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Abstract

:

A group of wall painting fragments discovered at Ulpia Traiana Sarmizegetusa, an important Roman archeological site located in the former Roman province of Dacia (Romania), have been investigated with the aim of defining the material composition of their pictorial layers and exploring the pictorial technology used. In order to preserve the integrity of the murals and minimize sampling, an array of non- and micro-invasive techniques has been employed, including X-ray fluorescence, laser-induced breakdown spectroscopy, Fourier transform infrared spectroscopy, and hyperspectral imaging. In accordance with previous studies, the identified color palette was mainly based on iron-rich earth pigments (red and yellow ochres, green earth) and carbon-based blacks (soot/charcoal, bone black). Egyptian blue, lazurite, some lead-based pigments, and potentially indigo were also identified (in complex mixtures) on the uppermost paint layers, typically applied a secco over the a fresco background. The presence of expensive pigments and the existence of a red preparatory drawing, documented for the first time in the region, indicate that the original wall paintings had elaborate schemes and, secondly, reflect the patron’s wealth and social status. Hyperspectral imaging was able to retrieve some faded paint layers in certain cases, helping to recover lost decorative details, an indicator of a more complex polychromy compared to what we see today. The obtained results add important contributions to the limited corpus of data regarding the technical know-how of decorative polychrome painting on plaster found in Roman archeological sites in Romania.
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1. Introduction


Ancient mural paintings, found in a multitude of cultures across the globe, hold invaluable cultural and historical significance, making their preservation and analysis of paramount importance. Due to their aesthetic beauty and artistic expression, Roman wall paintings have long fascinated scholars and the general public alike. These ancient artworks offer unique glimpses into Roman life, culture, and artistic techniques; the intricate details and vibrant colors of these mural decorations provide valuable insights into the society and values of the time. Through these paintings, one can appreciate and admire the craftsmen’s technical know-how and understand the aesthetics that were prized in ancient Roman society [1]. It is well known that Romans employed painting to create illusions, simulating luxurious building interiors. Wall painting decorations were typically commissioned and served to advertise social ambitions, the wealth and status being expressed in private residential building projects [2,3].



Since the pioneering studies conducted by Jean-Antoine Chaptal and Sir Humphry Davy in the early 19th century [4,5], Roman wall paintings have been the subject of extensive scientific research. These studies have been driven by the desire to understand the materials and painting techniques employed by ancient artists (the exact pictorial technique the Romans used has long been debated), as well as to determine appropriate conservation treatments for these delicate painted surfaces [6,7].



Currently, there is a substantial corpus of data on wall painting supports and pigments, particularly from Rome and Pompeii [1,3]. Wall painting fragments discovered in other parts of the empire, including Northern Italy [8], Spain [9], France [10], Switzerland [11], Great Britain [12], Greece [13], Cyprus [14], Ukraine [15], and Slovenia [16], have also been studied, though to a lesser extent. This lack of systematic analysis concerning Roman wall painting findings is particularly pronounced in the case of the frontier provinces of the Roman Empire, such as Dacia.



A province of the Roman Empire from 106 to 271–275 AD, Dacia, also known as Dacia Traiana or Dacia Felix, covered much of the historical region of Transylvania (modern north-central and western Romania). In contrast to other Roman provinces, Dacia has very few preserved examples of Roman wall paintings. This situation can be attributed to various factors, including environmental/burial conditions, methods of recovery, subsequent conservation treatments (if any), and, not least, historical aspects [17,18]. Unlike the western part of the Roman Empire, where the wall painting technique was a well-established tradition, in Dacia, this artistic phenomenon was not as prevalent. According to existing historical sources, craftsmen with high technical skills and expertise were brought from other provinces specifically for commissioned works [19,20]. Ancient written sources concerning wall painting, including De Lapidibus by Theophrastus, De Architectura by Vitruvius, and Historia Naturalis by Pliny the Elder, mention the advanced technical skills required to carry out such artworks—from know-how on the technique of execution of the support (the laying of the different coats of plaster, the use of preparatory sketches), to the preparation of pigments, the use of various painting techniques and the process of finishing the paint surfaces [1,3].



Archaeological excavations that report the discovery of Roman mural paintings located in the former territory of the Roman province of Dacia are relatively scarce and not widely known [17]. Important discoveries of Roman mural paintings have been reported so far only in a few archeological sites. These isolated discoveries are often found to belong to richly decorated Roman villas (domus) occupied by high-ranking dignitaries and other upper-class figures. Notable examples include discoveries at Apulum [21] and Apulum II [22], at Ulpia Traiana Sarmizegetusa [23], and, more recently, at Rapoltu Mare—La vie [24]. Decorative polychrome paintings on plaster associated with monumental public buildings have been discovered to a lesser extent, such findings being reported only in the case of the Roman amphitheater from Porolissum [25], and, in the case of the Roman baths from Alburnus Maior [26].



In terms of publications, most studies discussing mural painting decorations found in Dacia are primarily archeological excavation reports. Historical and art history studies [19,20] have been published less frequently, especially in recent years, while technical and/or interdisciplinary studies conducted on unearthed mural fragments are even more scarce. With the exception of some early analytical reports mentioned in a couple of studies [25,27], to this date there are only a limited number of scientific publications that investigate the material composition of the pictorial layers and explore the pictorial technology of several 2nd c. wall painting fragments discovered within a domus at Ulpia Traiana Sarmizegetusa [28], within the Roman baths at Alburnus Maior [29], and within a Roman villa at Rapoltu Mare—La vie [30].



In this study, we report the results of our most recent investigations carried out on a group of wall painting fragments that have never been studied until now. These fragments were excavated in what is probably the most important Roman archeological site in Dacia—Ulpia Traiana Sarmizegetusa [31], the first city established by the Romans in the northern part of the Danube. As mentioned earlier, the archeological site at Sarmizegetusa is one of the few locations in Dacia where significant segments of decorative polychrome paintings on plaster were discovered in situ. During the archeological excavations carried out between 1984 and 1986, impressive fragments of mural decorations were discovered in structures belonging to the so-called Domus Procuratoris [32,33], the subject of this study. Later on, similar discoveries were also found within different architectural buildings from Sarmizegetusa such as the rooms belonging to the domus located under the remains of the temple dedicated to the Palmyra gods, west of Trajan’s Forum [23,34,35]. Relatively well preserved, some of these murals can be included in the third Pompeian style due to the use of simple, monochromatic panels, clearly individualized, and the occurrence of vegetal motifs [23].



This study builds upon previous works [28,29] and aims to provide new insights into the painting materials and techniques used by ancient artists in the production of wall paintings within the Roman province of Dacia. In order to preserve the integrity of these rare wall painting fragments and avoid sampling as much as possible, a minimally invasive multi-method approach was considered. Specifically, this study combined an array of non- and micro-invasive techniques that have been recognized as efficient and complementary tools for the characterization and identification of a wide range of painting materials. Portable X-ray fluorescence (XRF) and laser-induced breakdown spectroscopy (LIBS) were employed for the elemental characterization of the samples, including the characterization of the painting stratigraphy [36,37,38,39]. Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectroscopy [40,41] and hyperspectral imaging (HSI) in the short-wave infrared (SWIR) region [42,43,44] were used to obtain molecular and structural information of the pigmenting materials used for the color palette and to investigate the possible use of organic binders. HSI was also employed to extract enhanced images that could highlight hidden features and concealed details that were not visible through visual inspection, which could offer additional data on the painting technology and working methods. The obtained results are discussed and compared with previous findings [28,29] to provide a deeper understanding of the painting production methods and the artistic practices within the region.




2. Materials and Methods


2.1. Wall Painting Samples


In this study, a group of ten wall painting fragments excavated at Ulpia Traiana Sarmizegetusa archeological site have been examined (Table 1). The samples, never investigated before now, were discovered as loose fragments during excavations conducted between 1984 and 1986, in what appears to have been the Domus Procuratoris—the residence of a high-ranking official, the procurator of the province [45,46,47].



