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Abstract

:

Featured Application


This multidisciplinary diagnostic investigation should be considered as a fundamental and essential step that needs to be performed before any restoration and conservative intervention in the Cultural Heritage’s field.




Abstract


This multidisciplinary research focuses on diagnostic investigations to characterize the archaeological materials, as well as the alteration and degradation forms detected at the Roman Thermae of Reggio Calabria (Calabria, South Italy) site. The thermal complex, (dating I–II century B.C.), was built around three main rooms such as the caldarium (hot bath), the tepidarium (warm bath) and the frigidarium (cold bath), all connected to a central room through several entrances. The central hall still preserves a suggestive mosaic floor dating between the II and III century A.D., characterized by geometric motifs and black and white tesserae. Fragments of various archaeological stone materials, such as bricks, mortars, sedimentary, volcanic and metamorphic rocks have been studied with different and complementary techniques. Particularly, polarized optical microscopy (POM) and X-ray diffractometry (XRD) were performed to characterize the materials employed to construct the site and evaluate their state of preservation. Finally, laboratory microbiological culture analysis was conducted to identify the main microorganisms composing the biological patinas detected on the sampled materials. Results allowed us to evaluate the most suitable restoration procedures to conduct at the archaeological site, considering the different stone materials present in the studied area and their state of conservation.
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1. Introduction


In the last few decades, the conservation of cultural heritage has become an increasing concern, because it includes historical construction and archaeological remains often affected by many agents and processes that endanger them [1,2,3,4,5,6,7,8,9,10,11,12,13].



Stone buildings, depending on the material they are made of and their location in a urban or rural context, especially in an outdoor environment, are particularly vulnerable to deterioration processes caused by environmental conditions (such as variability in temperature and humidity), pollution, biological colonization, lack of maintenance and neglecting.



Decay of building materials can be defined as the degradation over time of the materials’ properties (mineralogical, textural, structural, etc.), leading to their failure as construction components [14,15,16,17,18,19,20,21]. The damage process develops at the interface of materials with the environment [9,12,16,21] or at the interface of materials with other ones, also depending on other intrinsic and extrinsic factors. Intrinsic factors mainly refer to the type of stone and raw materials used, their properties, their origin processing technology, their “restoration history” (referring to prior conservation interventions) and, no less important, to their bioreceptivity [22]. This is defined as “the aptitude of a material (or any other inanimate object) to be colonised by one or several groups of living organisms without necessarily undergoing any biodeterioration” [22]. Extrinsic agents include climate factors and their variability (i.e., solar radiation, humidity, rain, wind, etc.), the prevailing microclimate, the type of the atmosphere (urban, marine, etc.), the anthropic action, the type and extension of biological factors (both macro- and micro-organisms) [23] and all their derivative and secondary products such as soluble salts, pollutants, deposits, crusts, etc. [5].



A description of degradation phenomena and related causes was conducted according to official glossaries such as the Italian UNI NORMAL [24] and the ICOMOS [25] in order to adopt a common language among the scientists and conservators dealing with the conservation of cultural heritage. Not secondary to the description of the type of alteration when biological factors are involved, a clear definition of the bioreceptivity [22] is very important to estimate the rate of colonization and what kind of intervention could be more successful. Nowadays, among conservators and scientists devoted to the preservation of cultural heritage, there is a general agreement that the diagnosis of the state of conservation of a monument can provide key information on the status of conservation of stone building materials to undertake sustainable preservation strategies [26,27,28]. Diagnosis includes a characterization of the materials as well as of their past and present decay and the main factors that could enhance a further deterioration. An overall interpretation of stone damage will lead to the most suitable procedures and protocols for a proper restoration intervention.



Starting from these considerations, the present research is addressed to the characterization of stone materials and degradation forms of the Roman Thermae of Reggio Calabria (Calabria, South Italy) site, selected as a case-study, to define the best practice for future adequate restoration work.



The site preserves the ancient remains, typical of the architecture of a Roman thermal bath (with structures such as the caldarium, frigidarium, tepidarium and a great mosaic floor) with a variability of materials ranging from sedimentary, metamorphic and volcanic rocks along with bricks and mortars [29,30,31,32]. For a complete study of the site, several analytical techniques and diagnosis investigation were employed to characterize both archaeological materials and decay forms mainly due to the biological colonization. Precisely, a polarizing optical microscope, an X-ray diffractometer, epifluorescence microscopy and biological analysis have been used.



The results achieved served as base for planning focused cleaning procedures and biocide treatments, taking into particular account the status of conservation and composition of constituent raw materials, as well as those used for previous restoration, and the consequent risk due to the periodical occurrence of biological growth. This overall approach should better respond to the demand of modern conservation strategies for archaeological sites. Particularly, conservation strategies through the use of eco-sustainable and biologically compatible products based on environment-friendly materials should be undertaken.




2. Archaeological Setting


The Roman Baths of Reggio Calabria, located on the city’s seafront, came to light during the archaeological excavations carried out following the 1908 earthquake. Specifically, the first remains came to light starting from 1887, following the demolition of a medieval bastion, known as “Bastione di San Matteo” [29]. This demolition was necessary to expand the Via Marina, which became too narrow due to the construction of the railway headquarters [32].



Currently, it is possible to admire only the ruins of one of the eight thermal baths dating back to the first centuries AD (Figure 1a,b), while recent research assumes that part of the area is still below the road network, not yet excavated. The structures are arranged on a North-East/South-West axis, testifying the great example of the ancient Roman architecture to better take advantage of the sunlight exposure.



The visible part of the thermal building (Figure 1c,d) consists of a vast central area decorated with a mosaic floor with geometric motifs in black and white tesserae, which gives access to three different rooms, i.e., the caldarium (hot bath), the tepidarium (warm bath) and the frigidarium (cold bath). The central area, which also includes the mosaic, covers a space of approximately 540 cm in diameter and 340 cm at the point of maximum width, for a total area of 18.36 m2 [29,32].



As reported by the authors of [29], the frigidarium is an opus signinum, typically used by the Romans to cover structures for containing water; within the caldarium the brick tubules still show a good state of conservation; they consist of vertical elements leaning against the masonry structures used in ancient time for the circulation of hot air coming from the hypocaust (i.e., an empty space under the floor used as central heating system, conducting air heated by a furnace).



