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ABSTRACT : Based on the X-ray powder diffraction (XRD) and Méssbauer spectrosco-
py, the thermal behavior and phase transformations of two clays are investigated for raw
and fired conditions, which are collected from Kwangryeongli and lido district in Cheju Is-
land. Mdssbauer spectra at room temperature and 20K for two clays show that paramagnet-
ic Fe' is the structural iron of the layer silicate and ferrihydrite, and superparamagnetic
goethite has about 50% of the total iron contents. The XRD peaks of hematite for the fired
clays appear from 800 in Kwangryeongli clay and from 600C in Ildo district clay.
respectively. When the clays are fired ranging from 100°C to 1200°C with an interval of 100
C. a transformation of superparamagnetic goethite to hematite occures at the range of 200
T~3007C for Kwangryeongli clay and 500°C~600C for Hdo district clay, respectively. The
structural FeZ+ was completely oxidized into Fe' at 400C. For the temperature ra.ging
from 400C to 700°C~800%C, two fired clays exhibit the dehydroxvlation of the clay mineral.
A disintegration of the clay mineral structure is ohserved from 700°C ~800°C to 11060°C. fol-
lowed by the onset and spread of vitrification process. It is also shown that well-crystal-
lized hematite phase is formed at the temperature higher than 1100C and the relative
absorption area decreases, which might be related to the recrystallization of alluminosilicate
matrix.
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INTRODUCTION

In the past decades, many works have
been made on earthenwares and pottery ex-
cavated all over the world, in order to solve
the questions of the provenance of raw mate-
rial and the firing techniques, by using the
analytical techniques such as XRD, Differen-
tial thermal analysis (DTA), Scanning elec-
tron microscope (SEM), Electron paramagnet-
ic resonance (EPR), and Mossbauer spectros-
copy. Among these, MUssbauer technique is
ideally suitable for the investigation of the
clay mineral transformations depending on
the temperature and atmospheres, because of
with the good sensitivity and high resolving
power of “Fe Mdissbauer spectroscopy to iron
-bearing minerals.

In order to understand the MdUssbauer
spectra of earthenwares and pottery, it is
necessary first to study both raw and fired
clay. Works for the fired clay, based on the
Missbauer spectroscopy, have been carried
out by some research groups (Simopoulos et
al, 1975; Chevlier et al, 1976; Maeda et al,
1979; Maniatis et al, 1981; Stevens and Zhu,
1986; Zhou et al., 1992; Matsoka and lkeya,
1995). Simopoulos et al. (1975) have heated a
sample of an illitic clay in Athens for one
hour at temperatures between 200C and
1100°C with an interval of 100°C and studied
Fe transformations induced by firing with Mo
ssbauer spectroscopy. The similar behavior
was observed by Chevlier et al. (1979) for a
calcareous clay from Iran fired in air. They
have shown that Fe transformations may be
followed by measuring the changes in mag-
netic parameters such as spontaneous and

remanent magnetization and coercivity. These
parameters provide a simple way to estimate
what firing temperatures were used. By using
Mossbauer spectroscopy and SEM, Maniatis
et al. (1981) showed that an oxide particle
size on firing at 700°C for both calcareous
and noncalcareous clays increased. For tem-
peratures higher than 700°C, the size of both
clays continued to increase. However, unlike
the size of noncalcareous clay, that of calcar-
eous clay decreased at 10807C.

More recently, Wagner et al. (1990) stud-
ied the iron mineralogy of illitic clays con-
taining iron-rich impurities from eastern Ba-
varia fired systematically for 48 hours up to
1250°C with an interval of S0°C in air. They
suggested that, in order to distinguish the
contribution of oxides and silicates, it is im-
portant to take Mussbauer spectra at 4.2K or
even below, because of the frequent presence
of superparamagnetic iron oxides.

