
A TRANSMISSION ELECTRON MICROSCOPY STUDY OF EXSOLUTION AND
COARSENING IN IRON-FREE CLINOPYROXENE.  V.J. Styrsa, S. Weinbruch, and W.F.
Müller, Institut für Mineralogie, Technische Universität Darmstadt, Schnittspahnstr. 9, D-64287
Darmstadt, Germany; styrsa@hrz1.hrz.tu-darmstadt.de.

Introduction: The microstructure of
chondrule minerals contains important infor-
mation on the thermal and deformational his-
tory of chondrules. For example, the wave-
length of exsolution lamellae in clinopyroxene
was used to constrain chondrule cooling rates
[1-3]. Based on the experimental data of
McCallister [4], modelling of coarsening of
pigeonite/diopside exsolution lamellae on
(001) yielded an upper limit for cooling rates
of Allende granular olivine pyroxene (GOP)
chondrules between 7 and 25 °C/h [2]. This
value is valid for subsolidus temperatures
between approximately 1350 and 1200 °C. A
similar result (3 - 30 °C/h) was obtained for
the same temperature range from the size of
type b antiphase domains in Ca-rich plagio-
clase [2]. As the cooling rates derived from
the microstructure of chondrule minerals are
significantly lower than those obtained from
dynamic cristallization experiments [e.g., 5,
6], we started to experimentally reinvestigate
exsolution and coarsening in iron-free clinopy-
roxene. Our new experimental data provide a
more reliable basis for the estimation of chon-
drule cooling rates from the observed wave-
lengths of pigeonite/diopside exsolution la-
mellae.

Experimental: Clinopyroxene of the com-
position Di54.1En45.9 synthesized from a glass
phase at 1550 °C and 30 kbar was used as
starting material for isothermal heating ex-
periments. The chemically homogeneous cli-
nopyroxene of intermediate composition was
studied prior to the isothermal treatment by
transmission electron microscopy (TEM). The
major fraction of the starting material crystal-
lized in a primitive bravais lattice (like pi-
geonite), a minor fraction in a basis centered
(C) bravais lattice (like diopside). The reason
for this structural inhomogeneity of the start-

ing material is presently not known. Isother-
mal heating experiments were performed at
1100 °C (1 to 4320 hours), 1200 °C (1 to 720
hours) and 1300 °C (1 to 720 hours). All
TEM samples were prepared by crushing
small pieces of the material between glass
slides and suspending tiny fragments (using
ethanol) onto a holey carbon TEM grid. TEM
investigations were performed with a Philips
CM 12 (operated at 120 kV) or, for high
resolution studies, with a Philips CM 20 in-
strument (operated at 200 kV).

Results and discussion: We distinguish
between exsolution (the average wavelength
of the exsolution lamellae remains constant)
and subsequent coarsening of the exsolution
lamellae.

Exsolution of clinopyroxene: The exsolu-
tion process is more complex than docu-
mented in the previous literature [e.g., 4, 7].
We observed a continuous development of
microstructural features prior to coarsening.
(The terminology for the exsolution lamellae
used below follows Robinson et al. [8]: la-
mellae approximately parallel to the crystallo-
graphic planes (100) or (001) are termed
"100" and "001", respectively. The deviations
from the crystallographic planes may be up to
6°.) In an early stage of exsolution small is-
lands of pigeonite are observed surrounded by
diopside (Guinier-Preston zones). Both phases
can be identified by high resolution lattice
imaging. In pigeonite, (100) lattice fringes
with a spacing of 0.9 nm can be observed,
whereas in the basis centered diopside only
reflections with h + k even are allowed and,
therefore, only (200) lattice fringes with a
spacing of 0.45 nm can be imaged. The small
islands of pigeonite are oriented parallel to the
crystallographic (100) plane of diopside. The
occurrence of small oriented islands of pi-
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geonite surrounded by diopside at the earliest
stage of exsolution points to  homogeneous
nucleation rather than spinodal decomposition
as commonly assumed [e.g., 4, 7]. During
further annealing the small islands of pigeonite
grow and form exsolution lamellae on (100).
In the next step the ”100” lamellae dissolve
and "001" lamellae are formed. In the final
stage of exsolution only a few ”100” lamellae
are preserved and the samples are then domi-
nated by ”001” lamellae. During formation of
the ”001” lamellae the boundary between pi-
geonite and diopside is rather fuzzy compared
to the coarsening stage.

The progressive development of exsolution
phenomena is best observed at 1100 °C. At
this temperature oriented pigeonite islands
occurred at annealing times between 1 and 4
hours. Exsolution lamellae on (100) were en-
countered between 3 and 18.5 hours, ”001”
lamellae that are not coarsened between 8 and
72 hours. At higher temperatures exsolution
proceeds much faster and the different stages
of the exsolution process cannot be resolved
that well. For example, at 1300 °C oriented
pigeonite islands, ”100” lamellae and ”001”
lamellae were observed in different regions
within one sample (between 2 and 4 hours
annealing time). At 1200 °C the ”001” lamel-
lae were first encountered after 4 hours an-
nealing time, and after 2 hours at 1300 °C.

Coarsening of exsolution lamellae: During
exsolution the wavelength of the ”001” la-
mellae remains constant (13 nm at 1100 °C;
20 nm at 1200 °C, 22 nm at 1300 °C) and is
equal to the initial wavelength λ0. During
further annealing coarsening of the ”001” la-
mellae is observed. The isothermal growth of

the exsolution lamellae can be described by
the following empirical equation: λ(t) - λ0 = k
(t - t0)

1/3, with λ(t) the average wavelength at
time t, λ0 the average initial wavelength at t0,
and t0 the time needed to complete exsolution
(84 hours at 1100 °C, 48 hours at 1200 °C, 8
hours at 1300 °C). The following rate con-
stants were obtained in our experiments: 3.51
nm/(h1/3) at 1100 °C, 7.81 nm/(h1/3) at 1200
°C, and 12.76 nm/(h1/3) at 1300 °C. The
coarsening rates found in our experiments are
higher than those reported by McCallister [4].
Therefore, modelling of coarsening of pi-
geonite/diopside exsolution lamellae on (001)
will yield somewhat higher cooling rates for
Allende GOP chondrules than those reported
by Weinbruch and Müller [2]. However, based
on first results of continuous cooling experi-
ments, it can be expected that the order of
magnitude of cooling rates of Allende GOP
chondrules derived by Weinbruch and Müller
[2] does not change (cooling rates are cer-
tainly below 50 °C/h).
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