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Abstract The mechanism of thermally induced oxida-
tion of Fe2+ from natural pyrope has been studied at
1000 and 1100 �C using 57Fe Mössbauer spectroscopy in
conjunction with XRD, XRF, AFM, QELS, TG, DTA
and electron microprobe analyses. At 1000 �C, the non-
destructive oxidation of Fe2+ in air includes the partial
stabilization of Fe3+ in the dodecahedral 24c position of
the garnet structure and the simultaneous formation
of hematite particles (15–20 nm). The incorporation of
the magnesium ions to the hematite structure results in
the suppression of the Morin transition temperature to
below 20 K. The general garnet structure is preserved
during the redox process at 1000 �C, in accordance with
XRD and DTA data. At 1100 �C, however, oxidative
conversion of pyrope to the mixed magnesium alumin-
ium iron oxide, Fe-orthoenstatite and cristoballite was
observed. During this destructive decomposition, Fe2+

is predominantly oxidized and incorporated into the
spinel structure of Mg(Al,Fe)2O4 and partially stabilized
in the structure of orthoenstatite, (Mg,Fe)SiO3. The
combination of XRD and Mössbauer data suggest the

definite reaction mechanism prevailing, including the
refinement of the chemical composition and quantifica-
tion of the reaction products. The reaction mechanism
indicates that the respective distribution of Fe2+and
Fe3+ to the enstatite and spinel structures is determined
by the total content of Fe2+ in pyrope.

Keywords Fe-bearing garnet Æ Mössbauer
spectroscopy Æ Oxidation mechanism Æ Decomposition
products Æ Alpha Fe2O3

Introduction

The thermal behaviour of Fe-bearing garnets in the
pyrope–almandine solid solution series is interesting for
several reasons. Firstly, these garnets are used in modern
technologies, including plasma spraying and high-energy
water-jet cutting, and the Fe content and mechanism of
the thermal decomposition of these silicates significantly
influence their industrial application (Hlavac and Mar-
tinec 1998, 1999). Secondly, (Mg,Fe)SiO3 perovskite
formed from pyrope–almandine garnets at high tem-
peratures and pressures (Kesson et al. 1995) plays an
important role in the formation of mineralogical models
of the Earth’s lower mantle (McCammon 1997; Hama
and Suito 2001; Shim et al. 2001). From industrial and
geological viewpoints, therefore, the oxidation and
decomposition mechanisms of Fe-bearing garnets are
subjects worth studying.

The mechanisms of thermal decomposition of Fe-
bearing silicates in the pyrope–almandine series have
been poorly investigated. Anovitz et al. (1993) suggested
two oxidation mechanisms for a synthetic almandine
(Fe3Al2Si3O12) with the formation of magnetite, quartz
and sillimanite or hercynite, depending on the experi-
mental conditions. According to Zboril et al. (2002a)
and Barcova et al. (2001), the thermal oxidation of
natural almandine, with the iron content significantly
below end-member composition, takes place at about
750 �C following a two-step structural transformation of
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maghemite nanoparticles via e-Fe2O3 to hematite.
According to Thiéblot et al. (1998), the thermal
decomposition of almandine with a chemical composi-
tion close to end member begins at about 1000 �C and is
triggered by the oxidation of iron, with the formation of
hematite, sillimanite and cristoballite. While for the
thermal decomposition of a pyrope close to the end
member (Mg3Al2Si3O12) at temperatures of 1200 �C,
corundum and enstatite were identified as the decom-
position products. The thermal behaviour of pyrope
single crystals was analyzed using X-ray diffraction by
Pavese et al. (1995) and neutron diffraction by Artioli
et al. (1997); however, these studies provided no infor-
mation on the decomposition mechanisms, since at
temperatures below 900 �C the garnet structure was
preserved intact.