Following excavation, the wall painting fragments were not subjected to any restoration or conservation treatments. As a result, the samples retained their original integrity, offering an unaltered view of their authentic characteristics. Of relatively small size, the investigated fragments have relatively well-preserved paint layers in one or more chromatic shades (including superimposed paint layers). Red, pink, yellow, green, purple, blue, brown, and black pictorial layers can be observed in various hues. The support consists of single or two distinct plaster layers (arriccio and intonaco), and some of the samples show evidence of a preparatory drawing made with red paint (sinopia) [2,3]—see Table 1 and Figure 1 and Figure S1 (Supplementary Materials). The investigated samples were carefully chosen to be as representative as possible. They reflect the full spectrum of all documented colors and features, ensuring a comprehensive overview of the wall paintings excavated within this particular site. A detailed description of the investigated fragments is given in Table 1.



All wall painting fragments have been investigated using XRF, ATR-FTIR, and HSI. Additionally, LIBS was carried out specifically on areas with unresolved questions and/or to verify the presence of certain materials that could not be confirmed by other employed techniques. Except for ATR-FTIR analysis, which was conducted on powder samples, all other analytical measurements were performed in situ, without sampling, based on the capabilities of the portable equipment employed. In order to obtain a morphological characterization of the samples, optical microscopy was performed on the wall painting fragments using a Leica M205 FA (Wetzlar, Germany) fluorescence stereomicroscope.




2.2. X-ray Fluorescence (XRF)


XRF measurements were performed with portable, handheld XRF equipment (TRACER III-SD) from Bruker (Billerica, MA, USA). The equipment has an Rh-anode and a 10 mm2 silicon drift detector, with 145 eV at a 200,000 cps (Mn Kα line) energy resolution and increased accuracy, down to the ppm level, as a function of the sample’s features, and has a spot size of 3 × 4 mm. The experimental parameters were set so as to obtain the best detection accuracy in terms of X-ray intensity and spectral profile across a larger spectral range at a ~11 µA current intensity, a 40 kV tube voltage, a 30 s live time, without filtering of the beam, and under an air atmosphere. Before each measurement session, the instrument’s accuracy was checked using a Duplex 2205 check sample, a metal alloy, which contains known concentrations of nickel, molybdenum, chromium, iron, manganese, and other trace metals. Elemental identification was performed using the ARTAX software (v7.4), and data plotting was carried out using Microsoft Excel 2021 and OriginPro 2021b.




2.3. Laser-Induced Breakdown Spectroscopy (LIBS)


LIBS measurements were performed using a handheld Z-Series analyzer from SciAps (Woburn, MA, USA) that employs a YAG:Nd Q-switched laser emitting at the fundamental wavelength of 1064 nm, with the following laser parameters: a spot diameter of 50 µm, an energy of 5 mJ and a 10 Hz repetition rate. The system’s CCD spectrometers cover a spectral range from 190 nm to 950 nm. The acquisition is performed in an Argon-purged environment, and the spectral data were collected for targeted analysis using a single-pulse mode in a series of 10 to 25 pulses depending on each area’s characteristics. Data processing was performed using Microsoft Excel 2021 and OriginPro 2021b.




2.4. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR spectra were recorded on powder samples in attenuated total reflection (ATR) mode on microsamples, using a Perkin Elmer SpectrumTwo FTIR spectrometer (Waltham, MA, USA) equipped with a Pike Technologies GladiATR accessory (monolithic diamond crystal, 3 mm diameter) (Fitchburg, WI, USA). Small amounts of samples were taken from research interest areas by gently scrapping the surface. Spectra were collected in the 4000–380 cm−1 mid-infrared spectral region at a 4 cm−1 resolution using 32 scans. Data processing was carried out in Essential FTIR (v3.50).




2.5. Hyperspectral Imaging (HSI)


The hyperspectral data acquisition was performed using a portable HySpex SWIR-384 system produced by Norsk Elektro Optikk (Oslo, Norway). The camera features a state-of-the-art Mercury Cadmium Telluride (MCT) detector and is equipped with a cryogenic cooling system, which ensures a constant temperature at 147 K. These characteristics enable low background noise, a high dynamic range, and an optimal signal-to-noise level at a maximum speed of 450 fps. The system, which operates between 950 and 2500 nm, covers parts of the near-infrared (NIR) and short-wave infrared (SWIR) spectral region and it records simultaneously 288 different spectral bands, with a spectral sampling of 5.45 nm. For data acquisition, a 30 cm working distance close-up lens was used in order to provide the best available resolution. Diffuse illumination was provided by two custom-made lamps (T3 halogen incandescent light bulbs R7S) that provide a light output of 2500 lumens and a proper excitation source in the range covered by the hyperspectral camera detector. Radiometric calibration of the SWIR data was carried out using the Hyspex RAD software (v.3.1.), thus converting the digital number (DN) in at-sensor absolute radiance values (W/sr·nm·m2) by using a scaling factor included in the header file. The conversion of the radiance to apparent reflectance was made using the QUAC (QUick Atmospheric Correction) module in ENVI (v.5.3.). A Zenith Lite Diffuse Reflectance Target (50% R) from SphereOptics (Herrsching, Germany) was used as a reflectance standard. Two supervised classification algorithms, Spectral Angle Mapper (SAM) and Linear Spectral Unmixing (LSU), were applied in ENVI (v.5.3) to the registered hyperspectral data with the aim of clustering similar pigments (or pigment mixtures) and mapping their distributions.





3. Results


3.1. XRF Analysis


Due to the non-destructive nature of the measurements and the features of the wall painting fragments, which are layered, inhomogeneous materials, sometimes showing surface depositions, XRF analysis has been carried out on multiple areas of each given sample. Given the working protocol employed, the obtained XRF results can be regarded as semi-quantitative. The identified elements are listed in Table 2, based on their relative contribution to the overall spectrum: major—defined as the main elements detected; minor—defined as the peaks ten times lower than the major peaks; and trace—defined as all other detected elements above the detection limit. The table excludes elements that were identified but fell below the calculated detection limit (Na and Mg were not detected above the LOD in any of the analyzed samples).



As can be seen in Table 2, calcium and iron were the dominant elements detected within all areas. The high calcium content primarily originates from the preparation layer (observed in some of the samples), as well as from the mortar base and possibly from the use of a lime-based binder. Given the low levels of sulfur detected, the presence of secondary gypsum (as superficial alteration product) can be excluded [48]. Strontium, a substitute of calcium in both calcite and aragonite [49], is also present in small amounts across all the investigated areas and can be linked with the presence of calcium-based minerals.



Figure 2 shows the distribution of three of the detected elements (iron, arsenic, and lead) across all analyzed areas. The corresponding net count rates recorded for each analysis area were normalized with respect to the Rh Kα line in order to allow for semi-quantitative analysis. Iron, one of the main elements present in all registered XRF spectra, is likely associated with the constituent chromophore phases (mixture of ferric oxo-hydroxide minerals) of the various earth-based pigments dispersed in the paint layers as well as in the red-colored preparation layer [50,51]. As easily observed in Figure 2a, the highest levels of iron were identified on the red-pigmented areas in sample S5 and sample S8, which infers the use of an iron-rich red ochre [2,3,52]. The use of yellow ochre can also be inferred, as indicated by the high iron level registered on the yellow paint layer in sample S3. Additionally, some of the green areas (S4-2 and S6-1) also showed notable iron levels, probably due to the use of green earth (terra verte). This hypothesis is also sustained by the slightly higher levels of potassium registered for the green chromatic areas, indicative of potassium-rich minerals, such as celadonite and glauconite, which are typically found in green earths [53].



The presence of several trace elements has been highlighted in the XRF spectra. Some of them, such as Sr, Ti, Al, S, and P could be related to the calcium-based matrix [54], but given the low correlation between calcium and these trace elements (see Figure 3), this does not seem very plausible. More likely, such trace elements are terrigenous markers linked to the burial environment or to the geological origin of the pigments [55,56,57]. Other elements, including Si, Al, Ti, Mn, As, Pb, Cu, and Zn, can be likely associated with the silicate-based accessory phases of the earth-based pigments [53], widely used across the wall painting fragments investigated. However, the detection of significant amounts of certain transition metals and metalloid elements, such as lead and arsenic, may suggest the presence of additional pigmenting compounds. Arsenic lines have been evidenced in several red areas (S2-1, S5-1, S8-1), as can be seen in Figure 2b, identified through the presence of both Kα and Kβ lines (Figure S2). Looking at the correlation matrix (Figure 3), it can be seen that iron and arsenic are positively correlated (r~0.84), suggesting that they come from a common source.