Finally, the brick pilae are still evident in the tepidarium, the warm bathroom designated for heating the human body from the walls and floor, by a hypocaust or underfloor heating system.



The construction technique of the masonry structures (i.e., walls) is in opus latericium; it defines both the semicircular rooms and the access stairs to the tanks, with evidence of bricks, mostly undamaged, showing different thicknesses. The brick walls leaning against each other, suggesting that they were built subsequently, at least twenty years later, compared to the realization of the mosaic. They were probably built during an ancient renovation of the thermal baths, also connected with the construction of two semi-circular rooms with the function of a dressing room (apodytera) and hallway, with niches obtained in the walls’ thickness, next to the bathing pools. The remaking of a large part of the edging of the central room (i.e., the one containing the mosaic) can also be dated at the same age as the masonry in the bricks. Such renovation intervention was probably carried out for compensating the damage caused to the mosaic during the construction of a second access staircase to the elliptical tanks, on the east side, and to the opening of a communication area between the caldarium and the central room.



In the past, the central area and the black and white mosaic underwent important restoration interventions due to a diffused biological patina causing swelling and detachments. Overall, the coloring of the mosaic tesserae is scarcely homogeneous; particularly, the light ones vary from milky white to pinkish beige; while, the dark ones, on a corner of the frame (south, south-west side) show a much lighter greyish color than the others.



Apart from coloring, generally, these tesserae respect the homogeneity in shapes and sizes with respect to the original installation. The reintegration areas are clearly visible also in the central portion of the mosaic and in the corner with west, north-west exposure. According to Andronico [29], these interventions were carried out in very ancient times (of unknown dating) as they faithfully reproduce the texture of the original floor. The only flaw is a clear final rolling operation, which induced in the smoothing of the floor surface, as well as the use of abundant bedding mortar with high lime content between the tesserae.



A known intervention covering the whole monumental complex is dated back to 1959 followed by another one, in 1995; the latter is more documented, thanks to archive data recovered at the Superintendence of Reggio Calabria [29]. The 1995 restoration interventions were addressed to: (a) the mechanical removal of earthy deposits and encrustations; (b) the removal of some cementitious layers, near some mosaic lacunae; (c) the application of biocidal products for the removal of biological weeds (i.e., microalgae and lichens); (d) the consolidation of decohese tesserae by mortar injections; (e) the reintegration of various lacunae by using mortar; (f) the creation of curbs for the containment of the tesserae along the external perimeter and in the areas in which major lacunae were evident (at undercut). Apart from the restoration intervention phases, there is no information and specifications about the biocides and mortars used.



From the latest surveys carried out in recent years, it has emerged that the structures of the thermal baths are affected by different degradation forms, mainly due to weeds and biological patinas (mosses, algae, lichens, etc.) and to superfetations in the mortars used in past restorations. In addition, patinas due to pollutants together with micro-cracks, swelling and abrasion phenomena are widely present on all the structures, and especially on the mosaic.



In this way, the present diagnostic approach, devoted to both archaeometric investigations and biological studies [23,28], accompanied by a biocidal treatment for cleaning purposes, can improve the management of future restoration intervention, especially in terms of choice of the best cleaning procedures and biocide treatments within the monumental complex.




3. Sampling


An extended sampling campaign of different stone materials was carried out on the remains of the archaeological site (Figure 2), covering bricks, mortars, volcanic, sedimentary and metamorphic rocks.



From a macroscopic point of view, almost all samples look rather compact and with no remarkable alteration and degradation forms, except for some of them, showing a superficial biological patina and microcracks. From a first observation with the naked eye, the biological colonization within the monumental complex is constituted mainly by a prevalence of ruderal plants between the bricks, lichens crusts and greenish-black patina. With particular reference to the mosaic, the biological colonization is especially accentuated along the external frame of the mosaic floor and where the tesserae are affected by microcracks. The heaviest colonization, however, was observed in correspondence to one cemented area (Figure 2 and Figure 3, sampled area MRC4) due to previous (but not well documented) restoration intervention.



A removal of exceeding biomass followed by a treatment with 2% of Rocima™ 103 (Rohm and Haas) (e.g., sampled areas MRC2 and MRC5) was performed one month before the biological sampling.



3.1. Archaeological Stone Materials


For the characterization of materials and the status of conservation, twenty-eight samples were selected for the study and chipped from different archaeological remains (i.e., walls, mosaics and floor coverings) using suitable stainless steel tools, such as lancets and small chisels. A list of the examined samples, of archaeological interest, along with their location within the site and a brief description, is summarized in Table 1.




3.2. Microbiological Sampling


Microbiological analyses were focused only on the mosaic. Six samples (named MRC1 to MRC6) were taken from the mosaic area by using two non-invasive techniques aiming to obtain evidence through microscopic and qualitative cultural analysis of the microorganisms involved in the patina formation of mosaic surfaces. For this purpose, the adhesive strips technique as described by [33] and the technique of damp filter paper were applied. Samples were taken in correspondence to areas shown in Figure 3 and reported in Table 2.



MRC1-4 samples were taken by using a sterile filter paper, wet with about 800 µl of ultrapure H2O, to facilitate the algae detachment, and in parallel, adhesive tape strips were used.



For MRC5 and MRC6, sampling was performed only with adhesive tape (DID, Milan).



A list of the examined samples, of biological interest, along with their location within the site and a brief description, is summarized in Figure 3 and in Table 2.





4. Analytical Methods and Laboratory Procedures


4.1. Archaeometric and Diagnostic Analysis


Archaeometric and diagnostic investigations of the selected twenty-eight samples, including the mineralogical–petrographic characterization, were carried out on representative portions of the samples of ca. 0.5 × 1.0 × 1.0 cm.



Specifically, the analytical techniques applied for the material characterization include polarizing optical microscopy (POM) to define the mineralogical and textural features of the examined samples. Thin section observations were carried out through an Axioskope 40 (Axiolab Zeiss) microscope. Superficial patinas due to weathering forms were also detected.



