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ABSTRACT 

This work deals with Roman and Late Antique bricks and roof tiles from eight archaeological sites in Southeast 
Bulgaria. The samples’ study was through X-ray fluorescence, powder X-ray diffraction, Fourier transform 
infrared, and thermal analysis, supported by macro and micro observations. The results indicate the successful 
combination of the experimental methods to determine with great accuracy the mineral composition and type 
of the raw clay (regarding the content of carbonate phases), the firing technology, and some findings of high 
ceramic quality and durability over time. This work shows that the clay type (calcareous type - carbonate-rich 
clay or non-calcareous type - carbonate-poor clay) cannot be determined by using chemical analysis only. The 
clay type determination is only possible by combination with thermal analysis in the case of ceramic firing 
below the calcite decarbonation temperature and by taking into account only the CaO amount included in the 
clay as calcite, which is calculated from the measured mass loss of calcite decarbonation. The results prove 
that for a more precise determination of the ceramic firing temperature range, it is necessary to use not only 
the phase composition (mineral-thermometers), but also the structural features of minerals determined by 
Fourier transform infrared and thermal analyses. The results evidence the use of identical ceramic 
manufacturing technologies in the entire geographical area during the Roman and Late Antique periods and 
a clear perspective for future investigation. They also complement the known archaeological background by 
interpreting people’s knowledge continuity from the Roman age to Late Antiquity and giving insight into 
their economic and cultural life, based on the ceramic experimental investigations. 
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1. INTRODUCTION 

Ceramic refer to bricks, tiles, pottery, and wall plas-
ters made of clay and water. Its production was sim-
ple, low-cost, and continuous during many archeo-
logical periods. Thus, ceramic is the most abundant 
artifact, making it significant for archaeology. Moreo-
ver, it's defined as the first composite material manu-
factured and developed by humans (Goffer, 2007). 
The ceramic study provides information about the 
cultural and economic aspects of ancient societies and 
helps reconstruction and conservation activities, al-
lowing the creation of modern ceramic analogs com-
patible with the ancient ones (Cultrone et al., 2001; 
Elert et al., 2003; Cardiano et al., 2004). The classic ar-
chaeological ceramic research includes a classification 
by macroscopic description. Analytical techniques 
achieve a transition from observation to empirical in-
vestigations due to the determination of ceramic pro-
duction technology by studying the phase composi-
tion, raw clay, and firing temperature in the kiln (Pea-
cock, 1970). The first studies of phase composition 
were petrographic by thin sections, published by 
Shepard in 1936. Later, powder X-ray diffraction 
(PXRD) was applied (Neff, 1993, Xanthopoulou et al., 
2020). Recently, a commonly used combination is that 
of chemical analysis, PXRD, Fourier transform infra-
red spectroscopy (FTIR), and thermal methods, which 
are also appropriate techniques for determining ce-
ramic manufacturing conditions (Cardiano et al., 
2004; Drebushchak et al., 2005; Papadopoulou et al., 
2006; Palanivel and Rajesh Kumar, 2009; Ravisankar 
et al., 2010; Kotryová et al., 2016; Kılıç et al., 2017; Yan 
et al., 2021). For ceramic firing temperature determi-
nation, a new non-destructive method by electron 
probe microanalyzer also are indicated in the litera-
ture (Baziotis et al., 2020). 

In the beginning, ceramic production included 
three stages - clay paste preparation, forming and 
shaping into an object (molding), and air drying of the 
final product. Later, the fourth stage appeared – firing 
at a minimum of 600°C (Goffer, 2007) up to 950-
1050℃ (Emami et al., 2016). The quality of the fired 
ceramic depends on the properties of the raw clay, de-
termined by the clay mineral composition, the pro-
duction conditions - firing temperature and atmos-
phere, etc. (Khitab et al., 2021). Clays are sediments or 
rocks that consist of three mineral groups: clays, ac-
cessories, and impurities. The clays are layered sili-
cate minerals separated by similarity in the crystal 
structure into kaolins, montmorillonites, and illites. 
Accessory minerals also include layer silicates - mi-
cas, chlorites, and vermiculites. The impurities are in-
organic (quartz, feldspar, iron minerals, carbonates, 
gypsum, etc.) and organic phases (Chamley, 1989; 
Meyers and Speyer, 2003). All clay phases (minerals 

and organic) show different behavior during firing at 
different temperatures. Layered silicates (phyllosili-
cates) containing water undergo dehydration, dehy-
droxylation, and with prolonged increases in temper-
ature – destruction. Carbonates undergo decarbona-
tion and organic phases – decomposition. At around 
950℃ occurs: either vitrification with crystallization 
of a high-temperature phase from the melt or solid-
state recrystallization with high-temperature phase 
formation (Cardiano et al., 2004; El Ouahabi et al., 
2015). Which of the two processes takes place de-
pends on the firing atmosphere and the raw clay type 
- calcareous (carbonate-rich) or non-calcareous (car-
bonate-poor) (Papadopoulou et al., 2006; Trindade et 
al., 2009; Badica et al., 2022). All the described thermal 
processes can be traced in the ceramic artifacts, con-
sidering the phyllosilicates' ability to redehydroxylate 
over time (Hamilton and Hall, 2012). 

Generally, the existing studies on ceramic raw ma-
terial, kiln redox atmosphere, and temperature can be 
summarized into three groups. Most publications 
confirm or reject the production of archaeological ce-
ramic from local clay deposits by examining and com-
paring clay with ceramic artifacts. Some of these 
works also present clay firing experiments (Drebush-
chak et al., 2005; Papadopoulou et al., 2006; Trindade 
et al., 2009; Badica et al., 2022; Aras and Kiliç, 2017). 
Other publications show only archaeological ceramic 
studies, mainly determining its firing conditions (Pal-
anivel and Rajesh Kumar, 2009; Krapukaityte et al., 
2008; Vlase et al., 2019; Omar, 2022). Fewer publica-
tions investigate archaeological ceramic only to deter-
mine the type of raw clay and the firing conditions 
(Cardiano et al., 2004; Bayazit et al., 2014). The latter 
group of studies is significant for archaeological sites 
from geographical areas without known clay depos-
its. Despite many studies, each ceramic is made from 
a specific raw material and production technology, 
thus caution is required when extrapolating pub-
lished results (Cultrone et al., 2001). This requires spe-
cific studies for the individual archaeological sites. 

This work deals with Roman and Late Antique 
bricks and roof tiles in order to determine the compo-
sition and type of raw clay and the firing technology 
(kiln temperature and atmosphere) used as well as to 
specify some characteristics influencing the ceramic 
quality and durability over time. The sixteen samples 
studied are from eight archaeological sites with loca-
tion Sarnena Sredna Gora Mountain and its southern 
foothills, Southeast Bulgaria. The absence of clay de-
posits in the geographical area (Kostova et al., 2022) 
excludes a possible comparison of probable local raw 
material with the ceramic samples. Achievement of 
the study goal therefore was accomplished only by 
studying the chemical and phase composition and 
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thermal behavior of ceramic samples through chemi-
cal analyses (X-ray fluorescence analysis - XRF), struc-
tural-phase methods (PXRD and FTIR), and thermal 
analysis. The performed macro and micro observa-
tions of ceramic color and structure assist in the kiln 
temperature, redox atmosphere, quality, etc. determi-
nations (Bratitsi et al., 2018; Goffer, 2007; Khitab et al., 
2021; Gredmaier et al., 2011). 

2. MATERIALS AND METHODS 

2.1. Materials 

The study includes sixteen ceramic bricks and roof 
tiles allocated to the Roman (Fig. 1) and Late Antique 
(Fig. 2) periods. The sample collection was from eight 
archaeological sites in Southeast Bulgaria, namely the 
Sarnena Sredna Gora Mountain and the southern 
foothills (Fig. 3). Sarnena Sredna Gora Mountain (for-
mer Karaca Dağı) is a part of Sredna gora system 

(Srednogorie). That is a medium-high mountain par-
allel to the Balkan range but also a specific region of 
cultural and historical aspects. Karaca Dağı is the ul-
timate eastern part of Srednogorie, located between 
the valleys of Srtryma (Westward) and Tundzha riv-
ers (Eastward). In this sense, one might conclude that 
this mountainous region has been ever in a state of 
isolation. Still, two passes – the Sveti Nikola in the 
Bratanski region and Zmeyovo in the Kortenski re-
gion intersected the range, thus providing the connec-
tion to Sub Balkan valleys and Thrace, and also to 
both significant metropolises of the area – Philippop-
olis and Beroe/Augusta Traiana. Moreover, the 
mountain's Southern slopes looking towards the Up-
per Thracian Plain were more densely populated 
partly because of its geographical disposition and 
partly because of climatic reasons.  