The presence of arsenic, one of the most frequently encountered impurities in iron ores, with common occurrences being arsenopyrite and its weathering products [58], can be related to the extraction source of the earth pigments [57]. As evident in Figure 2b, arsenic traces were also registered on the samples displaying a red preparation layer/sinopia (S4, S6), which can infer the idea that the same red ochre was used for the top red-colored layers.



Significant levels of lead have been registered on the purple-gray paint layer (S3-2) as well as on the red paint layer in sample S8 (Figure 2c). Similar to arsenic, lead is also a naturally occurring impurity in ochre-based pigments, both elements having a tendency to be adsorbed through surface interaction onto phyllosilicates and transition metal oxides [59,60]. However, in this case, the intensity of the lead lines is much higher (compared to the other areas), suggesting the intentional addition of a lead-based pigment, in order to obtain the desired shades. As documented in various historical sources, several artificial lead-based pigments (like, for example, lead white, minium, and massicot) were known and employed by the Roman artists, alone or admixed with other pigments, such as ochres [61]. Taking into account the purple shade of the investigated area, one possibility would be the use of a mixture based on lead white and Tyrian purple, a shellfish-derived pigment [62]. However, considering the high cost of this pigment [52], it is less likely that such a mixture was employed. Instead, more accessible violet pigments may have been considered such as a reddish-purple created by heat treatment of hematite (known as caput mortuum, usta, or ostrum) [63], a mixture of Egyptian blue with red ochre [64] or with red lead (minium) [65], a mixture of green earth and hematite [65], or a mixture of organic dyes madder and indigo [66]. According to existing sources, another method to create purple hues involved applying cinnabar on top of an indigo layer [67]. From the above-mentioned hypotheses, based on the low levels of copper registered for this area, we can exclude the presence of Egyptian blue (a copper calcium silicate). The use of cinnabar can also be ruled out, as no Hg lines were registered. The other hypotheses will be evaluated through complementary techniques, as discussed in the following sections.



For the black-pigmented area investigated (S4-1), a mixture of ochre and carbon black pigments can be inferred, with such mixtures being frequently reported in the literature, charcoal being added to enhance the opacity of the relatively transparent ochre pigments [50].



As observed in the macroscopic images registered on the surface of some of the investigated wall painting fragments, traces of a richer color palette can be seen, as, for example, sample S6 (Figure 1b), where various blue-colored particles and yellow paint spots can be easily observed on top of the light-green paint layer. Due to the limitations of the handheld XRF equipment, which has a spot size of 3 × 4 mm, such small particles and/or colored areas cannot be analyzed individually, and micro-analytical techniques are required. In this particular case, the bluish-green hue may have been obtained by mixing green earth with small quantities of Egyptian blue and yellow ochre, a practice documented in several other studies [68,69,70]. The blue- and yellow-colored grains still present on the surface could also be associated with the existence of a superimposed paint layer (on top of the light-green background) which, over time, has been lost. The existence of more complex decorative patterns and/or the use of pigment mixtures can also be inferred for several other fragments, as highlighted in Figure S1.



The visual examination of the coarse plaster layers (arriccio) shows a very heterogeneous composition made of various aggregates, including visible lumps of calcite, quartz, and ochre pigments. The presence of ochre nodules in the mortar indicates the use of local material, such as river sand with impurities, and explains the minor Fe input registered in these areas. These ochre inclusions could also result from the manufacturing process of the raw painting materials, such as the use of the same tools when preparing the mortar and the pigments. In terms of trace elements, the average concentrations of Zn and Rb are notably higher in the mortars compared to the painted areas, likely related to the type of aggregate used [71].




3.2. LIBS Analysis


To obtain further elemental information, including stratigraphic analysis of the investigated wall painting fragments, and thus overcome some of the limitations of the XRF measurements—such as low detection limits for light elements, shielding and layering effects [72]—LIBS analysis was considered. Due to its micro-destructive nature and the high historical value of the wall painting fragments, LIBS measurements were carried out only on fragments S4 and S6 that show the existence of several paint layers and/or the presence of the red preparatory drawing (sinopia). The stratigraphic results provided by LIBS on selected areas are shown in Table S1 (see Supplementary Materials).



In alignment with the recorded XRF data, Ca and Fe are among the primary elements identified via LIBS across all the examined areas. Cu, Pb, C, Sr, Ti, Cr, Al, Na, Mg, Mn, K, and Si were also detected in minor or trace amounts. Due to the presence of related mineral components rich in iron oxides and aluminosilicates, the chemical fingerprints registered in the areas analyzed using LIBS are relatively similar. Nonetheless, by correlating the distribution of elements with the LIBS depth profile and their relative abundances in the spectra, the emerging patterns align well with the paint layer stratigraphy as observed under microscopic examination, providing additional insights. Figure 4 and Figure 5 depict the distribution of the main elements of interest—Cu, K, Sr, Fe, Al, Pb, Si, and C—throughout the LIBS stratigraphy. As observed in Figure 4a, which corresponds to a lacuna exposing the red underlayer on sample S4, the first laser pulse detects lower levels of Fe and Al on the exposed surface, alongside higher concentrations of Pb. However, from the second pulse onward, Pb diminishes as Fe becomes more predominant. The greater abundance of lead on the surface of the lacuna may indicate the presence of a lead-based pigment on top, related to the black paint layer for which a pigment mixture was most probably used. These results are in agreement with the XRF data and sustain the hypothesis that some types of lead-based pigment have been used to obtain the desired hue or to enhance the specific properties of the painted surface [50,61].



In the LIBS data recorded for the black-painted area on sample S4 (Figure 4b), a significant difference is observed in the first five pulses, where the relative abundance of the identified elements is notably low, suggesting the presence of organic components—either related to the presence of an organic dye or to the use of an organic binder. Furthermore, for the same area, the abundance of carbon species is higher starting with pulse seven, suggesting that a black carbon-based pigment is present (admixed with an iron-rich ochre) [39,50]. While the iron abundance collected at different depths remains relatively stable, starting with pulse twenty-three, a transition occurs to another layer, likely indicating that the laser pulse has reached the red preparatory layer underneath the top black layer. For the light-blue paint layer in sample S4, higher abundances of Mg were registered, suggesting the idea that perhaps dolomite was added as a whitener [39].



LIBS data obtained on the bluish-green paint layer on sample S6 could not confirm the presence of Egyptian blue, an artificial copper calcium silicate pigment inferred via microscopic examination and historical sources. Copper was identified only as a trace element with a low spectral abundance. These results could be explained by the fact that the laser spot did not hit the Egyptian blue pigment particles, which are unevenly dispersed within the top paint layer, as observed under microscopic examination. For the same area, the elemental distribution profile for pulses thirteen to seventeen (as shown in Figure S3) suggests the existence of an intermediate layer, which, based on the microscopic observations (Figure S1b), can be linked with a dark-blue undercoat. As shown in Figure 5a, the carbon peak reaches a maximum in the spectra collected at intermediate depths. For the same area, the iron content is lower only during the first five laser pulses, after which it begins to increase and remains relatively constant (Figure 5b). The in-depth iron distribution suggests that iron-rich pigments are present within this intermediate layer as well (iron oxides are also present in the top paint layer, and in the red sinopia layer, hence the constant Fe signal). Based on the registered data, it is likely that this undercoat consists of calcite mixed with carbon black and some iron oxides, a mixture typically employed to obtain an optical blue hue [73]. This hypothesis was confirmed via combined FTIR analysis and hyperspectral imaging, as further discussed in Section 3.3 and Section 3.4.




