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Firing process of natural clays. Some microtextures
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Abstract

Microtextural and microchemical data on sherds, experimentally fired at different temperatures, reveal the presence of non-
homogeneous compositions of firing phases, even over a distance of 10-30 um. These results were obtained with an analytical
strategy combining bulk and ‘in situ’ (spot) analyses. Such microtextures, formed by sub-solidus reactions, occur in limited
domains of the system, testify for a short-range diffusion of chemical components during the firing process, even if 1050°C
were reached in the kiln. Relationships among phases formed during the firing process indicate that their composition is
independent of kiln temperatures and is related to the composition of precursor phases on which they grow. The use of data
obtained by X-ray diffraction techniques on bulk samples, when used to define firing temperatures of historical artifacts, could
be considered.

Thermal analysis shows the different steps of the process in terms of fluid-releasing reactions and indicates some constraints

to the development of the reaction. © 1998 Elsevier Science B.V.
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1. Introduction

Firing temperatures are commonly used in archeo-
metric researches to determine the technological attri-
butes of an historical sherd and to deduce some of the
aspects of the material of a given historical period [1-
3]. Current methods used in archeometry are mainly
based on the presence of particular minerals detected
by ‘bulk’ investigations (X-ray diffractometry). The
appearance of a particular firing mineral phase
assemblage is related to the temperature reached in
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the kiln. In particular, the reaction involving gehlenite
(CayAl,Si04, geh), quartz (SiO,, qz), wollastonite
(CaSi0s, wo) and anorthite (CaAl,Si,Og, an), namely

geh + 2qz — wo + an (1)

is considered to be diagnostic for the attainment of
particular temperatures being reached during the fir-
ing. It is found that wollastonite and anorthite are
stable in the sherd for temperatures exceeding 950°C
[4].

The aim of this paper is to contribute to a better
calibration of firing temperatures, recorded by both
historical and present-day artifacts. Consequently,
clay artifacts are considered as artificial rocks formed
in a kiln. The methodological approach is the same
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as that used when petrological investigations on
metamorphic rocks are carried out [5,6]. The micro-
textural relationships existing among mineral assem-
blages developed during firing are used to emphasise
the role played by reaction kinetics on the control of
the growth characteristics and firing phase composi-
tions.

For these purposes, experiments were undertaken
on clay samples in order to assess some of the kinetic
factors constraining the occurrence of new phases
developed on particular microdomains, as a result
of reactions occurring between a clay matrix and
temper grains during the firing process. Each sample
is considered to be representative of the attainment of
steady-state equilibrium conditions. The progress of
reactions has been investigated through microtextural
and microchemical analyses of samples fired at dif-
ferent temperatures.

Our results stress the presence of non-stoichio-
metric firing phases formed in a clay matrix. The role
exerted by fluid-evolving reactions (de-hydration and
de-carbonation), during temperature rise, in the devel-
opment of new phases were also studied by thermo-
gravimetric analysis (DTG).

2. Experimental

Experiments were carried out on two samples of
contrasting bulk composition (Ca-rich and Ca-poor
clay), Fig. 1. Fragments (50-150 um) of natural
minerals such as feldspar (albite, NaAlSi3;Og), mica
(biotite, K(Fe,Mg)3AlSiz0,9(OH),) and calcite (cc,
CaCOj3) were added to the raw clay material in an
amount not exceeding 10% by volume. Experimental
runs were carried out at temperatures of 550°, 850°
and 1050°C. After 14 h at peak temperature, samples
were cooled in 10 h.

The study combines analytical data produced with
‘bulk’ and ‘in-situ’ techniques [7]. The ‘bulk’ analyses
were produced using powder X-ray diffraction (XRD)
and X-ray fluorescence (XRF). The electron microp-
robe (EMP) was employed to perform the ‘in-situ’
(spot) analyses on polished, C-coated thin sections.
Microtextural investigations under optical (OM) and
electron (EM) microscopes were carried out.

The analytical data were collected by means of the
following instruments:

A

Wt % Ca-rich Ca-poor
SiO; 51.96 60.41
TiO, 0.57 0.88
ALO; 16.23 19.93
Fe 03 4.89 6.51
MnO 0.10 0.12
MgO 3.29 2.58
CaO 8.83 1.41
Na,O 0.70 0.86
K,0 2.57 1.69
P05 0.10 0.09
LOI 10.75 5.52
Sio,
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Fig. 1. Compositions of Ca-rich and Ca-poor clay () reported on
ACS (Al,0;3-Ca0-Si0,) diagram (B) and in the table (A). Mineral
compositions and compatible phases are also shown by full dots
and tie lines, respectively.

