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1. INTRODUCTION 

The theatre of Tindari (Sicily, Italy) is a Hellenistic monument 
that dominates the archaeological area from a promontory 
overlooking the Tyrrhenian Sea (Figure 1). Over the centuries, 
the building has been repeatedly adapted and restored, both in 
the antiquity and in the modern era, to maintain its use as a venue 
for performances and cultural events. 

Numerous studies have dealt with the architectural layout, 
construction history and stylistic features of the monument [1], 
[2], whereas only a limited number of works explicitly address its 
conservation state and degradation processes currently affecting 
it [3]. Previous restoration and reconstruction activities, often 
involving the introduction of modern materials, are documented 
particularly for the period 1938–1965 [4], [5]. As a consequence, 
original masonry and twentieth-century repairs coexist, and the 
identification of ancient mortars, as well as the assessment of 

ABSTRACT 
We report an in-situ multi-technique study combining Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and µ-
Raman spectroscopy for the molecular characterization of five mortar areas from the theatre of Tindari (Sicily, Italy). The selected areas, 
chosen as representative case studies within a broader diagnostic campaign, include three ancient mortars attributed to the Roman 
transformation phase of the monument, and two modern conglomerate- and cement-based materials employed in restoration works. 
The ancient areas are located on the podium and on the intrados of the vault of the annular corridor encircling the orchestra, while the 
modern restoration mortars are located on the scaena. DRIFTS spectra provided information averaged over the superficial portion 
investigated, whereas µ-Raman spectroscopy allowed the analysis of individual grains and localized phases. The analyses revealed clear 
compositional differences among the investigated mortars, mainly involving quartz-, calcite-, clay-rich, and cement-related phases, 
together with Raman markers deriving from carotenoid (beta-carotene)-containing biological colonization. The comparison between 
DRIFTS and µ-Raman data demonstrates the complementarity of the two techniques for rapid in situ screening of heterogeneous 
historical mortars. In particular, DRIFTS rapidly characterizes the overall molecular composition, whereas µ-Raman resolves individual 
mineral constituents and localized alteration products. Noteworthy, the identification of mineral phases, restoration materials, and 
biodeterioration markers provides a valuable basis for targeted analytical investigations and informed conservation planning. 
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their long-term behaviour, becomes crucial for designing 
compatible conservation strategies. 

Multi-analytical approaches combining spectroscopic and 
chemical techniques have been increasingly applied to investigate 
construction materials, such as mortars [6]–[11]. These 
methodologies provide insights into raw material selection, 
production technology, and conservation strategies. For 
instance, Marcaida et al. [12] characterized mortars and tesserae 
from Pompeii mosaics using non-invasive techniques, while 
Gómez-Laserna et al. [13] investigated the impact of 
environmental conditions on building materials in coastal areas. 
Similar integrated studies on Roman structures have been 
reported by Couvidat et al. [14], which highlight the contribution 
of such analyses to assess ancient artificial material formulations 
in view of designing compatible, modern mortars. Going on, an 
example of the application of mineralogical and petrographic 
approaches for the characterization of lime mortars was provided 
by D. Pereira da Silva Dalto et al. [15], which employed 
integrated analytical methods (commonly including optical 
microscopy and phase identification methods) for the 
assessment of the compositional and textural features of natural 
and anthropogenic materials, essential in the view of 
reconstructing raw material provenance, understanding 
production technologies, and evaluating long-term durability. 
Recently, S. Spoto et al. [11] conducted a comprehensive 
investigation of plasters and mortars from the Church of the 
Annunciation in Tortorici (Messina, Italy), through X-ray 
fluorescence (XRF) and Raman spectroscopy, to identify the 
materials’ composition and degradation patterns for building 
vulnerability assessments. 

Within this broader framework, the theatre of Tindari 
represents an interesting case study due to its complex 
construction history and exposure to a marine environment, 
where salt-laden winds, temperature excursions, and moisture 
variations may enhance decay processes. A detailed molecular 
characterization of mortars belonging to different parts of the 
building can contribute to reconstruct ancient technological 
strategies, and to better understand the response of these 
materials to environmental agents. 

