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Abstract Thermal analyses are suitable methods when

studying not only nowadays, but also archaeological

ceramic materials. In this case, they were used to study the

mineralogical composition and the ageing process of a

collection of fragments of Gothic mosaic tiles which were

found during archaeological research of Břevnov Bene-

dictine Monastery in Prague. The ceramic bodies of the

tiles were differently coloured and showed different

degrees of degradation. The ageing process of low-fired

ceramics is accompanied by irreversible moisture expan-

sion of a ceramic body which can lead to its degradation.

The expansion of ceramic bodies of selected tiles was

evaluated by the modified dilatation method. Thermal

analyses with the combination of other methods (XRF,

XRD and IR) and induced hydrothermal treatment proved

the presence of clays in raw materials and helped to

identify the causes of different degrees of degradation of

the studied tiles.

Keywords Ceramic tiles � Gothic � Thermal analyses �
XRD � XRF

Introduction

Archaeological ceramic findings are being studied by

material scientists to identify the provenance and raw

materials, and to clarify technological procedures. The

methods of characterization are similar to those used for

modern ceramic materials, especially X-ray fluorescence

(XRF), X-ray diffraction (XRD), optical microscopy (OM),

infrared spectroscopy (IR), Raman spectroscopy (RS) and

thermal analyses (TA). In case of some ceramic materials,

it is necessary to study further characteristics which are

related to the stability of a ceramic body. It is well known

that ceramics prepared from clay materials fired at low

temperatures below 1000 �C (common for historical

ceramics, bricks, floor tiles, some types of roofing, etc.) can

undergo rehydroxylation of clay minerals residua (meta-

clays) by the influence of moisture [1–8]. This process is

called ageing and is accompanied by a volume expansion

of a ceramic body (moisture expansion) which can lead to

its degradation. In 1928, Schurecht [9] firstly described

crazing of glazed surfaces due to irreversible moisture

expansion of ceramics. It was proved that in case of

modern materials, the inaccurate technology of composite

concrete–ceramic floor structures in civil engineering

resulted in occasional failures [10–13], where moisture

expansion was one of the dominant loadings.

The ageing of porous ceramics by rehydroxylation of

meta-clays can be accelerated by curing in an environment of

high temperature and humidity. There are several standard

methods used for determination of a conventional irre-

versible moisture expansion such as boiling in water for 24 h

[14, 15], steaming above boiling water for 4 h [16] or high-

pressure steaming in an autoclave at 180 �C for 5 h [17].

These methods evolved for modern ceramic materials were,

however, found unsuitable for archaeological ceramics,
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Republic

2 Central Laboratories, University of Chemistry and

Technology Prague, Technická 5, 166 28 Prague, Czech
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where the amount of studied material is limited. For this kind

of materials, the method based on dilatation thermal analysis

was proposed [3]. The testing method consists of several

stages (Fig. 1).

The first annealing is performed with a dried sample

from the laboratory temperature to 700 �C. The strain–

temperature relationship measured during first annealing is

affected by thermal expansion and by contraction due to

the elimination of hydroxyl groups. The second annealing

is performed on the already annealed sample. The differ-

ence between the first and second annealing is due to the

release of hydroxyl groups and is equal to the natural

irreversible moisture expansion of an analysed sample.

Similarly, the difference between the third measurement

and the second measurement is equal to the irreversible

expansion due to the accelerating test. The derivatives are

plotted in Fig. 2, where the hatched area indicates the

irreversible moisture expansion. Although we cannot

assume a perfect thermal steady state, the transition point

of quartz at 573 �C can be identified, as well as the coef-

ficient of thermal expansion [3].

Hydrothermal loading at harsher conditions (230 �C,

100 h) was also used for identification of clay minerals in a

ceramic body using different methods such as STA, IR or

XRD [18–20].

Raw materials used for fabrication of prehistoric

ceramics were usually from local sources. The ceramic

products were fired at temperatures below 1000 �C, and so

they contained mainly quartz, feldspars, micas and some-

times residua of carbonates, possibly also new phases as

gehlenite, etc. Clay minerals (kaolinite, illite, etc.) were

usually present in the form of reactive non-crystalline

phases (meta-clays), but their presence in a crystalline form

is also possible depending on the firing temperature. The

presence of particular minerals then can help to estimate

the approximate firing conditions [21–23].