3.3. FTIR Analysis


As expected, and in accordance with the obtained elemental data, the FTIR spectra registered on all pigmented layers are characterized by the presence of strong calcite peaks related to the carbonation process and, to a certain degree, to the lime with which the pigments were mixed to obtain the desired hues. The characteristic absorptions associated with calcite (CaCO3) can be observed at ~1400 cm−1 (broad band ascribed to the ν3 antisymmetric stretching), 872 cm−1, and 712 cm−1 (sharp peaks ascribed to the ν2 out-of-plane bending and ν4 in-plane bending). The small peaks at 2512 and 1796 cm−1 (combination bands), visible in some of the registered spectra, are also attributed to calcite [29].



FTIR measurements on the red-pigmented areas (samples S2, S5 and S8) clearly revealed the use of a red iron oxide pigment, with characteristic bands for hematite (Fe2O3) being observed around 531 cm−1 and 467 cm−1 (ascribed to lattice vibrations) [53]. Among the various red pigment samples analyzed, the position of the first band (associated with hematite) ranges from 531 to 536 cm−1, while the position of the second band remains unchanged but is generally more intense, which indicates that the hematite particles are platy or elongated [74]. Previous studies have shown that the position and shape of these bands vary according to the size and shape of the hematite particles [75], characteristics that can be linked to different pigment sources and/or various processing methods. In addition to hematite, the FTIR spectra registered on these samples (Figure 6a) showed strong absorptions associated with the presence of clays from the kaolin group and quartz, common accessory minerals found in red ochres. Kaolinite was identified based on the characteristic peaks observed at ~1030 cm−1 (Si-O-Si), 1010 cm−1 (Si-O-Al), and 918 cm−1 (Al-O-H), with the last two bands typically observed as shoulders. The outer and inner hydroxyl ion bands typically found in kaolinite within the 3700–3600 cm−1 spectral region are very poorly defined and hardly visible in the spectra, indicating that the OH groups’ bonding to the kaolinite structures was profoundly modified [76], most likely during pigment grinding [77]. The characteristic bands for quartz (SiO2) can be easily observed at 1164, 1080, 798, 779, and 696 cm−1 [53]. The use of a red ochre pigment was also confirmed for the red preparation layer in samples S1, S4, and S6.



The FTIR spectrum registered on the yellow-pigmented area (sample S3) shows many similarities with the red ochre’s infrared spectrum—strong peaks associated with kaolinite, quartz, and ferric oxide. The characteristic bands for goethite (limonite), the main coloring agent in yellow earths, could not be observed. The hydroxyl stretch at approximately 3150 cm−1 is missing, and the hydroxyl deformation bands near 800 and 900 cm−1 are masked by the presence of silicates (especially quartz) and other clay minerals [53]. A more refined spectra of the yellow ochre pigment can be seen in Figure 6b, registered on an ochre nodule extracted from the mortar layer of sample S3. As can be easily observed, in this case, the hydroxyl peaks in kaolinite are well defined (peaks at 3695 and 3621 cm−1), and the bands ascribed to (hydrous) ferric oxides are much more intense, and slightly shifted to lower wavenumbers (peaks at 527 and 463 cm−1). Calcite is also present as an accessory mineral within the yellow earth, as indicated by the characteristic peaks registered at 1416, 872, and 712 cm−1. The weak bands between 3000 and 2850 cm−1 can be ascribed to aliphatic C–H stretching absorption [78], while the broad band at 1635 cm−1 is related to the adsorption of water [79].



The hypothesis of using a green earth pigment derived from a potassium-rich mineral, as inferred from the elemental data, was supported via FTIR analysis. The presence of celadonite could be clearly confirmed via the characteristic bands registered on the green pigmented areas (Figure 6c)—small peaks at 3557, 3534 cm−1 (OH stretching), strong band at 958 cm−1 (Si-O stretching), with a shoulder band at 1072 cm−1 [53]. The broad peak centered around 985 cm−1 can be linked with a higher Al tetrahedral substitution, suggesting the presence of lower-ordered type of structures [80]. The hypothesis that Egyptian blue was mixed with green earth to create the lighter green hues, as seen in sample S6, could not be confirmed via FTIR analysis. No distinct diagnostic bands for Egyptian blue are visible, likely due to spectral interferences (overlapping bands), as numerous other painting components present, primarily silicates, exhibit absorption in the same spectral region [81].



FTIR data registered on the purple-gray paint layer in sample S3 revealed similar spectral features as the FTIR data obtained on the yellow ochre paint layer underneath. The spectrum is dominated by strong bands due to calcite. Compared to the yellow-ochre paint layer underneath, the purple paint layer on top displays more intense and broader peaks at 528 and 468 cm−1, ascribed to ferric oxides. Based on the hypothesis derived from the XRF data registered on the same area, the use of caput mortuum admixed with white lead can be ruled out. Compared to red ochre, caput mortuum’s IR spectrum is characterized by broader peaks within the fingerprint region that are also shifted to higher wavenumbers values—545 and 473 cm−1 [82]. No characteristic peaks for lead white could be observed either—strong and broad band centered at ~ 1400 cm−1, with sharp bands at 1046 cm−1 and 680 cm−1 [83]. However, the presence of lead white cannot be definitely excluded as the peaks may be hindered by the strong calcite and quartz absorptions that fall within similar regions. The use of an organic dye (indigo) alone or admixed with others (such as madder or safflower red), another hypothesis regarding the employed purple pigment, could not be confirmed via FTIR either. Complementary or more powerful techniques, such as chromatographic methods, are required in this case [67], more so as alteration phenomena and a low concentration of the (presumably present) organic colorants can limit the detection capabilities of FTIR.



However, for the light-blue paint layer of sample S4, indigo could have been used. The FTIR spectrum registered on the sample extracted from this area (Figure 7) shows characteristic peaks around 560, 530, 470, and 420 cm−1 (sharp bands), as well as some poorly resolved features (due to the low quantity of the measured sample) around 3700, 1493, 1460, and 1090 cm−1, which could be ascribed to indigo [84]. For the same area, a strong band around 955 cm−1 can be observed, which, together with the peaks observed at 892 (should band), 634, and 447 cm−1, may be linked with the presence of lazurite [84]. Compared to Egyptian blue and indigo, lazurite was less common in Roman wall paintings. To date, this pigment has been reported in only a limited number of studies, typically mixed with other pigments to obtain various hues such as dark blues (in admixture with goethite and carbon black) or dark browns (in admixture with hematite and goethite) [85].



An optical blue—a white pigment (calcite in this case) mixed with carbon black and/or a dark iron-based pigment [73]—may have been used for the dark blue paint underlayer observed in sample S6. The FTIR spectrum for this area shows high amounts of calcite, some silicates, and iron oxides but no characteristic peaks for any blue pigment. According to existing sources, applying such an undercoat can enhance the color intensity of the top paint layer. This practice is documented in the literature, particularly with Egyptian blue, a glassy pigment with low coloring power, which, if applied over a blue or blue-gray undercoat, produces a more vibrant hue [73].



Regarding the black-pigmented areas, the FTIR data obtained supports the hypothesis that a mixture of ochre and carbon black pigments was used [50]. The FTIR spectrum of the black-pigmented sample extracted from sample S4 is characterized by the typical sharp peaks of calcite, along with the characteristic peaks ascribed to an earth-based pigment rich in ferric oxides, kaolinite, and quartz. No other significant spectral features that could be ascribed to the presence of bone and vine black pigments were highlighted in the spectrum [86], suggesting that an amorphous carbon black pigment was used—most probably soot—the main black pigment recommended by Pliny [52].



A bone black pigment might also have been used, as inferred by the characteristic bands ascribed to hydroxyapatite found on a greyish paint layer extracted from fragment S8. The absorption bands at 602 and 563 cm−1 (ascribed to P-O bond vibrations), along the broad peaks centered around 1647 cm−1 and 3450 cm−1 (ascribed to O-H vibrations), are in agreement with the presence of hydroxyapatite [86,87]. As expected for pigments obtained via bone calcination, strong calcite bands are also registered for this sample. As shown in Figure S4, the calcite peaks are significantly higher than those in the underlying red paint layer, supporting the idea that the calcite contribution in the grayish paint layer is partially due to the use of a bone black pigment.



