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Summary

Ilvaite, a black mixed-valence iron silicate, undergoes oxidation-dehydrogenation
reaction when heated in air. Variations in the optical properties were investigated as
function of the structural adjustments accompanying the process. Re¯ectance
measurements were carried out in air on crystallographically oriented crystals heated
at increasing temperatures (selected wavelengths of 471.1, 548.3, 586.6, and 652.3 nm).
As expected on the basis of the strong structural anisotropy, sections parallel to the c axis
(i.e. the chain axis) exhibit maximum bire¯ectance. The most relevant variation induced
by heating affects the Re value which appears to increase as consequence of the
shortening of the M1-M1 contact along the c axis.

Introduction

Ilvaite, CaFe2�
2 Fe3��Si2O7�O�OH�, is a black mixed-valence iron sorosilicate,

typically occurring as a late forming mineral in Ca-Fe-Si skarn deposits (Burt, 1971).
The structure of ilvaite is based on iron octahedral ribbons, running parallel to

the c axis. Seven-coordinated Ca2� ions and Si2O7 groups interconnect the
octahedral chains. At room temperature, ilvaite is monoclinic with space group
P21=a (BartholomeÂ et al., 1968) with Fe ions ordered on three crystallographically
independent sites. One half of the Fe2� ions occupies the M2 site, the other half the
M11 site and the Fe3� ions the M12 site. By increasing temperature, the structure
undergoes a crystallographic phase transition to the orthorhombic symmetry Pnam,
due to the complete disordering of Fe2� and Fe3� ions within the double-chain of
M1-octahedra. This transition occurs within the range 60±70 �C (Ghose et al.,
1984a, 1985; Robie et al., 1988). In the chemically pure synthetic ilvaite the
transition occurs at 117 �C (Ghazi-Bayat et al., 1992).

A number of monoclinic structure re®nements have been performed using both
X-ray single crystal intensities (Finger et al., 1982; TakeÂuchi et al., 1983, 1993,



1994; Ghose et al., 1985, 1989; Finger and Hazen, 1987; Carrozzini, 1994; Bonazzi
and Bindi, 1999) and neutron powder diffraction data (Ghose et al., 1984b).
Accurate structural data over a wide temperature range were obtained and their
relationship with thermophysical, magnetic, and electrical properties established
(Yamanaka and TakeÂuchi, 1979; Nolet and Burns, 1979; Litterst and Amthauer,
1984; Ghazi-Bayat et al., 1987, 1989, 1992; Robie et al., 1988; Xuemin et al., 1988;
Schmidbauer and Amthauer, 1998). The role of pressure (Evans and Amthauer,
1980; Finger and Hazen, 1987; Ghazi-Bayat et al., 1993), as well as the effects of
the Mn2� $ Fe2� and Al$ Fe3� substitutions, have been also examined (Ghazi-
Bayat et al., 1989, 1992; Amthauer et al., 1997).

Robie et al. (1988) measured the unit-cell dimensions within the temperature
range 25±800 �C and pointed out a dramatic change near 430 �C, where a and c
parameters deviate from the linear trend of thermal expansion. According to
these authors, this behaviour is probably related to the chemical reaction involv-
ing iron oxidation and hydrogen loss: CaFe2�

2 Fe3��Si2O7�O�OH� !
CaFe2�Fe3�

2 �Si2O7�O2 � 1=2H2. The occurrence in ilvaite of the oxidation-
dehydrogenation reaction induced by heat treatment in air was subsequently
veri®ed by Bonazzi and Bindi (1999), who examined the structural variations
involved in this process. They found, in particular, that the oxidation-dehydro-
genation reaction begins to develop at approximately 500±550 �C. The loss of
hydrogen, estimated to be about 40% after the 700 �C annealing, causes a marked
increase of the donor-acceptor interdistance, whereas the iron oxidation is made
evident by the pronounced decrease of the hM1-Oi octahedral distance. As a
consequence of iron oxidation, changes in the Fe-Fe distances were also observed.
The present work was undertaken to study the re¯ectance variations accompanying
the structural adjustments induced by iron oxidation in ilvaite.

