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INTRODUCTION

Different types of non-primary oxide inclusions, commonly
associated with silicate phases, have been described in olivine
and formed by different exsolution mechanisms (Goode 1974;
Gooley et al. 1974; Kohlstedt and Vander Sande 1975; Putnis
1979; Moseley 1984; Otten 1985; Banfield et al. 1990). Sev-
eral different types of oxide-silicate exsolutions may be dis-
tinguished on the basis of their size, concentration, and
distribution within the host olivine, textural relationships be-
tween oxide and silicate, and composition of both oxide and
silicate phases.

The best known oxide-silicate precipitates are the coarse (up
to 5 × 100 µm) worm-like intergrowths (symplectites), which
commonly show the association of spinel (mainly chromite or
magnetite) with a Ca-rich (diopside or augite) or an Mg-rich
(enstatite or hypersthene) pyroxene (Haggerty and Baker 1967;
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ifex-like textured olivine from secondary harzburgites collected from the Cerro del Almirez locality in
the Mulhacén Complex (Betic Cordillera, SE Spain). Three main types of submicroscopic oxides have
been identified: (1) equidimensional Fe-rich spinel (magnetite), with average grain size in the order of
1–2 µm; (2) elongated Cr-bearing spinels (Fe-chromite to Cr-magnetite) with sizes ranging from 0.2 to
1 µm long and 0.01 to 0.1 µm thick; and (3) equidimensional Ti-rich particles from <0.01 to 0.1 µm and
compositions ranging from ilmenite to Fe-Cr-Ti oxide. Chromite and ilmenite particles form parallel,
chromite-rich and ilmenite-rich bands, extending along the a-axis of the host olivine. Both phases show
a fixed orientation relationship with olivine, with the approximately hexagonal close-packed oxygen
planes being parallel in both structures. These textural relationships indicate that both chromite and
ilmenite were formed during a common exsolution process. Magnetite particles also are orientated
preferentially relative to the olivine, but these particles are homogeneously distributed within the oliv-
ine, suggesting either a primary origin or an exsolution process that was not contemporaneous with
formation of chromite and ilmenite.

Chromite particles commonly are accompanied by lamellae of talc and/or enstatite, both showing a
consistent orientation relationship with olivine. Talc lamellae are twice as thick as the associated chromite
crystals, whereas enstatite lamellae show a greater thickness and, moreover, form single enstatite par-
ticles, which consist of clino- and orthoenstatite intergrowths. Talc formation may be explained by
exsolution, together with spinel, from olivine containing OH-groups, probably related to incomplete
dehydration of serpentine during olivine formation. On the basis of these results and previously re-
ported petrological data, we have concluded that exsolution of chromite-silicate and ilmenite occurred
during the retrograde stage that followed the climax of the eo-Alpine metamorphic event.

Gooley et al. 1974; Arai 1978; Putnis 1979; Moseley 1984).
Submicroscopic spinel-pyroxene intergrowths with similar min-
eral associations have also been described (Otten 1985), where
the spinel shows either dendritic or euhedral forms. In a few
cases, the phase associated with the spinel is amorphous or crys-
talline silica (Kohlstedt and Vander Sande 1975; Banfield et al.
1990). The association spinel-fluid phase (CO2) has also been
reported (Green and Gueguen 1983).

Another set of papers describes Ti-, Cr-, and Fe-bearing
particles where the associated silicate phase either is lacking
or has not been observed (Ashworth 1979; Moseley 1981; Drury
and Van Roermund 1988; Dobrzhinetskaya et al. 1996; Risold
et al. 1997; Hacker et al. 1997; Ulmer and Trommsdorff 1997),
although in some cases two different oxide phases, spinel and
ilmenite, appear either as separate or as composite precipitates
(Dobrzhinetskaya et al. 1996; Green et al. 1997).

The observed development of Cr-Fe oxides together with a
silicate phase during the exsolution process agrees with the
results of heating experiments of natural olivine of variable
composition (Champness and Gay 1968; Champness 1970),*E-mail: mdruiz@uma.es
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indicating that breakdown of the olivine structure, at increas-
ing temperature, produces two anhydrous silicate phases, silica
and pyroxene, together with Fe-oxide.

The formation of hydrous silicates such as amphiboles or
sheet silicates (mainly talc, chlorite, serpentine, and smectite),
is clearly related to hydration reactions occurring either during
retrograde metamorphism or during hydrothermal and low-tem-
perature alteration. These types of processes have been inves-
tigated extensively by Baker and Haggerty (1967), Veblen et
al. (1977), Veblen and Burnham (1978), Veblen and Buseck
(1980), and Banfield et al. (1990).

