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Abstract
Samples from the opus sectile panel excavated from the 
Episcopal Residence building at the archaeological site 
of Stobi were examined using X-ray powder diffrac-
tion, SEM-EDS, and Raman spectroscopy. The analyzed 
samples, exhibiting plentiful color and surface varia-
tions, comprise the reconstructed sectile panel as well as 
represent the in situ ground remains. The complemen-
tary techniques revealed dominant amorphous phase in 
five samples, whereas the remaining seven specimens 
confirmed the presence of magnesite, quartz, dolomite, 
ankerite, cuprite, wüstite, and hematite. The work repre-
sents the first systematic attempt to determine the mineral 
phases in the restored opus sectile panel, assembled by 
decorative minerals forming a geometric net of poly-
chrome crosses. Furthermore, the mineral characterization 
has revealed an origin of mineral species not typical for 
Macedonian terrain (ankerite, wüstite, cuprite, transparent 
quartz) that lead to the conclusion that the samples were 
likely imported from other early-Christian communities.
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INTRODUCTION

Stobi was an ancient town of Paeonia established in the Archaic period. Later, under Augustus' reign, 
it was transformed into the capital for the entire Roman province of Macedonia Salutaris (Roisman 
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& Worthington, 2010). The town of Stobi covered an area of 25,000 square meters and was major a 
strategic, merchant, and military center. The name Stobi is a Paeonian word meaning “post, pillar” 
(Katičić, 1976).

The samples that are the subject of analysis were selected from a religious relic within the luxuri-
ous Episcopal Residence. The relic was a panel made using the mosaic technique opus sectile discov-
ered in 2004. The building (fourth–sixth century AD) at first was thought to be a Casino after the 
discovery of a bronze dish used for table games (tabula lusoriae) (Mano-Zissi, 1973; Wiseman, 1973; 
Wiseman, 2007). The excavation of this building began in October 1940 (Mano Zissi, 1940) and 
continued from 2001 to 2009, showing that this was an early-Christian residence of the bishops of 
Stobi.

Within an inconspicuous utility room of the residence (no.16), situated next to the main apsidal 
hall of the building, charred remains of wooden panels were discovered in the layer of fire, luxuri-
ously decorated with refined multicolored minerals applied to a wooden base with the mosaic tech-
nique opus sectile. The minerals were carved into different forms: squares, rectangles, rhombuses, 
triangles, polygons, and curvilinear shapes, with dimensions from 3.6 to 60 mm (Figure S1, Supple-
mentary Material). All mosaic pieces, almost 3,500, have glossy polished obverse sides. After the 
base burnt, the mosaic pieces moved, but they kept their general placement in horizontal and vertical 
rows, and one uncharred and relatively intact edge of the panel enables one to deduce the pattern. The 
mosaic pattern consists of crossed thin and thick lines, divided into squares and rectangles that create 
a geometric network of polychrome crosses (and crosses within crosses), connected in horizontal, 
vertical and diagonal directions (Georgiev, 2018) (Figure S2, Supplementary Material). According to 
preliminary laboratory examinations, a glue of colophony resin (Robeva-Čukovska et al., 2008–2009) 
was used to apply the minerals, which burned along with the wooden base and removed the golden 
foil from the crystals in doing so.

The artistic style of the decoration points to a Levant–Eastern Mediterranean provenance of 
the charred object. Most likely, it was made in one of the large early Christian centres that were 
in the circle of influence of Antiochian art (Georgiev, 2018). Тhis conclusion was also confirmed 
with the  only identical find, known recently in archaeological science as “The Golden Sectile” from 
Caesarea Maritima in Israel (Herod's and biblical Caesarea, Palestinian-Syrian) (Gorin-Rosen, 2015). 
In comparison to the find in Stobi, this archaeological find, discovered in 2005 and affirmed as 
“unique in the world” (Gorin-Rosen, 2015), is characterized by simpler craftsmanship, modest pres-
ence of Christian symbols and far lower value materials (cast glass tiles with cross and rosette reliefs, 
laminated in gold foil). Nevertheless, the concept and technical approach are entirely the same as 
those of the sectile from Stobi (Georgiev, 2018).

The selection of minerals used in the production of the sectile is not random but reflects reli-
gious consistency. Namely, it was a church relic that contained holy remains of a Christian martyr, 
whose original place was in the martyrium with representative crypt and deambulatorium in the 
cathedral (Basilica of Bishop Phillip) (Georgiev, 2018). Hence, the completion of the first of two 
construction phases of the church, which dates to the first half of the fifth century (Aleksova, 1985; 
Aleksova, 1997; Wiseman, 1973), is also the latest date for construction and delivery of the relic, with a 
certain possibility for slightly earlier dating, in the last decades of the fourth century (Aleksova, 1997; 
Mano-Zissi, 1973; Wiseman, 1973). Toward the end of the sixth century, imminently before the attack 
of the Avars and the Slavs, this holy religious relic and most precious inventory was hidden in the 
utility room of the bishop's residence, where it was charred during the fire (Georgiev, 2018).

