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Abstract

:

The archaeological excavations at Villa San Pancrazio (Taormina, Italy) are bringing to light a vast Roman-Imperial residential quarter featuring luxurious dwellings decorated with wall paintings and mosaic floors, pointing it out as one of the most significant archaeological sites of the city. The polychrome and black and white mosaics recovered date back to the middle Imperial period, during the 2nd century AD. This work deals with the first archaeometric investigations of the materials employed for the tesserae production with the aim of elucidating the mineralogical composition and obtaining analytical evidence that can contribute to extracting information related to their production technology. For that purpose, a non-invasive methodology, based on micro energy dispersive X-ray fluorescence (μ-EDXRF) spectrometry and Raman spectroscopy, was used to characterize a wide selection of stone, ceramic and glass tesserae. Chemometric tools were exploited to manage the large set of elemental data collected on black and white lithic samples, providing essential clues for the subsequent investigations. The results evidenced the employment of natural lithotypes (calcareous sedimentary, dolomitic and volcanic) local and imported, and also artificial materials, such as ceramic made firing magnesium-rich clays, soda-lime-silica glasses made with different opacifying and coloring agents (such as calcium antimoniate, cobalt and copper).
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1. Introduction


In recent decades, research on Roman architecture and architectural decoration has broadened its horizons to the study of production processes, in particular in the fields of stone and stucco decoration and wall painting; therefore it has offered important contributions to the reconstruction of social and economic dynamics in both public and private building activities. Even in the field of mosaics, the traditional iconographic and stylistic approach has been recently supported by multidisciplinary investigations on the origin of raw materials, as well as on the techniques of execution, division of labor and costs [1]. Literature on these aspects is more consistent for some areas of the Roman world, particularly in the provinces of north-western Europe [2,3]. On the contrary, the enormous potential of Sicily has been only minimally exploited to date [4,5], despite the fact that the island boasts a rich corpus of mosaics from the Roman age [6], belonging above all to rich urban domus and extra-urban villas, within which mosaics, as well as wall paintings, are a fundamental indicator of the owner’s economic, social and ideological status.



More generally, however, from the results of such studies historical and archaeological considerations on the role of commissioners, on the organization of workshops, on the methods of obtaining and processing raw materials and on the working procedures have only rarely been developed. Therefore, many questions about the production process of mosaics in the Roman world still remain open and, at least for some of them, the development of multidisciplinary research can offer important contributions, especially as regards the technical, economic and commercial aspects connected to the selection and manufacturing of raw materials. From the perspective of acquiring useful data for this area of research on mosaics, the case study of the Hellenistic-Roman residential area of Villa San Pancrazio in Taormina (Sicily) offers optimal conditions thanks to the high number of well-preserved mosaics, mostly bichromatic (black and white) but with some monochromatic (white) and polychromatic specimens too; furthermore, recent excavations have made it possible to acquire a deep overall knowledge of the archaeological and monumental context [7]. Accordingly, an interdisciplinary team selected a variety of suitable tesserae and designed an integrated archaeological and chemical exploration approach, with the aim of obtaining the first archaeometric clues as a rational support for further in situ investigations.



In this regard, as is well established for archaeometric investigations on mosaics of historical and cultural value, the employed analytical methodology should be mainly based on non-destructive techniques allowing, at the same time, the analysis of a large number of samples in order to provide statistically significant results. More in detail, the investigation should ensure the analysis of the tesserae as they are, avoiding any damage, carrying out in situ non-invasive studies or, if strictly required, moving the samples to the laboratory for non-destructive tests and then relocating them to their original position for the mosaic restoration [8,9]. Another critical issue to be considered should be the minimization of any consequence coming from the samples’ exposure to an environment different from the original one, or from their moving to the laboratory, since the abrupt change in the complex soil–air coupled preservation conditions, which ensured tesserae conservation for centuries, could activate alteration processes (cracking, salt enrichment, biofouling, etc.) and accelerate their deterioration [10,11,12,13]. According to the cited requirements, the combination of X-ray fluorescence (XRF) and Raman spectroscopy has been so far largely exploited since it allows the non-destructive collection of a large amount of data in a relatively short time providing, at the same time, high chemical specificity [14,15,16]. In this sense, a variety of archaeometric studies [17] have shown the benefits of the synergic combination of the above techniques as a powerful tool for a reliable characterization of the most common matrices found in archaeological excavations such as metals [9,18], pigments [19,20,21], mirrors [22], stones [23,24], ceramics [25,26] or glasses [8,27,28]. Among them, literature reports specifically dealing with mosaics which evidenced that XRF and Raman spectroscopy were successfully exploited not only to characterize bulk materials, but also to robustly identify trace components related, for instance, to a natural stone color, or compounds used as flux, or even dyes and opacifiers present within the tesserae matrix [24,29].



In this work, energy-dispersive X-ray fluorescence (EDXRF) spectrometry was selected as the first analytical technique to explore the compositional major and minor elements of the stone, ceramic and glass tesserae recovered from the Roman domus being excavated in the Villa San Pancrazio in Taormina. Furthermore, since most of the mosaics from the site are bichromatic, a principal component analysis (PCA) was performed on the elemental data obtained from white and black tesserae to relate their composition to the sampling location, as well as to manage, on a rational basis, a suitable protocol for subsequent targeted molecular investigations. Then, for a deeper insight into the sample exploration, a Raman analysis was carried out, employing different lasers to improve the quality of spectral signals, since they are often compromised by fluorescence effects caused either by the occurring of clays or organic compounds into the samples, or organic matter and dust due to external agents and burial conditions [16,30]. Accordingly, the fluorescence background can be reduced by the selection of the laser excitation wavelength based on the sample color and nature, sometimes allowing the enhancement of the Raman signal by several orders of magnitude. For example, the green one is the most suitable for green and blue tesserae, whose color is commonly related to the presence of green earths, minerals and pigments of natural or synthetic origin, or to the incorporation of transition elements within the glass structure [9,30,31]. Only for cases of strong fluorescence, in which the use of the photobleaching technique (overexposure to laser) or the laser line change were not sufficient to acquire the proper signals, or when the identification of compounds having low Raman scattering was required [32,33], was the micro-destructive X-ray powder diffraction (XRD) analysis used to support and/or deepen the hypotheses raised [34].



The Archaeological Context


The ancient Tauromenium is located in correspondence with the present Taormina, on the eastern coast of Sicily, just over twenty kilometers from the north-eastern slopes of Mount Etna. In the Roman-Imperial age it was one of the most flourishing urban centers of the island [35]. The origins of the city date back to the mid-4th century BC but it is from the following century that Taormina experienced a period of economic and political growth, thanks to the resources of the territory and its very favorable strategic and commercial position, controlling the transit routes in the Strait of Messina [36]. The importance of the city is also reflected in the size and monumentality of the Hellenistic urban layout, which was maintained with few changes until the end of antiquity. The public areas and monuments of the Hellenistic-Roman city have been the subject of archaeological investigations for over a century and are also well known to a wider public, specifically the spectacular theater. Private houses are less known, being documented above all by emergency excavations of the past century, which have brought to light in different areas of the modern urban center the remains of wall structures, floor mosaics and wall paintings clearly belonging to medium–high level residences, mostly from the Imperial Age (1st–3rd century AD) [6,37,38,39,40]. The better-known examples of Tauromenium Roman houses have been excavated within the park of Villa San Pancrazio, a hotel built in the early 1900s on the northern limit of the ancient and modern town [35] (Figures S1 and S2). In the past century, the regional Superintendencies of Syracuse, and then of Messina, excavated a large house of the Imperial Age (Domus 1) in the north-western sector of the park [41,42,43] (Figure S3); starting from 2015, the University of Messina resumed and expanded investigations in the area, completing the excavation of Domus 1 and bringing to light parts of three other adjoining houses, still under excavation (Domus 2, 2a and 3) [7] (Figure S3). The above-mentioned domus spread on terraces sloping down a steep hillside and were part of a residential area built between the 1st century BC and the 1st century AD. In this period, judging from archaeological evidence, the construction can be referred as on the highest terraces of Domus 3, of which only a few rooms have been investigated so far, and of Domus 2, of which instead a larger surface has been excavated [7,35]. Only later, around the middle of the 2nd century AD, Domus 1 was built on the lower terrace. In the same period, it seems possible to date some rooms excavated in the uppermost terrace of the area, belonging to another, still almost unknown house, provisionally called Domus 2a.