The identification of a hydrous phase (talc) together with
enstatite, associated with Cr-Fe-spinel in olivine from the Betic
Ophiolitic Association (BOA) ultramafic rocks (Puga et al.
1998) is extremely interesting because of its mineralogical and
petrological implications. In fact, processes that differ from the
secondary hydration of pyriboles must be invoked in this case
for talc formation from olivine. On the basis of petrological
data, the establishment of both the physical conditions and time
constraints on talc formation will allow a more accurate inter-
pretation of the origin of the hydroxyl, as well as of the meta-
morphic conditions that affected the BOA ultramafic rocks.

GEOLOGICAL  SETTING AND PETROLOGICAL  DATA

The silicate and oxide particles occur in olivine from sec-
ondary harzburgites, which are part of the ultramafic sequence
of the BOA in the Mulhacén Complex (Puga 1990; Puga et al.
1999). The samples come from the Cerro del Almirez, in Si-
erra Nevada (Fig. 1), which forms part of the Mulhacén Com-
plex (Betic Cordillera, SE Spain). This Complex crops out as
tectonic windows placed below the Alpujarride Complex and
above the Veleta Complex (Fig. 1). This outcrop, about 3 km in
length and several hundred meters thick, consists of antigorite
serpentinites containing numerous dikes from 0.1 to 1 m wide,
and boudins of partly eclogitized rodingite.

The secondary harzburgites originally were the most abun-
dant lithotype in this ultramafic ophiolitic sequence. The
harzburgites are metamorphic rocks derived from spinel
lherzolites, through the following sequence of petrogenetic pro-
cesses, which have been documented in Puga et al. (1999).

(1) An oceanic serpentinization stage of the lherzolites, giv-
ing rise to their local transformation into aggregates of chlo-
rine-bearing serpentine and chlorite and oxide minerals. These
aggregates enclose relics of mantle-derived olivine, whose rep-
resentative composition is reported in Table 1. This initial

FIGURE 1. Geological sketch map of the central-eastern sector of the Betic Cordillera, showing some of its constituent metamorphic complexes
that formed during the Alpine Orogeny. Star represents the location of the meta-ophiolitic ultramafic-rodingite association of the Cerro del Almirez
outcrop. Limits between complexes according to geological maps 1:50.000 from MAGNA series and Diaz de Federico’s unpublished data.
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serpentinization process was contemporaneous with (and
complementary to) alteration that partly transformed the dol-
erite dikes that crosscut the ultramafic rocks into rodingites.

(2) A high-pressure metamorphism of the partly
serpentinized lherzolites under eclogite facies conditions, dur-
ing an eo-Alpine subduction process, which also affected the
plutonic, volcanic, and sedimentary sequences of the BOA. In
this eo-Alpine metamorphic event, the previously formed
phyllosilicates were replaced by a brown olivine, with spin-
ifex-like texture (Fig. 2a), containing rare inclusions of
(K,Na)Cl. This brown olivine occurs in a paragenesis with
enstatite and minor Cr-chlorite and Cr-magnetite, forming the
secondary harzburgite. The chemical compositions of the main
minerals in this rock type are reported in Table 1. The spinifex-
like textured olivine commonly shows an irregular light brown
core, surrounded by a thicker dark-brown zone, and a discon-

FIGURE 2. (a) Macroscopic aspect of a secondary harzburgite with
spinifex-like textured olivine crystals (sp Ol), dark in the photo,
surrounded by a matrix of needle-like enstatite aggregates (En). Some
rounded relics of mantle-derived olivine (r Ol) are preserved in this
ultramafic rock and locally appear overgrown by the more abundant
spinifex-like olivine crystals. (b) Brown olivine crystals with spinifex-
like texture surrounded by an enstatite (En) and chlorite (Chl) matrix,
which contains some microscopic magnetite grains (Mag). Olivine
crystals in this plane-polarized light photograph are elongated parallel
to b-axis and show a thin, light-brown core (l br Ol) and a discontinuous,
colorless rim (c. Ol).

TABLE 1. Representative microprobe analyses of the mineral phases shown in Figure 2

Spinifex-like olivine
Mantle-derived Intermediate dark Light-brown Colorless

olivine relic -brown zone core rim Opx Chl Mag
SiO2 41.30 40.77 40.85 40.64 58.43 33.81 0.01
TiO2 0.01 0.03 0.11 — 0.02 0.03 0.44
Al2O3 0.01 0.01 — — 0.06 14.30 0.28
Cr2O3 — 0.26 0.01 — 0.02 1.44 9.78
FeO 9.30 8.68 9.06 9.24 6.28 3.22 80.81
MnO 0.21 0.11 0.11 0.11 0.17 — 0.17
NiO 0.28 0.42 0.48 0.37 0.10 0.30 0.56
MgO 49.40 49.88 49.73 49.69 35.50 33.94 1.71
CaO 0.01 — — — 0.05 — —
Na2O 0.05 — 0.01 — 0.02 0.03 0.02
K2O 0.02 0.02 0.02 — 0.01 0.03 —
F — 0.06 0.15 — 0.04 0.37 0.20
Cl 0.01 — 0.01 — — 0.04 0.01
Total 100.59 100.23 100.54 100.05 100.68 87.50 93.99