In this paper, we will present the findings of a thermal
decomposition of garnet with a molar ratio of Mg to Fe
close to 2.5 at two temperatures, 1000 and 1100 �C,
respectively. We will use 57Fe Mössbauer spectroscopy
and X-ray diffraction (XRD) techniques for monitoring
the oxidation mechanisms and products of garnet
decomposition, because their combination proved to be
very effective in studying the oxidation processes and the
thermal transformations of Fe-bearing aluminium sili-
cates (Ferrow 1987; Rancourt et al. 2001).

The crystal chemistry of garnets

Garnet is a common name for silicates formed by iso-
lated (SiO4)

4- tetrahedral groups and with a general
structural formula given by X3Y2Si3O12, where X stands
for cations in the dodecahedral 24c position (X ¼Mg2+,
Ca2+, Fe2+, Mn2+) and Y corresponds to cations in the
octahedral 16a position (Y ¼ Al3+, Fe3+, Cr3+). Natu-
ral garnets can be divided into two main subgroups,
almandine subgroup (pyralspites) with the end members
including pyrope [Mg3Al2Si3O12], almandine [Fe3Al2
Si3O12] and spessartine [Mn3Al2Si3O12], and the andradite
subgroup (ugrandites) with uvarovite [Ca3Cr2Si3O12],
grossular [Ca3Al2Si3O12] and andradite [Ca3Fe2Si3O12]
end members. A strong tendency towards isomorphic
substitution and the formation of solid solutions are
typical for minerals of the garnet group.

Experimental

Red-coloured gem-quality crystals of pyrope, known as a Bohe-
mian garnet, from Podsedice (Czech Republic), were washed with
dilute HCl and oxalate acid to remove secondary minerals such as
carbonates and Fe-oxyhydroxides. The crystals were rinsed in
distilled water and then dried at 100 �C.

The chemical composition and homogeneity of the samples
were determined using a 535 M-type Phillips Scanning Electron
Microscope, equipped with EDAX 9900 spectrometer. X-ray flu-
orescence analysis (XRF) was conducted using an Energy Disperse
Spectrometer Spectro X-LAB. No chemical zoning or in-homoge-
neities were observed in the starting garnet crystals. The crystals
were then crushed in an agate mill to a powder with a particle size

of 1.5–3 lm. The powdered samples of pyrope were isothermally
heated at 1000 �C for between 1 and 360 h and at 1100 �C for
between 0.5 and 30 h.

The transmission 57Fe Mössbauer spectra of 512 channels were
collected using a Mössbauer spectrometer running in constant
acceleration mode with a 57Co(Rh) source. Measurements were
carried out at temperatures ranging between 12 and 300 K using a
cryostat with closed He cycle. The isomer shift values were cali-
brated using a-Fe foil. The phases produced by decomposition of
the garnet grains during the heating experiments were monitored
using a Seifert-FPM X-ray spectrometer with CuKa radiation in a
conventional h-2h geometry. Si was used as an external calibration
standard. The atomic force microscopy (AFM) measurements of
the selected samples were done in air and at room temperature
using the AFM Explorer microscope in a non-contact mode with Si
tips of the 1650–00 type at resonant frequencies ranging from 180
to 240 kHz. The particle-size distributions were monitored using
the quasi-elastic light-scattering (QELS) method by a 90Plus Par-
ticle Sizer Instrument with the MAS OPTION software allowing
both the lognormal and the multi modal-size distribution analysis
of the powdered systems. Dynamic heat analysis with a simulta-
neous measurement of differential thermal analysis (DTA) and
thermogravimetry (TG) curves was performed in air in a range of
25–1300 �C using an EXSTAR 6000 instrument.

Results and discussion

The chemical formulae of the natural pyrope, as deter-
mined using microprobe analysis, can be written as
(Mg2.03Fe0.72Ca0.23Mn0.02)(Al1.78Fe0.08Cr0.07Ti0.05)Si3O12.
The Fe2+/Fe3+ ratio was determined by Mössbauer
spectroscopy.