XRD: X-ray analyses were carried out on Philips
PW 1800, CuK,, graphite-monochromatised radia-
tion, diffractometer on random ‘powder’ prepara-
tions. The X-ray diffraction data were analysed
considering the intensity of reflections diagnostic
for each mineral.

XRF: major element analysed of Philips PW 1480;
Rh and W tubes were employed according to
the analysed element in the 1600-3000 W range.
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XRF data have been obtained on powder pellets
2 9.

EMP and EM, a JEOL JXA 840A electron
microanalyser equipped with three wavelength
dispersive spectrometers (TAP, PET and LIF
analysing crystals) and one Si(Li) energy disper-
sive spectrometer (Be window) was used. Analy-
tical conditions of 20 KW of accelerating voltage
and 20nA were employed with a spot size of
5Sum. Data were collected by the WDS (wave-
length-dispersive spectrometer) and processed
with the TASK correction programme. Mineral
phases were used as standards, to avoid matrix
effects. The estimated precision was ca. 3% for
major and 10% for minors elements. Samples
are prepared as polished thin section, C-coated.
DTA 1600 cell of du Pont (USA) assembled with a
910 DSC module; experiments were carried out in
static air, scan speed 10 Kmin~'. DTA is con-
trolled by a TA 2000 system. The instrument was
previously calibrated with an NaCl standard.

3. Results and discussion
Firing phases in Ca-rich clays lay across the ACS

(Al,05—Ca0-Si0,) triangle between clay minerals
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and calcite (CaCOs3) compositions, whereas Ca-poor
clays are restricted on the AS side of the triangle
(Fig. 2(B)). The bulk composition of the system con-
trols the extent of phase compositional variability, as
evidenced by Ca-rich clays [7].

In Ca-rich clay, a simplified mass balance may be
used to model the firing reaction. Illite (KAly
Si70,09(OH),) (ill) and calcite (cc) represent the phases
present in the natural clay, whereas K-feldspar (KAI-
Si30g) (kfd) and gehlenite (Ca,Al,Si05) (geh) are the
firing phases. Silica is considered as an excess phase in
this calculation.

0.4ill + 1.2 cc — 0.4 kfd + 0.6 geh + 1.0Si0,
+1.6H,0 + 1.2CO, 2)

Based on mineral chemistry, the identification of
phases growing on clay matrix is rather difficult, since
they do not retain stoichiometric compositions. In the
Ca-rich sample, fired at 1050°C, the ‘in-situ’ analysed
compositions are superposed on the melilites field and,
even when non-stoichiometric, may be considered as a
complex solid solution of different melilite end-mem-
bers (Fig. 3). In fact, XRD reveals the presence of
melilites in the bulk [7].

Fig. 3 displays compositional distinct layers bound-
ing the pristine tempered minerals. As a rule, the phase
positions indicate a compositional array between
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(100%)

Fig. 2. ACS diagrams show the chemical compositions of firing phases in (A) Ca-rich clay and (B) Ca-poor clay at (open dots) 550°C,
(squares) 850°C, and (triangles) 1050°C. The pure phases are represented by white dots. The shaded area encloses the melilites compositional

field.
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Fig. 3. Experimental firing carried out at 1050°C. (A) Key
microtexture in which reactions occurring between temper
fragments and clay matrix are shown. Black dots represent spots
analyses. (B) Phase compositions obtained by EMP analyses (open
dots). The pure phases are represented by full dots. The shaded area
encloses the melilites compositional field.

calcite and clay minerals. The presence of chemically
complex phases is related to the particular micro-
texture. Some analyses of samples, fired at 1050°C,
match the gehlenite compositions, in particular the rim
of calcite grain (e.g. 56 and 57). Within the calcite
sites some grains have a complex zoning (e.g. 76, 77,
78) even at a distance of few tens of pm. Other grains
display a more homogeneous composition (e.g. 72,73,
74,75). Anorthite-bearing compositions are restricted
to the rims bounding quartz grains (e.g. 64, 65). These
layers are produced by reactions of temper minerals
with the adjacent clay-matrix. The different chemis-

LI

Fig. 4. Conceptual scheme showing the Ca-contents in biotites
fixed at (1) 550°C, (2) 850°C and (3) 1050°C. Black dots are spot
analysis positions. Numbers in labels represent the CaO contents
(wt %).

tries of layered minerals and their compositional
zoning reveals the chemical control exerted by the
reacting phases. Such transient mineral assemblages
are produced by sub-solidus reactions occurring in
limited domains of the system and testify for a short-
range diffusion of chemical components during the
firing process, even if 1050°C were reached in the kiln.

