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Abstract. Stove tile ceramics from Turaida archaeological site
were characterized for their mineral and chemical composition.
Mineral characteristics of ancient ceramics were determined with
X-ray diffractometer. Chemical composition and micro-
morphology of ceramics and glazes were determined with
scanning electron microscope (SEM) with energy dispersive X-
ray spectrometer (EDS) unit. The conducted analyzes showed
similarity with Latvian clay, suggesting that these stove tiles
ceramics are of local origin and production.
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1. INTRODUCTION

Ancient Turaida castle is one of the most important and
unique archaeological sites in Latvia. In the second half of the
20™ century important archaeological excavations in Turaida
were done, which were led by A. Stubavs, R. Malvess and by
professor J. Graudonis. During many years of excavations
under the guidance of prof. J. Graudonis (1913-2005) more
than 7500 stove tiles and their fragments were found. This is
one of the largest collections in Latvia of its kind [1].

Despite the interest of historians and archaeologists in
Turaida castle history, there has not been conducted a detailed
and systematic study dealing with chemical and mineral
composition of Turaida archaeological ceramics, especially in
the field of stove tile ceramics.

The aim of this study is to investigate the chemical and
mineral composition of the archaeological stove tile fragments
excavated in Turaida.

4TK

ITK

Fig. 1. The photographs of investigated stove tile fragments.
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Studies of this kind give an opportunity to determine
ceramics provenance. The provenance of ceramic material
includes information about used raw materials and
manufacturing technology (firing temperature and firing
atmosphere). This knowledge gives a more detailed idea about
pottery production, artistic choices and it also eases
conservation and restoration of stoves [2,3]. Moreover, such
data helps to interpret the social, political, economic and
culture contexts and evolution of ancient societies. It reveals
interactions between different regions, mainly trade pathways,
and the technological evolution of societies [3,4].

Fig. 2. Map of the Turaida castle territory [5]; sample locations are marked.

Some general observations made during early stage of this
research has been already published in popular-science
literature [1]. In the present work, we report and thoroughly
discuss the experimental results obtained through XRD, SEM
and SEM-EDS measurements performed on a set of four
fragments of stove tile ceramics found during archaeological
excavations in Turaida.

II. MATERIALS AND METHODS

A. Samples

Four different fragments of stove tile ceramics were
selected for the analytical study. The respective photographs
of glazed stove tile fragments analyzed in this work are shown
in Fig. 1. The sites of locations, where the analyzed samples
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were found during archaeological excavations, are shown on
Fig. 2. The sample selection criteria for the study were: color
of the glaze, partial existence of ornament and the location of
astove tile fragment on the castle territory. These criteria
indirectly showed, that each one of the selected samples
belong to a different stove, each of them was built at another
period of time.

All stove tile fragments were found in the debris layer;
therefore archaeological dating (relative dating based on
finding place and cultural layer horizon) was not applicable.
That is why the age of the stove tile fragments was evaluated
by their visual appearance - characteristic ornaments and
colors of different art styles were linked to manufacturing
time. All analyzed stove tile fragments might have been
produced from the beginning of 16th century, when stoves
with tiles were used for heating purposes, till the fire in 1776,
when the castle became uninhabitable.

The visual evaluation of fragments shows that glazes are in
a satisfactory condition and glaze adhesion to ceramics is still
very good. It shows, that craftsmen of that time matched glaze
properties to ceramic ones. The color of the fragments is
mainly reddish or brown. A short description of each sample is
given here:

*+ ITK — a stove tile fragment with green glaze; the
ornament is partially present. Found at the fifth excavation
area in the northern forepart of the castle.

* 2TK — a stove tile fragment with polychrome glaze
(traces of yellow and green glaze). Found at the eleventh
excavation area.

* 3TK — a stove tile fragment with a small piece of olive
green glaze. Found at the debris layer near the redoubt.

* 4TK — a stove tile fragment with dark brown glaze; the
ornament is partially present. Found at the second excavation
area in the northern forepart of the castle.

For the information on the production area and technology
of the examined stove tile fragments, the samples were studied
by means of an integrated analytical approach, including
mineralogical, chemical and morphological investigations.

B. Determination of mineral composition

Mineral analysis of clay-rich ceramics is a widely used tool
for the approximate determination of firing temperatures and
provenance. The explanation for the previous statement is that
specific phases form or disappear in certain well known
intervals of temperatures, while the evidence of provenace
may be achieved by comparing mineral and chemical
composition of raw materials and archaelogical findings [6,7].