As for the Cheju Island soils resulted
from the volcanic ashes, physical and chemi-
cal properties of soil minerals widely vary,
because about 306 parasitic volcanos irregu-
larly erupted during five main volcanic epi-
sodes and climate, topography, and year of
formation differ with altitude. About 70% of
the soils of Cheju Island formed by the vol-
canic activities have the typical cher-
acteristics of volcanic ash soil, and the par-
ent material of the soil is originated mainly
from basalt, and partly from trachyte or
trachy-andesite.

Shin and Tavernier (1988) presented for
five chronosequence soils of Cheju Island
that soils developed from relatively old ash
or alluvial deposits were mainly composed of
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the primary minerals, ferromagnesian miner-
als and feldspars, and of the clay minerals,
halloysite and vermiculites, by using XRD,
Trasmission electron microscope (TEM), and
SEM techniques. Also, Kwon and Moon
(1989) carried out mineralogical study on the
clay minerals in Cheju Island by using XRD
and SEM. Their results show that clay miner-
al assemblages vary slightly from sample to
sample depending on the nature of parent
materials and geological environments. How-
ever, chlorite, smectite, and illite show a pre-
ponderance in volcanic ash soils, while chlo-
rite show a preponderance in magnesian
soils. It is interesting to note that the XRD,
TEM, and SEM techniques used by Kwon
and Moon (1989) and Shin and Tavernier
(1988) are not effective for analyzing oxida-
tion state, electronic configuration, coordina-
tion number, magnetic state, and crystal sym-
metry of Fe atoms in the clay minerals or
accessary minerals, for example, goethite or
chlorite etc.. Therefore, this study related to
the above properties of the Cheju soil is
needed, using the M0Ussbauer spectroscopy.
The purpose of the present study is to in-
vestigate the thermal behavior and the
trasformation induced in the iron-bearing
phases for samples collected from Kwan-
gryeongli and Ildo district in Cheju Island,
by using XRD and Mdssbauer spectroscopy.

EXPERIMENTAL METHODS

The clay used in this study was collected
from specific plowing fields located in Kwan-
gryeongli and Ildo distrit. Clay collected in
two areas was air-dried and ground with a
medicine pestle to pass a 63um sieve. Clay
powders were used to examine by X-ray pow-
der diffraction (XRD), X-ray fluorescence
(XRF) and Mdussbauer spectroscopy. Moss-
bauer absorbers of about 10mgFe/cm® were
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prepared for the room temperature and 20K.
Mossbauer spectroscopy by packing the clay
powers in the brass rings in diameter 2lmm
and thickness Imm sealed with Al-foil.

X-ray diffractometer (Philips PW3710)
was used to investigate the mineralogical
composition of raw clay and to monitor the
phase transformation during firing. Pararell-
oriented, 50mg samples of powdered clay on
25 by 75mm slide glass were analyzed by
XRD techniques using Ni-filtered CuKe radi-
ation (A=1.5406A). XRD patterns of all sam-
ples were obtained in the 20 range from 15°
to 45° with a scanning speed”’1°/min.

The chemical compositions of two clay
samples were analyzed by X-ray fluorescence
sequential spectrometer (Philips PW1480),
and generator tension and current of the
XRF spectrometer to obtain the measuring
intensity were 40kV and 30mA, respectively.

The air-dried clay samples were fired in
air atmosphere starting from 100°C and
heating up to 1200°C with the step interval
of 100°C. The firing procedure involved plac-
ing two samples within a muffle furnace and
increasing the temperature by 200C/h heat-
ing rate. After the samples were kept for §
hours at the highest temperature constantly,
they were allowed to cool down to the room
temperature in the furnace.

Moissbauer spectra of the fired and raw
clay samples were obtained at room tempera-
ture and 20K with a conventional constant
acceleration spectrometer(Austin Co. S-600
type). The rray source was 10mCi “Co
(doped with Rh) at room temperature. An
APCI cryogenic refrigeration systems were
used to obtain spectra of clay samples held
at 20K. Mdssbauer spectra of the raw clay
and the fired clay are obtained at room tem-
perature and 20K. The velocity scale is cali-
brated by using an iron foil as the standard,
before and after each spectrum is recorded.
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Table 1. Chemical compositions of the clay sample by XRF

