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ABSTRACT 

An archaeometric study of pithoi from Bulgarian archaeological sites was carried out using analytical tech-
niques such as powder X-ray diffraction (PXRD), Fourier transform infrared (FTIR) spectroscopy, and thermal 
and X-ray fluorescence (XRF) analysis. New data was obtained – the composition of raw clay (montmorillo-
nite-illite clay with different clay/non-clay minerals ratios) and the firing temperature of the ceramic were 
determined (three firing temperature ranges: up to 500℃, between 500 and 700℃ and between 700℃, and the 
thermal decomposition temperature of calcite). The advantages of thermal analysis were used to calculate the 
loss on ignition (LOI) for the correction of the XRF results. The porosity of the ceramic was determined by 
thermal analysis and FTIR, and a linear functional relationship was established: an increasing density of the 
structure with an increasing firing temperature. The experimental results show continuity in the raw materials 
and technologies used to produce ceramic from the Roman Age to Late Antiquity. This supports the archaeo-
logical interpretation of a transformation of economic settlement models with a preservation of demographic 
composition in the region of the Sarnena Sredna Gora and the southern foothills (Bulgaria). 
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1. INTRODUCTION 

Pithoi are large ceramic vessels whose use and pro-
duction have been widespread in the Mediterranean 
for a long period of time, from the Late Neolithic pe-
riod to the present. Their size and storage capacity can 
vary, with a height of 0.50 m to 1.80 m or more, and a 
capacity between 100 and 800 l, sometimes even 
reaching up to 1600 l (Ximeri, 2017). Pithoi were 
mainly used for the storage of liquid and dry food-
stuffs like wine, olive oil, grain, and were a preferred 
food storage container due to their higher technical 
performance, such as achieving better temperature 
control and being more vermin-resistant in compari-
son with many other food storage jars. Additionally, 
pithoi were used for burial purposes, with the vessels 
serving as coffins (Bevan, 2018). 

Because of their large size and difficulties with 
transportation, it is generally assumed that pithoi are 
locally produced – either by travelling specialists or 
in specialized workshops (Kibaroğlu and Thumm-
Doğrayan, 2013; McLoughlin, 2000). The process of 
pithos manufacturing is a demanding one and as 
such, pithoi are considered to be a form of specialized 
pottery production (Porta, 2021). Such large pots call 
for the application of multiple coils or slabs of clay 
and sometimes the use of a tournette and/or external 
bands is needed to reinforce joins. In order to produce 
such objects in large quantities and of consistent qual-
ity, considerable kiln infra-structure is required, as 
well as exceptional potting skills. Because of this, the 
potters who made them specialized explicitly in pi-
thoi production. It is suggested that pithos makers 
were often itinerant – they would travel from place to 
place, either taking their skills on a tour of already ex-
isting customers or looking for new opportunities 
(Bevan, 2018). In (McLoughlin, 2000), Beatrice 
McLoughlin notes the phenomenon of pithos makers 
travelling periodically between several different set-
tlements in Greece, which is evident from the pres-
ence of pithoi sherds belonging to more than one 
style. 

The finding of pithoi at a site serves as an indica-
tion that the discovered settlement is an organized 
one. Therefore, the study of such storage vessels is of 
great importance for the site, as it allows for the fur-
ther study of its domestic and public economies. 
There are several approaches to studying pithoi pro-
duction, one of which is via analytical techniques. 
Such studies are essential, since the analytical meth-
ods applied make it possible to locate the sources of 
provenance of the ancient samples’ raw materials and 
can thus find their place of manufacture. Further-
more, they can determine the types of clay (calcareous 
– carbonate-rich or non-calcareous – carbonate-poor) 

used, the firing temperature of the samples, as well as 
other characteristics that give additional information 
regarding the technical know-how of the pithos mak-
ers during different periods of time. This research can 
eventually be compiled together to create a database 
for comparisons over time (Giannopoulou, 2010). 

For the prehistoric period of the Bronze Age, where 
settlement sites have been of considerable im-
portance, there have been numerous studies that ad-
dress the socio-economic significance of pithoi, along 
with ceramic analyses focusing on pottery production 
technology, with special attention on pithoi 
(Kibaroğlu and Thumm-Doğrayan, 2013; McLough-
lin, 2000; Porta, 2021; Lis and Rückl, 2011; Waiman-
Barak et al., 2018; Xanthopoulou et al., 2022). How-
ever, for the Classical period and later, where the em-
phasis has been on sacred sites and cemeteries, the 
study of pithoi is rather simplistic, providing no more 
than cursory catalogue descriptions for the most part 
(McLoughlin, 2000). 

The socio-economic importance and lack of ade-
quate research on pithoi production technology after 
the Bronze Age prompted the selection of pithoi as 
the objects of the present archaeometric study. The 
studied ceramic was collected from Bulgarian archae-
ological sites from the region of Sarnena Sredna Gora 
and the southern foothills. The samples date from the 
Roman Age and Late Antiquity. The archaeological 
investigations in this area have established a change 
in the location and settlement pattern, from open set-
tlements located at low altitudes during the Roman 
Age to fortified settlements located in the higher parts 
of the area during the Late Antiquity. From an archae-
ological point of view, the change that occurred was 
driven by financial and economic crises and occurred 
without demographic changes (Dumanov, 2005; Du-
manov, 2017). 

The first objective of the archaeometric study of the 
pithoi is to obtain mineralogical data on their compo-
sition and to determine the equivalent firing temper-
ature. The second objective is to obtain information 
on the raw material used for the production of the pi-
thoi: clay type (calcareous or non-calcareous) and 
mineral composition of the clay, which will be pro-
vided by the mineral composition of the pithoi 
(Fierascu et al., 2020). The raw material results, in 
combination with the equivalent firing temperature 
of the pithoi, will help establish the presence/absence 
of knowledge continuity about the environment and 
traditions of the people from the earlier to the later 
archaeological period in the studied area, which is the 
third main objective of the work. The archaeometric 
survey will either support or refute the archaeological 
perspective on the realized settlement pattern change 
in the area without the occurrence of a demographic 
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one. Furthermore, the research will support the tran-
sition from archaeological perspectives (conjectures) 
to empirical knowledge. The results will also comple-
ment the sporadic experimental data on pithoi dated 
after the Bronze Age. 

Archaeometric investigations are conducted using 
a variety of analytical methods, and it is of great im-
portance to use a range of complementary methods to 
achieve the best results in terms of quality and 
amount of obtained data (Garrison, 2016). In relation 
to the objectives of the present study, the following 
methods were chosen: X-ray diffraction (PXRD), Fou-
rier transform infrared spectroscopy (FTIR), X-ray 
fluorescence (XRF) and thermal analysis (simultane-
ous TG/DTG-DSC). The combination of these meth-
ods is appropriate and has been used frequently by 
other authors (Drebushchak et al., 2005; Papadopou-
lou et al., 2006; Ravisankar et al., 2010; Yan et al., 2021; 
Palanivel and Kumar, 2011; Cardiano et al., 2004; 
Nagwa and Rahim, 2016). 