 

 

Figure 1. Roman ceramic. 

 

Figure 2. Late Antique ceramic 
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Figure 3. Geographical location of the archaeological sites. Yellow lines are borders and southern is Greece 

The sampling sites belong to two general types – 
open settlements and fortified ones (hillforts). Besides 
vicus, site No. 8 Pizos also had the status of Emporion 
and continued its function till the middle of 6th c. AD 
as phrourion (fortress), not located yet (Boyanov, 
2014). Site No. 6 – the Roman vicus at Malko Tranovo 
was a huge agglomeration of many households and 
probably a significant center of agriculture, situated 
between the mansio of Karasura and Beroe/Augusta 
Traina (Wendel, 2001; Dumanov, 2004). In the late 4th 
c. AD two sites shared the same destiny - abandon-
ment, as their population migrated toward the foot-
hills or upland zones. The location of fortified settle-
ments of sampling was at the highland (No. 10; 14-17) 

and uplands (No. 19) of Karaca Dağı. They reflect the 
transformation of settlement models before and after 
the period of political, social, and economic transi-
tions from the middle 5th c. AD. In the fortified settle-
ments, ceramics were rarely used in the fortifications', 
but mainly for the roofs and floor isolation of the 
churches and the households.  

Table 1 shows the geographical location, type of ar-
chaeological sites, and the ceramic samples’ descrip-
tion (macro and micro observations by microscope 
Levenhuk 3ST, 20-40x optical zoom). The geological 
settings of the area were described in detail elsewhere 
(Kostova et al., 2022). 

Table 1. Short description of the archaeological sites and their respective ceramic samples. 

Archaeological site Ceramic samples 

No./location Type No. Type Macro and micro description 

Roman Age 

Site No. 8 Di-
mitrievo vil-

lage 

Open settle-
ment (Empo-

rion Pizos) 53 
floor 
brick 

Thickness: 4 cm. Surfaces: smooth upper and rough lower; lime mortar traces 
on rough and side surfaces Color: uniform orange-brown. Structure – porous 
fine-grained matrix with medium-grained inclusions. Inclusions composition: 

mainly quartz, a subordinate quantity of muscovite, feldspar (?). Inclusions 
size: from 1 mm up to 5-6 mm. 

57 
roof 
tile 

Thickness: 3 cm. Surfaces: smooth. Color: uniform beige with an orange tint. 
Structure – porous fine-grained matrix with medium-grained inclusions. In-
clusions composition: mainly calcite, a subordinate quantity of quartz. Inclu-

sions size: from 1 mm up to 5-6 mm.  

Site No. 6 
Malko Tra-

novo village, 
1.10 km 

North from 
the village 

center 

Open settle-
ment (vicus) 

87 
roof 
tile 

Thickness: 2 cm. Surfaces: smooth. Color: uniform orange-brown. Structure – 
porous fine-grained matrix with medium-grained inclusions. Inclusions com-
position: mainly quartz, a subordinate quantity of feldspar and muscovite. In-

clusions size: up to 2 mm. 

88 
floor 
brick 

Thickness: 2 cm. Surfaces: smooth upper and rough lower. Color: uniform or-
ange-brown. Structure – porous fine-grained matrix with medium-grained in-

clusions. Inclusions composition: mainly quartz; subordinate quantity of 
muscovite. Inclusions size: from 1 mm up to 10 mm. 
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Late Antiquity 

Site No. 14 
Gorno Novo 
Selo village, 
Sveti Nikola 

region 

Fortified set-
tlement - pre-
served stone 

fortress, 
church build-

ing, and 
traces of apse. 

2 roof 
tile 

Thickness: 3 cm. Surfaces: smooth upper and rough lower. Color: uniform or-
ange-brown. Structure – porous fine-grained matrix with medium-grained in-

clusions. Inclusions composition: mainly quartz, a subordinate quantity of 
feldspar and muscovite. Inclusions size: from 1 mm up to 5-6 mm. 

3 floor 
brick 

Thickness: 4 cm. Surfaces: smooth upper and rough lower; preserved lime 
mortar on rough and side surfaces. Color: uniform orange-brown. Structure – 
porous fine-grained matrix with medium-grained inclusions. Inclusions com-
position: mainly quartz, a subordinate quantity of feldspar and muscovite. In-

clusions size: from 1 mm up to 5-6 mm. 

Site No. 15 
Gorno Novo 
Selo village, 

Kutchuk kale 
region 

Fortified set-
tlement 

(church Extra 
Muros 1) - 
preserved 

stone church 
and buildings 

walls 

5 roof 
tile 

Thickness: 2.5 – 3 cm. Surfaces: smooth. Color: uniform orange-brown. Struc-
ture – porous fine-grained matrix with medium-grained inclusions. Inclu-
sions composition: mainly quartz, muscovite, feldspar (?). Inclusions size: 

from 1mm up to 4-5 mm. 
6 floor 

brick 
Thickness: 4 cm. Surfaces: smooth upper and rough lower. Color: uniform or-
ange-brown. Structure – porous fine-grained matrix with medium-grained in-

clusions. Inclusions composition: mainly quartz, a subordinate quantity of 
muscovite, feldspar (?). Inclusion size: from 1mm up to 5-6 mm. 

Site No. 17 
Gorno Novo 
Selo village 

Fortified set-
tlement - pre-
served stone 
fortress and 

building 
walls 

8 roof 
tile  

Thickness: 2 cm. Surfaces: smooth upper and rough lower. Color: uniform or-
ange-brown. Structure – porous fine-grained matrix with medium-grained in-

clusions. Inclusions composition: mainly quartz, a subordinate quantity of 
muscovite. Inclusions size: from 1 mm to 3-4 mm. 

12 floor 
brick 

Thickness: 4 cm. Surfaces: smooth upper and rough lower. Color: uniform or-
ange-brown. Structure – porous fine-grained matrix with medium-grained in-
clusions. Inclusions composition: quartz, muscovite, feldspar, rock fragments 
(gneiss). Mineral inclusions predominate in quantity. Inclusions size: from 1 

mm up to 10 mm. 

Site No. 16 
Gorno Novo 
Selo village, 
2.1 km West 
from the vil-

lage 

Fortified set-
tlement 

(church Extra 
Muros 2) - 
preserved 

stone church 
and buildings 

walls 

20 floor 
brick 

Thickness: 5 cm. Surfaces: smooth upper and rough lower; preserved lime 
mortar on rough and side surfaces. Color: uniform orange-brown. Structure – 
porous fine-grained matrix with medium-grained inclusions. Inclusions com-
position: quartz, muscovite, rock fragments. Mineral inclusions predominate 
in quantity. Inclusions size: mineral grains – 1 to 3 mm, rock fragments – up 

to 10 mm.  
21 roof 

tile 
Thickness: 2.5 cm. Surfaces: smooth. Color: uniform orange-brown. Structure 

– porous fine-grained matrix with medium-grained inclusions. Inclusions 
composition: quartz, muscovite. Inclusions size: from 1 mm up to 10 mm. 

Site No. 10 
Izvorovo vil-
lage, Goly-

amoto grad-
ishte area 

Fortified set-
tlement - pre-
served stone 

fortress 

71 floor 
brick 

Thickness: 2.5 cm. Surfaces: smooth upper and rough lower. Color: uniform 
beige with an orange tint. Structure – porous fine-grained matrix with me-

dium-grained inclusions. Inclusions composition: quartz, muscovite, feldspar, 
calcite. Inclusions size: from 1 mm to 5-6 mm. 

72 roof 
tile 

Thickness: 3 cm. Surfaces: smooth upper and rough lower. Color: uniform or-
ange-brown. Structure – porous fine-grained matrix with medium-grained in-
clusions. Inclusions composition: quartz and muscovite. Inclusions size: from 

1 mm to 2-3 mm.  