Unit: wt%

Sampling site Si0; AlO; Fe; TiO. MnO Ca0 MgO KO NaO PO; LOI Total

Kwangryeongli | 5986 1852 634 138 001

031 0.87 147 066 009 1053 10004

Ildo district 6173 1630 803 135 013

046 137 212 1.60 010 6.89 10008

* FeO:Total Fe ** L.O.:Loss on Ignition

Most samples are counted for 24 to 30 hours
to get reasonable statistics, usually in the
range of 5X10° to 3x10° counts per channel.
Each spectrum is computer-fitted with a
least square program which allows for the
variation of paramters of sextet and doublet
components.

RESULTS AND ANALYSIS
Chemical Compositions of Raw Clay

The chemical compositions analyzed with
XRF of two clay samples are listed in Table
1. As shown in Table 1, they have a higher
SiO. and a relatively lower ALO; content
than the volcanic ash clay derived from ba-
salts Two clay samples belong to noncal-
careous clay because CaO contents is less
than 5%. The SiO: content of the two clay
samples have a large difference, compared to
that of volcanic ash soils derived from basic
basalts. This means that two clay samples
are not derived from a basic basalt but prob-
ably partly acid volcanic rocks such as tra-
chyte. Especially, it is interesting to note that
the content of Fe; in two clay samples
given by 6.34wt% and 8.03wt%, respectively is
lower than that of volcanic ash soils in Cheju
Island presented by Shin and Tavernier (1988)
and Song and Yoo (1991).

X-ray Diffraction Analysis

XRD analysis was performed to identify
the clay minerals and/or the phase transfor-

Q:quartz
Cr.cristobalite
M:mullite
H:hematite
P-plagioclase
C:clay mineral
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Fig. 1. XRD patterns of clay sample coliected
in Kangryeongli raw and fired at 300, 600, 800,
1000 and 1200°C in air atmosphere for 5 hours.

mations of iron oxides and the other Fe-
bearing minerals in the raw and fired clay.
Some of X-ray diffractograms for the raw
and fired clay are shown in Fig. 1. As shown
in Fig. 1, quartz and plagioclase is identified
with some clay minerals. As shown in Fig. 1,
no evidence of goethite and hematite phases
is observed in XRD patterns of raw clay
samples A and B, which is well explained by
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Kodama et al. (1977) and Brown (1980). For
the raw clay sample B, XRD peaks near 2.68
A(104) and 250A(110), indicate hematite
phases.

Shin and Tavernier (1988) and Song and
Yoo (1991) have shown that a considerable
amount of ferrihydrite, which is short-range-
order hydrate iron oxide mineral, is present
in volcanic ash soils in Cheju Island by se-
lective dissolution techniques. In fact, ano ev-
idence of ferrihydrite is observed in XRD
patterns (Fig. 1) in raw clay samples A and
B.

As the firing temperature progressively in-
creases, the relative intensity of plagioclase
peaks gradually decreases, and it completely
disappears above 1000°C. In XRD patterns of
sample A given in Fig. 1, the clay minerals
collapse between 900C and 1000C, and
above 1100°C mullite phases appear. At 1200
C, peaks of cristobalite appear clearly. When
the sample A is fired at the temperature
higher than 800°C, peaks of hematite appear
near 2.68A(104), 250A(110), and 3.66 A(012).
For sample B, the intensity of hematite
strengthen gradually as the firing temperature
increases above 600T.

When raw clays are fired in air atmo-
sphere, we can expect that the transformation
of goethite and/or ferrihydrite into hematite
depended on the firing temperature. From
the result of XRD analysis, however, we can
see that hematite phases appear for sample
A at 600C and for sample B at 800T,
respectively.