Related to the possible use of organic binders, ATR-FTIR analysis did not reveal any clear spectral features that may definitively indicate the presence of organic compounds or degradation products of organic binding media. In some of the registered spectra (see Figures S5 and S6) some small, poorly defined, bands can be seen in C-H stretching region (3000–2800 cm−1), as well as in the Amide region—peaks at 1645 cm−1 and 1588 cm−1 (shoulder)—which is a possible indicator of a protein-based binding media, such as animal glue [41]. The Amide bands are slightly better resolved in the second derivative profile, with the data treatment also revealing the Amide III band around 1460 cm−1 (overlapped in the spectra by the strong calcite peak), as well as a small peak around 1248 cm−1 that can be ascribed to lipids (C-O bonds). As easily observed, due to the strong contribution of the calcium carbonate matrix, the band intensity of these alleged organic compounds is very weak, making it difficult to clearly identify the presence of organic binders using FTIR analysis alone. The degradation of the original organic compounds and the low concentration of these species can also add considerable difficulties to their identification, especially when using conventional analytical methods [6,41,88].



FTIR data registered on the intonaco layer (Figure S7) indicate high amounts of calcite admixed with small amounts of quartz, probably derived from river sand. The results obtained on the arriccio layer, composed of lime, siliceous sands, and clay-rich materials, align with previous studies and indicate a regional adaptation [28,29].




3.4. HSI Analysis


SWIR hyperspectral analysis carried out on the investigated wall painting fragments provided additional insights in terms of painting materials and technique, and in some cases, highlighted faded decoration details on the pictorial surface that were no longer visible to the naked eye. As shown in Figure 8, starting with the 1600 nm band, a decorative linear pattern can be easily observed on the surface of sample S6. This detail, although no longer visible on the surface, suggests that originally, this wall painting fragment had a more complex polychromy, with at least two pictorial layers superimposed (on top of the sinopia layer). Given the increased absorbance of the (hidden) decorative linear pattern at longer wavelengths, the use of a pigment mixture rich in carbon black could be hypothesized (towards higher wavelengths, the iron/clay pigments become transparent while the black carbon exhibits a high degree of absorption thus becoming visible). As already discussed, the microscopic examination of this area also highlighted the presence of several blue-colored particles, with historical sources suggesting the use of Egyptian blue. For the same fragment, a dark-blue undercoat was also observed in the cross-section, located in the lower region of the sample that still preserves small areas of bluish paint layers (Figure S1b).



Based on the above observations and corroborated by the LIBS stratigraphic data, which highlighted the existence of an intermediate layer in the same region as the decorative pattern observed under HSI, it is most likely that originally, an Egyptian blue paint layer was applied on top of an optical blue underpainting consisting of lime-bound carbon black admixed with some iron-rich ochre, with such practices being documented [73,89]. In other studies, Egyptian blue paint layers were also found to be applied on top of an inner layer of Egyptian blue mixed with celadonite [90]. Given the fact that this pigment is not easy to spread in the a fresco technique, the top Egyptian blue paint layer may have been applied a secco, with the blue pigment being mixed with an (organic) additive [69,91].



To extract the most meaningful information from the original HSI datasets and obtain distribution maps of the pictorial materials on the surface, the Spectral Angle Mapper (SAM) algorithm in ENVI was used. SAM is a supervised classification method that assesses the similarity between each spectrum associated with the pixels of the imaged area and a reference spectrum (endmember). The algorithm assumes that spectra are represented as vectors in an n-dimensional space, where n corresponds to the number of bands (or wavelengths). The similarity between two vectors (spectra) is evaluated by calculating the spectral angle between the two, where a smaller angle indicates a closer match with a particular class of materials. As shown in previous studies [43], SAM can be effective for visualizing pixels with similar spectral behaviors on a false color map and has the potential to distinguish pigment mixtures with a similar hue. Slightly different results can be obtained depending on the choice of the endmembers and the values of the maximum angle thresholds. In this case, the threshold selected for each endmember was 0.100 radians. While preliminary tests were also performed with higher threshold values, the end results of the classification have not significantly changed.



In order to obtain reliable maps, the selection of the endmembers was based on the results obtained from the combined spectroscopic analysis, as discussed in the previous sections. A total of ten endmembers were selected—seven endmembers corresponding to the pigmented surfaces (red pigment, pink pigment, yellow pigment, purple pigment, green pigment, and black pigment) and to the plaster support, plus three additional endmembers corresponding to the experimental conditions (cardboard background, reflectance target, and undesired shadows). Based on FCIR images, the endmembers were selected using the Region of Interest (ROI) tool, which enabled the obtainment of an average value for the selected pixels (see Figure S8). The classification was performed across all 288 bands using a consistent threshold angle, as the characteristic spectral features of the endmembers spanned the entire range of available wavelengths. Since each endmember contained spectral features ascribed to calcite, maintaining the same angle value allowed for the differentiation of specific features unique to each spectral endmember. Figure 9 shows the SAM classification maps for all selected endmembers. As can be observed, the classification maps obtained gave the best results for the green pigments, as well as for the pink and black pigments, and for some of the red areas. Also, SAM accurately classified the surface depositions—such in the case of samples S2 and S7. However, for some of the samples, the algorithm produced mixed results, as the mapping distribution did not align with the spectroscopic data obtained (sample S8). Some limitations were also observed in differentiating the red ochre areas from the yellow ochre ones.



With the aim of further refining the mapping and distribution of the endmembers, Linear Spectral Unmixing (LSU) was also applied. Compared to SAM, LSU can offer better results, especially when used on mixtures, due to the fact that the spectral signal of a pixel is not given by a single component but by a combined number of components [92]. Taking into consideration the fact that IR radiation is able to penetrate opaque layers, in most of the cases, the spectra are a combination of the signals reflected from several materials. LSU is able to highlight the abundance maps of the pixels, which are more likely to belong to a certain class. For this classification, it was applied a unit-sum constraint (or a weight factor). Using the default value, the results consisted in fractions of pixels according to the input endmembers, which took values ranging from 0 to 1. As in the case of SAM, the same ROI collection was used as input for the endmembers and calculations were made for all 288 bands in the 954–2514 nm region.



For each category, the algorithm generated a specific grayscale image (abundance map), where lighter tones indicate higher probabilities (better fitting with values close to 1), while darker tones correspond to lower probabilities (values close to 0). As shown in Figure 10a, the abundance map for the red pigment (endmember) yielded better results compared to SAM and perfectly matched the actual/visual distribution of the red ochre pigment. Furthermore, the distribution map validated the hypothesis drawn from XRF analysis, indicating that the same red ochre pigment was used for the top red-pigmented layers (samples S2, S5 and S8) and the red preparation layer (best observed via the lacuna in samples S4). As in the case of SAM classifications, the presence of adherent deposits on the painted surface (best seen in the case of sample S2) and/or the presence of (trace) superimposed pigmented layers were clearly differentiated, with refined results obtained via LSU.



The abundance map obtained for the black pigment (Figure 10b) provided additional insights into the use and distribution of carbon black pigments across the investigated wall painting fragments. Based on the obtained distribution maps of the black pigment endmember, we can infer that a carbon-based black pigment admixed with some earth-based pigment(s) was also used in the case of sample S1 and S10 to obtain the desired dark brown hues. More so, LSU results confirmed the presence of a bone black pigment rich in hydroxyapatite (on top of the red background paint layer) in sample S8, as inferred by FTIR analysis. Interesting results and additional insights were also obtained in the case of the purple pigment endmember. As shown in Figure 10c, bright pixels—indicating higher abundance or fractional covers—were observed not only on the purple-gray paint layer in sample S3 (as expected), but also in sample S1. In this latter case, these bright pixels were distributed across several painted areas, particularly in the outer regions where the superficial paint layers are significantly more degraded. The resulting distribution suggests a certain similarity between these two painted areas that could be due to the use of a similar pigment mixture and/or to the use of a similar type of application. Based on microscopic observations (see Figure 1d), and combined analytical data, we were able to infer the presence of a dark-blue undercoat in sample S1, likely composed of a mixture of carbon black, ochre, and possibly some type of organic component. The LSU classification map obtained using the reference green earth pigment (Figure 10d) as endmember gave unsatisfactory results, with better classifications being registered via SAM.