PXRD, FTIR, and thermal analysis were used to 
study the mineral composition of the ceramic, sup-
ported by XRF results. PXRD is a method that regis-
ters small-sized phases that other methods (e.g., pet-
rographic) cannot register (Xanthopoulou et al., 2020). 
The method has limitations in registering phases in 
small quantities (Moropoulou et al., 1995). A disad-
vantage in the study of ceramic by PXRD is the inabil-
ity to prepare an oriented sample of clay and meta-
clay minerals. When studying raw clay, this approach 
is used in order to increase the reflection intensity of 
clay/meta-clay minerals (Xanthopoulou et al., 2020). 
As such, when examining ceramic, the intensity of the 
clay/meta-clay minerals is reduced, which can make 
their registration difficult. In relation to the above-
mentioned limitations and disadvantages, PXRD is 
successfully combined with FTIR. It is a widely used 
method for the identification of minerals without re-
strictions on their content percentage in the sample 
and variations at structural level, thus providing easy 
identification of clay and meta-clay minerals (Garri-
son, 2016; Xanthopoulou et al., 2020; Tarhan et al., 
2022). Thermal analysis is an important method for 
confirming the mineral composition of ceramic by 
tracing processes such as dehydration, dehydroxyla-
tion, decarbonation, and mineral structure decompo-
sition (Brown and Gallagher, 2003; Nagwa and 

Rahim, 2016). The method also registers and assesses 
the processes of rehydration and rehydroxylation of 
layered silicates that take place when ceramics are 
buried over time (Kloužková et al., 2016). The deter-
mination of the mineral composition of the ceramic is 
also supported by XRF data. The measured contents 
of the major elements Si and Al (represented as ratios 
of the elements or their oxides) provide information 
on the type of clay mineral (Shoval and Paz, 2015; 
Khalifa et al., 2019). 

In order to determine the firing temperature of the 
ceramic (i.e. equivalent firing temperature), the min-
eral (structural phases formed by a natural process) 
and phase (structural high-temperature synthetic 
phases formed in the firing process) composition of 
the ceramic, determined by PXRD, is often used (El 
Ouahabi et al., 2015; Aras and Kiliç, 2017). Another 
approach is using FTIR (Yan et al., 2021). Thermal 
analysis is also suitable for determining the firing 
temperature (Waiman-Barak et al., 2018; Kotryová et 
al., 2016). In the present work, the advantages of all 
three methods (Palanivel and Kumar, 2011) are used 
to determine the equivalent firing temperature, with 
the results supported by loss on ignition (LOI) values 
(Daghmehchi et al., 2018) determined by thermal 
analysis. Thermal analysis is a proven correct ap-
proach for LOI determination (Frangipane et al., 2008; 
Shaltout et al., 2012), and its use for such purposes is 
defined as a fast, energy and sample volume-saving 
approach, making it preferable to the conventional 
one (Shaltout et al., 2012). The use of this approach for 
LOI determination is new for archaeological ceramic 
samples. The novelty of the work is also the linear re-
lationship between the porosity and the firing tem-
perature of the ceramic, established only by the re-
sults from thermal and FTIR analysis. 

2. MATERIALS AND METHODS 

2.1. Materials, geological and archaeological 
background 

Eleven pithoi sherds (Fig. 1) from 11 Bulgarian ar-
chaeological sites in the area of the Sarnenа Sredna 
Gora and the southern foothills (Fig. 2) were studied.  

The studied samples, their respective archaeologi-
cal sites and archaeological periods are presented in 
Table 1.

  



 
60 B. KOSTOVA et al.  

 

SCIENTIFIC CULTURE, Vol. 10, No 3, (2024), pp. 57-76 

 

Figure 1. Representative samples of analyzed pithoi sherds – No. 10 (arhaeological site No. 17 Gorno Novo Selo village, 
fortified settlement, Late Antiquity), No. 86 (arhaeological site No. 6 Malko Tranovo village, open settlement (vicus), 

Roman Age) and No. 115 (arhaeological site No. 21 Sarnevets village, Late Antiquity). 

 

Figure 2. Geographical position of the archaeological sites (the numbers correspond to the catalogue number of the ar-
chaeological sites listed in Table 1).  

Table 1. Samples, archaeological sites, and archaeological periods. 

Sample 
Archaeological site 

Catalogue No, location, type Period 

No. 38 No. 2 Medovo village, open settlement 

Roman Age 
No. 51 No. 8 Dimitrievo village, open settlement (Emporion Pizos) 
No. 86 No. 6 Malko Tranovo village, open settlement (vicus) 
No. 92 No. 5 Elhovo village, Roman villa “Chatalka” 
No. 125 No. 4 Sladak kladenets village, open settlement 

No. 10 No. 17 Gorno Novo Selo village, fortified settlement 

Late Antiquity 

No. 19 No. 16 Gorno Novo Selo village, church Extra Muros 2 
No. 29 No. 12 Sredno gradishte village, fortified settlement 
No. 69 No. 10 Izvorovo village, Golyamoto gradishte area, fortified settlement 
No. 115 No. 21 Sarnevets village 
No. 132 No. 22 Malko Dryanovo village 
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The following rocks are revealed on the ground 
surface at the archaeological sites: pre-Cambrian (Ar-
chaic) metamorphic gneisses composed of quartz, 
muscovite, albite, and microcline (sites No. 5, 16, 17, 
and 22); Paleozoic granitoids composed of plagio-
clase, microcline, quartz, biotite, muscovite, and 
weathering minerals – sericite, chlorite, and clays (site 
No. 2); Mesozoic upper Cretaceous sedimentary – 
limestones, sandstones, and marls (sites No. 4, 10, and 
12) and volcanogenic sedimentary rocks – alternation 
of tuffs, sandstones, marls, limestones (site No. 21); 
Oligocene limestones (site No. 6); Neogene sedimen-
tary rocks – gravels, sands, and clays (site No. 8) (Bo-
yanov et al., 1991; Boyanov et al., 1993; Tsankov et al., 
1995). No clay deposits were found during the field-
work from which samples could be taken for compar-
ison with the ceramic in order to identify them as a 
likely source material. Modern geological knowledge 
of the area is used to search for deposits in the vicinity 
of the archaeological sites, but it should be noted that 
current deposits may not have been exposed on the 
ground surface in the past and may not have been 
known. In addition, deposits that existed in the past 
may have been depleted or hidden to the present day 
due to changes in the landscape, urbanization, etc. 
(Xanthopoulou et al., 2020). It has been found that 
clay deposits can be located at varying distances from 
the site of ancient pottery production, from less than 
1 km to 50 km, with the final cost of pottery increasing 
with distance (Xanthopoulou et al., 2020). 

During the Roman imperial period (1st–4th centu-
ries AD), two settlement patterns were widespread: 
villa farms and open villages (vicus; pl. vici) located 
in areas with slightly hilly topography and relatively 
low altitude (200-300 m). The Roman villa complex 
"Chatalka" in the village of Elhovo (site No. 5), in-
cludes two distinct architectural units - residential 
and rural. Other structures have been found around 
them - a pagan shrine, an early Christian church, a 
bathhouse, kilns for producing ceramic building and 
household materials. The residential unit (pars ur-
bana) has a total area of 1300 m2 and includes repre-
sentative housing and housing for the service staff. 
The rural unit (pars rustica), from which the samples 
were taken, has an area of 6500 m2 and two distinct 
sections. One is related to the production of building 
and household ceramics, the other is domestic and in-
cludes stables, a granary (horreum), storerooms and 
houses for the workers and the manager (Nikolov, 
1984). The main form of settlement in the Roman Age 
were the vici – agricultural unfortified settlements, 
which consisted of widely dispersed households lo-
cated in parts of arable land. Such are sites No. 2, 4, 6, 
and 8 (Boyanov, 2014) (Table 1). For site No. 6, the ma-
terials diagnostic of the site’s age are late Roman fib-

ulae and coins, the latest of which are of Emperor Va-
lens (364-378). This indicates an upper age limit in the 
existence of the vicus - the late 4th or early 5th cen-
tury, when it was abandoned as a consequence of the 
Gothic migration processes (Dumanov, 2005; Wendel, 
2020). The villas and vici were the basis for economic 
stability and the development of the Roman agricul-
tural economy, with a primary focus on crop produc-
tion. 