In this context, mortar fragments belonging to different 
phases were selected based on visual inspection and analysed at 
the molecular scale by DRIFTS and µ-Raman spectroscopy, with 
the aim of characterizing both ancient and modern restored areas 
of the theatre [4], [5]. The selection of the areas investigated in 

the present work was supported by a parallel archaeological and 
architectural reassessment of the monument carried out within 
the SAMOTHRACE project. This reassessment included a new 
survey of the theatre, a technical reading of the standing 
structures, a preliminary distinction of the building phases, and 
the integration of stratigraphic information into a dedicated GIS 
[16], [17]. 

In this study, five locations were selected on the monument: 
three ancient mortars attributed to the Roman transformation 
phase of the theatre, and two modern restoration mortars. The 
ancient mortars come from the podium and from the vaulted 
annular corridor that surrounds the orchestra, while the modern 
mortars were selected from restored areas of the scaena. These 
five locations are representative case studies selected from a 
broader in-situ diagnostic campaign; therefore, the results should 
be considered preliminary and mainly aimed at evaluating the 
potential of the combined DRIFTS/µ-Raman approach for 
mortar analysis and diagnostics. 

The use of DRIFTS and µ-Raman spectroscopy is particularly 
advantageous in this context: both techniques are non-
destructive, require minimal or no sampling, and can be 
implemented in-situ with portable instrumentation, making their 
combined application highly effective for discriminating between 
different mineralogical phases and for identifying subtle 
variations in mortar composition. 

Based on that, we aim to:  
(i) characterize the main mineralogical phases of both 

ancient and restoration mortars from the theatre of 
Tindari; 

(ii) compare ancient mortars with modern repair mortars to 
assess compositional and textural differences relevant to 
structural function and restoration history; 

(iii) evaluate the capabilities and limitations of the integrated 
DRIFTS/µ-Raman approach as a non-destructive 
diagnostic tool to support conservation strategies for 
monumental archaeological sites. 

2. MATERIALS AND METHODS 

As a part of a broader diagnostic campaign, 25 locations were 
selected on the monument for in-situ spectroscopic 
measurements. The chosen points are distributed over the scenic 
building and the cavea, to sample different construction elements 
and restoration zones. Each location was documented by 
photographs that record both the wider context and the exact 
area probed by the instruments. At least one spectroscopic 
measurement was taken at every point, ensuring that the analyzed 
spot was representative of the mortar texture visible to the naked 
eye. 

In this paper, five areas are discussed in detail (Figure 2): three 
ancient mortars attributed to one specific Roman transformation 
phase of the monument, and two modern restoration mortars. 
Therefore, the ancient dataset considered here does not 
represent the full chronological complexity of the theatre or all 
ancient construction phases. In particular, TY_OU_9 and 
TY_OU_19 are ancient mortars from the podium, whereas 
TY_OU_10 was analysed on the intrados of the vault of the 
annular corridor encircling the orchestra. According to the 
archaeological and architectural reassessment of the monument, 
the annular corridor belongs to Phase IV of the current phasing, 
corresponding to the Roman transformation of the theatre for 
venationes. At present, a more specific absolute chronology cannot 
yet be assigned to this phase. In addition, TY_OU_1 and 

 

Figure 1. The Theatre of Tindari (Sicily, Italy). 
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TY_OU_2, a conglomerate and a cement mortar, respectively, 
are located on different sides of the scaena and are representative 
of modern restoration materials.  

2.1. DRIFTS measurements 

DRIFTS measurements were carried out using a 4300 
Topscan hand-held FTIR spectrometer (Agilent) equipped with 
a diffuse reflectance sampling interface. Spectra were acquired in 
the 650–4000 cm-1 range at a spectral resolution of 4 cm-1, 
collecting 32 scans for each measurement. The spot size on the 
surface was about 2 mm in diameter. The system is equipped 
with a ZnSe beamsplitter and a DTGS detector. A diffuse gold 
cap was used as the reference for background measurements, 
which were frequently repeated during the survey to check for 
instrumental drift and variations in environmental conditions. 
No baseline correction was applied to the whole raw dataset. 
Reflectance spectra have been then converted to pseudo-
absorbance through the employment of the Agilent MicroLab 
software. For proper interpretation of the DRIFTS profiles, 
spectra have been compared with data from literature [12], [18], 
[19]. 