Ceramic pavements have been indivisible and signifi-

cant part of buildings already from ancient times. Ceramic

material was preferably used for its colour scheme, texture,

possibility of detail elaboration and decoration. Among the

oldest types of ceramic tiles in Europe were especially

geometric fair-faced (unglazed) tiles. They differed in the

colour of the ceramic body according to the origin of raw

materials and also the process of firing [22, 23]. One of the

most significant types is represented by unglazed mosaic

tiles which were manufactured in different shapes and

colours. Tiles were subsequently set together to form

geometric patterns and fixed in a lime mortar. Later, tiles

started to be glazed by lead or lead–tin glazes. This type of

floor mosaic tiles was produced substantially by Cistercian

monasteries, e.g. in Pontigny in France, during the twelfth

century or in Eberbach in Germany in the second half of

the thirteenth century. The unique three-coloured geomet-

ric Gothic floor tiles were found also in the Benedictine

Monastery in Břevnov in Prague in the Czech Republic

[24, 25].

This work deals with characterization of the ceramic

bodies of the floor mosaic tiles of Břevnov. The main aim

was to evaluate the mineralogical composition by ther-

mal analyses, to consider the similarity of ceramic bodies

and to determine causes of the destruction of white tiles.

Experimental

The subject of this study was a collection of fragments of

Gothic tiles which were found during archaeological

research of Břevnov Monastery in 1991–1992. (Břevnov

Monastery was established in 993 by Prince Boleslav II

and Saint Adalbert, the Bishop of Prague and the oldest
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Fig. 1 Strain–temperature relationships measured using a dilatometer

on a sample from historical clay ceramics (1 first measurement of a

historical sample, 2 second measurement of the same sample, 3 third

measurement of the sample subjected to an accelerating test by high-

pressure steaming) [3]

0 100 200 300 400 500 600 700 800
–5

0

5

10

15

20

25

30

Temperature/°C

Nature expansion
of historical sample

α-β quartz transition at 573 °C

1

2

dε
/d
T

/1
E

–6
K

–1

Fig. 2 Derivatives of strain–temperature relationships of sample

from historical clay ceramics (1 first measurement of a historical

sample, 2 second measurement of the same sample) [3]
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male monastery in the Czech Republic, Fig. 3.) Ceramic

tiles formed the floor of the west cloister of the monastery.

A part of fragments of tiles constituted a ceramic mosaic

that was made of circles. Each circle was formed by three

different types of colour-contrasting ceramic tiles (Fig. 4).

The collection of excavated fragment of ceramic tiles

was dated to the end thirteenth century and contained

fragments of the ceramic mosaic (Fig. 4) and also

fragments of individual tiles of different types [24, 25].

Samples for analyses of ceramic bodies were taken from

six different tiles: five (B101a, B101b, B101c, B101d, and

B101s) from the mosaic (Fig. 4) and one (B57a) from the

individual tile of a geometric shape and grey-brown colour.

The samples of ceramic bodies were ground in an agate

mortar to the form of fine powder, well dried (at 105 �C)

and used for the following analyses:

• X-ray fluorescence analysis (XRF); ARL 9400 XP

sequential WD-XRF spectrometer equipped with a Rh

anode end-window X-ray tube type 4GN fitted with

50-lm Be window. All peak intensity data were

collected by software WinXRF in vacuum. The gener-

ator settings–collimator–crystal–detector combinations

were optimized for all 82 measured elements with an

analysis time of 6 s per element. The obtained data

were evaluated by standardless software Uniquant 4.

The analysed powders were pressed into pellets of

about 5 mm thickness and diameter of 40 mm without

any binding agent and covered with 4-lm supporting

polypropylene (PP) film. The time of measurement was

about 15 min.