The most widely excavated houses, Domus 1 and Domus 2, are high-class residences, as indicated above all by the overall size and the number of rooms, which in both houses are distributed on the four sides of an open central courtyard bordered by columns. Another indicator is the presence of floors and wall decorations of a certain commitment, more or less elaborate according to the function of the individual rooms [44]. In the oldest of the two, Domus 2, the decoration of the interior spaces is entrusted above all to wall paintings (Figure S4), while the floors are made of simple mortar, opus signinum or brick; in the excavated part of the house no mosaic floors have been found. In Domus 1, on the other hand, the spaces of the house intended for representative functions have both high-quality wall paintings (unfortunately poorly preserved) (Figure S5) and very well-preserved floors with polychrome or black and white mosaics, characterized by various decorative patterns.



The ambulatories that surround the four sides of the Domus 1 central court exhibit black and white geometric mosaics, employing differing patterns on each side: the north and south ambulatories have a scale pattern, the western has squares and lozenges with swastikas, the eastern has laced circles (Figure 1). All these patterns were widely used throughout the Imperial Age. The rooms opening on the north and west ambulatories of the court have pavements of other types, thus showing a non-representative role, apart from Room 1, which lies on a higher level on the west side of the house.



The refined black and white mosaic of Room 1 is the only figurative example so far discovered in Domus 1: the center of the room shows a squared pseudo-emblem (0.56 m × 0.58 m) depicting a male figure striking a vine tree with a double-edged axe (Figure 2). The scene has been identified by several scholars as a representation of the myth of Lycurgus and Ambrosia according to an iconographic scheme common in the 2nd century AD [6]. Around the central scene, the mosaic follows a uniform geometric pattern of black squares arranged obliquely and linked by the corners thus constituting horizontal and vertical white lozenges.



The southern ambulatory of the court gives access to three adjacent rooms (16, 17, and 18) with a lavish wall and floor decoration. The back wall in each of them, preserved up to 3.75 m in height, is arranged with a semi-circular statue niche covered by poorly preserved mosaics (Figure 3a). In the central Room 17, the biggest of the three, a small archaeological test trench carried on the north side revealed part of a polychrome mosaic with white, red, brown and blue tesserae (Figure 3b).



The pattern displays a simple guilloche cornice framing a geometric composition with four tied circles with a four-petalled rose in the center. Although the mosaic has not yet been fully excavated, both the complexity of the design and the quality of execution can be already guessed, making it the highest-level example of the entire residence. The very distinguished arrangement of Rooms 16, 17 and 18 (position, plan, internal decoration) clearly indicates their representative function, most likely connected to public, social and political activities of the landlord. Another mosaic with black and white tesserae, in a very poor state of preservation, is located in Room 13 (Figure 4a) opening on the eastern ambulatory of the court, while monochrome mosaics with white tesserae are found in Rooms 9 and 28 on the same side of the house. As regards Domus 2a (Figure S2), on the highest terrace of the area, the very limited portion already brought to light shows floor mosaics of the same richness as the contemporary Domus 1. A polychrome mosaic with a zig-zag pattern and a simple guilloche frame has been partially uncovered in Room 22 (Figure 4b), while Room 28 shows another black and white mosaic (Figure 4c). Additionally, fragments of polychrome and black and white mosaics have also been found in layers related to the collapse of the same house.





2. Materials and Methods


2.1. Sampling


For all the samples, the excavation data ensure that they originally belonged to mosaics of Domus 1 and Domus 2a (no mosaics have been discovered to date in Domus 2). Sampling was carried out by carefully selecting, when possible, already detached tesserae of the most significant areas of each mosaic, also covering the full range of colors. More specifically, a set of 72 stone tesserae (37 white, 30 black, 2 pink, 1 red, 1 orange and 1 yellow) was collected from the different mosaics together with 7 glass tesserae (3 blue, 1 red and 3 slightly opaque whitish samples) recovered from the niche area of the central room (Room 17) of the southern side of Domus 1.



The first visual inspection evidenced the good conservation state of the full set of stone samples, since none of the 72 lithic tesserae showed macroscopic deterioration phenomena, i.e., no crusts, efflorescence or significant loss of materials were observed. However, it is worth mentioning that a slight chromatic alteration was detected in some of the black and white samples, where a thin and uniform pale whitish patina was present. The presence of newly formed calcite on carbonate lithic surfaces may be related to the impact of dissolved CO2 and/or to biodeterioration phenomena occurring at the soil–air interphase [45,46]. However, this whitish layer resulted in a macroscopic chromatic alteration, so that in the first samples’ cataloging operations some black samples were wrongly classified as pale blue tesserae. Conversely, some of the glass tesserae displayed surface iridescence, clearly indicating the occurrence of macroscopic degradation. Once the samples were collected, they were gently brushed; the lithic tesserae were also washed with demineralized water and dried at 60 °C for 48 h. All the samples were photographed (Figure 5), stored in zip bags and labeled for being transferred to the laboratory and then left under controlled environmental conditions before analyses.



The nomenclature used indicates nº sample/domus/room/color; in which the final “V” has been assigned only for glassy samples (Table S1). No sample treatment was performed prior to carrying out the spectroscopic analysis. Exceptionally, samples with the mentioned pale whitish patina, identified as calcite by Raman spectroscopy, were slightly polished to avoid interferences in the surface analysis. Furthermore, since for a selected small sample set a micro-destructive XRD analysis was required, the Italian guidelines (normal 3/80) [47] of minimally invasive sampling were strictly followed. For this purpose, a scratch with a scalpel and a grind with agate mortar were employed.




2.2. Instruments


The dual M4 TORNADO ED-XRF spectrometer (Bruker Nano GmbH, Berlin, Germany) was used to study the elemental composition. The equipment presents two micro-focus side window Rh X-ray tubes powered by low-power HV generators and cooled by air. The first tube can work between 10–50 kV and 100–600 μA and it is connected to a poly-capillary system that allows it to work under a lateral/spatial resolution of 25 μm measured for Mo Kα (around 17 mm at 2.3 keV to 32 μm at 18.3 keV). The second X-ray tube is able to operate at a maximum of 50 kV and 700 μA, and it is coupled to a mechanical collimator that allows X-ray spot sizes of 1 mm. The detection of the fluorescence radiation was performed using a XFlash® silicon drift detector with 30 mm2 of the sensitive area and an energy resolution of 145 eV for Mn-Kα. For this work, in accordance with the sample size and heterogeneity featuring the major and minor elements composition, the collimator was used for single point analysis of white and colored tesserae whereas the poly-capillary optic was used for the analysis of black samples. In all cases, the live time employed for each single acquisition was 150 s. For most of the elements, the selected line was the Kα1, except for Ba for which its corresponding Lα1 line was employed. The average composition was calculated from 5 to 10 measurements per sample for the collimator and poly-capillary systems, respectively, and the elemental results were presented in wt.%. In addition, to improve the detection of the lightest elements (Z > 11), the measurements were acquired under a vacuum (20 mbar) by means of a diaphragm pump MV 10 N VARIO-B. Data collection and interpretation were carried out by means of the software M4 TORNADO (Bruker Nano GmbH), whereas the quantitative analyses were carried out using the deconvolution M-Quant software package based on the application of fundamental parameters quantitative methods, previously validated with analogous lithic standards.