2.2. µ-Raman measurements 

µ-Raman measurements were obtained with a portable 
BTR111 MiniRam™ spectrometer (BW&TEK Inc.), operating 
with a 785 nm excitation wavelength and a thermoelectrically 
cooled CCD detector. The system was equipped with a 
BAC151B Raman microscope. The laser spot was focused 
through an 80 × objective, providing a working distance of 
1.24 mm and a laser beam spot size of 25 µm. Spectra were 
recorded between 60 and 3150 cm-1, using a spectral resolution 
of 8 cm-1 and an acquisition time of 40 s; 32 accumulations were 
collected to improve the signal-to-noise ratio. Spectra were 
collected from several spots, targeting visually distinct micro 
areas (different in colour, grain size, and compactness) identified 
on the surface of each fragment under optical inspection prior to 
analysis. 

To avoid localized overheating and surface degradation, the 
laser power at the sample surface was kept within the range of 
10–30 mW. Band assignment was based on comparison with 
reference spectra from databases and literature [20]–[22]. 

3. RESULTS AND DISCUSSION 

Figure 3 shows representative DRIFTS spectra collected on 
the investigated ancient mortars, i.e. the TY_OU_9, TY_OU_10 

and TY_OU_19 areas, and modern conglomerate- and cement-
based materials, i.e. the TY_OU_1 and TY_OU_2 areas, in the 

750–4000 cm-¹ range. 
As far as the ancient mortars are concerned (Figure 3a), an 

inspection of the spectral profiles highlights a remarkable 
differentiation in.. the molecular composition between samples 
located in the podium with respect to that in the vault. In 
particular, those collected from the podium (TY_OU_9 and 
TY_OU_19) turned out to share a common molecular signature, 
with strong absorption features related to the presence of quartz 
(SiO2), with characteristic bands at ~818 cm-¹ and ~1159 cm-¹, 
kaolinite (Al2Si2O5(OH)4), with a band at around ~1657 cm-¹, 
and water molecules within the mineral lattice and/or deriving 
from adsorbed moisture, with the broad feature centred at 
~3470 cm-¹. Such spectral pattern suggests that a similar recipe 
was used for both areas, indicating a common manufacturing 
technique characteristic of a specific construction phase, possibly 
based on siliceous aggregates mixed with a clay-bearing binder 
[23]. Interestingly, only in the case of TY_OU_9, minor traces of 
organic compounds and calcite (CaCO3) were detected, 

evidenced by low-intensity contributions centred at ~2242 cm-¹ 

and ~2508 cm-¹, respectively. The weak band associated to 
calcite may be related to the presence of a carbonate binder or to 

 

Figure 2. Different investigated areas representative of (a-c) ancient (i.e. 
TY_OU_9 (from the podium), TY_OU_10 (from the vault), TY_OU_19 (from 
the podium)), and (d,e) modern (i.e. TY_OU_1 (conglomerate) and TY_OU_2 
(cement)) mortars. See text for details. 

  

Figure 3. DRIFTS spectra collected on the investigated (a) ancient, i.e. 
TY_OU_9 (from the podium, pink line), TY_OU_10 (from the vault, light-blue 
line), and TY_OU_19 (from the podium, purple line), and (b) modern, i.e. 
TY_OU_1 (conglomerate, red line) and TY_OU_2 (cement, dark green line) 
areas in the wavenumber range between 750 cm−1 and 4000 cm−1. Spectra 
were vertically offset for clarity. 
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secondary carbonate precipitation within pores, induced by 
weathering processes. Interestingly, the local heterogeneity of the 
area (likely related to the presence of clay-rich domains), as well 
as matrix and particle size effects, should be considered as 
responsible of the observed weak intensity of such spectral 
feature. Going on, the possible presence of organic signals might 
suggest the use of additives (e.g. vegetal or animal-based 
admixtures) or biological contamination/surface contamination 
within the surface [24], [25], although further analyses would be 
needed to confirm this hypothesis. 