• X-ray diffraction analysis (XRD); X-ray powder

diffraction data were collected at room temperature

with an X’Pert PRO h–h powder diffractometer with

parafocusing Bragg–Brentano geometry using CuKa
radiation (k = 1.5418 Å, U = 40 kV, I = 30 mA).

Data were scanned with an ultrafast detector X’Celer-

ator over the angular range 5�–60� (2h) with a step size

of 0.0167� (2h) and a counting time of 20.32 s step-1.

Data evaluation was performed in the software package

HighScore Plus 3.0e.

• Thermal analyses (DTA, TG, DSC)—STA LINSEIS

STA PT1600/1750 �C HiRes using 45 ± 0.06 mg of

sample in Pt crucible and the heating rate of 10 �C
min-1 in the temperature range of 25–1000 �C in

helium flow. H2O and CO2 release was measured by

mass spectrometer OmniStar, Pfeiffer Vacuum, in the

range of 300 AMU.

Fig. 3 Břevnov Monastery [26]

Fig. 4 Partial restoration of the Gothic ceramic mosaic

Table 1 Semiquantitative chemical composition of the samples determined by XRF (mass%), presented in oxides

Sample Content/mass%

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O Others

B101a 63 33 1.1 1.6 0.6 0.3 0.4 0.1 0.18

B101b 72 16 4 0.9 2.0 1.3 2.6 0.9 0.51

B101c 75 14 4 0.8 1.9 1.0 2.4 0.9 0.80

B101d 72 16 4 0.9 1.6 1.3 2.7 1.0 0.46

B101s 74 13 3 0.8 1.6 1.0 2.3 0.8 2.98

B57a 67 15 4 0.9 7 1.9 2.4 1.2 0.46

Others—P2O5, V2O5, Cr2O3, MnO, ZrO2
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The accelerated ageing process was induced by

hydrothermal conditions in Teflon-lined autoclaves at

230 �C (2.77 MPa) for 100 h and at 180 �C (1.00 MPa) for

5 and 100 h. A solid/solution ratio of 1 g sample/20 mL

water was used in the experiments [20, 21].

Values of irreversible moisture expansion were mea-

sured by the dilatometric method using dilatometer LIN-

SEIS L75 Platinum Series Horizontal in helium flow at the

rate of 5 �C min-1. Compact samples (20 9 10 9 8 mm)

of tiles B101a, B101b, B101d, B57a dried at 105 �C to

constant mass were used for the measurements.

Results and discussion

Table 1 shows chemical composition of the studied Gothic

tiles measured by X-ray fluorescence analysis (XRF). It

was found that the composition of samples B101b, B101c,

B101d, and B101s was very similar and if we consider

typical heterogeneity of an archaeological material, it can

be denoted as the same. The other two samples differ

especially in calcium content. While the sample B57a

contained the highest amount of calcium from all the

samples (7 mass%), the lowest content of calcium

(0.6 mass%) was identified in the sample of the white tile

B101a. This information displaced the presumption about

the use of a highly calcareous white material for manu-

facturing white parts of the mosaic as the monastery owned

a limekiln from 996 [27].

The results of XRF analysis were used for the calcula-

tion of a theoretical mineralogical composition by the

program MINLITH (Table 2). This program is used espe-

cially in geology [28–30], and the results do not provably

determine the mineralogical composition as, e.g., XRD

analysis, but give an idea what the composition could be.

The program generated similar mineralogical composition

for samples with the very similar chemical composition

(B101b, B101c, B101d and B101s) as could be expected.

The dominant mineral for these samples should be quartz,

followed by clays as illite and montmorillonite. Quartz

should be the dominant mineral also in the sample B57a.