Mineralogical characterization of the stove tile ceramics
was carried out by X-ray diffraction (XRD) analysis on a
X’Pert PRO diffractometer (PANalytical, the Netherlands)
with X’Celerator detector. X-Ray tube was equipped with Cu
anode (Ko, = 1,540598 A) and Ni filter; voltage was set to
40 kV and current to 30 mA. Diffraction patterns were taken
in the range 5,00°-53,98° 26. Crystalline phase identification
was performed with computer program X’Pert Highscore
coupled with International Centre of Diffraction Data (ICDD)
database PDF2/2005.

The small fragments of stove tile potsherds without glaze
were thoroughly hand grounded to fine powder in agate
mortar. The samples were loaded in a sample holder in a

randomly orientated way to minimize preferred orientations of
clay minerals.

C. Determination of chemical composition and morphology

The chemical composition of glazed stove tile ceramics was
determined by the use of scanning electron microscope (SEM)
Mira/LMU (Tescan, Czech Republic) equipped with energy
dispersive X-ray spectrometer (EDS) unit.

SEM combined with EDS has found many applications to
problems of archaeological ceramics. For example, Rathossi
[8] and Issi [9] successfully used SEM-EDS analytical
technique for the determination of chemical composition of
ancient ceramic wares. EDS spectrometers provide a quick
determination of the element composition of the sample. The
usefulness of EDS method in studies of archaeological
ceramics is covered in detail in Froh [10] paper.

Small pieces (dimensions only few millimeters) of potsherd
and glaze were cut with pincers. Clay ceramics and glaze are
electrically non-conducting, therefore a coating of gold
(~ 15 nm thick) had to be applied by using sputter coater.

The freshly fractured potsherd surfaces were examined,
because chemical compositions of external sides of the sample
might have undergone unknown changes. While in the case of
glazes the external side of the sample coated with gold was
analyzed. 5 EDS spectra of each potsherd and glaze sample
were taken.

Micro-morphological analyses by SEM of the freshly
fractured surfaces coated with gold of all glazed stove tile
fragments were performed for detailed study of groundmass
microstructure. Combination of scanning electron (SE) and
backscattered electron (BSE) detectors were used for
microphotograph acquisition.

III. RESULTS AND DISCUSSION

A. Mineral composition

In Fig. 3. X-Ray diffraction patterns with identified
crystalline phases of analyzed stove tile ceramics are shown.
Crystalline phases present in samples with corresponding
ICDD PDF2/2005 database card numbers given in parenthesis
were: quartz (00-046-1045), illite (00-026-0911) and K-
feldspars KAISi;Og - microcline or orthoclase (01-089-8572).

Q1
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F
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Fig. 3. X-Ray diffraction patterns of Turaida stove tile ceramics.
Abbreviations: 1 — illite, Q — quartz, F — feldspars (microcline or
orthoclase).
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TABLE 1

CHEMICAL COMPOSITION OF TURAIDA STOVE TILE CERAMICS (IN WT%)

SiO, AlLLO; Na,O K0 MgO CaO Fe, 05 TiO,
1TK 62,19 20,79 0,28 6,61 2,19 0,74 6,04 1,16
2TK 61,99 21,14 0,10 6,30 2,50 0,93 6,02 1,01
3TK 57,46 22,63 0,44 7,58 2,83 0,79 7,28 0,98
4TK 55,95 23,41 0,24 7,72 2,62 0,86 8,00 1,20

The mineral composition of all samples is uniform: the
samples contain previously mentioned minerals in slightly
various amounts and the main mineral present in all samples is
quartz.

It should be emphasized, that sample 3TK contains trace
amounts of clay mineral illite. The last statement indicates that
3TK stove tile was fired in higher temperature than other
analyzed tiles. The firing temperature of 3TK ceramics may be
closer to 900°C, than that of 1TK, 2TK and 4TK. Also during
the sample preparation for XRD analysis more effort was
needed to ground 3TK ceramics, this correlates with the
information gained from XRD analysis.

