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Abstract: Clay is a popular traditional material that has been used for the construction of
building materials and household objects since time immemorial. Due to its plastic property and
capacity to regulate humidity, it was often used in the form of clay plasters. At present, the building
sector has become a serious contributor to climate change, thus triggering a need for the use of more
sustainable and eco-friendly materials. This paper aims to analyze the characteristics of ancient clay
plasters from the Roman age and define their production technology. The reason for this study is
that the ancient production recipes of clay plasters are the base for the modern ones. The analytical
methods that were used in this research include X-ray fluorescence (XRF) analysis, Powder X-Ray
diffraction (PXRD) analysis, Fourier transformed infrared (FTIR) measurements and thermal
analysis. It was established that two types of raw clay were used for the clay plasters’ preparation,
calcareous and non-calcareous, and both match the rock types on the surface around the
archeological sites, meaning that the clay was most likely of local origin. There are no signs of
burning on the samples; however there is a high probability that they were intentionally treated
thermally within a similar temperature range. The acquired results suggest a good environmental
knowledge throughout the Roman era and an ability to work well with traditional materials, but
with different properties. The results are also of practical value, since they can be applied in the
creation of modern plasters that can be used both in modern buildings and for conservation and
restoration purposes.

Key words: clay (earthen) plaster, sustainable development, eco-friendly building materials.

Pe3iome: [nuHata e momynspeH TpaJWLMOHEH MaTepual, KOWTO ce € H3MOJ3Bal 3a
Ch3IIaBAaHETO HA CTPOWMTETHH MaTe€puald W TpeAMeTH 3a OuTa OT IpeBHU BpemeHa. [lopamn
TUTACTUYHHUTE CH CBOICTBA M CIIOCOOHOCTTA CH J1a PEryiupa BIAXHOCTTA, YECTO C€ € M3MOI3Baia
mon (opMara Ha TIAMHEHM Mas3wiku. [lOHACTOSAIEM CTPOUTENHHUAT CEKTOp Ce € MPEeBbpHAlT B
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cepuo3eH (GakTop 3a U3MEHEHHETO Ha KJIMMAaTa, KOETO OT CBOS CTPaHa Ch3JaBa HEOOXOIUMOCT OT
M3IIOJI3BAHETO Ha MO-yCTOMYMBHU M €KOJOTMYHU MaTepuaid. Ta3n cTaTs UMa 3a LN 1a aHaIu3upa
XapaKTEPUCTUKUTE HA JPEBHU INIMHEHU MA3WIIKU OT PUMCKATa €10Xa U 1a ONpPEeId TEXHOJIOTHUATA
Ha TAXHOTO MpOM3BOACTBO. IIpWumHaTta 3a TOBa mHpoydBaHE €, Y€ JAPEBHUTE PELENTH 32
IPOM3BOACTBO HA TJIMHEHW MAa3WJIKM Ca OCHOBA HAa CBHBPEMEHHUTE. AHAJUTHYHHUTE METOIH,
W3MO0J3BaHH B TOBa M3CIEJBaHE, BKJIIOYBAT peHTreHoB Quyopecuenten aHanu3 (XRF), mpaxosa
pentrenoBa audpaknus (PXRD), undpauepBena cnexrpockonus (FTIR) u tepmuden anamus.
VYCTaHOBEHO €, 4e 3a IMPHUIOTBAIHETO Ha INIMHECHUTE MAa3HIKM Ca W3ION3BAaHU JBa BUAA HM3XOJHA
IIMHA — BapOBUTA U HEBAPOBUTA, KATO U JBETE CHBIAJAT C BUJOBETE CKaJIM HAa IOBBPXHOCTTA
OKOJIO apXeoJIOTUYEeCKUTe OOCKTH, KOETO O3HayaBa, 4e TJMHATa Hal-BEepOSITHO € C MECTeH
npousxol. Hsma cinenu or omokapsiBane 1o mpoOuTe, KOETO Ipenarojara, 4e ca YMHIIIEHO
TEPMUYHO TPETUPAaHU B OJIM3BK TeMmieparypeH nuamna3oH. [lomydeHuTe pesynaraTtd mpearojaraTt
J00po Mo3HaBaHE Ha OKOJHATA cpeja Mpe3 pUMCKaTa ernoxa M yMeHue 3a paboTa ¢ TpaaUIHOHHY,
HO pa3linyaBally Cc€ [0 CBOWCTBA Marepuanu. Pe3ynraTuTe MMaTr U MpakTUYECKa CTOMHOCT, ThHU
KaTo MoraT jAa ObIaT NPWIOXKEHH INPHU Ch3JABAHETO HA CHBPEMEHHH MAa3WJIKH, KOWTO Ja ce
U3I0JI3BAT KAKTO B CbBPEMEHHOTO CTPOUTENCTBO, TAKa M 332 KOHCEPBALMOHHM U PECTABPALIMOHHU
LEJIH.