MOSSBAUER SPECTROSCOPY
ANALYSIS

Raw Clays

MoUssbauer spectra obtained at the room
temperature for raw clay samples A and B
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Fig. 2. Mossbauer spectra of raw clay samples
obtained at room temperature. (a) Kwangryeongli
(b) Ildo district.

are shown in Fig. 2. Each spectrum is fitted by
two doublets. The structure of the observed
spectra consists of two sets of doublet attrib-
utable to quadrupole splitting of the para-
magnetic Fe*" and Fe*, respectively. Mssbauer
spectrum obtained at the room temperature
for raw clay sample A shows no magnetic
ordering. While spectrum for raw clay sam-
ple B shows insignificant magnetic hyperfine
splitting attributable to magnetic oxides. The
values of Mussbauer parameters for raw clays
in this study are listed in Table 2.

The oxidation states of paramagnetic DI
and D2 component (Fig. 2) with isomer shift
of 0.19mm/s and 0.25mm/s and of 0.77mm/s
and 10lmm/s display octahedral high spin
Fe* and Fe® state, respectively. Also the
values of the quadupole splitting of these
components are 0.57mm/s and 0.69mm/s, 2.26mm/s
and 2.65mm/s, respectively. As shown in Fig.
2, the appearance of the paramagnetic Fe”
doublet in raw clays commonly can be at-
tributed to the presence of mainly super-par-
amagnetic goethite and/or Fe-bearing silicate
minerals.

MUssbauer spectra of raw clay samples A
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Table 2. MUssbauer parameters obtained at room temperature for raw clay collected in two areas.

S i it Hori Fe* doublet Fe® doublet
mpling site orizon
amping I1S(mm/s) QS.{mm/s) R.A.(%) 1S{mm/s) QS.(mm/s) R.A{%)
Kwangry-eongli A-Bs 19 057 98 0.90 2.26 2
Iido district ClB 0.25 0.69 96 1.01 2.65 4
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Fig. 3. Mossbauer spectra of clay in Kwang-
ryeongli for raw and fired conditons at 300, 600,
800, 1000 and 1200C in air atmosphere for 5
hours obtained at 20K.

and B at 20K are shown in the top end of
Fig. 3 and Fig. 4, respectively. These two
spectra show very differnt figures in compar-
ison with those obtained at room tempera-
ture. The decrease of the measuring tempera-
ture in sample A and B results in the clearly
appearance and enhancement of the magnetic
sextet of magnetic hyperfine splitting with
depletion of a central paramagnetic doublet
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Fig. 4. Mossbauer spectra of clay in Ildo dis-
trict for raw and fired conditions at 300, 600, 800,
1000 and 1200°C in air atmosphere for 5 hours
obtained at 20K.

(Fig. 3 and 4). The magnetic hyperfine fieid
values of sextet S1 of two samples corre-
spond to 492kOe and 487kOe, respectively. It
is noted that the values of the magnetic
hyperfine field for component Sl in raw clay
samples A and B lie in that of synthetic geo-
thite with the size smaller than 180 A measured
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Fig. 5. Variation of the quadrupole splitting of

the paramgnetic components of the Mdssbauer
spectra obtained at 20K with firing temperature.

at 77K (Van Der Kraan and Loaf, 1966).

The superparamagnetic relaxation effect
of small iron oxides was observed in the
Greese Attic clay by Gangas et al. (1972).
Bigham et al. (1978a) and Murad and Johns-
ton (1987) showed that it is difficult to char-
acterize iron oxides with XRD analysis, in
the case of iron oxide with the average grain
size in the MoUssbauer spectroscopy due to
superparamagnetic relaxation effect (Fig. 3
and 4).

Fired Clays

Some of 20K Moissbauer spectra of clay
samples A and B fired in the range from 100
C to 1200°C are shown in Fig. 3 and Fig. 4,
respectively. The pattern of the observed
spectra consists of two parts: two sets of par-
amagnetic doublet patterns due to quadru-
pole splitting of ferrihydrite and of the struc-
tural iron (Fe’', Fe*') in silicate minerals and

a set of magnetic sextet pattern arising from

magnetic hyperfine splitting in magnetic ox-
ides.

The quadrupole splitting of paramagnetic
components of the spectra as a function of
firing temperature is plotted in Fig. 5. From
the figures we can recognize that the phase
transformations of the Fe-bearing minerals
occur successively in the domain of four
temperatures as follows :room temperature to
300°C, 400C to 700°C~800C, 700C~800°C to
1100°C, above 11007C.