The arrangement of the samples according to relative
intensity of characteristic illite diffraction peak at 8,82° 2Theta
in decreasing order gives a following row: 2TK> 1TK> 4TK>
3TK. The descending amount of illite may indicate the
increase of firing temperature (decomposition temperature of
illite 825-900°C [11,12]). This assumption may be true if raw
materials for all analyzed samples were taken from one site.
However, it may be misleading information if they are taken
form different deposits. The arrangement of the samples
according to relative intensities of feldspars diffraction peak at
27,53° 2Theta in decreasing order gives another row:
2TK>1TK>3TK>4TK. The determination of approximate
firing temperatures based on relative intensities of illite or
feldspars diffraction peaks practically is not possible, because
the initial amount of illite or feldspars in raw materials is
unknown. Also heterogeneity, age and size of the samples
must me taken into account and as non-destructive approach
as possible should be used in the analysis of  the
archaeological materials [3]. The authors of this paper assume
that disappearance of illite diffraction peak is a much more
straightforward indicator of approximate firing temperature
interval than the most intense diffraction peak of feldspars.

There are some detailed papers [12,13] about firing
temperature determination based on approximate amounts of
carbonates implicated in ceramic material. Unfortunately the
analyzed samples probably contain only trace amounts of
carbonates and this method cannot be used in the current
research. Later the statement is supported by the presence of
illite peak in X-Ray diffraction patterns, because
decomposition of calcite begins at 650-750°C and ends at 800-
900°C [13]. Basically decomposition of illite and calcite are
simultaneous and ends up at the same temperature. It means
that if illite is still present calcite should be present too. Also
calcium bearing phases (e.g., gehlenite, wollastonite or
anorthite) were not found during the mineralogical analysis.
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B. Chemical composition of stove tile ceramics

The concentrations of the major components in stove tile
potsherds obtained by SEM-EDS analysis are listed in Table
1. Five repeated measurements were conducted on each
sample; only average values are presented.

The chemical composition of all analyzed samples
qualitatively and quantitatively is similar. The main
constituents of stove tile potsherds are SiO, and AL,O; — they
indicate the presence of quartz and various aluminosilicates
(e.g., clay minerals, feldspars and other). Comparatively high
K,O content is attributed to the presence of potassium ions in
clay mineral illite and other minerals, for example, microcline.
In our case most of K,O can be subjected to illite - the most
common clay mineral on the territory of Latvia [14,15]. Small
amounts of CaO and MgO may be attributed to Ca/Mg
carbonates, silicates or other compounds. In most cases CaO is
mainly ascribed to calcium carbonate. The clay deposits near
Turaida are from Devonian period (CaO = 0,70-3,29%) and
contrary to Quaternary period (CaO = 4,02-17,65%) contain
carbonates in smaller amounts [15]. It means that ancient
potters may have used practically non-calcerous clay for stove
tile manufacturing nearby Turaida.

C. Chemical composition of glazes and potsherd-glaze
transition zone

By the use of SEM-EDS method chemical compositions of
green, dark brown and yellow glazes were determined in
several points across potsherd-glaze transition zone. An
example of the point location in the case of green glaze
(sample 2TK) is shown in Fig. 4. The chosen glaze region for
represents

SEM-EDS analysis a uniform surface and

composition.

20 pm

Fig. 4. Example of point location on the 2TK sample (applied SEM-EDS
measurement principle) [1].
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Fig. 5. Chemical composition of stove tile ceramic, ceramic-glaze transition
zone and glazes: (a) yellow, (b) dark brown and (c) green.

Chemical compositions of the analyzed glazes are shown in
Fig. 5. All these glazes contained lead and silicon oxides, it
means glazes were prepared form lead silicate glass. From the
graphs it can be seen that the amount of PbO increases while
the amount of SiO, and Al,O; decreases. Such changes in the
chemical composition clearly show, where potsherd part, glaze
and potsherd-glaze transition zone are. Fe,O; and K,O are still
present in the transition zone, but only in a smaller amount.

Green glaze (Fig. 5. c¢), without previously mentioned SiO,,
ALO; and PbO, contains CuO. It means that copper
compounds were used as green glaze coloring agents (e.g.,
CuCO;, CuSO, or CuO). Lead, tin and antimony compounds
colored yellow glaze, whereas iron and copper compounds

colored dark brown glaze. Element assignment as coloring
agents was done on the basis of literature data [16,17].

D. Microstructure

In the microphotograph (Fig. 6) stove tile potsherd part,
glaze and transition zone between both — glaze and potsherd is
shown. The transition zone is clearly distinguishable.
Microstructure of potsherd is textured, streaky and porous.
Streaky microstructure of stove tile potsherd is formed
because of platelet like clay particle orientation [18]. No
substantial differences between the four ceramic samples were
revealed, and they all showed similar textural and
compositional features.