Although a random analysis of some mineralogical samples from Stobi was undertaken by means 
of X-ray powder diffraction (Boev et al., 2008), this work aims to systematically evaluate and deter-
mine, in terms of chemical and mineralogical evaluation, the pieces excavated from the Episcopal 
Residence building that assemble the opus sectile panel (Figure S2, Supplementary Material). For 
such purpose, three complementary analytical and structural techniques, each with their own advan-
tages and limitations (X-ray powder diffraction, SEM-EDS and Raman spectroscopy), were used. 
Therefore, the purpose of the work also aims to uncover the eventual domestic origin of the pieces, 
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or whether their existence resulted from a technological transfer or trading activities. In addition, a 
detailed approach was carried out to identify the nature of the glassy samples and to correlate their 
chemical composition with the obtained polymerization index (intensity ratio of the A500/A1000 bands) 
extracted from the Raman spectra (Colomban, 2003).

MATERIALS AND METHODS

The 12 tested samples excavated from the Episcopal Residence at Stobi archaeological site exhibit 
various colors due to their different chemical compositions. Figure 1 (top panel) combines the 
macro-photographs of the analyzed samples and their morphological features. Seven of these 12 
samples, on the basis of their morphological similarities, were selections from the geometric network 
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F I G U R E  1  Photographs of 12 different samples excavated in the Episcopal Residence at the archaeological site Stobi 
(top) Notes: Samples 6–12 correspond to the specimens that assemble the opus sectile panel (bottom). [Color figure can be 
viewed at wileyonlinelibrary.com]
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of the restored sectile panel (denoted sample 6 to 12, Figure 1 bottom panel), whereas the first five 
samples were taken from the in situ sectile finding (denoted sample 1 to 5). These five samples were 
differently colored and exhibit rather diverse surface features in contrast to the previously mentioned 
seven pieces from the sectile panel.

Early methods of studying archeological materials started with microscopic observations and meas-
urements of physical properties like color, density, hardness, and refractive index. Later, microscopic 
examination implemented different lighting conditions using natural, polarized, and cross-polarized 
light. Over the past 50 years, various analytical methods and instrumentation have been successfully 
employed in archaeological studies on many materials (e.g. elemental analysis, atomic spectrometry, 
X-ray fluorescence, X-ray diffraction, structural analysis, mass spectrometry, Raman spectroscopy, 
FTIR spectroscopy, scanning electron microscopy-energy dispersive spectroscopy; thermal analysis, 
electron spin resonance, isotope analysis, etc.) (Ciliberto & Spoto, 2000; Tykot, 2004).

The study of the collected samples from the Episcopal Residence at Stobi were performed using 
techniques available to us that were also complementary, modern, and very frequently used in the 
archeological studies: scanning electron microscopy-energy dispersive spectrometry (SEM-EDS), 
X-ray powder diffraction (XRPD), and Raman spectroscopy. In addition to the well-known advan-
tages of the former two techniques (Raman: highly specific like a chemical fingerprint of a material; 
volume smaller than 1 μm in diameter of needed sample; short time of their requirement; covering of 
the 4,000 cm −1 to 50 cm −1 region by a single recording; and so on: SEM-EDS: providing digital image 
resolution as low as 15 nm; enabling coating thicknesses and grain size determinations; providing 
qualitative elemental analysis and standardless quantitative analysis; etc.), one of the most prominent 
advantage of these two techniques is their nondestructive nature (Beran & Libowitzky, 2004; Chen 
et al., 2015; Choudhary & Choudhary, 2017; McMillian & Hofmeister, 1988). On the other hand, the 
XRPD is known as a destructive technique that requires preparation of a minimal sample for analysis. 
In spite of that, it is a rapid and powerful technique for identifying unknown materials (minerals), and 
the resulting data are relatively straightforward to interpret (Kimmel & Mogilyanski, 2009). It should 
be taken into account, however, that portable X-ray powder diffractometers for the nondestructive 
analysis of art and archeological materials have been developed during the last decade (Nakai & 
Abe, 2012). One of the disadvantages of Raman spectroscopy is the appearance of fluorescence from 
the sample itself or from incorporated impurities. Also, in some cases, the intense laser radiation can 
destroy the sample and consequently change the real spectral appearance. In scanning electron micros-
copy, samples that are strong insulators must be coated (usually with gold or carbon) before imaging. 
This process can result in artifacts and consequently it may affect results (Juhász et al., 2021).

