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Abstract 

A red-yellow ceramic from Tunis and a similar clay material has been investigated. 

In both the red-brown and yellow layer of the ceramic the same ferruginous mineral 
phases, hematite, wollastonite and anorthite are present. Iron is present only as Fe (111). 
The proportion of a-Fe20 3 to total iron decreases from 26 OJo in the red-brown layer 
to 6 OJo in the yellow layer of the ceramic. 

For a CaO-rich ferruginous clay from Rheinzabern the dependence of color on the 
burning temperature was investigated up to 1100 °C. The results indicate that i) only 
Fe (III) is present, ii) the observed color change from ocher to yellow at 1000 °C is in 
agreement with a decrease on a-Fe20 3, iii) above 850 °C wollastonite is the host lattice 
of the Fe3+ -ions, while above 1000 °C both anorthite and wollastonite are host 
lattices. 

Introduction 

As a result of solid state reactions, a color change from red-brown to light yellow, which 
is dependent on the burning temperature, is observed in CaO-rich, ferruginous clays. 
This color change was used in ancient ceramies for cantrast in surface paintings. 

For this paper the red and yellow layers of a ceramic body from Tunis (Nr. 0229) were 
investigated by X-ray and Mössbauer spectroscopy. Re-emissionspectroscopic measure
ments of this ceramic were performed previously by KNüLL (1980). 

For comparison we investigated the dependence of color on the burning temperature 
of similar material which was used for the production of ancient ceramics, namely 
Rheinzabern clay (burning series Nr. 252- 277). 

The following problems needed to be clarified: 
a) Dependence of the distribution of phases in the ceramic on the burning temperature 
b) Importance of the oxidation-state of the Fe-ions to the color of the ceramic 
c) Importance of the precentage of a-Fe2Ü3 on the color of the ceramic 
d) Distribution of the Fe-ions in the different mineral phases 
e) Burning temperatures required for the production of the light yellow layer of the ce

ramic fragment. 
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Experimental 

Preparation of the burning series. To prepare a very CaO-enriched burning series we 
added 35 07o CaC03 to the illitic-montmorillonitic Rheinzabern clay (HoFFMANN, 
1983). The homogenously mixed samples were first heated in oxidizing conditions to 
550 °C within 30 minutes. At 1100 °C the temperature was kept constant for 16 hours. 

Powder diffraction patterns were obtained with a Philipps diffractometer APD20 
(Cu Ku-radiation). 

Mössbauer transmission spectra of 57Fe were taken at room-temperature with a con
ventional constant-acceleration spectrometer (Elscint AME-30 comp.). The source, 
57Co in Rh (25mCi), was moved by a double-ended transducer. The velocity (sym
metric triangular mode) was controlled by simultaneaus accumulation of absolute 
velocity data produced by a laser interferometer. The Mössbauer and the velocity 
calibration spectra were accumulated in 1000 or 500 channels (Elscint Promeda). The 
detector was a Nai(Tl) scintillation counter (Harshaw). The iron content was 1 -2 
mg/cm2• 

As a routine analysis the spectra were fitted by a least-squares method, assuming 
Lorentzian lineshapes, equal intensities and half-width of the doublet components. For 
the sextets quadrupol splitting was neglected. The statistical reliability of the fit was 
measured by 

N 
X 2 = L (Yo - Yc)2/Yo 

All isomer shifts are reported relative to iron. In the figures, experimental count rates 
are shown as strokes according to their standard deviations, and straight lines corres
pond to calculated curves. 

Results 

X-ray analysis of the burning series. Of essential importance to the development of new 
mineral phases is the original high content of quartz and calcite in the clay. At 
temperatures up to ca. 750 °C only the calcite content decreases, while from 750 -
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Fig. I: Stability ranges of the mineral phases of Rheinzabern clay in dependence of the burning tempe
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1000 °C a decrease in the quartz content also occurs. The formation of new mineral 
phases begins at 900 °C. Above 900 °C wollastonite is formed preferentially and con
stantly increases in proportion to the other mineral phases. Gehlenite forms quite sud
denly at 900 °C, decreases as the formation of anorthite takes place, and completely 
disappears at 1100 °C. Figure I and Table 1 show the ranges of stability of the mineral 
phases during heating of the Rheinzabern clay. 

Table 1: Mineral phases oj the burning series in dependence of the burning temperature 

Burning Quanz lllite Calcite Gehlenite Woll· Anorthite 
temperature Montmorillonite astonite 
(OC) Biotite 

550 X X 

700 X 

750 X X 

800 X X 

900 X 

950 X X 

1000 X 

1050 (x) 
1100 (x) X 

Because the major reflections at 1000 pm, 490 pm and 330 pm do not shift during 
heating, the existance of illite is proved up to 750 °C. This agrees with Brown (1972), 
who states a temperature of 850 °C is neccessary for the final destruction of the illitic 
lattice. According to Thorez (1976) this material is an open illite with the behaviour of 
a montmorillonite. 

