for the application of the proposed approach to
archaeological mortars. The characterisation of the reference samples demon-
strated that the luminescence signals of quartz and calcite can be reliably
deconvolved, yielding consistent kinetic parameters and enabling the discrim-
ination of their respective contributions even in mixed systems. The analysis
of the controlled mixture further con�rmed the feasibility of isolating the car-
bonate fraction, which is the target dosimeter for the dating of mortars.

Starting from these results, the following chapter presents the application of
the developed deconvolution methodology to archaeological samples collected
from historical mortars. This case study represents a crucial step in testing the
methodology under real conditions, where luminescence signals are more com-
plex due to the geological variability of the minerals and the e�ects of partial
bleaching. The analysis will address these challenges and assess the poten-
tial of the proposed approach for deriving reliable equivalent dose estimates in
mortars.
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4 Case study: application of the
methodological approach to
mortars from the Terme della

Rotonda (Catania, Italy)

The methodological framework developed in Chapter 3 is here applied to ar-
chaeological mortars collected from the site of the Terme della Rotonda in
Catania. This case study represents a crucial step of the research, as it allows
the assessment of the feasibility of the proposed TL-based approach when ap-
plied to complex historical materials, through its direct comparison with the
SG-OSL technique, which currently serves as the reference method for mortar
dating with luminescence.

The chapter is structured into four main sections. A preliminary part
introduces the archaeological site, outlining its historical context, architectural
stratigraphy, and the sampling strategy adopted for the mortars analysed in
this study. This information provides the necessary framework to interpret the
luminescence results in relation to the construction phases of the building.

The �rst section presents the determination of the equivalent dose (De) by
means of SG-OSL, applied to the coarse-grain quartz fraction extracted from
the mortars, hereafter denoted as Morqz. This technique is adopted because
it currently provides the most reliable estimates of De in mortar dating, and
therefore o�ers reference values against which the TL-based results can be
compared.

The second section focuses on the application of the methodological basis
introduced in Chapter 3 to the TL signals of unprepared mortars, denoted as
Morunprep.

In this case, deconvolution procedures are applied to the composite TL
glow curves in order to isolate the contributions of the quartz and carbon-
ate fractions, from which an estimate of De can be derived. Since the two
approaches involve di�erent preparation protocols, distinct luminescent frac-
tions, and independent measurement systems, both sections include a detailed
description of sample preparation, the experimental procedure, and the sub-
sequent data analysis carried out to extract the De values. In particular, the
TL measurements were carried out at the PH3DRA laboratories (Physics for
Dating Diagnostics Dosimetry Research and Applications) of the University
of Catania, while the SG-OSL measurements were performed at the Archéo-
sciences Bordeaux laboratory, Université Bordeaux Montaigne, using di�erent
instrumentation and procedures speci�c to each facility.
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The third section is dedicated to the determination of the annual dose
rate, which is common to both methods. Although no original methodological
development was carried out in this part of the work, it provides the dosimetric
framework required to transform De values into absolute ages.

Finally, the chronological framework of the Terme della Rotonda is recon-
structed by combining the equivalent and annual dose estimates. The results
obtained from SG-OSL and TL are compared, and their consistency and dif-
ferences are critically discussed in order to assess the reliability and potential
of luminescence dating applied to archaeological mortars.

4.1 Archaeological context and mortar sampling
at the Terme della Rotonda

The choice of the Terme della Rotonda in Catania as a case study was mo-
tivated by several factors. First, the complex represents one of the most sig-
ni�cant archaeological sites in the city, characterised by multiple construction
phases ranging from the Roman to the Byzantine and medieval periods, thus of-
fering an articulated chronological framework against which luminescence ages
can be evaluated. Second, the preservation of both heated environments (e.g.,
calidarium and frigidarium) and unheated spaces provides an opportunity to
assess the e�ect of prolonged thermal exposure and di�erent light conditions
on the luminescence signals of mortars. Third, the mortars are generally well
preserved, which allows both the extraction of quartz grains for SG-OSL anal-
yses and the study of bulk carbonate fractions through TL measurements.
Finally, the availability of independent archaeological and historical informa-
tion enables a direct comparison with luminescence results, making the site
an ideal benchmark to explore the potential and limitations of the proposed
approach applied to historical mortars.

The archaeological site is located in the historic center of Catania and is
centered around a square building with a domed circular hall, known as the
Rotonda, which constitutes the only portion of the complex still covered by
masonry. The overall layout of the complex is illustrated in Fig. 4.1, which
presents a digital reconstruction of the preserved structures and surrounding
archaeological remains.
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Figure 4.1: Digital reconstruction of the Terme della Rotonda complex in Catania, showing
the preserved Rotonda building and the surrounding archaeological remains. The image
provides a general overview of the site morphology and the spatial arrangement of the
thermal structures [120].

Archaeological investigations have demonstrated that the structure was
originally part of a Roman bath complex built in multiple phases. The earliest
construction is dated to the 1st�2nd century AD (First Roman Phase), with
substantial modi�cations during the 3rd�4th centuries AD (Second Roman
Phase). The complex appears to have been abandoned between the end of the
6th and the �rst half of the 7th century AD, after which it was reused and
possibly converted into a church during the Byzantine period [120, 121].

The preserved architectural elements, including under�oor heating systems
(pilae), vertical terracotta tubes (tubuli), and immersion pools, support the
interpretation of the site as a thermal facility. The functional layout of Ro-
man baths typically consisted of a gradual sequence from cold to hot environ-
ments, including a frigidarium, a tepidarium, and a calidarium equipped with
hypocaust systems and heated pools. In the plan of the Terme della Rotonda
(Fig. 4.2), the circular hall (C) has been identi�ed as the frigidarium, while the
southern rooms (A, B1, B2, B3, E, F, D), which preserve evidence of hypocaust
systems, correspond to the calidaria and other heated areas. The remaining
intermediate rooms may have served as tepidaria [120]. Most of these struc-
tures were uncovered during modern excavations and are now exposed to the
open air, whereas the central hall remains enclosed under its original dome.
This distribution of thermal features provides a key criterion when assessing
the degree of luminescence signal resetting in the sampled mortars.

The functional organisation of the complex and the corresponding sampling
areas are illustrated in the plan reported in Fig. 4.2. The color-coded areas
correspond to the construction phases identi�ed by Branciforti [121]: purple
for the First Roman Phase, orange for the Second Roman Phase, green for the
Byzantine period, and blue for later medieval modi�cations.
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This stratigraphic framework was taken into account when evaluating each
sample.

Sampling operations were carried out in collaboration with the building
engineers responsible for the structural assessment of the site, to obtain spec-
imens representative of the original construction materials and una�ected by
later restorations or repairs. All collected mortars correspond to �lling ma-
terials, directly associated with the primary construction phases. Given their
high hardness and compactness, the mortars were sampled manually using a
hammer and chisel, allowing the controlled removal of small fragments without
compromising the integrity of the structure.

Whenever possible, irregular fragments measuring a few centimetres in
length and width and at least 1 cm in thickness were extracted to a comparable
depth, providing su�cient material (ideally 50�60 g) for both quartz extraction
and bulk analyses. The sampling depth was selected to allow the subsequent
removal of the super�cial millimetres in the laboratory, ensuring the isolation
of an unexposed inner core suitable for luminescence measurements.

Particular care was taken to avoid contamination from surface materials
and to minimise exposure to daylight during extraction, as the luminescence
signal records the last light exposure experienced by the material. Sampling
was therefore carried out on inner portions of the walls, and the extracted
fragments were immediately wrapped in aluminium foil to prevent accidental
bleaching.

A summary of the collected mortar samples, including their presumed
chronological attribution and thermal classi�cation is reported in Table 4.1.

Table 4.1: Summary of the six mortar samples collected from the Terme della Rotonda

complex. The table reports the classi�cation of the sampling area as thermally a�ected (Hot)
or unheated (Cold) and the presumed chronological attribution. Sample codes indicate the
sector of provenance (e.g., Rot_B1, Rot_C, Rot_D) and the progressive number of the
collected mortar specimen (M1, M3, etc.).

Sample Code Thermal Zone Presumed Age

Rot_B1_M1 Hot 1st century AD
Rot_D_M3 Hot 3rd century AD
Rot_D_M5 Hot 3rd century AD
Rot_C_M11 Cold 1st century AD
Rot_C_M12 Cold 1st century AD
Rot_C_M14 Cold 7th century AD
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Figure 4.2: Plan of the Terme della Rotonda complex indicating the functional distribution
of the thermal rooms (frigidarium, calidaria, tepidaria), together with the location and codes
of the six collected mortar samples. The di�erent colors correspond to the construction
phases proposed by Branciforti [121]: purple = 1st�2nd century AD (First Roman Phase),
orange = 3rd century AD (Second Roman Phase), green = 7th century AD (Byzantine
period), and blue = late medieval modi�cations.
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Mortars were subsequently prepared following two distinct strategies. Each
of the six collected samples was divided into two portions: one portion was pro-
cessed to extract quartz grains (200�250 µm), hereafter referred to as Morqz,
for SG-OSL measurements and the determination of independent De estimates
through established procedures. The other portion was analysed as bulk pow-
der, hereafter referred to as Morunprep, in order to investigate the luminescence
signal associated with the carbonate fraction and the residual quartz, and to
apply the TL approach developed in this thesis.

4.2 De determination using SG-OSL on extracted
pure quartz

SG-OSL measurements were carried out on the coarse-grain quartz fraction
extracted from the mortars (Morqz). This approach provides independent es-
timates of the De and represents the reference framework against which the
TL-based results can be compared.

The following subsections describe the preparation of the quartz extracts,
the measurement procedure, the criteria adopted for data analysis and the De

results.

4.2.1 Materials for SG-OSL: Morqz

The quartz used for SG-OSL dating was extracted from mortar samples through
a chemical and physical preparation procedure. The aim of this procedure was
to isolate quartz grains in the 200�250 µm size fraction that were not exposed
to light during sampling, under the assumption that the coarser fraction is
better bleached in the case of mortar [58, 57]. To achieve this, compact mor-
tar samples were �rst carefully processed: the outermost portion, which may
have been brie�y exposed to light during sampling, was removed using manual
tools such as a metal �le, as this approach minimises the risk of contaminating
the inner material.

After removing the external layer, the internal part of the sample was gently
crushed into powder and dry-sieved to obtain the fraction below 500 µm. The
sample was then treated with a 10% HCl solution for 120 minutes to remove
carbonate phases. To ensure complete dissolution, a second identical treatment
was applied. After thorough rinsing with distilled water, a 30% H2O2 solution
was used to remove organic matter over a 48-hour period.

Subsequently, feldspar separation was carried out by immersion in a mix-
ture of H2SiF6 and HNO3 in a 9:1 volume ratio for one week [75]. If residual
feldspar grains were identi�ed during OSL measurements, the acid etching
procedure was repeated for an additional week. After a �nal rinse in distilled
water, the puri�ed grains were dried and sieved to obtain the coarse-grain
fraction in the range of 200�250 µm.

For clarity of notation, MorSG refers to the set of mortar samples prepared
for SG-OSL measurements. Individual mortars are identi�ed by their �eld
codes (e.g. Rot_B1_M1, Rot_D_M3), which are reported in the correspond-
ing tables.
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Compact mortar sample

Surface removal
Remove outermost portion with metal �le (avoid light-
exposed material)

Crushing and sieving
Gently crush; dry-sieve to obtain grains with � <
500 µm

Carbonate removal
10% HCl for 120 min; repeat identical treatment

Rinsing and organics removal
Rinse; 30% H2O2 for 48 h

Feldspar elimination
Immerse in H2SiF6: HNO3 (9:1, vol.) for 1 week

Check and repeat if needed
If feldspars remain (from OSL check), repeat acid etch-
ing 1 week

Final rinse, drying, sieving
Rinse; dry; select grains with 200 µm < � < 250 µm

MorSG (quartz grains)
Grains 200 µm < � < 250 µm

Constant conditions
Room temperature
Light-shielded room

Figure 4.3: Flowchart of the preparation steps for quartz extraction from mortar samples
MorSG for SG-OSL measurements (�nal fraction 200 µm < � < 250 µm).
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4.2.2 Methods

The description of the methods is organised into three parts: the instrumenta-
tion employed for SG-OSL measurements, the measurement protocol adopted
for quartz grains, and the data analysis strategy used to derive equivalent dose
(De) values.

4.2.2.1 Instrument for SG-OSL: Risø TL/OSL DA-20 reader

All single-grain luminescence measurements in this study were performed us-
ing a Risø TL/OSL DA-20 reader, speci�cally designed for SG-OSL analyses
(Fig. 4.4).

Figure 4.4: Risø TL/OSL DA-20 reader employed for SG-OSL measurements in this study.

The single-grain (SG) attachment introduces key modi�cations to the stan-
dard con�guration, enabling spatially resolved luminescence measurements at
the individual grain scale.

The sample carousel of the DA-20 accommodates up to 48 positions, allow-
ing automated handling of single-grain discs during measurement sequences.

In this con�guration, standard sample cups are replaced with stainless steel
discs, 9.8 mm in diameter, perforated with 100 cylindrical holes arranged in
a 10 × 10 matrix. Each hole measures 300 µm in diameter and depth, with
a centre-to-centre spacing of 600 µm. Several hundred grains are poured onto
the disc, and individual grains are carefully inserted into the holes using a �ne
brush.

Figure 4.5 shows a quartz grain mounted in one of the disc holes prepared
for SG-OSL analysis.

The system also allows conventional TL measurements through a pro-
grammable heating unit capable of reaching 700 °C, thus enabling the investi-
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Figure 4.5: A quartz grain mounted on a single-grain disc with holes of 300 µm in diameter.
Each disc contains 100 holes arranged in a 10 × 10 grid and has a total diameter of 9.8 mm.
Adapted from [122].

gation of both optically and thermally stimulated luminescence signals when
required.

Optical stimulation in SG-OSL mode is provided by a solid-state Nd:YVO4

diode-pumped laser emitting at 532 nm with a nominal power of 10 mW. The
intensity is regulated by a software-controlled neutral density �lter, while an
electromechanical shutter governs access to the measurement chamber. The
laser is focused through three lenses to a ∼20 µm spot at the sample plane.
Beam steering is achieved by two motor-driven mirrors with position encoders,
allowing accurate targeting of each grain location with a precision better than
3 µm. This con�guration enables automated sequential stimulation of the 100
grain positions on the disc.

A schematic representation of the system is shown in Fig. 4.6.

Figure 4.6: Schematic diagram of the optical detection system of the Risø TL/OSL DA-20
reader, showing the sample hotplate, the beam steering mirrors, the photomultiplier tube
(PMT), and the photodiode used for signal detection. Adapted from [73].