At the end of the 4th century, the local economic 
situation changed in relation to the period of human 
migration and barbarian invasions (the Migration 
Age). The large Roman villas and vici disappeared in 
the middle of the 5th century after the reforms and 
reconstructions of the emperors Anastasius I (495–
518) and Justinian I (527-565). As a result, a new type 
of settlement model emerged during the Late Antiq-
uity, located away from the old Roman settlements - 
fortified highland settlements (Dumanov, 2017) (sites 
No. 10, 12, 16, 17, and 21 (Table 1). After these 
changes, agriculture remained limited in the territo-
ries and surroundings of the fortified settlements, as 
the former arable land was left to the new population 
of migrants who preferred a nomadic or semi-no-
madic economy. In order to provide security for the 
population, the new structures (fortified settlements) 
were located at a higher altitude, probably combining 
rural and military functions. Due to the mountainous 
landscape, the agricultural potential of the fortified 
settlements was limited, and the inhabitants were 
taught animal husbandry. Thus, the fortified settle-
ments became dependent on grain shipments, but 
their inhabitants were able to exploit all local sources 
of raw materials. Fortified settlements emerged en 
masse in relation to the need to transform economic 
models in an era of financial and economic crises and 
due to the seizure of former settlement territories by 
new migrant populations. The archaeological studies 
clearly show precision in the choice of the location for 
the construction of the new sites, the planning of the 
fortification and the location of the most important in-
ternal buildings, especially the churches, but also the 
warehouses and water supply facilities (Dumanov, 
2017; Kostova et al., 2023a). 

2.2. Methods 

Sample preparation: before grinding, the samples 
were mechanically cleaned using a brush and puri-
fied with distilled water. A very thin section of the 
outermost layer of the pithoi was removed (i.e., the 
parts that were in direct contact with the environ-
ment) in order to analyze solely the non-altered ma-
terial (Cardiano et al., 2004). The samples were then 
ground to powder using an agate mortar. 

Powder X-ray diffraction (PXRD) measurements 
were made by D2 Phaser Bruker AXS, CuKα radiation 
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(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 0.075 
mm). The PDF database was used for determining the 
phases and minerals in the samples (File, 2001). The 
database was indexed in the computer program for 
qualitative analysis QualX (v. 2.24), where phase 
identification and peak fitting were performed (Al-
tomare et al., 2008). The analysis was used to deter-
mine the inorganic phases in the samples. 

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. The analysis was used to deter-
mine the inorganic and organic phases in the samples. 

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) – 900°C; in static air, with a heating rate of 
10°C min-1. The operational characteristics of the 
TG/DTG–DSC – system are: sample mass of 25.0±1.0 
mg (mass resolution of 0.05 µg), temperature resolu-
tion of +/- 0.3°C, and alumina sample crucible with a 
volume of 100 µL. Thermal analysis was used to de-
termine the behavior of the samples upon heating – 
mass loss and dehydration temperature, dehydrox-
ylation and destruction of organic and inorganic 
phases. The samples were not heated above 900℃ as 
it was determined that the latter effects occurring 
with mass loss take place at a maximum temperature 
of 886.6℃ (Table 2). Above this temperature, crystal-
lization of high-temperature oxygen-bearing phases 
begins – ones with spinel-type structure, mullite, cor-
dierite, cristobalite (Brown and Gallagher, 2003; 
Shoval and Paz, 2015; El Ouahabi et al., 2015), which 
is associated with oxygen uptake from the atmos-
phere and an increase in sample weight. The method 
was implemented for the determination of LOI in 
XRF, to determine the equivalent firing temperature 
of the ceramic, and to analyze its porosity. 

X-ray fluorescence (XRF) analysis was used for the 
determination of the chemical composition of the 
samples. The measurements were performed by spec-
trometer WD-XRF Supermini 200 - Rigaku, Japan (50 
kV and 4mA, 200 W X-ray tube with Pd-anode, 30 
mm²) in a helium atmosphere. Two different X-ray de-
tectors, a gas flow proportional counter for light ele-
ments and a scintillation counter for heavy elements 
are used. Depending on the wavelength range, three 
analyzing crystals were used: LIF 200 (for Ti-U), PET 
(for Al-Ti) and RX25 (for F-Mg). Before measurement, 
the samples were ground to powder, then dried at 
100℃ until reaching constant weight (Frangipane et 
al., 2008; Shaltout et al., 2012; Kenkel, 2014; Ramos et 

al., 2002). Rigaku’s built-in software package ZSX was 
used for the processing of the data. LOI was deter-
mined by thermal analysis for each sample and ac-
counted as an input parameter by the built-in soft-
ware package (Shaltout et al., 2012). LOI was calcu-
lated for each sample by summing up the mass loss 
(ML) in the temperature ranges in which volatile com-
ponents are released (Kenkel, 2014; King and Vivit, 
1988) and alkali cations evaporate (Derkowski and 
Kuligiewicz, 2022). 

3. RESULTS 

3.1. PXRD results 

The PXRD results are presented in Fig. 3. Through 
PXRD, the following phases were found in all sam-
ples: illite (general formula (Si4-xAlx)4(Al2-

yMgy)4O10(OH)2(x+y)K+ (Bergaya et al., 2006) 
(PDF#02-0056), muscovite (general formula 
(Si3Al)4(Al2)6O10(OH)2K+ (Bergaya et al., 2006) – 
PDF#34-0175), montmorillonite (M+

y x nH2O)(Al2-

yMgy)Si4O10(OH)2, where M = Na+, K+, Ca2+, Mg2+, 
Fe3+ (Bergaya et al., 2006) – PDF#07-0304, quartz (SiO2 
– PDF#06-175), and plagioclase – albite (NaAlSi3O8 – 
PDF#89-6426). 

Since muscovite and illite are isostructural, their 
PXRD peaks coincide (Fig. 3) and as such it is difficult 
to distinguish them by this method (Kotryová et al., 
2016; Chamley, 1989). The registration of montmoril-
lonite in ceramic is possible because it retains its struc-
ture after (i) dehydration, which takes place at tem-
peratures in the range 100-180℃ (Garg and Skibsted, 
2015; Liu et al., 2011) until 200℃ (Garg and Skibsted, 
2015); (ii) partial dehydroxylation at around 460℃ 
and (iii) dehydroxylation, which takes place in the 
temperature range 600-700/800℃ (Garg and Skib-
sted, 2015; Grim and Kulbicki, 1961; Hatakeyama and 
Liu, 1998; Labus et al., 2023). 

The breakdown of the montmorillonite structure is 
marked by the disappearance of diffraction effects 
and begins after 800℃ (Garg and Skibsted, 2015; La-
bus et al., 2023; Khalifa et al., 2019), and according to 
Grim (Grim and Kulbicki, 1961) – after 850-900℃ for 
Cheto-type montmorillonite and after 900-950℃ for 
Wyoming-type montmorillonite. For thermally 
treated montmorillonite (heated or meta-montmoril-
lonite, also referred to as meta-smectite), the diffrac-
tograms show: (i) a decrease in d001 from 15Å 
(PDF#13-0135) – 14.5Å (Khalifa et al., 2019) to 9.80Å 
(measured during heating of montmorillonite to 
200℃ (Khalifa et al., 2019) and to 9.70Å (measured 
during heating of montmorillonite to 725℃ (Bradley 
and Grim, 1951); (ii) an increase in reflex intensity 
(003) (Grim and Kulbicki, 1961) and (iii) the reflex in-
tensity (002) remains without significant changes 
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(Grim and Kulbicki, 1961). The shifted position of the 
basal reflex (001) of heated montmorillonite coincides 
with the reflex (002) of illite and muscovite (Khalifa et 
al., 2019) (Fig. 3)  

 

Figure 3. Representative PXRD patterns and (hkl) planes 
(Miller indices) of samples No. 10, No. 86, and No. 115, 

with additional d-values for the layered silicates. 

3.2. FTIR results 

Figure 4 presents the results from the FTIR analy-
sis. The results confirm those of the PXRD analysis, 
while additionally proving the presence of calcite 
(CaCO3), hematite (Fe2O3), microcline (K(AlSi3O8)), 
and organic phases in all samples. 

In the spectral range 3800 – 3700 cm-1, an О-Н band 
was registered (3734-3736 cm-1), assigned to the sur-
face hydroxyl group absorbed from the air (Chuka-
nov and Chervonnyi, 2016).   