Site No. 19 
Dolno Novo 
Selo village, 

0.56 km from 
the village 

center 

Fortified set-
tlement - no 
preserved 

archaeologica
l structures, 
stone blocks 
and ceramic 
not in situ.  

140 floor 
brick  

Thickness: 3.5 cm. Surfaces: smooth upper and rough lower; preserved lime 
mortar on rough and side surfaces. Color: uniform orange-brown. Structure – 
porous fine-grained matrix with medium-grained inclusions. Inclusions com-
position: quartz, muscovite, feldspar. Inclusions size: from 1 mm to 3-4 mm.  

141 roof 
tile 

Thickness: 2.5 cm. Surfaces: smooth. Color: uniform orange-brown. Structure 
– porous fine-grained matrix with medium-grained inclusions. Inclusions 

composition: mainly quartz, a subordinate quantity of muscovite. Inclusions 
size: from 1 mm to 3-4 mm. 

 

2.2. Methods 

 Sample preparation: all the studied samples were 
manually dry milled in porcelain and agate mortars 
and homogenized. The lime mortar, detected at No. 
53 (Fig. 1a), No. 3, No. 20, and No. 140 (Fig. 2b, 2g, 2k), 
was not included in the milled samples. 
 X-ray fluorescence (XRF) analysis was performed 
by spectrometer WD-XRF Supermini 200 - Rigaku, Ja-
pan (50 kV and 4mA, 200 W X-ray tube with Pd-anode, 
30 mm²) in a helium atmosphere. Two different X-ray 

detectors, a gas flow proportional counter for light el-
ements and a scintillation counter for heavy elements 
are used. Depending on the wavelength range, two 
analysing crystals: LIF 200 (for Ti-U), PET (for Al-Ti) 
and RX25 (for F-Mg) were used. The software pack-
age ZSX used for data processing. The samples were 
prepared as tablets with CEREOX-BM-0002-1 powder. 
 The powder X-ray diffraction (PXRD) measure-
ments were made by D2 Phaser BrukerAXS, CuKα ra-
diation (λ = 0.15418 nm) (operating at 30 kV, 10 mA) 
from 3 to 70°2θ with a step of 0.05°, 1 s/step (ground 
sample weight – 1.0±0.1 mg and particle size below 
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0.075 mm). The PDF database was used for determin-
ing the phases and minerals in the samples (Powder 
Diffraction File, 2001).  
 Fourier transform infrared (FTIR) measurements 
were performed by FTIR Spectrometer Nicolet 6700, 
covering the range of 400 - 4000 cm-1 with 100 scans 
and 1.928 cm–1 resolution. The samples were prepared 
as pellets with KBr.  
 Thermal analysis: simultaneous TG/DTG-DSC 
analysis was carried out on a Setline STA 1100, SETA-
RAM, France, in the temperature range room temper-
ature (RT) – 1050°C; in the static air, with a heating 
rate of 10°C min-1. The operational characteristics of 
the TG/DTG–DSC - system were: sample mass of 
25.0±1.0 mg (mass resolution of 0.05 µg), temperature 
resolution of +/- 0.3°C, and alumina sample crucible 
with a volume of 100 µL. 

3. RESULTS 

3.1. XRF 

 Table 2 shows the results of the XRF analysis. The 
SiO2 and Al2O3 are the highest concentrations in the 

studied samples except sample No. 57. The SiO2 var-
ies from 52.05 (No. 57) to 66.60% (No. 2), the Al2O3 - 
from 14.91 (No. 57) to 20.98% (No. 6). The alkali met-
als’ concentrations also fluctuate - K2O from 3.42 (No. 
71) to 5.07% (No. 12), Na2O - from 0.64 (No. 57) to 
1.88% (No. 8). The greatest measured variations were 
for CaO - from 1.77 (No. 21) to 20.70% (No. 57). The 
lowest values of SiO2 and Al2O3 correspond to the 
highest CaO concentration and were measured in 
samples No. 57 and No. 71. The MgO changes insig-
nificantly – from 1.27 to 2.31%. The Fe2O3 is between 
3.97 and 6.28%. The TiO2, MnO, P2O5, and SO3 are in 
low concentrations.  
 The SiO2 and Al2O3 concentrations suggest a pre-
dominance of silicate and aluminosilicate phases. The 
alkali metals assume the existence of potassium and 
sodium aluminosilicates such as illite, muscovite, po-
tassium feldspar, and plagioclase. The CaO concen-
tration suggests the presence of carbonates and cal-
cium aluminosilicates, such as calcite, feldspar, and 
smectite clays. The Fe may be due to iron phases 
and/or iron being isomorphically incorporated in 
aluminosilicates. The Ti and Mn probably substitute 
other metals isomorphically. 

Table 2. XRF results. 

Site/ 
No. Sample 

Mass/ % SiO2/ 
Al2O3 

ratio 
SiO2 Al2O3 Na2O K2O MgO CaO TiO2 MnO Fe2O3 P2O5 SO3 

Roman ceramic  

8 
No. 53 brick 64.56 19.61 1.78 4.65 1.31 2.18 0.66 0.10 4.80 0.19 0.03 3.29 

No. 57 tile 52.05 14.91 0.64 3.43 1.40 20.70 0.64 0.17 5.53 0.31 0.09 3.49 

6 
No. 87 tile 64.35 19.16 1.54 4.53 1.51 2.24 0.73 0.12 5.50 0.22 - 3.36 

No. 88 brick 65.52 18.58 1.66 4.30 1.39 2.52 0.72 0.09 4.91 0.21 - 3.53 

Late Antique ceramic  

14 
No. 2 tile 66.60 19.51 1.41 4.14 1.27 2.19 0.66 0.07 3.97 0.11 - 3.41 

No. 3 brick 66.39 18.86 1.38 3.99 2.00 2.22 0.73 0.08 4.12 0.10 0.02 3.52 

15 
No. 5 tile 61.11 21.46 1.04 4.97 1.89 1.89 0.80 0.11 6.45 0.17 - 2.85 

No. 6 brick 63.19 20.98 1.34 4.98 1.37 1.87 0.72 0.09 5.20 0.17 - 3.01 

17 
No. 8 tile 64.52 20.25 1.88 4.17 1.43 1.80 0.64 0.10 4.72 0.39 - 3.19 

No. 12 brick 61.07 20.48 1.10 5.07 2.23 2.46 0.90 0.10 6.29 0.19 - 2.98 

16 
No. 20 brick 63.89 18.90 1.69 5.04 1.58 2.01 0.78 0.08 5.71 0.19 0.02 3.38 

No. 21 tile 62.37 20.59 1.08 4.91 1.81 1.77 0.76 0.08 6.28 0.23 0.03 3.03 

10 
No. 71 brick 57.28 16.72 0.89 3.42 1.62 13.20 0.69 0.17 5.53 0.27 0.07 3.43 

No. 72 tile 64.78 20.25 0.90 4.35 1.42 1.57 0.86 0.11 5.37 0.24 0.03 3.20 

19 
No. 140 brick  63.23 20.77 0.93 4.52 2.31 1.39 0.64 0.10 5.86 0.16 - 3.04 

No. 141 tile 64.77 19.25 1.42 4.48 1.91 1.92 0.68 0.10 4.96 0.36 0.03 3.36 

3.2. PXRD 

The results of the PXRD analysis are shown in Fig. 
4 and Table 3. The registered phases were separated 

into three groups – clay minerals, accessory minerals, 
and impurity minerals (Meyers and Speyer, 2003).  
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Table 3. PXRD results. 

Phase 

Archaeological site and sample No. 