Quantitative SEM-EDS analysis was performed using a TESCAN VEGA3 LMU (Tescan, Czech 
Republic) scanning electron microscope. It is equipped with an EDS INCA Energy 250XT system 
(Oxford instruments, UK). The following standards were used: O – SiO2; Na – albite; Mg – MgO; Al – 
Al2O3; Si – SiO2; P – GaP; Ca – wollastonite; Ti – titanium; Fe – iron; Br – KBr. A Everhart-Thornley 
type (YAG Crystal) secondary electron detector was used with a 20 kV accelerating voltage. First, the 
samples were mounted on a sample holder with double-sided adhesive conductive carbon tape. The 
minerals were analyzed in high vacuum mode (pressure of 0.018 Pa). The samples were introduced 
into large analytical chamber equipped with a fully motorized five-axis stage (x–y–z, rotation, and 
tilt). VegaTC control software on the Windows™ operating system was used for data collection.

The XRPD measurements were performed using an XRD-6100 Diffractometer (Shimadzu, 
Japan). CuKα radiation (1.54178 Ǻ, nickel Kβ filter was used) was applied, and current and tube volt-
age regimes of 30 mA and 40 kV were set, respectively. The samples were powdered and scanned over 
a constant detector rotation speed of 1.2°/min in increments of 0.02° within the 10–70° 2θ range. The 
most intense maxima in the diffraction patterns were compared with the corresponding patterns from 
the PDF-2 database (Gates-Rector & Blanton, 2019).

Micro-Raman spectra were acquired in the spectral range from 100 to 2000 cm −1 on a LabRam 
300 Infinity micro-Raman multichannel spectrometer (Horiba JobinYvon, Japan) using the 632.81 nm 
internal He:Ne laser. The backscattered radiation (180° configuration) was analyzed with an 1800 
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lines/mm grating monochromator. Raman intensities were collected with a thermo-electrically 
cooled CCD array detector. An Olympus MPlanN confocal microscope equipped with the Olympus 
LMPlanFL ×50 long-distance objective (N.A = 0.5) with a working distance of 10.6 mm was used. 
In order to focus the laser beam, the position on the sample surface was adjusted using a motorized 
x-y stage. A 500 μm pinhole and 100 μm slit were selected. No attenuation filter was used, and the 
laser power of 4.21 mW on the samples was measured by a LaserCheck™ Handheld Power Meter 
(Coherent Scientific, Australia). The acquisition time for spectral collection, depending on the sample 
and its fluorescence, varied from 5 to 20 seconds, whereas the number of accumulations also was 
adjusted from 5 to 20. The Rayleigh line and the 520.5 cm −1 band of a Si standard were used during 
the calibration.

In order to obtain the spectral information from the glassy samples, a baseline correction (Labspec 
software) aid to distinguish two spectral regions for the Si–O stretching and Si–O bending vibrations 
observed around 1,100–1,000 cm −1 and 550–500 cm −1, respectively. This operation enables one to 
retain only the molecular Si–O Raman signature, valuable for determination of the intensity ratio of 
the A500/A1000 bands, the so called polymerization index, Ip (Colomban, 2003). The obtained spectra 
were curve fit using Gaussian profiles (Colomban, Tournié, et al., 2006).

RESULTS AND DISCUSSION

The compositional and structural features of the samples by means of XRPD and SEM-EDS.
X-ray powder diffraction methods have been more extensively used in the last 20 years in the 

characterization of different crystalline and non-crystalline materials of archaeological, historic, and 
cultural interest (e.g. Antonelli & Nestola, 2021; Franceschi, 2014; Garrison, 2014; Moon et al., 2021; 
Nakai & Abe, 2012; Schreiner et al., 2004). On the other hand, advances in automated scanning 
electron microscopy combined with energy dispersive spectrometers (SEM-EDS) have created the 
potential to offer a seamless combination of textural and mineralogical data based on the acquisition 
of energy dispersive spectra that has so far been unattainable with other existing techniques (e.g., 
Conventi et al., 2012; Knappett et al., 2011; Kuisma-Kursula, 2000; Valderrama et al., 2019). Both 
approaches were used here and provide a complementary profile for both the chemical and mineral-
ogical features of the analyzed samples.

The XRPD patterns for all 12 samples are presented in Figure S3. All observed maxima are 
assigned to corresponding minerals in comparison to the literature (Table 1). From the results it can 
be inferred that some of the samples (3, 4, 5) are totally amorphous, whereas Samples 8 and 9 are 
predominantly amorphous but also contain crystalline phases (Table 1, Figure S3). The remaining 
samples (1, 2, 6, 7, 10, 11, and 12) are entirely crystalline indicating the presence of the minerals 
quartz (SiO2), magnesite (MgCO3), hematite (Fe2O3), ankerite [Ca (Fe 2+,Mg,Mn 2+)(CO3)2], dolomite 
[CaMg (CO3)2], wüstite (FeO), and cuprite (Cu2O).