X-ray Diffractometry (XRD) was used to identify the mineralogical phases constituting the samples. Measurements were performed using a Siemens D5000 diffractometer and spectra were taken in the range 5–65° 2Θ, using a step-size of 0.02° 2Θ and a step-time of 2 s/step.




4.2. Microbiological Analysis


Samples were processed by observing them under a microscope, followed by microbial cultivation. In particular, each adhesive tape was divided into small pieces (0.25 cm2) and used either for microscope observations or for cultural analysis.



A detailed observation under an epifluorescent microscope (EFM) Leica DMRE was performed by placing one piece on a glass slide after the deposition of a drop of diluted 1:1 in distilled water and Acridine Orange (AO) fluorescent staining (0.01 mg/mL). For cultural analysis, another piece was streaked (in double for each piece) on the surfaces of the agarized medium Dichlorane Rose Bengal Chloramphenicol, DRBC (Oxoid), for fungi. For the samples taken with a sterile filter paper (60 mm Ø), these were divided into two portions, half of which inoculated on Petri dishes containing agarized Blue Green Medium, BG11, for algae and cyanobacteria, the other half in flasks containing 30 mL of liquid BG11.



All Petri dishes containing DRBC were incubated in the dark at 25 °C for one month. Samples inoculated in BG11 (liquid and solid) were incubated in daylight and at room temperature (22 °C) for 2–3 months.



Phototrophic microorganisms were discriminated at group level (either eukaryotic algae or prokaryotic cyanobacteria) for their size and morphology, under light and epifluorescence microscopy Leica DMRE.



Fungi were identified either by using the diagnostic keys of Pitt [34], de Hoog [35], Samson et al. [36] and Domsch [37], or by molecular techniques for black fungi as described in detail by Ruffolo [7]. In brief, DNA was extracted and PCR PCR amplified with the universal primers ITS1/ITS4 which are specific for fungal interspacers ITS1, ITS2 and 5.8S rRNA genes. The reaction mixture contained 0.48 mM of each primer, 25 mL of MyTaq™ Mix 2x (Boline, London, UK) and 2 mL of template in the total reaction volume of 50 mL. PCR was performed with the following thermocycling program: 5 min denaturation at 95 °C, followed by 35 cycles of 1 min at 94 °C, 1 min at 55 °C and 1 min and 30 s at 72 °C, and a final extension was run at 72 °C for 10 min in the thermocycler TPersonal (Biometra, Germany). The PCR products were visualized on 1.5% agarose gel stained with ethidium bromide. Purification and sequencing of PCR products were performed by a commercial facility (Biofab, Rome, Italy). The closest relatives of isolates were determined by comparison with rDNA gene sequences in the NCBI GenBank by BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi).



Cultures allowed us to characterize the main groups of microorganisms involved in the formation of biological patina observed and then later were used to test the effectiveness of some biocides to be applied to slow down the biological colonization.





5. Results and Discussion


5.1. Archaeometric and Diagnostic Analysis


Petrographic analysis by POM was carried out to define the textural and compositional characteristics of all examined samples. Descriptions were made by grouping the samples (i.e., 10 groups) depending on the stone material type. Some representative photomicrographs are shown in Figure 4, while Table 3 synthesizes the main features of each sample. Regarding the mosaic’s tesserae, analyses permitted to characterize materials considering their originality within the mosaic, since some sampled tesserae are attributable to previous restoration intervention.



I group



On the basis of textural features, samples belonging to the first group, which includes original white mosaic’s tesserae (i.e., samples TTB1, TTB2, TTB3, TTB4, TTB5 and TTB6) can be classified such as biomicrites, according to Folk (1959) [38], or wackestones, according to Dunham (1962) [39]. They show a mud-supported texture (which contains more than 10% grains), where the allochemical component is mainly made up of bioclasts (25–30%) (mostly microforaminifera). Dissolution phenomena and recrystallization of secondary calcite occur in some fragments. Overall, tiles are compact, poorly degraded, with both primary and secondary porosity not exceeding 3%. Residues of the bedding mortar, mostly made up of quartz crystals with sub-angular to sub-rounded shapes, along with plagioclase and mica are also visible. Finally, regarding their state of conservation, samples show a thin and brownish superficial alteration layer with an average thickness of about 200 µm (Figure 4).



II group



The second group includes the samples TTBi1, TTBI1 and TTBI2, which are part of the replacement white mosaic’s tesserae. As for TTBi1, the fragment can be classified such as biomicrite, according to Folk (1959) [38], or wackestone, according to Dunham (1962) [39] where fossilized planktonic foraminifera (i.e., globigerinae and globotruncanae) and bioclasts represent the dominant allochemical components. Precipitation of secondary calcite within in bioclasts is also visible. The sample appears devoid of fractures and the porosity does not exceed 3%. Additionally, TTBi1 displays a thin and brownish superficial alteration layer with an average thickness of up to 100 µm. Regarding TTBI1 and TTBI2, both tesserae are carbonatic rocks with a grain-supported fabric, interstitial matrix and the presence of intraclasts, classifiable as packstones according to Dunham classification (1962) [39] and intrasparites according to the Folk one (1959) [38]. Samples show a relatively altered matrix characterized by highly altered plagioclase and quartz crystals. Recrystallization phenomena of secondary calcite grains in areas subject to dissolution are also common.



III group



The third group includes four original black mosaic’s tesserae (i.e., samples TTN1, TTN2, TTN3 and TTN4). These samples can be classified such as effusive igneous rocks with a porphyritic structure and a fine-grained groundmass ranging from crypto to microcrystalline. As phenocrysts, feldspars and plagioclase were mostly recognized, followed by pyroxenes and opaque mineral oxides. Overall, these tesserae are in a good state of preservation. No superficial alteration layers and patinas were detected.



IV group



The fourth group includes only the TTNi1 sample, as a replacement black mosaic’s tessera. It is a calcarenite and it can be classified such as wackestone, according to Dunham (1962) [39] and biomicrite, according to Folk (1959) [38]. The allochemical component consists mainly of planktonic microforaminifera (i.e., globigerinae and globotruncanae). Recrystallization phenomena of secondary calcite occur in bioclasts; also, both primary and secondary porosity (not exceeding 3%) is visible. Additionally, a thin superficial patina was detected (up to 100 µm).



