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A B S T R A C T   

A multi-analytical approach was employed for the first time to study the stone materials, wall 
paintings and related degradation forms in the Cathedral of Gerace (Reggio Calabria, southern 
Italy). With an area of around 1898 square meters, the Gerace Cathedral is the largest in Calabria: 
its construction dates back to the Norman era (between 1085 and 1120), and currently displays 
distinct features of Greek and Latin architectural orders. Despite having undergone numerous 
restorations, the church perfectly preserves its original buildings materials. Following an exten-
sive site inspection campaign, supported by the experts dealing with building restoration, several 
areas were selected for analyses. Both in situ investigations and laboratory tests were carried out 
on micro-fragments using Non-Destructive and Micro-Destructive Techniques (NDTs and MDTs). 
The first step involved an inspection through InfraRed Thermography (IRT) in order to map the 
internal walls of the Cathedral and identify zones with potential degradation phenomena. Sub-
sequently, a more in-depth study was designed based on the thermographic results, and labora-
tory tests were carried out on micro-fragments and powders to characterize the different kinds of 
materials (i.e., stones, mortars, plasters and pigments) and decay agents (i.e., salts and efflores-
cences). Thirty-one samples were subjected to a complementary analytical approach which 
included Polarizing Optical Microscopy (POM), Ion Chromatography (IC), X-Ray Powder 
Diffraction (XRPD) and Scanning Electron Microscopy (SEM) coupled with microanalysis (EDS). 
The results allowed us to preliminarily characterize the different materials from which the 
Cathedral was built, determine its state of conservation and provide a better knowledge of the 
entire building, revealing details not visible to the naked eye which are important for future 
conservation interventions. As for the state of conservation, the integrated use of various tech-
niques enabled the detection of rising damp generally correlated with the occurrence of water 
infiltration and migration phenomena which appear to affect a large part of the building, causing 
noticeable damage (i.e., loss of surface material, micro-cracks, white salt efflorescence, etc.). The 
characterization of the materials carried out on mortars, plasters, and pigments also confirmed 
the local origin of the raw materials. However, the provenance of the studied marbles and 
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crystalline limestones, could not be established and, therefore, further in-depth studies are 
required.   

1. Introduction and historical background 

The degradation of cultural heritage materials represents one of the most prominent threats to their preservation. During their 
useful life, materials are commonly subjected to degradation processes through their exposure to specific environmental conditions as 
well as chemical, physical, and biological phenomena. Hence, ageing is a critical factor in the durability and use of building materials 
which can lead to irreversible losses if not addressed in time [1–6]. In such a context, the scientific community generally encourages 
interdisciplinary research to implement new conservation and protection strategies for preserving cultural heritage. Current research 
[1–6] illustrates that in order to study the decay of building materials and perform effective restoration interventions, a cohesive, 
holistic, and multidisciplinary approach is needed which includes the historical, archeological, and architectural documentation, 
environmental monitoring, and evaluation and characterization of materials, as well as a knowledge of any previous interventions. To 
achieve this goal, the scientific community can use both Non-Destructive (NDTs) and Micro-Destructive Techniques (MDTs) which are 
useful for the characterization of building materials and the determination of the pathologies affecting a monument [1,2]. 

This paper presents the case study of the Cathedral of Gerace (Italy). The study deals with the decay affecting some building 
materials and provide an in-depth scientific survey performed to understand and demonstrate the causes of deterioration. 

The Cathedral of Gerace, dedicated to Santa Maria Assunta (Fig. 1), was probably built between the second half of the penultimate 
decade of the 11th century and the first years of the 12th century on the remains of a pre-existing sacred building devoted to Aghìa 
Kyriakì (Saint Ciriaca) dating back to 7th-8th century [7]. It was then completed around the 4th decade of the 12th century under the 
Normans rule [8,9]. Due to numerous earthquakes which strongly damaged the historic center of Gerace, such as that of central 

Fig. 1. Location of Gerace in the Calabria region (Italy) (A) and aerial view of the Cathedral within the town (B); Front (C) and panoramic (D) views 
of the monument. Note: the images were obtained from Google Earth and calabriatours.org. 
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Calabria in 1659 [10] or the Calabrian seismic sequence of 1783 [11], the building underwent various modifications and renovations 
over the centuries, while retaining its original structure, characterized by a simplicity of the longitudinal body in contrast with the 
complex articulation of the presbytery [7]. The structure is built from local stone, a light beige-grayish limestone, devoid of redundant 
embellishments and with rigorous shapes closely linked to the esthetic-stylistic traits of the Normans [8]. The complex is visibly 
divided into two overlapping parts dating back to different periods: the underground Crypt and the upper church (the main basilica), 
the latter with an transept apse to the east and a main entrance to the west. The facade is not entirely visible from the outside, due to the 

Fig. 2. Plan of the two levels of the Gerace Cathedral: the three-aisled basilica (A), on the upper floor and the Crypt (B), located on the lower floor, 
with the areas of infrared thermography (IRT) measurements (A1-A4), and some representative images of the sampling areas (C-E). Upper level: (C) 
left (A1) and right (A2) aisles of the Cathedral; (D-E) the Madonna dell’Itria Chapel: left (A3) and right (A4) walls. 
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adjacent buildings and especially the bell tower which hides the view of its width [7]. The front is tripartite (with three compartments), 
Romanesque, and has only very slight pilasters, hanging arches, and elegant splays at the openings [12–14]. 