 

 

Figure 4. Representative FTIR spectra of samples No. 10, 
No. 86, and No. 115 (4000 - 400 cm-1 spectral region). 

О-Н and M-O (M – metal) vibrational bands as-
signed to mica and clay (muscovite, illite and mont-
morillonite) are registered in the ranges 3700-3500 cm-

1 and 1700-1550 cm-1 (Daghmehchi et al., 2018). The 
band at 3634-3637 cm-1 is associated with Al-OH 
stretching vibration of illite and montmorillonite 
(Chukanov, 2014; Caccamo et al., 2020). The broad 
band with center at 3427-3432 cm-1 corresponds to the 
νO-H stretching vibration of H2O in montmorillonite 
(Caccamo et al., 2020) heated below the amorphiza-
tion temperature. This band is also associated with a 
bending δH-O-H vibration of H2O in an amorphous 
clay phase (when the ceramic is fired and reaches a 
temperature leading to the decomposition of the clay 
structure (Daghmehchi et al., 2018) but the observed 
PXRD peaks of montmorillonite reject this assign-
ment. The shoulder at 3262-3263 cm-1 is associated 
with Al-O-H stretching vibration of montmorillonite) 
(Chukanov, 2014; Caccamo et al., 2020). The band at 
1658-1661 cm-1 was recognized as the H-O-H bending 
vibration of adsorbed water molecules of illite, and 
the one at 1628-1631 cm-1 as the O-H stretching vibra-
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tion of adsorbed water molecules of illite and musco-
vite (Daghmehchi et al., 2018; Chukanov, 2014; Cac-
camo et al., 2020). Registration of hydroxyl bonds in 
layered silicates type 2:1 (illite, muscovite, montmo-
rillonite) is possible because dehydration and rehy-
dration processes are reversible with time in isother-
mal low-temperature conditions (Kotryová et al., 
2016; Derkowski and Kuligiewicz, 2022; Hamilton 
and Hall, 2012; Muller et al., 2000), provided that they 
are not heated at temperatures exceeding the decom-
position and amorphization temperatures of their 
structure (Daghmehchi et al., 2018). 

In the spectral ranges 2900-2700 cm-1 and 1900-1200 
cm-1 vibrations assigned to organic phases were rec-
orded: C-H asymmetrical stretching vibrations of CH2 
at 2962-2963 cm-1, 2923-2926 cm-1 and 2853-2854 cm-1, 
along with the bands at 1549 cm-1 (C-O skeletal vibra-
tions of the aromatic ring), 1382 cm-1 (C-H bending vi-
brations of the methyl and methylene groups) and 
1267-1268 cm-1 (ν3 stretching vibration of C-O in aro-
matic rings) (Yan et al., 2021; Chukanov, 2014; Rao et 
al., 2017). 

Bands, centered at 2377-2385 cm-1 and 2295-2297 
cm-1 in the range 2400-2300 cm-1 are assigned to CO2 
from the air (Chukanov and Chervonnyi, 2016). 

The bands at 1793-1796 cm-1 and 1431-1432 cm-1 are 
identified as (ν1+ν4) С-О in СО2

-3 and (ν3С-О in 
СО2

-3) in calcite (Chukanov, 2014). 
Metal-oxygen vibrations, mainly Si-O and Al-O vi-

brations of silicates and aluminosilicates are regis-
tered in the spectral range 1300-400 cm-1 (Tarhan et 
al., 2022). The shoulders at 1168-1170 cm-1 and 1079-
1080 cm-1 (ν3Si-O asymmetrical stretching vibration) 

are characteristic of quartz; in addition to the bands at 
796 cm-1, 776-777 cm-1 (ν2Si-O symmetrical stretching 
vibration), 690-691 cm-1 (ν1Si-O in SiO2), and the band 
close to 460 cm-1 (Shoval and Paz, 2015; Daghmehchi 
et al., 2018; Chukanov, 2014). The band at 460 cm-1 is 
a combination of Si-O bending vibration of quartz 
and Si-O/Al-O bending vibration of a heated clay 
phase (Daghmehchi et al., 2018; Annamalai et al., 
2014). The band at 1031-1055 cm-1 is attributed to Si-O 
stretching vibration of illite and heated montmorillo-
nite (Palanivel and Kumar, 2011; Tarhan et al., 2022; 
Shoval and Paz, 2015; Daghmehchi et al., 2018). The 
bands at 520 cm-1 and 570 cm-1 are recognized as (Al-
O) vibrations of illite and montmorillonite (Yan et al., 
2021; Chukanov, 2014; Caccamo et al., 2020). The 
band at 724 cm-1 is assigned to νSi (Al)-O stretching 
vibration of albite, and the one at 426 cm-1 – to micro-
cline (Chukanov, 2014; Annamalai et al., 2014). The 
band at 647 cm-1 is located in the same range, and is 
identified as Fe3+-O vibration of hematite (Chukanov, 
2014; Jozanikohan and Abarghooei, 2022). 

3.3. Thermal analysis results 

Table 2 and Fig. 5 show the thermal analysis re-
sults. The registered mass loss (ML) was divided into 
five temperature ranges: RT-220°C (dehydration), 
220-420°C (organic decomposition), 420-770°C (dеhy-
droxylation), 770-840°C (decarbonation) and 840-
900°C (structure destruction). The total mass loss 
(MLtot) changes from 4.02% (No. 115) to 13.57% (No. 
29).

Table 2. Thermal analysis results. 