In the range from yoom temperature to
3007T, the values of quadrupole splitting of
paramagnetic Fe” and Fe® are not signifi-
cantly changed because of the dehydration of
absorption water and interlayer water in the
clay mineral. At 400°C, the quadrupole split-
ting of Fe” in samples A and B show a min-
imum value, which reaches 0.56mm/s and 0.
60mm/s, respectively. In the regions of the
firing temperature ranging from 400°C to 600
C for sample B and from 400°C to 700°C for
sample A, distinctive changes occur. These
regions have two features, the increase of the
quadrupole splitting of doublet D1 and the
growth of paramagnetic Fe' component D3
with high quadrupole splitting with depletion
of doublet DI observed below 400°C. Two
outstanding features of these are the appear-
ance of doublet D3 with high quadrupole
splitting at the temperature of near 400C
and the disappearence above 600°C for sam-
ple A and above 500C for sample B.

As shown in Fig. 3, 4, and 5, the two
prominent changes observed are the fast in-
crease of the quadrupole splitting and the
variation of absorption linewidth of a central
Fe’" doublet DI in temperature ranging from
400°C to 600°C. It implies that the electric
field gradient is increased by the escape of
crystal water OH™ (20H.u —Ouw’ +HO)
and by crystallographic deformation arising
from dehydration (Farmer and Russel, 1972),
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it clearly shows that the paramagnetic dou-
blet D3 has higher quadrupole splitting and
broader linewidth than doublet D1 observed
below 400°C. Similar results have been found
by Mackenzie (1969) and Simopoulos et al.
(1975). It is believed that this change is asso-
ciated with the beginning of dehydroxylation
of the clay minerals.

At the firing temperature S00°C or higher,
paramagnetic Fe’” doublet D2 in 20K Mo-
ssbauer spectra of raw clay samples A and B
almost disappears. This indicates that the fer-
rous iron is all-oxidized to the ferric form
near the temperature where dehydration oc-
curs (Fig. 3, 4, and 5). Our result agrees well
with that of Hayashi et al. (1972) that ferrous
iron in pure chlorites is completely oxidized
by firing in air at between 400°C and 500°C.
For fired sample A, quadrupole splitting of
doublet D1 has increased slowly once again
at near 700°C until it reached the maximum
value of 1.37mm/s, but sample B showed a
broad maximum at near 600TC until it
reached the maximum value of 1.38mm/s in
comparison with sample A. This shows the
fact that the clay lattice is left severly disor-
ganized with various defects and asymmetric
coordinations for Fe®, resulting in an in-
crease of Z-component of the electric field
gradient and in an increase in the linewidth
as well. This result is supported by appear-
ance of a paramagnetic Fe' Dl component
with a broad linewidth given in Fig. 3 and
Fig. 4.

On the other hand, there are many exam-
ples of the study of thermal analysis on the
dehydroxylation process induced in clay min-
erals in firing within this range of tempera-
tures. According to Grim (1968), thermal
analysis (DTA) showed an endothermic peak
corresponding to the loss of lattice water was
observed in illite samples between S00C and
700C. The same result was obtained by

Smykatz-Kross (1974) from the study with
various clay minerals fired between 5007C
and 700°C. It appears therefore that firing the
sample from 400C to 700C~800°C induces
the increase of quadrupole splitting with
broad linewidth due to dehydroxylation of
Fe-bearing silicate minerals.

In the region of the firing temperature
ranging from 700°C~800C to 900°C, values of
quadupole splitting of doublet DI com-
ponents decrease quickly, but slowly between
900°C and 1000°C (Fig. S5). According to Tite
and Maniatis (1975), the onset, spread, and
completion of vitrification in fired clay are
observed by SEM around 700C, 900°C and
1080°C. Maniatis et al. (1981) also showed the
successive decrease of the quadrupole split-
ting aecording to the onset, spread and com-
pletion of vitrification by using Mdssbauer
spectroscopy. As SEM results (Maniatis et al,
1981), new major changes in Fe-bearing sili-
cate minerals occur at about 900C, which
can involve the appearance of silicate matrix
of mullite and cristobalite, observed by XRD
patterns given in Fig. 1. Therefore, Fe phase
transformation occuring in the region of the
firing temperature ranging from 700C to
1100°C may be associated with vitrification
process.