At room temperature (RT), the Mössbauer spectrum
of the initial pyrope could be fitted using two doublets,
an asymmetric outer doublet with isomer shift
(d) ¼ 1.28 mm s)1 and quadrupole splitting (DEQ) ¼
3.54 mm s)1 and a symmetric inner doublet with
d ¼ 0.23 mm s)1 and DEQ ¼ 0.38 mm s-1 (Fig. 1). The

Fig. 1 RT Mössbauer spectrum of the the pyrope used as a starting
material in the heating experiments
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former doublet is assigned to Fe2+ in the 24c site and the
latter to Fe3+ in the 16a site of the pyrope structure. The
asymmetry of the Fe2+ doublet is commonly observed in
the RTMössbauer spectra of Fe-bearing pyropes and can
be explained as arising out of a paramagnetic relaxation of
Fe2+ in the dodecahedral position (Amthauer et al. 1976;
Murad and Wagner 1987; Mitra 1992) or by the Gol-
danskii–Karyagin effect (Geiger et al. 1992). The XRD
pattern shows lines exclusively corresponding to the cubic
pyrope structure with lattice parameter a0 ¼ 1.1480(10)
nm and with no indications of the presence of other
phases.

For the initial information on the thermal stability
and transformation mechanism of pyrope, a TG and
DTA thermal analysis was done in air with a tempera-
ture increase of 1 �C min)1 at temperature intervals of
25 to 1300 �C. The TG curve reveals a slight increase in
weight (1.2%) at 990 �C, probably related to the
beginning air oxidation of Fe2+. The final mass increase,
recorded at 1300 �C, totals 2.7%. The slow oxidation of
Fe2+ in the pyrope structure is manifested by a weak
exothermic peak at 1020 �C in the DTA curve. The more
intensive endothermic peak at 1125 �C indicates the
decomposition of the garnet structure following the
oxidation of structural Fe.

In order to better understand the oxidation and
decomposition mechanisms involved when garnet is he-
ated in air, the samples were isothermally heated at 1000
and 1100 �C for different periods of time and were
analyzed using Mössbauer spectroscopy and XRD.

The Mössbauer parameters for the different runs he-
ated at 1000 �C are presented in Table 1 and the RT
Mössbauer spectrum of the sample heated for 120 h,
taken as a representative spectrum for the whole series, is
plotted in Fig. 2. Table 1 and Figure 2 show the presence
of four non-equivalent Fe sites in samples heated at

1000 �C. The first two correspond to Fe2+ in the
dodecahedral 24c position and Fe3+ in the octahedral
16a site of the pyrope structure. The Mössbauer
parameters are similar to those observed in Fig. 1 for the
thermally untreated sample. Note that while the spectral
area of Fe2+ in the dodecahedral 24c position decreases
with time, the spectral area of Fe3+ in the 16a site
remains constant.

The new paramagnetic doublet observed when py-
rope is oxidized has d slightly higher than that of Fe3+

in the 16a site but with DEQ nearly twice as large,

Table 1 RT Mössbauer spectra parameters of pyrope heated in air at 1000 �C for different periods of time

Fe phase Parameter 1 h 3 h 15 h 120 h 360 h

Fe2+ (24c-pyrope) da (mm s)1) 1.27 1.27 1.27 1.26 1.26
DEb

Q (mm s)1) 3.53 3.53 3.53 3.51 3.50
C (mm s)1) 0.32 0.31 0.29 0.34 0.34
RA (%) 65.8 62.5 48.1 11.5 3.2

Fe3+ (16a-pyrope) d (mm s)1) 0.22 0.23 0.24 0.24 0.22
DEQ (mm s)1) 0.35 0.34 0.38 0.38 0.39
C (mm s)1) 0.29 0.30 0.30 0.30 0.29
RA (%) 9.5 9.8 9.8 9.1 9.3