Roman age Late Antiquity 

Site No. 8 Site No. 6 Site No. 14 Site No. 15 Site No. 17 Site No. 16 Site No. 10 Site No. 19 

No.
53 

No. 
57 

No. 
87 

No. 
88 

No. 
2 

No. 
3 

No.
5 

No. 
6 

No. 
8 

No. 
12 

No. 
20 

No. 
21 

No. 
71 

No. 
72 

No. 
140 

No. 
141 

Illite/mus-
covite 

+ + + + + - + + + + + + + + + + 

Montorillo-
nite  

+ + - - + - + + + + - + + + + + 

Glauconite - - - - + - - - - - - + - - - - 
Chlorite - - - - - - - - - - - - - - - + 
Hematite  + + + + + + + + + + + + + + + + 
Magnetite  - + - - + - + + + + + + + - - - 

Quartz  + + + + + + + + + + + + + + + + 
Plagioclase  + + + + + + + + + + + + + + + + 
K-feldspar + + + + + + + + + - + + - + - - 
Amphibole  - - - - - - - - - - - - + - - + 

Calcite  - + - - - - - - - - - - + - - - 
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Figure 4. PXRD patterns of samples: a) No. 53 and No. 57 (site No. 8), No. 87 and No. 88 (site No. 6); b) No. 2 and No 3 
(site No. 14), No. 5 and No. 6 (site No. 15); c) No. 8 and No. 12 (site No. 17), No. 20 and No. 21 (site No. 16); d) No. 71 and 
No. 72 (site No. 10), No. 140 and No. 141 (site No. 19). Q – quartz, I – illite, Ms – muscovite, Kf – potassium feldspar, Pl – 
plagioclase feldspar, H – hematite, Mt – magnetite, M – montmorillonite, G – glauconite, C – calcite, A – amphibole, Chl 

– chlorites. 

 
The diagnosed clay minerals are illite 

(K0.65Al2[Al0.65Si3.35O10](OH)2 (PDF #25-0001), 
glauconite, (K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2 (PDF 
#45-1337), and montmorillonite 
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O (PDF #302-
0239). Accessory minerals are muscovite 
KAl2(AlSi2O10)(OH)2) (PDF #34-0175) and chlorite 
(Mg,Al,Fe)6(Si,Al)4O10(OH)8 (PDF #78-2063). The im-
purities are quartz SiO2 (PDF #06-175), potassium 
feldspar - microcline, KAlSi3O8 (PDF #84-0710), plagi-
oclase – albite NaAlSi3O8 (PDF #89-6426), hematite 
Fe2O3 (PDF #72-0469), magnetite (Fe2+Fe3+

2O4) 
(PDF#19-0629), amphibole 
NaCa2(Mg,Fe,Al)5(Si,Al)8O22(OH)2 (PDF #73-1135), 

and calcite CaCO3 (PDF #47-1743). Quartz, plagio-
clase, and hematite were proven in all samples. Il-
lite/muscovite was evidenced in all samples except 
No. 3. Illite and muscovite, being isostructural (2:1 
layer silicates designed of two tetrahedral sheets with 
one octahedral sheet situated between the tetrahedral 
ones), have coinciding PXRD peaks making it difficult 
to distinguish them by this method (Kotryová et al., 
2016; Chamley, 1989). On the other hand, the 9.97Å 
peak of illite/muscovite also coincides with that of 
heated montmorillonite (after heating, the water mol-
ecules from interlayer space disappear and a reduc-
tion of d001 is realized from 14.5Å up to 9.80Å) (Kha-
lifa et al., 2019; Laufek et al., 2021). Montmorillonite 
was proven in most of the samples, except No. 87, 88, 
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3, and 20. Potassium feldspar was not detected only 
in No. 12, 71, 140, and 141. Magnetite was not recog-
nized in No. 53, 87, 88, 3, 72, 140, and 141. Chlorite, 
glauconite, and amphibole were found in single sam-
ples: chlorite in No. 141, glauconite in No. 2 and No. 
20, and amphibole – in No. 71 and No. 141. The car-
bonate phase, calcite, was proven only in samples No. 
57 and No. 71. 

The PXRD patterns of all samples have no in-
creased background noise (Fig. 4), which suggests the 

absence of amorphous (vitrified) phases (Cultrone et 
al., 2001; Elert et al., 2003). 

3.3. FTIR 

Fig. 5 shows the results of the FTIR analysis. The 
obtained results confirm the PXRD results, comple-
menting them. By FTIR, the illite, muscovite, mont-
morillonite, glauconite, magnetite, potassium feld-
spar, and calcite were evidenced in all the examined 
samples. 
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Figure 5. FTIR spectra of samples: a) No. 53 and No. 57 (site No. 8), No. 87 and No. 88 (site No. 6); b) No. 2 and No 3 (site 
No. 14), No. 5 and No. 6 (site No. 15); c) No. 8 and No. 12 (site No. 17), No. 20 and No. 21 (site No. 16); d) No. 71 and No. 

72 (site No. 10), No. 140 and No. 141 (site No. 19). Insertions: 860 – 400 cm-1 spectral region. 

Illite, muscovite, montmorillonite, and glauconite 
were recognized with two types of bands - the first is 
characteristic only of a given mineral, and the second 
refers to more than one mineral. The band at 3635-
3640 cm-1 was assigned to Al-OH stretching band of 
illite, montmorillonite, and glauconite (Yan et al., 
2021; Chukanov, 2014); at 3568-3576 cm-1 – as OH 
stretching band of glauconite (Chukanov, 2014); at 

3450–3453 cm-1 – as H-O-H stretching vibration of ad-
sorbed water molecules in illite (Chukanov, 2014, 
Jozanikohan and Abarghooei, 2022); at 3429-3437  
cm-1 – as H-O-H stretching vibration of adsorbed wa-
ter molecules in montmorillonite (Chukanov, 2014, 
Jozanikohan and Abarghooei, 2022); at 3258–3268 
cm-1 – as metal-O-H stretching vibration of montmo-
rillonite (Caccamo et al., 2020); at 1658–1663 cm-1 – as 
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H-O-H bending vibration of adsorbed water mole-
cules of illite (Palanivel and Rajesh Kumar, 2009; 
Chukanov, 2014); at 1626–1635 cm-1 – as O-H bending 
vibration of adsorbed water molecules of illite, mus-
covite and glauconite (Chukanov, 2014, Singha and 
Singh, 2016); at 1039-1056 cm-1 – as Si-O-Si asymmet-
ric stretching vibration band of illite and montmoril-
lonite (Yan et al., 2021; Chukanov, 2014); at 568-585 
cm-1 – as Al-O-Al asymmetric bending vibration of il-
lite and montmorillonite (Yan et al., 2021; Chukanov, 
2014); at 517-519 cm-1 – as Al-O-Al symmetric bending 
vibration of muscovite (Chukanov, 2014); at 470–473 
cm-1 – as Si-O-Si bending and the metal-O stretching 
vibrations in muscovite, illite, montmorillonite 
(Chukanov, 2014); and band at 435–441 cm-1 – as Si-O 
bending vibration of glauconite and illite (Chukanov, 
2014). 
 The quartz was recognized with bands at 1165-1170 
cm-1 and 1080-11087 cm-1 (ν3 Si-O in SiO2), at 795-797 
cm-1 and 776-778 cm-1 (ν2 Si-O in SiO2), and at 689-693 
cm-1 (ν1 Si-O in SiO2) (Chukanov, 2014). Alkali feld-
spar, albite, was detected by O-Si(Al)-O bending vi-
brations at 720–725 cm-1 and 602-614 cm-1, O-Si-O de-
formation and K-O stretching vibration at 543-556 
cm-1, and Si-O-Si deformation vibration at 483-487 
cm-1 (Chukanov, 2014; Theodosoglou et al, 2010). Po-
tassium feldspar, microcline, was registered by O-Si-
O bending and K-O stretching vibrations at 531-536 
cm-1, 463-466 cm-1, and 445 cm-1, and Si-O-Si defor-
mation vibration at 419-423 cm-1 (Chukanov, 2014; 
Theodosoglou et al, 2010). Hematite was registered by 
Fe3+-O vibrations at 645–647 cm-1 and 452-464 cm-1 

(Chukanov, 2014; Jozanikohan and Abarghooei, 
2022), where magnetite – by Fe2+-O vibration at 663-
668 cm-1 (Ravisankar et al., 2010; Chukanov, 2014). 
Calcite was recognized by bands at 2514-2518 cm-1 
(ν1+ ν3) С-О in СО3 (Chukanov, 2014), 1795–1795 
cm-1 (ν1 + ν4) С-О in СО3 (Chukanov, 2014; Sta-
nienda, 2016), and 1466-1474 cm-1 and 1431-1458 cm-1 
ν3 С-О in СО3, 870 - 872 cm-1 ν2 С-О in СО3, and 713-
715 cm-1 ν4 С-О in СО3 (Chukanov, 2014). 