The XRD pattern of Sample 1 (Figure S3, a) showed only a single phase, revealing the character-
istic peaks for magnesite, MgCO3 (Anthony et al., 1990) (Table 1). The chemical composition of the 
sample determined by EDS analysis has confirmed only the presence of MgO and CO2 corresponding 
to the magnesite composition (Table 2, Figure 2).

The XRPD pattern of Sample 2 (Figure S3, b) showed three minerals, quartz, dolomite, CaMg 
(CO3)2, and magnesite (Table 1). These results have proved the crystalline nature of SiO2 in this stone. 
The presence of quartz and magnesite was also determined by SEM-EDS (Figure 2, Table 2).

On the other hand, the XRPD patterns of Sample 3 (Figure S3, c) exhibit an amorphous and 
vitreous character of corresponding well to the glassy features in the SEM micrograph (Figure 2, 
sample 3). Similarly, the X-ray powder diagrams of Samples 4 and 5 (Figure S3, d and e) indicate 
amorphous-vitreous nature of the samples, evident from the wide halo peak in the 12.5–35° region 
for 2θ, attributed to the amorphous silica content. In addition, on this broad hump, two wide peaks 
centered at 14.2–14.3 and at 16.7–16.9° 2θ can be seen for samples 4 and 5. Such peaks are typical 
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for the sodium silicate glasses (Abdel Wahab et al., 2020). The presence of Na (in addition to Si) in 
the glassy Samples 3 and 4 was confirmed by the EDS results (Table 2, Figure 2). EDS also indicated 
the near-complete absence of MgO and K2O (only small fraction of K2O was determined in Sample 
4). Based on these EDS results, it could be postulated that natron was added as flux (Freestone, 1994) 
in Samples 4 and 5. That postulate agrees with the results considering that the Na-rich glass contains 
more than 12 wt% of Na2O and less than 5 wt%. of K2O. On the other hand, the detection of Pb suggests 
that it was added to the glass to achieve desired characteristics, that is, its opacity and color. Many 
of the colorants added to ancient soda lime-silica glass contained lead, in particular those for opaque 
red and yellow, and for green made from a mixture of yellow and blue colorants. Thus, although the 
content of PbO determined in Sample 5 is especially high (13.1 wt.%), its quantity is low compared 
to the 20 wt.% found in some glass mosaic tesserae from Pompeii (Arletti et al., 2006). No carbonates 
were determined in samples 3–5, revealing their nominally silicate character (Table 2).

Samples 3–5 (Figure 2c-e) had a more specular and translucent appearance compared to the other 
specimens whose surfaces were more opaque and less reflective. Such appearance is characteristic 
of silicate glasses thats, containing no dispersed crystalline domains or grain boundaries, tend to 
exhibit  specular surface reflection rather than diffuse subsurface scattering. Another distinct morpho-
logical characteristic of glassy Samples 3–5 were circular features with diameters of up to 10 μm in 
Samples 3 and 5, and up to 50 μm in Sample 4. Such features were a strong indicator of the existence 
of fluid inclusions trapped in the matrix (Figure 2c-e, arrow marks). Furthermore, the glassy character 
of the samples was confirmed through their Raman spectral signatures.

The XRPD pattern of Sample 6 (Figure S3, f) revealed characteristic peaks for the following 
minerals: quartz, ankerite [Ca (Fe,Mg)(CO3)2], and dolomite (Table 1). The presence of these crys-
talline phases were also deduced from the SEM-EDS results (Table 2, Figure 2), with the ankerite 
occurring as anhedral to subhedral crystals in the matrix (Goldsmith et al., 1962; Rosenberg, 1991).

The XRPD pattern of sample 7 (Figure S3, g) demonstrated a mineral phase typical for magne-
site with 11 diffraction peaks matching the values reported in the literature (Table 1). The chemical 
composition determined by EDS, showed that magnesite is the dominant phase, but 3.78 wt.% of 
CaO was also present (Table 2) possibly indicating the co-association of dolomite, CaMg (CO3)2 (not 
detected by XRD), with magnesite, MgCO3.