Sample 

RT-220°C 
dexydration 

220°C-420°C 
organic decompo-

sition 

420°C-770°C 
dehydroxylation 

770°C-840°C 
decarbonation 

840°C-900°C 
structure de-

struction 
MLtot/ 

% 

Tinfl/ 
°C 

ML/ 
% 

Tinfl/ 
°C 

ML/ 
% 

Tinfl/ 
°C 

ML/ 
% 

Tinfl/ 
°C 

ML/ 
% 

Tinfl/ 
°C 

ML/ 
% 

Tinfl/ 
°C 

ML/ 
% 

Roman Age  

No. 38 27.5 
84.9 

0.20 
0.42 

123.0 
165.9 
218.8 

0.36 
0.15 
0.70 

253.2 
341.1 
385.5 

0.76 
0.61 
0.37 

460.9 
569.3 
640.7 
692.5 
753.6 

0.52 
0.27 
0.27 
0.40 
0.12 

810.5 0.13 843.1 
865.6 

0.13 
0.46 

5.85 

No. 51  38.6 
61.1 

0.51 
0.59 

113.6 
147.0 
196.8 

0.22 
0.34 
0.31 

266.8 
305.7 
383.9 

0.20 
0.29 
0.30 

461.2 
573.4 
677.5 
760.8 

0.44 
0.13 
0.43 
0.08 

802.8 0.27 849.3 0.20 4.45 

No. 86 52.4 
80.9 

0.29 
0.78 

117.7 
134.6 
149.3 
179.3 

0.40 
0.18 
0.21 
0.19 

266.3 
283.7 
324.2 
391.6 

0.29 
0.10 
0.34 
0.36 

453.7 
530.6 
636.0 
662.3 
700.3 

0.29 
0.13 
0.07 
0.10 
0.18 

785.5 0.08 886.6 0.10 4.50 

No. 92 50.4 
80.3 

0.59 
1.19 

102.4 
125.3 
146.8 
168.2 

0.59 
0.64 
0.36 
0.27 

367.3 
334.9 
392.3 

0.91 
0.96 
0.54 

467.8 
573.4 
699.9 
762.2 

0.82 
0.91 
1.34 
0.16 

810.9 0.28 838.0 
872.4 

0.26 
0.46 

11.93 
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203.1 0.92 

No. 125 38.8 
78.9 
97.2 

0.46 
0.76 
0.47 

121.2 
130.9 
205.4 

0.29 
0.30 
1.27 

262.3 
335.1 

0.58 
1.17 

440.2 
559.2 
672.1 
762.2 

2.00 
0.95 
1.46 
0.28 

814.8 0.32 844.8 
880.2 

0.28 
0.39 

11.28 

Late Antiquity  

No. 10 54.1 
80.9 

0.48 
1.26 

106.5 
125.7 
163.1 
192.8 

0.60 
0.85 
0.38 
0.53 

238.2 
265.2 
321.5 
348.5 
388.0 

0.44 
0.53 
0.52 
0.48 
0.35 

468.0 
562.7 
632.0 
674.1 
708.8 
764.1 

2.03 
0.70 
0.37 
0.46 
0.48 
0.41 

808.8 0.41 866.6 0.55 12.30 

No. 19 50.6 
76.2 

0.56 
1.55 

124.5 
147.6 
132.0 
214.6 

0.60 
0.35 
0.39 
0.50 

252.3 
325.9 

0.44 
0.80 

466.2 
515.1 
572.9 
680.0 
748.8 

1.14 
0.52 
0.36 
1.18 
0.27 

809.3 0.28 843.1 
874.7 

0.24 
0.22 

11.24 

No. 29 52.7 
84.4 

0.41 
1.61 

107.3 
122.8 
173.8 
199.0 

0.83 
0.80 
0.44 
0.57 

247.8 
326.0 
372.1 

0.44 
1.09 
0.69 

448.2 
531.3 
577.2 
644.4 
716.2 

1.76 
0.60 
0.59 
0.69 
0.83 

812.0 0.25 841.0 
882.3 

0.33 
0.35 

13.57 

No. 69 48.7 
80.3 

0.74 
0.94 

105.1 
118.5 
190.3 

0.52 
0.60 
1.16 

257.8 
335.1 
375.8 

0.77 
0.60 
0.56 

475.9 
496.3 
576.3 
621.9 
687.7 
759.5 

1.24 
0.74 
0.44 
0.37 
1.36 
0.30 

817.5 0.34 834.6 
865.2 

0.21 
0.45 

12.94 

No. 115 65.7 0.26 36.4 
163.7 

0.26 
0.18 

230.1 
273.0 
321.9 
369.0 
405.9 

0.34 
0.37 
0.32 
0.26 
0.25 

450.9 
499.2 
570.5 
643.8 
695.2 
763.7 

0.26 
0.19 
0.26 
0.25 
0.30 
0.13 

811.0 0.14 848.5 
878.6 

0.10 
0.15 

4.02 

No. 132 45.9 
77.6 

0.30 
0.87 

104.7 
126.7 
187.8 
203.3 

0.41 
0.99 
0.18 
0.28 

258.0 
318.0 
385.5 

0.60 
0.63 
0.55 

446,7 
507,2 
537,9 
575,3 
706,1 
769,4 

0.76 
0.23 
0.20 
0.16 
0.62 
0.17 

813.2 0.18 856.7 0.29 8.18 

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

Two thermal events occur during the first temper-
ature range: dehydration – up to 100°C, the physically 
adsorbed water molecules evaporate (Ion et al., 2010) 
and between 100°C and 220°C, the phyllosilicates (i.e. 
sheet silicates: montmorillonite, illite, and muscovite) 
dehydrate (Brown and Gallagher, 2003; Grim and 
Kulbicki, 1961). The mass loss between RT and 100℃ 
(MLRT-100℃) changes from 0.26% (No. 115) to 2.33% 
(No. 19), and the one between 100 and 220℃ (ML100-

220℃) from 0.44% (No. 115) to 2.78 (No. 92) (Table 2). 
 
 
 
 
 
 
 
 
 

During the second temperature range (220-420℃), 
the exothermal effect of organic decomposition is reg-
istered at around 330°C (Palanivel and Kumar, 2011). 
The process occurs with ML (ML220-420℃) from 0.79% 
(No. 51) to 2.41% (No. 92) (Table 2). The registration 
of more than one peak on the DTG curve in this tem-
perature range is associated with a step-wise progres-
sion of pyrolysis (Labus et al., 2023). 
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Figure 5. Thermal analysis results – TG, DTG, and DSC 
curves of representative samples No. 10, No. 86 and No. 

115. 

Two thermal processes occur during the dеhydrox-
ylation temperature range (420–770℃). The first pro-
cess is recognized as α-β polymorphic transition of 
quartz, occurring with an endothermal peak on the 
DSC curve near 572°C (Fig. 5) and without ML 
(Moropoulou et al., 1995). The second process is dеhy-
droxylation of phyllosilicates and occurs with ML 
(ML420-770℃) from 0.77% (No. 86) to 4.69% (No. 125) 
(Table 2). At a temperature of about 460℃, montmo-
rillonite releases the tightly bound water from the in-
terlayer space, which is accompanied by partial dehy-
droxylation (Liu et al., 2011). The effect is registered 

at temperatures (Tinfl) from 440.2°C (No. 125) to 
475.9°C (No. 69) (Table 2). Dehydroxylation of illite 
occurs at temperatures between 520-590°C (Marsh et 
al., 2018). In the studied samples, it was registered at 
Tinfl from 507.2°C (No. 132) to 576.3°C (No. 69). Dehy-
droxylation of muscovite occurs in the temperature 
range 670-690°C (Hatakeyama and Liu, 1998; 
Földvári, 2011; Pei et al., 2018). The effect is registered 
at Tinf from 672.1°C (No. 125) to 695.2°C (No. 115) in 
the pithoi samples (Table 2). Complete dehydroxyla-
tion of montmorillonite takes place at 690-750℃ 
(Brown and Gallagher, 2003; Garg and Skibsted, 2015; 
Grim and Kulbicki, 1961), with the process being reg-
istered in all samples at Tinfl from 700.3℃ (No. 86) to 
769.4℃ (No. 132) (Table 2). 

Calcite decarbonation was recognized at the tem-
perature range 770-840°C (Böke et al., 2006). The pro-
cess occurs in all samples, with ML770-840℃ between 
0.08% (No. 86) and 0.41% (No. 10) at Tinfl from 785.5°C 
(No. 86) to 817.5°C (No. 69) (Table 2). 

During the last temperature range 840°C-900°C, an 
endothermic effect occurs where the structure of de-
hydroxylated phyllosilicates undergoes decomposi-
tion (Fig. 5) (Grim and Kulbicki, 1961; Lee et al., 2008, 
Pérez-Monserrat et al., 2021). In general, these pro-
cesses occur without mass loss as the volatile compo-
nents are already separated from the sample, but at 
high temperatures (above 800℃), small mass losses 
can be recorded due to the evaporation of alkali cati-
ons (Derkowski and Kuligiewicz, 2022). ML840-900℃ 
ranging from 0.10% (No. 86) to 0.68% (No. 29) are reg-
istered in the studied samples (Table 2). 

3.4. XRF results 

The XRF analysis results are normalized – a total 
concentration of 100%, presented as oxides, with the 
exception of Cl. The LOI values were calculated as the 
total sum of ML100-220℃ + ML220-420℃ + ML420-770℃ + 
ML770-840℃ + ML840-900℃ (MLRT-100℃ was not taken into 
account due to the pre-drying of the samples) (Table 
2). The determined LOI values are presented in Table 
3 and range from 3.02% (No. 86) to 10.26% (No. 29). 
The XRF results (Table 3) show that the amount of 
SiO2 is the highest in the samples, and it varies from 
53.12% (No. 69) to 60.52% (No. 86), followed by Al2O3 
– between 19.20% (No. 86) and 21.66% (No. 132). The 
amount of Fe2O3 is from 4.91% to 6.53%, and K2O – 
from 3.44% to 5.15%. MgO and CaO have low con-
tents between 1.2 and 2.5%. P2O5 varies from 1.15 to 
1.46% - its presence is related to the registered organic 
phases in the samples. The oxides of Cr, Zn, Rb, Sr, 
Cu, and Ag are in negligible quantities: 0.01 – 0.03%.  
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Table 3. XRF results (mass %). 