Scanning electron microscopy helps to evaluate the glaze
uniformity and defects, e.g., cracks and air bubbles. In the
glaze a trapped air bubble can be seen in Fig. 6B. The
microstructure of all analyzed stove tile glazes is dense and
glassy. Glaze and potsherd have a tight chemical linkage. On
the potsherd and glaze boundary distinct crystalline transition
zone can be seen (fracture plane); its width is from few pum till
~50 um.

‘Iransition zonc

Glaze

Fig. 6. Photograph (A) and microphotograph (B) of 3TK sample [1].

IV. CONCLUSIONS

A set of four stove tile fragments, coming from
archaeological excavation in Turaida, was investigated by
XRD, SEM and SEM-EDS measurements.

Experimental results of chemical analysis showed that stove
tile potsherds are mainly composed of SiO,, Al,03, K,O and
Fe,0;. Small amounts of Na,0O, MgO and CaO are also
present. Chemical composition of all analyzed stove tile
fragments was similar — both qualitatively and quantitatively.

All analyzed stove tile potsherds were composed of illite,
quartz and feldspars in slightly different proportions.The
presence of illite diffraction peaks shows, that stove tiles were
fired below 900° C.

The results of chemical and mineral analysis lead us to the
conclusion, that all these stove tiles might have been
manufactured from the local Devonian clay with a low
carbonate content.

The stove tiles were glazed with lead silicate glazes. As
coloring agents were used copper compounds for green glaze;
lead, tin and antimony compounds for yellow glaze and iron
and copper compounds for dark brown glaze.
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In summary it can be stated that the analyzed stove tile
fragments were probably locally produced, because their
chemical and mineral composition resembles that of the local
clay sediments, also microstructural features of all analyzed
samples were similar. This hypothesis is only confined to a
small number of stove tile fragments and needs to be further
tested and verified on a larger number of samples.

Future work will include investigations of composition and
ceramic properties of raw materials from local sites near
Turaida castle. The authors plan to test the developed
analytical approaches on other archaeological ceramic
materials as well.
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Jana VecstaudZa, Dmitrijs Jakovlevs, Liga Bérzina-Cimdina, Vija Stikane. Turaidas pils arheologiskas kraspu keramikas XRD un

SEM pétijumi

Sena Turaidas pils ir viens no nozimigakajiem arheologiskajiem pieminekliem Latvija. Neskatoties uz pastiprinatu vésturnieku un arheologu
interesi par Turaidas vesturi, lidz §im sistematiski un detaliz&ti kTmiska un minerala sastava pétijumi nav veikti, it Ipasi krasnu keramikas joma.
P&tfjuma mérkis ir noteikt Turaidas krasns keramikas izcelsmi — lietotos izejmaterialus un apdedzinasanas temperatiiru, balstoties uz kimiskas

un mineralas analizes metod@s giitiem novérojumiem.
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Arheologiskos izrakumos iegiitas Cetras krasns podinu lauskas analizétas ar XRD, SEM un SEM-EDS metodém. Ar XRD palidzibu noteikts
senas keramikas mineralais sastavs, ar SEM — keramikas un glaziiras mikrostruktiira, savukart ar SEM-EDS — keramikas drumstalas un glaztiru
kimiskais sastavs.

Ar kimiskas analizes palidzibu noteikts, ka analizéta krasns keramikas drumstala parsvara sastav no SiO,, Al;03, K,O un Fe,0;, nelielos
daudzumos konstatéti art Na,O, MgO un CaO. Visu analizeto krasns podinu lausku kimiskais sastavs ir viendabigs — gan kvalitativi, gan
kvantitativi.

Veicot XRD analizi, keramikas sastava konstatéts illits, kvarcs un lauksSpati nedaudz atskirigas proporcijas. Illita difrakcijas piku esamiba
norada, ka krasns podini apdedzinati temperatiira, kas zemaka par 900° C.

Krasns podinu glazgsanai lietotas svina silikatu saturoSas glaziiras. Vara savienojumi lietoti zalas glaziiras ieglisanai, svina, alvas un antimona
savienojumi dzeltenas glaziiras iekraso$anai, savukart dzelzs un vara savienojumi tumsi briinas glaziiras iegtiSanai.

Apkopojot iegitos rezultatus var secinat, ka Turaidas pilis lietotie krasns podini, iesp&jams, veidoti no vietgjas izcelsmes izejvielam. To
apliecina analiz&s ieglito kimisko un mineralo sastavu lidziba ar Latvijas maliem. Ka ari keramikas mikrostruktiira visiem analiz&tajiem
paraugiem ir [oti [idziga. ST hipotéze, protams, parbaudita uz nelielu skaitu paraugu, tapéc turpmakaja darba jaicklauj vairak paraugu, lai giitu
pilnigaku hipotgzes apstiprinajumu.