Experimental methods

A number of single crystals of ilvaite from the same sample (Torre di Rio, Rio
Marina, Elba Island, Italy, no. E-3819, Mineralogical Museum of the University of
Florence) used for the structural study (Bonazzi and Bindi, 1999) were selected for
heat treatment and re¯ectance measurements.

Crystals were annealed in air for 48 hrs. at selected temperatures ranging from
450 �C to 700 �C, using a magnetic release furnace which allows rapid cooling
to room temperature. Crystallographic orientation was determined by means of
Weissenberg photographs. For each heating temperature, two crystals were
embedded in resin to obtain two sections, cut parallel (k) and perpendicular (?)
to [001], respectively (according to a> b> c unit cell choice). Specimens were
accurately polished using diamond abrasives (grit size up to 0.25mm). The
re¯ectance was measured in air by means of a MPM-200 Zeiss microphotometer
equipped with a MSP-20 system processor under a Zeiss Axioplan ore microscope.
Filament temperature was approximately 3350 K. An interference ®lter was ad-
justed, in turn, to select four wavelengths for measurement (471.1, 548.3, 586.6, and
652.3 nm). Readings were taken for specimen and standard (SiC) maintained under
the same focus conditions. The diameter of the circular measuring area was 0.1 mm.
In order to obtain R% values for vibrations parallel to the crystallographic axes
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(Ra;Rb;Rc), replicate measurements were performed on different regions of the
crystals, with particular care to choose optically homogeneous areas. Due to the
very small deviation from the orthorhombic symmetry at room temperature, we
considered ilvaite as orthorhombic over the whole range. The Ra and Rb values were
determined on sections ? [001], and Rc on sections k [001].

Chemical compositions were determined by means of electron microprobe
JEOL JXA 8600 equipped with four wavelength dispersive spectrometers, operating
at 15 kV and 10 nA. In order to check the homogeneity of the crystals, replicate
analyses on different spots were performed. Table 1 reports the average chemical
data.

Results and discussion

Due to the short Fe-Fe distances, the mineral appears black in color (Nolet and
Burns, 1979), with vitreous to submetallic luster. Although it appears as an
essentially transparent mineral when about 10 to 20mm thick, the mineral is
partially opaque when observed with re¯ected light in thick polished sections. Even
small ilvaite crystals are black, the intense absorption being associated with
intervalence charge transfer between Fe2� and Fe3� in neighboring cation sites
(Amthauer and Rossman, 1984). Re¯ectance is moderate, dull gray, without striking
internal re¯ections. As expected on the basis of the strong structural anisotropy,
sections k c (i.e. the chain axis) show maximum bire¯ectance (from deep gray to
bluish gray), while it is negligible in the sections ? c. In Fig. 1 the spectral

Fig. 1. Re¯ectance values for untreated ilvaite crystals (solid symbols) together with data
(empty symbols) published by Beran (1980)

252 P. Bonazzi et al.



re¯ectance curves for untreated ilvaite are given, compared with those determined
by Beran (1980) on ilvaite crystals from Rio Marina, Elba, Italy. No pronounced
differences are observed in the re¯ectance values, as expected on the basis of the
close similarity in the chemical composition of the two samples. The strong
decrease of the Rc value (7.9±4.5%) with the increase of the wavelength accounts
for the observed bluish hue; on the other hand, Ra and Rb show higher values (10.0±
9.6% and 9.5±8.7%, respectively) which, however, are only slightly dispersed.
Figure 2 shows the variation of the re¯ectance values as function of heating
temperature. For all the four wavelengths Ra and Rb remain subtantially unvaried up
to 600 �C; after this treatment, slight variations occur leading Rb >Ra at the end of
the iron oxidation process. The most relevant variation affects the Rc value, which
becomes higher than the others for � � 471:1 nm (Fig. 2a). It is well known that
higher values of re¯ectance are observed for pure ilvaite, and therefore small

Fig. 2. Re¯ectance values for
471.1 (a), 548.3 (b), 586.6 (c),
and 652.3 (d) nm wavelengths
plotted against the heating
temperature. Symbols as in
Fig. 1

Re¯ectance variations in heat-treated ilvaite 253



variations could be also due to differences in chemical composition. However, the
crystals employed differ from each other very slightly (Table 1) and no dependence
on chemical differences was found.