The XRPD patterns of Samples 8 and 9 (Figure S3, h and i) indicate that the material is predomi-
nantly amorphous/vitreous. However, the appearance of narrow peaks establish the presence of some 
crystalline material. In Sample 8, besides the amorphous phase, the strongest peak of magnesite, 
corresponding to a d-spacing of 2.75 Å (32.40°), can be seen, whereas the multiple peaks of Sample 9 
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Element SiO2 Al2O3 CaO MgO FeO K2O Na2O CuO PbO SO2 Cl CO2 Total

Sample 
number

1 - - - 39.10 - - - - - - - 60.09 100.00

2 1.50 - - 31.84 3.61 - - - - - - 63.05 100.00

3 73.48 6.67 4.51 1.69 2.37 6.46 - - - 4.82 - - 100.00

4 62.70 2.29 4.40 - - 0.85 28.03 - - - 1.73 - 100.00

5 47.81 - 2.68 - - - 36.50 - 13.01 - - - 100.00

6 20.66 - 26.13 9.11 2.45 1.22 - - - - - 40.43 100.00

7 1.52 - 3.78 40.08 - - - - - - 54.62 100.00

8 53.51 5.55 8.31 12.46 2.29 2.51 5.49 - - 9.89 - - 100.00

9 51.00 2.65 9.69 2.58 3.22 1.78 16.88 9.56 2.64 - - - 100.00

10 2.71 - 1.18 30.83 - - - - - - - 65.28 100.00

11 96.91 - - - 3.09 - - - - - - - 100.00

12 100.00 - - - - - - - - - - - 100.00

T A B L E  2  Chemical composition of the analyzed samples by EDS (in wt.%)



indicate the presence of iron- and copper-containing minerals: wüstite, FeO (2.48 Å at 36.05°; 2.15 Å 
at 41.94° and 1.52 Å at 60.61°), and cuprite, Cu2O (2.44 Å at 36.83°, 2.12 Å at 42.90° and 1.50 Å at 
61.69°) (Table 1) (Gates-Rector & Blanton, 2019). Wüstite is widespread in the soluble fraction of 
soils and weathered rock (Chandy, 1965), whereas cuprite appears as a secondary mineral formed by 
the weathering of copper sulfide minerals (Veblen & Post, 1983).

The XRPD pattern of sample 10 (Figure S3, j) revealed characteristic peaks for the following 
minerals: quartz and dolomite (Table 1) (Gates-Rector & Blanton, 2019). The rather high content of 
carbon (expressed as CO2 in Table 2) determined by EDS originates from both the charred wooden 
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F I G U R E  2  SEM/EDS of samples denoted 1–6 (a-f) (A panel) and 7–12 (g-l) (B panel) [Color figure can be viewed at 
wileyonlinelibrary.com]
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remains and from the dolomite phase. The SEM micrographs indicated surface variations, attributed 
to the different temperature conditions during the fire. The fire likely also deposited some pyrolytic 
carbon on samples 1, 2, 6, 7, 10, and 12.

The XRPD pattern of Sample 11 (Figure S3, k) that was assembled as triangular pieces in the 
restored sectile panel (and surround the square pieces designated as Sample 12, Figure 1) contained 
the characteristic peaks for quartz, but also exhibited characteristic peaks for hematite (Table 1). The 
latter mineral contributes to the color of the sample. The red color of hematite is not vivid and intense 
but closer to brown, as evident from the sample's appearance. However, the complementary EDS anal-
ysis indicated the presence of iron, in addition to the dominant SiO2 signal (Table 2), and confirmed 
that the sample is composed of only hematite and crystalline quartz.

The most impressive and transparent pieces of the sectile panel were numbered Sample 12 
(Figure 1). According to the XRPD pattern (Figure S3, l), those samples consist of pure quartz, having 
the following characteristic peaks: 4.33 Å at 20.50°; 3.35 Å at 26.25°; 2.48 Å at 36.16°; 2.30 Å at 
39.05°; 2.25 Å at 40.05°; 2.14 Å at 42.04°; 1.99 Å at 45.32°; 1.83 Å at 49.74°, 1.55 Å at 59.54°; 1.46 Å 
at 63.70°; 1.38 Å at 67.36°) (Table 1). No other mineral was identified in the EDS analysis showing 
that these nice rhombus-shaped pieces from the sectile panel were cut from rock crystal (Figure 1).