The basilica-type church with a large protruding transept has a Latin cross and three naves, separated by two rows of ten columns 
each in granite and marble, on which stand round arches consisting of local stone and surmounted by as many capitals [7]. The lower 
part of the Cathedral, the Crypt, can be descended into from the left transept, through seventeenth-century internal stairs [15]. 

The Crypt is the oldest section of the Cathedral, probably built on a Byzantine rock church [7]. In its current configuration, the 
Crypt resembles an aggregate of small cross vaults supported by twenty-six slender columns of very different quality and sizes [16]. 
This area is characterized by a longitudinal arm deriving from a large pre-existing Byzantine oratory, and by a transverse arm, which 
corresponds to the upper transept of the Cathedral with which it is contemporary [15]. In the Crypt, the Sacello della Madonna 
dell’Itria, which is carved into the rock, is closed by a seventeenth-century wrought iron gate installed by the workers of Serra S. Bruno 
[7]. 

Leaving the Crypt, two of the three semi-circular apses dominate the Piazza della Tribuna and protrude from an imposing limestone 
wall. These, placed on the same line, are slightly asymmetrical due to seismic events which have been invalidating the structure since 
the Swabian era [7]. 

The Cathedral of Maria Assunta of Gerace, despite numerous alterations and restorations, remains the most imposing Norman 
building in Calabria [17], and has also been declared Architectural Heritage of National Interest. In 1996, following an agreement 
between the Diocese of Gerace, the Municipality, and the Superintendence, a large intervention was proposed which envisaged, in 

Fig. 3. Plan of the two levels of the Gerace Cathedral: the three-aisled basilica (A), on the upper floor and the Crypt (B), located on the lower floor, 
with the location of the sampling points, and representative images of the sampling procedure (C-I). Upper level: (C-D) outside the Cathedral’s main 
entrance (G1-G6); (E-F) inside, near the sides of the portal (G7-G15), and (G) on the internal wall of the left aisle (G16-G21). Lower level: (H) inside 
the Madonna dell’Itria Chapel (G22-G29) and (I) on the internal right wall of the apsidal entrance (G31-G33). 
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addition to the restoration and consolidation of the structures of the entire extended citadel, its re-functionalization [18]. 
In recent decades, the structure has displayed areas with a poor state of conservation, which the present study aims to investigate. 

Specifically, the study was carried out in two phases: a diagnostic stage conducted on-site, and an analytical one, conducted in the 
laboratory. In particular, the on-site diagnosis phase made it possible allowed us to perform a preliminarily identification and eval-
uation of the intensity of the degradation forms and to choose the most suitable sampling areas for a more in-depth study. The on-site 
diagnosis was carried out by means of visual inspections and InfraRed Thermography (IRT). The latter is a non-destructive technique 
that is widely employed in the analysis of Cultural Heritage [19,20] as it allows the determination of the temperature of a surface by 
measuring the IR radiation emitted by each object as a function of the temperature, T (◦C). This feature has a use in numerous different 
applications [21]; for example, IRT technique is widely used in building inspection to detect superficial cracks, detachments, different 
types of materials, or the presence of moisture within structures [22,23]. The temperature distribution on the surface of artefacts, 
facades, and walls provides very useful information for discovering hidden materials and specific conditions related to their thermal 
performance, which may also depend on the state of conservation and maintenance interventions [23,24]. 

Moreover, different kinds of materials (i.e., stones, mortars, plasters and pigments) as well as decay agents (i.e., salt efflorescences) 
were investigated. The samples were subjected to a complementary analytical approach, specifically involving Polarizing Optical 
Microscopy (POM), Ion Chromatography (IC), X-Ray Powder Diffraction (XRPD), and Scanning Electron Microscopy coupled with 
electron-dispersive X-ray spectroscopy (SEM-EDS). The analytical phase allowed us to characterize the stone samples, raw materials, 
and their degradation forms, and to define the main composition of the pictorial films (i.e., pigmenting compounds/pictorial layers). 

2. Analytical methods and sampling 

The main purpose of this preliminary diagnostic study was to characterize the main materials and detect any forms of degradation 
and related causes, in order to provide the necessary information for a future restoration project in areas of the Cathedral suffering 
from a serious state of deterioration. To this end, the adopted methodological approach involved: a) choosing the study areas of the 
Cathedral following the requests of experts and restorers in charge of the building maintenance; b) an in situ inspection and evaluation 

Table 1 
Summary of areas investigated and sampled both with in-situ and laboratory-based methods. POM=Polarizing Optical Microscopy; IC=Ion Chro-
matography; XRPD=X-Ray Powder Diffraction; SEM-EDS=Scanning Electron Microscopy coupled with electron-dispersive spectroscopy; 
IRT=InfraRed Thermography.  