After heating at 750 �C, due to the decomposition of ilvaite, crystals resulted in
a minute intergrowth consisting of hematite and hedenbergite. According to Robie

Fig. 3. Schematic representation of the Fe-Fe
distances within the double octahedral chain of
ilvaite (monoclinic phase). In the orthorhombic
phase d11±d12; d41±d42, and d51±d52 pairs are
equivalent

Fig. 4. Fe-Fe distances plotted against the �Fe3�=�Fe2� � Fe3��� ratio

254 P. Bonazzi et al.



et al. (1988), who studied the thermal expansion of ilvaite heated in vacuum,
incrongruent melting occurs at 750 �C, probably involving the decomposition:
CaFe3Si2O7O2 ! Fe3O4 � CaSi2O5 (liquid). On the other hand, fully oxidized
decomposition products are formed by heating ilvaite in air. As reported by
Dietrich (1972), the breakdown of ilvaite to hematite and clinopyroxene begins to
develop at 785 �C, and at 1175 �C the sample is completely melted.

A correlation between the trend observed in re¯ectivity and the heated induced
structural variations previously observed (Bonazzi and Bindi, 1999) can be
attempted. In order to make the data comparable, we used for this study crystals
of ilvaite similar in chemical composition and size to that previously used for the
structural study. The annealing procedure was the same as well. According to
Bonazzi and Bindi (1999), the strong increase of the �Fe3�=�Fe2� � Fe3��� ratio
takes place after the 550� heat treatment, as indicated by the marked decrease of the
hM1-Oi distance, from 2.076 AÊ (550 �C) to 2.057 AÊ (700 �C). Accordingly, the most
appreciable variations in the optical behaviour are observed in the same temperature
range. Figure 3 shows the Fe-Fe contacts in the octahedral ribbon of ilvaite. The
corresponding values obtained after each treatment are reported in Table 2. As a
consequence of a greater electrostatic cation repulsion, the Fe-Fe distances increase
with the �Fe3�=�Fe2� � Fe3��� ratio, (Fig. 4). Nevertheless, as expected for a not
purely ionic compound, the M1-M1 �d3� contact, which is directed parallel to the c
axis, strongly decreases with increasing heating temperature. Therefore, the
observed increase of re¯ectance for vibrations parallel to the c axis appears to be
related to the shortening of the Fe-Fe distance �d3� along this direction. A greater
orbital overlapping, indeed, likely modi®es the energy of the level into which
electrons may be excited by absorption of electromagnetic radiation.
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Table 2. Fe-Fe distances (AÊ ) in heat-treated ilvaite

RT 400 450 500 550 600 615 625 660 675 700

d11 2.989 2.998 2.999
d1 3.001 3.008 3.019 3.026 3.028 3.046 3.053 3.057

d12 3.005 3.002 3.003
d2 2.839 2.834 2.838 2.842 2.855 2.880 2.904 2.905 2.941 2.950 2.960
d3 3.011 3.008 3.008 3.005 2.994 2.967 2.946 2.939 2.901 2.891 2.876
d41 3.138 3.148 3.150

d4 3.154 3.160 3.170 3.179 3.182 3.197 3.202 3.205
d42 3.168 3.155 3.157
d51 3.248 3.244 3.244

d5 3.241 3.244 3.249 3.251 3.253 3.260 3.263 3.265
d52 3.233 3.238 3.239

Distances are computed using the atomic coordinates reported by Bonazzi and Bindi (1999). Labels as in Fig. 3
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