Raman spectra and identification of minerals and glasses

A number of papers identify Raman spectroscopy as one of the most powerful and general instrumen-
tal techniques for identifying and characterizing compounds (minerals) present in objects of archeo-
logical, historical, and artistic importance (e.g., Casadio et al., 2016; Colomban, 2003, 2004, 2005; 
Colomban et al., 2020; Colomban, Etcheverry, et al., 2006; Colomban, Tournié, et al., 2006; Galli 
et al., 2004; Guo et al., 2020; Madariaga & Candeias, 2019; McMillan, 1989; Nasdala & Schmidt, 
2020; Reiche et al., 2004). Raman spectroscopy is particularly useful in the study of the ancient 
ceramics and glasses. In addition to the contribution from other prominent researchers in this field 
(e.g. Casadio et al., 2016; Edwards & Chalmers, 2005; Galli et al., 2004; Henderson, 2013; Robinet 
et al., 2008), much foundational work on the study of glassy phases for the archeological purposes 
have been obtained and published by Colomban and coworkers. Namely, they have proposed a tenta-
tive guide to identify different types of glassy silicates and to classify them as a function of their 
composition (Colomban, 2004; Colomban, Tournié, et al., 2006). Their classification scheme includes 
seven families of glassy silicates differentiated by peak area ratios (A500/A1000 - named the polym-
erization index, Ip) of the Si–O bending band (around 500 cm −1) and stretching band (around 1,000 
cm −1), and the different components of the latter peak (see Figures 4 and 9 in Colomban, Tournié, 
et al., 2006 and the references therein). Direct relationships between the silica content (more precisely, 
the ratio between the glass-former, mainly Si and Al oxides) and the flux content (Na, K, Ca, Pb 
oxides) and the properties of glassy silicate have been established. They have also demonstrated the 
validity of the classification scheme by correlating the compositional parameters with the melting/
processing  temperature of the seven glass families (see Figure 7 in the paper by Colomban, Tournié, 
et al., 2006).

The Raman spectrum of Sample 1 (Figure 3a), although exhibiting strong fluorescence, indi-
cates rather pronounced similarity with the corresponding spectrum of magnesite (Figure 3b) 
(Krishnamurti, 1956; Rutt & Nicola, 1974), corroborating the XRPD results. Normal mode analysis 
in magnesite revealed two external Raman active modes (librational, Eg, and translational, Eg) as well 
as three internal (one A1g, and two Eg) Raman active modes (Rutt & Nicola, 1974). The peaks in the 
Raman spectrum attributed to the external modes were observed at 329 and 212 cm −1 whereas the 
internal modes were observed at 1092 cm −1 (A1g) and 734 cm −1 (Eg).

The Raman spectrum of sample 2 (Figure 3c) exhibits very distinct bands at 1093, 324, 209, 
and one weak maximum at 737 cm −1 that are typical for magnesite mineral (Spivak et al., 2014). 
The strongest band at 1093 cm −1 (A1g) is attributed to the symmetric stretching carbonate vibration 
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[v1(CO3)], whereas the band at 737 cm −1 (Eg) is attributed to the in-plane bending mode [v4(CO3)]. 
The lower frequency bands at 209 and 329 cm −1 appear from the translational (Eg) and librational 
(Eg) external mode, respectively (Boulard et al., 2012). However, the spectrum reveals one wide and 
weak intensity band at 1395 cm −1 that is attributed to the antisymmetric stretching carbonate vibration 
[v3(CO3)], which occasionally appears in the Raman spectra of carbonate minerals around 1,400 cm −1 
(Frost et al., 2008; Ma et al., 2021). The presence of carbonate was confirmed by the XRPD and 
SEM-EDS results.

The raw Raman spectra of the Samples 3, 4, 5 (Figure 3d-f) showed no sharp bands, due to their 
amorphous and glassy nature. The discussion of the Raman spectra of these glasses was rendered in 
accordance with the valuable findings presented by Colomban, Tournié, et al., 2006. The raw spectra 
were pre-processed and the baselines were subtracted in order to only keep the “SiO4” molecular 
signature that is essential to recognize the type of the glassy silicate (Figure 3d-f). It was found that the 
glassy properties changed in accordance with the variation of the flux elements, as determined by EDS 
analysis (Table 2). The glassy polymerization index (A500/A1000) was found to be highest (Ip = 1.91) 
in Sample 3 where the dominant flux elements were Al, K, and Ca (expressed as oxides, from 6.67 to 
4.51 wt%, Table 2). These results are in agreement with the literature (Colomban, 2003; Colomban, 
Tournié, et al., 2006), where the highest Ip is found for K2O + CaO + Al2O3-containing glassy silicates. 
In contrast, the Ip for glassy Samples 4 and 5 was significantly lower (0.62 and 0.40, respectively) 
corroborating the conclusions that Na2O-dominant glasses (28.03 and 36.5 wt%, respectively) exhibit 
values of Ip below 1. The somewhat lower Ip of Sample 5 (0.40) is attributed to the additional pres-
ence of PbO (13.01 wt%). Upon classifying this sample as Na2O + PbO glass, the indexfits in the 
0.4–0.5 Ip range found for these type of glasses (Colomban, Tournié, et al., 2006). Aside from the 
effect of PbO on the Ip, the Raman spectra of the Glass 5 exhibited a redshift of the vmax (Si–O) Raman 
band to around 1,000 cm −1 (Figure 3f), falling in the range between PbO-rich (960–980 cm −1) and 
PbO + Na2O-bearing (1,020–1,050 cm −1) glasses (Colomban, Tournié, et al., 2006). The absence of Pb 
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F I G U R E  3  Raman spectra of Samples 1 to 6 Notes: The spectrum of pure magnesite (b) and quartz (h) are presented 
for comparison and to address the corresponding bands (given by an appropriate acronym) that appear in the spectra of the 
analyzed samples. The spectra of the glassy samples 3–5 were baseline corrected (noisy red line) and subsequently curve 
fitted (smooth red line) to extract the information for Si–O stretching (1,000–1,100 cm −1) and Si–O bending (550–500 cm −1) 
bands from the “SiO4” molecular units. The following instrumental conditions for acquisition time (AT) and accumulation 
number (AN) were carefully adjusted to obtain good signal-to-noise ratio for each spectrum: Sample 1 (AT = 15 s, AN = 15), 
Sample 2 (AT = 5 s, AN = 6), sample 3 (AT = 15 s, AN = 15), Sample 4 (AT = 15 s, AN = 15), Sample 5 (AT = 15 s, AN = 15), 
Sample 6 (AT = 15 s, AN = 15). [Color figure can be viewed at wileyonlinelibrary.com]
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in Samples 3 and 4 is reflected in the position of the band centroid around 1,100 cm −1 (Figure 3d-e), 
typical for Na2O + K2O + CaO and K2O + CaO glasses (Colomban, Tournié, et al., 2006). The 
results also confirmed that the lower A500/A1000 values corresponded to silica-poor compositions 
(Colomban, 2003) for Glasses 4 and 5 (Table 2).

