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Abstract Due to the surprising lack of knowledge concerning raw materials and production technology employed to make mosaics
after the twelfth century, an archaeometric investigation was carried out on the materials constituting the mosaic decoration of the
South aisle wall of Monreale Cathedral (Italy), taking advantage of a conservation intervention. In this work, fallen coloured or
gilded glass tesserae to be repositioned were studied by means of a combination of a molecular technique (Raman spectroscopy) and
an elemental one (portable X-ray Fluorescence, pXRF); also, efflorescences affecting the general conservation state and samples of
the respective bedding mortar were analysed with the former technique and with X-ray diffraction (XRD). The raw materials used
and, consequently, the different compositions characterizing gilded vs. coloured glass tesserae were highlighted with the vibrational
spectroscopy; chromophores and trace elements were detected by pXRF. This complementary approach allowed to disclose clues
about glass-manufacturing technique and raw materials. The nature of the salts was also ascertained through Raman spectroscopy
and XRD, for the benefit of the conservation procedure, and connected to the mortars’ composition.

1 Introduction

The natural and artificial materials constituting historic mosaics, such as stone, glass and glass paste tesserae besides bedding mortars,
are frequently studied from a chemical and mineralogical perspective. Decorative polychrome mosaics are found in Hellenistic,
Roman, Paleo-Christian and Byzantine contexts, as well as in Islamic ones.

Monreale Cathedral (Sicily, Italy), built starting from 1172 by king William II “The Good”, reflects the unifying force of the
Norman sovereign in its architectural design and decorative apparatus: the extensive gilded mosaic decoration, whose manufacture
was concluded in the nineteenth century only, powerfully displays the balance achieved between Western, Byzantine and Arab-
Islamic civilizations in Sicily [1]. The astonishing mosaic decoration (Fig. 1) comprises, in the lower level, a tall marble dado with
mosaic-decorated pilasters and a geometric frieze running all along the perimeter of the Cathedral. The latter includes both gilded
and coloured glass tesserae (blue, green, black and red) and white marble slabs of various shapes and dimensions, to create the form
of palmettes (little palm trees). In the upper part of the walls and the apse vaults, figurative scenes are represented. Smaller stone and
glass tesserae, more regular in their shape, allow to imitate skin tones and to reproduce shadows thanks to their richer polychromy.
Finally, the gilded glass tesserae constituting the background strongly characterize this section of the decorative setup.

The raw materials, colourants and opacifiers employed to make glass, as well as the microstructure of the vitreous matrix, can
convey information on manufacturing technology, which is related to production practices, which in turn can support provenance
and chronological interpretations on the mosaics manufacture. Numerous examples of analytical investigations of glass tesserae
from mosaics of different provenances and epochs can be found in literature [2–9], many of which concern the Roman age [2, 3, 7,
10]. Studies on palaeo-Christian and Byzantine mosaics combined chemical with molecular/mineralogical analyses: they involved
for example St. Prosdocimus Church in Padova (Veneto, Italy), with glassy networks typical of Roman and Late Roman tesserae [6,
11–13], the Great Umayyad Mosque of Córdoba (Spain), characterized by high-boron glass composition [14] and early sixth century
glass tesserae from Villa di Teodorico in Galeata (Northern Italy) [9]. In all cases, not only the expected different colouring agents
were found, but also a variety of opacifying materials used within the same context. On the other hand, chemical and mineralogical
data concerning mosaic materials after the twelfth century AD are rarer, the most famous example being fourteenth century samples
from the Basilica of St. Marcus in Venice [15–17], for which some hypotheses were formulated concerning the probable first
evidence of a Venetian production of mosaic tesserae [15, 16]. Concerning the composition of bedding mortars, the great part of the
studies is focused on Roman examples such as [18–20], sometimes connected to conservation issues [21]; one of the few examples
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Fig. 1 Detail of the South aisle wall of Monreale Cathedral involved in the conservation site, with location and photographs of the sampled mortars and salts
and of the fallen tesserae

regarding more recent case studies is the investigation of vaterite presence in mortars of a mosaic dated to the end of the sixteenth
century in the Saint Peter Basilica, Vatican City [22].