In contrast, the DRIFTS spectrum of TY_OU_10 exhibits a 
molecular signature mainly characterized by the presence of 

calcite (CaCO3), with characteristic bands at ~1795 cm-¹, 

~2141 cm-¹, ~2343 cm-¹, ~2518 cm-¹, ~2594 cm-¹, ~2864 cm-¹, 

and ~2984 cm-¹ [12], [18], [19]. Worthy of note, no clear spectral 
features associated with quartz (SiO2) were observed within the 
detection limits of the technique. However, the presence of 
kaolinite (Al2Si2O5(OH)4) (band at ~1657 cm-¹) and water within 
the crystal lattice (from the observation of the hydroxyl-related 
vibration at ~3469 cm-¹), were identified. These DRIFTS results 
indicate that the molecular composition of TY_OU_10 is 
predominantly calcite-based, suggesting the use of lime as a 
binder and possibly carbonate aggregates [26]. The absence of 
detectable quartz (SiO2), despite the relatively large measurement 
area (2 mm diameter), may indicate the use of minimal sand or 
other siliceous aggregates. Considering the archaeological 
attribution of TY_OU_10 to the intrados of the annular corridor 
vault and of TY_OU_9/TY_OU_19 to the podium, such 
differences may reflect different construction choices within 
architecturally distinct parts of the Roman transformation phase. 
However, they cannot be interpreted as definitive evidence of 
functional differentiation without further petrographic, 
stratigraphic, and mechanical investigations. 

DRIFTS profiles collected on modern conglomerate- and 
cement-based materials (Figure 3b), i.e. TY_OU_1 and 
TY_OU_2, showed weak signals associated to the presence of 
calcite (CaCO3) in both areas, with characteristic bands at 
~2134 cm-¹, ~2242 cm-¹, and ~2518 cm-¹ (not visible in 
TY_OU_1), alongside with those related to kaolinite 
(Al2Si2O5(OH)4) (~1652 cm-1) and water molecules within the 
crystal lattice (~3468 cm-1). Interestingly, only for TY_OU_2, 
spectral features related to quartz (SiO2) were identified, through 
the detection of its major contribution at ~818 cm-¹ and 
~1159 cm-¹ (see the dark green profile in Figure 3b), likely 
reflecting the incorporation of siliceous aggregates/sand 
fractions within the conglomerate matrix, which are commonly 
employed in modern cement-based formulations [27].  

Figure 4 reports the most representative µ-Raman spectra 
collected on different spots (Spot #, with # = 1,.., 3) of the 
ancient , i.e. TY_OU_9, TY_OU_10, TY_OU_19, and modern, 
i.e. TY_OU_1 and TY_OU_2, fragments, in the 100–2000 cm-1 
range.  

As far as the ancient mortars are concerned, a first 
comparison of obtained spectra (Figure 4a–c) revealed the 
presence, in all fragments, of all the prominent peaks 
corresponding to quartz (SiO2), falling at ~129 cm-1, ~205 cm-1, 
~357 cm-1, ~465 cm-1, ~808 cm-1, and ~1155 cm-1, with varying 
relative intensity reflecting both differences in the local 
concentration of siliceous aggregates within the mortar matrix, 
the size of the crystalline domains, and the crystallographic 
orientation of individual quartz grains with respect to the 
incident laser. Besides, the presence of calcite (CaCO3) grains 
was also recognized by the prominent symmetric stretching band 
at ~1084 cm-1, along with minor contributions at ~158 cm-1, 
~280 cm-1, and ~710 cm-1. The identification of CaCO3 by µ-
Raman in all ancient mortars complements the DRIFTS results 
and reflects the different spatial scale of the two techniques: µ-

 

Figure 4. Comparison of the most representative µ-Raman spectra collected on different spots of the ancient, i.e. (a) TY_OU_9 (from the podium), (b) 
TY_OU_10 (from the vault), (c) TY_OU_19 (from the podium), and modern, i.e. (d) TY_OU_1 (conglomerate) and (e) TY_OU_2 (cement), fragments, in the 
wavenumber range between 100 cm-1 and 2000 cm-1. Spectra were vertically offset for clarity. 
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Raman can selectively probe individual carbonate grains, whereas 
DRIFTS averages the response of a larger superficial area. This 
confirms the presence of siliceous aggregates even in 
TY_OU_10, where DRIFTS did not reveal clear quartz-related 
signals, again highlighting the complementary character of the 
two techniques. 