The EDXRF data obtained for the black and white samples were independently submitted to a PCA multivariate analysis after column autoscaling. A data analysis was performed in the Matlab environment (The MathWorks) version 2020a, using the PLSToolbox package (Eigenvector Research). A total of 37 white and 30 black samples were analyzed including a part of the name, two categorical variables, namely Domus (D1 and D2a) and the room of discovery. A total of 21 and 14 continuous variables were determined for white and black samples, respectively.



An inVia confocal Renishaw Raman microscope was used to perform the molecular characterization. The spectrometer is equipped with a Peltier-cooled CCD detector and coupled with a DMLM Leica microscope with a motorized XYZ positioning stage with integrated position sensors on the X and Y axes. The measurements were carried out using the 20× and 50× objectives together with 785 nm, 633 nm and 514 nm excitation lasers. A daily instrumental calibration was performed using the band at 520.5 cm−1 of a silicon chip. The Raman spectra were acquired using the Wire 3.0 Renishaw software and the treatment was made using Wire 3.0 and Origin 2017 software. For the data interpretation the e-VISART, e-VISARCH, e-VISNICH and RUFF spectra databases were used [48,49,50,51].



In samples showing high fluorescence that hindered the assignation of the Raman spectra, an XRD analysis of the ground samples was performed with a PANalytical X’Pert PRO diffractometer equipped with a copper tube (λCuKαmean = 1.5418Å, λCuKα1 = 1.54060 Å and λCuKα2 = 1.54439 Å), a vertical goniometer (Bragg–Brentano geometry), programmable divergence aperture, automatic interchange of samples, secondary graphite monochromator and PixCel detector. The operating conditions for the copper tube were 40 KV and 40 mA, with an angular range (2θ) scanned between 5° and 70°. The treatment of the diffractograms and the mineral phases’ identification were carried out using the specific PANalytical X’Pert HighScore software, in combination with the Power Diffraction File database (PDF-2) from the International Center for Diffraction Data (ICDD) [52], determining the semi-quantitative values as a function of the height of the maximum diffraction peak for each phase identified.





3. Results and Discussion


Experimental data are discussed in this section by material typology (natural or artificial, i.e., stone or glass), and then by colors.



3.1. Stone Tesserae


3.1.1. White and Black Tesserae


The EDXRF average data obtained from the full set of white and black samples are shown in Table S2.



In detail, a calcareous nature was observed in all white samples by the identification of Ca as a major element, with values between 96 wt.% and 99 wt.%, decreasing to 80 wt.% for tesserae coming from the east ambulatory of Domus 1, namely 11AEW-51AEW, and for the 1222W sample only. For these samples, a significant amount of Mg (i.e., approximately 19 wt.%) was found. In addition, all the samples showed the presence of Sr, Mn, P, Ni, Zn and Fe as trace elements. Among them, the presence of strontium should be noted since the found levels seem to be compatible with the lithotypes of the area, suggesting local supplying [53,54]. All the other elements (i.e., Ti, Al, K, S and V) were always randomly present as trace components. In order to find similarities among the samples within the set of white and black tesserae, as well as to relate the samples’ composition with their location into the archaeological site, a PCA was performed on white and black samples. The score plot obtained for the white tesserae semi-quantitative EDXRF data was assessed by coloring samples as a function of the room of discovery, where the shape of symbols accounted for the Domus (Figure 6a); sample names are omitted for the sake of clarity. The loading plot of white tesserae data are given in Figure 6b.



Three groups may be evidenced in the score plot: the first featured negative values on PC1 including all east ambulatory (AE) white tesserae and one sample coming from Room 22 (Domus 2a); the second, with positive values on both PC1 and PC2, that includes all samples of Room 17 (Domus 1), one from Room 1 (Domus 1), one from Room 22 (Domus 2a), one from Room 28 (Domus 1) and one from Room 28 (Domus 2a); the third, the most numerous, containing all samples belonging to Room 9 (Domus 1), Room 13 (Domus 1), Room 28 (Domus 1, except one), 28 (Domus 2a, except one), Room 1 of Domus 1 (except one) and one sample of Room 22 (Domus 2a). All white samples found in Room 22 showed a different composition, i.e., they did not form any grouping, not allowing any further consideration. Looking at the loading plot (Figure 6b), samples collected in the east ambulatory are characterized by the highest amount of Mg (negative values for PC1), are relatively rich in Ni and V and show low concentrations of elements such as Ca and Sr (S in a lower extent), that are related with the positive values of PC1. Accordingly, tesserae from Room 17 are characterized by low concentrations of Mg as well as relatively high concentrations of Sr with some other elements such as Si, Al or K and Fe, which are mainly related to PC2. Tesserae from Rooms 1, 9, 13 and 28 form a group where essentially samples made of calcite, characterized by high Ca concentrations, belong. PC1 mainly explains the ratio between Mg and Ca and the content of Sr, while PC2 accounts again for the amount of Ca and for the contribution of trace elements such as Fe, Si and Ti.



It is worth mentioning that samples collected in Rooms 13 and 17 (Domus 1) displayed the same group for both black (see later) and white samples as well as the east ambulatory of the court (Figure S6).



The Raman analysis of the different types of white tesserae provided additional information, allowing us to identify in the first group characterized by a high Mg content (east ambulatory, see Figure 6b), not only calcite, but a significant presence of dolomite (CaMg(CO3)2, signals at 177, 301, 725 and 1098 cm−1) and also a displacement of the main calcite band, revealing the presence of significant amounts of magnesium-rich calcite (signal at 1087 cm−1). XRD measurements carried out on white samples of this group allowed us to semi-quantify the relative ratio between dolomite and calcite around 88% and 12%, respectively. These samples showed some occasional grains of pyrite (signals at 343, 380 and 431 cm−1) as well. On the contrary, in the Raman spectra collected in the second group of white tesserae including samples from Room 17 and characterized by the highest amounts of Ca (positive side of PC1, see Figure 6a,b), calcite was identified as the main carbonate phase, although high magnesium calcite was also detected in the 2117W sample. The Raman spectra collected on samples belonging to the third group (Rooms 1, 9 13 and 28) showed only calcite, as also confirmed by the XRD measurements.



All the reported findings for magnesium containing white tesserae are compatible with the composition of the typical dolomitic lithotypes of the area, already identified in the materials employed in the mosaic pavements of another Roman house explored in Taormina, in the nearby area of Porta Pasquale [39,40,55]. Moreover, the use of magnesium containing material for obtaining the tesserae of the pavement of the Domus 1 east ambulatory could have been not a casual choice, since it could have been perhaps related to the empiric awareness of dolomite resistance against weathering [56]. Figure S6 shows the outdoor location of the east ambulatory, clearly exposed to atmospheric agents like rains. In this light, the employment of low water-soluble materials, in particular at acidic pHs, as is typical of rains closer to volcanic areas, could have been a reasonable option to avoid their possible deterioration. Accordingly, from a chemical point of view, the use of dolomitic material, instead of calcite, should be preferred, since at acidic pH (5.7–6.1) the solubility product in water of the magnesium-containing carbonate (pKs range = 16.6–17.8) [57,58] is almost nine orders of magnitude higher than the one displayed by calcite (pKs = 8.4–8.5) [59,60,61].