The empirical relationship between Ip, the glass composition and the processing temperature is 
well documented (Colomban, 2003; Colomban, Tournié, et al., 2006) and has also been adopted by 
different groups (Ollier et al., 2004; Prinsloo et al., 2005). It was used to estimate the firing temperature 
of the analyzed glasses (Samples 3–5). According to this classification, the first family (Ip < 0.3–0.5) 
mostly corresponds to lead-rich silicates processed at low temperatures (<700°C) and is also the case 
for Sample 5 (Ip = 0.40). Sample 4 fits in the second family (0.5 < Ip < 0.8) of silicates processed at 
medium temperature (800°C). According to this parameter, Sample 3 (Ip = 1.91), corresponds to the 
Ca-based glassy family (1.3 < Ip < 2.5) and although it contains significant K-content giving 2.5 < Ip, 
its processing temperature could be estimated to be above 1,100°C (1,000°C for Ip ~ 1 and ~1,400°C 
for Ip ~ 7, Colomban, 2003).

The Raman spectrum of Sample 6 shows the characteristic peaks of the dominant mineral, quartz, 
though the other phases, which were determined by XRD (ankerite and dolomite), could not be seen 
in the Raman spectrum. Obviously, their presence is diminished by the strong Raman susceptibility 
of quartz.

Sample 7 comprised a black coating over a white core material. Sample 8 was taken from a 
similar piece but had the appearance of charred wood. On the higher wavenumber part of the Raman 
spectrum (Figure 4a) collected from the averaged Sample 7, typical bands for the presence of carbon 
black (Figure 4b) evolved (Jawhari et al., 1995; Pawlyta et al., 2015). Namely, the very broad band 
centered at 1340 cm −1 and the somewhat sharper band centered at 1596 cm −1 are attributed to graphite 
bands, known as D and G bands, respectively. The G band is assigned to the in-phase vibration of 
the graphite lattice whereas the D band is a disorder band caused by the graphene edges (Tuinstra & 
Koenig, 1970). A universal observation is that these bands are broader in highly disordered graphite, 
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F I G U R E  4  Raman spectra of Samples 7 to 12 Notes: The spectra of pure carbon black (b), magnesite (c), cuprite (e), 
quartz (g) and hematite (i) are presented for comparison and to address the corresponding bands (given by an appropriate 
acronym) that appear in the spectra of the analyzed samples. The following instrumental conditions for acquisition time (AT) 
and accumulation number (AN) were carefully adjusted to obtain good signal-to-noise ratio for each spectrum: Sample 7 
(AT = 10 s, AN = 10), Sample 8 (AT = 8 s, AN = 8), Sample 9 (AT = 20 s, AN = 20), Sample 10 (AT = 12 s, AN = 12), Sample 11 
(AT = 5 s, AN = 5), Sample 12 (AT = 5 s, AN = 5).



with the D band exhibiting higher relative intensity compared to the G band (Kudin et al., 2008), as 
was here observed (Figure 4a). From these results, one can infer that the amorphization of graphite is 
very pronounced suggesting incomplete combustion of organic material such as wood resulting in the 
deposition of carbon black over the analyzed specimen. The lower part of the spectrum (Figure 4a) 
has shown the two strongest magnesite (Figure 4c) Raman bands at 1094 and 328 cm −1, confirming 
its presence in the core, inner part of the sample that was also identified by XRPD (see previous 
discussion, Table 1 and Figure S3, g). On the other hand, the Raman spectrum of Sample 8 (Figure 4d) 
shows less defined features in the Raman spectrum of graphite pointing to more severe fire damage 
in that area of the mosaic.