The typical montmorillonite-reflection also vanishes at 750 °C. The X-ray identifica
tion of biotite in the presence of illite-montmorillonite is difficult, since the illite
reflection of 446 pm overlaps with the biotite reflection and doesn't vanish until 
750 °C. Biotite, however, can be identified by a reflection at 990 pm and although it 
is much weaker than the reflection at 446 pm it is observable up to 900 °C. 
Polarization-microscopic observation confirms the presence of biotite. 

X-ray analysis of the ceramic fragment. Because of the double colour of the ceramic 
fragment we imagined at first different mineral phases, but we found that the com
ponents are identical except for the presence of hematite in the red-brown layer. By 
phase analysis we proved that the main components are wollastonite, anorthite and 
quartz. A glass phase in the ceramic body could not be identified. 

If the fragment is heated to 1130 °C for 24 hours, its color turns completely yellow due 
to a loss of hematite. This also was reported by Knoll (1980) in earlier re-emission
spectroscopic investigations. Furthermore, following the tempering, reflection inten
sities of the main phases of the X-ray diagram increase. 

Mössbauer spectra of the burning series 

The room temperature Mössbauer spectra of the clay burning series show two com
ponents up to the burning temperature of 850 °C, one of them sixfold splitted by 
magnetic hyperfine interaction (Fig. 2, Table 2). The sextetts are due to a-Fez03 in 
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Fig. 2: Room-temperature Mössbauer spectra of the burning series up to the burning temperature of 
850 °C 

Table 2: Room-temperature Mössbauer parameters of the burning series in the range 550 ° - 850 °C 

T (OC) ö (mm/s) 1\. (mm/ s) B;.,1(T) r (mm /s) PA (o/o) 

550 0.35 1.13 0.35 100 
700 0.35 1.20 0.37 89 

0.23 49 .7 0.36 I I 
750 0.34 1.1 8 0.37 93 

0.34 49.4 0.25 
800 0.33 1.14 0.38 85 

0.39 51.6 0.33 15 
850 0.33 1.1 3 0.38 83 

0.28 50.5 0.45 17 

8 isomer shift (mm / s) , 1\. quadrupole Splitting (mm/ s), 8;01 internal magnetic field (T), r linewidth (mm/ s), PA partial 
absorption a rea (%) 

agreement with their characteristic internal magnetic field (49.4- 51.6 T) and isomer 
shift (0.23- 0.39 mm/s). The second absorption of the spectra with 8 = 0.33- 0.35 
mm/ s and ß = 1.13- 1.20 mm/s belongs the structural Fe (III) of the illitic clay 
material. 

The Mössbauer spectra of the burning series with burning temperatures higher than 
850 °C show a remarkable change. 

A third absorption with a much higher quadrupole splitting (ß = 1.43- 1.57 mm/ s) 
and a lower isomer shift (ö = 0.24-0.27 mm/ s) is observed at 1000 °C and high er 
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temperatures. Both values are due to Fe (III). The quadrupole splitting of the 
paramagnetic main component (8 = 0.34-0.37 mm/s and L\ = 0.88-1.05 mm/s) 
decreases with increasing burning temperature. The proportion of Fe2Ü3 relative to the 
total iron content decreases from 11 OJo to 2 % at temperatures of 1000 °C and higher 
(Fig. 3, Table 3). 
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Fig. 3: Room-temperature Mössbauer spectra of the burning series in the range 900 - 1100 °C 

Table 3: Room-temperature Mössbauer parameters oj the burning series in the range 900-1100 °C 

T (°C) 6 (mm/s) ~ (mm/s) B;m(T) r (mm/s) PA ("'o) 

900 0.34 1.05 0.35 95 
0.39 50.8 0.14 5 

950 0.35 1.00 0.34 89 
0.37 51.6 0.32 II 

1000 0.35 0.91 0.31 81 
0.31 51.3 0.29 9 
0.25 1.52 0.15 10 

1050 0.37 0.88 0.29 72 
0.33 49.4 0.28 2 
0.27 1.43 0.26 26 

1100 0.36 0.90 0.27 79 
0.36 50.1 0.18 2 

0.24 1.57 0.23 19 

The isomer shift of each absorption is due to Fe(III) and shows only a small variation 
in the whole range of burning. Whereas quadrupole splitting, linewidth and partial ab
sorption area are dependent on burning temperature (Fig. 4- 6). 
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Fig. 4: Quadrupole splitting of the main Fe (III)-absorption as a function of burning temperature 
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Fig. 5: Linewidth of the main Fe (III)-absorption as a function of burning temperature 
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Fig. 6: Partial absorption area of the Mössbauer absorptions as a function of burning temperature 
(I Fe (lll)-main-absorption; II a-Fez03; III Fe(Ill) in anorthite) . 

According to Grim (1968) who has found dehydroxylation of the iilitic clay material 
in the temperature range 400- 800 °C, the deformation of the silicate structure Ieads 
to a coordination asymmetry of the iron ions and to an increase of quadrupol splitting 
and linewidth above 500 °C. As a further result of dehydroxylation, a-Fe2Ü3 is formed 
from structural iron of the iilitic clay material. Figure 6 shows the increase of a-Fe2Ü3 
up to 800 °C. Smailer magnetic splittings than the theoretical value of Bint = 51.6 T 
mean that the Fe2Ü3-particles are not weil crystailized. 