Formula proportions of cations*
Si 1.00 1.00 1.00 0.99 2.00 6.39 —
IVAl — — — — — 1.61 —
VIAl — — — — — 1.57 0.10
Ti — — — — — — 0.10
Cr — 0.01 — — — 0.21 2.34
Fe3+ — — — 0.01 0.01 — 13.55
Fe2+ 0.19 0.17 0.18 0.18 0.17 0.51 6.93
Mn — — — — — — 0.04
Ni 0.01 0.01 0.01 0.01 0.00 0.05 0.14
Mg 1.79 1.81 1.81 1.81 1.81 9.56 0.77
Ca — — — — — — —
Na — — — — — 0.01 0.01
K — — — — — 0.01 —
* Based on 4 oxygen atoms for olivine, 6 oxygen atoms for orthopyroxene, 28 oxygen atoms for chlorite, and 32 oxygen atoms for magnetite.
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tinuous colorless rim (Fig. 2b). In the brown zones of the oliv-
ine (Table 1), TiO2 + Cr2O3 may reach 0.5 wt% and, exception-
ally, up to 1 wt% (Puga et al. 1999). In contrast, in the colorless
rims, concentrations of Cr2O3 and TiO2 are below detection lim-
its for microprobe analysis (Table 1), which are 0.032 wt% for
Cr and 0.0082 wt% for Ti.

(3) After a decompressional stage, which resulted in the
partial exhumation and retrogression of the eclogitized
ophiolites, a meso-Alpine metamorphic event affected these
lithotypes and transformed them under P-T conditions corre-
sponding to the albite-epidote amphibolite facies. During this
metamorphic event, the residual meta-lherzolites were
serpentinized, in a continental environment, while in the lo-
cally formed harzburgites, the spinifex olivine was probably
overgrown by the colorless rim (Fig. 2b), and slightly replaced
by chlorite and serpentine, whereas the enstatite was partly
pseudomorphed by talc.

EXPERIMENTAL  METHODS

From the optical study, a set of olivine grains, showing dif-
ferent orientations, were selected for the TEM study. Selected
areas included variously colored olivine zones. Samples were
prepared from thin sections in which washers were attached to
the selected areas and later separated from the glass backing.
These areas were ion-milled, carbon-coated, and examined in
a 200-kV Philips CM-20 scanning-transmission electron mi-
croscope (STEM) fitted with an EDAX ultrathin window, solid-
state Si(Li) detector for energy-dispersive X-ray analysis.
Quantitative X-ray microanalysis was carried out using the thin-
film approximation of Cliff and Lorimer (1975). Standards were
natural albite for Na, natural muscovite and biotite for K, natu-
ral albite, spessartite and muscovite for Al, natural olivine and
biotite for Mg and Fe, natural spessartite for Mn, and natural
titanite for Ca and Ti. Interpolation between Mn and Ti values
were used for the Cr correction factor.

FIGURE 3. TEM images of the main
types of submicroscopic oxide particles in
the brown area of the spinifex-like textured
olivine. (a) Electron micrograph showing
the relative sizes of the magnetite (Mag),
chromite (Chr), and ilmenite particles, the
latter being abundant in the upper left
corner. (b) SAED pattern of the magnetite
[111–1] zone axis. (c) Parallel bands of
ilmenite (Ilm) and orientated chromite
(Chr) particles. (d) The SAED pattern of
the [01–1] zone axis of olivine shows faint
spots of chromite, which reveal the
orientation relationships between the
phases. (e) Electron micrograph showing
one of the largest ilmenite particles that
displays moiré fringes. (f) SAED pattern,
of the [1–1–20] zone axis of ilmenite,
showing the orientation relationships
between host olivine and ilmenite. In a and
c, planar defects parallel to the [100]
direction of the olivine connect chromite
particles.
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TEM RESULTS

At the scale of TEM observation, the brown areas of the
spinifex-like textured olivine shows oxide-mineral particles with
a range of sizes (Puga et al. 1998): (1) equidimensional mag-
netite grains, with average grain size of ~1–2 µm; (2) subhedral,
elongated spinel crystals, with sizes ranging from ~0.2 to 1 µm
long and 0.01–0.1 µm thick, and compositions ranging from
Fe-chromite to Cr-magnetite; and (3) small (<0.01–0.1 µm),
equidimensional and commonly rounded grains with composi-
tions ranging from ilmenite to Fe-Cr-Ti-oxide (Fig. 3). In this
work we use the name “chromite” for the complete range of
Cr-bearing spinels, whereas the name “ilmenite” includes Fe-
Ti particles that might also contain Cr.