Additional variations in the pattern of the
central paramagnetic part of the Mdssbauer
spectra shown in Fig. 3 and 4 are observed
again in the range of firing temperature from
800°C to 1000°C. In this range of the firing
temperature a second feric component D3 re-
appears, and has splittings varying from 1.13
to 1.94mm/s and broad absorption linewidth.
The paramagnetic D3 component with split-
tings 049mm/s and 0.80mm/s appeared in the
Greece Attic clay fired in the temperature
ranging from 500C to 900C (Simopoulos et
al, 1975). Between the clay samples from two
areas of Cheju Island and Greece Attic clay,
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the differences in the firing temperature de-
pendence of appearing and disappearing of
paramagnetic D3 component may be varied
due to differences in Fe-bearing mineral spe-
cies and its mineral composition.

At a temperature higher than 1100, val-
ues of quadrupole splitting of paramagnetic
doublet D1 are slightly higher than those of
doublet D1 observed below 400C, and they
gradually increases and approaches 1.03mm/s
and L.10mm/s, respectively. It may imply that
new Fe-bearing mineral phases are formed
by a certain iron transformation different
from vitrification process. These are shown
in the XRD data (Fig. 1) which indicate
clearly the disappearance of the plagioclase
peaks and the appearance of the aluminosili-
cate matrix of mullite due to recrystallization
and of the apparent cristobalite at a temper-
ature higher than 1100°C. Two phase trans-
formations occur between 500C~600C and
1100C, corresponding to the following se-
quence of reaction. The Mdissbauer data and
XRD patterns are almost consistent with this
reaction sequence.

dehydration of kaolinite
l
AlLO; - 25i0; - 2ZHO—ALO; - 28i0.+2H.0
formation of mullite and cristobalite
l
3(A1LO; - 2810)—3A10; - 28i0,+ 55i0.

mullite cristobalite

Fig. 6 shows the dependence on the firing
temperature of the magnetic hyperfine field
of iron oxide components induced by firing
the clay samples for two areas in Cheju Is-
land. The Mdssbauer spectrum of sample A
fired at 200°C has been fitted with two sets
of sextet S1 and S2 attributable to hematite
and goethite, but that at 300C has been fit-
ted with only one set of a sextet S2. This in-
dicates that the transformation of goethite

(42
N
o

2
<3

Magnetic Hyperfine Field { kQOe )
N
Q
o
??

&

g ETd
T ARG S

[$,)
S
r

]

A,(a)

\
(b)

rS

o

o
'Y

-v-- —@ Hematite
—®—  --a- Goethite

460

|

> |
S R U Y SNSRI SRR S
0 200 400 600 800 1000 1200

5
a

Firing Temperature ( °C )

Fig. 6. Variation of the magnetic hyperfine
field of the components of hematite and goethite
of the Mbossbauer spectra obtained at 20K with
firing temperature.

into hematite occur in the firing temperature
ranging from 200C to 300C, which indicates
that the hematite with magnetic hyperfine
field of 520kOe was formed by firing at 300
C in sample A. This value is slightly lower
than that measured in synthetic hematite
samples at 16K (H.=534.5kOe, Amarasiri-
wardena et al., 1988). In comparison with the
magnetic hyperfine field of bulk samples,
smaller reductions have been observed in
small particles of hematite (Gangas et al.
1972).

The MUssbauer spectra of the sample B
fired between room temperature and S00T
have been fitted with two sets of sextet Sl
and S2 attributable to hematite and goethite
and/or their compounds, while for the tem-
perature higher than 600C they have been
fitted with a sextet S2 only. This result im-
plies that phase transformation of goethite in
raw clay sample B into hematite occurs in
the firing temperature between S00°C and 600
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€. The values of magnetic hyperfine field of
hematite formed from the clay samples A and
B fired in the temperature ranging from 400
C to 600°C are average 525kOe and show
almost constant distribution (Fig. 6).