Area ID Measurement area Type Employed Techniques 
A1 Internal wall of cathedral, left aisle Wall IRT 
A2 Internal wall of cathedral, right aisle Wall IRT 
A3 Indoor/Madonna dell’Itria Chapel, right side Wall IRT 
A4 Indoor/Madonna dell’Itria Chapel, left side Wall IRT 
Sample ID Sampling area Type Employed Techniques 
G1 Outdoor/From the main entrance of the basilica Mortar POM; SEM-EDS 
G2 Outdoor/From the main entrance of the basilica Mortar POM; SEM-EDS 
G3 Outdoor/From the main entrance of the basilica Mortar POM; SEM-EDS 
G4 Outdoor/From the main entrance of the basilica Mortar POM; SEM-EDS 
G5 Outdoor/From the main entrance of the basilica Stone material POM 
G6 Outdoor/From the main entrance of the basilica Mortar POM; SEM-EDS 
G7 Indoor/From the portal of the basilica Plaster POM; SEM-EDS 
G8 Indoor/From the portal of the basilica Plaster + blackish pictorial film POM; SEM-EDS 
G9 Indoor/From the portal of the basilica Plaster + blackish pictorial film POM; SEM-EDS 
G10 Indoor/From the portal of the basilica Plaster + yellowish pictorial film POM; SEM-EDS 
G11 Indoor/From the portal of the basilica Plaster + blackish pictorial film POM; SEM-EDS 
G12 Indoor/From the portal of the basilica Plaster + brownish pictorial film POM; SEM-EDS 
G13 Indoor/From the portal of the basilica Plaster + yellowish pictorial film POM; SEM-EDS 
G14 Indoor/From the portal of the basilica Plaster + reddish pictorial film POM; SEM-EDS 
G15 Indoor/From the portal of the basilica Plaster + beige-yellowish pictorial film POM; SEM-EDS 
G16 Indoor/From the left aisle of the basilica Plaster + reddish pictorial film POM; SEM-EDS 
G17 Indoor/From the left aisle of the basilica Plaster + green pictorial film POM; SEM-EDS 
G18 Indoor/From the left aisle of the basilica Plaster + brownish pictorial film POM; SEM-EDS 
G19 Indoor/From the left aisle of the basilica Salt efflorescences IC; XRPD 
G20 Indoor/From the left aisle of the basilica Salt efflorescences IC; XRPD 
G21 Indoor/From the left aisle of the basilica Salt efflorescences IC; XRPD 
G22 Indoor/Madonna dell’Itria Chapel, left wall Salt efflorescences IC; XRPD 
G23 Indoor/Madonna dell’Itria Chapel, right wall Salt efflorescences IC; XRPD 
G24 Indoor/Madonna dell’Itria Chapel, right wall Salt efflorescences IC; XRPD 
G25 Indoor/Madonna dell’Itria Chapel, right wall Salt efflorescences IC; XRPD 
G26 Indoor/Madonna dell’Itria Chapel, right wall Stone material POM 
G27 Indoor/Madonna dell’Itria Chapel, right wall Stone material POM 
G29 Indoor/Madonna dell’Itria Chapel, right wall Stone material POM 
G31 Indoor/Right wall with respect to Crypt entrance Plaster + reddish pictorial film POM; SEM-EDS 
G32 Indoor/Right wall with respect to Crypt entrance Plaster + yellowish pictorial film POM; SEM-EDS 
G33 Indoor/Right wall with respect to Crypt entrance Plaster + reddish pictorial film POM; SEM-EDS  
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of selected areas to be examined; c) an investigation by IRT and micro-destructive techniques following a micro-sampling campaign. 
In particular, the inspection of some internal wall surfaces with in-situ methods has proved to be very effective, minimizing contact 

with already visibly altered surfaces and facilitating the assessment of the state of conservation of the historical building. 
For the laboratory investigations, thirty-one samples, including both micro-fragments and powders, were sampled from areas with 

already existing lacunae and alterations. It is worth underlining that the sampling procedure was conducted according to principles of 
minimal invasiveness, collecting representative samples. Details on the sampling areas are summarized in Figs. 2 and 3, while all the 
analytical techniques employed and sampling campaign are described below and further summarized in Table 1. 

2.1. InfraRed thermography 

In this study, IRT was used to map the surface temperatures, thus revealing the presence of thermal anomalies arising from decay 
processes affecting the Cathedral as a whole. It is worth noting that particular attention was paid during this phase to investigating the 
internal walls, in the vicinity of the areas under restoration. The survey was carried out with a FLIR model B335 thermal imaging 
camera equipped with an uncooled microbolometer (320 ×240-pixel resolution, over a − 20 ◦C to + 120 ◦C thermal range, +/− 2% of 
the detected temperature accuracy; 7.5 ÷ 13 µm spectral range; 1.36 mrad spatial resolution; 25◦ × 19◦ embraced field). The camera 
was also equipped with a 3.1 Mpixel photographic sensor that allowed the acquisition of the thermal image at the same time as the 
visible one, with the same shooting conditions. The images were acquired by positioning the IR camera frontally on the wall surface, a 
few meters away, in passive mode, thus framing the portion of the wall to be investigated and, at the same time, ensuring a good spatial 
resolution with a spot size of a few millimeters. The analyzed areas are shown in Fig. 2 and detailed in Table 1. 