Low-magnification observations reveal that both chromite
and ilmenite particles form parallel chromite-rich and ilmenite-
rich bands a few micrometers in thickness, which extend along
the a-direction of the host olivine (Fig. 3c). Planar defects, par-
allel to the [100] direction of olivine locally connect the
chromite particles (Figs. 3a and 3c). In contrast, magnetite par-
ticles appear to be distributed homogeneously within the oliv-
ine grains. Chromite particles occur systematically forming
parallel intergrowths with silicate phases, whereas this type of
parallel intergrowth has not been observed for either magnetite
or Ti-rich oxides.

Magnetite particles

The AEM data from the large equidimensional particles,
such as those shown in Figures 3a and 4a, systematically con-
tain large amounts of Fe and subordinate Cr, Mn, Ti, Ni, and V
(Table 2). Most of the SAED patterns can be indexed as mag-
netite. Figure 3b shows the following orientation of magnetite
with respect to the olivine: (100)Ol // [111]Mag; (010)Ol // [2

–
11]Mag;

and (001)Ol // [01
–
1]Mag. These orientation relationships are the

same as those reported previously for magnetite formed from
olivine (e.g., Champness 1970). In some cases, diffraction pat-
terns and high-resolution images of these crystals show a spac-
ing of 14.3 Å (= 3d111 of magnetite), although the orientation
with respect to the host olivine is maintained (Fig. 4b). These
images could be interpreted as a moiré effect, although the pres-
ence of spots with a regular 14.3 Å spacing in the SAED pat-
terns rather suggests the presence of a magnetite superstructure,
which may be related either to cation (Fe and Cr) ordering in
particles containing Cr, or to vacancy ordering, perhaps related
to later oxidation of magnetite as in the maghemite structure

Chromite-silicate particles

The chromite-silicate lamellae are parallel to {111} of
chromite, the interface with the olivine matrix being parallel to
(100) of olivine. Chromite crystals display the same orienta-
tion relative to the host olivine as magnetite particles and ap-
pear frequently to consist of two or more twinned lamellae (Fig.
5). A superstructure with a spacing of 14.3 Å, similar to that in
magnetite particles, is commonly observed on the outer parts
of the chromite crystals.

The chromite particles show a wide compositional range
(Table 2), with Fe3+ contents ranging from 0.36 atoms per for-
mula unit (apfu) (ferroan chromite) to 1.56 apfu (chromian
magnetite). Most of the analyses appear to be “contaminated”

by the enclosing olivine, and the formulae have been recalcu-
lated by removing Si together with Mg and Fe in the propor-
tions indicated by the olivine analyses.

There are two main types of silicate phases in many cases
associated with chromite: one shows light contrast resulting
from rapid beam damage (Fig. 6a), whereas the other main-
tains contrast similar that of host olivine (Fig. 6b). The second
type of silicate is also observed as isolated particles, without
parallel oxide crystals.

Because of the small sizes of the particles, analyses of the
silicate phases in many cases appear to be contaminated by
adjacent chromite or olivine, and their identification is very
difficult on the basis of the AEM data alone. An estimate of the
degree of olivine contamination may be obtained from the
(Si+Al)/(Fe+Mg) ratio, which ranges from 0.44 to 0.48 in the

FIGURE 4. (a) Image of a large magnetite particle. (b) The high-
resolution image shows fringes with spacing = 14.3 Å. The SAED
pattern (inset) of the [01

–
1] zone axis of the olivine, also shows the

14.3 Å spacing (= 3d(111) of magnetite).
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analyzed olivine (Table 3). Nevertheless, information provided
by the complex SAED patterns and the high-resolution images
has permitted the identification of two types of Mg-rich sili-
cate, talc and enstatite, which correspond respectively to the
beam-sensitive and beam-stable particles. Both minerals gen-
erally coexist within the chromite-rich bands, although it is not
unusual to observe areas in which either talc or, less commonly,
enstatite predominates.

Chromite-talc particles. Chromite-talc particles appear as
parallel intergrowths, the talc lamellae showing a thickness ap-
proximately double that of the associated chromite lamellae (Fig.
6a). High-magnification electron micrographs of these crystals
permit only occasional imaging of the 9.3 Å fringes of talc, be-
cause of the rapid rate with which it suffers electron beam dam-
age (Veblen and Buseck 1980). Figure 6a also shows the
orientation relationships among chromite, talc, and host olivine.
The SAED pattern shows the [01

–
1] zone axis of olivine and the

[3
–
10] zone axis of talc, and reveals the following orientation

relationships between both phases: (100)Ol // (001)Tlc; and [011]Ol

// [310]Tlc. This pattern also reveals the lack of exact coinci-
dence between the (13l) and (hkk) rows of the two phases.