Further firing up to 800C leads the slow
increase of magnetic hyperfine field attribut-
able to the increase of particle size and/or
decrease of the substitution content of im-
purites such as Al in hematite.

It has been reperted that the magnetic
hyperfine splitting values obtained from vari-
ous soil iron oxides is influenced by at least
two factors:random replacement of Fe atoms
with nonmagnetic cations (Nalovic et al,
1975) such as Al’" (Janot and Gibert, 1970)
and particle size effect (K ndig et al, 1966;
Van Der Kraan and Van Leof, 1966). In our
study, particle size effects should be mini-
mized at low temperatures (20K). Thus re-
ductions in magnetic hyperfine fields may be
mainly resulted from a distruption of internal
magnetic ordering through replacement of Fe’
with nonmagnetic cations including Al’. In
fact, Al-substituted goethite and hematite in
soils have been identified by many workers
(Bigham et al. 1978b; Golden et al. 1979;
Pombo et al, 1982; Fabris et al, 1985; Fontes
et al., 1991). Therefore, the reduced values of
magnetic hyperfine field may be attributed
primarily to the effect of diamagnetic Al-
substitution. The chemical compositions of
soil hematite and goethite have taken the
form of a(Fe,-.Al)0O; and o«(Fe,- AlJOOH,
respectively, where x is the mole% of Al In
our study, the substitutions of Al for Fe in
goethite and hematite were calculated from
20K Mossbauer data by using two relation
formula which were proposed by Amarasiri-
wardena et al. (1988) and De Grave et al
(1988). As hematites in sample A FIRED AT
1000C and the sample B fired at 1100°C ex-
hibits the maximum value for magnetic hyper-
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Fig. 7. Variation of the relative absorption ar-
eas of the paramagnetic and magnetic com-
ponents of the Mdssbauer spectra obtained at
20K as a function of firing temperature.

fine fields of 533kOe and 530kOe, respecti-
vely, and sextet with all the narrowest absorp-
tion linewidth as well, it appears that well-
crystallized hematites are formed by firing in
this range of temperatures. It indicates that
hematites formed at 1000C and 1100C grow
up to the maximum size, or diamagnetic Al”
contents drop rapidly down to 7.6mol% in
sample A and to 164mol% in sample B, res-
pectively.

The relative amounts of magnetic iron ox-
ides and of structural iron in the clay miner-
als can be conveniently obtained by the ratio
of the resonance absorption area of the para-
magnetic or magnetic components to the total
resonsance absorption area for 20K MUssbauer
spectra with the firing temperature (this ratio
will be referred to relative absorption area
hereafter). If the equal recoil-free fractions
can be assumed for all Fe, the figures repre-
sent the relative amounts of Fe in each phas-
es. A plot of the relative absorption area ver-
sus firing temperature is given in Fig. 7. In
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the region up to 300°C the chacteristic fea-
tures are that the relative absorption area of
the structural iron (Fe*, Fe™) decreases due
to silicate clay minerals and magnetic com-
ponents increase. This result indicates that
the phase transformation of superpara-mag-
netic goethite into hematite occured between
room temperature and 300C. The reaction
kinetics of hydrothermal trasformation of -
FeOOH to aFefs by heating has been inves-
tigated by Barb et al. (1990) with Mdssbauer
spectroscopy on synthetic samples. According
to their results the transformation is complet-
ed in 2 h at 200°C, which well matches our
experimental result.