To ensure precise alignment, three larger holes located at the disc periphery
serve as reference points. During calibration, the laser scans these holes while
a photodiode records changes in re�ectivity, from which the system calculates
the disc centre and rotation angle (better than 2 µm and 0.02◦, respectively).
During this procedure, the laser operates at only 2% of its maximum power
to avoid accidental bleaching. Accuracy tests reported an average positioning
error below 35 µm, with maximum deviations slightly above 100 µm, values at-
tributed to disc manufacturing tolerances. In all cases, the laser spot remained
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fully contained within the hole, and internal re�ections ensured uniform illu-
mination of the grain.

A schematic representation of the sample disc and the corresponding re-
�ectivity signal obtained during the scan is shown in Fig. 4.7.

Figure 4.7: Sample disc used in the Risø single-grain OSL attachment. The three larger
peripheral holes are employed as reference points for alignment. During calibration, the
laser scans these location holes while a photodiode records the re�ected signal, allowing the
calculation of the disc centre and rotation angle. The graph illustrates the characteristic
drop in re�ectivity when the laser beam passes over a location hole, which is used for precise
positioning. Adapted from [73].

The high power density delivered inside the grain hole (up to 10 W/cm2)
allows rapid depletion of the OSL signal, with quartz typically showing a 50%
decrease in less than 0.1 s. Luminescence detection is performed by a PMT
EMI 9235QA operated in photon-counting mode, providing high sensitivity
to the weak emissions of individual grains. Since the spectral emission of
quartz falls within the UV-blue region (centered around 365 nm), a dedicated
optical �lter was used to selectively detect this signal. The Hoya U-340 �lter,
characterised by high transmission in the UV-blue range, was employed as the
most suitable option.

Figure 4.8 shows the optical �lter and its transmittance curve, obtained
through spectrophotometric measurements with a Perkin-Elmer Lambda 1050
UV-VIS-NIR spectrophotometer.

Finally, the built-in 90Sr/90Y beta source delivered a dose rate of 6.00 Gy/min
(15 July 2024).

For further technical details on the DA-20 system and the SG-OSL attach-
ment, the reader is referred to the comprehensive descriptions available in the
literature [12, 73, 123].
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Figure 4.8: Hoya U-340 optical �lter used for the detection of quartz emissions in SG-OSL:
photograph (left) and measured transmittance curve (right), obtained with a Perkin-Elmer
Lambda 1050 UV-VIS-NIR spectrophotometer.

4.2.2.2 Measurements

Quartz grains from sample MorSG, prepared as described in Section 4.2.1, were
mounted on single-grain discs and analysed by SG-OSL with the TL/OSL DA-
20 system to determine the equivalent dose.

Equivalent dose determinations were performed with the SAR protocol
(refer to Chapter 2, Section 2.4.2).

Preliminary tests were �rst performed on selected grains to obtain an ini-
tial estimate of the expected equivalent dose for each mortar sample. These
measurements were carried out under identical SAR conditions for all samples
(preheat at 190 °C, cut-heat at 160 °C, test dose of 2.2 Gy, and regeneration
doses of 0.6, 1.1, 2.2, 4.4, and 8.8 Gy). The results provided a �rst evalua-
tion of the dose range and were used to guide the selection of the de�nitive
regeneration dose schemes subsequently applied to each sample.

Based on these tests, the SAR parameters were carefully optimised for
young samples. Due to the young age of the samples and their correspond-
ingly low sensitivity, the test dose had to be set much higher than the expected
archaeological dose compared to the standard SAR protocol [13, 124]. Apply-
ing a very low test dose would have resulted in a loss of response to the optical
stimulation. Instead, higher test doses were applied to ensure reliable detec-
tion: 2.2 Gy for most samples, and 2.5 Gy for sample Rot_D_M3 [13].

A preheat of 190 °C was selected to enhance signal reproducibility while
avoiding thermal destabilisation of low-temperature traps [125], and a cut-heat
of 160 °C was adopted to minimise thermal transfer that could bias the dose
estimates [13, 7, 126].

As part of the quality control, a zero-dose was administered at the end
of the sequence to check for recuperation, and the �rst regeneration dose was
repeated to perform the recycling test. Further details on these procedures
are provided in Chapter 2, Section 2.4.2.1. The de�nitive regeneration dose
parameters used for each sample are listed in Table 4.2.
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Table 4.2: Measurement parameters used for the determination of equivalent doses in the
SG-OSL analysis of quartz grains extracted from mortars.

Sample Preheat (°C)a Cut-heat (°C) Test dose (Gy) Regeneration doses (Gy)b

Rot_B1_M1 190 160 2.2 1.1, 1.7, 2.8, 3.9, 6.6, 0, 1.1
Rot_D_M3 190 160 2.5 0.7, 1.3, 2.5, 5.1, 10.2, 0, 0.7
Rot_D_M5 190 160 2.2 0.6, 1.1, 2.2, 4.4, 5.5, 0, 0.6
Rot_C_M11 190 160 2.2 0.7, 1.1, 1.7, 2.8, 5.5, 0, 0.7
Rot_C_M12 190 160 2.2 0.9, 1.3, 2.2, 3.9, 5.5, 0, 0.9
Rot_C_M14 190 160 2.2 0.6, 1.1, 2.2, 4.4, 8.8, 0, 0.6

a Preheat applied for 10 s at the indicated temperature with a heating rate of 5 °C/s.
b The values of regeneration doses include a zero-dose point and a repeated �rst dose
point, used for recuperation and recycling tests, respectively.

4.2.2.3 Analysis

Single-grain OSL signals were integrated over the �rst 0.05 s of stimulation
and corrected by subtracting the last 0.2 s of the 1 s stimulation interval, in
order to isolate the contribution of the fast component . For each grain, the
regenerated signals (Lx/Tx) were normalised to the test dose and �tted with
a linear function to construct the individual growth curve. The De was then
obtained by projecting the natural signal (LN/TN) onto this curve. When the
natural signal fell within the range of regeneration doses, De was estimated by
interpolation.

The uncertainty on each individual De, calculated with the Analyst soft-
ware (version 4.57), includes contributions from counting statistics, interpola-
tion of the regenerated doses, and instrumental reproducibility. The latter was
�xed at 2.7% in accordance with previous studies, re�ecting the performance
of the Risø system [13].

Grains were retained for analysis based on the following criteria, commonly
adopted in SG-OSL studies [12, 13, 126, 127, 128]:

1. The error associated with the TN signal was less than 30%;

2. The signal was more than 3σ above background.

These criteria were applied to exclude grains a�ected by poor signal-to-
noise ratios or by large uncertainties in the sensitivity correction, conditions
that would compromise the reliability of the equivalent dose calculation. Their
application ensures that only grains providing reproducible and statistically
robust OSL signals contribute to the �nal equivalent dose distribution. The
impact of these selection criteria on the �nal equivalent dose was assessed by
comparing the values obtained from all grains yielding a measurable signal with
those derived from the subset of grains that met the selection requirements. In
this study, no signi�cant di�erences were observed between the two estimates.

The equivalent dose values obtained from the accepted grains were repre-
sented using both radial and density plots, which enabled a visual evaluation
of the scatter in the data. The dispersion of individual equivalent doses, of-
ten larger than what can be explained by analytical uncertainties alone, is
described by the overdispersion (OD). As the OD re�ects factors such as het-
erogeneous bleaching or intrinsic grain properties, it was considered as an in-
dicator of the degree of bleaching and of the microdosimetric heterogeneity
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of the sample. In this study, OD values were obtained with the RadialPlotter
software [129], which was also used to generate the radial plots and the density
plots employed for the analysis. On the basis of the observed OD, either the
Central Age Model (CAM) or the Minimum Age Model (MAM) was applied
to derive the most reliable estimate of the equivalent dose distribution for each
sample (please refer to Chapter 2, Section 2.4.3).

4.2.3 De results

As reported by several studies on SG-OSL applied to historical mortars [13,
126], only a small fraction of the extracted grains is capable of producing a
measurable luminescence signal upon optical stimulation.

In this study, the percentage of grains showing a detectable luminescence
response was evaluated for each sample, corresponding to the ratio between
the number of accepted grains and the total number of analysed grains. The
results are summarised in Table 4.3.

Table 4.3: Summary of SG-OSL analysis: number of total and accepted grains, percentage
of luminescent grains, test dose, and regeneration dose set used in the SAR protocol.

Sample #Measured grains Accepted grains (%)

Rot_B1_M1 2300 2.7
Rot_D_M3 4200 1.8
Rot_D_M5 3500 1.5
Rot_C_M11 1900 3.7
Rot_C_M12 1100 5.7
Rot_C_M14 5900 1.1

The number of measured grains varied considerably among the analysed
samples, ranging from about 1100 (Rot_C_M12) to nearly 5900 (Rot_C_M14),
depending on the amount of material available for mounting. The proportion
of accepted grains was between 1.1% and 5.7%.

These values fall within the range commonly reported for historical mortars
[126, 90, 76, 75]. Rot_C_M12 displayed the highest proportion of accepted
grains (5.7%), which may re�ect more favourable bleaching conditions or the
presence of a quartz fraction with higher luminescence sensitivity. In con-
trast, Rot_C_M14 yielded the lowest percentage (1.1%), indicating a more
restricted population of quartz grains suitable for single-grain analysis.

Despite these di�erences, the absolute number of accepted grains was suf-
�cient in all cases to ensure a statistically reliable assessment of the equivalent
dose distributions, which are discussed in the following section.

De values for the investigated mortars were determined by applying the
SAR protocol under the measurement conditions described in Section 4.2.2.2.

To explore the distribution of single-grain equivalent doses, density plots
were constructed for each of the six samples (Figure 4.9). To complement this
approach, radial plots were employed to simultaneously visualise the spread
of De values and their associated uncertainties (please refer to Chapter 2,
Section 2.4.3.3).
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This dual representation allows both the shape of the dose distribution and
the internal scatter of the dataset to be evaluated. It also provides a robust
framework for the application of statistical models such as the Central Age
Model (CAM) and the Minimum Age Model (MAM)(please refer to Chapter 2,
Section 2.4.3).

For sample Rot_B1_M1, the histogram displays a unimodal pro�le with a
relatively symmetric shape centred around intermediate doses. The KDE curve
con�rms the dominance of a single grain population. In the corresponding
radial plot, however, a wide scatter of the points is observed, re�ecting high
overdispersion (OD). This indicates that despite the unimodal appearance of
the density plot, the dataset is a�ected by substantial internal variability, which
could be attributed to incomplete bleaching or microdosimetric heterogeneities.

Sample Rot_D_M3 shows a markedly broader and more heterogeneous
distribution. The histogram reveals a main peak at lower De values with a long
tail extending toward higher doses, while the KDE highlights the asymmetry
and suggests the coexistence of multiple grain populations. The radial plot
con�rms this interpretation, showing a spread of data points with high OD
values, consistent with variable bleaching conditions.

The equivalent dose distribution of Rot_D_M5 is clearly bimodal, with two
distinct peaks: a dominant mode at lower doses and a second, well-developed
mode at higher values. The KDE curve emphasises this dual structure, indicat-
ing at least two grain populations with di�erent exposure histories. The radial
plot further supports this view, displaying a wide scatter of points distributed
in two distinct clusters, again pointing to heterogeneous bleaching.

For sample Rot_C_M11, the histogram is unimodal. Both the histogram
and KDE indicate a single grain population with very limited dispersion. This
observation is reinforced by the radial plot, which shows a dense cluster of
points with low OD values, suggesting a more uniform bleaching conditions
and a homogeneous dosimetric environment.

The distribution of Rot_C_M12 is also unimodal, with a bell-shaped pro-
�le and a single central peak. The KDE con�rms the absence of secondary
modes. The radial plot mirrors this behaviour, showing a compact distribu-
tion of points with low OD.

Finally, sample Rot_C_M14 displays a unimodal distribution with mod-
erate dispersion around the central values. The KDE curve supports this
observation, showing a symmetric peak with minor skewness. The radial plot
indicates a slightly broader scatter than Rot_C_M11 and Rot_C_M12, but
still signi�cantly more compact than the bimodal distribution of Rot_D_M5.
This suggests overall homogeneous bleaching conditions, with only limited in-
ternal variability.

In summary, the combined use of density plots and radial plots highlights
the contrast between samples a�ected by heterogeneous bleaching (Rot_B1_M1,
Rot_D_M3, Rot_D_M5 ) and those characterised by compact and uniform
equivalent dose distributions (Rot_C_M11, Rot_C_M12, Rot_C_M14 ). El-
evated OD values in the �rst group are commonly linked to incomplete or
heterogeneous bleaching during mortar preparation or to microdosimetric het-
erogeneities due to uneven radioelement distribution at the grain scale [13, 75].

OD is a key criterion for model selection in equivalent dose (De) evaluation
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(a) Density plot (Rot_B1_M1) (b) Radial plot (Rot_B1_M1)

(c) Density plot (Rot_D_M3) (d) Radial plot (Rot_D_M3)

(e) Density plot (Rot_D_M5) (f) Radial plot (Rot_D_M5)

Figure 4.9: Density and radial plots of the equivalent dose (De) for the six mortar samples.
Each row shows the density distribution on the left and the corresponding radial plot on the
right.
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(g) Density plot (Rot_C_M11) (h) Radial plot (Rot_C_M11)

(i) Density plot (Rot_C_M12) (j) Radial plot (Rot_C_M12)

(k) Density plot (Rot_C_M14) (l) Radial plot (Rot_C_M14)

Figure 4.9: Density and radial plots of the equivalent dose (De). Continued.
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[126]. Values approaching or exceeding 50% are considered critical, as they
are unlikely to result from measurement error and instead re�ect incomplete
bleaching or microdosimetric variability [13]. For this reason, in this study
samples with OD < 50% were treated with the Central Age Model (CAM),
assuming a distribution dominated by well-bleached grains. For OD values
around 50% or higher, the Minimum Age Model (MAM) was applied [89,
13]. The OD estimates, the selected model, and the resulting De values are
summarised in Table 4.4.

Table 4.4: OD values, statistical model applied, and equivalent dose (De) for each sample.

Sample OD (%) Model De (Gy)

Rot_B1_M1 49 MAM 3.86± 0.16
Rot_D_M3 57 MAM 3.30± 0.10
Rot_D_M5 98 MAM 3.46± 0.10
Rot_C_M11 15 CAM 4.29± 0.37
Rot_C_M12 12 CAM 4.70± 0.10
Rot_C_M14 18 CAM 3.04± 0.10

The results in Table 4.4 highlight the variability among the analysed mor-
tars. Samples Rot_B1_M1, Rot_D_M3, and Rot_D_M5 show OD values
well above the 50% threshold, supporting the use of the Minimum Age Model
(MAM).