Kniouoeu oymu’ TiviHEHA Ma3WiIKa, YCTOWYHBO Pa3BUTHE, €KOJOTUYHO YHCTU CTPOUTEIIHU MaTepUaIIH.

Introduction

Clays are natural formations, made out of clay minerals, accessory minerals and impurity
minerals. Clay minerals include kaolinites, montmorillonites, and illites, accessory minerals —
micas, chlorites, vermiculites, and impurity minerals — quartz, feldspars, calcite, iron minerals,
etc [Meyers, 2003]. Depending on the CaO content in the clays, they can be categorized as two
different types — calcareous and non-calcareous. Clays that contain more than 5% CaO are
defined as calcareous [Badica et al., 2022].

The application of clay in the construction of buildings has been done since ancient times.
In the past, people used clay to make plasters, bricks, tiles, etc [Liskova et al., 2016]. Bricks, tiles
and household ceramics are produced by firing at temperatures from 300 to 1050 °C [La Noce et
al., 2021]. The baking process leads to a change in the clay’s characteristics, giving it properties
such as strength and resistance. When the clay is heated to ~ 600 °C (firing stage), the processes
of dehydration, oxidation and/or dehydroxylation occur in a consecutive order. At temperatures
above 600 °C (baking stage), the processes of dehydroxylation and decarbonization take place. At
temperatures above ~ 850 °C (burning stage) the processes of crystallization of high-temperature
phases are carried out [Goffer, 2007]. This crystallization can occur both from a melt (after
vitrification of the material) and in solid state through recrystallization. The method of formation
of the high-temperature phases depends on the chemical composition of the raw clay and the
temperature of the clay’s thermal treatment [Aras et al., 2018, Badica et al., 2022], which also
determines the quality of the ceramic artifacts and their manufacturing process [Emmami et al.,
2016].

For the classic production of clay (earthen) plasters, the components that are used include
dried clay, sand (if the sand fraction in the clay is in low quantity) and organic material (straw,
for example), after which water is added to them. Clay gives plasticity to the plaster, sand —
strength, and the organic material holds the plaster together and provides some flexibility to the
plaster once it is dried [Ma et al., 2018; Melia et al.,2014]. Clay plasters are better applied in the
internal layer of the building and can be used on various types of wall bases, such as concrete,
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bricks, wood, straw bales, rammed earth, etc. Such indoor plasters serve as ideal moisture
regulators due to the clay’s high absorption capacity. They ameliorate the quality of life by
creating better indoor conditions, such as improved humidity levels, warmer temperatures in
winter and cooler temperatures in summer [Emiroglu et al., 2015]. This however decreases
significantly the material’s water resistance potential, so in order to be used for the external part
of a structure, additional hydrophobizing additives may need to be mixed into the clay [Liskova
et al., 2016]. External clay plasters can be used for restoration purposes such as the reconstruction
of historical buildings’ fagades [La Noce et al., 2021].