Black tesserae displayed a much higher heterogeneous elemental composition. In detail, all the samples taken from Domus 1, Room 17 (8117B-12117B), the ones from the east ambulatory (61AEB-101AEB) and those coming from Domus 2a, Room 22 (4222B-8222B) evidenced a calcareous nature of the Ca amount ranging between 74 wt.% and 86 wt.%. Si was also present as a minor element in significant amounts, between approximately 9 wt.% and 16 wt.%, followed by Al and Fe that reached, as their highest values, 3 wt.% and 2 wt.%, respectively. Mn, Cr, Ti, Sr, S, Zn, Mg and K were mainly found to be trace elements. However, all the other black tesserae were characterized by having Si as a major element, with percentages of approximately 30 wt.% and 47 wt.%, and a significant concentration of Ca and K, depending on the sample. In this set, 611B, 911B, and almost all samples collected in Domus 1, Room 13 (i.e., 6113B-8113B and 10113B, as well as 6228B, 8228B and 10228B) were Ca-rich samples with values ranging from 15 wt.% to 23 wt.% and also with significant amounts of K, Al, Fe and Mg in the range of concentrations of Ca of 8–16 wt.%, 11–16 wt.%, 8–13 wt.% and 1–4 wt.%, respectively. On the contrary, a K-rich composition was found for 711B, 811B, 1011B, 9113B and 9228B with potassium concentrations ranging between 16 and 25 wt.%, followed by Ca at about 12 wt.%, Al at 16 wt.%, Fe in the range of 4–11 wt.% and concentrations close to 2 wt.% for Mg. Na was independently detected in both sets of samples between 1 wt.% and 3 wt.%, whereas Sr, P, Mn, Rb, Zr, Ba, Cu, Zn and Ti were always found as trace elements for all the black samples. The observed elemental compositions, together with the close location of the Etna volcano, allowed the advancement of the hypothesis that some of the black tesserae could have a local volcanic origin [62,63].



The score and loading plots for black tesserae EDXRF data in the space of PC1 vs. PC2 for 69.0% of the total explained variance are reported (Figure 6c,d). Looking at Figure 6c, sample groupings can be clearly distinguished: the first featured by negative values on PC1, including samples from Room 17, 22 and the east ambulatory (AE) of Domus 1; the second with samples coming from Rooms 1 and 13 from Domus 1, and Room 28 from Domus 2a. The loading plot clearly shows that PC1 was related to the main nature of the material, displaying Ca and Si at opposite values (negative correlation, as observed above for Ca and Mg in the case of white samples), thus accounting for black carbonate stones on the negative side and black stones of probable volcanic origin on the positive side of PC1 of the score plot in Figure 6c. Among the non-carbonate samples, samples from Room 13 were characterized by the highest amounts of strontium and lowest amounts of K, which were the main elements explained by PC2. Furthermore, samples belonging to Room 28 (Domus 2a) and Room 1 (Domus 1) showed a heterogeneous composition regarding PC2. It is worth mentioning that according to the XRF database of Italian volcanic stones [64], high potassium volcanic lithotypes are typically quite common in central Italy (i.e., Vesuvius and other volcanoes from the Mediterranean area) or in the Eolian Islands, especially near Stromboli, and not in the volcanic area in nearby Taormina, i.e., from Etna. Looking at the contribution of potassium to PC2, samples from Room 13 were characterized by low concentrations of this element and appeared, at first sight, to be compatible with the composition of Etna volcanic stones, whereas some tesserae from Room 28 of Domus 2a and Room 1 could be imported.



All the collected data suggested the employment of two types of volcanic rocks with different origins. Another hypothesis could be advanced to explain such results, assuming the use of a single kind of volcanic stone suffering two different weathering phenomena, since aluminosilicates can be hydrolyzed, in slightly acidic pH conditions, and be lost by dissolution [16]. However, this hypothesis was discarded as both kinds of volcanic stones were found, in various cases, inside the same room (i.e., Room 28 in Domus 2a and Room 1 in Domus 1; Figure S6), so that neither a different environmental exposure of the same kind of stone (i.e., indoor and outdoor) nor the activities carried out inside the rooms could be invoked to explain such an argument.



Raman analyses corroborated the elemental investigations, providing additional compositional information of each typology of black tesserae. In detail, the spectra collected on samples belonging to the first group (Figure 7) characterized by high Ca concentrations, evidenced the presence of calcite (CaCO3, signals at 154, 281, 712 and 1085 cm−1) as the major compound, and also detected, as a minor phase, high magnesium calcite (CaxMg1-xCO3, main signal at 1088 cm−1). Silicon was mainly identified as quartz (α-SiO2, by a main Raman peak at 464 cm−1). Amorphous charcoal was commonly detected (characteristic double band at 1325-1600 cm−1) and, in very few cases, gypsum was found (CaSO4·2H2O, signals at 414, 493, 619, 670, 1008 and 1135 cm−1); this was very likely the only degradation compound formed by an acid attack on the original carbonatic matrix [15], which also helps in the explanation of the closeness of Ca and S in Figure 6d. Finally, iron was mainly found as hematite (α-Fe2O3, characterized by signals at 660, 615, 409, 290 and 226 cm−1) and, sporadically, as pyrite (FeS2, signals at 339 and 373 cm−1).



In order to further ascertain the type and/or amount of aluminosilicates present in the black tesserae of carbonate nature, XRD measurements were performed on selected samples. On this sample set, a percentage of aluminosilicate between 5 and 10% was found, with the relative proportion between calcite and quartz being approximately 84% and 16%, respectively. Therefore, all the findings suggested that the black tesserae belonging to the first group could correspond to the local typical deep grey/black marly limestone [65,66,67,68,69].



The Raman spectra collected on volcanic tesserae showing high-K content (Figure 8) (samples from Rooms 1 and 28, see Figure 6c,d) often showed the iron in the form of hematite. Moreover, pyrite was not found in these samples, in agreement with the PC1 vs. PC2 representation, where S was negatively correlated with Fe. On the contrary, quartz (signal at 465 cm−1) and even apatite (Ca5(PO4)3(F, Cl, OH), signals at 428, 445, 580, 589, 605, 614, 963, 1033 and 1058 cm−1) were also identified in this type of sample, in agreement with the concentration values of Si and P observed in the samples. In addition, different compounds of magmatic origin such as leucite (KAlSi2O6, signals at 149, 183, 497 and 529 cm−1), unoriented nepheline ((Na,K)AlSiO4, signals at a 203, 267, 352, 398, 464, 995 and 1086 cm−1) and calcium diopside (CaMgSi2O6, signals at 137, 319, 350, 386, 664, 853 and 1011 cm−1) were frequently found. The detection of leucite in the high-K samples also explains both the high amount of K and the correlation among K, Al and Si in the loading plot (Figure 6d) of black tesserae.



The XRD analysis fully supported and extended the spectroscopic findings by the identification of anorthite, norsethite (CaMg(CO3)2), augite (Ca(Fe,Mg)Si2O6), leucite, nepheline and pyroxene family compounds, probably in the form of diopside (Figure 9). In addition, as is common for volcanic materials, significant amounts of amorphous phases (volcanic glass) were found. Volcanic compounds were identified in the group of low-K volcanic tesserae; that is, samples from Room 13. For these tesserae, anorthite (CaAl2Si2O8, main signals at 483, 505 and 559 cm−1) was commonly found and, as expected considering the concentrations detected by XRF for Si and Al, in this case, quartz and leucite were neither identified by XRD nor by any of the other techniques employed. An accurate literature analysis on Italian volcanic rocks data confirmed that the black K-rich samples composition [70] was compatible with the ones displayed by some effusive volcanic rocks found in the northern Lazio area (Albani hills, Ernici, Sabatini mounts) and Stromboli Island [64] featured by three main mineralogical phases namely leucite, augite or diopside and nepheline. However, low-K black tesserae displayed anorthite as a significant component, which is typical of Taormina and Etna areas’ geochemistry [62,71], and quartz as an accessory phase.



This evidence also contributes to discarding the mentioned hypothesis of the employment of a single kind of volcanic stone involved in different weathering phenomena, suggesting instead the supplying of raw materials of different origins to obtain the black tesserae that, as shown by the archaeometric findings, could be explained in various ways. It should be premised that in most cases tesserae were made directly on the site by the workers in charge of creating the mosaics, by cutting larger pieces of stone, which could have come either from local quarries or been imported; on the contrary, evidence regarding workshops specifically devoted to the processing of tesserae is scarce [1].