Surprisingly enough, archaeometric investigations on Monreale mosaics appear to be limited to a SEM–EDS study of some
production wastes coming from what has been interpreted as a deposit or service room for a twelfth–thirteenth centuries mosaic
workshop [1] and to portable X-ray Fluorescence (pXRF) analyses of tesserae in the area of the portal [23].

The archaeometric investigation here carried out has been conducted as part of a conservation intervention on the South aisle
wall [24]. The frame illustrating “The washing of the feet” and the corresponding section of the frieze with palmettes (Fig. 1) have
recently been affected by water infiltrations, which caused salts efflorescence in the mortar and the subsequent detachment of some
tesserae. This was included in the pilot restoration site of the project “Advanced Green Materials for Cultural Heritage (AGM for
CuHe)” (PNR funded with code: ARS01_00697; CUP E66C18000380005), aimed at implementing new generation eco-friendly
materials for the conservation of cultural heritage [24, 25 and references therein]. The instalment of the conservation site offered
multiple research opportunities. First, it was possible to investigate the nature of the mortar and the efflorescences affecting it in view
of the restoration campaign. Moreover, the analysis of the glass tesserae allowed to start to fill the gap in the literature concerning
this important historical-artistic site. To assess the different chemical and mineralogical composition of the tesserae, non-destructive
analyses were carried out taking advantage of the detached materials (Fig. 1): a well-established and successful approach for the
study of glass, comprising a combination of pXRF and Raman spectroscopy [26–30] was applied in order to characterize coloured
glass and to tackle the above-mentioned technological aspects. Though not allowing the better performances of some destructive
techniques, the followed analytical protocol answered the need of re-allocating the tesserae in the mosaics within the end of the
conservation intervention. The advantage of using a multi-analytical non-destructive approach was therefore exploited, at the same
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time combining the benefits and drawbacks of the two complementary techniques. In detail, information about the characteristic
chromophores and about the glass composition could be obtained by elemental pXRF analysis, while the study of the glass network
and the detection of the crystalline compounds were possible thanks to molecular vibrational spectroscopy. Raman spectroscopy
and XRD were also useful for the definition of the mineralogical composition of mortars and salts.

2 Materials and methods

2.1 Samples

A set of 10 tesserae waiting for reintegration was studied: 3 green (G6, E8, E9), 2 gilded (F1, F2), 2 black (G7, E10), 1 blue (G5),
1 turquoise (F3) and 1 red (G4) (Fig. 1). Both the G4 and G7 tesserae have a banded aspect, respectively in different shades of red
and with reddish areas within the black. Tesserae from the geometric decorations, as well as the erratic ones, are triangular, while
those from the figurative scene (the gilded and the turquoise ones) are rectangular; they range between 7 and 32 mm in width and
between 4 and 7 mm in thickness. The cartellina of tesserae F1 and F2 is 0.3–0.4 mm thick. Tesserae were cleaned with water to
remove any residual dust. For pXRF, the analyses were carried out on the outer surface of the coloured glass tesserae, while the
gilded ones were measured on both sides. For Raman spectroscopy, the analyses were carried out on the thickness of the tesserae,
in order to avoid superficial alteration. Samples of the mortar and the respective efflorescences were also considered. See Fig. 1 for
a detailed mapping of the materials provenance.

The Corning Archaeological Reference Glasses A, B and D [31] (Smithsonian Microbeam Standards: respectively NMNM
117,218–4, NMNM 117,218–1 and NMNM 117,218–3) were also analysed as references.