Fe3+ (24c-pyrope) d (mm s)1) 0.27 0.27 0.28 0.26 0.26
DEQ (mm s)1) 0.75 0.76 0.75 0.79 0.78
C (mm s)1) 0.50 0.47 0.50 0.52 0.51
RA (%) 11.7 12.3 18.0 32.8 36.8

Fe3+ (hematite) d (mm s)1) 0.36 0.35 0.37 0.37 0.38
e (mm s)1) )0.22 )0.23 )0.22 )0.22 )0.21
Bc (T) 50.5 50.3 50.4 49.9 50.3
C (mm s)1) 0.38 0.39 0.37 0.38 0.44
RAd (%) 13.0 15.4 24.1 46.6 50.7

a d isomer shift
b DEQ(e) quadrupole splitting (shift)
c B hyperfine magnetic field
d RA relative area

Fig. 2 RT Mössbauer spectrum of pyrope heated at 1000 �C for
120 h
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reflecting a lower symmetry of the Fe environment.
The site was assigned, therefore, to Fe3+ ions in the
dodecahedral 24c position (Novak and Gibbs 1971).
Its increasing spectral area with heating time indicates
the gradual oxidation of Fe2+ in the 24c position.

The only magnetically ordered component in the RT
Mössbauer spectra of pyrope samples thermally treated
at 1000 �C presents hyperfine parameters that corre-
spond well with those of hematite (Table 1). Its relative
area increases with time, as in the case of Fe3+ ions in
the 24c position. It seems that the thermally induced
oxidation of Fe2+ in air results in the partial stabiliza-
tion of Fe3+ in the 24c position of the pyrope structure
and in the incorporation of the redundant Fe3+ in
the hematite. In this redox system, hematite serves as the
compensator of the change in charge of Fe atoms in the
24c position as well as the host for the oxygen reduced,
as represented by Eq (1). The oxidation mechanism at
1000 �C can be clearly demonstrated using the time
dependence of the spectral relative areas corresponding
to non-equivalent Fe components in Mössbauer spectra
(Fig. 3).

6Fe2þð24cÞ þ 3=2O2 ! 4Fe3þð24cÞ þ a-Fe2O3 : ð1Þ
Barcova et al. (2001) reported the presence of super-
paramagnetic nanoparticles of Fe3+ oxide when
almandine was oxidized in air at 750 �C. It is possible
that the doublet assigned to Fe3+ in the 24c site in this
study could correspond to Fe3+ oxide in superpara-
magnetic state as well. Mössbauer measurements taken
at 20 K for the sample heated to 120 h (Fig. 4), how-
ever, show that the site remains paramagnetic at low
temperature and, moreover, its isomer shift is signifi-
cantly lower than is the case for hematite and other
ferric oxides at the corresponding temperature (Zboril
et al. 2002b).

There are additional aspects in this study that are
interesting from the viewpoint of the transformation
mechanism at 1000 �C. Firstly, the low value of the
quadrupole shift parameter of hematite at 20 K indi-
cates its weakly ferromagnetic ordering, similar to the
observation made at room temperature, although a

Morin temperature of the magnetic transition from
weakly ferromagnetic to antiferromagnetic state is usu-
ally reported at about 260 K (Kvardakov et al. 1991).
Such a drastic reduction of the Morin temperature in
this study could be related either to the considerable
substitution of aluminium in the hematite structure (Van
San et al. 2001) or to the very low crystallinity of the
hematite particles formed (Sahu et al. 1997). In order to
understand the reasons behind the low Morin transition
temperature observed, the hematite particles were sepa-
rated from the sample heated at 1000 �C for 360 h by
the sedimentation method (Zboril et al. 2002a) and
analyzed using AFM, QELS and XRF.