Organic phases were evidenced in all samples. 
Bands at 2960-2967 cm-1 and - 2921–2925 cm-1 were 
recognized as C-H asymmetrical stretching vibrations 
of CH2 and 2850-2853 cm-1 – as C-H symmetrical 
stretching vibrations in CH2 (Silva et al., 2005; Rao et 
al., 2017). The bands at 1545-1549 cm-1 – as skeletal vi-
brations of the aromatic ring, bands at 1382–1385 
cm-1 – as C-H bending vibrations of the methyl and 
methylene groups, and those at 1263-1268 cm-1 as ν3 
stretching vibration of C-O in aromatic rings (Rao et 
al., 2017). 

The surface hydroxyl group was detected at 3733 – 
3740 cm-1 - O-H vibration (Jozanikohan and Abar-
ghooei, 2022; Chukanov and Chervonnyi, 2016). The 
band at 2382–2388 cm-1 was assigned to CO2 from the 
air (Chukanov and Chervonnyi, 2016). 

3.4. Thermal analysis 

Figure 6 and Table 4 show the results of the thermal 
analysis. The measured total mass loss (MLtot) was 
changed from 3.04% for sample No. 88 to 11.98% for 
No. 57.  

Table 4 Thermal analysis results. 

Sample 

RT - 220°C 
dexydration 

220°C - 420°C 
organic decomposi-

tion 

420°C - 720°C 
dehydroxylation 

720°C - 840°C 
decarbonation 

840°C -1050°C 
structure destruc-

tion 

Tinfl/  
°C 

ML/ % Tinfl/  
°C 

ML/ 
% 

Tinfl/  
°C 

ML/ % Tinfl/  
°C 

ML/  
% 

Tinfl/  
°C 

ML/  
% 

Tinfl/  
°C 

ML/ % 

Roman age 

No. 53 31.7 
73.9 

0.37 
0.33 

164.3 0.39 240.5 
312.1 
374.0 

0.55 
0.30 
0.31 

522.8 
672.0 

 

0.24 
0.34 

783.5 0.14 849.0 
986.6 

1034.0 

0.40 
0.23 
0.36 

No. 57 31.7 
77.5 

0.17 
0.43 

135.8 
208.4 

1.33 
0.45 

251.8 
295.7 
365.3 

0.33 
0.24 
0.56 

454.1 
524.5 
586.5 
670.9 
700.6 

0.39 
0.41 
0.53 
1.76 
1.00 

775.0 3.62 903.0 
961.2 

1017.4 

0.12 
0.13 
0.24 

No. 87 40.0 
104.8 

1.20 
0.26 

130.4 
202.3 

0.40 
0.59 

251.6 
301.4 
365.48 

0.56 
0.58 
0.58 

447.3 
563.4 
642.7 
720.2 

0.47 
0.40 
0.49 
0.46 

783.3 
 
 
 

0.24 
 
 
 

876.5 
985.9 

1028.3 

0.46 
0.69 
0.43 

No. 88 39.9 0.68 169.4 0.13 323.5 
387.6 

0.23 
0.18 

462.4 
523.9 
673.3 

0.15 
0.13 
0.42 

783.3 0.20 877.3 
956.1 

1020.1 

0.20 
0.22 
0.40 

Late Antiquity 

No. 2 57.8 
 
 
 

0.36 122.1 
205.8 

0.16 
0.55 

274.6 
315.9 
355.2 
392.0 

0.53 
0.21 
0.24 
0.27 

492.8 
549.6 
687.3 

 

0.64 
0.61 
0.10 

807.8 0.26 
 
 
 

864.9 
919.9 

1003.2 
1037.3 

0.27 
0.09 
0.20 
0.35 

No. 3 50.0 0.46 106.9 0.21 259.4 0.46 475.5 0.40 797.1 0.30 856.6 0.32 
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73.7 
 

0.37 
 

149.6 
201.8 

0.38 
0.57 

313.0 
376.6 

0.43 
0.39 

551.8 
658.1 
691.1 

0.42 
0.30 
0.31 

 
 
 

1013.6 
1036.6 

 

0.41 
0.21 

No. 5 52.1 
 

0.60 
 

110.2 
144.9 
194.4 

0.15 
0.20 
0.64 

272.5 
357.1 

0.57 
0.47 

438.9 
521.3 
683.5 

0.34 
0.45 
0.67 

801.5 0.23 
 
 

863.0 
992.0 

1047.5 

0.27 
0.47 
0.30 

No. 6 50.2 
 

1.00 
 

108.6 
140.4 
189.9 

0.37 
0.52 
0.38 

246.4 
304.5 

0.42 
0.58 

452.6 
522.5 
589.0 
673.7 

0.53 
0.29 
0.22 
0.47 

797.5 0.15 
 
 
 

867.0 
956.5 

1033.3 

0.35 
0.13 
0.49 

No. 8 78.7 0.9 153.4 
188.0 
215.5 

0.50 
0.46 
0.25 

295.5 1.71 441.6 
544.2 
691.8 

0.51 
0.46 
0.60 

798.3 0.30 
 
 

861.1 
986.1 

1022.2 

0.31 
0.27 
0.30 

No. 12 69.0 
101.2 

0.47 
0.44 

126.8 
150.3 
177.8 

0.35 
0.28 
0.42 

312.8 
384.9 

0.36 
0.45 

459.2 
526.7 
573.2 
686.3 

0.54 
0.42 
0.29 
0.63 

799.0 0.24 
 
 
 

894.3 
986.1 

1042.2 

0.50 
0.37 
0.30 

No. 20 60.4 
 

0.60 
 

112.1 
138.5 
207.9 

0.13 
0.31 
0.46 

264.9 
372.8 

0.96 
0.40 

448.2 
521.5 
665.3 

0.33 
0.18 
0.73 

807.9 0.27 
 
 

859.7 
1006.5 
1039.9 

0.45 
0.33 
0.06 

No. 21 48.6 
70.9 

0.20 
0.18 

145.8 
210.6 

0.31 
0.53 

295.0 
375.4 

0.30 
0.20 

457.2 
566.1 
648.4 
685.1 

0.24 
0.20 
0.16 
0.28 

798.3 0.15 
 
 
 

861.6 
935.1 

1020.5 

0.30 
0.10 
0.46 

No. 71 64.7 
 

0.54 
 

119.0 
193.5 

0.36 
0.28 

237.6 
285.3 
321.8 
364.5 

0.11 
0.16 
0.10 
0.08 

462.9 
521.5 
567.3 
673.5 

0.12 
0.11 
0.17 
0.65 

768.4 3.44 
 
 
 

883.8 
979.3 

1012.2 

* 
* 
* 

No. 72 62.8 1.32 142.0 
188.0 

0.50 
0.60 

273.2 
374.0 

0.13 
0.49 

458.4 
568.4 
684.4 

0.99 
0.31 
0.58 

801.1 0.20 
 
 

882.2 
997.5 

1024.5 

0.35 
0.29 
0.24 

No. 140 59.2 1.17 189.0 0.65 252.5 
312.1 
378.9 

0.67 
0.40 
0.45 

462.0 
493.2 
521.4 
680.2 

0.26 
0.17 
0.13 
0.67 

802.8 0.23 
 
 
 

874.2 
989.9 

1034.0 

0.37 
0.64 
0.16 

No. 141 51.7 
71.38 

0.30 
0.44 

125.7 
160.5 

0.11 
0.51 

295.9 
379.4 

0.13 
0.58 

476.0 
574.1 
668.7 

0.61 
0.35 
0.62 

803.5 0.27 
 
 

867.3 
991.3 

1012.9 
1034.0 

0.36 
0.32 
0.14 
0.19 

Tinfl – temperature of the point of inflection/ °C 
ML – mass loss/ % 

* The effects are of small ML and cannot be measured correctly. 
 

Five temperature ranges of thermal decomposition 
were recognized: RT-220℃ (dehydration), 220-420℃ 
(organic decomposition), 420-720℃ (dehydroxyla-
tion), 720-840℃ (decarbonation), and 840-1050℃ 
(structure destruction). 