Oxide 
Sample 

No.38  No.51  No.86 No.92 No.125  No.10 No.19 No.29 No.69 No.115 No.132 

SiO2 59.03 60.01 60.52 56.20 53.88 55.74 56.65 54.11 53.12 58.42 54.28 

Al2O3 20.47 19.45 19.20 19.31 19.59 19.78 20.67 20.64 19.87 20.79 21.66 

Na2O - - 2.09 - - - - - - - 1.48 

K2O 4.93 3.44 3.88 4.48 4.66 4.59 4.28 5.15 4.84 3.89 5.08 

MgO 1.48 2.40 1.43 1.43 1.59 1.22 1.52 0.90 1.64 1.78 1.60 

CaO 1.85 2.84 2.60 2.40 2.78 1.59 2.10 1.84 2.52 2.43 1.97 

TiO2 0.63 0.69 0.72 0.69 0.75 0.55 0.59 0.62 0.73 0.73 0.74 

MnO 0.05 0.15 0.19 0.06 0.09 0.05 0.04 0.06 0.06 0.14 0.05 

Fe2O3 4.91 6.48 5.08 5.06 5.84 4.92 5.61 5.09 6.22 6.53 5.57 

P2O5 1.29 1.24 1.15 1.28 1.33 1.33 1.15 1.24 1.22 1.46 1.25 

Cr2O3 - - - - - 0.02 0.02 - - - - 

CuO 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 

ZnO 0.03 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.02  

Rb2O 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01  

SrO 0.01 0.02 0.03 0.04 0.02 0.01 0.01 0.02 0.03 0.02 0.01  

ZrO2 0.02 0.02 0.03 0.04 0.02 0.01 0.02 0.03 0.02 0.02 0.03  

Ag2O - - - - - 0.03 - - - - - 

SO3 0.03 - - 0.04 0.10 0.03 0.02 - 0.03 - - 

Cl 0.01 - - - - - - - - - - 

LOI 5.25 3.21 3.02 8.92 9.29 10.09 7.29 10.26 9.66 3.76 6.25 

Si/Al  2.55 2.72 2.78 2.57 2.43 2.49 2.42 2.32 2.36 2.48 2.21 

Al2O3/SiO2 0.35 0.32 0.32 0.34 0.36 0.35 0.36 0.38 0.37 0.36 0.40 

 

4. DISCUSSION 

4.1. Mineral composition of pithoi 

Inorganic (non-clay and clay minerals - quartz, 
feldspars, hematite, calcite, illite, montmorillonite, 
muscovite) and organic phases were found in the 
studied ceramic fragments. 

Quartz is proven by phase methods (Figs. 3, 4) and 
thermal analysis (Figs. 5). Feldspars: albite is evi-
denced by PXRD and FTIR (Figs. 3, 4), and microcline 
– only through FTIR (Fig. 4). The absence of micro-
cline in the diffractograms is related to its small 
amount in the samples and the low detection limit of 
PXRD – less than 5% (Moropoulou et al., 1995). Cal-
cite is found only through FTIR and thermal analysis 
(Figs. 4, 5). From the measured mass loss of CO2 from 
calcite decomposition (Table 2), the calcite content in 
the samples was determined – from 0.18% (No. 86) to 
0.92% (No. 10), which explains the absence of this 
phase in the diffractograms (Moropoulou et al., 1995). 
Hematite is registered only by FTIR (Fig. 4). PXRD 

cannot register hematite due to the measurement con-
ditions (CuKα radiation). Measured Fe2O3 contents 
ranged from 4.91% (No. 38) to 6.53% (No. 115) (Table 
3) and indicate that iron is present in sufficient quan-
tity to form both its own phases and to incorporate 
into other minerals – illite (Meunier and El Albani, 
2007), montmorillonite (Shoval and Paz, 2015; 
Bergaya et al., 2006) and plagioclases (Sugawara, 
2000). Hematite may be a mineral from the source 
clay, or it may be a phase formed during the firing of 
the ceramic by (i) dehydroxylation of goethite under 
oxidizing conditions at about 300-310℃ (Liu et al., 
2013; Ponomar, 2018); (ii) oxidation of magnetite at 
around 500℃ (Földvári, 2011); (iii) disintegration of 
the structure of clay minerals at around 850℃-950℃ 
(Cardiano et al., 2004, El Ouahabi et al., 2015). 

Illite, muscovite, and montmorillonite are proven 
by phase methods (Figs. 3, 4) and thermal analysis 
(Fig. 5). Their presence is also supported by the chem-
ical analysis results (Table 3). The measured high K2O 
contents (from 3.44% for No. 51 to 5.15% for No. 29) 
support not only the presence of a small amount of 
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potassium feldspar (microcline), but also of illite 
(Shoval and Paz, 2015; Khalifa et al., 2019). The pres-
ence of illite and montmorillonite is additionally con-
firmed by the measured MgO content (from 1.22% for 
No. 10 to 2.40% for No. 51) (Table 3). The inclusion of 
Mg in montmorillonite is confirmed by the deter-
mined decomposition temperature of the montmoril-
lonite structure, between 840 and 880℃, which is 
characteristic of Cheto-type montmorillonite in which 
Al is isomorphically replaced by Mg (Grim and 
Kulbicki, 1961; Földvári, 2011). The presence of mont-
morillonite is also confirmed by the CaO content in 
the samples – from 1.59% to 2.84% (Table 3). Thermal 
analysis results established that only a minimal 
amount of CaO is included in calcite (Table 2): from 
0.10% (No. 86) to 0.52% CaO (No. 10), thus confirming 
the inclusion of a predominant amount of calcium in 
the non-calcite phase. 

The predominance of Al2O3 and SiO2 indicates that 
the major composition of the ceramic is of silicate and 
aluminosilicate origin. The Al2O3/SiO2 ratio (Shoval 
and Paz, 2015) (or that of Si/Al (Khalifa et al., 2019)) 
can be used to confirm the type of source clay from 
which the ceramic was prepared, while recognizing 
that these ratios may be inflated by an increased 
quartz content in the ceramic (Shoval and Paz, 2015; 
Khalifa et al., 2019). The theoretical Si/Al ratio in ka-
olinite is approximately 1. The determined Si/Al ratio 
in the studied samples is greater than 1 (Table 3), 
which is considered an indication that the layered sil-
icates present in the ceramic are type 2:1 (illite, mont-
morillonite, and muscovite) and/or that the ceramic 
has a high quartz content (Khalifa et al., 2019). Ac-
cording to Shoval and Paz (2015), an Al2O3/SiO2 ratio 
of 0.43 to 0.63 is typical for a source kaolinite clay, and 
an Al2O3/SiO2 ratio in the range of 0.22 to 0.36 is typ-
ical for a source montmorillonite clay. In the studied 
samples, this ratio ranges from 0.32 to 0.40 and, as 
such, does not reach the minimum value of 0.43 that 
is determined for kaolinite (Table 3). These results 
confirm the PXRD and FTIR results for the presence 
of montmorillonite in the studied ceramic, while the 
values above 0.36 are very likely related to an in-
creased quartz content in the samples. Further confir-
mation of a predominant montmorillonite content in 
the source clay is the dominant FTIR band of heated 
montmorillonite in the range 1038-1054 cm-1 (Shoval 
and Paz, 2015) (Fig. 4). 