Therefore, the hypothesis that ready-made tesserae were imported to Taormina from other centers seems unlikely. Moreover, the theory that on the site there was a group of non-local workers, who had brought raw materials from their place of origin can be discarded since the homogeneous stylistic characteristics of all the mosaics of the domus would lead to the exclusion that they were made by different workshops (local and non-local). It seems more plausible to hypothesize that non-local volcanic stones were already present in Taormina as building material or for some other purpose and that, once dismissed, they were purchased and reused for obtaining tesserae on the working site. Alternatively, it could be assumed that a batch of non-local volcanic stones was directly purchased from the market either for reasons of economic convenience or because it was considered preferable to the local one for technical reasons (better workability) or for higher aesthetic qualities; about this, it should be taken into account that the choice of different materials could be related to the higher or lower importance of the rooms (i.e., to their private or representative functions). All the data found about the black and white samples open new questions and raise several issues about the origin or the specific choice of precise lithotypes for tesserae production, and clearly indicate that further in situ investigations are indeed required to clarify the proposed hypotheses.




3.1.2. Pink and Red Tesserae


The EDXRF measurements carried out on pink 7117P and 11222P tesserae (Figure 5) evidenced a calcareous nature with Ca and Mg percentages of around 80 wt.% and 18 wt.%, respectively, and trace elements content related to the presence of Fe, Sr and Al. In addition, Raman spectra collected for 7117P and 11222P revealed the presence of dolomite (signals at 177, 300, 725 and 1097 cm−1), calcite and hematite. XRD data fully supported the spectroscopic findings with a relative ratio of dolomite and calcite of around 88% and 12%. This composition matched the one observed for white samples located in the east ambulatory of Domus 1, suggesting the use of similar local limestones. The difference of lithotypes’ color could be related to the trace presence of Fe, as found in 7117P and 11222P, which is usually related to pink and red hues [72] (Table 1). This can be further observed looking at the elemental compositions of pink samples and 1117R (Room 17, polychrome mosaic Figure 3). Accordingly, the red tessera featured a major amount of Ca (88 wt.%), and the absence of Mg, which were the main differences related also to a 10 wt.% content of Si and to higher levels of Fe traces, with respect to the pink ones (1 wt.% vs. 0.2 wt.%). Raman investigations on red tessera allowed us to identify calcite, quartz, hematite and magnetite (Fe3O4, signal at 670 cm−1). The XRD measurements confirmed the spectroscopic findings, providing also an estimative relative ratio between calcite and quartz in 1117R (i.e., 79% and 21%). The color difference between pink and red tesserae could be related to hematite, which was actually detected in both kinds of tesserae by Raman, but its identification and estimation by XRD, known to be quite difficult, was not possible in the collected diffractograms. The whole of the collected data suggested that the pink and red tesserae investigated were made of the local “Rosso San Marco” limestone, also employed in the famous Roman Theater of Taormina [73,74,75].




3.1.3. Orange and Yellow Tesserae


The elemental composition of the 9222O sample (Figure 4 and Figure 5, Table 1) revealed a high content of Si (44 wt.%), followed by Fe, Ca, Al, K and Mg that reached concentrations of 17 wt.%, 16 wt.%, 12 wt.%, 4 wt.% and 3 wt.%, respectively. Ti, Sr and Mn were identified as trace elements. These values clearly correspond to a ceramic matrix composition, where the high iron amount could account for the intense orange color [76]. Raman investigations confirmed that iron was mainly present in the form of hematite (signals at 214, 293 and 411 cm−1) and silicon as quartz (129, 207, 265, 356, 394, 465, 696 and 1163 cm−1), whereas silicates/aluminosilicates were detected by the identification of forsterite (Mg2SiO4, 301, 545, 825, 856, 880, 921 and 965 cm−1), calcium diopside (319, 386, 664 and 1012 cm−1) and augite ((Ca,Mg,Fe)2(Si,Al)2O6, 359, 393, 667, 855, 1013 cm−1). Frequently, calcite, high magnesium calcite and charcoal were also identified. XRD investigations detected quartz as the dominant crystalline phase together with, although to a lesser extent, calcite, hematite, feldspars of the plagioclase group as albite (NaAlSi3O8), diopside from the pyroxenes group, possibly spinel (MgAl2O4) and high amounts of amorphous material. All the collected data, considering the combination of both crystalline phases together with glassy material, confirmed that this sample could be a small piece of a brick, made, very likely, by firing dolomitic clays. It is worth mentioning that the calcium diopside formation in ceramics is gained by reaching a heating temperature of, at least, 900 °C, starting from magnesium containing clays [76].



On the other hand, the yellow 10,222Y tessera (Figure 4 and Figure 5, Table 1) seemed to correspond to a carbonate stone since calcium was identified as the main element, with a percentage of 75 wt.%, followed by Si, Mg and iron that reached concentrations of 20 wt.%, 2 wt.% and 2 wt.%, respectively. In addition, Ti, Al, Mn, K, P, Ni, Sr, Zr, V and Zn were detected as trace elements, with contents lower than 1 wt.%. Raman spectra evidenced a composition compatible with the already mentioned local dolomitic materials by calcite (signals at 157, 283, 712 and 1085 cm−1), dolomite (175, 298, 724 and 1096 cm−1) and quartz (129, 207, 265, 356, 394 and 465 cm−1).





3.2. Glass Tesserae


3.2.1. Semi-Opaque Tesserae


Samples 16117V, 1118V and 2118V were slightly whitish glass pieces; among them, 2118V was the only one featured by the presence of a thin, fragile and iridescent surface layer (Figure 5, Table 2), known to be indicative of glass degradation [77]. The elemental composition of such samples evidenced high amounts of silicon, calcium and aluminum, i.e., 72 wt.%, 12 wt.% and between 6–10 wt.%, respectively. In addition, Sb, approximately 3 wt.%, Fe, ca. 1 wt.%, K, between 1–2 wt.% and Na, ca. 1 wt.%, were identified as minor elements, together with Ti, Mn, Sr and Pb with concentrations lower than 0.6 wt.%.



It is well established that silica-soda-lime Roman glasses are characterized by high levels of sodium, with average amounts of ca. 15–17%. Conversely, the data here collected, evidencing much lower levels of sodium and slightly higher concentrations of Si and Al, can be explained in terms of the typical degradation of archaeological glasses, i.e., the leaching of alkali due to the prolonged contact with soil which produces a surface hydrated, alkali-depleted layer, together with the dissolution of the glass matrix [78,79]. In order to further confirm this hypothesis, the sample 2118V was gently brushed to eliminate the iridescent patina, then analyzed again by EDXRF. The level of sodium was ascertained by a comparison of the data collected on the surface and on the inner strata of the sample, showing uniform concentration in the whole piece. Even assuming the use of different fluxing agents instead of natron in the original glassmaking, the whole of the collected data on this set of samples seemed rather to indicate that the investigated tesserae were compromised by degradation. It is in fact well established that, in glassmaking, fluxing agents were required to significantly reduce the melting point of quartz; for this purpose, alkali oxides were the most used in antiquity, although in some cases lead oxide (PbO) was employed as well [80]. From a historical point of view, the replacement of the traditional soda in glassmaking technology is known to have started from the Late Roman/Byzantine Period onwards and was mainly based on the use of plant ash as alkaline flux instead of natron [81]. However, even if the content of lead found here could be explained considering that PbO was also used as a “stabilizer”, the elemental data collected did not allow us to confirm the hypothesis of glassmaking based on the use of plant ashes since they are usually associated to high levels of K and/or Mg [82]. In addition, since low Pb concentrations are said to indicate that the glass was made from primary raw materials, whereas it was observed that the use of cullet or the recycling of glass would impart unusual high Pb concentrations, the hypothesis of possible recycling should be more deeply investigated [83,84]. In fact, the glass composition deterioration resulting in the loss of sodium fluxes, as the glass is reheated for its reuse, has been observed [85]. Moreover, as a possible explanation of the low sodium content in well preserved tesserae, some authors suggested not only the use of glass waste but also the selection of poorly colored siliceous sands [86]. However, the high amounts of Ca found are in agreement with a glass technology based on the use of natron as flux, and lime as stabilizer, also suggesting the use of calcareous sands, containing feldspar as impurities (i.e., Al, Ti, Fe and Mn) [81,87]. Another peculiarity of the investigated samples relied on the Sr concentrations which were found to be approximately 0.2 wt.%. Usually the presence of Sr is related to the characteristics of the sand employed for glassmaking.