Slna Bencraymxka, Amutpuii fIxoBiaes, Jlura Bep3uns-Uumaunsa, Bus Crtuxane. PJIA u COM wuccie1oBaHne apXxeooru4eckoit
ne4yHoii kepamuku Typaiiackoro 3amka.

HpeBuuii Typaiiackuii 3aMOK — OIMH U3 BKHEHIINX M YHUKAJIBHBIX apXeoJornueckux naMsaTHukoB JlatBuu. HecmoTpst Ha OoJbLioi nHTEpec
HCTOPHKOB M apXeoJoroB K ucropuu TypaHacKoro 3amka, IMOJPOOHBIC M CHUCTEMAaTHYHBIE HCCIEJOBAHUE XMMHYECKOIO M MHHEPAIBLHOTO
cocTaBa HE PEeaIN30BaHbl, IO KpaifHell Mepe B 00JacTH MeYHOU kepaMuKku. Llenb 3Toro uccienoBanus BRIACHIATE XUMHUYECKUNA U MUHEPAJIbHBIN
COCTaB apXeoJorM4eckux (pparMeHToB neyHsIxX Kadeneil 1 y3HaTh UX IPOUCXOXKICHHUE - HCXO/IHbIE MaTepHalIbl U TEMIIEPaTypy OOXHTra.
Uetsipe ¢parmenTa meuHod kadenm Obun mccnenoBanbl MetomamMu PJIA, COM u COM-D/IC. PJIA ucmons3oBanmy Ui ONpEAETICHUS
MHUHEPATBHOTO COCTaBa APEBHEH KepaMHKH. MHKpPOCTPYKTypa KepaMHUYECKOH YacTH U Tia3ypeil meyHoi kadenu u ompenessiach METOIOM
COM. C nomouisro COM-DJIC onpeesieH XMMUYECKUH COCTaB KEPAMUKU U I1a3ypei.

XuMHYECKHI aHaIM3 TMOKa3aj, 4To IMe4HoW Kadenb mo Oombimeil yactu cocrout w3 Si0,, AlLO; K,0 m Fe,O;. Na,O, MgO u CaO
MIPUCYTCTBYIOT B HEOOJIBIINX KOJINYECTBAX. XUMHUUECKUIT COCTAB aHATM3MPOBAHHOTO IIEYHOTO Kagelsi MOX0XK - KaUeCTBEHHO M KOJINYECTBEHHO.
Bce ananm3upoBaHHbIE KepaMHUYeckre (parMeHThl Kad)elu COCTOSIM U3 WIUIUTA, KBaplia U MOJIEBBIX LINATOB B HECKOJIBKO MHBIX MPOMOPLUSIX.
[pucyrcTBre MUQPaKIHOHHBIX TUKOB WILUTUTA MOKa3bIBACT, YTO TeMIlepatrypa obxura nednoro kaderns 6puia Hwke 900° C. [IpeBHuii neyHoM
kadenp rmasypoBaH Iyla3ypedl CBHHLIOBO CHIMKaTa. 3ei€Has IJa3yph clellaHa A00aBisis COCOMHEHMS COAEpIKallde MeAb; KEIThIA -
COEIMHEHHS COJIEPIKaIIFe CBHUHEII, OJIOBO U CypPbMY; TEMHO KOPHIHEBBIH - COSTHHEHNUS COAEPIKAIINE KENe30 U MEJlb.

B 3akiroueHne MOXHO yTBEpXKaTh, YTO aHAIM3UPOBAHHEIE ()PAaTMEHTHI IIEYHOTO Kaderns, BO3MOXXHO, OblH cienansl B Typaiine, oToMy 9To
HX XUMHYECKHH ¥ MHHEPAJIbHBIN COCTaB MPUMEPHO COOTBETCTBYET JIATBHHCKOH rimHe. K ToMy e MHKpPOCTPYKTYpHI 00pa3IoB OBLIN ITOX0XU.
OTa TUnorTe3a OrpaHMYMBACTCS HEOONBIINM KOJIMYECTBOM ()parMEeHTOB IEYHON Kageld, T0ITOMY He0OXOANMO NaibHeHIIee TeCTUPOBAHNE U
IIpoBepKa Ha OOJIbIIEM KOJIMYECTBE 00pa3IioB.
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