Nowadays the building sector has become one of the main pollutants that contribute to
climate change. As industries grow, so does their need for better infrastructure. Modern structures
need to be more sustainable and eco-friendly, while still being long-lasting and of good quality.
In order to achieve this, the same clay-based products that were used in ancient times can be
applied today. Their use would be even more successful, since they can serve as a substitute for
products with a higher environmental impact. It should be noted that while no material is ever
100% eco-friendly, natural substances such as clay are a lot more “eco-efficient” than a
conventional material that would require additional production processes [La Noce et al., 2021].
Conventional plasters are cement plasters, lime plasters and hydraulic lime plasters. Cement
plasters are a mixture of sand and Portland cement and lime plasters are made out of sand and
calcium hydroxide, with the difference that the hydraulic plaster contains impurities in the
calcium hydroxide, which enable the lime to set without air exposure. Conventional plasters
generate a lot more CO, emissions than the earthen ones. One m? of cement base plaster produces
5.86 kg COzeq, While hydraulic lime plaster produces 6.37 kg COzq, Which is 6 times more than
the emissions of an earthen base plaster - 0.88 kg CO.q [Melia et al.,2014]. In addition, a lot
more energy and resources are saved by using materials that are locally available and easily
produced [La Noce et al., 2021].

The goal of this work is to characterize ancient types of clay plasters from the Roman age
which were obtained from Bulgarian archeological sites. The reason for this study is that the
production recipes of modern plasters are based on the ones of ancient plasters. The samples were
analyzed with X-ray fluorescence (XRF) analysis, Powder X-Ray diffraction (PXRD) analysis,
Fourier transformed infrared (FTIR) measurements and thermal analysis.

The acquired results are of fundamental and practical value for the sustainable development
of modern construction materials and for the reconstruction of the ancient environment.

1. Materials and methods

Sample No. 62 clay wall plaster (Fig. 1) from archaeological site No. 8 Dimitrievo,
Emporion Pizos, Roman age [Boyanov, 2014]. The plaster is coloured in orange-red. Imprints of
organic material are observed on the plaster’s surface. Pores with irregular shape are found on the
inside of the plaster. Some of them have black coal particles. No signs of burning have been
found at the archaeological site.

Sample No. 83 clay wall plaster (Fig. 2) from archaeological site No. 6 Malko Tranovo -
open settlement, Roman vicus [Dumanov, 2005]. The plaster has a bright yellow colour. Traces
of organic material are observed on the plaster’s surface. Pores with irregular shape are found
inside the plaster. No signs of burning have been found at the archaeological site.
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Fig. 1. Sample No. 62 clay wall plaster Fig. 2. Sample No. 83 clay wall plaster

X-ray fluorescence (XRF) analysis was performed by energy dispersive Micro-XRF
Spectrometer M1 MISTRAL, Bruker (Rh-tube, Peltier cooling, 30 mm?, Si-drift detector (SDD),
MnKa resolution <150 eV, collimator 0.1 mm to 1.5 mm). The samples were prepared as pressed
pellets with (CEREOX-BM-0002-1 powder) (1.00 g sample + 0.15 g CEREOX- BM-0002-1
powder).

The powder X-ray diffraction (PXRD) measurements were made by D2 Phaser
BrukerAXS, CuKa radiation (A = 0.15418 nm) (operating at 30 kV, 10 mA) from 3 to 70 °26
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 [PDF, 2001] database was used for determining the phases and minerals in the
samples.

Fourier transform infrared (FTIR) measurements were performed by FTIR Spectrometer
Nicolet 6700, covering the range of 400 - 4000 cm™ with 100 scans and 1.928 cm ™ resolution.
The samples were prepared as pellets with KBr.

Thermal analysis: simultaneous TG/DTG-DSC analysis was carried out on a Setline STA
1100, SETARAM, France, in the temperature range room temperature (RT) — 1050°C; in static
air, with a heating rate of 10°C min™. The operational characteristics of the TG/DTG-DSC -
system were: sample mass of 25.0+1.0 mg (mass resolution of 0.05 pg), temperature resolution of
+/- 0.3°C, and alumina sample crucible with a volume of 100 pL.