RT - 220°C (dehydration): ML was measured in the 
dehydration temperature range from 0.81% (for sam-
ple No. 88) to 2.45% (for No. 87) (Table 4). Up to 100°C, 
the physically adsorbed water molecules evaporate 
(Moropoulou et al., 1995; Ion et al., 2010) with ML 
from 0.36% for No. 2 to 1.59% for No. 5 (Table 4). In 
the 100°C and 220°C temperature range, the phyllo-
silicates muscovite, illite, montmorillonite, and glau-
conite dehydrate. During this process, realization of 
the interlayered water occurs (Meyers and Speyer, 
2003; Földvári, 2011). 

220℃ - 420°C (organic decomposition): Between 
220 and 420℃, organic matter decomposition occurs 
at several stages (Palanivel et al., 2009; Imman et al., 
2021). The decomposition was associated with an ex-

othermic effect with a DSC curve peak at a tempera-
ture from 332.9℃ (No. 71) to 342.7℃ (No. 21) (Fig. 6), 
with a few DTG curve peaks and a total ML from 
0.37% (No. 71) to 1.71% (No. 8) (Table 4). 

420℃ - 720°C (dehydroxylation): During this tem-
perature range, the following three thermal processes 
occur: 

- magnetite oxidation, recognized by exothermic 
DSC curve peak between 504.7℃ (No. 5) and 527.1℃ 
(No. 140) and DTG curve peak with Tinfl from 443.7℃ 
(No. 2) to 510.3℃ (No. 12) (Fig. 6) (Földvári, 2011). 
Such a process was not detected only in sample No. 
141.  

- α-β quartz transition without ML (Moropoulou 
et al., 1995). The process was registered in all the stud-
ied samples with a DSC curve peak situated between 
571.1℃ (No. 20, No.141) and 573.1℃ (No. 3, No. 71) 
(Fig. 6). 

- dehydroxylation of the phyllosilicates, which 
was recorded in all samples. The dehydroxylation oc-
curred with ML of 0.40% in sample No. 71 to 4.09% at 
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No. 57 (Table 4). Illite, montmorillonite, glauconite, 
and muscovite, being dioctahedral 2:1 layer silicates, 
can re-hydroxylate with time at a lower temperature 
(Kotryová et al., 2016; Hamilton and Hall, 2012; Mul-
ler et al., 2000). Such a feature allows the thermal pro-
cess to be registered in the archaeological ceramic as 
follows: montmorillonite dehydroxylation occurs be-

tween 440℃ - 490℃ (Meyers and Speyer, 2003; Lau-
fek et al., 2021); in the 520℃ - 590℃ interval, illite and 
glauconite dehydroxylate (Földvári, 2011; 
Hatakeyama and Liu, 1998; Marsh et al, 2018), at 
670℃ - 690℃ - a muscovite dehydroxylation occurs 
(Földvári, 2011; Velosa et al., 2007; Pei et al., 2018) (Ta-
ble 4). 
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Figure 6. TG, DTG, and DSC curves of samples: a) No. 53 and No. 57 (site No. 8), No. 87 and No. 88 (site No. 6); b) No. 2 
and No 3 (site No. 14), No. 5 and No. 6 (site No. 15); c) No. 8 and No. 12 (site No. 17), No. 20 and No. 21 (site No. 16); d) 

No. 71 and No. 72 (site No. 10), No. 140 and No. 141 (site No. 19). 

720°C - 840°C (decarbonation): In this temperature 
range, calcite decarbonation was recognized (Böke et 
al., 2006). The decarbonation was detected for all sam-
ples (Fig. 6, Table 4), which confirms the results of 
FTIR (Fig. 5). The calcite decarbonation temperature 
changes from 768.4℃ (for sample No. 71) to 807.9℃ 
(sample No. 20), and the ML – from 0.14% (No. 53) to 
3.62% (No. 57). 

From the measured MLCO2/% during calcite de-
composition, the amount of CaO and CaCO3 in the 
samples was calculated (Table 5). The obtained re-
sults show that the quantity of calcite is low - from 
0.30% to 0.68% for most samples, which explains the 
registration of calcite only by FTIR (Fig. 5). Exceptions 
are samples No. 57 and No. 71 with calcite of 8.20% 
and 7.79%, respectively. For these two samples calcite 
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was also detected by PXRD (Table 3, Fig. 4). The cal-
culations made show that only a small part of the total 
CaO was incorporated into calcite. 

 840°C - 1050°C (structure destruction): The dehy-
droxylated phyllosilicates form stable phases until 
reaching the temperature of structure destruction 
(Lee et al., 2008; Pérez-Monserrat et al., 2021). In the 
studied samples, the illite structure decomposes at 
Tinfl between 849.0℃ and 903.0℃. After the destruc-
tion, an exothermic effect appears (DSC curve peak 
between 874.8℃ and 942.7℃), associated with crys-
tallization of high-temperature spinel-type phases 

(Meyers and Speyer, 2003; El Ouahabi et al., 2015) (Ta-
ble 4, Fig. 6). 

The structure destruction of muscovite, glauconite, 
and montmorillonite occurs with endothermic effects 
at Tinfl from 919.9℃ to 1012.9℃ and Tinfl between 
1012.2℃ and 1039.9℃ (Hatakeyama and Liu, 1998) 
(Table 4, Fig. 6). The registered dehydroxylation takes 
place with a total ML of 0.49% for No. 57 to 1.17% for 
No. 12 and No. 140 (Table 4). An exothermic effect 
with a peak at 965.7℃ - 1008℃ was registered on the 
DSC curve (Fig. 6), which probably was related to the 
crystallization of mullite (El Ouahabi et al., 2015) and 
cristobalite (above 1000℃) (Lee et al., 2008). 

Table 5. Measured CaO/ % and MLCO2/ % and calculated CaO/ % and CaCO3/ % by MLCO2/ %. 

Sample 

XRF TG/DTG Calculated from ML 

CaO/ % 
total 

MLCO2/ %  
from CaCO3 decarbonation 

CaO/ %  
in CaCO3 

CaCO3/ % 

Roman ceramic 
No. 53 brick 2.18 0.14 0.18 0.32 
No. 57 tile 20.70 3.62 4.61 8.20 
No. 87 tile 2.24 0.24 0.31 0.54 
No. 88 brick 2.52 0.20 0.25 0.45 

Late Antique ceramic 
No. 2 tile 2.19 0.26 0.33 0.59 
No. 3 brick 2.22 0.30 0.38 0.68 
No. 5 tile 1.89 0.23 0.29 0.52 
No. 6 brick 1.87 0.15 0.19 0.34 
No. 8 tile 1.80 0.30 0.38 0.68 
No. 12 brick 2.46 0.24 0.31 0.54 
No. 20 brick 2.01 0.27 0.34 0.61 
No. 21 tile 1.77 0.15 0.19 0.34 
No. 71 brick 13.20 3.44 4.38 7.79 
No. 72 tile 1.57 0.20 0.25 0.45 
No. 140 brick  1.39 0.23 0.29 0.52 
No. 141 tile 1.92 0.27 0.34 0.61 

 

4. DISCUSSION 

4.1. Raw clay 

The phase analysis proves montmorillonite, illite, 
and glauconite in the investigated samples. All these 
clay minerals are 2:1 type layered silicates that can 
survive firing to temperatures around 840℃ – 900℃, 
forming stable dehydroxylated structures that can be 
re-dehydroxylated over time (Khalifa et al., 2019; Lee 
et al., 2008; Pérez-Monserrat et al., 2021). Clays are 
poly-mineral sediments (Chamley, 1989), and it is 
possible they also consist of clay minerals of struc-
tural type 1:1, namely kaolinite. Kaolinite dehydrox-
ylates with structure breakdown and transformation 
into metakaolin at 450℃ - 550℃ (Meyers and Speyer, 
2003; El Ouahabi et al., 2015; Hatakeyama and Liu, 
1998). The new-formed metakaolin is structurally 
similar to kaolinite but unable to register from PXRD. 
After heating to 980℃, metakaolin transforms into 
spinel (Meyers and Speyer, 2003). All studied samples 
show a DSC peak at the mentioned temperature (Fig. 