AEM data from talc lamellae are reported in Table 3, to-
gether with those of the host olivine. Contamination with ei-
ther chromite or olivine is revealed, respectively, by the Cr
content and the Si/(Fe+Mg) ratio. Structural formulae have been
calculated only when this ratio is close to the ideal value for
talc (>1.33).

Enstatite and chromite-enstatite particles. Enstatite par-
ticles either are associated with chromite crystals (Fig. 6b) or
occur as single lamellae (Figs. 6b and 7), the latter generally
showing a greater thickness. As a consequence the observed
enstatite/chromite ratio is notably higher than the talc/chromite
one. The chromite-enstatite intergrowths are, in some cases,
parallel to the shortest dimension of these crystals and are simi-
lar to those formed by talc and chromite (Fig. 6b). However,
very elongated enstatite lamellae, growing along the longest
direction of the particles, are also observed.

High-resolution images of enstatite commonly show areas
with 9 Å fringes and areas with 18 Å fringes (Fig. 7). These
spacings correspond, to the a-dimensions of clinoenstatite and
orthoenstatite, respectively. Similar b-axis images were de-
scribed by Iijima and Buseck (1976) and interpreted as
intergrowths of orthoenstatite (OREN) and clinoenstatite
(CLEN). Topotactic relations between the two polymorphs and

TABLE  2.  AEM data for oxide particles (in cation%)

Magnetite Chromite Ilmenite
Fig. 3 Fig. 4 Fig. 3 Fig. 5 Fig. 6a Fig. 6b n.s. Fig. 3c Fig.3e n.s.

Si – – 2.12 9.12 8.79 3.05 16.54 11.30 13.18 21.11 12.64 1.70 –
Al – 0.57 1.03 0.80 – 0.96 – 1.46 – – – – –
Fe 92.89 78.73 56.19 47.97 32.78 44.09 33.49 33.89 31.08 33.22 31.40 38.83 35.04
Mg – 1.05 5.50 19.55 18.68 7.16 16.73 26.20 26.76 40.72 29.79 11.00 10.40
Mn 2.02 0.04 – – – – – – – – – 0.60 0.65
Ti – 0.77 0.80 1.20 0.61 1.20 – 0.93 0.57 – 23.53 47.87 53.91
Cr 3.98 18.40 34.36 21.36 39.14 43.54 33.24 26.22 28.41 5.02 2.64 – –
Ni 1.11 0.44 – – – – – – – – – – –

Formula proportions of cations*
Al3+ – 0.07 0.03 0.03 – 0.03 † 0.07 – – – – –
Cr3+ 0.12 0.55 1.10 0.91 1.61 1.43 † 1.24 1.41 0.44 0.09 –  –
Ti4+ – 0.02 0.03 0.05 0.03 0.04 † 0.04 0.03 – 0.77 1.01 1.08
Fe3+ 1.85 1.35 0.83 1.01 0.36 0.49 † 0.64 0.55 1.56 – – –
Fe2+ 0.94 1.01 0.94 0.94 0.94 0.97 † 0.88 0.88 1.00 0.95 0.82 0.70
Mg2+ – 0.03 0.05 0.06 0.06 0.04 † 0.13 0.06 – 0.19 0.16 0.21
Mn2+ 0.06 – – – – – † – – – – 0.01 0.01
Ni2+ 0.03 0.02 – – – – † – – – –  – –
O 4 4 4 4 4 4 † 4 4 4 3 3 3
Notes: Structural formulae have been recalculated by removing Si, Fe, and Mg, in a ratio similar to that determined in the host olivine. n.s.: analyses
from particles not shown in the figures.
* Based on three oxygen atoms for ilminite, and four oxygen atoms for magnetite and chromite.
† Analysis contaminated with both olivine and talc.

FIGURE 5. High-resolution image of a chromite particle (Chr),
elongated along the [013] direction of olivine (Ol). The darker lamella
(between the white arrows) is a twin. The topotactic relations between
chromite and olivine are revealed by the SAED pattern (inset), of the
[01

–
1] zone axes of olivine and chromite.
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the host olivine, illustrated by the SAED patterns (Figs. 6b and
7) are: (100)Ol // (100)OREN // (100)CLEN; [011]Ol // (010)OREN //
(010)CLEN; and [01

–
3]Ol // (001)OREN // (001)CLEN. The elongation

of the enstatite lamellae coincides with the direction of the sili-
cate chains, the c-direction in the pyroxene structure.