Table 2 Mineralogical compositions of raw materials of the samples

calculated from chemical composition by software MINLITH

Q Kn Ill Chl Mm Ab An Cc Ank Rt Ht Sd

101a 19 70 4 1 3 0 0 0 2 1 0 0

101b 40 4 26 0 19 2 0 0 6 1 0 1

101c 46 4 25 0 13 4 0 0 6 1 0 0

101d 40 3 28 0 19 4 0 0 5 1 1 0

101s 49 2 24 0 14 3 0 0 5 1 0 0

57a 35 0 24 4 18 5 1 9 4 1 0 0

Q quartz, Kn kaolinite; Ill illite, Chl chlorite, Mm montmorillonite, Ab

albite, An anorthite, Cc calcite, Ank ankerite, Rt rutile, Ht haematite,

Sd siderite

5 15 25 35 45 55 65

Position/°2

B101a

B101b

B101c

B101d

B101s

B57a

quartz

feldspars

calcite

hematiteanatase

10 15 20 25 30 35

In
te

ns
ity

θ
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This sample should contain unlike other samples calcite.

The program generated a very different mineralogical

composition for the sample B101a, where kaolinite should

be the dominant crystalline phase.

Mineralogical compositions of differently coloured

ceramics bodies of tiles were determined also by X-ray

diffraction analysis as shown in Fig. 5. The analysis con-

firmed the results of XRF about the similarity of samples

B101b, B101c, B101d and B101s; all the samples con-

tained quartz as the dominant crystalline phase, then small

amount of feldspars. The different grey colouring of the

B101b tile compared to the reddish-brown of the other

samples was probably caused by the firing in reducing

atmosphere. Sample B57a contained quartz, feldspar and

also a small amount of calcite. In the sample of the white

tile (B101a), besides quartz only a very small amount of

TiO2 in the form of anatase was detected. This sample was

subsequently subjected to accelerated ageing process (hy-

drothermal treatment in an autoclave at 230 �C for 100 h).

The experiment proved the presence of kaolinite in the

treated sample (Fig. 6). The sample was also fired at

1200 �C, and XRD then proved the presence of mullite and

rutile (Fig. 6). The results of XRD are in good agreement

with the theoretical mineralogical composition determined

by program MINLITH. The difference can be seen only in

determination of a clay mineral illite, which was not

identified by XRD. The reason can be that the illite is

present in the form of a non-crystalline meta-clay (fired

clay) and so cannot be detected by XRD.

Figure 7 shows IR spectra of the sample B101a, illus-

trating the process of metakaolinite rehydroxylation under

different hydrothermal conditions. Only the sample treated

by the harshest hydrothermal conditions (100 h at 230 �C)

showed the pronounced degree of ordering of the kaolinite

structure represented by bands at *3687, 3659 cm-1

belonging to inner surface bonds and the band of inner OH

bond at 3622 cm-1 [31, 32].

Figure 8 shows results of thermal analyses (DTA-MS

mode) of the white tile B101a used for identification of

clay minerals in a plastic component of the ceramic raw

material. The DTA curve of the hydrothermally treated

sample B101a shows strong endothermic effect in the

temperature interval *400–550 �C, which corresponds to

dehydroxylation of kaolinite (removal of chemically bound
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body B101a before and after hydrothermal treatment (HT)
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water). Other endothermic peaks were registered at

*570 �C, which are related to a transformation from b-

quartz to a-quartz. The DTA curve of hydrothermally

treated sample also shows an exothermic peak related to

the crystallization of defect spinel structure.

Figure 9 shows the results of thermal analyses (DTA-

MS mode) of the calcareous sample B57a and the sample

B101d representing the group of mosaic samples with the

similar chemical and mineralogical composition. The

presence of calcite in the sample B57a detected by XRD

was confirmed by the endothermic peak between *600 �C
and 750 �C due to its decarbonation. This endothermic

peak corresponds to MS line of CO2. DTA curves of both

samples showed endothermic peaks related to transforma-

tion from b-quartz to a-quartz (*570 �C) and then a broad

endothermic effect between *200 and 500 �C due to

dehydration and dehydroxylation of clays. The MS lines of

H2O confirm the dehydroxylation in wide temperature

ranges for both samples; however, in case of the sample

B101d, additional small endothermic effect in the tem-

perature interval *400–550 �C which probably corre-

sponds to dehydroxylation of kaolinite was monitored.