4.2. Equivalent firing temperature of pithoi 

The inorganic phases present in the ceramic can be 
used to determine the equivalent firing temperature 
of the studied samples. Plagioclases are stable up to 
about 1100/1200℃ and are not used in determining 
the firing temperature along with quartz (Aras and 

Kiliç, 2017), which is stable until about 840℃ when it 
transitions to tridymite, but peaks of quartz in diffrac-
tograms can be recorded up to 1100℃ (Bitay et al., 
2020). The FTIR-registered hydroxyl bonds in the lay-
ered silicates indicate a process of rehydration and/or 
rehydroxylation, indicating that the firing tempera-
ture of the ceramic has not reached the decomposition 
temperature of their structure (i.e., the stage of amor-
phization and subsequent crystallization of high-tem-
perature phases has not been reached) (Derkowski 
and Kuligiewicz, 2022). This is confirmed by the 
structure decomposition effects recorded by thermal 
analysis (Fig. 5, Table 2), which start at temperatures 
above 840℃. The registration of montmorillonite 
peaks by PXRD also confirms that the ceramic was 
fired below 840℃, as they would not have been de-
tected had the ceramic been fired above 850℃ (Grim 
and Kulbicki, 1961; Lee et al., 2008; Pérez-Monserrat 
et al., 2021; Trindade et al., 2009). High-temperature 
phases with spinel-type structure, mullite, cordierite, 
cristobalite, etc., were not proven in the samples 
(Brown and Gallagher, 2003; El Ouahabi et al., 2015). 
Calcium high-temperature phases such as gehlenite 
are also absent (Shoval and Paz, 2015). All of these 
phases are formed after the structural decomposition 
of the minerals that make up the source clay. This 
proves that the established calcite is not a product of 
the re-carbonization of degraded calcite, but is part of 
the source clay used to produce the ceramic (Tarhan 
et al., 2022) and allows for the calcite to be used to de-
termine the firing temperature of the ceramic. Calcite 
was proven in all studied samples, indicating a firing 
temperature no higher than the calcite decomposition 
temperature (Table 2). The FTIR bands of illite/mont-
morillonite were used in order to specify the firing 
temperature of the samples, namely the Si-O-Si 
stretching vibration in the 1000-1100 cm-1 range and 
Si-O-Al bending vibration in the 510-580 cm-1 range. 
Heating to 500℃ leads to the appearance of a band at 
520 cm-1 in FTIR’s spectrum. When heating above 
500℃, this band disappears until reaching of 700℃ 
when a new band appears at 570 cm-1 (Yan et al., 
2021). In the 1000-1100 cm-1 spectral range, a band is 
registered at 1300 cm-1 when heating to 400℃. Heat-
ing above 500℃ leads to the band shifting to higher 
wavenumber (Yan et al., 2021). Samples No. 92, 125, 
10, 19, 29, 69, and 132 have bands between 1030-1038 
cm-1 and 521-527 cm-1, which defines their equivalent 
firing temperature as below 500℃. Samples No. 51 
and 86 have bands between 1042-1050 cm-1 and no 
bands at 520 cm-1, meaning that their equivalent firing 
temperature is between 500-700℃. Samples No. 38 
and No.115 have a band at 1054 cm-1 and 570 cm-1, 
which defines the equivalent firing temperature to be 
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above 700℃. The upper firing limit of these two sam-
ples is determined by the decomposition tempera-
tures of calcite – 810.5℃ and 813.2℃, respectively 
(Fig. 5, Table 2). 

The determined equivalent firing temperatures of 
the ceramic also correspond to the measured LOI (Ta-
ble 3). High LOI values are found to be associated 
with either high content of carbonate phases in the ce-
ramic or low firing temperature of the ceramic 
(Daghmehchi et al., 2018). Since the carbonate content 
of the samples is below one percent, the high LOI val-
ues can be associated with a lower firing temperature. 
All samples with a specified equivalent firing temper-
ature up to 500℃ have LOI values between 8.92 and 
10.26 wt%. For samples fired at a higher temperature, 
LOI ranged from 3.02% to 6.25 wt%. The differences 
in LOI values are related to the different ratio of 
clay/non-clay minerals in the samples. The different 
equivalent firing temperatures of the ceramic found 
in both archaeological periods suggest that the pithoi 
were made on-site by itinerant pithoi makers who 
had different skills. If prepared in a factory (special-
ized workshop) the pithoi would have been fired un-
der the same conditions. 

The temperatures at which the pithoi were fired 
confirm the lack of amorphous phases in the samples 
(Emami et al., 2016), which defines the ceramic as re-
sistant over time (i.e. resistant to weathering) (Badica 
et al., 2022) and explains the lack of elevated back-
ground noise in the PXRD patterns (Fig. 3) (Cultrone 
et al., 2001; Elert et al., 2003). 

4.3. Type and mineral composition of the source 
clay 

The results of the experimental studies, together 
with the phase composition and equivalent firing 
temperatures determined by them, allowed the deter-
mination of the type of raw clay and its mineral com-
position.  

The CaO and calcite contents of the samples indi-
cate that the source clay used to prepare the pithoi 
was non-calcareous type (with CaO content less than 
5% (El Ouahabi et al., 2015) or less than 6% (Maniatis 
and Tite, 1981). Most of the CaO is incorporated into 
montmorillonite, while and the calcite content is min-
imal at less than one percent.  

The measured equivalent firing temperatures 
proved that no melting processes and formation of 
high-temperature structural synthetic phases oc-
curred in the ceramic. In regard to this, it can be as-
sumed that the mineral composition of the pithoi cor-
responds to the mineral composition of the source 
clay from which they are made. The only exceptions 
are the iron oxides, for which it cannot be determined 
what mineral(s) were present in the source clay. 
Based on this, the mineral composition of the clay can 

be defined as predominantly montmorillonite-illite 
with inclusions of non-clay minerals - quartz, feld-
spar, and iron oxides (hematite and/or goethite 
and/or magnetite). 

The organic phases recorded by FTIR and thermal 
analysis were determined to be of secondary origin, 
as all the pithoi were fired at temperatures above 
500℃ (the decomposition of the organics takes place 
in the temperature range 220-420℃ (Palanivel and 
Kumar, 2011). 

4.4. Ceramic porosity 

Vessels made of montmorillonite clay are durable 
for cooking directly over fire, while those made of ka-
olinite clay are impermeable as kaolinite does not 
shrink and swell when wet or dried (Shoval and Paz, 
2015). According to the current archaeological inter-
pretation of the settlement patterns in the studied 
area, agriculture was highly developed in the Roman 
Age, while in Late Antiquity it relied entirely on grain 
supplies, indicating that in both periods pithoi were 
vessels of considerable importance. The present stud-
ies have shown that in both periods they were made 
of montmorillonite-illite clay, indicating that the 
study of their water permeability is essential. Two 
main methods are implemented for testing the water 
absorption of modern ceramic – boiling and vacuum 
methods, both of which are in compliance with Euro-
pean standards (Wiśniewska et al., 2021). These meth-
ods measure the maximum amount of unbound wa-
ter that can be physically absorbed into the pore 
spaces of the ceramic. The presence of pores in the ce-
ramic controls the density of its structure and conse-
quently its permeability (Karaman et al., 2006). When 
the firing temperature increases, the ceramic’s poros-
ity and ability to absorb water are reduced (Wiśniew-
ska et al., 2021; Karaman et al., 2006). By thermal anal-
ysis, the physically absorbed water in the pores of the 
studied ceramics was determined, which was meas-
ured as MLRT-100℃ (Table 2). A linear functional de-
pendence between the amount of this water and the 
firing temperature of the examined pithoi sherds was 
found with the best fit: y = -0.8789x + 83.387 (R2 = 0.95) 
(Fig. 6).  
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Figure 6. Wavenumber band position dependence of the 
MLRT-100℃ and best fit to this data. (band position for indi-

vidual samples: 1031 cm-1 – No. 19; 1034 cm-1 – No. 29; 
1035 cm-1 – No. 10 and No. 92; 1036 cm-1 –No. 69 and No. 

125; 1039 cm-1 – No. 132; 1041 cm-1 –No. 51; 1043 cm-1 – No. 
86; 1050 cm-1 – No. 38; and 1055 cm-1 – No. 115). Blue – ce-

ramic, fired at temperature under 500℃, green – firing 
from 500 to 700℃; red – firing between 700℃ and tempera-

ture of calcite decarbonation. 