More specifically, beach sands with alkali feldspar as impurities and naturally occurring shell fragments in Mediterranean coastal sands could be the explanation for such a result [81,88,89]. Yet, several studies dealing with the analyses of ancient glasses sampled from various Italian areas, such as some Sicilian cities located close to the Etna volcano [90], Lentini and Siracusa in the Iblei mountains area [91], the Ustica volcanic Island [92], Roccamonfina and Somma-Vesuvius in Campania, Sabatini and Alban Hill in the magmatic area near Rome [93], pointed out that volcanic rock fragments could contribute to the formation of Sr-rich sands. Moreover, an intentional addition of the crushed shells introduced as a source of lime could provide high Sr concentrations in glass [94]. The elemental findings also indicated that the opaque white color of the tesserae bulk matrix could be due to the specific use of antimony compounds as opacifying agents, known to have been introduced in glassmaking starting from about 1500 BC up to the end of the Roman period [80,95,96].



Raman spectra collected on this set of samples evidenced the presence of calcite (signals at 155, 281, 713 and 1086 cm−1) and quartz (signal at 461 cm−1), as well as alkali sulphate (signal at 995 cm−1) and weddellite (CaC2O4·H2O, signal at 505, 910, 1050 and 1476 cm−1), being the latter two degradation products of glass, for which a leaching of alkali process [80] and a biological origin, respectively, are often assumed [97,98]. As stated, the whole of the collected data on this set of samples seemed to indicate that the investigated tesserae can be originally referred to as Roman “natron” glass technology.




3.2.2. Blue Glass Tesserae


14117BV, 17117BV and 18117BV samples (Figure 5, Table 2) are blue glass tesserae found in a secondary context close to the niche of the rear wall, so that it is very likely that they belonged to the mosaic decoration of the niche itself (Table 1, Figure 3). Among them, the surface of 17117BV is the only one characterized by small spherical holes and iridescent areas strongly suggesting glass degradation processes [77,99]. The EDXRF analysis evidenced high amounts of silicon, between 55–61 wt.%, followed by significant concentrations of calcium, sodium, antimony and aluminum, i.e., between 11–14 wt.%, 4–12 wt.%, 6–12 wt.% and 2–7 wt.%, respectively. In addition, K and Fe, between 1–3 wt.% and 2–3 wt.%, respectively, were identified as minor elements, followed by Ti, Mn, Mg, Cu, Pb, Mn and Co with concentrations lower than 0.9 wt.%. As for whitish tesserae, Sr concentrations were approx. 0.2 wt.%. However, Pb and Mn were found in higher concentrations, reaching values higher than 1 wt.% in 18117BV. Sample 17117BV showed the lowest Na values and a slight increase in Si and Al, being also the only blue tessera in which sulfur was detected, suggesting the occurrence of a heavy alkali leaching phenomenon [78,79]. The whole set of elemental data collected on the blue tesserae seems to match the typical silica-soda-lime Roman glasses, although for these tesserae, the level of Pb was even higher than the one found for the semi-opaque tesserae and thus the use of cullet or the recycling of glass resulting in the decrease of sodium levels cannot be ruled out [83,84]. Raman investigations evidenced the presence of two calcium antimony opacifying agents, largely used in the Roman world up to the 4th–5th century AD [80], namely Ca2Sb2O7 (signals at 482 and 633 cm−1) and CaSb2O6 (signals at 237 and 671 cm−1) (Figure 10), the latter being the most frequently found in the samples. The occurrence of both cited compounds provided some clues about glass tesserae production technology since the formation of the trigonal form (CaSb2O6) is kinetically favored at 950 °C, whereas the formation of the cubic form (Ca2Sb2O7) is more thermodynamically favored at 1100 °C. At intermediate temperatures both compounds coexist. In other words, both firing temperature and time employed in glassmaking may concur to the formation of the cited compounds [100].



Furthermore, rutile (TiO2, signals at 143, 241, 445 and 610 cm−1), and different Si-O bonds of the glassy phase (at 550 and 1093 cm−1, and also at 480 and 1065 cm−1) were identified, together with some calcium and/or aluminum-silicate, incorporating cobalt ions or some alkali sulfate [80,101] as indicated by the signals collected at 459, 616, 637, 996, 1076, 1130 and 1198 cm−1. Since it is known that cobalt is able to impart a dark blue color in the glass matrix even if present at levels of few μg/g, it can be concluded that the samples’ deep blue color is due very likely to its occurrence, as the Co amount was found to range from 0.24 to 0.10 wt.%. Indeed, the observed amount of copper (from 0.60 to 0.38 wt.%) suggested that it could be also deliberately added to modify the hue imparted by cobalt, actually correlated to the Cu/Co ratio employed [27]. Furthermore, it is worth noting that in the surface layer of the 17117BV sample, the worst preserved, the presence of lazurite ((Na3Ca(Si3Al3)O12S), signals at 480, 553, 994 and 1094 cm−1) (Figure 10) was commonly found, suggesting the use of lapis lazuli as a blue glass and enamel coloring agent [102,103]. The choice of such high-quality materials supported and expanded the archaeological evidence in Room 17, indicating the aim of creating a luxury decoration as the main expression of the representative function of the room.




3.2.3. Red Opaque Glass Tessera


The only red opaque glass sample investigated, 15117RV (Figure 5, Table 2), was featured by a surface golden layer, as well as small spherical holes and craters, indicating the occurrence of a macroscopic alteration quite common in archaeological glass [99]. The core piece displayed as its main elements, found by EDXRF, Si, Pb and Na (with amounts of 34, 29 and 14 wt.%, respectively) and, as the minor elements, Ca, Fe, Cu, Sb, K and Al, i.e., 7, 5, 4, 2, 1 and 1 wt.%, respectively. These were together with trace elements, minor than 0.5 wt.%, such as Sn, Mn, Sr, Ti and Zn. Moreover, rutile (TiO2, signals at 143, 445 and 609 cm−1), its anatase polymorph (TiO2, signals at 143, 193, 396, 512 and 635 cm−1) and amorphous silicate of the glassy matrix containing a dispersion of copper nanoparticles (signals at 550, 988 and 1086 cm−1) [104,105] were identified by Raman spectroscopy (Figure 11). Due to the typical light strong absorption of copper containing glasses, no other Raman signals were detected for this sample [80]. In addition, since it is known that the combination of PbO and SnO2 at temperatures above 600 °C, with a Pb/Sn ratio around 3.5%, forms Pb2SnO4 [106], and considering that the 15117RV sample displayed a much higher Pb/Sn ratio without any compositional difference between the surface and inner parts, the surface golden leaf could have been the result of Pb2SnO4 formation, which is yellow and also featured by Raman signatures close to anatase [107,108].