Interestingly, only in the case of TY_OU_19, the presence of 
the two carotenoid (β-carotene) spectral bands, centered at 
~1155 cm-1 and ~1528 cm-1 (Spot 3 profile in Figure 4c) are 
consistent with carotenoid (beta-carotene) commonly reported 
in cyanobacteria and phototrophic biofilms [28]–[32]—
presumably of the Gloeocapsa species [33]. On this basis, such 
Raman markers and the green biofilm visible by naked eye 
suggest the presence of cyanobacteria-like colonization; 
however, taxonomic attribution to Gloeocapsa remains tentative 
without microbiological analysis. Such endolithic 
microorganisms, capable of forming biodeteriorative colonies 
depending on the species and environmental conditions [33]–
[35], can be considered as responsible for the thick green biofilms 
covering localized areas of TY_OU_19 (see Figure 2c). By 
absorbing sunlight and growing endolithically, these 
microorganisms play a key role in the expansion and contraction 
of mortar surfaces, ultimately leading to biodegradation patterns 
associated with microboring [36], [37]. 

The µ-Raman analysis of the modern conglomerate- and 
cement-based materials (see Figure 4d–e) furnished evidence of 
a complex molecular scenario characterized by a mixture of 
several compounds. In particular, concerning the conglomerate 
mortar fragment (TY_OU_1, see Figure 4d), a molecular 
composition mainly based on quartz (SiO2) and calcite (CaCO3), 
from the detection of Raman bands at ~129 cm-1, ~205 cm-1, 
~357 cm-1, ~465 cm-1, ~808 cm-1, and ~1155 cm-1 (see µ-Raman 
profile of Spot 1 in Figure 4d), and ~1081 cm-1 (see µ-Raman 
profile of Spot 3 in Figure 4d), respectively, can be recognized, 
alongside with contributions falling at ~221 cm-1, ~289 cm-1, 
~401 cm-1, and ~609 cm-1, all ascribable to hematite (Fe2O3) (see 
µ-Raman profile of Spot 2 in Figure 4d). The coexistence of 
quartz (SiO2) and calcite (CaCO3) is consistent with a typical 
conglomerate mortar composition, where siliceous aggregates 
are embedded within a carbonate-rich binder [38]. Interestingly, 
the detection of hematite in TY_OU_1 can be interpreted as a 
local feature compatible with iron-bearing grains or raw materials 
commonly occurring in cementitious or conglomerate 
formulations [39]–[41].  

As far as the cement mortar is also concerned, µ-Raman 
profiles collected on different spots of the surface (TY_OU_2, 
see Figure 4e) revealed the presence of calcite (bands at 158 cm-1, 
~277 cm-1, ~708 cm-1, and ~1084 cm-1, see µ-Raman profile of 
Spot 3 in Figure 4e), quartz (bands at ~129 cm-1, ~205 cm-1, 
~357 cm-1, ~465 cm-1, ~808 cm-1, and ~1155 cm-1, see µ-Raman 
profile of Spot 1 in Figure 4e), and titanium dioxide (TiO2) in the 
anatase form (bands at ~144 cm-1, ~394 cm-1, ~512 cm-1, and 
~635 cm-1, see µ-Raman profile of Spot 2 in Figure 4e). 
Interestingly, the µ-Raman spectrum collected on Spot 3 
furnished evidence of the presence of silicate phases (feldspar or 
kaolinite) upon the surface, likely arranged in polymerized 
structures within the cement matrix [42], from the broad bands 
between 1100 and 1900 cm-1 [43]–[45].  

Although the present dataset is limited to five areas, the 
combined interpretation of DRIFTS and µ-Raman results 
provides several insights: 

(i) Common components vs. different proportions: DRIFTS 
and µ-Raman spectra collected on both ancient and modern 

areas revealed a common set of basic components (calcite, 
quartz, clay minerals), but in different proportions and possibly 
with different textural arrangements. 