2.2 Techniques

For micro-Raman investigation, a Jasco NRS3100 spectrometer equipped with 50×LWD and 100×microscope objectives was
used, reaching minimum lateral and depth resolutions as low as 1 μm by means of a confocal hole. For the glass analysis, the
532 nm laser was used with power ranging between 2.5 and 7 mW, in combination with a 1800 gr/mm dispersing system (spectral
resolution of ca. 1 cm−1), a Notch filter and a Peltier-cooled (− 55 °C) 1024×128 CCD. For the mortars and salts analysis, the
785 nm laser with a power of about 10 mW in combination with a 1800 gr/mm grating was used for the 200–1200 cm−1 region
analysis (spectral resolution better than 3 cm−1), while the 532 nm laser with a power of about 3.5 mW combined with the 600
gr/mm grating was employed for the 2500–4000 cm−1 range (spectral resolution of ca. 5 cm−1). The system was calibrated using
the 520.7 cm−1 Raman band of silicon before each experimental session. Baseline subtraction and spectral decomposition were
obtained with LabSpec software: the former was carried out following a well-established procedure for glass study [30, 32, 33], the
latter using Gauss-Lorentz curves, with the aim of calculating the areas of the glass-connected bands excluding the contribution of
crystalline phases.

PXRF analyses were performed in air with a Bruker Elio system equipped with a Rh target X-ray tube and a Silicon Drift Detector.
Spectra were acquired over 180 s (live time) with 40 kV and 80 μA, with no filter. PyMCA [34] was used for the qualitative and
semi-quantitative interpretation of the spectra. Although the information on the glass-forming elements cannot be fully understood
with this analytical technique, its non-destructiveness and the simultaneous measurement of trace elements make it a powerful tool
in the analysis of cultural heritage glass artefacts [35]. A comparison has been performed between the certified and the experimental
concentrations of selected elements, by taking into account the limited capability of pXRF to detect light elements. The first were
retrieved from [31] and recalculated excluding elements not detectable with pXRF (Table 1), the latter were obtained using PyMCA
and an adapted configuration file for the instrument, analytical parameters and matrix. For comparison purposes of standard glass
references with the tesserae by pXRF, a recalculation to 100% of the certified values of Corning glasses was performed (Table 1)
after discarding the contribution of sodium, magnesium and aluminium from the overall composition of glass reported in [31]. Linear
correlations are shown for SiO2, K2O, CaO, MnO, Fe2O3, Co, Ni, Cu, Rb, Sr which allowed to establish calibration curves (R > 0.95
for all considered elements; for Rb only values of Corning glass A and D were considered) for correcting the semi-quantification
of the tesserae. On the other hand, quantification could not be achieved for other elements, such as Sb and Pb, for which only a
qualitative assessment will be provided based on the presence of their L-lines (Online Resource 1).

Mineralogical investigation was carried out using a Siemens D5000 diffractometer. The instrumental parameters were: Cu-Kα

radiation; Ni filter; 2θ angle 5–60°, angular step of 0.02° 2θ; step time 2 s; divergence and anti-scatter slits of 1° and receiving slit
of 0.1 mm. High Score Plus software v.4.8 was used for the qualitative interpretation of XRD data.
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Table 1 Recalculated concentrations (wt% and ppm) of Corning glasses A, B and D without the lighter elements

SiO2 (%) K2O (%) CaO (%) MnO (%) Fe2O3 (%) Co (ppm) Ni (ppm) Cu (%) Rb (ppm) Sr (ppm)

Corning A cert 85.23 3.67 6.44 1.28 1.40 2177 256 1.50 128 1280

Corning B cert 81.91 1.33 11.39 0.33 0.45 612 1317 3.54 n.d 253

Corning D cert 66.42 13.59 17.80 0.66 0.63 277 601 0.46 60 685

Corning A* 85.25 3.70 6.34 1.33 1.42 2210 397 1.54 132 1338

Corning B* 82.26 1.35 11.70 0.41 0.55 666 1310 3.48 n.d 347

Corning D* 67.00 13.67 17.64 0.57 0.53 229 463 0.45 55 562

A cert—quant − 0.02 − 0.03 0.10 − 0.05 − 0.03 − 33 − 141 − 0.04 − 4 − 58

B cert—quant − 0.36 − 0.02 − 0.31 − 0.08 − 0.10 − 54 8 0.06 – − 94

D cert—quant − 0.58 − 0.09 0.15 0.10 0.10 47 138 0.01 5 124

Rows in italic (“cert”) are obtained by recalculating the certified values to the total of the elements selected for this study from [31]. Rows in bold (*) represent
the obtained values from quantification in PyMCA with an adapted configuration file that includes only the elements selected for this study, and successive
calibration. Finally, the absolute difference between the recalculated certified values (“cert”) and the results of PyMCA-based quantification (“quant”) is
given. N.d. � not detected