2.2. Micro-destructive laboratory methods and sampling 

Minimal sampling was required for the laboratory-based surveys involving microscopic investigations by POM and SEM-EDS, as 
well as XRPD and IC. Then, a careful sampling of micro-fragments (sizes smaller than ~5 mm2) and powders was carried out by 
selecting areas and collecting different types of representative samples (i.e., stones, plasters, pigments, and salt efflorescences). 
Minimally invasive procedures were followed for the latter, using suitable stainless-steel tools such as small tweezers, scalpels, and 
micro-scalpels. The sampling phase was performed on both levels of the building: the upper one, where the Cathedral is located, and 
lower one, which hosts the Crypt. All of the documentation with the sampling points, together with the type of material and the 
techniques used, are shown in Fig. 3 and in Table 1. 

The Polarized Optical Microscopy (POM) studies of thin stratigraphic sections were conducted in order to characterize the main 
materials present at the site, including the stones, mortars, and what remains of some ancient wall paintings. Observations were 
performed on twenty-four samples using a Primotech 40 (Primotech Zeiss) microscope coupled with a digital camera to capture 
images. 

The SEM-EDS analyses allowed us to investigate the samples in greater detail, both from a morphological and compositional point 
of view. Chemically (in terms of major elements), the method helped investigate not only the properties of the materials but also their 
associated alteration products [25]. Investigations were carried out on samples coated with a thin and highly conductive graphite film 
using an ultra-high resolution SEM (ZEISS CrossBeam 350 equipment), coupled with a EDS – EDAX OCTANE Elite Plus - Silicon drift 
type detector. type. 

X-Ray Powder Diffraction (XRPD) is commonly used in materials science to determine the crystallographic structure of crystalline 
solids [26]. In this study, XRPD was specifically used to determine the mineralogical phases constituting the samples of salt efflo-
rescences [27]. The analyses were performed with a Bruker D8 Advance X-Ray diffractometer (Bruker, Karlsruhe, Germany), with 
Bragg-Brentano geometry and a copper sealed tube X-ray source producing Cu kα radiation (wavelength of 1.5406 Å) from a generator 
operating at 40 kV and 40 mA. The diffracted X-rays were recorded on a scintillation counter detector located behind a set of long 
Soller slits/parallel foils. Scans were collected in the range of 3–65◦ 2θ, using a step size of 0.014◦ 2θ and a step counting time of 0.2 s. 
The EVA software (DIFFRACplus EVA version 11.0. rev. 0) was used to identify mineral phases by comparing experimental patterns 
with 2005 PDF2 reference patterns. 

Ion Chromatography (IC) can be used to determine ion concentrations in an unknown sample [28]. In Cultural Heritage studies, as 
in this study, it has been used to identify the nature of the soluble salts and to quantify them [29]. A Dionex DX 120 equipment on a 
filtered supernatant (filter Minisart RC 25, diameter = 0.45 µm) provided the IC data, with the determination of the following ionic 
species: PO₄3 ⁻, SO4

2-, NO3
- , Cl− , F− , Br− , Li+, NH4+, Na+, K+, Ca2+, Sr2+ and Mg2+. The determination of HCO₃⁻ was carried out by 

acid-base titration with HCl. 

3. Results and discussion 

3.1. InfraRed thermography 

The IRT mapping of the surface thermal distribution supported the evaluation of the conservation state of the masonry [30,31], 
especially where damage forms were macroscopically considerable. 

The measurements carried out on the upper floor of the Cathedral, allowed a more accurate determination of the extent of the 
visible detachments between the layer of plaster and the underlying masonry. The thermographs revealed the presence of thermal 
discontinuities on both the left (frame A1 in Fig. 4) and right aisles (frame A2 in Fig. 4) of the Cathedral. These discontinuities are 
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mainly located in the lower part of the masonry (up to a height of ~ 1.5 m), where manifestations of damage (i.e., loss of surface 
material and white salt efflorescences) were also visible to the naked eye. The IRT images also highlighted superficial swellings and 
micro-cracks in the plaster, suggesting the presence of moisture in the walls and most likely the formation of sub-efflorescence. Rising 
damp is generally related to water infiltration and migration phenomena that seem to affect a significant part of the building. The 
crystallization of salts below the material surface (sub-efflorescence) will generally occur when the evaporation rate is greater than the 
migration rate of a solution towards the exterior of a material. The inverse process instead determines the formation of external 
efflorescence caused by the crystallization of deposited salts [32]. In more detail, the IR images of the investigated areas (frames A1 
and A2 in Fig. 4) show that efflorescence phenomena can be detected by IRT; in fact, a correspondence can be observed between the 
areas with white salt efflorescence and surface temperature anomalies with respect to the surrounding masonry portions. Cooler 
temperatures (from cyan to dark blue on the colors scale i.e., less heat and infrared radiation emitted) are found in the lower part of the 
masonry (up to ~30 cm in height), as shown by the vertical temperature profiles in the figure, which is certainly more exposed to 
environmental cooling as well as being subject to capillary rising phenomena and efflorescence. Otherwise, warmer sectors (from 
orange to red on the color scale, i.e., emitting more heat and infrared radiation) are found where the masonry shows a lower degree of 
weathering, namely in those portion of the wall that are not affected by efflorescence but by micro-cracking, flaking, and detaching 
phenomena (at a height between 30 cm and 1.50 m). 