V group



The fifth group includes a replacement grey mosaic’s tessera, initialled as TTGi1. From observation under the optical microscope, this fragment consists of two portions of material with distinct fabrics and compositions (Figure 4). The portion with greater thickness can be classified as wackestone, according to Dunham (1962) [39], where the main allochemical component is made up of planktonic microforaminifera and other bioclasts (biomicrite, according to Folk (1959) [38]. Dissolution phenomena and recrystallization of secondary calcite occur within some microfossils and microfractures. Overall, the sample shows a porosity not exceeding 3%. Additionally, samples show thin superficial layers with thicknesses of up to 100 µm. The less thick portion was a bedding mortar characterized by a slightly altered calcitic binder, from crypto to microcrystalline. As for the aggregate fraction, quartz, plagioclase and muscovite crystals, with sub-angular to sub-rounded shapes, were recognized. A fragment of subangular cocciopesto with a diameter of about 1 mm is also observed. Finally, both primary and secondary porosity mainly due to the binder alteration is visible.



VI group



The sixth group includes original pinkish mosaic’s tesserae, initialled as TTR1 and TTR2. Both tesserae show a superficial alteration layer with thickness up to 500 µm. In detail, TTR1 can be classified as Pelsparite, according to Folk (1959) [38], or packstone, according to Dunham (1962) [39]. It is rather compact, slightly altered, with primary and secondary porosity less than 3%. On the contrary, the TTR2 sample, which is slightly altered, can be classified as packstone, according to Dunham (1962) [39], or intrasparite according to Folk (1959) [38]. Quartz crystals were recognized along with dissolution phenomena and recrystallization of secondary calcite. Additionally, both tesserae show superficial layers with thicknesses of up to 500 µm.



VII group



The seventh group includes only a replacement pinkish mosaic’s tesserae, initialled as TTRi1. The specimen is a calcarenite, classifiable as biomicrite, according to Folk (1959) [38], or mudstone, according to Dunham (1962) [39]. The allochemical component is mainly made up of 15–20% of bioclasts (e.g., benthic foraminifers). The sample appears compact, with both primary and secondary porosity less than 3%. A superficial patina with a thickness of up to 350 µm is also present.



VIII group



The eighth group includes the TLM1 and TLM2 samples belonging to floor slabs. They are veined calcitic white marbles, characterized by a medium grain size (1–3 mm) and a heteroblastic texture. No shape preferred orientation (SPO) was observed, and crystals show curved and straight grain boundaries (GBS), occasionally dentate. A total of 120° triple junctions and traces of cleavage were also detected [40]. Accessory minerals such as quartz, in tiny crystals, were also recognized. No alteration forms were recognized.



IX group



The ninth group includes eight brick samples taken from masonry structures (i.e., TL1, TL2, TL3, TL4, TL5, TL6 and TL8). The observations were performed following the descriptive scheme proposed by Whitbread [41]. All fragments show a superficial alteration layer with thicknesses of up to 500 µm. The paste, in general, is rather homogeneous, with coloring, at crossed nicols, ranging from orange-reddish to dark brown, with the exception of the TL6 sample which is rather inhomogeneous with remarkable yellowish and dark red areas. As inclusions, single quartz, plagioclase, pyroxenes and mica crystals were recognized together with some rock fragments. The specimens are also rich in opaque minerals and microforaminifera fossils. The latter are subject to both dissolution and recrystallization phenomena. The optical activity is high in all samples, while isorientations are absent. The inclusions show subangular shapes, with low to medium sphericity, and a spatial distribution that varies from single-space to double-space. Additionally, they display a medium clustering and a bimodal particle size distribution. The coarse fraction is the most abundant and is characterized by fragments of metamorphic rocks, with dimensions between 500 and 2500 µm, followed by single crystals, which do not exceed 200 µm. As for the porosity, it varies from about 5% (in samples TL1, TL4, TL5 and TL6) up to 15% (in samples TL2, TL3 and TL8). According to Whitbread (1995), the voids can be classified as holes, irregular in shape and vesicles, with spherical shapes. Their dimensions also vary from meso- (0.05–0.5 mm) to macro- (0.5–2.0 mm), often showing secondary calcite recrystallization phenomena, along the edges. From a semi-quantitative visual estimation, the coarse/fine/voids ratio (c/f/v) is about 45/50/5 in TL1, TL4 and TL5; 40/45/15 in TL2 and TL3; 35/60/5 in TL6 and 30/55/15 in TL8. Amorphous concentration features (Acf), consisting of pure nodules with sizes between 0.5 and 2.5 mm, and impregnant portions, were also recognized.



X group



The tenth group includes only the TC1 sample, taken from a floor. The sample is a mortar characterized by a micritic binder with variable coloring from yellowish-brown to grey-brown (at parallel nicols). In general, the structure is heterogeneous with the presence of lime lumps with sub-rounded shapes, both grey-brown and whiteish (at crossed nicols), with a sparitic texture, consisting mainly of calcite. The structure of the calcite crystals is so well preserved as to suggest that the lumps may refer to a firing relict of a marble. The aggregate is poorly sorted and moderately clustered. The clasts show a poorly homogeneous distribution and are mainly constituted by quartz and plagioclase subangular in shapes; some of them appear dissolved with remarkable reactions occurring at the edges. Quartz is also present as a polycrystalline one, attributable to a metamorphic origin. Some plagioclase crystals are so heavily altered that the original mineral phase has been replaced by secondary minerals (sericitization phenomenon). Furthermore, millimetric fragments (cocciopesto) with a reddish-brown color (at crossed nicols) which incorporate quartz, mica, bioclasts and planktonic microforaminifera are present. As regards the porosity, it is less than 10% and includes both primary voids, with sizes between 80 and 150 µm, and secondary ones; the latter is probably due to the micro-fractures of the binder.



Based on observation by POM, final remarks are the following:



The six samples belonging to the first group (biomicrites/wackestones), which includes original white mosaic’s tesserae, display a good state of conservation, except for the presence of a very thin patina (up to 200 µm) present on the samples’ surfaces. There are no microcracks, this is probably due to both the compactness of the materials and the very low porosity, which never exceeds 3%. The low porosity and the absence of microfractures have probably limited the growth of the patina inside the materials.