As Fig. 5 shows, the AFM image of the hematite
particles reveals a narrow size range, 15 to 25 nm, and
almost spherical morphology, with the ratio of the

Fig. 3 Time behaviour of the spectral relative areas at 1000 �C

Fig. 4 (20 K) Mössbauer spectrum of pyrope heated at 1000 �C for
120 h

Fig. 5 AFM image of hematite particles formed during the oxidation
of pyrope at 1000 �C
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lateral to the vertical dimension close to 1.3. Similarly,
the quasi-elastic light-scattering method indicates a
lognormal particle-size distribution with a mean diam-
eter of 21 nm. The narrow size distribution and the
generally small size of the hematite particles show evi-
dence of their poor agglomeration during the thermal
treatment at 1000 �C. Surprising limitation of the sin-
tering process at such a high temperature cannot be
explained by the formation of a composite Fe oxide
mineral, as in the case of aluminosilicates with a porous
structure (Bourlinos et al. 2003). In the hematite–pyrope
system, ultrafine particles of hematite can be protected
from sintering by their low weight concentration or by
the cation substitution in their structure.

The low crystallinity of hematite particles observed
indeed contributes to the reduction of the Morin tran-
sition temperature. However, for hematite particles with
slightly larger size (29 nm), Vandenberghe et al. (2002)
determined a Morin transition temperature close to
211 K. In this study, therefore, the drastic decrease in
Morin transition temperature to below 20 K cannot be
attributed to the particle-size effect alone.

Taking into account the high probability that cation
substitution may be affecting the low Morin transition
temperature observed, XRF analysis of the separated
hematite sample was performed. The analysis shows Mg
content as high as 0.82 wt%, while the contents of the
other elements including aluminium were found to be
lower than 0.01 wt%. The result accords with the redox
mechanism suggested in Eq. (1), where the hematite
structure is formed by Fe atoms originating from the
reactive 24c site of the garnet structure. The significant
content of Mg in the 24c site can result in partial

extraction from the pyrope structure and its incorpora-
tion into the hematite structure. As a result, a slight
substitution of Mg is enough for significant reduction of
the Morin transition temperature in hematite.

The most interesting fact related with the transfor-
mation mechanism at 1000 �C is the non-destructive
character of the oxidation process. The almost complete
oxidation of Fe2+ in the 24c position, their partial
extraction from the pyrope structure and transformation
to hematite does not result in the complete decomposi-
tion of the garnet structure, in accordance with XRD
data. XRD patterns of the initial powdered pyrope and
the pyrope heated at 1000 �C for 360 h differ particu-
larly by the presence of the additional lines of hematite
in the heated sample. Nevertheless, the positions of the
lines corresponding to the garnet structure and the re-
fined lattice parameters confirm the decrease of the cell
dimension after oxidation in the 24c position.

The Mössbauer parameters for the different runs
heated at 1100 �C are presented in Table 2 and the
representative RT Mössbauer spectrum of the sample
heated for 3 h is plotted in Fig. 6. As Table 2 and Fig. 6
show, at 1100 �C the transformation mechanism chan-
ges significantly and new Fe phases appear in the RT
Mössbauer spectra of thermally treated pyrope samples.

In addition to the hematite lines, two Fe2+ doublets
and a broad Fe3+ doublet are revealed in the RT
Mössbauer spectra of the products of thermal treatment
of pyrope at 1100 �C. In the samples heated for 1–15 h,
powder diffraction analysis show that Fe-orthoenstatite,
Fe-spinel, cristoballite and hematite were identified as
the decomposition products. Using the XRD data, the
two Fe2+ doublets can easily be attributed to Fe2+ at

Table 2 RT Mössbauer spectra parameters of pyrope heated in air at 1100 �C for different periods of time. Explanations as in Table 1

Fe phase Parameter 0.5 h 1 h 3 h 15 h 30 h

Fe2+ (24c-pyrope) d (mm s)1) 1.27 1.27 1.27 – –
DEQ (mm s)1) 3.52 3.51 3.54 – –
G (mm s)1) 0.28 0.28 0.29 – –
RA (%) 53.1 27.6 11.1 – –