In contrast, Rot_C_M11, Rot_C_M12, and Rot_C_M14 present OD val-
ues below 20%, indicating that most grains were adequately reset before burial.
These samples were therefore modelled using the Central Age Model (CAM).
The corresponding De values show low uncertainties, supporting the reliability
of these age estimates.

4.3 De determination using TL-based approach
on unprepared mortars

The following sections present the application of the results derived from the
methodological study discussed in Chapter 3 to the mortar.

TL measurements were performed on bulk mortar samples subjected to a
minimal preparation procedure.

This approach enables the determination of De values through the analysis
of glow curves, thus providing a complementary framework for comparison
with the SG-OSL results.

The following subsections describe the adopted preparation protocol, the
measurement procedure, the strategy for curve analysis and deconvolution,
and the De values obtained from the thermoluminescence signals.

4.3.1 Materials for TL-based approach: Morunprep

A portion of the six mortars collected from the Terme della Rotonda was
used for the application of the TL methodology on bulk material, referred to
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as Morunprep. Unlike MorSG, these samples were examined in their untreated
state, without any etching or mineralogical separation.

Before measurement, the outermost 2 mm were removed to eliminate mate-
rial potentially exposed to light during sampling. The remaining fraction was
gently crushed and sieved to isolate grains in the range of 180�212 µm, without
chemical treatment in order to preserve the original mortar composition.

This procedure aimed to verify whether the TL signal of the carbonate
fraction can be detected within the complexity of the bulk mortar matrix.
The experimental work�ow for Morunprep is summarised in Figure 4.10.

Compact mortar sample

Surface removal
Remove outermost ∼2 mm (avoid light-exposed layer)

Gentle crushing

Sieving
Select grains with 180 µm < � < 212 µm

MorTL (bulk)
Grains 180 µm < � < 212 µm

Constant conditions
Room temperature
Light-shielded room

Figure 4.10: Flowchart of the preparation steps for bulk TL measurements on mortar
samples Morunprep (�nal fraction 180 µm < � < 212 µm); no etching or mineralogical
separation was applied.

For clarity of notation, similarly to the SG-OSL samples, Morunprep denotes
the group of six mortars subjected to minimal preparation for TL measure-
ments, whereas the individual samples are identi�ed by their �eld codes (e.g.
Rot_B1_M1, Rot_D_M3), as reported in the corresponding tables.

4.3.2 De determination methods

This section describes the instrumentation, the luminescence measurement se-
quences, and the data analysis performed on the Morunprep samples.

4.3.2.1 Instrument for TL-based approach

The TL measurements on the Morunprep samples were carried out with the
Risø TL/OSL DA-15 reader, operated in the same con�guration described in
Chapter 3, Section 3.2.1, including the use of the same optical �lters.

4.3.2.2 Measurements on Morunprep

The six MorTL samples selected for the assessment of the proposed methodol-
ogy were subjected to a TL measurements.

Unlike the reference samples Qzref, Calref, and Mixref, which were investi-
gated using arti�cial signals, the mortars provide a natural signal that directly
re�ects the dose accumulated in the material. This natural signal was therefore
used to derive the equivalent dose.
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To date, this study presents the �rst application of luminescence measure-
ments to unprepared historical mortars, a material for which no standardised
measurement protocols currently exist. All acquisition parameters were there-
fore de�ned through dedicated experimental tests designed to optimise the
procedure for this speci�c matrix.

Preliminary tests indicated that the untreated sample, when subjected to
a high number of heating cycles, underwent a deterioration process that al-
tered its dosimetric properties. Considering the response of the material, two
changes in the measurement protocol parameters were therefore required com-
pared to the approach used for the other samples. The maximum stimulation
temperature was reduced to 430 °C, which was su�cient to acquire the lumines-
cence signal without producing visible damage, and a simpli�ed regenerative
protocol (please refer to Chapter 2, Section 2.4.1) was adopted to limit the
number of heating cycles and reduce thermal stress. Tests con�rmed the sta-
bility of the signal, as no signi�cant variation in the sensitivity correction ratio
Tx/TN was observed.

The choice of the optimal preheating temperature is crucial for the appli-
cation of the TL regenerative protocol, as it ensures the removal of unstable
signal components and minimizes thermal transfer e�ects. To identify the
most suitable condition for each sample, a series of test measurements was
performed by comparing the natural TL glow curve with those obtained from
arti�cially irradiated aliquots preheated at increasing temperatures.

For each mortar sample, TL measurements were carried out after irradi-
ation with a dose comparable to the estimated natural equivalent dose. The
resulting glow curves were normalized in the intensity interval [0, 1] to enable
direct visual comparison, emphasizing similarities in peak shape and position.
The optimal preheating temperature was selected as the one for which the
normalized arti�cial glow curve best matched the natural TL signal.

Figure 4.11 shows the results of these comparisons for all six mortar sam-
ples. For each sample, the natural TL glow curve is plotted together with
the normalized arti�cial curves acquired at di�erent preheating temperatures,
allowing a direct assessment of the homotheticity between the signals.

In sample Rot_B1_M1, a preheating temperature of 240°C produced the
best agreement in terms of peak shape and position, while in the case of sample
Rot_D_M3 the optimal match was achieved at 250°C.

For sample Rot_D_M5, the best correspondence with the natural signal
was observed at 260°C. In the case of samples Rot_C_M11, Rot_C_M12,
and Rot_C_M14, the optimal correspondence with the natural glow curve
was obtained with a preheating of 210°C, which ensured the best match in
terms of both peak position and overall shape of the TL signal.

After selecting the optimal preheating temperature, preliminary tests were
performed to de�ne the range of regeneration doses for each mortar sample. For
each sample, two aliquots were measured to obtain an approximate equivalent
dose by comparing the intensity of the natural signal with that of an arti�cially
induced signal. The resulting estimate was used to choose a set of four to �ve
regeneration doses centred on the expected value and su�ciently spaced to
capture the linear response without approaching saturation. This range was
then adopted in the subsequent regeneration sequence of the measurement
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(a) Sample Rot_B1_M1 (b) Sample Rot_D_M3

(c) Sample Rot_D_M5 (d) Sample Rot_C_M11

(e) Sample Rot_C_M12 (f) Sample Rot_C_M14

Figure 4.11: Comparison between normalized TL glow curves obtained after di�erent
preheating temperatures and the corresponding natural signal for each mortar sample. The
optimal preheating temperature was identi�ed based on the best agreement in curve shape
with the natural signal.
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protocol.
A summary of the selected preheating conditions for each sample and re-

lated TL regeneration parameters is provided in Table 4.5.

Table 4.5: Preheating temperatures and regenerative doses applied for the determination of
individual equivalent doses on unprepared mortar samples MorTL. The preheat was applied
for 120 s at the indicated temperature with a heating rate of 5°C/s.

Sample Preheat (°C) Regeneration doses (Gy)

Rot_B1_M1 240 6.90, 17.30, 27.60, 38.00
Rot_D_M3 250 10.40, 20.70, 31.10, 41.40, 51.80
Rot_D_M5 260 13.80, 27.60, 41.40, 55.20, 69.00
Rot_C_M11 210 5.50, 11.00, 16.60, 22.10, 27.60
Rot_C_M12 210 10.40, 20.70, 31.10, 41.40, 51.80
Rot_C_M14 210 13.80, 27.60, 41.40, 55.20, 69.00

Finally, TL measurements were carried out on �ve aliquots per sample using
a regeneration sequence in which each dose step was performed individually.
The full procedure is reported in Table 4.6.

Table 4.6: Measurement sequence applied during the regenerative protocol on MorTL
samples.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °C/s) LN

2 Give regeneration dose Di �
3 Preheating (@sample-speci�c temperature, 120 s) �
4 Thermal stimulation (@430 °C, 5 °C/s) Lx

5 Repeat steps 2�4 for all regeneration doses �

4.3.2.3 Analysis

The TL signals of the mortar aliquots were analysed using the same decon-
volution work�ow adopted in the methodological study on the reference ma-
terials. Glow curves were deconvolved into individual components with the
Dosimetric Deconvolution Chart software, employing as initial parameters the
kinetic values previously identi�ed for Mixref. The �tting and evaluation cri-
teria (residual and FOM) were the same as those described in Section 3.2.3.
This ensured methodological consistency and allowed the direct comparison of
the deconvolution results from mortars and reference samples.

4.3.3 De results

Based on the measurement sequence described in Table 4.6 and the TL re-
generation protocol parameters summarised in Table 4.5, thermoluminescence
curves were acquired for �ve aliquots of each analysed mortar sample, re�ecting
the evolution of the TL signal as a function of the administered dose.
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In the case of samples Rot_C_M11, Rot_C_M12, and Rot_C_M14, the
regeneration curves (Figure 4.12a, left; Figure 4.12b, left; Figure 4.12c, left)
show a progressive increase in TL intensity with dose, con�rming both the
reproducibility of the luminescence response and the homothetic behaviour of
the glow curves as the administered dose increases.

The subsequent deconvolution of the signals revealed four distinct peaks,
including a low-temperature component at about 283�285 °C overlapping with
the main peaks centred at 315�322 °C and 355�359 °C. As representative ex-
amples, the deconvolution of the natural signals, shown together with the
corresponding residuals, are presented in Figure 4.12a (right), Figure 4.12b
(right), and Figure 4.12c (right).

The residuals remain randomly distributed around zero, without systematic
trends, con�rming the reliability of the �tting procedure.

All the deconvolutions presented for samples Rot_C_M11, Rot_C_M12,
and Rot_C_M14 were considered acceptable only when the Figure of Merit
(FOM) was below 2.5%. This criterion ensured high-quality �ts, minimizing
discrepancies between the experimental data and the reconstructed curves,
and guaranteeing consistency across both natural and regenerated signals.
The average FOM values obtained from the 5 aliquots were 2.2% ± 0.4% for
Rot_C_M11, 2.3%±0.4% for Rot_C_M12, and 2.1%±0.4% for Rot_C_M14,
con�rming the reliability of the deconvolution results.

In the case of samples Rot_B1_M1, Rot_D_M3, and Rot_D_M5, the
regeneration curves (Figure 4.13a, left; Figure 4.13b, left; Figure 4.13c, left)
display a progressive increase in TL intensity with dose. A clear preservation
of the glow-curve shape with increasing dose is observed, with homothetic
behaviour of the signals.

The deconvolution of the signals revealed three main components: 315 ±
2 °C, 357 ± 3 °C, and 397 ± 6 °C for Rot_B1_M1; 315 ± 2 °C, 357 ± 2 °C,
and 397 ± 5 °C for Rot_D_M3; and 317 ± 3 °C, 359 ± 2 °C, and 397 ±
10 °C for Rot_D_M5. Representative deconvolutions of the natural signals,
together with the corresponding residuals, are shown in Figure 4.13a (right),
Figure 4.13b (right), and Figure 4.13c (right).

The residuals remain symmetrically distributed around zero without sys-
tematic deviations, con�rming the robustness of the �ts. All deconvolutions
for Rot_B1_M1, Rot_D_M3, and Rot_D_M5 were accepted only when the
FOM was below 3%. The mean values obtained from the �ve aliquots were
1.8%± 0.4% for Rot_B1_M1, 2.2%± 0.3% for Rot_D_M3, and 1.9%± 0.4%
for Rot_D_M5, further supporting the reliability of the deconvolution proce-
dure.

The parameters obtained from the deconvolution of TL glow curves for
the analysed mortar samples are summarised in Table 4.7. For each identi�ed
peak, the table reports the maximum temperature Tm, the activation energy
E, and the kinetic order parameter b. The high-temperature peak centred
at Tm ≈ 397 °C was identi�ed in all samples but excluded from the analysis
of kinetic parameters, since at high temperatures the in�uence of background
subtraction becomes signi�cant and may introduce additional errors in the
results.
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(a) Sample Rot_C_M11: regeneration curves (left) and deconvolution of the natural TL signal with corre-
sponding residuals (right).

(b) Sample Rot_C_M12: regeneration curves (left) and deconvolution of the natural TL signal with corre-
sponding residuals (right).

Figure 4.12: Comparison of regeneration curves (left) and natural TL deconvolution with
residuals (right) for mortar samples Rot_C_M11 and Rot_C_M12.
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(c) Sample Rot_C_M14: regeneration curves (left) and deconvolution of the natural TL signal with corre-
sponding residuals (right).

Figure 4.12: Comparison of regeneration curves (left) and natural TL deconvolution with
residuals (right) for mortar sample Rot_C_M14.
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(a) Sample Rot_B1_M1: regeneration curves (left) and deconvolution of the natural TL signal with corre-
sponding residuals (right).

(b) Sample Rot_D_M3: regeneration curves (left) and deconvolution of the natural TL signal with corre-
sponding residuals (right).
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(c) Sample Rot_D_M5: regeneration curves (left) and deconvolution of the natural TL signal with corre-
sponding residuals (right).

Figure 4.13: Comparison of regeneration curves (left) and natural TL deconvolution with
residuals (right) for mortar sample Rot_B1_M1, Rot_D_M3, Rot_D_M5.
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Table 4.7: Mean thermoluminescence (TL) deconvolution parameters obtained from multi-
ple aliquots of each analysed mortar sample. For each deconvolution peak, the table reports
the maximum temperature (Tm), the activation energy (E), and the kinetic order parameter
(b). Reported values represent the average of results obtained for the measured aliquots per
sample. The associated uncertainties correspond to the error on the mean calculated from
the individual deconvolution results. Peaks with Tm ≈ 397 °C (P4) were excluded from
the analysis of kinetic parameters due to their low intensity and the increasing in�uence of
background subtraction at high temperature. For these peaks, only the temperature posi-
tion is reported. For samples displaying only three resolvable peaks, P1 is marked with ���
to indicate the absence of a low-temperature component; in these cases, P2, P3, and P4
correspond to the �rst, second, and third peaks actually observed.