2. Results and discussion

2.1. XRF

The results from the XRF analysis are presented in Table 1. The SiO, content is the highest
in both samples. The content of Al,Os is also high, which suggests the presence of silicates and
aluminosilicates in the samples. A CaO content of 34.17% was measured in sample No. 83 and in
sample No. 62 - 2.81%. Both samples are likely to form carbonates (carbonates are a frequent
impurity in clays in amounts from parts of a percent to 30-40%), Ca-plagioclases (anorthite),
calcium clay minerals from the montmorillonite group [Chamley, 1989]. The K,O content
suggests the formation of potassium aluminosilicates. The Fe,O3 content indicates the presence
of individual iron phases and/or iron incorporated into aluminosilicate minerals. The remaining
elements are in low concentrations and probably do not form their own phases.
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Table 1. XRF results (mass %)

Sample Na,O MgO A|203 SiOz P,Os5 | SO; | KO | CaO TiOz MnO | Fe;O3
No. 62 120 | 1.82 | 20.42 | 62.91 | 0.42 - 454 1 281 | 059 | 0.11 | 5.06
No. 83 0.15 | 1.01 | 13.05|42.18| 0.38 | 0.11| 1.76 | 34.17 | 0.59 | 0.14 | 5.68

2.2. PXRD
The PXRD results are shown in Figs. 3, 4. Both samples contain quartz SiO, (#06-1757),
montmorillonite (Na,Ca)(Al,M@)2(Si4010)(OH),nH20 (#302-0239), illite

(Ko,65A|2[A|0,55Si3,35010](OH)2 (#25-0001), muscovite KAlz(AlSlelo)(OH)z) (#34-0175),
potassium feldspar - microcline, KAISizOg (#84-0710). Plagioclase - albite NaAlSi3Og, (#89-
6426), hematite Fe,O3 (#72-0469) and goethite Fe**O(OH) (#29-0713) in sample No. 62, and
calcite, CaCOg3 (#47-1743) — in sample No. 83.
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M - montorillonite M - montorillonite
| - illite ] Q | - illite
i o Ms - muscovite & Ms - muscovite
= Kf - K-feldspar T & Kf - K-feldspar
o Kf Pl - plagioclase C C - calcite
: & H - hematite : o
b} s = =}
5 - i Gt - geothite © L
= g |k 2 2
& 3 2 @
g | = at [° < @
g %3 t Q Pl -
c > P2 So c Q
2 : = o2 Gt = = Z C
g dh 5, ol @ F ® gic||V¥ cq M
8 apt 981 _ GY 2 2 =T 3 ki &CQ(\ QC o5 Q
5 © | ST v B 3 =wil N @ by {4
1 2 o M3y ”:(E-HSTNE,E.Q afa, of = B argmw%omo vixfoowggg
5 532l |l8a3ljals & 8% ¢ 53 2 2 SRR, g
I e RN I 7 v 3° I <2 : wm b
M*‘M "mé*(fw"wf K‘l WY """-‘w'ﬂ""wlwtvm*w e ..‘n“-.'-w‘M\Ku\ WMMWM“W W ﬂ“ M*M* w b”‘\wv lm‘” '4
10 20 30 40 50 60 70 110 2'0 30 40 50 610 7|0
26/ degree 26/ degree
Fig. 3. PXRD pattern of sample No. 62. Fig. 4. PXRD pattern of sample No. 83.

2.3. FTIR
The FTIR results (Figs. 5, 6 and Table 2) confirm the PXRD results, while also giving
additional information regarding the inorganic and organic phases in the studied samples. The
following inorganic phases have been proved, which match the ones determined by PXRD (Table
2):
- muscovite and illite in both samples.
- hematite and goethite — only in sample No. 62.
- quartz, montmorillonite and potassium feldspar — in both studied samples.

Additionally, the following phases have been established — calcite in sample No. 83,
albite and magnetite — in both samples. These phases were not registered through PXRD due to
the low limits of detection of the method — 5% [Moropoulou et al., 1995].