AEM data from enstatite lamellae (Table 3) indicate Si/
(Fe+Mg) ratios <1, which can be explained either by olivine
contamination, mainly in the case of thin lamellae, or by re-
placement of Si by Fe3+, in the tetrahedral positions. This is
probably the case of the large lamella shown in Figure 7, where
contamination with host olivine is unlikely.

Textural relations among chromite, talc, and enstatite.
Figure 6 shows two examples of chromite-rich bands, where
the associated silicate is, respectively, talc and enstatite. Nev-
ertheless, it is common to observe chromite bands showing
parallel intergrowths of chromite with both talc and enstatite.
The SAED patterns obtained in these areas (not shown) reveal
the coincidence of the [001] zone axis of enstatite and the [100]

FIGURE 7. High-resolution image of an enstatite particle with
dominant 18 Å fringes (OREN), and rarer lamellae showing 9 Å fringes
(CLEN). The SAED patterns show (a) the [010] and (b) the [001]
zone axes of orthoenstatite, the former corresponding with the image.

zone axis of talc. These images show that enstatite and talc
lamellae grow preferentially on opposite sides of the chromite
crystals or, alternatively, the two phases are separated by host
olivine.

Ilmenite particles

The most characteristic features of the ilmenite particles are
their small size, generally <0.03 µm, and the presence of moiré
fringes (Figs. 3a, 3c, and 3e). The orientation relationships be-
tween ilmenite and olivine (Fig. 3f) are: (100)Ol // (0001)lm;
(010)Ol // [011

–
0]Ilm; and (001)Ol // [1

–
2
–
30]Ilm. Analyses of ilmentite

typically contain a substantial contribution from the olivine host
(Table 2); the probable composition of the ilmenite precipi-
tates was calculated, as for chromite particles, by removing Si
from the analyses, along with Mg and Fe in the proportions in
which they are present relative to Si in olivine. The derived
formulae show (Fe+Mg)/Σcations ratios ranging from 0.46 to
0.57. Nevertheless, some of the derived formulae do not corre-
spond to ilmenite, but to an undetermined Fe-Cr-Ti oxide.

DISCUSSION

Origin of oxide particles

Three main types of submicroscopic oxide particles have
been identified in olivine from the BOA ultramafic rocks: mag-
netite, chromite, and ilmenite. Magnetite particles occur in both
the light-brown core and the darker brown area of the olivine,
and they are not accompanied by a silicate phase; both facts
suggest that the magnetite either has a primary origin or formed
by an exsolution process that was not contemporaneous with
the formation of ilmenite and chromite. Silicate phases have
not been identified with ilmenite particles, due either to their
small size or the fact that they are absent. Nevertheless, spatial
relations between chromite-rich and ilmenite-rich bands sug-
gest that the two types of oxide-mineral associations were
formed during a common exsolution process.

FIGURE 6. TEM images of chromite-silicate intergrowths. (a)
Chromite (Chr)-talc (Tlc) particles. The SAED pattern (inset) of the
[01

–
1] zone axis of olivine and [3

–
10] zone axis of talc reveals the 9.3 Å

basal spacing of talc, and the different spacing of the 13l*  rows of talc
and the hkk* rows of olivine. (b) Chromite (Chr)-enstatite (En) and
enstatite particles. SAED a shows the [01

–
1] zone axis of olivine and

SAED b, down the [01
–
3] zone axis of the pyroxene, shows the 9 Å

spacing of clinoenstatite (corresponding to the (100) reflections). The
h31* rows of clinoestatite coincide with the hkk* rows of olivine. (In
the SAED patterns, T = Talc, and E = Enstatite).
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Two main processes have been invoked to explain oxide-
mineral exsolution in olivine: (1) Fe oxidation, in a wide tem-
perature interval, which mainly would lead to exsolution of
Fe3+-bearing oxides (hematite or magnetite) (Goode 1974;
Kohlstedt and Vander Sande 1975; Putnis 1979; Banfield et al.
1990). (2) Direct exsolution of high-charge cations (Ti4+, Cr3+,
Fe3+) as temperature and pressure decrease (Moseley 1981,
1984; Dobrzhinetskaya et al. 1996; Ulmer and Trommsdorff
1997), which would form Ti4+-, Cr3+-, or Fe3+-bearing oxide
minerals. Although the two processes are clearly different, they
yield identical orientation relationships. Moreover, both pro-
cesses may occur simultaneously, as in some examples of mag-
netite-diopside exsolution, where Ca liberation was probably
accompanied by Fe oxidation (Otten 1985).