Sample Peak Tm (°C) E (eV) b

Rot_B1_M1

P1 � � �
P2 315± 2 1.40± 0.04 1.90± 0.04
P3 357± 3 1.51± 0.04 1.69± 0.04
P4 397± 6 � �

Rot_D_M3

P1 � � �
P2 315± 2 1.40± 0.04 1.90± 0.04
P3 357± 2 1.51± 0.04 1.69± 0.04
P4 397± 5 � �

Rot_D_M5

P1 � � �
P2 317± 3 1.40± 0.04 1.90± 0.04
P3 359± 2 1.70± 0.04 1.80± 0.04
P4 397± 10 � �

Rot_C_M11

P1 283± 2 1.35± 0.04 1.74± 0.04
P2 322± 4 1.40± 0.04 1.90± 0.04
P3 358± 2 1.70± 0.04 1.80± 0.04
P4 397± 9 � �

Rot_C_M12

P1 283± 3 1.45± 0.04 1.74± 0.04
P2 319± 2 1.40± 0.04 1.90± 0.04
P3 358± 1 1.70± 0.04 1.80± 0.04
P4 397± 5 � �

Rot_C_M14

P1 285± 3 1.35± 0.04 1.73± 0.04
P2 319± 2 1.40± 0.04 1.90± 0.04
P3 355± 3 1.70± 0.04 1.80± 0.04
P4 397± 8 � �
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The thermoluminescence (TL) deconvolution parameters obtained for the
analysed mortar samples show peak temperatures (Tm) distributed between
approximately 283 °C and 359 °C, excluding the highest-temperature peaks
near 397 °C (P4) which were not considered in the analysis of kinetic pa-
rameters due to the increasing in�uence of background subtraction at high
temperature. Among the most frequently identi�ed components, P2 (centred
at 315�322 °C) and P3 (centred at 355�359 °C) are the most recurrent across
the samples. An additional low-temperature component, P1 (283�285 °C), was
identi�ed only in Rot_C_M11, Rot_C_M12, and Rot_C_M14, and displays
kinetic parameters consistent with thermally less stable traps.

The number of deconvolution peaks also appears to be related to the ar-
chaeological context of sampling. Mortars from Rot_C_M11, Rot_C_M12,
and Rot_C_M14, all collected from room C of the thermal complex (the
frigidarium, a cold area not subjected to heating), consistently show four
components (P1�P4). In contrast, mortars Rot_B1_M1, Rot_D_M3, and
Rot_D_M5, which were taken from heated sectors of the baths, display only
three main peaks (P2�P4). This di�erence suggests that in the latter case the
low-temperature component (P1) was removed by thermal bleaching induced
by prolonged exposure to high temperatures during the period of use of the
site as a thermal complex.

The activation energies (E) associated with these deconvolved components
range between 1.35 and 1.70 eV, while the kinetic order parameters (b) fall
within the interval 1.73�1.90. This internal consistency across multiple sam-
ples and aliquots suggests the presence of trap populations with comparable
thermal stability and recombination dynamics. In particular, P2 generally
displays E ≈ 1.40 eV and b ≈ 1.90, whereas P3 tends to show slightly higher
activation energies (E ≈ 1.70 eV) and slightly lower kinetic orders (b ≈ 1.80).

A comparison was conducted between the results obtained for the mortars
and those derived from the deconvolution of a TL glow curve measured on
a reference mixture of quartz and calcite (Table 3.9). In this mixture, three
dominant peaks were identi�ed at Tm = 254±4 °C (P1), Tm = 300±3 °C (P2),
and Tm = 345 ± 3 °C (P3), with activation energies of E = 1.25 ± 0.04 eV,
E = 1.42 ± 0.03 eV, and E = 1.37 ± 0.04 eV, and kinetic order values of
b = 1.42± 0.04, b = 1.45± 0.03, and b = 1.83± 0.05, respectively.

The comparison reveals that there is an overall similarity in the kinetic char-
acteristics of the TL peaks observed in the mortars and in the quartz�calcite
reference mixture, along with a systematic shift in the peak temperatures. In
particular, P3 in the mortars (355�359 °C) appears shifted by approximately
10�15 °C with respect to P3 of the mixture (Tm = 345 ± 3 °C). Similarly,
P2 in the mortars (315�322 °C) occurs at higher temperatures than P2 of the
mixture (Tm = 300± 3 °C).

The systematic o�set in Tm can be attributed to the greater structural
and compositional complexity of the mortars compared to the quartz�calcite
mixture. In heterogeneous matrices, such as mortars, variations in crystal
structure, grain�matrix interactions, and the presence of defects or inclusions
may modify the thermal release conditions of trapped charges, shifting the
peak positions toward higher temperatures.

Despite this temperature shift, the activation energy (E) and kinetic order
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(b) values remain consistent with those of the reference mixture. This agree-
ment suggests that the same types of luminescence centres, associated with
the quartz and calcite phases, are involved in both systems, although their
behaviour appears slightly perturbed by the complex microstructural environ-
ment of the mortar.

Therefore, the same analytical framework described in Chapter 3 was ap-
plied for the estimation of the dose in the mortar matrix. For each aliquot,
the integrals of the deconvolution peaks were calculated and used to construct
dose�response curves as a function of the administered laboratory dose. The
natural signal was then interpolated on these regressions to obtain the cor-
responding De. For both mortar types, whether showing three (P2�P4) or
four (P1�P4) resolvable peaks, the De was determined from the di�erence
De(P3)−De(P2).

In the latter case (Rot_C_M11, Rot_C_M12, and Rot_C_M14), peaks
P2 and P3 were analysed in detail forDe calculation, following the methodolog-
ical approach described in Chapter 3. Figure 4.14 illustrates, for one aliquot
of each of these samples, the evolution of these two peaks as a function of
the administered laboratory dose (top panels), together with the correspond-
ing dose�response curves obtained from their integrals (bottom panels). The
observed linear growth of the signals with increasing dose con�rms the repro-
ducibility of the measurements and the reliability of the deconvolution proce-
dure.

The dose�response curves were �tted with linear functions of the form
y = a · x, where a represents the slope of the line and quanti�es the variation
of luminescence intensity with dose. All regressions yielded R2 values between
0.998 and 0.999, con�rming the reproducibility of the deconvolution procedure
and the internal consistency of the experimental protocol.

The highest slopes were observed in the mortars with four deconvolu-
tion peaks. In Rot_C_M11, P2 reached a = 2167.22 ± 34.04 and P3 a =
1144.84 ± 18.21, both with R2 ≈ 0.998. In Rot_C_M14, the slopes were
a = 1812.70±18.42 for P2 and a = 1361.10±10.73 for P3, also with R2 = 0.998.
Finally, in Rot_C_M12, the �tted slopes were a = 1161.70±14.33 for P2 and
a = 773.28 ± 8.04 for P3, with R2 = 0.998 and R2 = 0.999, respectively.
These results con�rm the good quality of the �ts and the linear increase of TL
intensity with dose across all investigated peaks.

The interpolation of the natural signals LN(P2) and LN(P3) onto the re-
gressions provided the corresponding De(P2) and De(P3) values, from which
the equivalent dose was consistently determined as De(P3)−De(P2).

In the mortars showing three deconvolution peaks (P2�P4; Rot_B1_M1,
Rot_D_M3, and Rot_D_M5), the analysis focused on peaks P2 and P3, which
were used for the evaluation ofDe. As illustrated in Figure 4.15, the upper pan-
els report the dose-dependent evolution of the P2 and P3 signals for one aliquot
of each sample, while the lower panels display the corresponding dose�response
functions obtained from their integrals.
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(a) Rot_C_M11. Top: dose-dependent evolution of the deconvolved peak signals P2 (left) and P3 (right).
Bottom: linear dose�response �ts obtained from the integrals under P2 and P3, yielding De(P2) and De(P3).
The equivalent dose was determined as De(P3)−De(P2).

(b) Rot_C_M12. Top: dose-dependent evolution of the deconvolved peak signals P2 and P3. Bottom: linear
dose�response �ts from the corresponding peak integrals, yielding De(P2) and De(P3). The equivalent dose
was determined as De(P3)−De(P2). 115



(c) Rot_C_M14. Top: dose-dependent evolution of the deconvolved peak signals P2 and P3. Bottom: linear
dose�response �ts from the corresponding peak integrals, yielding De(P2) and De(P3). The equivalent dose
was determined as De(P3)−De(P2).

Figure 4.14: Cold-sector mortars with four deconvolution peaks. For each sample, the
upper panels show the dose-dependent evolution of the deconvolved peak signals, while the
lower panels present the linear dose�response �ts based on the corresponding peak integrals
used to derive De(Pi).
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(a) Rot_B1_M1. Top: dose-dependent evolution of the deconvolved peak signals P2 (left) and P3 (right).
Bottom: linear dose�response �ts obtained from the integrals under P2 and P3, yielding De(P2) and De(P3).
The equivalent dose was determined as De(P3)−De(P2).

(b) Rot_D_M3. Top: dose-dependent evolution of the deconvolved peak signals P2 and P3. Bottom: linear
dose�response �ts from the corresponding peak integrals, yielding De(P2) and De(P3). The equivalent dose
was determined as De(P3)−De(P2). 117



(c) Rot_D_M5. Top: dose-dependent evolution of the deconvolved peak signals P2 and P3. Bottom: linear
dose�response �ts from the corresponding peak integrals, yielding De(P2) and De(P3). The equivalent dose
was determined as De(P3)−De(P2).

Figure 4.15: Hot-sector mortars with three deconvolution peaks (P2�P4). For each sample,
the upper panels show the dose-dependent evolution of the deconvolved peak signals P2 and
P3, while the lower panels present the linear dose�response �ts based on the corresponding
peak integrals used to derive De(Pi).
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Consistently with the previous set, the dose�response trends were well de-
scribed by linear functions y = a · x.

For Rot_B1_M1, the values were a = 431.36±7.61 for P2 and a = 353.71±
6.32 for P3, both with R2 = 0.998. In Rot_D_M3, P2 exhibited a steeper
slope (a = 371.92 ± 5.97, R2 = 0.999) compared to P3 (a = 199.50 ± 3.22,
R2 = 0.997), indicating a lower growth rate for the latter. In Rot_D_M5, P3
showed a signi�cantly higher slope (a = 1087.34 ± 19.94, R2 = 0.999) than
P2 (a = 275.15 ± 5.24, R2 = 0.997), suggesting that P3 contributed more
prominently to the luminescence response.

Table 4.8 reports the resulting mean De values, averaged over the �ve
aliquots measured per sample, together with their associated uncertainties
derived through error propagation.

Table 4.8: Mean equivalent dose (De) values and associated uncertainties obtained from
the TL signal of the Morunprep mortar samples. For each sample, De was derived from �ve
measured aliquots and corresponds to the average value. De was evaluated by interpolating
the integral of the natural signal onto the corresponding linear dose�response curve. In all
cases, De was determined as the di�erence De(P3) −De(P2). Uncertainties were obtained
by error propagation.

Sample De (Gy)

Rot_B1_M1_unprep 3.78± 0.23
Rot_D_M3_unprep 3.45± 0.20
Rot_D_M5_unprep 3.56± 0.21
Rot_C_M11_unprep 4.21± 0.25
Rot_C_M12_unprep 4.68± 0.30
Rot_C_M14_unprep 2.95± 0.12

4.4 ḊR determination

The determination of the annual dose rate (ḊR) represents a fundamental step
for establishing the chronology of the studied site. This section presents the
materials employed for dose rate evaluation, together with the instruments and
methodologies adopted for measurements and data analysis. The discussion
covers both the internal contributions, namely the alpha and beta dose rates
(Ḋα,int and Ḋβ,int), and the external components, associated with the envi-
ronmental and cosmic dose rates. While no dedicated methodological study
was carried out for the environmental dose, its evaluation remains essential to
obtain reliable age estimates for the investigated mortars.

4.4.1 Materials for ḊR measurements

For the ḊR measurements, a portion of the bulk mortar together with the
outermost layer removed during luminescence sample preparation was used.
The latter, unsuitable for luminescence analyses due to light exposure, was
�nely ground and provided a suitable fraction for gamma spectrometry.

Approximately 10 grams of material were homogenised using a planetary
ball mill (RETSCH PM 400) to obtain a �ne powder with uniformly sized
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grains. The powder was then transferred into polyethylene cylinders (16 mm
outer diameter, 12 mm inner diameter, 55 mm height) and hermetically sealed
with para�n. An example of the containers employed is shown in Figure 4.16,
where the internal volume �lled with powdered mortar is also visible.

Figure 4.16: Polyethylene cylinder �lled with powdered mortar, used for gamma spec-
trometry measurements.

The sealed samples were stored for four weeks prior to measurement to
allow radioactive equilibrium between 226Ra and 222Rn. This step ensures
that the activities of the short-lived radon daughters are representative of
the parent radionuclide, thereby enabling accurate assessment of uranium-
series contributions to the dose rate [130]. For a detailed discussion on the
implications of radioactive disequilibrium, see Section 2.5.2 in Chapter 2.

4.4.2 Methods

This section describes the instrumentation and the procedures adopted for the
determination of ḊR.

4.4.3 Instruments

The annual dose rate (ḊR) was determined through low-background gamma
spectrometry in the laboratory and in situ measurements with a portable
gamma probe at the sampling sites. Laboratory analyses with high-purity
germanium (HPGe) detectors provided the radionuclide concentrations of the
mortars, while the in situ measurements quanti�ed the environmental gamma
and cosmic radiation contributions. Together, these complementary techniques
ensured a complete characterisation of the dose rate conditions at the site.

4.4.3.1 HPGe for gamma-spectrometry

The gamma spectrometry system employed in this study is based on a high-
purity germanium (HPGe) detector, model EGPC 200 P17, manufactured by
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Canberra-Eurisys. The detector has an active volume of 230 cm3 and provides
an energy resolution of 1.24 keV at 122 keV and 1.98 keV at 1.332 MeV, values
that enable the reliable separation of closely spaced gamma peaks in complex
spectra. It is a co-axial well-type detector, made of intrinsic high-purity ger-
manium, and is operated under liquid nitrogen cooling to suppress electronic
noise and minimise background radiation, thereby ensuring high sensitivity in
low-background conditions.

Figure 4.17: HPGe gamma spectrometry detector (EGPC 200 P17, Canberra-Eurisys).
Adapted from [131].

The system allows measurements in both arbitrary and standardised ge-
ometries. Arbitrary geometry is employed when sample integrity must be pre-
served; for the samples of this study, cylindrical tubes were preferred (please
refer to Section 4.4.1), as they facilitate calibration and improve the repro-
ducibility of results [92].

Energy calibration was performed using certi�ed reference sources (60Co,
137Cs, and 152Eu), covering the full energy range of interest (40 keV to 2700 keV).
E�ciency calibration was conducted using matrix-matched standards of known
composition and density to allow accurate conversion of net count rates into
activity concentrations [75].

4.4.3.2 Gamma probe

The environmental gamma dose rate was assessed in situ using a portable
gamma spectrometer (NaI:Tl), model Inspector (Canberra). The device is
equipped with a 2"x2" thallium-doped sodium iodide (NaI:Tl) scintillation
crystal coupled to a photomultiplier tube, allowing for both dose rate mea-
surements and spectrometric analysis of the gamma radiation �eld. The in-
strument used is shown in Figure 4.18.