Through FTIR, both samples were proven to have:

- surface adsorbed water (moisture).
- organic phases.
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Fig. 5. FTIR spectrum of sample No. 62.
Insertion: 860-400 cm™ spectral range.
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Fig. 6. FTIR spectrum of sample No. 83.
Insertion: 860-400 cm™ spectral range.

Table 2. FTIR results

Wavenumber/cm’
! Assignment References
No. 62 | No. 83
3727 3739 O-H from the air (surface hydroxils) | Chukanov, Chervonnyi, 2016;
Jozanikohan et al., 2022
3635 - Al-OH stretching band of illite Chukanov, 2014, Yan et al.,
montmorillonite 2021
3454 3455 H-O-H stretching vibration of Chukanov, 2014;
adsorbed water molecules in illite Jozanikohan, 2022
3426 3432 H-O-H stretching vibration of Chukanov, 2014, Jozanikohan
adsorbed water molecules in illite etal., 2022
3263 3265 Metal-O-H stretching vibration of Caccamato, 2020
montmorillonite
2921 2929 C-H asymmetrical stretching Silva et al., 2005; Rao et al.,
2855 2879 vibrations of CH, 2017
- 2516 (vt v3) C-O in CO?; of calcite Chukanov, 2014
2378 2377 CO, from the air Theophanides, 2012;
2294 2303 2 Chukanov, Chervonnyi, 2016
1795 1797 (v1 +v4) C-O in CO?; of calcite Chukanov, 2014; Stanienda et
a., 2016
1658 1658 O-H bending vibration of_ aplsorbed Chukanov, 2014
water molecules of illite
1628 1631 O-H stretching vibration of adsorbed Chukanov, 2014, Singha,
water molecules of illite and 2016
muscovite
1550 - Skeletal vibrations of the aromatic ring Rao et al., 2017
from lignin
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- 1470 v3 C-O in CO”’; of calcite Chukanov, 2014
1435 1425 v3 C-0 in CO%; of calcite Chukanov, 2014
1385 - C-H bending vibrations of the methyl Rao et al., 2017

and methylene group
1269 1270 vz stretching vib_rati_on of C-Oin Rao et al., 2017
aromatic rings
iégg iégg v3 Si-O in SiO; in quartz Chukanov, 2014
1042 1035 Si-O-Si vibration band of illite and Chukanov, 2014, Yan et al.,
montmorillonite 2021

- 875 v, C-O in CO%; of calcite Chukanov, 2014
797 798 o
778 775 v2 Si-O in SiOy in quartz Chukanov, 2014

- 715 v4 C-O in CO”; of calcite Chukanov, 2014
720 - v Si(Al)-O stretching vibration in Chukanov, 2014

albite
692 691 v1 Si-O in SiO; in quartz Chukanov, 2014
689 - v Si(Al)-O stretching vibration in Chukanov, 2014
montmorillonite
670 667 Fe®*-O vibration at magnetite Ravisankar et al., 2010;
Chukanov, 2014
648 - Fe**-O vibration at hematite Chukanov, 2014; Jozanikohan
et al., 2022
612 - O-Si(Al)-O bending vibrations albite Theodosoglou et al., 2010;
Chukanov, 2014
592 - O-Al-O bending vibration at albite Chukanov, 2014
565 - O-Al-O bending vibration at Chukanov, 2014,
microcline
545 538 0O-Si-0 deformation the K-O Chukanov, 2014
stretching at albite
526 520 Al-O-Al vibration at illite Chukanov, 2014; Yan et al.,
2021
517 - Al-O-Al vibration at muscovite Chukanov, 2014; Yan et al.,
2021
483 - Si-O-Si deformation at albite Chukanov, 2014
472 - Si-O-Si bending and the K-O
stretching vibrations in muscovite, Chukanov, 2014
illite and montmorillonite
- 463 O-Si-0 bending and the K-O Theodosoglou et al., 2010;
stretching vibrations in microcline Chukanov, 2014
458 - Fe®*-O hematite vibration Chukanov, 2014
441 - 0O-Si-0 bending and the K-O Chukanov, 2014
stretching vibrations in microcline
435 - Si-O bending vibration of illite Chukanov, 2014
420 420 Si-O-Si deformation in microcline Theodosoglou et al., 2010;
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Chukanov, 2014
410 - Fe-O goethite vibration Chukanov, 2014