After decomposition of the illitic clay material at 850 °C new silicate minerals contain
ing iron are formed. X-ray phase analysis shows that at 850 °C woilastonite is formed, 
while gehlenite exists between 900 °C and 1000 °C and converts to anorthite at 
1000 °C. lt is not possible to determine the hast lattice of iron of the paramagnetic 
main absorption because the Mössbauer parameters of Fe (III) in octahedral positions 
of various silicates are similar. From X-ray phase analysis we believe that woilastonite 
is the hast lattice. The decrease of quadrupol splitting and linewidth means that the 
distortion of the octahedral environment of the Fe3+ -ions has decreased. The decrease 
of Fe203 agrees weil with the change of color from ocher to light yeilow at 1000 °C. 
The third absorption observed above 1000 °C is due to anorthite. 
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Mössbauer spectra of the ceramic fragment 

Both layers of the ceramic fragment show in their Mössbauer spectra one sextet and 
two doublet absorptions (Fig. 7). Similarity of the parameters of the components (Table 
4) show that the same ferruginous mineral phases with only Fe (III) are present in the 
red-brown and the yellow layer. 

Isomer shift (ö = 0.33-0.34 mm/s) and internal magnetic field (Bint = 50.8- 51.0 T) 
of the sextets agree with the values of a-Fez03• The quadrupol splittings of the 
paramagnetic absorptions are Ll = 0. 79 mm/s and L1 = 1.50 mm/s in the red-brown 
layer and L1 = 0.86 mm/s and L1 = 1.46 mm/s in the light yellow layer. Additional 
measurements in the region of the doublets confirm these values (Table 4). 

Table 4: Mössbauer parameter oj the red,brown and the light yellow layer oj the ceramic fragment 

o (mm / s) Ll (mm/ s) B;",(T) r (mm / s) PA ("lo) 

Red-brown 0.36 0.79 0.24 48 
layer 0.34 50.8 0.23 26 

0.23 1.50 0.31 26 

Yellow 0.37 0.86 0.25 66 
layer 0.33 51.0 0.21 

0.25 1.46 0.27 28 

Red-brown 0.37 0.78 0.22 
layer 0.24 1.44 0.35 

Yellow 0.36 0.87 0.24 
layer 0.23 1.50 0.23 

The upper values are measurements in the range 10 mml s. the lower ones in the range 3 mm / s, both with 2000 channels 

By X-ray phase analysis of the ceramic fragment and comparison of the Mössbauer 
data with those of the burning series, component I (ö = 0.36- 0.37 mm/s and L1 
0.79-0.87 mm/s) is wollastonite and component Ill (Ö = 0.23-0.25 mmls and L1 = 
1.44-1.50 mm/s) is anorthite. 

The partial absorption area of each component is different in the two layers though. 
The proportion of a-Fez03 decreases from 26 OJo of total iron in the red-brown layer 
to 6 OJo in the yellow layer. Most of the iron ions migrate to component I, as its iron 
content increases from 48 OJo to 66 OJo . The proportion of iron in component Ill in
creases by only 2 OJo (Fig. 8). 

As result of tempering the red-brown layer at 1130 °C the Mössbauer spectrum shows 
that no a-Fe2Ü3 is present in the yellow layer formed and iron ions are detectable only 
in the two silicate components. The Mössbauer parameters are now the same as those 
of the original yellow layer (Table 5, Fig. 7). Since the Mössbauer parameters depend 
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Ti:tb/e 5: Mössbauer parameters of the tempered red-brown layer of the ceramic jragment 
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Fig. 7: Room-temperatu re Mössbauer spectra of the red-brown and the light yellow layer o f the ceramic 
Fragment 

on the burning temperature it is possible to determine burning temperatures of 
ceramics. 

The following relations between quadrupol Splitting ~ of the paramagnetic Fe (III)
component and the burning temerature of a French ceramic were observed by Janot 
and Delcroix (1974) 
a) Increasing burning temperature from room temperature to 1200 °C Ieads to a final 

value of quadrupol splitting of ~ = 0.90 mm/ s. 
b) lf burning the clay in a preheated furnace (1000 °C or higher) a constand ~-value 

can be reached after five minutes. The Ll -value always is between 1.06 mm/s and 1.30 
mmls. By burning the clay again from room temperature to 1200 °C the upper 
value of 0.90 mm/s is measured. 

If the clay is fired in a reducing atmosphere a characteristic dependence of the burning 
temperature is observed for the quadrupol splitting of the Fe(ll)-absorption (Bouchez 
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Fig. 8: Partial absorption areas of the ferruginous components in the layers of the ceramic fragment 

1974). By the quadrupol splittings of the burning series (Fig. 4) a burning temperature 
of 1100 °C for the light yellow layer of the ceramic fragment is in agreement with the 
observed color change at 1130 °C. The low ~-value suggests that the ceramic was 
burned in a slowly heated furnace. No Fe (II) is present in the Mössbauer spectra. 
Therefore, the atmosphere was not reducing during burning. 
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