In gamma dose rate mode, the device acquires the entire gamma spectrum
from the environment but integrates only the counts above a de�ned energy
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Figure 4.18: Portable gamma spectrometer (Canberra Inspector 1000) used for in situ

dose rate measurements.

threshold, typically set at 320 keV. This energy was experimentally determined
as the point where the detection e�ciencies for gamma emissions from 238U,
232Th, and 40K converge [132]. By excluding low-energy gamma and X-rays,
which contribute negligibly to the absorbed dose and are more a�ected by
potential disequilibria or self-absorption, this approach improves the stability
and accuracy of the dose rate estimation in situ.

4.4.4 Measurements and analysis

This section describes the procedures adopted for the determination of the an-
nual dose rate (ḊR). Laboratory gamma spectrometry with an HPGe detector
was used to measure uranium, thorium, and potassium concentrations in the
mortars, while in situ dosimetry at the sampling sites assessed the contribu-
tions of environmental gamma and cosmic radiation.

4.4.4.1 Low-background gamma spectrometry

The mortar samples prepared as described in Section 4.4.1 for gamma spec-
trometry measurements were placed in the cylindrical cavity of the HPGe
detector (Eurisys Mesures, EGPC 200 P17) and measured for 7 days to ensure
su�cient counting statistics. Measured sectra were processed using a dedi-
cated laboratory software following the established laboratory protocol on γ
spectra analysis [95].

The spectral analysis began with the determination of the net area of each
gamma peak. The underlying Compton background was estimated by selecting
two regions of the spectrum, one on the low-energy side and one on the high-
energy side of the peak. These regions were chosen su�ciently far from the
maximum so as not to include the tails of the peak. A straight line was then
interpolated between the two regions to represent the background beneath
the peak. The background area thus obtained was subtracted from the gross
peak area, leaving only the net contribution of the gamma emission of interest.
The net area was normalised to the total acquisition time to express the net
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intensity per unit time. The activity of each radionuclide was then calculated
by comparison with a reference spectrum acquired from standard materials.
For the calibration of the gamma spectrometry system, two standards were
employed: a K2SO4 sample of certi�ed purity (99.9 ± 0.1%) and the GS-N
granite reference rock (3.85 ± 0.03% K, 42.2 ± 0.5 ppm Th, 8.05 ± 0.05 ppm
U in equilibrium), in accordance with established laboratory protocols [130].

Self-absorption corrections were applied based on the elemental composi-
tion (please refer to Section 2.5.3.1 and Eq. 2.24), density, and geometry of
the sample. Corrections were applied for spectral interferences in accordance
with the established analysis protocol [75, 92, 95]. For example, at 186 keV,
where both 226Ra and 235U contribute to the observed peak, the contribu-
tion from 235U was estimated and subtracted from the total intensity. This
estimation was based on the known isotopic ratio between 235U and 238U in
natural samples, as well as on other characteristic gamma emissions of 235U.
Similar corrections were applied for other typical peak interferences, such as
the 241.9 keV line of 214Pb overlapping the 238.6 and 241.0 keV lines of the
thorium series, and the 1459.1 keV line of 228Ac overlapping the 40K peak [92].
These corrections were essential to ensure accurate quanti�cation of radionu-
clide concentrations and were systematically applied during data processing.

The gamma lines used for the determination of radionuclide concentrations
are summarised in Table 4.9. These lines were selected based on their high
emission probabilities, good spectral resolution, and minimal interference.

Potassium content was determined from the 1460.8 keV gamma line of 40K.
The thorium concentration was calculated as the mean activity derived from
the gamma lines of 228Ac, 212Pb, and 208Tl. Uranium content was evaluated
by distinguishing between di�erent parts of the 238U decay chain:

� U(238U), derived from the emissions of 234Th, 234mPa, and 235U;

� U(226Ra), derived from the gamma lines of 214Pb and 214Bi, assuming
equilibrium between 222Rn and 226Ra under laboratory conditions;

� U(210Pb), derived from the 46.5 keV line.

The comparison between the concentrations of U(238U), U(226Ra), and
U(210Pb) was then used to verify the equilibrium state within the uranium
decay series and to identify possible disequilibrium conditions that could af-
fect dose rate calculations. The conversion of measured concentrations into
dose rates was performed using the conversion factors published by Guérin et
al. [94].

The annual dose rate components were corrected for porosity and grain-
size e�ects. Porosity was accounted for through the water content factor (W ),
experimentally determined, and the saturation factor (F ), estimated according
to the sampling context (e.g., height, indoor or outdoor location), following
the approach of Aitken [1]. The formulas used for the porosity correction are
reported in Section 2.5.1 of Chapter 2. In this study, a value of F = 0.3± 0.2
was adopted. The W factor was obtained by weighing a sample fragment
under di�erent moisture conditions: fully dry (after oven drying at 40◦C for
48 hours) and fully saturated (after immersion in water until no further change
in weight was observed).
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Table 4.9: Gamma lines used for the determination of radionuclide concentrations in this
study.

Series Energy (keV) Emitting Isotope

Potassium series 1460.8 K-40

Uranium series
46.5 Pb-210
63.3 Th-234
93.4 Th-234

Head of chain U(238U) 143.0 U-235
186.0 U-235
186.0 Ra-226
1001.0 Pa-234m

295.2 Pb-214
351.9 Pb-214

End of chain U(226Ra) 609.3 Bi-214
1120.3 Bi-214
1764.5 Bi-214

Thorium series
238.6 Pb-212
338.5 Ac-228
583.2 Tl-208
727.1 Bi-212
860.5 Tl-208
911.2 Ac-228
969.0 Ac-228
2614.5 Tl-208
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Attenuation of the α and β components due to the limited penetration
depth of these radiations in coarse grains was taken into account using the co-
e�cients proposed by Brennan et al. [133] for α particles and by Mejdahl [134]
for β particles. Accordingly, attenuation factors of fβ = 0.9 and fα = 0.1 were
applied to the annual dose components. The α e�ciency factor (k-value),
which expresses the reduced luminescence e�ciency of α particles due to their
short penetration depth (about 20 µm), was not measured directly in this
study; instead, a value of k = 0.10± 0.01 was adopted [61, 60].

4.4.4.2 In situ dosimetry

The contribution of external gamma and cosmic radiation (see Section 2.5.1
and Eq. 2.19) was assessed through in situ dosimetry with a Canberra Inspec-
tor 1000 spectrometer.

The detector probe was placed at the sampling point within the masonry
and operated in Cumulative Dose Mode for 10 minutes, recording the cumula-
tive dose (µSv). These values were then converted into annual dose contribu-
tions by normalising to the acquisition time, under the assumption of constant
exposure conditions throughout the year.

4.4.5 ḊR results

The concentrations of potassium (K), uranium (U), and thorium (Th) mea-
sured by high-resolution gamma spectrometry, used to calculate Ḋα,int and
Ḋβ,int, are reported in Table 4.10. The methods used to quantify these ra-
dionuclides are described in Chapter 3, Section 4.4.4.

Table 4.10: Radionuclide concentrations (in % or ppm) with associated uncertainties for
the analysed mortars.

Sample K (%) U(238U) (ppm) U(226Ra) (ppm) U(210Pb) (ppm) 232Th (ppm)

Rot_B1_M1 0.54± 0.03 1.34± 0.19 1.76± 0.05 0.20± 0.10 6.49± 0.12
Rot_D_M3 0.56± 0.03 1.51± 0.15 1.99± 0.04 2.03± 0.17 3.42± 0.08
Rot_D_M5 0.53± 0.01 2.37± 0.09 2.07± 0.02 2.21± 0.18 3.42± 0.05
Rot_C_M11 0.77± 0.01 1.89± 0.09 2.15± 0.02 1.98± 0.10 6.15± 0.06
Rot_C_M12 1.07± 0.02 1.67± 0.09 2.07± 0.03 1.99± 0.11 5.11± 0.06
Rot_C_M14 0.89± 0.02 2.23± 0.13 2.50± 0.03 2.19± 0.26 6.74± 0.08

Thorium content ranges from 3.42 to 6.74 ppm, suggesting a consistent
presence of Th-rich minerals. Potassium concentrations are more variable
(0.53�1.07%), likely re�ecting a heterogeneous distribution of K-rich inclu-
sions, possibly potassic feldspars. Uranium concentrations, measured both as
238U and 226Ra, vary between 1.34�2.37 ppm and 1.76�2.50 ppm, respectively.

To evaluate potential radioactive disequilibrium, the activity ratios 238U/226Ra
and 226Ra/210Pb were calculated for each mortar (Table 4.11). The 238U/226Ra
ratio provides information on the equilibrium state in the upper part of the
uranium decay chain, whereas the 226Ra/210Pb ratio is used to detect possible
radon loss or redistribution in the lower part. Under secular equilibrium, both
ratios are expected to approach unity.

Deviations from equilibrium were assessed using the 2σ criterion [75]. The
results show that some mortars deviate signi�cantly from unity in the upper
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Table 4.11: Activity ratios calculated for each sample to assess potential radioactive dise-
quilibrium within the uranium decay chain.

Sample 238U/226Ra 226Ra/210Pb

Rot_B1_M1 0.76± 0.11 0.70± 0.06
Rot_D_M3 0.76± 0.08 0.98± 0.08
Rot_D_M5 1.14± 0.04 0.94± 0.08
Rot_C_M11 0.88± 0.04 1.09± 0.05
Rot_C_M12 0.81± 0.05 1.04± 0.06
Rot_C_M14 0.89± 0.05 1.14± 0.14

part of the chain (e.g. Rot_D_M5, Rot_C_M12, Rot_C_M14), whereas
others (e.g. Rot_B1_M1, Rot_C_M11) are consistent with equilibrium within
uncertainty. By contrast, most 226Ra/210Pb ratios are compatible with equi-
librium, suggesting negligible radon loss in recent times. The exceptions are
Rot_B1_M1, which shows a de�cit in 210Pb, and Rot_C_M11, which displays
a slight excess, both indicative of mild disequilibrium in the lower chain.

A graphical comparison of 238U and 226Ra activities, normalized to 232Th,
is shown in Figure 4.19. Thorium provides a stable reference due to its low
mobility, allowing relative variations to be enhanced. Most mortars deviate
from the equilibrium line (238U = 226Ra), with Rot_D_M5 lying below it and
the other samples generally above.

Figure 4.19: Scatter plot of 226Ra/232Th vs 238U/232Th for the analysed mortars. The
red dashed line marks the equilibrium line (238U = 226Ra). Most samples deviate from
equilibrium, con�rming radioactive disequilibrium in the upper part of the uranium decay
series.

The observed disequilibrium cannot be ascribed unambiguously to uranium
enrichment or radium depletion [135]. Given the limited number of samples,
further investigation of its origin is not possible, as also noted in previous
studies [75]. For dose rate evaluation, following the approach of Guibert et
al. [130], it is assumed that the disequilibrium has remained constant since
construction. The measured activities of 238U and 226Ra are therefore treated
as time-averaged values, with the upper part of the chain (from 238U to 234U
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and from 235U to 231Th) quanti�ed using 238U, and the lower part (from 230Th
to 206Pb and from 231Pa to 207Pb) using 226Ra.

The annual dose components Ḋα and Ḋβ were then calculated from the
measured concentrations using standard conversion factors [136, 2], and cor-
rected for porosity and grain-size e�ects as described in Chapter 3, Section 4.4.4.
Table 4.12 reports the corrected contributions.

Table 4.12: Corrected annual dose contributions for the analysed samples. The correc-
tions were applied using the porosity factor (W ), experimentally measured, and the water
saturation factor (F = 0.30 ± 0.20). The combined environmental and cosmic dose rate is
reported as Ḋenv,tot.

Sample W Ḋα,corr (mGy/a) Ḋβ,corr (mGy/a) Ḋenv,tot (mGy/a)

Rot_B1_M1 0.20± 0.01 8.63± 0.16 0.90± 0.02 0.99± 0.02
Rot_D_M3 0.21± 0.01 7.10± 0.13 0.86± 0.02 0.91± 0.02
Rot_D_M5 0.23± 0.01 7.65± 0.07 0.89± 0.01 0.99± 0.02
Rot_C_M11 0.22± 0.01 9.39± 0.08 1.16± 0.01 0.93± 0.02
Rot_C_M12 0.24± 0.01 8.38± 0.08 1.37± 0.01 0.97± 0.02
Rot_C_M14 0.25± 0.01 10.55± 0.10 1.35± 0.01 0.99± 0.02

4.5 Chronology results

The luminescence dating results obtained from both quartz and mortar sam-
ples are summarised in Table 4.13. The SG-OSL protocol applied to quartz
was used in this study as a reference chronology, since it is based on a well-
established luminescence method that directly exploits the physical signal of
individual grains and is widely considered the most reliable approach for mor-
tar dating. The thermoluminescence analysis was performed directly on the
mortar samples using the newly proposed methodology, which provided a sec-
ond set of ages. These results were then compared with the quartz SG-OSL
ages in order to evaluate the performance of the TL-based protocol and to test
its ability to reproduce the chronological framework established by OSL.

The SG-OSL ages show a good agreement with the presumed chronology
of the Rotonda baths. Samples Rot_D_M3 and Rot_D_M5 yielded ages of
1813±80 a and 1850±65 a, respectively, consistent with the second construc-
tion phase in the 2nd�3rd century AD. Sample Rot_C_M14 returned an age
of 1316 ± 53 a, in line with the Byzantine reuse of the building during the
second half of the 7th century AD. Samples Rot_C_M11 and Rot_C_M12
yielded ages of 2014± 179 a and 1983± 62 a, which �t within the 1st century
AD when considering the uncertainties. Sample Rot_B1_M1 produced an age
of 2053± 110 a, slightly older than the expected attribution but still compat-
ible with the earliest phases of construction. The spatial distribution of the
samples provides contextual insight: those from heated architectural features
(Rot_B1_M1, Rot_D_M3, Rot_D_M5) exhibit higher overdispersion, likely
due to thermally induced bleaching or trap modi�cations, while those from un-
heated contexts (Rot_C_M11, Rot_C_M12, Rot_C_M14) show lower dis-
persion and more stable signal preservation.
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The TL ages obtained from the carbonate fraction mirror the same chrono-
logical framework. Samples Rot_B1_M1 (2007±140 a), Rot_C_M11 (1972±
125 a), and Rot_C_M12 (1979±135 a) con�rm the attribution to the 1st cen-
tury AD. Samples Rot_D_M3 (1895±125 a) and Rot_D_M5 (1902±120 a)
are consistent with the 2nd�3rd century AD, while sample Rot_C_M14 re-
turned an age of 1279± 60 a, closely matching the Byzantine attribution. The
relatively small uncertainty associated with this latter result underscores the
robustness of the dose reconstruction. Overall, the TL-based methodology
provides results in close agreement with both the archaeological expectations
and the quartz SG-OSL ages.