Fe3+ (16a-pyrope) d (mm s)1) 0.23 0.23 – – –
DEQ (mm s)1) 0.37 0.36 – – –
G (mm s)1) 0.31 0.30 – – –
RA (%) 6.1 3.1 – – –

Fe2+ (M1-enstatite) d (mm s)1) 1.21 1.20 1.19 1.21 –
DEQ (mm s)1) 2.40 2.38 2.38 2.41 –
G (mm s)1) 0.32 0.32 0.30 0.30 –
RA (%) 4.8 6.1 7.4 3.7 –

Fe2+ (M2-enstatite) d (mm s)1) 1.08 1.10 1.11 1.10 –
DEQ (mm s)1) 2.02 2.06 2.06 2.09 –
G (mm s)1) 0.31 0.32 0.32 0.31 –
RA (%) 3.2 4.5 5.3 2.4 –

Fe3+ (spinel) d (mm s)1) 0.33 0.34 0.33 0.33 0.33
DEQ (mm s)1) 0.85 0.86 0.83 0.83 0.85
G (mm s)1) 0.57 0.58 0.58 0.56 0.56
RA (%) 32.8 55.7 71.2 81.1 81.0

Fe3+ (hematite) d (mm s)1) – 0.36 0.37 0.37 0.36
e (mm s)1) – )0.19 )0.22 )0.22 )0.22
B (T) – 50.8 50.6 50.7 50.7
G (mm s)1) – 0.42 0.42 0.44 0.46
RA (%) – 3.0 5.0 12.8 19.0
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the non-equivalent M1 and M2 sites of the pyroxene
structure. The Mössbauer parameters obtained confirm
the assignment proposed by Srivastava (1987) for the
RT Mössbauer spectrum of orthoenstatite with low
iron content. Following Marshall and Dollase (1984),
the dominant Fe3+ doublet is assigned to Fe3+ ions in
the spinel structure of Mg(Al,Fe)2O4.

After 15 h of the thermal treatment, XRD analysis
shows the complete decomposition of the garnet struc-
ture as documented by the absence of the lines belonging
to the original pyrope and the presence of lines that
belong to the above-mentioned decomposition products
(Fig. 7).

As Table 2 shows, the changes in the spectral areas
with heating time allow one to monitor the mechanism
of decomposition prevailing at 1100 �C.

The Fe3+ doublet assigned to Mg(Al,Fe)2O4 appears
immediately as the dominant product soon after heating
the sample for 0.5 h and its relative area increases until
the garnet structure has been completely decomposed
after 15 h of heating. After the garnet structure has been
fully decomposed, the relative area corresponding to
Mg(Al,Fe)2O4 remains constant, reflecting the thermal
stability of the spinel structure. The Fe-bearing ort-
hoenstatite, represented by the two doublets, is formed
simultaneously with the spinel as the primary decom-
position phase after heating the garnet for 0.5 h. Its
amount increases as heating progresses and reaches a
maximum value after 3 h of heating and then decreases
until it totally disappears after 15 h of heating. Hema-
tite, as a secondary oxidation phase, appears first in the
Mössbauer spectrum of the sample after heating for 1 h
and its content increases gradually as the heating pro-
gresses. After the complete decomposition of the garnet
structure, the increase in hematite content corresponds
to the simultaneous decrease of Fe2+ in Fe-orthoensta-
tite (Table 2).

On the basis of the obtained XRD and Mössbauer
data, the primary oxidative decomposition of the garnet
structure resulting in the formation of spinel, pyroxene
and cristoballite can be summarized by the equation
below:

X3�x1Fe
II
x1Y2�x2Fe

III
x2 Si3O12 þ aO2

! bXY2�ðyþx2ÞFe
III
yþx2O4 þ cX1�zFe

II
z SiO3 þ dSiO2 ;

ð2Þ
where a, b, c, d and x1, x2, y, z are the stoichiometric
coefficients and X stands for cations other than Fe2+,
mostly Mg, in the 24c position and Y stands for cations
other than Fe3+, mostly Al, in the 16a position.