The samples belonging to the second group includesthree replacement white mosaic’s tesserae. Particularly, TTBi1 (biomicrite/wackestone), of the same nature as the samples of the first group, appears in good condition, devoid of fractures and with a low porosity, which does not exceed 3%. Additionally, with respect to the samples from the first group, TTBi1 exhibits a thinner surface patina, up to 80 µm. The lower thickness of the patina could be due to the fact that the tessera, replaced in a past restoration intervention, was exposed for less time to the damage agents that favor its formation. As for the TTBI1 and TTBI2 (packstones/intrasparites), no surface layers and patina were observed, but only alteration within the matrix and intraclasts, along with recrystallization phenomena of secondary calcite grains in areas subject to dissolution.



The four original black mosaic’s tesserae belonging to the third group (effusive rocks) are well preserved, probably due to the high degree of compactness, which is typical in igneous rocks, therefore limiting the development of alteration forms. Additionally, no superficial patinas nor alterations in the material’ structure and groundmass were detected.



The fourth (TTNi1) and fifth (TTGi1) groups both include a replacement dark mosaic’s tesserae. They are both biomicrites/wackestones which differ mainly in color; TTNi1 is black, while TTGi1 is greyish. Additionally, TTGi1 present a higher percentage of allochemical components than TTNi1. Both show a porosity not exceeding 3%, with dissolution phenomena and recrystallization of secondary calcite within some bioclasts. As for the alteration forms, both tesserae display only the presence of a surface patina up to 100 µm thick, and not microfractures. Finally, in TTGi1, residuals of the bedding mortar having cocciopesto were recognized. The presence of cocciopesto suggests that during one of the ancient restorations, hydraulic mortars were applied to faithfully reproduce the ancient Roman recipes, as also testified in Andronico et al. [29].



The sixth (TTR1 and TTR2) and seventh group (TTRi1) include tesserae with a light pinkish colour. However, TTR1 and TTR2 are from the original installation while TTRi1 is a replacement tessera. TTR1 is a rather compact pelsparite/packstone with primary and secondary porosity less than 3%, while TTR2 is an intrasparite/packstone showing dissolution phenomena and recrystallization of secondary calcite. As for alteration phenomena, both tesserae display superficial layers with thicknesses of up to 500 µm. On the contrary, TTRi1 is a biomicrite/mudstone with both primary and secondary porosity (less than 3%) and a superficial patina up to 300 µm in thickness. The lower thickness of the superficial patina in TTRi1 with respect to TTR1 and TTR2, may depend on the fact that such is a replacement tessera, exposed for less time to the weathering forms causing alteration phenomena.



The two fragments of the eighth group are veined white marbles, from floor slabs of the caldarium, that are in a good state of preservation, devoid of surface alteration and microfractures. The high compactness of the material but probably also the less exposed location (caldarium) with respect to the mosaic (central area), has prevented or at least limited the development of damage forms. In detail, the marbles are very resistant metamorphic rocks, with a very low porosity (maximum 2%) which barely undergo remarkable degradation forms (i.e., fractures, erosion, etc.), except in certain and extreme environmental conditions which are not the case with the site being studied.



The ninth group includes eight brick fragments taken from masonry structures within the caldarium. They show very similar properties, both in the pastes and in the microstructures, with porosity ranging from 5% to 15%. Additionally, all fragments show a superficial patina with a thickness up to 500 µm. Their thicknesses are very thin compared to those found in specimens sampled in the central compartment with the mosaic. The good state of conservation of brick masonry structures could depend on several factors: (a) the type of raw materials used, that conferred high resistance, limiting the alteration phenomena; (b) the different exposure to the weathering forms compared to the central area with the mosaic; (c) their subsequent construction (as testified by the literature) compared to the realization of the mosaic, which probably occurred during an ancient renovation of the thermal baths.



The ninth group includes eight brick fragments taken from masonry structures within the caldarium. They show very similar properties, both in the pastes and in the microstructures, with porosity ranging from 5% and 15%. Additionally, all fragments show a superficial patina with thickness up to 500 µm.



The tenth group includes a mortar sample (TC1) from a floor with a sparitic texture, consisting mainly of calcite and with evidence of lumps. Calcite grains are so well preserved as to suggest that the lumps may refer to a firing relict of a marble. Fragments of cocciopesto suggest that it is an ancient mortar [3] and not a remake due to previous restoration work.




5.2. Characterization of Archaeological Stone Materials by XRD


X-ray diffraction (XRD) measurements carried out on all the samples, revealed the presence of several mineralogical phases according to the different materials sampled, as summarized in Table 3. As regards mosaic tesserae, the data show that (a) the white and pinkish tesserae, both original (TTB1; TTB2; TTB3; TTB4; TTB5; TTB6; TTR1 and TTR2) and used for restorations (TTRi1; TBI1 and TBI2), are sedimentary rocks with a predominant calcitic component, sometimes with accessory phases such as quartz and albite; (b) the black tesserae, belonging to the original mosaic (TTN1; TTN2; TTN3 and TTN4), have the typical mineralogical composition of volcanic rocks, with a predominance of feldspars (Sanidine; Orthoclase); amphibole (Hornblende); pyroxene (Clinopiroxene); plagioclase (Albite); followed by Calcite and Forsterite; (c) the black and dark greyish tiles used during the restoration (TTGi1 and TTNi1) are also sedimentary rocks, thus attesting to the use of a different material from the original one.



Regarding the bricks, sampled both from the caldarium and in adjacent masonry structures, mineralogical analyses reveal a similar mineralogical composition in all the samples, characterized by the predominant presence of calcite, quartz and feldspars. Additionally, the detection of neoformation mineralogical phases such as Diopside and Gehlenite, only in samples (i.e., TL1; TL3 and TL8), suggest their higher firing temperatures (generally > 850 °C) [3,41,42,43].



As regards the two veined white marbles taken from the caldarium floor, respectively, TLM1 and TLM2, they display a calcitic composition with traces of quartz.



Finally, the analysis carried out on the only cementitious sample (i.e., TC1) revealed that it was mainly characterized by dominant calcite and quartz, followed by lower intensity diffraction peaks of feldspars.