The comprehensive dataset presented in Table 4.13 highlights the close
correspondence between the two applied methodologies. For each sample, the
SG-OSL and TL ages overlap within the uncertainty ranges, and both con-
verge toward the same chronological framework suggested by archaeological
evidence. The early construction phase in the 1st century AD is supported
by samples Rot_B1_M1, Rot_C_M11, and Rot_C_M12; the second phase
in the 2nd�3rd century AD is con�rmed by Rot_D_M3 and Rot_D_M5;
and the Byzantine reuse is clearly identi�ed by Rot_C_M14. These results
con�rm that the new TL-based methodology could successfully reproduce the
reference chronology established by SG-OSL on quartz.

This validation underscores its potential as a complementary tool for mor-
tar dating and strengthens the reconstruction of the building history of the
Rotonda baths, highlighting their continuity of use and transformation across
di�erent cultural periods.
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Conclusions and perspectives

The present research was developed within the framework of luminescence
dating applied to historical mortars, with the speci�c objective of addressing
one of the main limitations of quartz OSL in this context: partial bleaching.
The incomplete resetting of the geogenic luminescence signal during mortar
preparation can lead to signi�cant age overestimations, thereby reducing the
reliability of chronological reconstructions. This issue motivated the search
for an alternative dosimetric fraction naturally present in mortars, with the
aim of expanding the methodological framework available for dating building
materials.

In this perspective, the study explored the potential of the carbonate com-
ponent as a natural dosimeter. A detailed examination of the chemical and
physical transformations involved in the lime cycle highlighted at least two
distinct zeroing events capable of resetting the luminescence signal of the car-
bonate phase. The �rst occurs during the calcination of limestone, when the
material is exposed to temperatures above 800◦C, and the second during the
re-crystallisation of calcium carbonate in the carbonation process. Once these
zeroing events were de�ned, the newly formed calcite could be regarded as a
luminescent phase capable of absorbing and storing radiation after its reset.
The exploitation of this fraction therefore represents a cautious but signi�cant
methodological innovation in the �eld of mortar dating.

The research was structured in two complementary phases. The �rst con-
sisted of controlled laboratory experiments on quartz and calcite, both anal-
ysed as single mineral fractions and in binary mixtures designed to simulate
simpli�ed mortars. TL glow curve deconvolution was used to identify kinetic
components, evaluate the dosimetric behaviour of each material. The SAR
protocol was combined with peak-speci�c deconvolution in order to isolate the
contribution of each mineral phase.

The second phase focused on the application of the methodology to ar-
chaeological mortars sampled from the Roman bath complex of the Terme
della Rotonda in Catania. In this case, SG-OSL was employed as the refer-
ence protocol, providing robust age estimates and serving as a benchmark for
comparison with the carbonate-based approach.

The experiments on binary mixtures con�rmed that each mineral phase
preserves its kinetic characteristic in composite systems. By applying peak-
speci�c dose reconstruction, it was possible to obtain internally consistent
De values for each mineral, comparable with those measured in single-phase
samples. This shows that the dosimetric behaviour of quartz and calcite can be
distinguished without performing a mineral separation, which is particularly
signi�cant when working directly with mortar matrices.
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The application to archaeological mortars further con�rmed the feasibil-
ity of the approach. TL glow curves measured on the selected samples were
successfully deconvoluted into quartz- and calcite-related components, and De

values were reconstructed by �tting the dose�response curves obtained from
beta irradiations. These values showed reproducibility across aliquots and
consistency with those measured on reference materials. Moreover, compari-
son with SG-OSL results indicated that the proposed TL-based methodology
produced age estimates falling within the expected presumed age for the site,
thereby validating its applicability under real-case conditions.

Nevertheless, several limitations must be acknowledged. The methodology
was applied to a limited number of samples, all originating from the same
archaeological context, which restricts the statistical signi�cance of the con-
clusions. Another aspect that requires further investigation is the in�uence
of mortar composition on the luminescence response. Variations in binder-to-
aggregate ratio, as well as mineralogical heterogeneities, may a�ect the pro-
portion of luminescent signals and their deconvolution. Systematic characteri-
sation of mortars, for example by X-Ray Di�raction (XRD), would allow quan-
ti�cation of binder and aggregate contents, providing essential information for
evaluating the reproducibility and reliability of the extracted dosimetric sig-
nals.

In light of these limitations, several perspectives for future research can be
outlined. A �rst priority should be to apply the developed methodology to a
larger number of mortars from di�erent sites, in order to strengthen its statis-
tical basis and evaluate its performance under diverse construction traditions
and raw material compositions. A second objective should be to study system-
atically the role of mortar composition, particularly the binder-to-aggregate
ratio, on the luminescence response of quartz and carbonate fractions. A third
perspective is the de�nition of a dedicated chemical and physical separation
protocol for calcium carbonate, analogous to quartz puri�cation, to increase
reproducibility and establish a standardised approach for routine application.

An important aspect emerging from this work is the methodological com-
plementarity between the carbonate-based TL protocol and quartz OSL. The
two approaches should not be considered as competing alternatives, but as
techniques that can be combined depending on the preservation state of the
samples and the bleaching conditions. The possibility of relying on two distinct
luminescent fractions increases the resilience of chronological reconstructions,
reducing the impact of partial bleaching and enhancing the reliability of mortar
dating.

In summary, this thesis provides both methodological insights and an ini-
tial applied assessment. It has explored the potential of the carbonate fraction
as a complementary dosimetric phase in mortars and has tested its feasibil-
ity in an archaeological case study. While the results are preliminary, they
indicate that the integration of carbonate TL with quartz OSL may broaden
the methodological framework for luminescence dating. This combination out-
lines a cautious but promising direction for future developments and further
validation in the �eld of luminescence dating.
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A Thermoluminescence data
analysis of representative aliquots

This appendix includes all the data analyses performed on the mortar samples
collected from the archaeological site of the Terme della Rotonda in Catania.
The purpose is to provide a comprehensive overview of the TL analyses carried
out on representative aliquots from each mortar, detailing every step of the
data treatment and interpretation.

For each sample, the complete analytical work�ow is presented, from the
measurement conditions and preprocessing of the glow curves to the decon-
volution procedure, extraction of kinetic parameters, and equivalent dose es-
timation. Each section corresponds to one representative aliquot per mortar
and follows an identical structure, enabling a direct comparison among the
di�erent samples.

The appendix is organised so that each aliquot of a sample can be discussed
and interpreted independently, allowing a presentation of the TL data analysis
for every mortar investigated. In continuity with the structure adopted in
the main body of the thesis, the order in which the mortars are discussed
follows their provenance within the thermal complex. The analysis therefore
begins with the mortars collected in zone C, corresponding to the cold sector of
the baths (frigidarium area), where the samples systematically exhibited four
deconvolution peaks. Subsequently, the discussion proceeds with the mortars
from the heated zones of the complex, which are characterised by three TL
components once subjected to thermoluminescence measurements.

This appendix therefore serves both as a methodological reference, illus-
trating the numerical treatment applied to the TL data, and as an analytical
record supporting the discussion and conclusions reported in Chapter 4.

A.1 Sample Rot_C_M11

Sample Rot_C_M11 was collected from one of the wall of area C, identi�ed
as the frigidarium of the Terme della Rotonda complex. This unheated envi-
ronment represents one of the cold rooms of the bath system and was selected
to investigate the luminescence behaviour of mortars una�ected by thermal
exposure.

A portion of the unprepared mortar extracted from this area was subjected
to TL measurements in order to obtain the natural thermoluminescence signal
of the sample.
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Figure A.1: Sampling point of the Rot_C_M11 mortar, collected from the inner portion
of a wall in area C, corresponding to the frigidarium of the Terme della Rotonda. The inner
core of the mortar was extracted to minimise light exposure and surface contamination.

A.1.1 Measurement conditions

TL measurements on the unprepared mortar powder were carried out using
a Risø TL/DA-15 reader equipped with a BG-39 optical �lter. Each sample
was subjected to a regenerative measurement protocol, following the sequence
reported in Table A.1, which included �ve regeneration doses after the natural
signal measurement.

Table A.1: Measurement sequence applied during the regenerative protocol for the unpre-
pared mortar sample Rot_C_M11.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °Cs−1) LN

2 Give regeneration dose Di (where i = 5.50,
11.00, 16.60, 22.10, 27.60 Gy)

�

3 Preheat (@210 °C, 120 s) �
4 Thermal stimulation (@430 °C, 5 °Cs−1) Li

5 Repeat steps 2�4 for all regeneration doses Di �
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A.1.2 Analysis and results

The experimental TL glow curves obtained for the unprepared mortar sample
Rot_C_M11 are shown in Figure A.2. The natural TL signal and the regen-
erated curves corresponding to the applied doses of 5.50, 11.00, 16.60, 22.10,
27.60 Gy are reported.

Figure A.2: Experimental TL glow curves obtained for the unprepared mortar sample
Rot_C_M11 under regeneration mode. The natural signal (black) and the regenerated
curves corresponding to doses of 5.50, 11.00, 16.60, 22.10, 27.60 Gy are shown.

For each glow curve shown in Figure A.2, a deconvolution was performed
in order to separate the individual TL components contributing to the total
signal. The deconvolution procedure was applied to the natural curve and to
each regenerated curve corresponding to the selected doses (5.50, 11.00, 16.60,
22.10, 27.60 Gy). The �tting was carried out using the general order kinetic
(GOK) model, following the same approach described in Chapter 4.

Figures A.3 present, for each regeneration dose, the deconvolution of the
corresponding TL glow curve together with the table reporting the kinetic
parameters of the individual peaks. For each dose step, the experimental data
are �tted by the sum of the single TL components, and the �gure also reports
the FOM value that quanti�es the goodness of each deconvolution.

The corresponding kinetic parameters for all regenerated curves are sum-
marised in Table A.2.

Table A.2: Kinetic parameters derived from the deconvolution of the TL glow curves
for sample Rot_C_M11. The same kinetic structure (P1�P3) was maintained across all
regeneration doses.

Peak Tm (°C) E (eV) b
P1 283 1.46 1.75
P2 322 1.39 1.93
P3 358 1.71 1.80
P4 397 - -

Figures A.4a and A.4b show the variation in TL intensity of the second
(P2) and third (P3) deconvolution peaks as a function of the administered
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dose. The linear growth trend con�rms the suitability of these components for
constructing the dose�response curve used in the equivalent dose determina-
tion.

An integration was performed for the second (P2) and third (P3) deconvo-
lution peaks. The resulting values were used to construct the dose�response
curve shown in Figure A.5, where the experimental points represent the in-
tegrated TL signals as a function of the administered dose and the red line
corresponds to the best-�t linear function used to �t the data.
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(a) Natural. FOM = 2.1%. (b) 5.50 Gy. FOM = 2.4%.

(c)11.00 Gy. FOM = 2.2%. (d) 16.60 Gy. FOM = 2.5%.

(e) 22.10 Gy. FOM = 2.3%. (f) 27.60 Gy. FOM = 2.4%.

Figure A.3: Deconvolution of the TL glow curves for sample Rot_C_M11 corresponding
to the natural signal and to the regeneration doses of 5.50, 11.00, 16.60, 22.10, 27.60Gy.
Each plot shows the experimental data (black), the overall �t (red), and the individual
TL components (P1�P3) in colour. The FOM values are indicated for each deconvolution,
con�rming the reliability and consistency of the �tting model.
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(a) TL intensity variation for Peak 2 (P2) at
di�erent regeneration doses.

(b) TL intensity variation for Peak 3 (P3) at
di�erent regeneration doses.

Figure A.4: Variation in TL intensity of the second (P2) and third (P3) deconvolution
peaks for sample Rot_D_M11 as a function of the administered dose.

(a) Dose�response curve for Peak 2 (P2). (b) Dose�response curve for Peak 3 (P3).

Figure A.5: Dose�response curves obtained from the integrated intensities of peaks P2
and P3 for sample Rot_C_M11. The experimental data points represent the integrated TL
signal as a function of the administered dose, while the solid lines correspond to the best-�t
linear functions used to estimate the equivalent dose.
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The integrated data were �tted using linear functions of the form y = ax.
For sample Rot_C_M11, the best-�t equations were y = (2167.22 ± 34.04)x
for P2 and y = (1144.84 ± 18.21)x for P3, with correlation coe�cients of
R2 = 0.998.

In these dose�response curves, the integral value corresponding to the nat-
ural signal was interpolated along the �tted line to determine the equivalent
dose (De) of the sample.

The equivalent dose (De) values obtained from the dose�response curves
of peaks P2 and P3 were 4.32 ± 0.18Gy and 8.53 ± 0.36Gy, respectively. As
already speci�ed for the previous samples, the uncertainty on the equivalent
dose was estimated through standard error propagation, taking into account
both the uncertainty of the linear �t parameters and that of the natural sig-
nal integral (Poisson counting error and FOM). This approach ensured that
the combined e�ects of �tting and measurement uncertainties were properly
re�ected in the �nal De values.

The di�erence between the two estimates, De(P3) − De(P2) = 4.21 ±
0.25Gy, represents, according to the approach described in Chapter 4, the
equivalent dose (De) of the untreated mortar sample. The uncertainty associ-
ated with the di�erence between the two De values was calculated by propa-
gating the individual uncertainties of P2 and P3.

A.2 Sample Rot_C_M12

Sample Rot_C_M12 was collected from the inner portion of one of the hy-
draulic ducts located in area C. These conduits form part of the water-management
system associated with the frigidarium and were built to regulate the circula-
tion and drainage of cold water within this sector of the complex. The sampling
point was chosen to access unexposed mortar preserved within the structure.
As for the other specimens from area C, a portion of the unprepared material
was subjected to TL measurements.

A.2.1 Measurement conditions

TL measurements on the unprepared mortar powder were carried out using
a Risø TL/DA-15 reader equipped with a BG-39 optical �lter. Each sample
was subjected to a regenerative measurement protocol, following the sequence
reported in Table A.3, which included �ve regeneration doses after the natural
signal measurement.

Table A.3: Measurement sequence applied during the regenerative protocol for the unpre-
pared mortar sample Rot_C_M12.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °Cs−1) LN

2 Give regeneration dose Di (where i = 10.40,
20.70, 31.10, 41.40, 51.80 Gy)

�

3 Preheat (@210 °C, 120 s) �
4 Thermal stimulation (@430 °C, 5 °Cs−1) Li

5 Repeat steps 2�4 for all regeneration doses Di �

138



Figure A.6: Sampling point of the Rot_C_M12 mortar, collected from the inner portion
of one of the hydraulic ducts in area C. The sampling was performed by removing the inner
mortar core to minimise light exposure and surface contamination.

A.2.2 Analysis and results

The experimental TL glow curves obtained for the unprepared mortar sample
Rot_C_M12 are shown in Figure A.7. The natural TL signal and the regen-
erated curves corresponding to the applied doses of 10.40, 20.70, 31.10, 41.40,
51.80 Gy are reported.