6). Such a peak also corresponds to the crystallization 
of spinel-type phases after the breakdown of the 2:1 
type layered clay minerals (Hatakeyama and Liu, 
1998). The establishment of the presence/absence of 
kaolinite in the raw clay was obtained by the XRF 
analysis. In clays containing 1:1 type layered silicates 
(kaolinite), the SiO2/Al2O3 ratio is close to 1 while for 
2:1 type clays (containing illite, montmorillonite, etc.), 
that ratio is greater than 1 (Khalifa et al., 2019; Laufek 
et al., 2021; Gonidanga et al., 2019; Carretero et al., 
2002). The SiO2/Al2O3 ratio changes from 2.85% (sam-
ple No. 5) to 3.53% (No. 88), indicating that the source 
clay was composed of 2:1 type clay minerals (Table 2). 

In addition to the structural type of layered miner-
als, clays were also classified by their CaO content, 
determined by chemical analysis, assuming that the 
measured CaO content corresponds to carbonate 
minerals - calcite, dolomite, etc. (El Ouahabi et al., 
2015). Regarding CaO, the clays' classification was: (i) 
calcareous with CaO above 5% and (ii) non-calcare-
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ous - with CaO below 5% (Badica et al., 2022). The ce-
ramic industry uses chemical analysis (XRF) of raw 
clay to predict the formation of new crystalline phases 
during firing (El Ouahabi et al., 2015), and studying 
archaeological ceramic composition can define the 
raw clay type. The XRF results (Table 2) show the 
studied ceramic was made of two clay types: calcare-
ous (No. 57 and No. 71) and non-calcareous – all other 
samples. Nevertheless, the thermal analysis proves a 
small quantity of CaO incorporated in carbonates - i. 
e. calcite, even in the samples with high CaO (20.70% 
for No. 57 and 13.20% for No. 71), where CaO incor-
porated into calcite is below 5% (4.61% for No. 57 and 
4.38 % for No. 71) (Table 5). These results show that: 
(i) the starting clay cannot be classified as calcareous 
or non-calcareous only by chemical analysis, and (ii) 
all the investigated samples were made of non-calcar-
eous raw clay, regardless that in some of them the 
amount of CaO measured by XRF exceeded 5%. 

XRF, PXRD, FTIR, and thermal analysis results 
lead to the determination of the mineral composition 
of raw clay with great accuracy. PXRD evidenced 
minerals with contents above 5% in the samples, FTIR 
and thermal analysis confirmed the presence of 
phases in lower concentrations, and XRF - success-
fully established whether kaolinite was present in the 
raw clay. 

4.2. Ceramic firing conditions 

The ceramic mineral composition is useful for the 
determination of the ceramic firing temperature (El 
Ouahabi et al., 2015). The impurity minerals quartz 
and feldspars are resistant up to 1000℃ – 
1100/1200℃ (Papadopoulou et al., 2006; Aras and 
Kiliç, 2017). Both minerals are found in the studied ce-
ramic samples, which define firing below this temper-
ature. The phase analysis shows the absence of newly 
formed high-temperature phases in the ceramics, 
such as spinels, etc., whose formation begins at a tem-
perature of about 950℃ (El Ouahabi et al., 2015). This 
suggests that the firing temperature did not exceed 
this value. Thermal analysis results show the for-
mation of new high-temperature phases at a temper-
ature between 880℃ and 920℃ (Fig. 6), which indi-
cates that the kiln temperature did not exceed such 
temperatures. After heating to 860℃, the montmoril-
lonite PXRD reflections disappear completely, and 
those of illite/muscovite decrease in intensity 
(Drebushchak et al., 2005; Trindade et al., 2009). 
Montmorillonite was evidenced by PXRD in most 
samples, except No. 3, 20, 87, and 88, and illite was 
proven in all samples (Table 3). Montmorillonite was 
detected by FTIR in the latter samples which suggests 
a montmorillonite concentration below the PXRD 
limits of detection (PXRD detects phases in concentra-
tion over 5% (Moropoulou et al., 1995). Such results 

show firing below 860℃. Calcite was found in the 
samples and its decomposition temperature (between 
768.4℃ and 807.9℃) was recorded by thermal analy-
sis (Table 4), which suggests that the firing tempera-
ture did not exceed the indicated temperatures. 

The phyllosilicate's rehydroxylation ability over 
time excludes the possibility to use their dehydrox-
ylation temperature for determining the ceramic fir-
ing temperature. The incorporated new hydroxyl 
groups create weaker chemical bounds in comparison 
to the original ones, which can only lower the dehy-
droxylation temperature when reheating the ceramic 
(Kotryová et al., 2016; Muller et al., 2000). To specify 
the firing temperature range, the FTIR-bands of illite 
and montmorillonite were used, namely the Si–O–Si 
stretching vibration band in the 1000 – 1100 cm-1 spec-
tral range and Si–O–Al bending vibration band in the 
range of 510 - 580 cm-1 (Yan et al., 2021). Heating to 
500℃ leads to a band at 520 cm-1 in the FTIR spectrum. 
Upon heating above 500℃, the band at 520 cm-1 dis-
appears. Heating above 700℃ leads to the appearance 
of a new band at 570 cm-1 (Yan et al., 2021). In the 1000 
– 1100 cm-1 spectral region, after montmorillonite and 
illite heating to 400℃, a band was registered at about 
1030 cm-1. After applied heating above 500℃, that 
band shifts to higher wavenumbers (Yan et al., 2021). 
The band at 520 cm-1 does not appear in the FTIR spec-
tra of the studied samples (Fig. 5), which suggests a 
firing temperature above 500℃. That assumption was 
also confirmed by the position of the band from the 
1000 – 1100 cm-1 spectral region, which shifted to a 
higher wavenumber (Fig. 5). Samples No. 72 and No. 
140 have no band of illite and montmorillonite in the 
510 - 580 cm-1 spectral region, which defines the firing 
temperature of these samples as in the range of 500℃ 
- 700℃. The other samples registered a band at 568-
585 cm-1, indicating a firing temperature above 700℃ 
but below calcite decarbonation temperature (Table 4). 

It is shown that in order to determine the ceramic 
firing temperature range, it is necessary to use not 
only the phase composition (mineral-thermometers) 
but also the structural features of the minerals deter-
mined by FTIR and thermal analyses. For the studied 
samples, the approach determines the lower firing 
temperature limit by PXRD and FTIR and the upper 
limit by thermal analyses. 

The determined firing temperatures show the lack 
of amorphous phases in the ceramic indicate that par-
tial melting begins at about 900℃ (Emami et al., 2016). 
That also confirms the observations of the PXRD pat-
terns for the absence of amorphous (vitrified) phases 
in the investigated ceramics (Fig. 4). In addition, 
when vitrified phases exist, the pores in the ceramics 
are spherical (Cultrone et al., 2001). The observed 
pores in the studied ceramic samples are irregular 
(Figs. 1, 2). 
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The chemical and mineral composition of the raw 
clay, the firing temperature, and the gas atmosphere 
in the kiln determine the color of the ceramic. The in-
vestigated ceramic samples can be divided into two 
groups, depending on the color: beige with an orange 
tint (No. 57 and 71) and orange-brown – the remain-
ing samples. The beige color is due to a higher content 
of calcite in raw clay (Kornilov, 2005), and the orange 
tint is a result of the proven hematite in both samples. 
Hematite was evidenced by PXRD, suggesting a con-
tent above 5% (1 - 1.5% hematite is sufficient to give a 
red color to the ceramic (Palanivel and Rajesh Kumar, 
2009). The orange-brown color is characteristic of the 
remaining samples which were made of raw clay with 
a low carbonate content. For such ceramic, the color is 
controlled by the iron in the raw clay. In the original 
composition of the raw clay, iron can be present either 
as Fe2+ or as Fe3+ and can occupy both octahedral and 
tetrahedral positions (Janot and Delcroix, 1974). Both 
hematite and magnetite have been detected in the 
samples. Clay heat treatment leads to hematite for-
mation after the clay mineral’s structure breaks down. 
This process takes place at different temperatures ac-
cording to various authors – for example, Cardiano et 
al. refer to a temperature of about 850℃ (Cardiano et 
al., 2004), El Ouhabi et al. – a temperature of around 
950℃ (El Ouahabi et al., 2015). Regardless, the ce-
ramic samples' firing temperatures did not exceed 
807.9℃, indicating the absence of hematite crystalli-
zation. In this relation, hematite and magnetite can 
have the following origins: (i) raw minerals as a part 
of the raw clay, and (ii) newly-formed phases during 
ceramic firing because of goethite dehydroxylation 
(El Ouahabi et al., 2015). Dehydroxylation of goethite 
occurs at about 300 - 310℃, depending on impurities 
in natural goethite. Under oxidizing conditions, goe-
thite dehydroxylation leads to the formation of hem-
atite (Liu et al., 2023; Ponomar, 2018). Under reducing 
conditions, goethite transforms into magnetite at 
about 500°C (Ponomar, 2018). Knowing that the firing 
temperature of the samples exceeds 500°C, both ori-
gins are possible. 