Because the accuracy of endmember selection is crucial, errors in classification are highly plausible, especially when the spectral variability is not significant, as in this case where similar mineral-based pigments have been used (alone or admixed). Although the resulting classes were displayed with relatively high accuracy in both classifications, some pixels remained unclassified. In both SAM and LSU, part of the shadow cast by the reflectance panel was unclassified because no pixels from that specific area were included during the endmember selection process. This is noticeable in the root mean square (RMS) error image corresponding to the LSU (see Figure S9).



In order to increase the discrimination capability of the employed pigmenting materials via HSI, the spectral signatures registered in the SWIR region were also analyzed. The SWIR reflectance spectra (extracted from specific points of interest of the painted surfaces) show some overall similarity in the 1800–2500 nm spectral region, mainly due to the presence of carbonates and clay minerals. As outlined in Figure 11a, the absorptions centered at 2350 nm and at 2500 nm are characteristic of the     C O   3   − 2     ion in calcite. Additional carbonate vibrational bands can also occur around 2120 to 2160 nm, 1970 to 2000 nm, and 1850 to 1870 nm [93], with the purity level and composition of the carbonate mineral affecting the positions of these peaks. For samples where the pictorial layers appear thin and degraded (such as in the case of sample S7 for example), the SWIR reflectance spectra registered within these areas are dominated by the spectral contributions coming from the plaster substrate. For such situations the contributions from the clay minerals are more intense—the strong bands around 1400 nm (OH stretch overtones) and 2200 nm (Al–OH bend plus OH stretch combinations)—can be directly linked with the presence of kaolinite [94]. The 1900 nm band, associated with water, is common in several types of minerals, including kaolinite [95].



Based on the capability of near-infrared and short-wave infrared (VNIR-SWIR) spectroscopy to detect the overtones and combination bands of C-H, O-H, N-H, and S-H molecules, the hypothesis regarding the possible use of organic binders, initially inferred through FTIR, was further explored. As shown in previous studies [42,44], organic materials display characteristic spectral features above 1000 nm, having little interference with iron oxide minerals, such as red and yellow ochres for example. Proteins are typically characterized by spectral features at 2042–2063 and 2173–2177 nm, while lipids show characteristic bands around 1700–1760, 2300 and 2350 nm [44,96]. The application of a secco technique over the fresco background was explored in the case of sample S3, on the decorative purple paint layer. A closer examination of the SWIR reflectance spectra registered in this case (Figure 11b) shows weak but characteristic features, which can be linked with both proteins (peaks at 2041, 2068, and 2161 nm) and potential lipids (1742, 1748, and 2335 nm), suggesting the use of animal glue. Similar features can also be seen in the SWIR spectral profile registered on the faded decorative band (observed starting with the 1600 nm band) on sample S6 (Figure S10), suggesting that this decorative paint layer was applied a secco.





4. Discussion and Concluding Remarks


The analyses performed in this study add new data to the current knowledge on the materials and painting techniques used for wall painting decorations in the Roman province of Dacia and make a significant contribution to the archeological research at the Ulpia Traiana Sarmizegetusa site. The employed minimally invasive multi-method approach adopted allowed us to obtain a rich set of data while at the same time preserving the integrity of these precious wall painting fragments. The combined use of non-invasive (XRF) and micro-invasive spectroscopic techniques (LIBS, ATR-FTIR) and SWIR hyperspectral imaging enabled not only the identification and characterization of the pictorial materials that were used but also the mapping of their distributions. Analytical challenges were encountered for situations where complex inorganic and organic mixtures were used, and for degraded pictorial surfaces where only traces of the original polychromy were still preserved. Additional studies and the use of more refined techniques are needed to further corroborate the hypothesis on the use of organic dyes and determine (with a greater level of confidence) the type of organic materials used [97,98,99].



Our research studies carried out on Roman wall painting fragments coming from various Roman archeological sites located in Romania [28,29] revealed a rich color palette that included common earth pigments (colores austeri), but also, in some particular situations, expensive pigments (colores floridi) as well [52]. In the case of this newly analyzed group of wall painting fragments, a very common Roman color palette was found, especially on the large colored areas: red ochre (hematite), yellow ochre (goethite), green earth (celadonite), and carbon-based blacks (soot and bone black). On the upper paint layers of some of the wall painting fragments investigated, some more expensive pigments, such as lead-based pigments and potentially indigo, were also identified, typically admixed with other pigments. The presence of Egyptian blue was also inferred based on indirect evidence.



Although the visible observed palette was not particularly wide in terms of basic colors, the registered data revealed that the painters skillfully expanded the chromatic range by mixing, diluting (with water or lime white), concentrating, or altering the grain size of the basic pigments (such in the case of the red ochre). Compared to previous findings within the region [28,29], in this group of wall painting fragments, a higher number of pigment mixtures could be highlighted. Some of the green hues were obtained by mixing green earth with grains of Egyptian blue and yellow ochre; purple hues were probably obtained by mixing indigo, carbon black, and a lead-based pigment; the light-blue hues were based on a mixture of lazurite, calcite, and possibly small amounts of indigo; the dark-brown hues were obtained by mixing iron-rich ochres with carbon black; and the pink hues were produced by the common and simple mixture of red ochre with lime white. These findings reflect the high technical know-how of the craftsmen in obtaining the desired chromatic effects by mixing and layering pigments. The addition of carbon black to the relatively transparent earth-based pigments acts as an opacifier [50]. Interestingly, mixtures like those identified in the black-painted layer were mentioned by Pliny as being used for specific painting purposes, such as undercoat layers for cinnabar and red lead pigments [100]. Given the small size of the preserved wall painting fragments investigated, it is plausible that such layers once existed on the original wall painting decoration.



All of the identified pigments are consistent with those observed throughout the Roman Empire and correspond with the palette described by historical sources. The use of indigo, a pigment listed by Pliny among the more expensive ones [52], was documented for the first time in the region as a potential finding (with further studies needed to confirm this hypothesis). Along with red lead [28] and cinnabar [22], these are the most precious and expensive pigments discovered so far in the Roman province of Dacia.



Egyptian blue, an ancient synthetic pigment widely used by the Romans, was found for the first time within wall painting fragments excavated at the Ulpia Traiana Sarmizegetusa archeological site. Until now, only two occurrences of Egyptian blue have been documented in the region, both found in mural painting fragments from richly decorated houses of the high Roman aristocracy at the Roman settlement of Apulum II [22] and Rapoltu Mare [30]. The occurrence of Egyptian blue on green paint layers infers the idea that small quantities were added (along with goethite) to the green earths to alter the color tone, a practice documented in several other studies [65,69,70]. While pure Egyptian blue paint layers may have been originally applied, the preserved polichromy highlighted in this case only contains traces of this blue pigment. Based on macroscopic observations and registered data, it is likely that some Egyptian blue decorative details were applied over an optical blue underlayer (obtained by mixing carbon black and calcite), which is in agreement with historical sources.



As expected, most of the preserved colored layers were found to be based on iron-rich earth pigments and minerals. Both red (hematite) and yellow (goethite) ochre have been previously documented within the region [25,28,29,30]. Green earths based on celadonite have also been previously found [28,29,30]. As already discussed in a previous study [29], the ochres used for the various wall painting fragments discovered across different archeological sites in Dacia may have the same geological source. According to the registered XRF data, the chemical fingerprints registered for these pigments are very similar, including elements such as Ti, Mn, Cu, As, Pb, Cr, and Zn. As shown in other studies, heavy metals, such as arsenic and lead, have proven to be useful indicators when studying ochre provenance [57,101]. Furthermore, recent studies have shown that arsenic can be used as a key heavy metal tracer element for the discrimination between original red ochre and a red-colored transformed yellow ochre [102]. However, the lack of available mineral fingerprint databases makes it impossible at the moment to formulate any solid hypotheses regarding the provenance of the ochres used. The potential influence of adulterations and the addition of other components to ochre pigments, widely used in the Roman world, introduces further challenges. Moreover, in this case, given the fact that the XRF elemental analysis was performed without sampling, probing the whole stratigraphy, matrix effects need to be taken into account. Not least, in some of the investigated areas, the levels of both arsenic and lead seem higher than typically expected for natural occurrence in ochre pigments. This suggests the possibility that arsenic- and lead-based pigments could have been intentionally added to the ochre pigments to modify their color, a practice documented in the literature [61].