Sample 9 had a very inhomogeneous surface texture seen by the presence of black spots and 
ochre-yellow fragments. The Raman spectrum (Figure 4e) illustrates a two component mixture. First, 
D and G bands of the carbon black (1,590 and 1,340 cm −1) can be seen. The carbon peaks are accom-
panied by prominent peaks at lower wavenumbers: 625, 485, 410, 216 (strongest), 195 and 143 cm −1 
coinciding with the Raman bands from cuprite, Cu2O (Figure 4f) (Ciupiński et al., 2010). This result 
explains that initial corrosion that took place in the contact region with the copper, appearing as the 
patina layer. The assignment of the bands from the carbon black in this sample (Figure 4e) confirmed 
its presence as an external contaminant (from the fire that occurred in the building).

The Raman spectra of Samples 10 and 11 (Figure 4g and i) exhibit the most prominent band 
for quartz at 461 cm −1 (Figure 4h), whereas in Sample 10, weaker bands at 391, 256 and 197 cm −1 
can also be made out (Figure 4g) (Krishnan, 1945) indicating the presence of this mineral. Here, it 
should be emphasized that the Raman band at 500 cm −1, also present in the spectra of Samples 10 and 
11, is distinctive fingerprint of microcrystalline quartz inclusions (chalcedony, moganite) (Heaney 
et al., 2007; Miriello et al., 2015) (Figure 4g,i). However, Sample 11 also exhibited stronger bands 
(Figure 4h) as at 1318 (2LO), 612 (Eg), 409 (Eg), 291 (Eg), 243 (Eg), and 224 (A1g) cm −1 from the 
dominant phase, hematite (Figure 4j) (Mäkie et al., 2011; Marshall & Olcott Marshall, 2011). The 
1,318 cm −1 peak, occurs very close to the frequency of the carbon D band (A1g mode at 1340 cm −1), 
and one should be careful to precisely ascribe this band to hematite and not to the mixture of carbona-
ceous material with hematite. Here, this peak originates solely from the 2LO hematite mode resulting 
from the defects in the hematite lattice. No presence of organic carbon has been evidenced lacking the 
maxima at 1340 cm −1.

The bands in the spectrum of Sample 12, occurring at 463, 353, 204 and 125 cm −1 (Figure 4k), 
demonstrated the crystalline quartz origin of the specimen, whereas the two wide and weak bands 
above 1,000 cm −1 confirmed the presence of char on the surface as a result of the fire. The adjacent 
position of the black wooden sticks to the transparent pieces (Sample 12 was one of them) as seen 
in the mosaic (Figure S2, Supplementary Material) justifies the negligible presence of char on the 
surface of Sample 12.

CONCLUSIONS AND FUTURE PROSPECTS

It was confirmed that the complementary use of XRPD, SEM-EDS and Raman spectroscopy gives 
useful mineralogical and chemical findings mainly with a nondestructive approach. Their combined 
use has shown that the colorful opus sectile panel discovered at the Episcopal Residence in the ancient 
city of Stobi (fourth–sixth century AD) consisted of seven different mineral samples (magnesite, quartz, 
dolomite, ankerite, cuprite, wüstite, and hematite). The use of the so called glassy polymerization 
index, Ip, has revealed that three of these samples belong to Al2O3 + K2O-dominant, Na2O-dominant, 
and Na2O + PbO-dominant glassy silicate type.

The obtained results by various experimental techniques are comparable and mainly correspond 
to each other. The rarely observed differences are principally due to the presence of low amount of 
mineral components in the studied samples being not equally recognizable by used techniques.
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Some of the determined minerals could be connected to Macedonian geology (dolomite, hematite, 
and magnesite). The remaining minerals (ankerite, wüstite, cuprite), the glassy samples as well as 
the fully transparent quartz varieties are not typical for Macedonian territory. The latter circumstance 
supports the archaeological assumption that the panel was brought from a distant and early Christian 
population center. Such conclusion is based on the artistic characteristics and religious symbolism of 
the panel, as well as on the fact that during the one century ongoing excavations, similar findings has 
neither been found in Stobi nor in the neighboring Balkan countries.

The obtained results in this study could be taken as a relevant basis for further comparative stud-
ies aimed at determining the exact origin of the discovered panel would provide a general historical 
interpretation of the cultural and other relations of Stobi with the surrounding early Christian world.
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