The examined ceramic samples have a fine porous 
structure (Figs. 1, 2, Table 1). The origin of pore-free 
spaces in fired ceramic could be due to the decompo-
sition of organic (Goffer, 2007) and carbonate phases 
(Khitab et al., 2012). All studied samples contain cal-
cite, and the calcite decomposition is not responsible 
for the pores' creation. Organic matter is a common 
impurity in clays (Chamley, 1989), and its decompo-
sition temperature is in the 220-420℃ range (Pal-
anivel and Rajesh Kumar, 2009; Imman et al., 2021). 
According to the ceramic firing temperatures (above 
500℃), the observed pores can be attributed to or-
ganic matter decomposition. In this regard, the de-
tected organic phases by FTIR were of secondary 

origin. When the raw organic matter decomposed at 
oxidizing conditions, the empty pore spaces re-
mained in the ceramic. When the organic decom-
posed in a reducing atmosphere with insufficient ox-
ygen to oxidize the organic matter, the latter is 
charred and remains within the pores of the pottery 
as a black residue (Goffer, 2007). In the studied ce-
ramic samples all pores were empty, indicating oxi-
dizing conditions in the environment in the kiln, up 
to about 420℃. There is a possibility of a slightly re-
ducing kiln environment after 420℃, allowing for 
magnetite crystallization to occur. The redox environ-
ment during the individual firing temperature ranges 
probably controls the magnetite/hematite ratio and 
the saturation of the ceramic color, respectively. 

Ceramic often observes uneven coloring - black 
core and red rim. Such an effect appears when CO2 
from the decomposition of raw organic matter cannot 
leave the ceramic core, and oxygen cannot penetrate 
the core due to the ceramic's low porosity. As a result, 
a complete reduction of iron to magnetite occurs in 
the ceramic's core, giving it a black color. Avoiding 
this effect is accomplished by prolonging the firing 
time of the ceramics (Gredmaier et al., 2011; Barba et 
al., 1992). All the studied samples are uniform in color 
(Figs. 1, 2), which indicates that the production tech-
nology involved a long firing time. 

4.3. Some findings of ceramic quality and 
durability over time 

The examined bricks and tiles are well preserved 
(Figs. 1, 2), suggesting their quality and durability 
over time. The raw clay, the temperature, and the du-
ration of the firing determine the durability and qual-
ity of the ceramic (Elert et al., 2003; Gredmaier et al., 
2011). These parameters also control the degree of vit-
rification, where the vitrified (amorphous) phases in-
crease the hardness of the ceramic but make it brittle 
and not resistant to weathering (Badica et al., 2022). 

Clay, suitable for quality brick and tile production 
usually contains 20-30% Al2O3, 50-60% SiO2, 1-5% 
CaO and 5-6% iron oxides (Khitab et al., 2021). It's as-
sumed that the content of CaO should be low because 
when ceramic is fired above the decarbonation tem-
perature, a large number of pores remain, and the 
prepared ceramic shrinks (Cultrone et al., 2001). In the 
examined samples, the content of Al2O3, SiO2, and 
iron oxides falls within these limits. Only the content 
of CaO exceeds the indicated percentages (Table 2). 
The thermal analysis results show that a small part of 
the CaО is included in the calcite (Table 5), as only in 
samples No. 57 and No. 71 does this percentage ex-
ceed the required values, and in the remaining ones it 
is in an amount below one percent. Nevertheless, nei-
ther sample was fired at such high temperatures. All 
samples have a similar content of iron oxides, which 
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are known to determine not only the color of the ce-
ramic but also its strength (Khitab et al., 2021). All 
samples contain quartz and feldspars, which preserve 
the shape of the ceramic and improve its mechanical 
properties (Khitab et al., 2021). 

If the ceramic firing was at a higher temperature, 
above that of calcite decomposition, amorphous 
phases probably would not have formed, due to the 
specific chemical composition of the clay used. The 
oxides of alkali metals (sodium and potassium) are 
strong fluxes for ceramic. Their concentrations should 
be relatively low - between 3 and 5% (represented by 
oxides) to avoid melting during the ceramic produc-
tion, as this would increase the volume of the vitrified 
phase. On the other hand, the alkaline earth metals - 
calcium and magnesium, extinguish melting caused 
by the alkalis providing solid-state crystallization of 
high-temperature phases (Aras and Kiliç, 2017). In the 
investigated ceramic samples, the amount of Na2O + 
K2O is from 4.31% (No. 71) to 6.73% (No. 20), and in 
the rest - it exceeds 5%. The sum of CaO and MgO is 
14.82% and 22.10% (No. 71 and No. 57, respectively) 
and between 2.99% and 4.69% in the remaining sam-
ples (Table 2). Therefore, it could be accepted with a 
high probability that the DSC curve peaks in the 
840℃ - 1050℃ temperature range (Fig. 6) show the 
formation of high-temperature phases by solid-state 
crystallization. 

The uniform coloring of the investigated ceramic 
indicates not only the application of a long-time firing 
production technology, but also a high ceramic qual-
ity. The existence of a black core and red rim in fired 
ceramic leads to (i) a decrease in the compressive 
strength of the final product because the black core is 
less resistant to freezing, and (ii) swelling of the final 
product because the gases cannot leave the ceramic 
during firing, which also determines the low quality 
(Gredmaier et al., 2011). 

5. CONCLUSION 

The presented studies of archaeological ceramic 
(bricks and tiles) show the successful results from the 
combination of XRF, PXRD, FTIR, and thermal analy-
sis to determine with great accuracy the mineral com-
position and type of the raw clay, the firing technol-
ogy, and some findings of ceramic quality and dura-
bility over time.  

The obtained results show: 

(i) Similarity, with minor differences, between the 
mineral compositions of raw clays for all the samples:  

- Raw clay minerals – illite, montmorillonite, glau-
conite, without clay minerals type 1:1. 

- Raw accessory minerals – muscovite, chlorite 
(only for sample No. 141). 

- Raw impurity minerals – quartz, potassium feld-
spar (microcline), plagioclase (albite), calcite, and am-
phibole (only for No. 71 and No. 141). The raw iron 
minerals could be +/- goethite, +/- magnetite, and 
+/- hematite. 

- Raw organic phases. 
(ii) All the studied samples were prepared from non-
calcareous clay.  
(iii) Two firing temperature ranges: 500℃ - 700℃ (No. 
72 and No. 140) and 700℃ - up to decarbonation tem-
perature (all other samples). The 500℃ - 700℃ tem-
perature range was found only for two Late Antique 
samples and could be accepted as an exception. 
(iv) An oxidizing environment up to about 420℃ with 
the possibility of a weakly reducing environment af-
ter this temperature. 
 (v) A prolonged firing process. 
(vi) Raw clay with suitable chemical composition for 
making building ceramics, defined by an appropriate 
content of the main components - Al2O3, SiO2, CaO, 
and iron oxides. 
(vii) Frost (weathering) resistant, strong but not brittle 
(with improved mechanical properties) ceramic.  

In conclusion, it can be accepted that: 
(i) The raw clay used achieves the production of 

strong and time-resistant ceramic by applying ade-
quate temperature, kiln atmosphere, and firing time.  

(ii) The applied ceramic manufacturing technology 
was identical in the entire geographical area during 
the Roman and Late Antiquity periods. 

These new results provide a possibility of restora-
tion and conservation activities and a clear perspec-
tive for future investigation. They complement the 
known archaeological background by interpreting 
people's knowledge continuity from the Roman age 
to Late Antiquity and giving insight into their eco-
nomic and cultural life, based on the ceramic experi-
mental investigations. The identity in the qualities 
and features of the samples under research is a nice 
demonstration of continuity during the Transition as, 
nevertheless the hard changes, the vital ceramic pro-
duction has survived in several local workshops. 
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