In the second oxidation stage, Fe2+ from enstatite
is oxidized to hematite as typical for oxidation mecha-
nism of Mg-rich orthopyroxenes (Straub et al. 1991).
The constant ratio of the spectral area of spinel to
the sum of spectral areas of enstatite and hematite

Fe3þspinel=ð
P

M1;M2

Fe2þenstatiteþFe3þhematiteÞ is close to 4 (Table 2),

supports the two-step oxidation model suggested and
confirms the subsequent exchange of Fe atoms between
enstatite and hematite.

The general mechanism represented in Eq. (2) can be
refined and all the stoichiometric coefficients can be
determined on the basis of the mass balance for indi-
vidual elements in combination with the experimental
data. From the mass balance for Mg, Al, Fe, Si and O,
the following equations can be derived:

3� x1 ¼ bþ cð1� zÞ ; ð3Þ

2� x2 ¼ b½2� ðy þ x2Þ� ; ð4Þ

x1 þ x2 ¼ bðy þ x2Þ þ cz ; ð5Þ

Fig. 6 RT Mössbauer spectrum of pyrope heated at 1100 �C for 3 h

Fig. 7 XRD pattern of pyrope heated at 1100 �C for 15 h with the
assignment of the dominant lines. E enstatite; S spinel; C cristoballite;
H hematite; U unidentified
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3 ¼ cþ d ; ð6Þ

12þ 2a ¼ 4bþ 3cþ 2d : ð7Þ
The coefficients x1 and x2 can be determined from the
chemical analysis of the starting material as determined
by electron microprobe analysis, XRF and Mössbauer
spectroscopy. Thus, there are six unknowns and five
equations left. The last equation and the refinement of
Eq. (2), taking into account the non-parametric solution
of the system of equations, can be obtained from the
Mössbauer analysis of the corresponding spectral areas
in the fully decomposed pyrope. For example, we can
easily determine k, the ratio of ferric ions incorporated
into the structure of the spinel to the overall number of
iron ions in the system by:

k ¼ bðy þ x2Þ
x1 þ x2

: ð8Þ

By solving the system of Eq. (3) to (8) and if the trace
elements in X and Y replacing Mg and Al are neglected,
then the refined oxidation mechanism at 1100 �C can be
formulated by:

Mg2:28Fe
II
0:72Al1:92Fe

III
0:08Si3O12 þ 0:14O2

! 1:28MgAl1:5Fe
III
0:5O4 þ 1:15Mg0:87Fe

II
0:13SiO3

þ 1:85SiO2 : ð9Þ

All the coefficients are given after rounding off the two
decimal positions. The decomposition mechanism sug-
gested in Eq. (2) probably has a general character. Evi-
dently, the enormous decrease in the Fe2+ content (the
shift of the chemical composition to the end-member
Mg3Al2Si3O12) results in the decomposition to enstatite
and corundum and the former is probably the host
compound for the traces of Fe2+ left (Thiéblot et al
1998).

Conclusion

Two completely different mechanisms were found pre-
vailing for thermally induced oxidation of Fe2+ in py-
rope in air; one conserves the garnet structure, the other
destroys it. Heating pyrope at 1000 �C involves the
oxidation of Fe2+ in the 24c position accompanied by
the formation of Mg-substituted hematite nanoparticles
with the garnet structure still preserved. Heating at
1100 �C occurs in two steps, resulting in the formation
of two thermally stable Fe3+-bearing oxides and the
breakdown of the garnet structure. The primary oxida-
tion phase, Mg(Al,Fe)2O4, forms directly during the
oxidative decomposition of the garnet structure.
Hematite forms at 1100 �C as a product of the sub-
sequent oxidation of Fe2+ from enstatite.

The validity of these oxidation and decomposition
mechanisms for other natural pyropes can be deter-
mined only on the basis of the experimental study of

thermal behaviour of garnets with varying Fe contents,
a study currently in progress in our laboratory.
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