5.3. Microbiological Analysis


5.3.1. Epifluorescence Microscope Observations


Observations of untreated samples (MRC1, MRC3, MRC4 and MRC6) under epifluorescence microscope revealed the presence of various microorganisms as shown in Figure 5; while samples pre-treated with 2% of biocide Rocima™ 103 (MRC2, and MRC5) showed a scarce or none presence of microorganisms.




5.3.2. Cultural Analysis


Culture techniques confirmed what was seen under microscopy. In fact, fungi and photosynthetic microorganisms were the main microorganisms isolated and involved in the biological patinas observed on the tesserae surfaces. Results are summarized in Figure 6, Figure 7 and Figure 8 and Table 4 and Table 5. Fungi were isolated from all samples both from the adhesive tape streaked on DRBC (with the exception of the treated samples MRC2 and MRC5) (Figure 7) and from the paper disc inoculated in BG11 liquid medium (except sample MRC2) (Figure 6 and Figure 8).



Fungal growth was observed in the DRBC plates mainly in strict contact with the adhesive tape; only sample MRC4 showed abundant and composite fungal growth (Figure 7). Black fungi were isolated with the technique of a wet paper disc placed in BG11 liquid medium (Figure 6 and Table 5).



Algae and/or cyanobacteria were isolated from samples MRC1, MRC3 and MRC4 as shown in Figure 6. In addition, a slight growth was visible after three months for the disc sample MRC2 inoculated in BG11. No growth was observed for MRC5 and MRC6. Considering the abundant evidence of photosynthetic species in the MRC1-4 samples, an aliquot of culture grown in the flasks was taken and re-isolated in BG11 agar plates, and the type of photosynthetic microorganisms were observed under an EFM microscope as shown in Figure 8.



In general, the mosaic was affected by different alteration forms, caused by a massive colonization of several microbial populations varying in relation to the sampling areas and to the bioreceptivity of the material, also considering portions that underwent previous restoration interventions.



In particular, the MRC4 sample showed a greater and massive colonization than the other 5 specimens (MRC1–3, 5–6), displaying that mortar, as also clearly visible to the naked eye (Figure 3), had the higher bioreceptivity, allowing the colonization of both fungi and photosynthetic organisms (Table 4 and Table 5). According to literature [29], the area in which MRC4 was sampled, underwent previous restoration works. The thesis was further confirmed by POM investigations, showing that in the same area the mosaic tesserae were made of different stone materials (i.e., sedimentary and volcanic rocks), some of which were replaced during the restoration intervention.



Additionally, some of the tesserae sampled in the same area of sample MRC4 (Figure 2, such as the limestone ones) showed numerous micro-cracks, becoming suitable for the colonization of endolithic microorganisms.



In the portions of the mosaic where the Rocima™ 103 biocide was used (one month before the microbiological sampling in correspondence to samples MRC2 and MRC5) (Figure 3), a good reduction in the microbial biomass was observed, although it has not been completely removed. For this reason, cultural analysis showed a recolonization even of scarce entity. In fact, single-celled algae and numerous bacteria have been isolated (Table 4 and Table 5). The results achieved, thus, demonstrate that on one hand, the treatment with 2% of Rocima™ 103 was quite effective to eliminate the actual colonization, but on the other hand does not have long-term efficacy, allowing the recolonization of the mosaic tesserae.






6. Conclusions


The results achieved in this work improved the knowledge of the monumental complex, in terms of materials used in the various eras and of alteration and degradation forms, mainly due to the biological colonization.



The study carried out on the materials of the Roman Thermae of Reggio Calabria detected the variability in the alteration and degradation forms, mainly in relation to the types of material, their bioreceptivity and of the restoration interventions carried out in past times within the monumental complex.



The archaeometric and diagnostic study allowed to define the following:




	
Overall, all the sampled stone materials show a good state of conservation from a textural point of view, except for the presence of a superficial patina.



	
According to the different types of materials identified, the sedimentary samples (i.e., white, pinkish and greyish tesserae), coming from the central area of the thermal bath having a mosaic floor, show more marked alteration forms compared to the tesserae of volcanic origin (i.e., black). Unlike sedimentary samples, volcanic ones do not have superficial alteration layers, such as patinas.



	
By comparing the light colored and greyish tesserae and all sedimentary rocks, it is possible to detect some differences in terms of alteration forms, mainly attributable to biological colonization. Many of these are replacement tesserae and show superficial patinas with lower thicknesses than the original ones.



	
In some replacement tesserae, the bedding mortar is much more degraded than that found in some original tesserae.



	
As for the samples taken in the caldarium room, including both brick, marble and mortar, they show an overall good state of conservation with slighter superficial patinas compared to those found in specimens sampled in the central compartment with mosaic. Additionally, the mortar is intact, well preserved and rich in fragments of cocciopesto that surely increased its resistance and limited the degradation.



	
Biological colonization resulted to be one of the main problems causing esthetical (coverage of surfaces), mechanical (endolithic colonization) and chemical deterioration patina formation and alteration layers ranging from 200 to 500 µm depending on the nature of the colonized material. In fact, volcanic rock (dark tesserae) is less affected by biological attack, followed by compact sedimentary calcareous stone, while those stones with cracks and fissurations are affected not only by a biological patina on the surface but also by a colonization of endolithic microorganisms, mainly black fungi.








The research represents a further milestone to better manage future restoration intervention, especially regarding the choice of the best cleaning procedures to carry out within the archaeological site. Suitable conservative procedures will allow protecting the stone materials against the degradation phenomena mainly related to the biological colonization, type of stones and exposure in the site.