In the Ca-rich clay, the biotite changes its original
composition during the increase in firing temperature.
In a reaction behaviour controlled by the presence of
calcite, Fig. 4 evidences a Ca compositional zoning
occurring at lower temperatures (550°C). At 850°C,
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Fig. 5. Compositional zoning of albite fragment reached during the
1050°C firing. Labels contain values for CaO, Na,O and K,O
(Wt%). Dots represent spot-analysis positions.

the Ca compositional gradient is strongly reduced.
Finally, at 1050°C, biotite reaches a more homoge-
neous composition but retains appreciable amounts of
Ca. The increase in temperature produces composi-
tionally homogeneous phases by enlarging the reac-
tion domains and enhancing chemical communication
among phases. This latter aspect could be related to
chemical changes produced in biotite by the highest
firing temperatures, leading to an amorphous and
anhydrous phase [8].

At temperatures exceeding 850°C, albite changes
its composition by reaction with the clay matrix. A rim
of K-feldspar (KAISi3Og) overgrows the albite crys-
tals in the sample fired at 1050°C, according to the
mass balance reaction (reaction 2). The zoning pattern
is characterised by a steep decrease in the Na content
with a concomitant increase of K (Fig. 5). In this case,
the K-feldspar rim is crystalline, as testified by its
optical characters detected under OP microscope, and
displays stoichiometric compositions, as evidenced by
EMP analyses.

The breakdown of calcite occurs ca. 850°C and
releases CO, as a component of the fluid phase in Ca-
rich clays (Fig. 6). In the sample the amount of fluid
loss was ca. 12 wt%. The formation of a secondary
porosity during the rise in temperature may be due to
the release of fluid phase. The formation of pores,
partially filled by crystal aggregates of firing phases
with a well-developed crystalline habit, has already
been described [9]. This seems to indicate that the
system is not completely open to fluids. In fact, the
fluid phase released by reactions produces a transient
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Fig. 6. TGA of Ca-rich clay. Triangles represent temperature of
experimental run.

fluid pore pressure leading to the mineral crystallisa-
tion within pores.

4. Conclusions

The results obtained lead to the following conclu-
sions:

Ca-poor clay did not show the wide compositional
variability of firing phases as displayed by Ca-rich
ones. In this aspect, the calcium derived from
calcite breakdown may produce a compositional
array of phases such as gehlenite, anorthite,
wollastonite (diopside).

The presence of a fluid phase may be considered
responsible for the enhancement of reaction
kinetics and for the increase of ‘chemical commu-
nications’ among reacting phases. This lead to an
enlargement of the reaction domains within the
sherd.

Relationships among phases formed during the
firing process indicate that their composition is
independent of kiln temperatures and is related to
the composition of precursor phases on which they
grow. On this aspect, the use of bulk analysis to
define firing temperatures could be critically
considered. In a system partially reacted and
equilibrated, the obtained temperatures could be
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misleading. The relationships existing between
temperature increase and reduction of the biotite
zoning as well as the growth of K-feldspar rim on
albite could be significant. Both could be micro-
chemical features, suitable to evaluate the attain-
ment of certain 7-values in the kiln.

In the clay matrix, the crystallisation of phases with
a non-stoichiometric composition could be due to
differences between the rate of nucleation and growth
of phases and the rate of temperature increase. In
particular, if the firing rate is faster than nucleation and
growth rate, we may conclude that the presence of
composition is well established and homogeneous
phases could be inhibited. This occurs because new
phases nucleate in a reaction behaviour characterised
by the breakdown reaction of the crystal lattices of
clay minerals. Exceptions are the K-feldspars occur-
ring as rims around albite. In this case, the similarity
between albite and K-feldspar crystal lattices drives
the epitactic reactions governing the compositional
zoning.
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