Two carbon-based black pigments could be identified in this study—soot (admixed with an ochre-based pigment), and bone black—both pigments being mentioned by Pliny. Within the province of Dacia, amorphous carbon-based black pigments (soot/coal) have been previously found at Rapoltu Mare [30], while in the case of the murals discovered at the Roman baths from Alburnus Maior, the black pigment employed was found to be a manganese-rich black ochre [29]. Regarding white pigments, the group of wall painting fragments investigated in this study does not show any white decorations or clear white background areas. However, for the lighter hues, such as pink, the use of calcite (lime white) admixed with red ochre can be inferred. The use of lead white, as an express whitening agent employed to obtain the desired hue [50], may also have been used based on the registered data. The use of strontianite, a rare white carbonate mineral, identified in previous Roman-age murals coming from the same archeological site [28], can be ruled out in this case.



The results obtained through the combined multi-analytic approach suggest that the original wall decorations of some of the investigated fragments had a more complex polychromy compared to what we see today, likely featuring brighter hues. Thus, the use of a wider range of pigments at the time the wall paintings were created cannot be excluded. While surface abrasion and overall (natural) degradation of the wall paintings have caused fading of the pigments and the irreversible loss of the original polychromy, hyperspectral imaging was able to retrieve some faded paint layers in certain cases, helping to recover lost decorative details. This suggests a promising application of HSI for rapid, non-invasive mural information enhancement, including the possibility of virtual restoration when combined with deep learning methods [103].



A red preparation layer (sinopia) based on red ochre was found in the case of several wall paintings fragments, with the layer being applied directly on the arriccio. The presence of this underlayer (documented for the first time in the region), which serves as the preparatory drawing, clearly suggests that the artist’s graphic work was highly complex, requiring careful planning of the scale and position of the main figures/decorative elements in relation to the wall space [3]. More so, the use of expensive pigments, typically reserved for painted artworks of particular value and for selected figurative motifs (to emphasize the symbolic significance of a composition), is another clear indicator that the original wall paintings had an elaborate schema. The presence of these preliminary red sketches, along with the use of expensive colors and complex mixtures, reflect the craftsmen’s high technical know-how as well as the patron’s wealth and social status [1]. It is well documented that only the elite would have been able to afford elaborate wall paintings in the most expensive colors, with the homeowner responsible for supplying these rare and precious pigments. Most probably, the investigated wall painting fragments belong to the more finely decorated rooms of the Domus Procuratoris, with colored grounds and refined techniques being reserved for such areas [3].



In terms of painting technique, the presence of an organic binder may have been used for finishing the superimposed paint layers, with weak but characteristic bands for proteinaceous compounds being observed in the FTIR and SWIR reflectance spectra registered in these areas. The use of the a secco technique, which involves mixing organic binders with pigments and applying them to dry plaster, has been documented in several other studies focused on Pompeian murals. These studies have shown the presence of amino acids, sugars, and fatty acids associated with the use of flours, gums, and oils [104], as well as the presence of proteinaceous material, most likely egg [69]. Traces of a protein binder have also been found in the preserved painted plasters discovered at the Roman baths from Alburnus Maior [29], while in the case of the wall painting fragments from Rapoltu Mare, beeswax was identified [30]. However, as shown in other studies, the presence of beeswax is most probably associated with past conservation treatments [105]. Our first study carried out on wall painting fragments coming from Ulpia Traiana Sarmizegetusa highlighted the use of a fresco–secco technique (with lime as a binder), with no organic binders being identified [28]. Yet, in a following study, investigations carried out on new fragments with superimposed paint layers revealed the application of a secco technique over the fresco background [29]. The current findings are, therefore, in agreement with our previous studies and underscore the existence of well-established practices in the region.



Overall, we believe that this study adds an important contribution to the existing body of data on Roman wall painting decorations in Dacia, particularly regarding the identification of expensive pigments (including the possible use of organic dyes), complex pigment mixtures, and organic binders. Furthermore, the reported findings not only provide new insights into the painting production methods employed by ancient artists in this region of the Roman Empire but also offer valuable information about Roman daily life, residential decoration, and the ways in which wealth and status were expressed through private building projects.
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Figure 1. Optical microscopy images that highlight the stratigraphy of the paint layers—sample S6 (a); traces of a richer color palette—sample S6 (b); degradations of the pictorial layers—loss of the original pictorial layers, lacunae (highlighted with yellow dot circles), and formations of salts—sample S4 and S1 (c,d). The presence of a red ochre-based layer underneath the top paint layers was found in some of the investigated wall painting fragments (a,d), and can be linked with the existence of a preparatory drawing (sinopia). 
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Figure 2. Normalized net count rate distribution of iron (a), arsenic (b), and lead (c) levels throughout all analyzed areas. 
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Figure 3. Pearson correlation matrix. 
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Figure 4. LIBS stratigraphic distribution of the main elements of interest on the red lacuna area (a) and on the black paint layer (b) on sample S4. The emission lines are labeled on the right side of the image. 
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Figure 5. LIBS stratigraphy analysis on sample S6: C peak (a), Pb, Fe and Sr peaks (b). 
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Figure 6. FTIR spectrum registered on the red paint layer on sample S2 (a), on a yellow ochre nodule extracted from the substrate of sample S3 (b), and on the green paint layer on sample S4 (c). The absorptions of the various accessory minerals associated with the natural earth pigments are marked on the spectra as follows: K, kaolinite; Q, quartz; C, calcite; H, hematite; G, goethite. 
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Figure 7. FTIR spectrum (detail within the fingerprint region) registered on the light-blue paint layer on sample S4. 
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Figure 8. SWIR data that highlight the behavior of the pigmented surfaces at specific wavelengths: 954 nm (a), 1204 nm (b), 1600 nm (c), 2003 nm (d), FCIR RGB: 1367-2182-2459 nm (e). Samples are displayed from left to right (S1 to S10) according to the notations used in Table 1. 
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Figure 9. SAM classification maps obtained on the investigated wall painting fragments. 
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Figure 10. LSU abundance maps obtained on the investigated wall painting fragments: red pigment (a), black pigment (b), purple pigment (c), and green pigment (d). Brighter pixels indicate greater abundance. 
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Figure 11. SWIR reflectance spectrum registered on the green paint layer on sample S7 (a) and on the purple paint layer on sample S3 (b). 






Figure 11. SWIR reflectance spectrum registered on the green paint layer on sample S7 (a) and on the purple paint layer on sample S3 (b).
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Table 1. Description of the wall painting fragments investigated in this study.
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	Notation
	Photograph
	Fragment Description
	Painting Materials Identified

(Combined Methodology)





	S1
	[image: Heritage 07 00248 i001]
	Paint layer’s hue: green, dark brown

Superimposed layers: yes

Intonaco layer: -

Sinopia: yes, reddish-brown

Dimensions (cm): 4.7 × 3.9 × 1.2
	Green earth (celadonite), ochre pigment, protein binder, dark–blue undercoat based on calcite admixed with carbon black (soot/charcoal), red ochre (sinopia)



	S2
	[image: Heritage 07 00248 i002]
	Paint layer’s hue: light red

Superimposed layers: no

Intonaco layer: yes

Sinopia: -

Dimensions (cm): 2.8 × 2.5 × 0.9
	Red ochre (hematite)



	S3
	[image: Heritage 07 00248 i003]
	Paint layer’s hue: yellow, purple-gray

Superimposed layers: yes

Intonaco layer: yes

Sinopia: -

Dimensions (cm): 3.7 × 2.4 × 1.9
	Yellow ochre (goethite), lead-based pigment mixed with indigo (?), protein binder