For each glow curve shown in Figure A.7, a deconvolution was performed
in order to separate the individual TL components contributing to the total
signal. The deconvolution procedure was applied to the natural curve and
to each regenerated curve corresponding to the selected doses (10.40, 20.70,
31.10, 41.40, 51.80 Gy). The �tting was carried out using the general order
kinetic (GOK) model, following the same approach described in Chapter 4.

Figures A.8 present, for each regeneration dose, the deconvolution of the
corresponding TL glow curve together with the table reporting the kinetic
parameters of the individual peaks. For each dose step, the experimental data
are �tted by the sum of the single TL components, and the �gure also reports
the FOM value that quanti�es the goodness of each deconvolution.

The corresponding kinetic parameters for all regenerated curves are sum-
marised in Table A.4.

Figures A.9a and A.9b show the variation in TL intensity of the second
(P2) and third (P3) deconvolution peaks as a function of the administered
dose. The linear growth trend con�rms the suitability of these components for
constructing the dose�response curve used in the equivalent dose determina-
tion.

An integration was performed for the second (P2) and third (P3) deconvo-
lution peaks. The resulting values were used to construct the dose�response
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Figure A.7: Experimental TL glow curves obtained for the unprepared mortar sample
Rot_D_M5 under regeneration mode. The natural signal (black) and the regenerated
curves corresponding to doses of 10.40, 20.70, 31.10, 41.40, 51.80 Gy are shown.

Table A.4: Kinetic parameters derived from the deconvolution of the TL glow curves
for sample Rot_B1_M12. The same kinetic structure (P1�P3) was maintained across all
regeneration doses.

Peak Tm (°C) E (eV) b
P1 283 1.42 1.75
P2 320 1.40 1.90
P3 358 1.71 1.80
P4 397 - -

curve shown in Figure A.10, where the experimental points represent the in-
tegrated TL signals as a function of the administered dose and the red line
corresponds to the best-�t linear function used to �t the data.
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(a) Natural. FOM = 1.8%. (b) 10.40 Gy. FOM = 2.0%.

(c) 20.70 Gy. FOM = 2.1%. (d) 31.10 Gy. FOM = 2.2%.

(e) 41.40 Gy. FOM = 2.3%. (f) 51.80 Gy. FOM = 2.1%.

Figure A.8: Deconvolution of the TL glow curves for sample Rot_C_M12 corresponding
to the natural signal and to the regeneration doses of 10.40, 20.70, 31.10, 41.40, 51.80Gy.
Each plot shows the experimental data (black), the overall �t (red), and the individual
TL components (P1�P3) in colour. The FOM values are indicated for each deconvolution,
con�rming the reliability and consistency of the �tting model.
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(a) TL intensity variation for Peak 2 (P2) at
di�erent regeneration doses.

(b) TL intensity variation for Peak 3 (P3) at
di�erent regeneration doses.

Figure A.9: Variation in TL intensity of the second (P2) and third (P3) deconvolution
peaks for sample Rot_C_M12 as a function of the administered dose.

(a) Dose�response curve for Peak 2 (P2). (b) Dose�response curve for Peak 3 (P3).

Figure A.10: Dose�response curves obtained from the integrated intensities of peaks P2
and P3 for sample Rot_C_M12. The experimental data points represent the integrated TL
signal as a function of the administered dose, while the solid lines correspond to the best-�t
linear functions used to estimate the equivalent dose.
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The integrated data were �tted using linear functions of the form y = ax.
For sample Rot_C_M12, the best-�t equations were y = (1161.70±14.33)x for
P2 and y = (773.28±8.04)x for P3, with correlation coe�cients of R2 = 0.998
and R2 = 0.999 respectively.

In these dose�response curves, the integral value corresponding to the nat-
ural signal was interpolated along the �tted line to determine the equivalent
dose (De) of the sample.

The equivalent dose (De) values obtained from the dose�response curves of
peaks P2 and P3 were 13.43 ± 0.18Gy and 18.11 ± 0.24Gy, respectively. As
already speci�ed for the previous samples, the uncertainty on the equivalent
dose was estimated through standard error propagation, taking into account
both the uncertainty of the linear �t parameters and that of the natural sig-
nal integral (Poisson counting error and FOM). This approach ensured that
the combined e�ects of �tting and measurement uncertainties were properly
re�ected in the �nal De values.

The di�erence between the two estimates, De(P3) − De(P2) = 4.68 ±
0.30Gy, represents, according to the approach described in Chapter 4, the
equivalent dose (De) of the untreated mortar sample. The uncertainty associ-
ated with the di�erence between the two De values was calculated by propa-
gating the individual uncertainties of P2 and P3.

A.3 Sample Rot_C_M14

Sample Rot_C_M14 was collected from the inner portion of a wall in the cold
area C, where the original mortar is still well preserved beneath the surface
�nishes. The sampling point was selected to access material that had remained
protected from light exposure and later interventions, ensuring the reliability
of the subsequent TL measurements.

A.3.1 Measurement conditions

TL measurements on the unprepared mortar powder were carried out using
a Risø TL/DA-15 reader equipped with a BG-39 optical �lter. Each sample
was subjected to a regenerative measurement protocol, following the sequence
reported in Table A.5, which included �ve regeneration doses after the natural
signal measurement.

Table A.5: Measurement sequence applied during the regenerative protocol for the unpre-
pared mortar sample Rot_C_M14.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °Cs−1) LN

2 Give regeneration dose Di (where i = 13.80,
27.60, 41.40, 55.20, 69.00 Gy)

�

3 Preheat (@210 °C, 120 s) �
4 Thermal stimulation (@430 °C, 5 °Cs−1) Li

5 Repeat steps 2�4 for all regeneration doses Di �
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Figure A.11: Sampling point of the Rot_C_M14 mortar, extracted from the inner section
of a wall in area C. The preserved underlying mortar was accessed to minimise light exposure
and avoid surface contaminations.

A.3.2 Analysis and results

The experimental TL glow curves obtained for the unprepared mortar sample
Rot_C_M14 are shown in Figure A.12. The natural TL signal and the regen-
erated curves corresponding to the applied doses of 13.80, 27.60, 41.40, 55.20,
69.00 Gy are reported.

For each glow curve shown in Figure A.12, a deconvolution was performed
in order to separate the individual TL components contributing to the total
signal. The deconvolution procedure was applied to the natural curve and
to each regenerated curve corresponding to the selected doses (13.80, 27.60,
41.40, 55.20, 69.00 Gy). The �tting was carried out using the general order
kinetic (GOK) model, following the same approach described in Chapter 4.

Figures A.13 present, for each regeneration dose, the deconvolution of the
corresponding TL glow curve together with the table reporting the kinetic
parameters of the individual peaks. For each dose step, the experimental data
are �tted by the sum of the single TL components, and the �gure also reports
the FOM value that quanti�es the goodness of each deconvolution.

The corresponding kinetic parameters for all regenerated curves are sum-
marised in Table A.6.

Figures A.14a and A.14b show the variation in TL intensity of the second
(P2) and third (P3) deconvolution peaks as a function of the administered
dose. The linear growth trend con�rms the suitability of these components for
constructing the dose�response curve used in the equivalent dose determina-
tion.

An integration was performed for the second (P2) and third (P3) deconvo-
lution peaks. The resulting values were used to construct the dose�response
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Figure A.12: Experimental TL glow curves obtained for the unprepared mortar sample
Rot_C_M14 under regeneration mode. The natural signal (black) and the regenerated
curves corresponding to doses of 13.80, 27.60, 41.40, 55.20, 69.00 Gy are shown.

Table A.6: Kinetic parameters derived from the deconvolution of the TL glow curves
for sample Rot_C_M14. The same kinetic structure (P1�P3) was maintained across all
regeneration doses.

Peak Tm (°C) E (eV) b
P1 285 1.35 1.75
P2 319 1.40 1.90
P3 355 1.70 1.80
P4 397 - -

curve shown in Figure A.15, where the experimental points represent the in-
tegrated TL signals as a function of the administered dose and the red line
corresponds to the best-�t linear function used to �t the data.
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(a) Natural. FOM = 2.2%. (b) 13.80 Gy. FOM = 2.1%.

(c) 27.60 Gy. FOM = 2.4%. (d) 41.40 Gy. FOM = 2.5%.

(e) 55.20 Gy. FOM = 2.3%. (f) 69.00 Gy. FOM = 2.3%.

Figure A.13: Deconvolution of the TL glow curves for sample Rot_C_M14 corresponding
to the natural signal and to the regeneration doses of 13.80, 27.60, 41.40, 55.20, 69.00Gy.
Each plot shows the experimental data (black), the overall �t (red), and the individual
TL components (P1�P3) in colour. The FOM values are indicated for each deconvolution,
con�rming the reliability and consistency of the �tting model.
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(a) TL intensity variation for Peak 2 (P2) at
di�erent regeneration doses.

(b) TL intensity variation for Peak 3 (P3) at
di�erent regeneration doses.

Figure A.14: Variation in TL intensity of the second (P2) and third (P3) deconvolution
peaks for sample Rot_C_M14 as a function of the administered dose.

(a) Dose�response curve for Peak 2 (P2). (b) Dose�response curve for Peak 3 (P3).

Figure A.15: Dose�response curves obtained from the integrated intensities of peaks P2
and P3 for sample Rot_C_M14. The experimental data points represent the integrated TL
signal as a function of the administered dose, while the solid lines correspond to the best-�t
linear functions used to estimate the equivalent dose.
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The integrated data were �tted using linear functions of the form y = ax.
For sample Rot_C_M12, the best-�t equations were y = (1812.70 ± 18.42)x
for P2 and y = (1361.10 ± 10.73)x for P3, with correlation coe�cients of
R2 = 0.998.

In these dose�response curves, the integral value corresponding to the nat-
ural signal was interpolated along the �tted line to determine the equivalent
dose (De) of the sample.

The equivalent dose (De) values obtained from the dose�response curves
of peaks P2 and P3 were 4.99 ± 0.07Gy and 7.94 ± 0.10Gy, respectively. As
already speci�ed for the previous samples, the uncertainty on the equivalent
dose was estimated through standard error propagation, taking into account
both the uncertainty of the linear �t parameters and that of the natural sig-
nal integral (Poisson counting error and FOM). This approach ensured that
the combined e�ects of �tting and measurement uncertainties were properly
re�ected in the �nal De values.

The di�erence between the two estimates, De(P3) − De(P2) = 2.95 ±
0.12Gy, represents, according to the approach described in Chapter 4, the
equivalent dose (De) of the untreated mortar sample. The uncertainty associ-
ated with the di�erence between the two De values was calculated by propa-
gating the individual uncertainties of P2 and P3.

A.4 Sample Rot_B1_M1

The sample Rot_B1_M1 was collected from a portion of the masonry located
in the praefurnium area of the Terme della Rotonda complex. The mortar be-
longs to the conglomerate wall structure adjacent to the heating chamber. The
sampling point, shown in Figure A.16, was selected to represent the mortars
associated with the thermal functional sector of the building, which is among
the best-preserved portions of the archaeological complex.

Figure A.16: Sampling point of the Rot_B1_M1 mortar in the praefurnium area of the
Terme della Rotonda complex. The image shows the conglomerate wall structure from which
the sample was sampled.
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The fragment collected for TL analysis measured approximately 2�3 cm
in width and 1�1.5 cm in thickness, providing su�cient material for powder
preparation while ensuring the preservation of the masonry integrity at the
sampling point.

As described in Section 4.3.1, TL measurements were carried out directly
on the unprepared mortar powder, analysing �ve aliquots of the sample.

A.4.1 Measurement conditions

TL measurements on the unprepared mortar powder were carried out using
a Risø TL/DA-15 reader equipped with a BG-39 optical �lter. Each sample
was subjected to a regenerative measurement protocol, following the sequence
reported in Table A.7, which included four regeneration doses after the natural
signal measurement.

Table A.7: Measurement sequence applied during the regenerative protocol for the unpre-
pared mortar sample Rot_B1_M1.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °Cs−1) LN

2 Give regeneration dose Di (where i = 6.90,
17.30, 27.60, 38.00 Gy)

�

3 Preheat (@240 °C, 120 s) �
4 Thermal stimulation (@430 °C, 5 °Cs−1) Li

5 Repeat steps 2�4 for all regeneration doses Di �

A.4.2 Analysis and results

The experimental TL glow curves obtained for the unprepared mortar sample
Rot_B1_M1 are shown in Figure A.17. The natural TL signal and the re-
generated curves corresponding to the applied doses of 6.90, 17.30, 27.60, and
38.00 Gy are reported. As expected, the TL intensity increases progressively
with the regeneration dose, maintaining a similar glow-curve shape across all
measurements.

For each glow curve shown in Figure A.17, a deconvolution was performed
in order to separate the individual TL components contributing to the total
signal. The deconvolution procedure was applied to the natural curve and to
each regenerated curve corresponding to the selected doses (6.90, 17.30, 27.60,
and 38.00 Gy). The �tting was carried out using the general order kinetic
(GOK) model, following the same approach described in Chapter 4.

Figures A.18 present, for each regeneration dose, the deconvolution of the
corresponding TL glow curve together with the table reporting the kinetic
parameters of the individual peaks. For each dose step, the experimental data
are �tted by the sum of the single TL components, and the �gure also reports
the FOM value that quanti�es the goodness of each deconvolution.

The corresponding kinetic parameters for all regenerated curves are sum-
marised in Table A.8.

Figures A.19a and A.19b show the variation in TL intensity of the second
(P2) and third (P3) deconvolution peaks as a function of the administered
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Figure A.17: Experimental TL glow curves obtained for the unprepared mortar sample
Rot_B1_M1 under regeneration mode. The natural signal (black) and the regenerated
curves corresponding to doses of 6.90, 17.30, 27.60, and 38.00 Gy are shown.

Table A.8: Kinetic parameters derived from the deconvolution of the TL glow curves
for sample Rot_B1_M1. The same kinetic structure (P1�P3) was maintained across all
regeneration doses.

Peak Tm (°C) E (eV) b
P1 - - -
P2 315 1.40 1.90
P3 357 1.51 1.69
P4 397 - -

dose. The linear growth trend con�rms the suitability of these components for
constructing the dose�response curve used in the equivalent dose determina-
tion.

An integration was performed for the second (P2) and third (P3) deconvo-
lution peaks. The resulting values were used to construct the dose�response
curve shown in Figure A.20, where the experimental points represent the in-
tegrated TL signals as a function of the administered dose and the red line
corresponds to the best-�t linear function used to �t the data.
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(a) Natural. FOM = 1.5%. (b) 6.90 Gy. FOM = 1.7%.