In the BOA spinifex-like textured olivine (Fig. 2b), the ex-
ternal chromite-free zone has been interpreted on the basis of
the chemical data (low Ti and Cr contents in microprobe analy-
ses) as an overgrowth that originated during a metamorphic
stage after the exsolution process. On the other hand, the low
Cr and high Ti contents of the internal zone can be explained
by local variations in both Cr and Ti availability during the
growth of some crystals (Puga et al. 1999). The local lack of
the external particle-free rim indicates that chromite precipi-
tates were abundant near the edges of the olivine prior to the
rim development. This suggests that oxide exsolution was in-
fluenced by an oxidation process. Nevertheless, AEM data show
that the Fe content in olivine is similar in both precipitate-rich
and precipitate-poor areas, indicating that oxidation, if it took
place, had not progressed far.

On the other hand, microprobe data (Puga et al. in prepara-
tion) suggest that the particle concentration controls the Cr con-
tent (Table 1), whereas AEM data of olivine from particle-rich
areas (Table 3) shows that olivine does not now contain measur-
able Cr. This indicates that Cr was completely exsolved from the
olivine structure. Moreover, the lack of pure magnetite in this
type of exsolution also suggests that Cr liberation may have been
the main factor controlling the exsolution process.

Interpretation of genetic conditions of silicate phases

Precipitates of exsolved chromite are systematically accom-
panied by precipitates of talc and/or enstatite. Talc has been
reported frequently as an alteration product of enstatite and

TABLE  3. AEM data for olivine and other silicate particles (in cation%)

Olivine Talc Enstatite

Fig. 3 Fig. 6a Fig. 6b n.s. Fig. 6a n.s. Fig. 6b Fig. 7 n.s. n.s.

Si 31.33 30.68 31.96 32.20 58.94 48.68 58.95 49.96 41.97 47.00 34.59 40.63 37.00
Al – – – – – – 0.46 – – – – – –
Fe 6.47 6.16 6.26 6.36 6.80   7.53   3.88 3.77 5.94 4.89 6.05 5.12 6.17
Mg 62.20 63.16 61.78 61.44 34.26 42.68 36.71 46.27 52.09 48.11 59.36 54.25 56.83
Cr – – – – – 1.11 – – – – – – –
(Si+Al)/ 0.46 0.44 0.47 0.48 1.43 0.95 1.43 1.02 0.72 0.89 0.53 0.68 0.59
(Fe+Mg)

Formula proportions of cations*
IVSi 0.95 0.93 0.96 0.97 4.07 4.06 0.95
VIFe 0.20 0.20 0.19 0.19 0.48 0.27 0.10
VIMg 1.89 1.93 1.85 1.85 2.37 2.58 0.97
Notes: Structural formulae of talc and enstatite have been calculated only for uncontaminated analyses. n.s.: analyses from particles not shown in
the figures.
* Based on 4 oxygen atoms for olivine, 11 oxygen atoms for talc, and 3 oxygen atoms for enstatite.

anthophyllite (Veblen and Buseck 1980, 1981) whereas the as-
sociation talc-enstatite also has been interpreted as a retrograde
metamorphic product of anthophyllite (Evans 1977; O’Hanley
1996). Nevertheless, in BOA olivine two observations indicate
that precipitation of these phases was not preceded by
anthophyllite. First, anthophyllite has not been identified in any
of the numerous silicate particles analyzed. Second, talc and
enstatite commonly develop in separated microdomains, and
when they coexist have never been observed in contact. This
suggests that both phases precipitated directly and indepen-
dently, probably above the stability field of anthophyllite, as
shown graphically in Figure 8. This figure represents a P-T
grid of phase relations for the silicate phases relevant to this
work, in the model system SiO2-MgO-H2O. The P-T grid was
calculated assuming water and mineral activities equal to 1 and
therefore should be taken to represent only the topology of the
phase relations.

CLEN-OREN intergrowths, frequent in pyroxene exsolution
lamellae (Buseck et al. 1980) may form during crystal growth
as well as by transformation of protoenstatite (PEN) at decreas-
ing temperature, or by polymorphic transformation OREN →
CLEN (Buseck and Iijima 1975). The application of the crite-
ria proposed by Buseck and Iijima (1975) suggests that
clinoenstatite formed by transformation from orthoenstatite, at
moderate to low temperature. The physical conditions of this
transformation are shown in Figure 8.

Talc commonly forms from pyriboles (Veblen and Buseck
1980, 1981) during hydration reactions. Nevertheless, in our case,
possible H2O input from phases adjacent to olivine, occurring
during exsolution, did not affect the innermost parts of the oliv-
ine grains, as indicated by the observation that enstatite precipi-
tates do not show any sign of transformation to talc; indeed, talc
particles occur only in association with chromite. Therefore, we
suggest two possible mechanisms for talc formation: (1) hydra-
tion reactions restricted to certain microdomains within the oli-
vine grains and (2) direct exsolution of talc from olivine that
contained OH-groups.

