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INTRODUCTION

Olivine is an orthosilicate (space group Pbnm) composed
of isolated [SiO4]4– tetrahedra connected via divalent cations in
sixfold coordination. The O atoms lie in sheets parallel to the
(100) plane in an approximately hexagonal close packing. Sili-
con-centered tetrahedra point alternately up and down along
the a and b axes. Divalent cations occupy two distinct octahe-
dral sites; M1 located on centers of symmetry and M2 located
on mirror planes. The M1 octahedra share six of twelve edges
with other polyhedra: two with other M1 octahedra, two with
M2 octahedra, and two with tetrahedra. The M2 octahedra share
only three edges: two with M1 octahedra and one with a tetra-
hedron (Deer et al. 1962). Natural olivines are generally inter-
mediate terms between the end-members forsterite (Fo100,
Mg2SiO4) and fayalite (Fa100, Fe2SiO4), with minor replacement
by Mn and Ca, especially in the Fe-rich members. The distri-
bution of cations in the M1 and M2 sites has been studied us-
ing different methods: X-ray diffraction (Finger 1970; Brown
and Prewitt 1973; Smyth and Hazen 1973; Hazen 1976; Will

* E-mail: alex@unimore.it

Phase transformations and reaction kinetics during the temperature-induced oxidation of
natural olivine

ALESSANDRO F. GUALTIERI,1,* MAURO GEMMI,2 AND MONICA DAPIAGGI2

1Dipartimento di Scienze della Terra, Università di Modena e Reggio Emilia I-41100 Modena, Italy
2Dipartimento di Scienze della Terra “Ardito Desio”, Università di Milano I-20133 Milano, Italy

ABSTRACT

This work describes the sequence of transformations and their reaction kinetics during the oxida-
tion of olivine in air at high temperature. A natural olivine sample from the layered series of the
Ivrea-Verbano igneous complex (Western Alps, Italy) was heated in the temperature range 25–1300
∞C in air and investigated by in situ, real time powder X-ray diffraction (PXRD). The evolution of
the peaks (measured integrated intensities) was followed in non-isothermal conditions using vari-
able heating rates (b = 20, 22, 25, 27, and 30 ∞C/min). The total time of the experiments ranged from
about 256 (b = 30 ∞C/min) to 277 (b = 20 ∞C/min) min including the time for the data collections. An
additional isothermal run was performed at 800 ∞C. The analysis of the kinetic data was attempted with
the use of different equations including the classical Avrami theory for solid-state reactions. The kinetic
results were confirmed by independent experimental data from electron microscopy (SEM, TEM).

In the transformation sequence, hematite appears at about 600 ∞C producing amorphous segrega-
tions. of silica that later recombine with forsterite to form pyroxene Hematite is stable up to 1130 ∞C
where it is transformed into magnetite. The rate limiting step for the formation of hematite is a two-
dimensional diffusion with constant or decelerating nucleation rate and apparent activation energy
of 15 kcal/mol. The concentration of Fe3+ in Fe-rich regions favors the heterogeneous nucleation of
hematite, which may take place on existing defects or at the grain boundaries with impurity phases
such as serpentine. At 1130 ∞C, magnetite is formed at the expenses of hematite, with a contracting
volume interface-controlled reaction in two or three dimensions with an apparent activation energy
of 30–31 kcal/mol. The hematite to magnetite transformation is direct, without a metastable amor-
phous intermediate. It is described by the “shrinking core model,” with the formation of a magnetite
outer layer at the surface of the hematite particles that proceeds toward the core of the reacting hematite
by diffusion of the oxygen throughout the newly formed magnetite layer. Its rate is limited by the ad-
vancement of the reaction front. The rate-limiting step for the formation of pyroxene is two-dimensional
diffusion with decelerating nucleation rate with an apparent activation energy of 29 kcal/mol.

and Nover 1979; Nobuyuki et al. 1985; Princivalle 1990;
Ottonello et al. 1990; Artioli et al. 1993); neutron diffraction
(Caron et al. 1965; Newnham et al. 1966; Redfern et al. 1997);
Mössbauer spectroscopy (Bancroft et al. 1967; Bush et al.
1970); EPR spectroscopy (Weeks et al. 1974); absorption spec-
troscopy (Brown 1970; Scheetz and White 1972; Wood 1974);
and vibrational spectroscopy (Duke and Stephens 1964;
Huggins 1973). A comprehensive list of the olivine structure
types is found in Brown (1980).

The oxidation of olivine is of great petrologic interest be-
cause olivine is the most common igneous rock-forming Fe-
Mg silicate mineral and for its buffering properties (Khisina et
al. 1995). A short description of the results of the laboratory
oxidation experiments of olivine is given first, followed by a
summary of the results of naturally oxidized olivine samples.

Olivine is thermodynamically stable only within a limited
range of oxygen fugacity. Under oxidizing conditions, a change
in stoichiometry occurs and Fe2+, Fe3+, and physically dissolved
O atoms are in equilibrium (i.e., 4Fe3+ + 2O2– Æ 4Fe2+ + O2).
Metastable olivine transforms into Fe3+-rich phases and silica-
rich phases depending on temperature, oxygen fugacity, Fe