The analyses reported mainly two typologies on the red archaeological glasses document, both copper-based, the first where cuprite (Cu2O) was the compound imparting the color, and the other characterized by the presence of micro-sized copper particles into the matrix [101]. Although the detection of copper by the EDXRF could be indicative of both technologies, the Raman analysis could not clarify this point since the copper compound responsible for the red color could not be identified. Anatase was the only compound detected by Raman, able to contribute to the dark red color of the investigated sample [109]. Nevertheless, the whole elemental composition was found to be compatible with the ancient opaque red glasses obtained by the combined use of copper and iron, in a lead-rich matrix [110] or, very likely, with the employment of tin-bronze as a source of metallic copper [27]. The use of copper for glassmaking became known from the 2nd millennium BC, and was largely spread throughout antiquity. The cited glass technology required the capability to strictly control the redox conditions during firing, since the formation of monovalent copper inside the glass matrix could be obtained either by adding proper reducing agents (such as iron) and/or tuning the furnace atmosphere using a limited range of oxygen partial pressures [106]. Furthermore, the addition of PbO to the recipe of copper-red glass was often used since PbO increases the density of the flux thus providing a better distribution of copper into the glass matrix, resulting in an intense and homogenous red color [111]. In addition, the use of copper alloy scale as a source of copper, known to be a technology employed in the production of Roman mosaic red tesserae in Italy [112,113], could be discarded due to the low amount of tin found in 15117RV. From all the above considerations, it can be suggested that the 15117RV sample was produced using antimony-based opacifiers, whereas copper was employed to provide the characteristic red color [28].






4. Conclusions


The first archaeometric investigation on a variety of mosaic tesserae coming from the Roman houses being excavated at Villa San Pancrazio in Taormina has been carried out. For this purpose, the selected non-invasive methodology based on the combination of EDXRF and Raman spectroscopy allowed us to ascertain that the raw materials used by the craftsmen in charge of executing the mosaics were partly natural and partly artificial and provided several additional clues about important historical questions concerning the supplying and production strategies of the workshop.



Significant results have been obtained first for the black and white mosaics covering the ambulatories of Domus 1 as well as several rooms of the same house and of Domus 2a. Chemometric tools used to firstly explore the elemental composition of the tesserae revealed three kinds of white tesserae and different typologies of black samples. While the three kinds of white stones resulted from the following analyses to be compatible with the geochemistry of local carbonatic/dolomitic materials, a more complex pattern emerged for the groups of black tesserae. In fact, other than a first group of black tesserae characterized by a carbonatic nature matching the composition of the local sedimentary dark grey marly limestones, the Raman and XRD investigations clearly indicated that the other black samples, although being all volcanic, were featured by different compositions, so that some of them could be compatible with the geochemistry of the nearby Etna volcanic area, whereas some others seemed to have been imported. Considering the easy availability of sources of volcanic stone in the area, the additional use of non-local materials to obtain the dark tesserae deserves some consideration. It could be explained by either economic or technical and/or aesthetic reasons: in the first case, non-local volcanic stone could have been on sale in the local market as second-use material or, more likely, purchasable at a lower price outside Taormina; this hypothesis would imply that the workshop had a network of commercial contacts wider than the local market. Alternatively, the use of both local and imported volcanic stone, plus the carbonatic—probably local—ones, can be explained in terms of the specific choices of the commissioner or of the craftsmen. This theory seems to be somehow supported by the spatial distribution of the black samples from Domus 1 (as shown in Figure S6), which evidences a discrete use of the black tesserae of the three groups in different areas/rooms of the house. It is not easy to establish what such choices were based on, but they could be related to an awareness of the intrinsic properties of the different kinds of stone, such as their durability, or to an evaluation of different aesthetic effects. Besides, another hint of a certain awareness of differences between tesserae of the same color has been evidenced by the selective use of the less soluble materials (i.e., the dolomite-based tesserae) for the white tesserae of the east ambulatory outdoor pavement. Such clues can offer answers to important archaeological questions regarding the commercial network and/or the technical skills of the workshop active in Taormina, provided that the methods adopted in this study are applied to a wider number of samples.



Other significant results have been obtained from the colored tesserae used in the pavements and niche revetments of some rooms of Domus 1 and 2a, where polychrome mosaics and higher-value materials enhanced a luxurious set and a representative function. The analyses carried out on the tesserae other than white and black, revealed interesting information not only on the employment of natural lithic materials, local or not, but also on the technology used to produce artificial tesserae. The orange tessera was found to be made of pottery; in addition, its elemental composition and the occurrence of diopside, as demonstrated by the Raman analyses, suggested that this sample was obtained by the firing of magnesium-rich clays. The semi-opaque soda-lime-silica glass tesserae collected in Room 17 of Domus 1, in the niche area, displayed a variety of artificial materials made with different technologies and coloring compounds, such as Cu in a lead-rich matrix to obtain red hues, or Co and Cu to obtain deep blue, and antimony-based opacifying agents.



More interestingly, most of the glass tesserae featured a low level of sodium in their composition, strongly indicative of the occurrence of heavy degradation processes which, together with high levels of lead, could also indicate Na-poor original glassmaking with the use of cullet, the recycling of glass or the employment of local siliceous sands, quite abundant in the Ragusa coastal area. In addition, the systematic occurrence of unusual Sr levels as the trace element in all the cited semi-opaque glass tesserae could be an interesting starting point to ascertain whether they were locally produced or not.



In conclusion, all these findings provide preliminary clues that shed new light on issues concerning the economic dynamics and technical skills involved in the production process of mosaics, which are still poorly explored in several regions of the Roman Empire, such as in Sicily. Above all, this study demonstrates that crucial questions such as the supplying of raw materials, the network of commercial routes and the assessment of ceramic and glassmaking technologies, can be properly addressed only by an integrated archaeological and chemical perspective.
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Figure 1. Domus 1; (a) the west ambulatory of the courtyard, view from the north; (b–d) geometric patterns of the black and white mosaics of the north, west and east ambulatories, respectively, around the courtyard. 
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Figure 2. Domus 1, black and white mosaic of Room 1; (a) general view; and (b) particular view of the central pseudo-emblem. 
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Figure 3. Domus 1; (a) view of the southern aisle of the court with Rooms 16, 17 and 18; and (b) polychrome mosaic in Room 17. 
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Figure 4. (a) Domus 1, black and white mosaic in Room 13; (b) Domus 2a, polychrome mosaic, partially uncovered, in Room 22; and (c) Domus 2a, black and white mosaic in Room 28. 
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Figure 5. Representative selection of the studied tesserae showing samples’ colors and materials. 
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Figure 6. PCA of EDXRF data for white tesserae (a) score; and (b) loading plots in the space of PC1 vs. PC2 for 47.5% of total variance; and for black tesserae (c) score; and (d) loading plots in the space of PC1 vs. PC2 for 69.0% of total variance. 
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Figure 7. Raman spectra collected on carbonatic black samples, in which high magnesium calcite (HMC), quartz (Q), hematite (H), pyrite (P) and gypsum (G) signals are identified. 
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Figure 8. Raman spectra collected on volcanic black samples, in which apatite (A), leucite (L), unoriented nepheline (N) and calcium diopside (CD) are identified. 
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Figure 9. X-ray diffraction results from sample 9113B. The diffraction maxima allow the following crystalline phases to be identified: leucite (L) (green), nepheline (N) (blue) and diopside (D) (red) from the group of pyroxenes, in 42%, 26% and 32%, respectively. In volcanic materials the presence of significant amounts of amorphous phases (volcanic glass) means that the semi-quantitative values found for crystalline phases account only for their relative proportions. 
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Figure 10. Raman spectra collected from blue glass tesserae, 14117BV, 17117BV and 18117BV samples, in which lazurite (L), and calcium antimonates, Ca2Sb2O7 (Sb7) and CaSb2O6 (Sb6), signals are identified. 
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Figure 11. Raman spectra collected from red glass opaque tessera, 15117RV sample, in which anatase (A), rutile (R) and silica of the glassy matrix signals are identified. 
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Table 1. EDXRF elemental data (wt.%) of colored stone tesserae samples.
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	Sample ID
	Si
	Ti
	Al
	Fe
	Mn
	Mg
	Ca
	K
	P
	Cr
	Ni
	Rb
	Sr
	Zr
	V
	Zn





	7117P
	N.D.
	N.D.
	0.13
	0.24
	0.02
	17.48
	81.82
	0.03
	0.05
	N.D.
	N.D.
	N.D.
	0.20
	0.02
	N.D.
	0.01



	1117R
	10.25
	0.05
	0.04
	0.98
	0.01
	N.D.
	88.47
	0.01
	0.05
	N.D.
	N.D.
	N.D.
	0.13
	0.01
	N.D.
	N.D.