In the temperature ranging from 400C up
to 600°C the relative absorption areas of the
paramagnetic and magnetic components re-
mains almost constant within experimental
error at 50%:50% and 40%:60% for samples
A and B, respectively, which indicates that
no outstanding changes in two components
occur in this temperature range. For sample
A fired higher than 600C, the relative
absorption area of the paramagnetic Fe*
component decreases and the corresponding
hematite increases. Above 800°C, variation of
the relative absorption areas for two com-
ponents exhibits inversing variation. This
results may be explained by an onset of the
vitrification process in the aluminosilicates.
Grim (1968) observed that the destruction of
the illite structure starts at about 850C. It
appears that the decrease observed in the
relative absorption areas at 800°C implies the
initiation of disintegration of the Fe-bearing
clay mineral structure. Especially, for sample
B, the relative absorption area of paramag-
netic component decrease continuously from
700C to 1000C and increase very slowly for
the temperature higher than 1000°C, which
indicates a decrease in the recoil-free frac-
tions. From these results, the opposite trends

between 900°C and 1100°C may be explained
by depletion of Fe in the aluminosilicates
and/or a increase in particle size due to re-
actions of iron oxides with the alumino-sili-
cate matrix of mullite formed during the
continuous vitrification. Similarily the de-
creasing trend observed generally in the rela-
tive absorption area of hematite in sample A
fired between 900C and 1100°C (Fig. 7) may
be understood as a result of a decrease in
particle size and/or the partial dissolution of
Fe due to the recrystallization of the alumi-
nosilicate matrix of mullite. However, it is
noted that other aspects of the effect of fir-
ing are the apparent increases in particle size
of hematite of the clay samples according as
the firing temperature increases (Simopoulos
et al., 1975).

Therefore, the decrease of the relative
absorption area in two samples A and ‘B
fired above 800°C and 1000°C, respectively,
may suggest that the growth of hematite is
suppressed by a certain reaction which traps
Fe. It is believed that In the case of sample
B the velocity of the spread of vitrification
and the recrystallization of aluminosilicate
matrix according to the disintegration of the
clay mineral structure is very slow in com-
parison with in the case of sample A.

CONCLUSIONS

The results presented in this paper can
provide a detailed information of the iron-
bearing phases in a soil and of the iron
transformations during firing,

The X-ray powder diffraction peaks of
hematite are observed near 2.68 A(104), 2.50 A
(110), and 3.66A(012) in firing two clays pro-
gressively to 600°C and 800°C, respectively,
but no peaks of hematite and goethite were
observed in the raw clays in both areas.

The raw clays in two areas in Cheju Is-
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land contains mainly iron, in the form of
superparamagnetic goethite and structural
iron (Fe* and Fe”") in the silicate clay min-
erals. The majority of paramagnetic com-
ponents are in high spin Fe® state. Two
clays exhibited strong superparamagnetic re-
laxation, a collapse of the MUssbauer magnet-
ic splitting at room temperatures due to
small size of the oxide particles and/or par-
tial substitution of Al for Fe in the oxide
structures.

A transformation of superparamagnetic
goethite into hematite is observed in firing
progressively to 300C for the clay in
Kwangryeongli and in firing progressively to
600°C for the clay in lldo district.

Through the dependence on firing temper-
atures of quadrupole splitting and relative
absorption area for Fe® component con-
tained in the fired clay, the phase trans-
fiormation of the iron-bearing silicate miner-
als is observed in the domain of four temper-
atures. The dehydration of silicate minerals
is observed in the region of firing tempera-
ture from room temperature to 300C, and Fe®
contained in the raw clays is completely oxi-
dized into Fe® at 400°C. In the region of fir-
ing temperature from 400°C to 700°C~800C
large increases in the values of quadrupole
splitting and of absorption linewidth is ob-
served, due to paramagnetic Fe” leaving
crystal lattice of iron-bearing silicate miner-
als and is associated with dehydroxylation
process of clay minerals. It is believed that a
sudden decrease in the value of quadrupole
splitting from 700°C~800°C to 1000C is asso-
ciated with the desintegration of the clay
mineral structure and with the onset and
spread of vitrification process at the same
time. Magnetic hyperfine fields and crystalli-
zation of hematite phase arising from vitrifi-
cation increase, but the relative absorption
area decreases in firing up to 1100°C or hig-

her. It is believed that the decrease of the
relative absorption area is related to the
recrystallization of alluminosilicate matrix.
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