2.4. Thermal analysis

The thermal analysis results are presented in Figs. 7, 8 and Table 3. The total mass loss
(ML) when heating to 1050°C is 6.60% for sample No. 62 and 18.93% for sample No. 83. Five
temperature ranges were determined: RT-220°C, 220-420°C, 420-720°C, 720-840°C, and 840-
1050°C.

RT-220°C — dehydration
The stage is divided in two (Table 3):
- until 100°C — separation of hygroscopic water [Moropoulou et al., 1995]. The ML for
sample No. 62 is 1.00% and for sample N0.83 — 3.06%.
- between 100 and 220°C — a process of dehydration of phyllosilicates occurs — muscovite
and illite [Meyers et al., 2003]. The ML in this range is 1.00% for sample No. 62, and
2.50% for sample No0.83.

220-420°C organic decomposition

Combustion of organic matter occurs between 220 and 420°C [Palanivel et al., 2011]. The
exo effect of organic decomposition is at 344.9°C for No. 62 (Fig. 7), and 317.5°C for No. 83 (Fig.
8), while the ML is shown in Table 3.

Dehydroxylation of synthetic goethite also occurs during this temperature range, at Ting =
270°C with a clearly pronounced peak. In naturally occurring goethite, the dehydroxylation peak
is barely noticeable and is shifted towards 300°C, probably due to isomorphic inclusions in the
mineral. After the dehydroxylation, goethite transforms into hematite [Trindade et al., 2009;
Ponomar, 2018]. Goethite was found in wall plaster No. 62, while no dehydroxylation peak of
goethite was observed in the DTG curve (Fig. 7), probably due to the low amount of the mineral
in the sample.

420-720°C dehydroxylation

During this temperature range, dehydroxylation of phyllosilicates occurs. At 450-460°C,
montmorillonite dehydroxylates [Brown, 2003; Laufek et al., 2021]. At 528-580°C, illite
dehydroxylates [Hatakeyama, 1998; Foldvari, 2011; Marsh et al., 2018]. At temperatures 660-
700°C, muscovite dehydroxylates [Velosa et al., 2007; Foldvari, 2011; Pei et al., 2018] (Table 3).
After dehydroxylation, these minerals form stable dehydroxylated phases which preserve the
original crystal structure of the raw minerals up until reaching a temperature above 800°C, when
their structure breaks down [Lee et al., 2008].

Apart from dehydroxylation, two other thermal processes are registered. The first one is
recognized as magnetite oxidation [Foldvari, 2011]. It is observed with an exothermic peak of the
DSC curve at 511.2°C (No. 62) and 477.3°C (No. 83) and a peak in the DTG curve with T from
483.1°C (No. 62) and 443.0°C (No. 82) (Figs. 7, 8). The second process occurs without ML and
with a peak on the DSC curve, positioned at 571.7°C for both samples (Figs. 7, 8). It is recognized
as a polymorphous transition from a to § quartz [Moropoulou et al., 1995].
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720-840°C decarbonation

Calcite decarbonization is established in the temperature range 720-840°C [Boke et al.,
2006] (Table 3, Figs. 7, 8), which occurs at very similar temperatures in both samples - Tin =
811.8°C(No. 63) and 808.4°C (No. 83). The CaCO3 quantity in both samples is measured from the
MLco, (Table 3) — for sample No. 62, it is 0.9%, which explains why this phase is not registered
through PXRD and only through FTIR and thermal analysis. The measured CaCOj3 quantity for
sample No. 83 is 20.8%