From this study, the need for periodical intervention (at least one before the starting of the vegetative period) with the use of classical biocide (e.g., Rocima™ 103) for the removal of already grown biomass, followed by the application of products that can slow down the regrowth, is clear.
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Figure 1. The Roman Thermae of Reggio Calabria site (Calabria, South Italy). (a) Graphic relief by R. Amodeo; (b) Aerial view of the archaeological complexes by Google Earth; (c) Floor mosaic; (d,e) Brick wall structures and pavement in cementitious and marbles. 
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Figure 2. Sampling points of archaeological materials collected at the Roman Thermae of Reggio Calabria site. (a) Central area decorated with a mosaic floor with geometric motifs in black and white tesserae; (b) Caldarium. 
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Figure 3. Sampling points of biological specimens collected at the Roman Thermae of Reggio Calabria site) Central area decorated with a mosaic floor with geometric motifs in black and white tesserae. 
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Figure 4. Microphotograph (by polarized optical microscopy (POM), in parallel (PPL) and crossed (CPL) polarized light) showing textural features of some selected brick, mortar, metamorphic, sedimentary and volcanic rock fragments, according to the 10 groups, with some evidence of the degradation layer on the surface. TTB6 (I group); TTBi1 (II group); TTN1 (III group); TTNi1 (IV group); TTGi1 (V group); TTR1 (VI group); TTRi1 (VII group); TLM1 (VIII group); TL1 (IX group) and TC1 (X group). The red dotted line in TTB6, TTBi1, TTR1 demarcates the layer of the alteration patina from the substrate. The white dotted line in TTB6 demarcates the layer of the residues of bedding mortar from the substrate. 
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Figure 5. Adhesive tape samples stained with Acridine Orange (AO), seen under an epifluorescent microscope (EFM). Photosynthetic microorganisms are colored in orange/red being autofluorescent; bacteria and fungi are colored in green by the effect of fluorochrome AO. (a) Sample MRC1: mixed microbial community with cyanobacteria, algae, bacteria and fungi; (b) sample MRC3: mixed population mainly eukaryotic Chlorella like type algae and bacteria; (c) sample MRC4: mixed population of eukaryotic algae (Chlorella-like and Desmodesus-like and bacteria embedded in a polysaccharide matrix, EPS; (d) sample MRC6: massive presence of fungi, mainly black fungi as was seen by the thick dark cell wall. Bars are 10 µm. 
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Figure 6. Main microorganisms growing in BG11 liquid. MRC1, MRC3 and MRC4 both fungi and algae were isolated. Scarce growth of algae in MRC2. Only fungi were isolated from MRC5 and MRC6. 
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Figure 7. Growth of fungi in Dichlorane Rose Bengal Chloramphenicol (DRBC) medium. (a) Sample MRC1 with evident fungal colonies around and below the adhesive tape; (b) sample MRC2 with only yeasts; (c) sample MRC3 with fungi around the adhesive tape; (d) sample MRC4 with composite fungal growth; (e) MRC5 no fungal growth; (f) sample MRC6 with fungal growth around the adhesive tape. 
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Figure 8. Isolated algae from samples MRC1, MRC2, MRC3 and MRC4. The isolation procedure, in general, confirms what was already observed under microscopy, except in MRC3 where filamentous cyanobacteria were isolated, but were not observed under microscopy. (a) Single-celled eukaryotic algae isolated from sample MRC1; (b) Scarce growth of single-celled Chlorella-like eukaryotic algae in sample MRC2; (c) Filamentous Leptolyngbya and Nostoc-like cyanobacteria isolated from sample MRC3; (d) Single-celled eukaryotic Chlorella-like algae and prokaryotic Synechococcus-like cyanobacteria in sample MRC4. 
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Table 1. List of the examined archaeological samples taken from different areas within the monumental complex of the Roman Thermae of Reggio Calabria.
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Archaeological Stone Materials




	
Sample ID

	
Sampling Area

	
Type






	
TTB1

	
Floor mosaic—sampling in an area with East exposure

	
White mosaic’s tessera




	
TTB2

	
Floor mosaic—sampling in an area with East exposure

	
White mosaic’s tessera




	
TTB3

	
Floor mosaic—sampling in an area with South exposure

	
White mosaic’s tessera




	
TTB4

	
Floor mosaic—sampling in an area with South exposure

	
White mosaic’s tessera




	
TTB5

	
Floor mosaic—sampling in an area with West exposure

	
White mosaic’s tessera




	
TTB6

	
Floor mosaic—sampling in an area with West exposure

	
White mosaic’s tessera




	
TTR1

	
Floor mosaic—sampling in an area with North exposure

	
Pinkish mosaic’s tessera




	
TTR2

	
Floor mosaic—sampling in an area with North exposure

	
Pinkish mosaic’s tessera




	
TTRi1

	
Floor mosaic—sampling in an area with North exposure

	
Pinkish mosaic’s tessera *




	
TTGi1

	
Floor mosaic—sampling in an area with North exposure

	
Greyish mosaic tessera *




	
TTBi1

	
Floor mosaic—sampling in the central area

	
White mosaic’s tessera *




	
TTNi1

	
Floor mosaic—sampling in the central area

	
Black mosaic’s tessera *




	
TTN1

	
Floor mosaic—sampling in an area with East exposure

	
Black mosaic’s tessera




	
TTN2

	
Floor mosaic—sampling in an area with South exposure

	
Black mosaic’s tessera




	
TTN3

	
Floor mosaic—sampling in an area with West exposure

	
Black mosaic’s tessera




	
TTN4

	
Floor mosaic—sampling in an area with North exposure

	
Black mosaic’s tessera




	
TBI1

	
Floor mosaic—sampling in an area with East exposure

	
White mosaic’s tessera *




	
TBI2

	
Floor mosaic—sampling in an area with West exposure

	
White mosaic’s tessera *




	
TLM1

	
Calidarium—sampling in an area with South exposure

	
Floor slab in veined white marble




	
TLM2

	
Calidarium—sampling in an area with South exposure

	
Floor slab in veined white marble




	
TL1

	
Calidarium—sampling in an area with South exposure near the entrance stairs

	
Brick fragment




	
TL2

	
Calidarium—sampling in an area with South exposure on an inner wall

	
Brick fragment




	
TL3

	
Calidarium—sampling on fictile tubules

	
Brick fragment




	
TL4

	
Calidarium—sampling on fictile tubules

	
Brick fragment




	
TC1

	
Calidarium—sampling on a concrete base

	
Concrete base




	
TL5

	
Wall structure adjacent to the mosaic, Westside exposure

	
Brick fragment




	
TL6

	
Wall structure adjacent to the mosaic, Westside exposure

	
Brick fragment




	
TL8

	
Wall structure adjacent to the mosaic, Westside exposure

	
Brick fragment








Note: * area previously restored.
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Table 2. List of the examined samples of microbial colonization taken from different areas of the mosaic of the Roman Thermae of Reggio Calabria.
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Biological Samples