Thermographs of the Crypt, whose walls are covered with slabs of stone materials of various kinds, allowed us to carry out the first 
mapping of the presence of moisture in the masonry and to relate it to the possible presence of dissolved salts that could cause 
alteration phenomena. In many cases, the ornamental slabs showed an evident detachment from the wall, probably as a result of 
mechanical stress due to the presence of moisture and the consequent formation of salts especially as sub-efflorescences. For example, 

Fig. 4. Representative infrared thermography (IRT) images of the investigated areas. Upper level: left (Zone A1) and right (Zone A2) aisles of the 
Cathedral. Lower level: right wall inside the Madonna dell’Itria Chapel (A3). The highest and lowest temperatures are reported in the boxes for all 
IRT images. The vertical temperature profiles are sketched both for the right and left aisles (gray lines). In addition, the edges of the walls and other 
decorative elements are delineated with thin black dashed lines for a better understanding. Note: Visible images of investigated areas by IRT are 
shown in Fig. 2. 
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the thermal image related to the right wall of the Crypt (frame A3 in Fig. 4) shows evident cracks near the hotter areas (reddish-yellow 
tones on the color scale and a temperature around 0.25 ◦C greater than in the cooler areas) indicating an advanced degradation of the 
covering materials up to detachments in small parts. 

3.2. Micro-destructive laboratory methods 

Thin section of 24 micro-fragments were manufactured for petrographic analysis. Observation under POM allowed us to identify 
the main minero-petrographic and textural features of the stones, mortars, and plasters with pictorial films, as well as evaluating their 
state of conservation. The petrographic results are described for each of the samples, highlighting their main features, which serve to 
link or separate them from each other; in fact, where they are similar, the samples are described as a single group. Some representative 
photomicrographs are shown in Fig. 5, while Table S1 reports the main petrographic features detected for each sample. 

3.2.1. Group 1 - samples G5, G26, G27, & G28: stone materials (Type S) 
This group includes different kinds of stone materials (i.e., rock) present in the historic building, taken both from the Crypt and 

from the upper basilica (Fig. 5H, GI; Table S1). Specifically, sample G5, which was obtained from an external area near the portal of the 
basilica, represents the constituent material with which the Cathedral is built. It is a bioclastic calcarenite containing abundant bio-
clasts as well as single crystalline inclusions, and rock fragments. Specifically, quartz crystals, micas (both biotite and muscovite), and 
oxides were identified together with fragments of metamorphic rocks, carbonate lithoclasts, and rare granitoids. All grains are bound 
together by a fine-grained calcite (micrite). The porosity is both primary and secondary (15%), with evident fillings by secondary 

Fig. 5. Representative cross-polarized light (CPL) photomicrographs of the studied samples; G31 (A) – Group 3/Type P/PF: sample stratigraphy 
with evidence of the three layers, i.e., plaster, reddish pictorial film and the scialbo; G12 (B) - Group 3/Type P/PF: sample stratigraphy with ev-
idence of two layers, i.e., plaster and the brownish pictorial film; G32 (C, F) - Group 3/Type P/PF: sample stratigraphy with evidence of two layers, i. 
e., plaster and the yellowish pictorial film; G4 (D) - Group 2/Type M: detail of the mortar samples with quartz crystals, cocciopesto, and rock 
fragments; G7 (E) - Group 3/Type P/PF: detail of the plaster layers with quartz crystals and granitoid rock fragments; G6 (G) - Group 2/Type M: 
detail of the mortar samples with quartz crystals, granitoid rock fragments, and bioclasts; G29 (H) - Group 1/Type S: fine grained “mosaic” type 
marble; G27 (I) - Group 1/Type S: microcrystalline limestones calcite veins. 
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recrystallized calcite. Accordingly, the stone sample can be classified as a biocalcarenite or packstone [33,34]. The data are also 
consistent with the literature [35,36], according to which this kind of stone is widely used in the Gerace area as a constituent material 
of the large-scale built cultural heritage. Samples G26 and G27, obtained from the ornamental slabs that cover part of the Crypt’s walls, 
are microcrystalline limestones which host calcite veins made up of well-formed crystals. The samples are in an advanced state of 
alteration with evident microfractures and secondary porosity. Finally, sample G29, s from a covering slab of the Crypt, is a marble 
characterized by a fine grain size (MGS <1 mm;) and a generally homeoblastic (Ho) texture. The fabric is commonly of “mosaic” type, 
with small to very small crystals, which in some places form triple point junctions (120◦). Slightly lineated or weakly oriented fabrics 
were also observed. The grain size ranges from 0.1 mm to 0.9 mm, often with clear traces of cleavage, while the grain boundary shape 
(GBS) varies from curved to straight. A shape preferred orientation (SPO) of the grains was not observed nor were accessory minerals. 