	11,222P
	N.D.
	N.D.
	0.01
	0.29
	N.D.
	19.71
	79.65
	N.D.
	0.04
	N.D.
	0.02
	N.D.
	0.18
	N.D.
	N.D.
	0.01



	9222O
	43.97
	1.339
	12.56
	17.22
	0.09
	3.05
	16.63
	4.28
	N.D.
	0.03
	0.01
	0.11
	0.27
	0.32
	0.05
	0.06



	10,222Y
	19.76
	0.57
	0.38
	1.66
	0.04
	1.71
	75.16
	0.25
	0.24
	N.D.
	0.01
	N.D.
	0.07
	0.04
	0.04
	0.03







N.D.: Non-detected.
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Table 2. EDXRF elemental data (wt.%) of glass tesserae samples.
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	Sample ID
	Si
	Ti
	Al
	Fe
	S
	Mn
	Ca
	Na
	Mg
	K
	Sr
	Cu
	Zn
	Co
	Sb
	Pb
	Sn





	16117V
	72.49
	0.20
	5.88
	1.39
	N.D.
	0.61
	12.73
	1.14
	N.D.
	2.05
	0.23
	0.01
	0.02
	N.D.
	3.13
	0.09
	N.D.



	1118V
	71.67
	0.15
	9.28
	1.32
	N.D.
	0.30
	11.49
	1.29
	N.D.
	1.18
	0.23
	0.01
	0.02
	N.D.
	2.93
	0.10
	N.D.



	2118V
	71.15
	0.17
	9.91
	1.37
	N.D.
	0.32
	11.57
	0.76
	N.D.
	1.19
	0.20
	0.01
	0.02
	N.D.
	3.25
	0.07
	N.D.



	14,117BV
	55.41
	0.10
	1.76
	1.82
	N.D.
	0.62
	13.82
	12.25
	N.D.
	0.85
	0.23
	0.38
	N.D.
	0.10
	12.51
	0.07
	N.D.



	17,117BV
	60.80
	0.23
	7.54
	2.80
	0.29
	0.62
	10.99
	4.27
	0.30
	3.54
	0.22
	0.60
	0.03
	0.16
	6.72
	0.87
	N.D.



	18,117BV
	57.51
	0.17
	3.22
	2.38
	0.47
	1.11
	13.96
	10.38
	0.15
	1.75
	0.20
	0.44
	0.01
	0.24
	6.53
	1.43
	N.D.



	15,117RV
	34.32
	0.14
	1.17
	5.49
	N.D.
	0.18
	6.75
	14.26
	N.D.
	1.40
	0.12
	4.05
	0.04
	N.D.
	2.17
	29.33
	0.47







N.D.: Non-detected.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Raman Intensity/Arbitr. Units

1088HMC

1085C

o B e 0 8 b Bee e e e

100 200 300 400 500 600 700 800 900 1000 1100 1200
Wavenumber/ cm*





media/file4.png
o rin g ;

Rl
SN, .






media/file18.png
Counts
900

vth

Il ||||1 lmumnnnm |m||u|u u i

Position [2Theta]





media/file21.jpg
Raman Intensity/Arbitr. Units

10865
9885

5505

200 400 600 800 1000 1200 1400
Wavenumber/ cm®





media/file3.jpg





media/file22.png
Raman Intensity/Arbitr. Units

600 800 1000
Wavenumber/ cm™

1200

1400





media/file19.jpg
Raman Intensity/Arbitr. Units

6715b6

2375b6

4801 553L 10536

4825b7 6335b7

200 400 600 800 1000 1200 1400 1600
Wavenumber/ cm™





media/file7.jpg





media/file10.png
611B

- g

3 mm

1117R

3 mm

10222Y

AT - s e
S, N o
)4 Vg S N ASE T A 3 mm

2118V

1

3mm

15117RV

14117BV






media/file14.png
Raman Intensity/Arbitr. Units

339P

373P

1088HMC

619G 670G

| 1 | 1 | 1 | L | L | 1 | 1 | L | 1 | I | L |

100 200 300 400 500 600 700 800 9S00 1000 1100 1200

Wavenumber/ cm*





media/file11.jpg
Scores on PC2 (2097%)

Scores on PC2 (11.52%)

P

2 1 0 1 2 3 4 s
Scores on PC 1 (57.45%)

b)
L4 oFe
o T
i o3 p £
. S o
go2 ¥ d
. £ «
L 8 2 s anp
é e 8
e 2o
iy
s 02 "
03
I3 <
¥4 04 -
s 0504030201 0 0102030405
i PC1(26.56%)
P N NN N
Scoreson P 266%)
@
. )
- < 04,
5 2 93 M
4 bl I o
. '85e
3 z -
E; B fo o pe
- S0 e
£ &
e . )
e . 03]

"

08
4030201 0 0102 03 04 05

P 1(57.05%





media/file6.png
N,
SaP.
‘bﬁﬁfﬁmﬂOO}

. v

b el
T o
i L ]

-
&
e g





media/file15.jpg
son

suun “niqav/Aususiul uewey

800 1000 1200 1400

600

Wavenumber/ cm’

400





nav.xhtml


  crystals-11-01423


  
    		
      crystals-11-01423
    


  




  





media/file16.png
Raman Intensity/Arbitr. Units

18A
445A

497L

1011CD

963A

gL << < <
o nN<s m 0
2B LT 2 3

L

1011CD
664CD

600 800 1000 1200 1400

-1
Wavenumber/ cm





media/file2.png





media/file20.png
Raman Intensity/Arbitr. Units

671Sb6

480L 553L 1094L

4825b7 633Sb7

200

400 600 800 1000 1200 1400 1600

Wavenumber/ cm®





media/file5.jpg





media/file1.jpg





media/file12.png
Scores on PC 2 (20.97%)

Scores on PC 2 (11.52%)

4 T T T T T
®
3.
*
2L
* *
*
1- * ‘
% EAST Ambulatory
0 1] + Rooml
* Room9
+ Room 13
* Room 17 1.5,
‘11 @ Room22 *x, i f
+* Room 28 &
@ Room 28 * ;
_2 1 1 1 1 1 I
-4 -3 -2 -1 0 1
Scores on PC 1 (26.56%)
3 T T T
2+ *
%
*
*
YR
*
* *
1k *
26
* EAST Ambulatory
-3+ +* Room 1
# Room 13
4} * Room 17 +*
® Room 22
© Room 28 ®
_5 1 L 1 1
-5 -4 -3 -2 -1 0 1 2

Scores on PC 1 (57.45%)

b)

0.4+
0.3+¢
0.2+
0.1+

0

PC 2 (20.97%)

-0.1}
-0.2+¢
0.3+

ofFe

oCa |

-0

d)

0.4+

0.3

0.2+

0

PC 2 (11.52%)

0.1}
0.2+

-0.3 ¢

0.1+

Al R
-0.5-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5

PC1(26.56%)

. CaoS

r .Sr'

oCr

oNj .

0.4 -03-02-01 0 01 02 03 04 05

PC 1 (57.45%)






media/file9.jpg
10222Y

15117RV.

141176V






media/file0.png





media/file8.png
[ L
iRen ™
W5 BT

5

an
®

,,mm..m.h._

v 5 ,

» + 1T U

e A\ M\IT.—T, 1}&} .

’ ..N .J/LJAV.‘}P}JY.. ...I\,e 3

-






media/file17.jpg
LA i‘AH‘h

AT