840-1050°C structure destruction

The structures of illite, muscovite and montmorillonite break down in this temperature
range. Illite’s structure breaks down at Ti,n = 892.2°C (No. 83) and 902.9°C (No. 63) (Table 3). An
exothermic effect appears right after this process (A DSC curve peak at 936.0°C for No. 62 and at
907.5°C for No. 83 and (Figs. 7, 8), which is associated with the crystallization of high-
temperature phases [Grim et al., 1940; Meyers et |., 2003; El QOuahabi et al., 2015]. The
breakdown of muscovite’s structure is registered at Tips from 919.8°C to 973.8°C and at 973.8°C,
and montmorillonite’s — at 1010.3°C (No. 62), and 1015.9°C (No. 83) (Table 3) [Hatakeyama,
1998; Foldvari, 2011]. Exothermic peaks are also registered after the breakdown of these
minerals (Figs. 7 and 8), which can be associated with the crystallization of high-temperature
phases as well [El Ouahabi et al., 2015, Kornilov, 2005]. In sample No. 83, which is also made
out of clay with high calcite content, it is likely that high-temperature phases such as gehlenite,
anorthite, wollastonite, cristobalite are formed [ElI Ouahabi et al., 2015]. In sample No. 62 (made
out of minimal calcite content) it is likely that mullite, spinel-type phases and cristobalite
crystallize at 1015.3°C (No. 62) and 1009.3 °C (No. 83) [Kornilov, 2005; Lee et al., 2008]. For
sample No. 83, mullite crystallization is not expected because the increased amount of CaO from
the calcite decomposition prevents its crystallization [El Ouahabi et al., 2015].
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Fig. 7. TG/DTG-DSC of sample No. 62
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Table 3. Thermal analysis results
220-420°C 840-1100°C
RT-220°C . 420-720°C 720-840°C
organic structure

dexydration dehydroxylation | decarbonation

Sample decomposition destruction
Tina/ | ML/ | Tina/ | ML/ | Tina/ | ML/ Tinal ML/ | Tipa/ | ML/ | Tipa/ | ML/
°C | % | °C | % °C % °C % °C % °C %

No. 62 |67.1 |1.00 |120.7 |0.44 | 245.9 |0.46 454.1 0.59 | 811.8 | 0.40 |902.9 |(0.31

1475 |0.30 | 325.1 |1.09 534.1 0.34 973.8 |0.25
194.7 10.26 674.2 0.80 1010.3 (0.41

No. 83 39.5 |1.56 |137.9 |1.78 | 252.2 |0.35 463.1 0.20 | 808.4 | 9.19 |869.2 |0.04
79.7 10.76 [191.6 [0.72 | 286.1 |0.28 535.0 0.20 919.8 |0.18
94.9 |0.74 326.8 |0.22 623.1 0.38 970.5 |0.04

366.5 |0.13 662.8 0.50 1015.9 (0.07
691.2 0.51
Discussion

The chemical and phase composition of the wall plasters shows that they are made from
two different types of clay. Sample No. 62 is prepared from non-calcareous clay with the main
minerals being montmorillonite, illite, quartz, muscovite and secondary minerals goethite,
hematite, magnetite, potassium feldspar, plagioclase, calcite. The hematite may have been a
mineral that was part of the raw clay, or it may have been a secondary phase that was formed in
the plaster [ElI Ouahabi et al., 2015]. Sample No. 83 — calcareous clay with the main minerals
being montmorillonite, illite, muscovite, quartz, calcite, in subordinate quantity — magnetite,
potassium feldspar and plagioclase. The two samples are collected from two separate
archaeological sites, located in regions with different geological settings. On site No. 8
Dimitrievo (sample No. 62), Neogene gravels, sands, and clays outcrop on the earth’s surface
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[Boyanov et al., 1991], and on site No. 6 Malko Tranovo (sample No. 83) - Oligocene limestones
[Boyanov et al., 1993]. The geological setting explains the presence of calcite in large quantities
in sample No. 83 and the lack of it in sample No. 62 which confirms with high probability the
local origin of the raw clays used.