3.2.2. Group 2 - samples G1, G2, G3, G4, & G6: Mortars (Type M) 
All the samples belonging to Group 2, were taken from the external facade of the building, at the entrance to the upper basilica 

(Figs. 5D, 5G; Table S1). They are mortars characterized by a brownish micritic binder in Crossed Polarized Light (CPL), in which the 
aggregate fraction varies from well-sorted to moderately and poorly selected, and mainly consists of mono- and polycrystalline quartz 
crystals, micas, calcite, and various bioclasts. Like other inclusions, feldspars, oxides, and rare pyroxenes are present to a lesser extent. 
Fragments of volcanic (granitoids), metamorphic, and carbonate rocks were also detected. All samples, except for G4 and G6, contain a 
layer of finishing mortar (layer B) with the same mineralogical composition as the main layer (layer A) but with a finer grain size. 
Samples G1, G2, and G4 also host sporadic cocciopesto inclusions. In terms of size, individual mineralogical phases vary from 400 µm 
to 1500 µm, while rock fragments reach dimensions of up to 2800 µm, with angular to sub-angular and to rounded to sub-rounded 
shapes. Fractured lumps with defined edges were also detected in all the samples, having a sub-spherical shape with diameters 
ranging from 400 µm to 2000 µm. The presence of a finishing layer in samples G1, G2, and G3 could be related to a previous restoration 
procedure which was probably carried out to consolidate the limestone ashlars. Unfortunately, there is no documentation of past 
restoration interventions in the archives, but oral sources suggest various interventions to the building over time. 

3.2.3. Group 3 - samples G7, G8, G9, G10, G11, G12, G13, G14, G15, G16, G17, G18, G31, G32, & G33 
Plasters with pictorial films (Type P/PF). The samples belonging to this group consist of plasters (layer A), covered with a very thin 

layer of pictorial film (layer B – up to 260 µm) (Figs. 5A, 5B, 5C, GF; Table S1). Some specimens contain a finishing layer, probably a 
"scialbatura" (layer C - up to 350 µm) (samples G8, G10, G11, G14 and G31). More specifically, the term "scialbatura" or "scialbo" refers 
to a layer of light, fine, and thin plaster covering a mural painting. From a mineralogical point of view, layer A consists of a plaster 
containing a fairly homogeneous micritic binder (sometimes cryptocrystalline) in which the aggregate fraction varies from well-sorted 
to moderately and poorly selected. The coarse fraction is mostly constituted by monocrystalline quartz granules and polycrystalline 
ones, followed by micas, calcite, bioclasts, iron oxides, and rare feldspars, with sizes reaching 1400 µm and shapes varying from 
angular to sub-angular and to rounded to sub-rounded. Fragments of rocks (volcanic, metamorphic, and calcareous) and rare coc-
ciopesto with sizes reaching 4050 µm were also detected. The percentage of the aggregates in layer A varies from 20% to around 50% 
(by area) [37]. The latter was assessed by means of a semi-quantitative visual estimation. The porosity of the same layer A varies from 
about 5–15% (by area) and it consists of both primary and secondary pores with sizes of up to 700 µm. In addition, recrystallization 
phenomena of the calcite were observed in the voids. The pictorial layer (layer B) appears to be very thin, sometimes with sporadic 
crystals of calcite occurring together with oxides. The color of the different samples appears to be reddish to brownish and yellowish 
under Plane Polarized Light (PPL). Finally, layer C, where present consists of microcrystalline calcite, with thicknesses of up to 350 µm. 

The SEM-EDS analyses were performed on thin and stratigraphic sections of the samples belonging to Group 2 (Type M) and Group 
3 (Type P/PF) (Fig. 5, Table S1). The binder’s composition in the different layers, the raw materials, and the stratigraphy were 
investigated, paying special attention to the pigmented layers and the overlying ones (scialbo), where present. 

For the Group 2 samples (G1-G4, G6) and those consisting of mortars, the morphological observations by SEM confirmed the OM 
data, highlighting the presence of two overlapping mortar layers for all the samples, except for G4 and G6. Five EDS measurements 
were performed on the binders of each layer present in the samples, and the average values were considered as representative of their 
chemical compositions (since no significant variations were observed when calculating the standard deviation relative to the mean 
values of the EDS dataset). Regarding the major elements, a large amount of CaO was detected in all the samples, in addition to 
significant SiO2 and MgO concentrations, followed by lower amount of Al2O3 and Na2O. The presence of Mg suggests that the lime was 
likely formed through the calcination of magnesian limestone and/or dolostone. This latter assumption was further confirmed by the 
EDS measurements performed on lumps (three spot analyses in their central portion to reduce contamination), suggesting the use of 
magnesian lime-based mortars. Furthermore, considerable amounts of Sr and SO4 were also present, which may have been related to 
the use of evaporites as raw materials. In fact, celestine minerals (sulfates) were also found sporadically in the aggregate fraction and 
these may have precipitated as euhedral crystals after the liberation of Sr [38–40]. This could also indicate that the original raw 
materials were sourced from Gerace area [35,36]. 

The morphological investigations of the samples belonging to Group 3 further with the OM data. Furthermore, the study of the 
binders conducted on the layers of plaster (layers A) revealed a chemical composition similar to that of the mortars of Group 2, 
confirming the use of the same raw materials for the plastering production. Specifically, our results suggested the presence of a 
magnesian lime-based plaster in all the samples, resulting from the calcination of Mg-limestones. In layer B, elements such as Si, Al, 
Mg, and K were mainly detected in blackish, brownish, green, and beige-yellowish pictorial films (samples G8, G9, G10, G11, G12, 
G13, G15, G17, G18). In addition, Fe was also detected in the beige-yellowish pictorial layers (G10, G13, G15, G32). Such elements are 
compatible to the possible use of raw materials from clay and other minerals that are commonly found in soils and were likely used as 
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pigmenting compounds [41–47]. The EDS analyses of the reddish layers (samples G14, G16, G31, G33) highlighted mainly the 
presence of Hg and S (Fig. 6-G31_c) along with elements attributable to earthy pigments, suggesting the use of a mixture of cinnabar or 
vermillion [30] with oxide and/or clay-based pigments; in fact, morphologically, the reddish pigmenting agents are heterogeneously 
distributed within the layers (Fig. 6; G31_b). Finally, the C layers (scialbo), where present, always consisted of SrSO4 and CaO for all 
analyzed samples (Fig. 6; G8_b and G8_c). 