	S4
	[image: Heritage 07 00248 i004]
	Paint layer’s hue: green, black, light-blue

Superimposed layers: yes

Intonaco layer: -

Sinopia: yes, dark red

Dimensions (cm): 3.7 × 3.1 × 1.4
	Green earth (celadonite), amorphous carbon black (soot/charcoal) admixed with ochre, lazurite mixed with indigo (?) and calcite, protein binder, red ochre (sinopia)



	S5
	[image: Heritage 07 00248 i005]
	Paint layer’s hue: deep red

Superimposed layers: yes

Intonaco layer: yes

Sinopia: -

Dimensions (cm): 3.4 × 2.3 × 1.1
	Red ochre (hematite)



	S6
	[image: Heritage 07 00248 i006]
	Paint layer’s hue: bluish-green, light-blue

Superimposed layers: yes

Intonaco layer: -

Sinopia: yes, dark red

Dimensions (cm): 2.3 × 1.6 × 0.8
	Green earth (celadonite) admixed with Egyptian blue and yellow ochre (goethite), protein binder, dark–blue undercoat based on calcite admixed with carbon black, red ochre (sinopia)



	S7
	[image: Heritage 07 00248 i007]
	Paint layer’s hue: light-green

Superimposed layers: yes

Intonaco layer: yes

Sinopia: -

Dimensions (cm): 3.2 × 2.8 × 0.7
	Green earth (celadonite)



	S8
	[image: Heritage 07 00248 i008]
	Paint layer’s hue: red

Superimposed layers: yes

Intonaco layer: -

Sinopia: yes, reddish-brown

Dimensions (cm): 5.1 × 1.8 × 1.9
	Red ochre (hematite), bone black



	S9
	[image: Heritage 07 00248 i009]
	Paint layer’s hue: pink

Superimposed layers: no

Intonaco layer: yes

Sinopia: -

Dimensions (cm): 1.2 × 2.6 × 1.2
	Red ochre (hematite) admixed with lime white



	S10
	[image: Heritage 07 00248 i010]
	Paint layer’s hue: greyish-green, orange

Superimposed layers: yes (?)

Intonaco layer: yes

Sinopia: -

Dimensions (cm): 4.2 × 2.2 × 1.1
	Ochre admixed with carbon black (soot/charcoal), yellow ochre (goethite) inclusions







Note: For each wall painting fragment, the dimensions are given as length × width × depth in centimeters (cm).













 





Table 2. Results of the XRF analysis. Identified elements are shown in order of decreasing abundance.
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Sample Area

	
Description

	
XRF-Detected Elements




	
Major

	
Minor

	
Trace






	
S1-1

	
Brown paint layer

	
Ca, Fe

	
Sr

	
K, Zr, Mn, Ti, Si, Rb, Pb, Cu, P, Zn, S




	
S1-2

	
Green paint layer

	
Ca, Fe

	
K, Sr

	
Zr, Ti, Mn, Si, Pb, Cu, P, Zn, Cr, S




	
S1-3

	
Lacuna (sinopia)

	
Ca, Fe

	
Sr, K

	
Ti, Mn, Si, Zr, Rb, Pb, Cu, P, S, Zn, Al




	
S1-4

	
Substrate/mortar

	
Ca, Fe

	
K

	
Sr, Ti, Si, Mn, Rb, Zr, Pb, Cu, Zn, S, P, Cr




	
S2-1

	
Red paint layer (with depositions)

	
Ca, Fe

	
As

	
K, Sr, Si, Ti, Pb, Mn, Cu, S, Al, Zn




	
S2-2

	
Red paint layer

	
Ca, Fe

	
As

	
K, Sr, Si, Ti, Pb, Mn, S, Cu, P




	
S2-3

	
Substrate/mortar

	
Ca, Fe

	
K

	
Si, Sr, Ti, Zr, Mn, Rb, Cu, Pb, Ba, S, Al, P




	
S3-1

	
Yellow paint layer

	
Ca, Fe

	
-

	
K, Ti, Si, Sr, Mn, Pb, Zr, Rb, Cu, S, Zn




	
S3-2

	
Purple-gray paint layer

	
Ca, Fe

	
Pb

	
K, Ti, Sr, Si, Mn, Zr, Cu, Rb, Zn, Al




	
S3-3

	
Substrate/mortar

	
Ca, Fe

	
K

	
Sr, Ti, Si, Mn, Zr, Rb, Pb, Cu, Ba, Cr, S




	
S4-1

	
Black paint layer

	
Ca, Fe

	
-

	
As, Sr, Si, K, Mn, Ti, Pb, Cu, S, Ba, Zn




	
S4-2

	
Green paint layer

	
Ca, Fe

	
K

	
Si, Sr, As, Ti, Mn, Pb, Cu, Zn, S, P




	
S4-3

	
Lacuna (sinopia)

	
Ca, Fe

	
-

	
K, Si, Sr, As, Ti, Mn, Pb, Cu, S, P




	
S4-4

	
Substrate/mortar

	
Ca, Fe

	
-

	
K, Si, Ti, Sr, Mn, Zr, Rb, Cu, Pb, S, P, Al




	
S4-5

	
Light-blue paint layer

	
Ca, Fe

	
-

	
K, Sr, Pb, Si, Mn, Ti




	
S5-1

	
Red paint layer

	
Ca, Fe

	
As

	
Sr, Si, K, Ti, Mn, Pb, S, Cu, Rb, P, Al




	
S5-2

	
Substrate/mortar

	
Ca, Fe

	
K

	
Sr, Ti, Si, Rb, Zr, Mn, Cu, Pb, Cr, P, S




	
S6-1

	
Light-green paint layer

	
Ca, Fe

	
K

	
As, Sr, Si, Ti, Pb, Mn, Cu, S, Zn, Al




	
S6-2

	
Substrate/mortar

	
Ca, Fe

	
K

	
Sr, Ti, Si, Mn, Zn, Cu, Al, Pb, Cr, P, S




	
S7-1

	
Green paint layer (with lacunas)

	
Ca

	
-

	
K, Sr, Ti, Si, Zr, Mn, Rb, Cu, Pb, S, Zn, P, Cr




	
S7-2

	
Green paint layer (with depositions)

	
Ca, Fe

	
K

	
Sr, Ti, Si, Mn, Zr, Rb, Cu, S, P, Pb, Al, Zn, Cr




	
S7-3

	
Green paint layer

	
Ca, Fe

	
K

	
Sr, Ti, Si, Zr, Mn, Rb, Cu, Pb, Zn, S, Al




	
S7-4

	
Substrate/mortar

	
Ca

	
Fe

	
K, Sr, Ti, Si, Zr, Mn, Rb, Pb, Cu, Zn, S, Al




	
S8-1

	
Red paint layer

	
Fe, Ca

	
Sr, As

	
Pb, K, Ti, Si, Zr, Mn, Rb, Zn, Cu, S, Cr, Al




	
S8-2

	
Substrate/mortar

	
Ca

	
Fe

	
K, Sr, Ti, Si, Mn, Rb, Pb, Zr, Cu, S




	
S9-1

	
Pink paint layer

	
Ca

	
Fe

	
Sr, K, Ti, Si, Rb, Zr, Mn, Pb, Cu, Zn, S




	
S9-2

	
Substrate/mortar

	
Ca

	
Fe

	
K, Sr, Ti, Si, Mn, Zr, Cu, Rb, Pb, S, Zn, Ba, Cr




	
S10-1

	
grayish-green paint layer

	
Ca, Fe

	
Si

	
K, Ti, Sr, Mn, Pb, Cu, Zr, S, Cr, Rb, Zn, Al, P




	
S10-2

	
Yellowish orange paint layer

	
Ca, Fe

	
-

	
K, Ti, Mn, Sr, Cu, Pb, Zr, Al, S, Rb, P, Zn




	
S10-3

	
Substrate/mortar

	
Ca

	
Fe

	
K, Si, Sr, Zr, Ti, Mn, Rb, Ba, Cu, Pb, Zn, S, Al, P
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