Fig. 2 Representative
baseline-subtracted Raman spectra
of glasses. Top to bottom: Corning
glasses A, B and D; samples F3,
G5, F1 (cartellina), F2. Spectra
are stacked for clarity

3 Results

3.1 Glassy network

As expected, all the Raman spectra show the typical broad bands of glass (Fig. 2).
The spectra were subjected to baseline correction (linear segments with fixed wavenumber ranges) and a band fitting procedure,

following Colomban [30, 32, 33]. The so-called polymerization index, IP, defined as the ratio between the bending and stretching
areas, A500/A1000 has been calculated for all the studied tesserae, only considering the glass-related bands (centred, respectively,
at 550–610 and 750–1100 cm–1). Based on the IP (Fig. 3), it appears that the transparent glass of the gilded tesserae (Ip≈ 1) has a
lower value compared to the coloured glasses, where it ranges between 1.2 and 1.4. All three Corning glasses show relatively low
IP values (between 0.85 and 1.15) and show a greater similarity with the transparent glass of tesserae F1 and F2. On average, the IP

values of the erratic tesserae are slightly increased compared to those of same colour and known provenance.
When plotting the position of the maximum of the stretching and of the bending bands (Fig. 4), the coloured glasses show very

close positions for the stretching maxima and a higher variability for the bending ones. This group extends between Corning glass
A and B. Overlaying our plot on that reporting a classification by Colomban and co-authors [36], it can be observed that all of them
fall in, or close to, the soda-lime field, not allowing to distinguish possible mixed-alkali glasses.

The colourless glass, however, appears again clearly separated towards concentrations richer in calcium according to the reference
diagram. The shift is mainly based on the bending maximum, which is higher and closer to that of Corning glass D, whose chemical
composition is in good agreement with what obtained from vibrational spectroscopy. The stretching maximum of the colourless

123



Eur. Phys. J. Plus         (2023) 138:461 Page 5 of 11   461 

Fig. 3 Polymerization index
calculated for spectra acquired on
different spots of the glass
tesserae and Corning glasses A, B
and D

Fig. 4 Plot of the maxima of the
bending and stretching observed
in the glass tesserae (see legend)
and in the Corning glasses A, B
and D indicated with grey full
symbols, overlaid on the
differentiation guide proposed by
Colomban in [36]

glass is slightly lower than for the other glasses, around 1080 cm–1, corresponding to highly polymerized SiO4
4− units (also known

as Q3 units, meaning 3 of the 4 oxygens are bound to another Si atom), while in Corning glass D, the maximum is at ca. 950 cm–1,
corresponding to Q1 units instead (only one of the 4 oxygens is bound to another Si atom) [37, 38]. Moreover, the contribution at ca
780 cm–1, assigned in literature to non-polymerized tetrahedra within a glass structure [37, 38], is extremely weak or even missing
in the colourless glass spectra, suggesting a different connectivity of the glass network with respect to that of the coloured ones [32].
Compared to the thick glass, the Raman spectra on the cartellina, additionally, show the appearance of a band around 990 cm–1.
[1] describes the production process of these tesserae, which requires a double firing, in addition to the annealing phase. These
multiple heating phases probably affect the glassy network and the configuration of the silicate units, favouring the polymerization
process and therefore the increase of silicate chains and the disappearance of the less-polymerized units, as observed in glass fibres
manufacturing [39].

Further compositional observations can be drawn from Raman spectral parameters, as for example by considering the IP value
and maximum of the Si–O stretching [40]. Here, the transparent glass of tesserae F1 and F2 groups together in the soda glass area,
and all the coloured tesserae are identified as mixed alkali.