	
Sample ID

	
Sampling Area

	
Type of Colonization






	
MRC1

	
Floor mosaic—Untreated area (North exposure), in correspondence of original white tesserae

	
Greenish to dark green patina




	
MRC2

	
Floor mosaic—Area treated with 2% Rocima™ 103 (North exposure), in correspondence of original white tesserae

	
No apparent colonization on the surface, but visible between the tesserae




	
MRC3

	
Floor mosaic—Untreated area, seafront, in correspondence of non-original white tesserae

	
Biological patina




	
MRC4

	
Floor mosaic—Restored area, seafront, in correspondence of cemented area

	
Biological patina




	
MRC5

	
Floor mosaic—External area treated with 2% Rocima™ 103 (North exposure), in correspondence of original white tesserae

	
Light greyish patina




	
MRC6

	
Floor mosaic—Untreated internal area (North exposure), in correspondence of original white tesserae

	
Heavy black patina
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Table 3. Main features of the examined samples (by POM) along with the main mineralogical phase and accessory minerals (by (XRD) occurring in the analyzed samples.
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Tesserae




	
Group

	
Sample ID

	
Type

	
Classification

	
Mineralogical phases by XRD




	
I

	
TTB1

	
Sedimentary

	
Calcarenite (biomicrites/wackestones)

	
Cal; Qz




	
TTB2

	
Cal; Qz




	
TTB3

	
Cal




	
TTB4

	
Cal




	
TTB5

	
Cal




	
TTB6

	
Cal; Qz; Ab




	
II

	
TTBi1

	
Sedimentary

	
Calcarenite (intrasparite/packstone)

	
Cal; Qz




	
TBI1

	
Calcarenite (biomicrites/wackestones)

	
Cal




	
TBI2

	
Calcarenite (biomicrites/wackestones)

	
Cal




	
III

	
TTN1

	
Volcanic

	
Effusive igneous rock

	
Cal; Sa; Hbl; Cpx; Fo




	
TTN2

	
Cal; Or; Sa; Cpx




	
TTN3

	
Cal; Ab; Cpx




	
TTN4

	
Cal; Cpx; Fo; Sa; Hbl




	
IV

	
TTNi1

	
Sedimentary

	
Calcarenite (biomicrites/wackestones)

	
Cal; Qz




	
V

	
TTGi1

	
Sedimentary

	
Calcarenite (biomicrites/wackestones)

	
Cal; Qz; Ab




	
VI

	
TTR1

	
Sedimentary

	
Calcarenite (pelsparite/packstone)

	
Cal




	
TTR2

	
Calcarenite (intrasparite/packstone)

	
Cal; Qz




	
VII

	
TTRi1

	
Sedimentary

	
Calcarenite (biomicrite/mudstone)

	
Cal; Qz




	
Veined white marble




	
Group

	
Sample ID

	
Type

	
Classification

	
Mineralogical phases by XRD




	
VIII

	
TLM1

	
Metamorphic

	
White marble

	
Cal; Qz




	
TLM2

	
Cal




	
Brick fragment




	
Group

	
Sample ID

	
Type

	
Mineralogical phases by XRD




	
IX

	
TL1

	
Brick

	
Cal; Qz; Ab; Di




	
TL2

	
Cal; Qz; Ab; Ilt




	
TL3

	
Cal; Qz; Di; Gh




	
TL4

	
Cal; Qz; Ab; Ilt




	
TL5

	
Cal; Qz; Ab; Ilt




	
TL6

	
Cal; Qz; Ab; Ilt




	
TL8

	
Cal; Qz; Ab; Ilt; Di; Gh




	
Concrete base




	
Group

	
Sample ID

	
Type

	
Mineralogical phases by XRD




	
X

	
TC1

	
Mortar

	
Cal; Qz; Ab








Notes: Ab: Albite; Cal: calcite; Cpx: Clinopyroxene; Di: Diopside; Fo: Forsterite; Gh: Gehlenite; Hbl: Hornblende; Ilt: Illite series; Qz: quartz; Or: Orthoclase; Sa: Sanidine. Mineral abbreviations were made according to Whitney [44].
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Table 4. Microorganism’s growth and frequency in the MRC samples.
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	Sample ID
	Filamentous Fungi
	Yeasts
	Algae and/or Cyanobacteria
	Bacteria





	MRC1
	+
	+
	+++
	-



	MRC2
	-
	-
	+
	++++



	MRC3
	++
	+
	+++
	++



	MRC4
	+++
	+
	+++
	++



	MRC5
	+
	-
	-
	-



	MRC6
	+++
	-
	++
	-







Notes: ++++ = very abundant, +++ = abundant, ++ = medium, + = scarce, - = not present.
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Table 5. Taxonomic groups and strains isolated from the MRC samples.
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Groups

	
Sample ID




	
Preliminary Identification

	
MRC1

	
MRC2

	
MRC3

	
MRC4

	
MRC5

	
MRC6






	
Fungi

	
Alternaria sp.

	
+

	
-

	
-

	
+

	
-

	
+




	
Cladosporium sp.

	
-

	
-

	
-

	
+

	
+

	
+




	
Aspergillus sp.

	
+

	
-

	
-

	
-

	
-

	
-




	
Trichosporon sp.

	
-

	
-

	
+

	
+

	
-

	
-




	
Phoma sp.

	
-

	
-

	
-

	
-

	
-

	
+




	
Acremonium sp.

	
+

	
-

	
+

	
-

	
-

	
-




	
Coniosporium apollinis

	
+

	
-

	
-

	
+

	
-

	
-




	
ni yeasts

	
+

	
-

	
-

	
-

	
-

	
-




	
Algae and/or Cyanobacteria

	
ni unicellular

	
+++

	
+

	
++

	
+++

	
++

	
-




	
ni filamentous

	
-

	
-

	
++

	
+

	
-

	
-








Notes: +++ = abundant, ++ = medium, + = scarce, - = not present.
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