(c) 17.30 Gy. FOM = 1.9%. (d) 27.60 Gy. FOM = 2.1%.

(e) 38.00 Gy. FOM = 1.9%.

Figure A.18: Deconvolution of the TL glow curves for sample Rot_B1_M1 corresponding
to the natural signal and to the regeneration doses of 6.90, 17.30, 27.60, and 38.00Gy.
Each plot shows the experimental data (black), the overall �t (red), and the individual
TL components (P1�P3) in colour. The FOM values are indicated for each deconvolution,
con�rming the reliability and consistency of the �tting model.
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(a) TL intensity variation for Peak 2 (P2) at
di�erent regeneration doses.

(b) TL intensity variation for Peak 3 (P3) at
di�erent regeneration doses.

Figure A.19: Variation in TL intensity of the second (P2) and third (P3) deconvolution
peaks for sample Rot_B1_M1 as a function of the administered dose. The progressive
increase in luminescence intensity indicates the gradual �lling of the traps responsible for
these peaks, con�rming their suitability for constructing the dose�response curve.

(a) Dose�response curve for Peak 2 (P2). (b) Dose�response curve for Peak 3 (P3).

Figure A.20: Dose�response curves obtained from the integrated intensities of peaks P2
and P3 for sample Rot_B1_M1. The experimental data points represent the integrated TL
signal as a function of the administered dose, while the solid lines correspond to the best-�t
linear functions used to estimate the equivalent dose.
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The integrated data were �tted using linear functions of the form y = ax.
For sample Rot_B1_M1, the best-�t equations were y = 431.36x for P2 and
y = 353.71x for P3, with correlation coe�cients of R2 = 0.998 in both cases.

In these dose�response curves, the integral value corresponding to the nat-
ural signal was interpolated along the �tted line to determine the equivalent
dose (De) of the sample.

The equivalent dose (De) values obtained from the dose�response curves
of peaks P2 and P3 were 5.78± 0.25Gy and 9.56± 0.40Gy, respectively. The
uncertainty on the equivalent dose was estimated through standard error prop-
agation, taking into account both the uncertainty of the linear �t parameters
and that of the natural signal integral (Poisson counting error and FOM).
This approach ensured that the combined e�ects of �tting and measurement
uncertainties were properly re�ected in the �nal De values.

The di�erence between the two estimates, De(P3) − De(P2) = 3.78 ±
0.23Gy, represents, according to the approach described in Chapter 4, the
equivalent dose (De) of the untreated mortar sample. The uncertainty associ-
ated with the di�erence between the two De values was calculated by propa-
gating the individual uncertainties of P2 and P3.

A.5 Sample Rot_D_M3

Sample Rot_D_M3 was collected from the inner portion of a pila (brick col-
umn) located in the hypocaust system of the hot room, corresponding to the
thermal zone D in Figure A.21.

Figure A.21: Sampling point of the Rot_D_M3 mortar, collected from the inner portion
of a pila (brick column) located in the hypocaust system of the hot room at the Terme della
Rotonda. The inner core of the mortar was extracted to minimise exposure to light and
surface contamination.

A portion of the unprepared mortar extracted from this pila was subjected
to TL measurements.
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A.5.1 Measurement conditions

TL measurements on the unprepared mortar powder were carried out using
a Risø TL/DA-15 reader equipped with a BG-39 optical �lter. Each sample
was subjected to a regenerative measurement protocol, following the sequence
reported in Table A.9, which included �ve regeneration doses after the natural
signal measurement.

Table A.9: Measurement sequence applied during the regenerative protocol for the unpre-
pared mortar sample Rot_D_M3.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °Cs−1) LN

2 Give regeneration dose Di (where i = 10.40,
20.70, 31.10, 41.40, 51.80 Gy)

�

3 Preheat (@250 °C, 120 s) �
4 Thermal stimulation (@430 °C, 5 °Cs−1) Li

5 Repeat steps 2�4 for all regeneration doses Di �

A.5.2 Analysis and results

The experimental TL glow curves obtained for the unprepared mortar sample
Rot_D_M3 are shown in Figure A.22. The natural TL signal and the regen-
erated curves corresponding to the applied doses of 10.40, 20.70, 31.10, 41.40,
51.80 Gy are reported.

Figure A.22: Experimental TL glow curves obtained for the unprepared mortar sample
Rot_D_M3 under regeneration mode. The natural signal (black) and the regenerated curves
corresponding to doses of 10.40, 20.70, 31.10, 41.40, 51.80 Gy are shown.

For each glow curve shown in Figure A.22, a deconvolution was performed
in order to separate the individual TL components contributing to the total
signal. The deconvolution procedure was applied to the natural curve and
to each regenerated curve corresponding to the selected doses (10.40, 20.70,
31.10, 41.40, 51.80 Gy). The �tting was carried out using the general order
kinetic (GOK) model, following the same approach described in Chapter 4.
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Figures A.23 present, for each regeneration dose, the deconvolution of the
corresponding TL glow curve together with the table reporting the kinetic
parameters of the individual peaks. For each dose step, the experimental data
are �tted by the sum of the single TL components, and the �gure also reports
the FOM value that quanti�es the goodness of each deconvolution.

The corresponding kinetic parameters for all regenerated curves are sum-
marised in Table A.10.

Table A.10: Kinetic parameters derived from the deconvolution of the TL glow curves for
sample Rot_D_M3.

Peak Tm (°C) E (eV) b
P1 - - -
P2 316 1.42 1.91
P3 357 1.50 1.67
P4 398 - -

Figures A.19a and A.19b show the variation in TL intensity of the second
(P2) and third (P3) deconvolution peaks as a function of the administered
dose. The linear growth trend con�rms the suitability of these components for
constructing the dose�response curve used in the equivalent dose determina-
tion.

An integration was performed for the second (P2) and third (P3) deconvo-
lution peaks. The resulting values were used to construct the dose�response
curve shown in Figure A.25, where the experimental points represent the in-
tegrated TL signals as a function of the administered dose and the red line
corresponds to the best-�t linear function used to �t the data.
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(a) Natural. FOM = 1.7%. (b) 10.40 Gy. FOM = 2.0%.

(c) 20.70 Gy. FOM = 2.2%. (d) 31.10 Gy. FOM = 2.4%.

(e) 41.40 Gy. FOM = 2.1%. (f) 51.80 Gy. FOM = 2.5%.

Figure A.23: Deconvolution of the TL glow curves for sample Rot_D_M3 corresponding
to the natural signal and to the regeneration doses of 10.40, 20.70, 31.10, 41.40, 51.80Gy.
Each plot shows the experimental data (black), the overall �t (red), and the individual
TL components (P1�P3) in colour. The FOM values are indicated for each deconvolution,
con�rming the reliability and consistency of the �tting model.
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(a) TL intensity variation for Peak 2 (P2) at
di�erent regeneration doses.

(b) TL intensity variation for Peak 3 (P3) at
di�erent regeneration doses.

Figure A.24: Variation in TL intensity of the second (P2) and third (P3) deconvolution
peaks for sample Rot_D_M3 as a function of the administered dose. The progressive
increase in luminescence intensity indicates the gradual �lling of the traps responsible for
these peaks, con�rming their suitability for constructing the dose�response curve.

(a) Dose�response curve for Peak 2 (P2). (b) Dose�response curve for Peak 3 (P3).

Figure A.25: Dose�response curves obtained from the integrated intensities of peaks P2
and P3 for sample Rot_D_M3. The experimental data points represent the integrated TL
signal as a function of the administered dose, while the solid lines correspond to the best-�t
linear functions used to estimate the equivalent dose.
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The integrated data were �tted using linear functions of the form y = ax.
For sample Rot_D_M3, the best-�t equations were y = (371.92 ± 5.97)x for
P2 and y = 199.50± 3.22x for P3, with correlation coe�cients of R2 = 0.999
and R2 = 0.997 respectively.

In these dose�response curves, the integral value corresponding to the nat-
ural signal was interpolated along the �tted line to determine the equivalent
dose (De) of the sample.

The equivalent dose (De) values obtained from the dose�response curves
of peaks P2 and P3 were 35.19 ± 1.42Gy and 38.64 ± 1.60Gy, respectively.
The uncertainty on the equivalent dose was estimated through standard error
propagation, taking into account both the uncertainty of the linear �t parame-
ters and that of the natural signal integral (Poisson counting error and FOM).
This approach ensured that the combined e�ects of �tting and measurement
uncertainties were properly re�ected in the �nal De values.

The di�erence between the two estimates, De(P3) − De(P2) = 3.45 ±
0.20Gy, represents, according to the approach described in Chapter 4, the
equivalent dose (De) of the untreated mortar sample. The uncertainty associ-
ated with the di�erence between the two De values was calculated by propa-
gating the individual uncertainties of P2 and P3.

A.6 Sample Rot_D_M5

Sample Rot_D_M5 was collected from the inner portion of a second pila
located in the hypocaust system of the thermal zone D in Figure A.26.

Figure A.26: Sampling point of the Rot_D_M5 mortar, collected from the inner portion
of a pila. The inner core of the mortar was extracted to minimise exposure to light and
surface contamination.

A portion of the unprepared mortar extracted from this pila was subjected
to TL measurements.
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A.6.1 Measurement conditions

TL measurements on the unprepared mortar powder were carried out using
a Risø TL/DA-15 reader equipped with a BG-39 optical �lter. Each sample
was subjected to a regenerative measurement protocol, following the sequence
reported in Table A.11, which included �ve regeneration doses after the natural
signal measurement.

Table A.11: Measurement sequence applied during the regenerative protocol for the un-
prepared mortar sample Rot_B1_M5.

Step Treatment Observed

1 Thermal stimulation (@430 °C, 5 °Cs−1) LN

2 Give regeneration dose Di (where i = 13.80,
27.60, 41.40, 55.20, 69.00 Gy)

�

3 Preheat (@260 °C, 120 s) �
4 Thermal stimulation (@430 °C, 5 °Cs−1) Li

5 Repeat steps 2�4 for all regeneration doses Di �

A.6.2 Analysis and results

The experimental TL glow curves obtained for the unprepared mortar sample
Rot_B1_M1 are shown in Figure A.22. The natural TL signal and the regen-
erated curves corresponding to the applied doses of 13.80, 27.60, 41.40, 55.20,
69.00 Gy are reported.

Figure A.27: Experimental TL glow curves obtained for the unprepared mortar sample
Rot_D_M5 under regeneration mode. The natural signal (black) and the regenerated curves
corresponding to doses of 13.80, 27.60, 41.40, 55.20, 69.00 Gy are shown.

For each glow curve shown in Figure A.22, a deconvolution was performed
in order to separate the individual TL components contributing to the total
signal. The deconvolution procedure was applied to the natural curve and
to each regenerated curve corresponding to the selected doses (13.80, 27.60,
41.40, 55.20, 69.00 Gy). The �tting was carried out using the general order
kinetic (GOK) model, following the same approach described in Chapter 4.

Figures A.28 present, for each regeneration dose, the deconvolution of the
corresponding TL glow curve together with the table reporting the kinetic
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parameters of the individual peaks. For each dose step, the experimental data
are �tted by the sum of the single TL components, and the �gure also reports
the FOM value that quanti�es the goodness of each deconvolution.

The corresponding kinetic parameters for all regenerated curves are sum-
marised in Table A.12.

Table A.12: Kinetic parameters derived from the deconvolution of the TL glow curves
for sample Rot_D_M5. The same kinetic structure (P1�P3) was maintained across all
regeneration doses.

Peak Tm (°C) E (eV) b
P1 - - -
P2 317 1.39 1.90
P3 357 1.52 1.65
P4 397 - -

Figures A.29a and A.29b show the variation in TL intensity of the second
(P2) and third (P3) deconvolution peaks as a function of the administered
dose. The linear growth trend con�rms the suitability of these components for
constructing the dose�response curve used in the equivalent dose determina-
tion.

An integration was performed for the second (P2) and third (P3) deconvo-
lution peaks. The resulting values were used to construct the dose�response
curve shown in Figure A.30, where the experimental points represent the in-
tegrated TL signals as a function of the administered dose and the red line
corresponds to the best-�t linear function used to �t the data.
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(a) Natural. FOM = 1.6%. (b) 13.80 Gy. FOM = 1.8%.

(c) 27.60 Gy. FOM = 1.9%. (d) 41.40 Gy. FOM = 2.0%.

(e) 55.20 Gy. FOM = 2.1%. (f) 69.00 Gy. FOM = 2.0%.

Figure A.28: Deconvolution of the TL glow curves for sample Rot_D_M5 corresponding
to the natural signal and to the regeneration doses of 13.80, 27.60, 41.40, 55.20, 69.00Gy.
Each plot shows the experimental data (black), the overall �t (red), and the individual
TL components (P1�P3) in colour. The FOM values are indicated for each deconvolution,
con�rming the reliability and consistency of the �tting model.
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(a) TL intensity variation for Peak 2 (P2) at
di�erent regeneration doses.

(b) TL intensity variation for Peak 3 (P3) at
di�erent regeneration doses.

Figure A.29: Variation in TL intensity of the second (P2) and third (P3) deconvolution
peaks for sample Rot_D_M5 as a function of the administered dose.

(a) Dose�response curve for Peak 2 (P2). (b) Dose�response curve for Peak 3 (P3).

Figure A.30: Dose�response curves obtained from the integrated intensities of peaks P2
and P3 for sample Rot_D_M5. The experimental data points represent the integrated TL
signal as a function of the administered dose, while the solid lines correspond to the best-�t
linear functions used to estimate the equivalent dose.
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The integrated data were �tted using linear functions of the form y = ax.
For sample Rot_D_M5, the best-�t equations were y = (275.15±5.24)x for P2
and y = (1087.34± 19.94)x for P3, with correlation coe�cients of R2 = 0.999
and R2 = 0.997 respectively.

In these dose�response curves, the integral value corresponding to the nat-
ural signal was interpolated along the �tted line to determine the equivalent
dose (De) of the sample.

The equivalent dose (De) values obtained from the dose�response curves of
peaks P2 and P3 were 47.98 ± 2.01Gy and 51.54 ± 2.10Gy, respectively. As
already speci�ed for the previous samples, the uncertainty on the equivalent
dose was estimated through standard error propagation, taking into account
both the uncertainty of the linear �t parameters and that of the natural sig-
nal integral (Poisson counting error and FOM). This approach ensured that
the combined e�ects of �tting and measurement uncertainties were properly
re�ected in the �nal De values.

The di�erence between the two estimates, De(P3) − De(P2) = 3.56 ±
0.21Gy, represents, according to the approach described in Chapter 4, the
equivalent dose (De) of the untreated mortar sample. The uncertainty associ-
ated with the di�erence between the two De values was calculated by propa-
gating the individual uncertainties of P2 and P3.
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