Although partial, pXRF data on some of the glass-forming elements (Table 2, Fig. 5) can help in further understand recipes and
technologies. K2O and CaO contents of the glasses appear to be intermediate between the ancient soda-lime glasses made with
natron and plant ash (Corning A and B) and the Medieval European recipe (Corning D). However, the transparent glass and glass
F3 have consistently lower potash contents, possibly indicating a different choice of fluxing ingredients and suggesting the use of
natron, as exemplified in the reference glasses. These glasses also show low lead content, which appears as signals just above the
noise level in both F2 and F3, and not detectable in F1 (Online Resource 1). Finally, when comparing CaO and K2O of coloured
glass, the blue and black tesserae group together, separate from the red and green shades. These glasses appear intermediate between
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Table 2 Calculated concentrations (wt% and ppm) data obtained from quantification in PyMCA with an adapted configuration file including the elements
selected for this study, and successive calibration based on Corning glass reference samples

SiO2 (%) K2O (%) CaO (%) MnO (%) Fe2O3 (%) Co (ppm) Ni (ppm) Cu (%) Rb (ppm) Sr (ppm)

F1 (cartellina) 76.35 3.26 16.72 1.42 1.85 188 132 0.25 91 1004

F1 76.83 3.09 16.52 1.35 1.78 165 121 0.33 28 824

F2 (cartellina) 81.95 2.77 10.98 2.03 1.85 78 95 0.31 59 835

F2 80.28 2.91 12.33 2.15 1.89 194 103 0.33 25 744

F3 89.92 1.40 6.50 0.17 1.05 70 63 0.88 19 725

G4 (dark) 75.26 6.60 12.66 0.67 2.42 149 139 2.30 24 540

G4 (light) 76.48 6.33 11.43 0.63 2.45 138 3867 2.21 31 583

G5 83.34 5.79 8.94 0.67 0.88 241 133 0.28 32 541

G6 76.91 6.28 12.62 0.70 1.09 97 122 2.29 52 743

G7 78.40 6.57 9.29 3.04 2.34 147 81 0.27 29 574

G7 (red) 78.75 6.37 9.27 2.52 2.50 154 71 0.47 50 708

E8 78.82 6.20 11.42 0.69 0.95 128 130 1.81 48 703

E9 76.46 6.16 11.87 0.70 1.11 159 159 3.58 24 635

E10 81.88 5.69 9.26 1.18 1.68 189 49 0.24 22 423

N.d. � not detected

Fig. 5 Bivariate diagram of the
detected glass-forming elements
potassium and calcium as oxides
(wt%) in the studied tesserae (see
legend) and Corning glasses A, B
and D indicated with grey full
symbols (circles represent the
measured values, diamonds the
certified ones after recalculation)

Corning glasses A and D, the latter being potash-rich. On the other hand, sample F3 is showing similarities with the transparent
glass. The former moreover shows an enrichment in silicon-containing compounds, which likely affects the quantification results
for this glass (see Paragraph 3.2).

When considering strontium (Table 2), easily detected by pXRF, F3 and the thick glass of the gilded tesserae (F1, F2) are enriched
in Sr compared to the other colours and to the cartellina. It is interesting to note that these values distinguish the tesserae from the
figurative scene from those of the geometric decoration. In the literature, it has been reported that strontium in glass (both as absolute
content and as isotopic distribution) can provide interesting insights into the used raw materials, suggesting that high contents are
related to the use of marine biogenic sediments (e.g. shells), while strontium is practically absent from limestone [41, 42].

3.2 Crystalline compounds

The sharper signals obtained by means of Raman spectroscopy (Fig. 2), superimposed on the broader glass-related bands, are
attributed to crystalline phases. In detail, they have been interpreted as quartz (SiO2; 465 cm–1), mostly present in the opaque
turquoise tessera (F3) and wollastonite (Ca3(Si3O9)) in the blue one (G5) (412, 637, 968 cm–1) [43]. Quartz therefore contributes to
the Si enrichment observed in pXRF analyses on the turquoise glass (F3), possibly in combination with selective leaching of alkalis
[44]. These compounds have already been detected in archaeological glasses [1, 11, 43, 45] and particularly in Monreale green, blue
and purple glass tesserae [1].