(ii) Compositional differences among architecturally distinct 
areas: in mortars attributed to the Roman transformation phase, 
the podium samples TY_OU_9 and TY_OU_19 show stronger 
quartz- and clay-related features than TY_OU_10. This may 
indicate a higher contribution of siliceous aggregates and clay-
bearing fractions in the analysed superficial areas. Such 
components may have affected texture, workability, shrinkage 
behaviour, and dimensional stability during drying and ageing. 
The TY_OU_10 area, analysed on the intrados of the vault of 
the annular corridor, shows a more calcite-related signature. 
However, this result cannot be automatically extended to the 
whole load-bearing structure, since the investigated point 
represents the accessible superficial portion of the intrados. 
Therefore, the observed differences are here interpreted as 
compositional differences among selected architectural contexts, 
possibly related to construction practice, local surface condition 
and/or restoration history. Further petrographic, stratigraphic 
and mechanical analyses are required to clarify the relationship 
between mortar composition and structural function. 

(iii) Construction history and technological choices: from the 
historical-architectural point of view, the analysed ancient 
mortars are all attributed to the second Roman phase, when the 
annular corridor was realized by demolishing the lower steps of 
the cavea. The molecular differences observed between podium 
and vault mortars may therefore reflect distinct functional roles 
within this intervention or small chronological variations in 
mortar preparation. 

(iv) Preliminary vulnerability assessment: the discrimination 
of an endolithic microbe, i.e. cyanobacteria, in TY_OU_19, 
presumably responsible for the biodeteriorative phenomena 
visible on the surface, represents a first step for the definition of 
the best pathway for the vulnerability assessment and usability of 
the investigated site.  

(v) Discriminators between modern materials: the nature of 
the detected individual grains achieved by µ-Raman spectroscopy 
turned out to be different between the two modern fragments, 
as expected. In particular, the occurrence of hematite in the 
molecular composition of TY_OU_1, and of titanium dioxide 
and silicates in TY_OU_2, allowed us to identify potential 
compositional markers for sample discrimination, likely related 
to the different technological choices and restoration strategies 
involved in their manufacturing/treatment. 

Overall, these results underline the importance of integrating 
spectroscopic analyses with archaeological and architectural 
information, and represent a fundamental pre-requisite for 
conservators and restorers when planning future restoration and 
conservation strategies to be applied. 

4. CONCLUSIONS 

A preliminary molecular characterization of ancient and 
modern mortars from the theatre of the archaeological area of 
Tindari (Sicily, Italy) has been carried out in situ by combining 
DRIFTS and µ-Raman spectroscopy. The study focuses on five 
representative areas selected from a broader diagnostic 
campaign, and should therefore be considered as a case-study 
evaluation of the potential of the integrated spectroscopic 
approach. 

The combined results allow the investigated ancient and 
modern areas to be distinguished on the basis of their main 
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mineralogical and molecular features. The ancient mortars 
attributed to one of the Roman phases show differences among 
the analysed superficial areas, with quartz- and clay-rich features 
observed in the podium mortars and a more calcite-related 
signature in the area investigated on the vaulted annular corridor. 
However, these differences cannot be interpreted as definitive 
evidence of functional differentiation without further 
stratigraphic, mineralogical, and mechanical analyses. 

The modern restoration mortars show different spectroscopic 
features, including phases compatible with conglomerate- and 
cement-based materials. The detection of hematite in TY_OU_1 
and anatase/silicate-related features in TY_OU_2 provides 
useful local markers for distinguishing the two restoration 
materials, although no specific technological or functional role is 
inferred from the present data alone. 

The comparison between DRIFTS and µ-Raman 
spectroscopy confirms the complementarity of the two 
techniques. DRIFTS averages the signal over a larger superficial 
area, while µ-Raman provides localized information on 
individual grains, minor phases and biological colonization. The 
identification of carotenoid bands in TY_OU_19 suggests the 
presence of phototrophic biological colonization, which may be 
relevant for future vulnerability assessment. 

From a conservation perspective, the recognition of mineral 
phases, restoration-related compounds, and possible 
biodeterioration markers represents a useful preliminary step 
towards the design of more targeted diagnostic protocols. 
Further investigations, including X-ray fluorescence (XRF), 
laser-induced breakdown spectroscopy (LIBS), petrographic 
observations, and statistical treatment of the complete dataset, 
will be necessary to establish more robust correlations between 
mortar composition, construction phases, restoration materials, 
and degradation patterns. 
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