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Introduction. The three achondrites Nakhla, Gov-
ernador Valadarez, and Lafayette constitute the group
of Nakhlites among the SNC meteorites [1]. Nakhlites
are olivine-bearing clinopyroxenites consisting of
chemically zoned euhedral to subhedral augite set in a
fine-grained mesostasis composed of laths of plagio-
clase, olivine, pyroxene, and other minor phases [1].
The textures and preferred orientations of augite
crystals indicate that these rocks are cumulates and
probably comagmatic [1].

Lamellar inclusions in olivine from Nakhlites were
first described by [2] and [3], and interpreted as oxi-
dized products of kirschteinite (CaFeSiO4) lamellae.
However, the formation mechanism of these features
still remained unclear.

To decipher the nature of the lamellae, we applied
time-of-flight secondary ion mass spectrometry (TOF-
SIMS) combined with transmission electron micros-
copy (TEM) allowing the microstructural and chemi-
cal characterization on a nm-scale of small symplectic
exsolutions in olivine from the Nakhla and Gover-
nador Valadares meteorites.

Methods. Demountable doubly polished thin sec-
tions of all Nakhlites were initially studied applying
light and scanning electron microscopy. After pet-
rographic studies, two larger lamellae from Nakhla
were examined by TOF-SIMS. Finally, two olivines
from Nakhla and one from Governador Valadares, all
rich in exsolutions, were investigated with a Philips
CM20 ATEM.

Results. In the thin sections of Nakhla and Gover-
nador Valadarez most olivines were found to contain
two different types of inclusions: first, plate-like, ap-
proximately rectangular shaped inclusions with sizes
of about 6×8.5 µm2 (Fig. 1) and, second, lamellae with
a thickness varying from about 1 to 3 µm and lengths
between 10 and 30 µm. Many inclusions of the second
type show a thickening in their central part. Viewed
edge on, both types appear as straight lines 6–30 µm
long and less than 1 µm wide. In contrast to similar
inclusions in terrestrial olivine, the lamellae were not
only found in the center of the olivine but also at the
grain boundaries [4]. Sometimes the inclusions form
clusters or bands consisting of 10–20 parallel running
individuals. Basically all lamellae are elongated along
(010) and only rarely along (013) of the host olivine.

Their average volume-fraction in olivine is estimated
to be 1.0–1.5 vol.% for Nakhla and 0.5–1.0 vol.% for
Governador Valadarez. No such inclusions were found
in the Lafayette olivine, which confirms previous
reports [3].
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Fig. 1. Back-scattered SEM image and corresponding
TOF-SIMS ion distribution images (20×20 µm2,
256×256 pixels, 1600 shots/pixel) from an inclusion
in Nakhla. Secondary ion species are given below each
image. The color bar represents a linear scale from
black (0 counts) to red, equivalent to the number be-
low each image (e.g., 135 for 24Mg+), the intensity in
counts of the most intense pixel of the inclusion. The
second number below each image (e.g., 1.6·104) is the
integrated intensity for the entire image.
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According to back-scattered electron microscope
images and EDS analyses, the lamellae are complex
intergrowths of spinel (bright) and pyroxene (dark;
Fig. 1).

However, in the optical microscope they often ap-
pear to consist only of spinel (magnetite) which is
characteristically dark red colored in transmitted light
and shows dendritic growths.

EDS analyses, TOF-SIMS ion imaging, and elec-
tron diffraction patterns from selected areas prove that
the dark phase is augite and that the bright phase is
magnetite containing minor amounts of Cr2O3 (~2.4
wt.%) and vanadium (Fig. 1). Microstructurally, the
inclusions generally have straight, parallel sides and
interfaces parallel to (100) olivine. Pyroxene as well
as magnetite show often interfaces that are stepped on
the (100) olivine planes (Fig. 2). While the steps be-
tween pyroxene and olivine host are between 2 and 15
nm high and 5 to 50 nm in length the ones between
magnetite and olivine are more uniform with a length
of 30–40 nm and a height of 3–4 nm. In many cases
the interfaces between augite and magnetite are ir-
regularly curved and decorated with dislocations.
Magnetite shows a typical mottling effect thought to
be either the result of an incipient ordering transfor-
mation [5] or caused by the ion-milling.

Fig. 2. High-resolution TEM image of a stepped in-
terface between pyroxene (top) and olivine (bottom).

Discussion. The lamellae described above are al-
most identical to symplectic exsolutions known from
olivine in terrestrial and lunar rocks [4, 6] as well as
from the lodranite QUE 93148 [7] and the SNC mete-
orite Chassigny [8].

As outlined in [8], a diffusion-controlled precipi-
tation of augite and magnetite from the olivine host
seems to be the most likely formation mechanism for
the lamellae. At high temperatures (~800–1100 °C)
and oxidizing conditions olivine breaks down to an
Fe3+-rich oxide and a more silica-rich phase. Accord-
ing to experimental work [9], the final assemblage
magnetite-pyroxene observed here crystallizes only at

temperatures of ≥900 °C and low cooling rates where
large-scale diffusion can take place. From the TEM
studies it can be said that in slowly cooled igneous
samples the symplectic exsolutions form on the close-
packed (100) planes of olivine. Since some lamellae
have magnetite cores it might be assumed that mag-
netite was the first phase to precipitate from the oli-
vine [4]. Following simultaneous growth of pyroxene
and magnetite caused the elongated shape often found
[4]. Finally, the step-like features observed at the
interfaces can be interpreted as growth ledges forming
during the transformation of olivine to pyroxene and
magnetite.

Conclusions. As already deduced for Chassigny
[8], the presence of small exsolution lamellae in oli-
vine from Nakhla and Governador Valadarez is strong
additional evidence for the formation of these meteor-
ites at low cooling rates and under highly oxidizing
conditions. The missing of symplectic exsolutions in
Lafayette may be attributed to later annealing proc-
esses or – more likely – to very low cooling rates
which did not allow their formation.
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