Clays in nature are usually bright in colour — white, light beige, light grey [Chamley, 1989;
Goffer, 2007]. Both analysed samples have characteristic colouring — an orange-red colour for
No. 62 and a bright yellow colour — No. 83 (Figs. 1, 2), which is typical for a clay that has
undergone thermal treatment. On the other hand, the archaeological observations show that there
are no traces of burning at the sites, which indicates an intentional implementation of a thermal
process.

The rich orange-red colour of No0.62 is related to the proven hematite in the sample. Despite
the fact that the hematite is in low quantity, under 5% is enough for it to give such a colour to the
ceramic — even 1 — 1.5% of hematite colours the ceramic intensely [Palanivel et al., 2009].
Sample No. 83 is coloured in bright yellow. No hematite was found in this sample but there is a
very large amount of calcite — 20.8%. A ceramic made from calcareous clay is usually in such
colours, regardless of the thermal treatment’s temperature [Kornilov, 2005].

Ceramic’s thermal treatment temperature can be determined by judging its phase
composition and by the conducted thermal studies. Feldspars were established in the samples,
which are resistant up to around 1200°C [Papadoloulu et al., 2006]. Quartz transitions into
tridymite at ~840°C but it can be registered in the samples through PXRD until about 1100°C
[Bitay et al., 2020]. Calcite decarbonizes between 750 and 820°C [Boke et al., 2006]. The
minerals illite and muscovite undergo a few thermal transformations during heating: dehydration,
dehydroxylation, structure destruction, with the last one being an irreversible reaction [Muller et
al., 2000; Kotryova et al., 2016]. Through thermal analysis the following is established:
decarbonization temperature and destruction temperature of the clay minerals (Table 3) which
shows that the samples have not been heated above 808.4°C (No. 83) and above 811.8°C (No. 62).
The decomposition temperature of the organic phases cannot be used to determine the heating
temperature because the organics may have entered the samples at a much later stage than their
production. A magnetite-hematite transition was recorded in both samples (Fig 7,8), which
suggests that the thermal treatment temperature of these samples has not reached such high
values. FTIR bands at ~1035 cm™ and ~520 cm™ of clays - illite and montmorillonite are
diagnostic of their heating temperature [Yan et al., 2021]. Bands at 1035 cm™ and 520 cm™ are
established when heating to 300-400°C. When treating thermally above these temperatures, bands
at 1035 cm™ shift to 1040 cm™, while band at 520 cm™ disappears. In sample No. 83 these bands
are registered at 1035 cm™ and 520 cm™ (Table 2), which suggests a maximum heating of this
sample in the specified interval. A band at 526 cm™ is also found in sample No. 62, but a shift of
the band at 1035 cm™ to 1042 cm™ is established as well (Table 2). This result indicates with high
probability that the heating temperature is also in the range of 300-400°C. On the other hand,
goethite is proven in sample No. 62 (Fig. 3), whose structure breakdown temperature
(dehydroxylation) is about 300°C [Foldivari, 2010]. In relation to this, it can be assumed that
300°Cis also the maximum heating temperature of sample No. 62.

Conclusion

By characterizing the studied Roman wall plasters, the clay types and their treatment
method for obtaining the final building ceramic material were determined. Two different types of
raw clay were used: non-calcareous clay for sample No. 62 and calcareous clay for sample No.
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83, where the clay type determines the final color of the plasters. A low-temperature heat
treatment was applied to the raw clays, up to 300°C for No. 62, and between 300 - 400°C for No.
83.

The two types of clay used correspond with the rocks that outcrop on the earth’s surface at
both archaeological sites, which proves with high probability the use of local raw materials. The
thermal treatment with approximately the same temperature is an indication for the use of the
same approach when preparing the samples. This approach provided increased strength, which in
turn increased the plaster’s resistance in time.

The obtained results are of fundamental value, showing a good knowledge of the
environment during the Roman Age and an ability to use different natural resources. The
application of the same methods was a strong prerequisite for achieving sustainable results. The
characterization of ancient plasters also has practical value — the results can be used for the
creation of modern building materials, as well as for restoration and conservation of
archaeological sites.
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