The first mechanism is suggested by the presence of locally
abundant saline inclusions (NaCl and KCl) in olivine, which have
been interpreted as the result of interaction of marine fluids with
the ultramafic lithotypes during the oceanic serpentinization stage
(Puga et al. 1999). This mechanism would require the solid in-
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clusions to contain an aqueous phase that was subsequently lib-
erated. Nevertheless, the associated alkali-rich phases that would
result from this process have not been identified, suggesting that
the saline fluids were probably lost before the trapping of the
salts by the host olivine.

The second hypothesis implies that the olivine structure
contained some OH-groups replacing oxygen. The presence of
structural water in the form of OH-groups in olivine has been
pointed out by several authors (e.g., Deer et al. 1962; Martin
and Donnay 1972; Wilkins and Sabine 1973; Beran and Putnis
1983; Kitamura et al. 1987; Miller et al. 1987). In the BOA
ultramafic rocks, the presence of water may be related to in-
complete dehydration of serpentine during the formation of
olivine by the antigorite breakdown reaction Ant = Fo + En +
H2O, which took place at >20 Kb and ~700 °C, corresponding
to the eo-Alpine climax conditions (Puga et al. 1999).
Exsolution of Ti, Cr, and Fe3+ must have occurred during cool-
ing and decompression. Consequently, liberation of both high-
charge cations and OH from the olivine structure is assumed to
have occurred during the eo-Alpine retrograde metamorphic
process (Fig. 8).

Most reactions proposed for the formation of spinel assume
that trivalent cations occupy octahedral positions and may be

written using the hypothetical component R3+
4/3SiO4 (Arai 1978).

The reaction between this component and the fayalite compo-
nent produces spinel + silica (reaction 1), whereas the contem-
porary reaction of silica with olivine would form pyroxene
(Moseley 1984), according to reaction 2:

3R3+
4/3SiO4 + Fe2

2+SiO4 → 2R2
3+Fe2+O4 + 4SiO2 (1)

4SiO2 + 4X2SiO4 → 4X2Si2O6 (2)

where R3+ corresponds to Cr3+and Fe3+, and X stands for Mg
and Fe2+.

Assuming that reaction 1 is similar in both talc and enstatite
formation, the following reaction 3 may be written for talc for-
mation from silica and OH-olivine:

5SiO2 + 3X2SiO10/3(OH)4/3 → 2X3Si4O10(OH)2 (3)

The spinel/silicate ratio obtained from reactions 1 and 2 is
slightly lower than from reactions 1 and 3, and a notably lower
amount of olivine is involved in the latter. In other words, reac-
tion 3 would form fewer (or smaller) lamellae than reaction 2
or, alternatively, reaction 2 would form single pyroxene lamella
in addition to those associated with chromite crystals. From
the observed images, the textural relationships among chromite,
talc, and enstatite indicate a cooperative nucleation and growth
mechanism for the three phases, their respective formation prob-
ably being dependent on the availability of OH.

As pointed out above, silicate phases have not been observed
in direct association with ilmenite precipitates. Analogous situa-
tions, observed in spinel exsolutions in olivine and garnet, seem
to imply that cations such as Fe3+ or Cr3+ can substitute for Si in
the tetrahedral sites (Ashworth 1979; Brearley and Champness
1986). Similarly, the lack of a silicate phase as a reaction prod-
uct of exsolved ilmenite may be explained if Ti occupies the
tetrahedral positions in the olivine structure (Moseley 1981). In
this case, liberation in similar proportions of Ti and Fe would
require the development of a second oxide phase. However, the
necessity for the second phase may be alleviated, through sev-
eral mechanisms (Moseley 1981). These include the exsolution
of non-stoichiometric ilmenite (Fe1+xTi1–xO3), which implies the
presence of some Fe3+ in the olivine, and the simultaneous for-
mation of ilmenite and chromite/magnetite precipitates. Nev-
ertheless, the lack of an associated oxide may be explained by
the following mechanism: the parallel exsolution, in a limited
extent, of both Ti and Fe, respectively from the tetrahedral and
the octahedral positions, would produce olivine with a deficit
of Si and a parallel excess of (Fe+Mg), according to the fol-
lowing reaction:

X2(Si1–xTix)O4 → TixO3xFex + X2–xSi1–xO4–3x (4)

If the x values are on the order of 0.05, the resultant olivine
composition is similar to that determined from the AEM data
in Table 3, which requires that some Fe be trivalent in the tet-
rahedral positions.
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