Quartz has been identified as opacifier in mosaic tesserae from Collesalvetti (central Italy) and Carthage (Tunisia, second–third
century AD) [5], from the Church of Saints Cosma and Damian in Rome (sixth century AD), from Messina, Sicily (probably
thirteenth-sixteenth century) [45], as well as from basilica of St. Marcus in Venice (fourteenth century AD) [15, 16] and from
Monreale, in the latter case associated with numerous bubbles [1]. The use of this poorly opacifying material seems to be connected
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Fig. 6 Bivariate diagram of
manganese vs. iron (a) and copper
vs. iron (b) content in the studied
tesserae (see Fig. 5 for legend))
and Corning glasses A, B and D
indicated with grey full symbols
(circles represent the measured
values, diamonds the certified
ones after recalculation)

with the transition from antimony-opacified glass of Roman tradition to tin-based compounds in use since the Middle Ages and
possible difficulties in accessing the relevant ores, or in mastering the recipes [1]. No antimony-containing compounds could be
revealed, as expected from the pXRF results, that only detect Sb in the Corning glasses (Online Resource 1).

On the other hand, wollastonite seems to be linked to devitrification processes of soda-lime-silica glasses, such as the palaeo-
Christian ones in Padua, Veneto [6]. It has also been interpreted in this sense in Monreale [1]. Wollastonite has also been observed in
Padova, Veneto (Italy) and Tyana (Turkey) late-Antique glass tesserae [46] as a by-product of the use of bone powder as opacifier:
the heating causes a reaction between hydroxylapatite (Ca5(PO4)3(OH)) and the glassy matrix, with the consequent formation of
wollastonite; this process has also been verified with replicas of Byzantine glass [43].

It must be observed that neither antimony-based compounds nor cassiterite (SnO2) were revealed, in agreement with pXRF data.
These former were commonly used since the Roman imperial age, while the latter together with calcium phosphate were attested
from Late Antiquity [9].

3.3 Chromophores

As well known, ionic chromophores and decolourants present in glass matrices cannot be detected by means of Raman spectroscopy
[47, 48]; therefore, they were investigated by means of pXRF and the results are shown in Table 2.

When plotting the contents of manganese and iron, a general linear trend can be observed throughout the studied samples and
references (Fig. 6a). Appropriate proportions of the two, combined with the correct redox conditions, yield a colourless glass [49,
50]. A detailed observation, however, allows to group together blue and green hues, with F3 having iron only; the two transparent
glasses of F2 show an enrichment in manganese compared to the other gilded tessera F1. The erratic black tessera (E10) groups with
these latter, confirming the inseparable contribution of iron and manganese as well as of the redox atmosphere to the final colour.
Tessera G7 has the highest content of both elements, while high iron and low manganese are observed in the red tessera G4. The
analysis carried out on a reddish spot in the black glass G7 has intermediate composition between red and black.

Copper content allows further differentiation (Fig. 6b): when it is associated with low amounts of iron, it imparts a greenish
shade, whose highest intensity is observed in the dark green erratic tessera [1, 23]. Copper appears also associated with iron in the
G4 red tessera [51], with little variations across the lighter and darker shades. It is absent in the black and transparent glasses, where
iron is associated with manganese (Fig. 6a). Corning glass A and B have a bluish hue, and their copper content supports that.

The highest level of cobalt is observed in the blue tessera G5 (ca. 250 ppm). This might be sufficient to impart the blue colour to
glass, together with ca. 0.3% of copper. Genuine gold is detected through the cartellina in both tesserae F1 and F2 (Online Resource
1).
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Fig. 7 Representative
baseline-subtracted 785-nm-laser
Raman spectra of mortar samples
(a) and a representative one
acquired on salts (b). In the inset
(c), a representative high
wavenumber Raman spectrum
acquired on the salts with 532 nm
laser. Spectra are stacked for
clarity