The IC analyses allowed us to investigate the ionic species contributing to the damage within the walls. In general, the damage 
caused by soluble salts in building materials can be produced as a result of several mechanisms based on the kind of crystallization 
taking place [48]. The soluble fraction of major anions for all the analyzed samples mainly consisted of sulfate (SO4

2-) and hydrogen 
carbonate (HCO3

- ), as well as lesser amounts of nitrate ions (NO₃
-) and chloride (Cl-); among the cations, Na+ and Ca2+ were the most 

abound in all samples, followed by less abundant K+ and Mg2+, along with traces of Sr2+. 
A preliminary analysis of the data (Fig. 7) suggested that sulfates and carbonates were the main soluble species present in the 

investigated areas followed by nitrates and chlorides. For the sulfates, the overall data suggested the presence of sodium sulfates, as 
well as lower amounts of calcium and magnesium sulfates. Significant differences between the soluble species detected in the samples 
of the main Cathedral (G19–21) and those of the Crypt (G22–25) should be underlined. Specifically, the samples from the Crypt 
contained low concentrations of alkaline ions (i.e., Na+, K+), possibly due to the greater humidity that generally prevails in an un-
derground environment; such conditions can inhibit the precipitation of sodium/potassium salts, since the latter are generally more 
soluble than calcium/magnesium salts [49]. Considering the scarcity evidence of sodium ions and the low magnesium ion contents, 
gypsum may have crystallized as one of the main salts in the Crypt samples, but not the only one. Indeed, gypsum may form if the 

Fig. 6. Representative scanning electron microscopy (SEM) images of thin sections showing the stratigraphy and details of the studied samples; 
G3_a) sample G3 with evidence of two layers named (A) and (B); G3_b) sample G3 with evidence a fractured lump with defined edges; G3_c) 
electron-dispersive spectroscopy (EDS) spectrum of sample G3 detected in the binder of layer A; G8_a) sample G8 with evidence of three layers 
named (A-plaster), (B-pictorial film), and (C-scialbo); G8_b) sample G8 with clear evidence of the two most superficial layers (B and C); G8_c) EDS 
spectrum of sample G8 detected in layer C (scialbo) where the brightest features represent celestine crystals (SrSO4); G31_a) sample G31 with 
evidence of three layers named (A-plaster), (B-pictorial film), and (C-scialbo); G31_b) sample G31 with clear evidence of layers named (A) and (B); 
G31_c) EDS spectrum of sample G31 detected in the pigmented layer B (reddish layers) showing a poor distribution of pigmenting agents. 
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relative humidity of an environment becomes lower than the relative humidity at equilibrium (RHeq) of the saturated salt solution in 
the system [50]. In fact, among the recognized salts, the gypsum has the highest deliquescence RH, which is around 99.6% at 20 ◦C 
[51], implying that such a phase is stable even under extremely humid conditions [41]. 

However, the calcium sulfate (gypsum) could have different origins; for example, it can derive from the original materials (i.e., 
building materials, rocks, raw materials) or have a different source altogether (i.e., environment). Both options were feasible in this 
study. The gypsum may have originated from the plaster covering the wall surfaces or from the soil surrounding the building; in the 
latter case, the sulfate species may have been dissolved in soil water and may have crystallized on the wall surfaces through capillary 
action. 

For the carbonates, Ca was the second most abundant cation in the samples, which could be partly attributed to the intrinsic 
composition of the investigated materials and/or to their long-term coexistence with lime-rich materials (e.g., plasters, lime mortars) 
under moist conditions. 

In addition, the presence of magnesium sulfate could not be excluded for the Crypt samples G22 and G23. For the latter two, values 
between 34 and 48 ppm were detected against a threshold of less than 9 ppm detected for all other samples. 

When evaluating the contribution of the other soluble species detected by IC, the presence of nitrates in all the samples analyzed, 
albeit in minimal concentrations, should also be noted. Nitrates, such as potassium and calcium nitrate, can originate from soils 
through microbiological activity decomposing organic nitrogenous products. The presence of nitrates in masonry, as well as for the 
other salts, is in accordance with the rising damp phenomena described by Arnold and Zehnder [49] in a scheme showing the vertical 
fractionation of soluble salt species on a wall; the most soluble and hygroscopic salts (e.g., magnesium and calcium nitrates) reached 
higher heights on the surface of the wall than less soluble and less hygroscopic salts (e.g., sulfates) which accumulated in the lower 
portions of the masonry. Even chlorides, like nitrates, are highly soluble and may cause serious damage in the presence of high 
moisture contents within masonry due to their hygroscopicity. This may lead to decay phenomena that generally occur in masonry 
with high and permanent moisture contents. The IC results are summarized in Fig. 7. 