Values of irreversible moisture expansion were mea-

sured by the dilatometric method. Figure 10 shows

dilatation curves of the samples B101a and B101d repre-

senting a typical example of rehydroxylation. The differ-

ence between the first and second annealing is due to the

release of chemisorbed water from the ceramic body and is

equal to the natural irreversible moisture expansion of the

samples B101a and B101d. After the second annealing, the

samples were subjected to the hydrothermal steaming

(100 h at 230 �C) and then measured for the third time.

The difference between second and third measurement
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Fig. 11 Derivatives of strain–temperature relationships of B101a and

B101d (1 first measurement, 2 second measurement of the same

sample, 3 third measurement of the sample subjected to hydrothermal

steaming)
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Table 3 Natural irreversible moisture expansion determined by

dilatometric measurement

Sample Irreversible moisture expansion/

lm m-1
Standard deviation/

lm m-1

B57a 289 10

B101a 1329 122

B101b 687 47

B101d 768 98
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indicates the maximum of the possible expansion. The

derivatives of the measured dilatometric curves are plotted

in Fig. 11. The derivative curve of the sample B101a

confirms pronounced dehydroxylation of metakaolinite in

the temperature interval 450–550 �C, which is in good

agreement with the results of thermal analyses presented in

Fig. 8. Also, the dilatometric results of the sample B101d

are consistent with the DTA-MS H2O curves (Fig. 9), that

is the release of water from meta-clays.

Figure 12 shows dilatation curves of the sample B57a.

The curves display minor differences between the first and

second annealing, so the ceramic body expanded less. This

was as expected as the presence of CaO reduces irre-

versible moisture expansion [3]. The mean values of the

natural irreversible expansions are listed in Table 3. The

highest value (1329 lm m-1) was obtained for the sample

of the white tile B101a, where high amount of kaolinite

was proved. The lowest value was obtained for the sample

of the calcareous tile B57a.

Table 4 shows the values of coefficients of thermal

expansion (CTE) of the samples B101a, B101d and B57a

determined by dilatometric measurement. The column

D2-1 represents values of the natural rehydroxylation,

whereas the column D2-1 represents values of the maxi-

mum rehydroxylation induced by the hydrothermal treat-

ment in an autoclave. The measured values were used for

calculating the ratio of rehydroxylation in the studied

samples. The calculated ratios of rehydroxylation along

with dilatation curves show the different degrees of the

natural rehydroxylation in the ceramic bodies of the studied

samples by the influence of soil moisture. High degree of

natural rehydroxylation (*70 %) was proved in the sample

of the white tile B101a. Volume expansion of meta-clays

and a low degree of kaolinite sintering caused extensive

degradation of the white tile. Apparently lower degree of

degradation showed terracotta ceramic bodies represented

by the sample B101d with the ratio of rehydroxylation

*30 %. The lowest ratio of rehydroxylation (*5 %) was

calculated for the tile B57a, which is related to the content

of calcium restraining the volume expansion of meta-clays.

Accordingly, this calcareous tile showed the lowest degree

of degradation.

Conclusions

Thermal analyses (STA and dilatometry) with the combi-

nation of other methods (XRF, XRD and IR) were used to

study the causes of degradation of ceramic bodies of Gothic

mosaic tiles which were found during archaeological

research of Benedictine Monastery in Prague. Analyses of

hydrothermally treated (100 h, 230 �C) ceramic bodies

proved that the raw material for fabrication of white tile

(B101a) was mainly kaolin. Due to a low firing temperature

(below 1000 �C), the ceramic body contained a high amount

of an unstable phase—metakaolinite, which underwent

rehydroxylation accompanied by volume expansion (the

ratio of rehydroxylation was nearly 70 %). This process

along with a low degree of sintering due to high amount of

kaolinite caused extensive degradation of the white tiles.

Apparently lower degree of rehydroxylation *30 % was

proved in the coloured ceramic body of terracotta tile B101d.

The lowest degree of degradation showed the tile B57a,

which was as expected due to the presence of calcium

restraining the volume expansion of meta-clays.

Thermal analyses confirmed the presence of clay min-

erals or meta-clays in all samples, which is typical for

archaeological material.
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2000. p. 12.
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