The firing temperature is expressed by the shift of 
the illite/montmorillonite FTIR bands located near 
1030 cm-1. The functional dependence represents the 
linear decrease in the ceramic’s porosity with the in-
crease in the firing temperature – i.e., a decrease in ab-
sorbed water corresponds to a decrease in pores in the 
structure, which defines an increase in the density of 
the structure.  

The obtained linear relationship confirms that the 
examined pithoi fragments were made of the same 
type of raw clay with the same mineral composition. 
A difference in MLRT-100℃ was observed for the pithoi, 
fired at similar temperatures (Table 2). This is most 
likely due to a different ratio of clay/non-clay (quartz, 
feldspar, etc.) minerals in the source clay. This ratio is 
of significance as it changes the shrinkage percentage 
during firing, thus changing the density of the struc-
ture. The shrinkage of ceramic during firing depends 
not only on the firing temperature (Karaman et al., 
2006) but also on the percentage of non-clay minerals. 
The increased amount of non-clay minerals increases 
the number of pores in the ceramic and leads to a 
higher water absorption capacity (Cultrone et al., 
2001). The different ratio of clay/non clay minerals 
may be due to natural variations in different areas of 
the source clay deposit (Chamley, 1989) and/or due 
to the use of clay from different deposits; and/or the 
mixing of clay from different deposits. The issue can-
not be resolved unequivocally because (i) concentra-
tions of minor (rare) elements do not provide specific 
information on the source material deposit: Cu, Zn, 
Rb, Sr, and Zr were found in all samples; Cr and Ag 
were identified in single samples, also in minimal 

amounts, and cannot be considered as significant (Ta-
ble 3); the concentrations of the main elements are too 
close; (iii) the geological data for the studied area 
show that clays have been described at only one of the 
archaeological sites (No. 8). 

5. CONCLUSIONS 

The following results were obtained from the ar-
chaeometric study of the pithoi: 

 The mineral composition of the pithoi was deter-
mined – quartz, feldspars, hematite, calcite, illite, 
montmorillonite, muscovite, with a predominant 
montmorillonite content from the clay minerals. 
Each of the minerals is registered by different 
methods, which justifies the need to use a com-
plex of analytical methods for such a study. 
Quartz has been proven by PXRD, FTIR, and ther-
mal analysis (registered by α-β quartz transition). 
Albite – by PXRD and FTIR, microcline – only by 
FTIR due to its small amounts in the samples. Cal-
cite was proven by FTIR and thermal analysis. 
The percentage of calcite in the samples was also 
calculated, ranging from 0.18 to 0.92% using 
MLCO2 measured by thermal analysis. Its low con-
tent explains the lack of calcite reflections in 
PXRD and the low-intensity bands in FTIR. Hem-
atite was only recorded by FTIR and thermal anal-
ysis (PXRD cannot register hematite due to the 
measurement conditions – CuKα radiation). The 
phyllosilicates were proven by PXRD, FTIR, and 
thermal analysis, and the XRF results support 
them by the measured contents of K2O, MgO, 
CaO, and the Si/Al ratio (Al2O3/SiO2). The pre-
dominant montmorillonite content was deter-
mined by FTIR. 

 The equivalent firing temperatures of the pithoi 
were determined – two of the samples were fired 
in the temperature range up to 500℃, seven were 
fired at temperatures between 500 and 700℃; two 
were fired in the range 700℃ – thermal decompo-
sition temperature of calcite. The equivalent firing 
temperatures were established by the mineral 
composition of the pithoi determined by the full 
range of analytical methods, as well as by the 
FTIR bands of illite/montmorillonite – Si-O-Si 
stretching vibration in the 1000-1100 cm-1 range 
and Si-O-Al bending vibration in the 510-580 cm-

1 range. The determined equivalent firing temper-
atures are confirmed by the LOI values measured 
by thermal analysis. 

 The type and mineral composition of the source 
clay was determined by the results obtained for 
the mineral composition and equivalent firing 
temperature of the ceramic. The source clay was 
determined to be non-calcareous type according 
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to the CaO content included in carbonate miner-
als (less than 1 wt%), as determined from thermal 
analysis by measuring the mass loss of calcite de-
composition in the temperature range 770-840℃. 
In comparison, the XRF data show a CaO content 
in the pithoi between 1.2 and 2.5 wt%, thus 
demonstrating the need to also use thermal anal-
ysis to determine the clay type. The mineral com-
position of the source clay was determined to be 
montmorillonite-illite with variable contents of 
non-clay minerals (muscovite, quartz, albite, mi-
crocline, iron oxides, calcite). 

The advantages of the thermal method were used 
to determine LOI and estimate the density of the ce-
ramic structure in relation to its permeability. Ther-
mal analysis data for LOI determination has the ad-
vantage of being able to separate different processes 
over different temperature ranges. In addition, it can 
determine what temperature the samples should be 
heated to in order to correctly estimate LOI values. 
That is, for each particular material studied, it is ap-
propriate to determine at what temperature crystalli-
zation processes associated with oxygen uptake and 
sample weight increase begin. The determined linear 
functional relationship between MLRT-100 and the fir-
ing temperature of the ceramic indicates the water-
absorbing properties of fired illite-montmorillonite 
clay with different clay/non-clay minerals ratios. 

The use of identical montmorillonite-illite source 
material with varying ratios of non-clay minerals and 
three different firing temperature ranges was estab-
lished for all archaeological sites during both periods. 
The different firing temperatures suggest on-site pro-
duction by itinerant craftsmen with different skills, a 
tradition that has persisted from the Roman Age to 
Late Antiquity. The use of the same type of raw ma-
terial in both periods, without a specific locality for its 
extraction, shows continuity in people's knowledge of 
the environment.  

The results obtained, together with the earlier re-
sults for bricks and tiles (Kostova et al., 2023b) and 
mortar (Kostova et al., 2023a) from the sites in the 
same area, support the archaeological view of a trans-
formation of Roman economic patterns in Late Antiq-
uity due to a financial and economic crisis without the 
realization of any demographic changes. 

The obtained results are new for pithoi from Bul-
garian archaeological sites and complement the spo-
radic experimental data in the literature regarding pi-
thoi produced after the Bronze Age. In addition, they 
allow for conservation and restoration work to be car-
ried out. 

The results obtained from the archaeometric study 
of the pithoi provide a perspective for future research: 

 The data obtained on the mineral composition of 
the source clay will enable a successful search for 
a raw material source over an extended geograph-
ical area. Locating the clay deposit will provide 
additional archaeological information as the 
choice of deposit in the past may have been influ-
enced by a variety of factors – land ownership and 
control, seasonal access, ground surface exposure, 
transportability, etc. (Xanthopoulou et al., 2020; 
Liritzis et al., 2020a; Liritzis et al., 2020b). 

 Should a raw material source be found, further re-
search is planned so as to expand knowledge on 
the production technology of pithoi: 
o Study of the clay by the experimental meth-

ods used and comparison with the results ob-
tained from the study of the ceramic. Use of 
additional analysis - petrographic, to study 
inclusions and determine their genesis.  

o More accurate determination of the equiva-
lent firing temperatures by examining and 
comparing the ceramic (reheated) and clay 
(heated under controlled conditions) by scan-
ning electron microscopy (SEM) (Tite, 1992; 
Pollard et al., 2007). 

o Study of the clay by XRF and comparison of 
the results with those obtained for the ce-
ramic by using binary diagrams, and applica-
tion of statistical hierarchical cluster analysis 
of trace elements to determine the prove-
nance of the ceramic (Liritzis et al., 2020a; 
Liritzis et al., 2020b). Trace elements are es-
sential for obtaining these results, as their ge-
ochemical behavior in a sedimentary setting 
(at the Earth's surface) is predictable (Pollard 
et al., 2007; Bauer and Velde, 2014). 
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