3.4 Mortars and salts

Several Raman point analyses were performed with 785 nm laser on samples scraped from the mortar, three representative spectra
are shown in Fig. 7a. Different minerals were found; the carbonate phase shows a broadened ν1 band around 1088 cm–1: this might
be due to the coexistence of calcite (CaCO3; 282, 710 and 1086 cm–1) and magnesite (MgCO3; 213, 327, 738 and 1090 cm–1), the
latter better distinguished by the 327 and 738 cm−1 bands [52]. Besides, it is well known that increasing amounts of magnesium
in Mg-calcite shift the main band position towards higher wavenumbers; therefore, its possible presence should be considered, too
[52]. Gypsum (CaSO4·2H2O; 419, 494, 620 and 1008 cm–1) and a hydrated magnesium sulphate (245, 362, 445, 465, 611 and
985 cm–1) like epsomite (MgSO4 ·7H2O) or hexahydrite (MgSO4 ·6H2O) [53, 54] could also be found.

The Raman spectra acquired on the efflorescences can all be represented by the spectrum in Fig. 7b, where the above-mentioned
signals of hydrated magnesium sulphate are visible, mirroring the magnesian nature of the mortar. Figure 7c shows a representative
Raman spectrum of salts acquired with the green laser in the 2500–4000 cm−1 region, which could help in the distinction of
magnesium sulphates at different hydration levels. The shape of the band and the position of the maxima at about 3305 and
3435 cm−1 lead to the identification of epsomite [55]. XRD measurements were conducted on representative samples of both
mortars and salts. The mineralogical composition of the mortar in Fig. 8a is determined by the presence of calcite, magnesite,
gypsum, quartz, dolomite (CaMg (CO3)2) and CSH (calcium silicate hydrates, e.g. tobermorite) phases, while the salts sample
(Fig. 8b) shows the presence of gypsum and both epsomite and hexahydrite, which was not identified with Raman spectroscopy.
This apparent discrepancy in results should be attributed to the different sampled volume between the two techniques.

Mortars sulphation with the consequent crystallization of magnesium sulphate and gypsum is common whenever combining a
magnesium-rich mortar and a sulphate-bearing compound [56] and can be due to the exposure to environmental pollution [57], even
though cases of epsomite formation on pure calcium carbonate substrates are attested if alternative sources of magnesium and/or
sulphate are present [58]. In our case, the calcium sulphation due to the water infiltration that affected the considered section of
South aisle wall of Monreale Cathedral could be the cause of the appearance of gypsum. The latter would probably react in turn
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Fig. 8 XRD diffraction patterns of
mortar and salts. a) mortar
sample, where cal � calcite, mgs
� magnesite, gp � gypsum, qz �
quartz, dol � dolomite and tbm �
tobermorite. b) salts sample,
where esm � epsomite, hhy �
hexahydrite and gp � gypsum.
Abbreviations according to [59]

with the magnesium carbonate phases in the mortar (i.e. magnesite and dolomite), giving rise to the hydrated magnesium sulphates
as end products.

4 Conclusions

These results add to the limited data available on this incredible heritage site and in general on mosaic glass after the twelfth century.
The combination of Raman spectroscopy and X-ray fluorescence analyses proved once again extremely helpful in unravelling

multiple aspects of the glass composition and of its manufacture, in a fully non-destructive way. The colourless glass tesserae
appear different from the coloured ones, which in turn are similar notwithstanding the colour. The only exception is represented
by F3, which is from the figurative scene and that has some similarities with the gilded tesserae F1 and F2. Chromophores were
successfully identified. Opacification is achieved by the use of quartz, while neither tin and/or antimony and related compounds
are observed. Wollastonite has also been identified, but its origin could not be clarified from non-destructive analyses. Raman
spectroscopy, moreover, seems to be able to track the specific manufacturing process of the gilded tesserae, requiring multiple
heating steps which affect the glassy structure. Furthermore, the investigation of the bedding mortar and of the efflorescences that
affect their conservation highlighted the presence of magnesium-bearing minerals in the former, with the consequent formation of
hydrated magnesium sulphates as degradation products.
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