The XRPD analysis of the efflorescence samples (G19-G25) revealed that calcite was the dominant phase in all the samples from the 
Crypt, except for G23 and G24. Among other more abundant crystalline phases, the following were detected: thenardite (sodium 
sulfate) only in the Cathedral samples (G19-G21); gypsum (calcium sulfate) in all samples except in G19 (from the Cathedral) and 
hexahydrite (magnesium sulfate hexahydrate) in all samples of the Crypt except in G24. Non-soluble minerals such as quartz, clay 
minerals, magnesite, hydromagnesite, and feldspars were also identified in low concentrations. The data support the IC investigation 
suggesting that sulfates and carbonates are the most abundant soluble phases. 

As for the sulfates, thenardite was exclusively present in the samples of the main Cathedral while hexahydrite and gypsum occurred 
in those from the Crypt. Traces of gypsum were also found in the Cathedral samples, namely G20 and G21. The origin of these salts 
could be linked to the interaction (weathering) between capillary rise water and the stone/plaster substrates. Elements such as Mg++, 
Na+, SO4

2- and Ca++ are preferentially leached from substrates, recombining under specific microclimatic conditions in the efflores-
cences salts following their mobilization through the pore network of the substrates. The presence of calcite has resulted from the 

Fig. 7. Concentrations of ionic species expressed in ppm.  
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carbonate substrate or to the lime-based plaster covering the building’s surface, while the quartz, clay minerals, and feldspars could 
have been related to the composition of the mortar/plaster (sandy aggregates). Sulfate salts act as rock-decaying agents which may 
lead to a poor state of cultural heritage conservation. As is well known, one of the major causes of rock decay in nature [52] and 
weathering of natural and/or artificial building material [53–55] is the presence and crystallization of these soluble salts from repeated 
cycles of crystallization/dissolution within the matrix of porous stone materials. Furthermore, differences in the semi-quantitative 
estimates of the mineral phases recognized in the two sampled areas may depend on various factors such as differences in sampling 
heights on the masonry, the interaction of the samples with adjacent materials of diverse nature, environmental conditions, as well as 
different levels of mobility and the migration of salts through the masonry [49]. The results of the XRPD analyses are summarized in  
Table 2. 

4. Conclusions 

A multidisciplinary approach employing non-destructive and micro-destructive methods was adopted to assess the state of con-
servation of the Gerace Cathedral. The results showed that:  

1. The IRT method is a useful non-contact tool that could be applied for a rapid preliminary evaluation of the weathering state of the 
building. The technique allowed a preliminary zonation and mapping of the weathering processes affecting the Cathedral’s ma-
sonry. Such non-destructive methodologies are particularly relevant when studies must be conducted rapidly, especially for pre-
liminary assessments or monitoring purposes when imminent restoration work is expected. It is worth underlining that the reported 
data herein refer to preliminary surveys and further studies should be performed to investigate the thermo-hygrometric conditions 
of the historical building.  

2. The IC and XRPD analyses of salt efflorescence samples helped confirm that salts contribute to the deterioration of the stones, walls, 
and mural paintings of the Cathedral, resulting in weathering products of cultural heritage materials. Specifically, salt accumu-
lations in walls mainly originated from the ions leached from rocks, soils, stone, and other raw materials used in the building. 
Overall, the application of the IC analytical procedure allowed us to quantify the amounts of major cations and anions. The 
analytical data suggested that sulfates and carbonates are the most abundant soluble species present in the two investigated areas, 
followed by nitrates and chlorides. Furthermore, the concentrations of the different species were notably different between the two 
sampled environments, i.e., the Crypt and the upper basilica. These differences were closely related to the environmental condi-
tions, such as the higher humidity of the underground environment. The mineralogical studies by XRPD were in full agreement with 
the IC results.  

3. Microscopic observations by OM allowed us to distinguish different layers among samples and especially those with a pictorial film. 
In general, in all samples contained similar raw materials, especially those belonging to Groups 2 and 3, confirming a local origin. 
The presence of a finishing layer of mortar found only in some samples from Group 2 also suggested that an undocumented 
restoration intervention probably took place in the past. The rock samples (Group 1), on the other hand, were characterized as 
marbles and crystalline limestones. In the latter case, it was impossible to establish their provenance and further studies will thus be 
conducted on these materials of unknown origin.  

4. The SEM-EDS investigations revealed the presence of similar elements/compounds for all the examined samples, attesting to the 
use of Mg-lime-based plasters/mortars and lime derived from the calcination of carbonates of evaporitic origin. The layers of 
scialbo exhibited the same composition, and this material probably derived from previous undocumented restoration interventions. 
In the painted layers, on the other hand, inorganic chromophores based on natural mineral pigments were found to produce 
blackish, brownish, green, and yellow shades of color. The use of cinnabar or vermilion, mixed with earthy pigments, was 
confirmed for the reddish layers. 

Finally, this work allowed us to characterize and preliminarily evaluate the state of conservation of the Gerace Cathedral building 
materials, providing useful data for the planning of future restoration interventions. In fact, in the context of scientific research 
conducted on Cultural Heritage, the approach represents a necessary prerequisite for planning the best restoration and protection plan 
possible. A holistic and integrated approach should always be followed for the preservation of cultural heritage, prior to any resto-
ration interventions. Further studies will be conducted to acquire a better understanding of other pilot areas within the Cathedral 
suffering from a poor state of conservation. 
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