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An optical and electron microscope study has been made of inverted pigeonite from the Sjelset Igneous
Complex, Rogaland, SW Norway. The inverted pigeonites reveal a Stillwater-type of microstructure: the
pigeonite to orthopyroxene transformation has been pre- and post-dated by two stages of augite exsolution
(parallel to (001),;, and (100),,, respectively). In addition, two distinct microstructural domains have
been recognized: (1) single and (2) clusters of inverted pigeonite crystals. Most clusters of pigeonite
crystals have been replaced by single orthopyroxene crystals which exhibit domains of differently oriented
(001),,, exsolution lamellae. The mechanism of exsolution is interpreted to be heterogeneous nucleation
and growth, while the transformation of pigeonite to orthopyroxene is regarded as massive.
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Due to their superior resolution, electron-optical
instruments (TEM/SEM/AEM) have greatly
enhanced microstructural research on natural
mineral systems. One important application is
the study of solid-state phase transformations.
Current research has demonstrated that super-
saturated solid solutions (e.g. feldspars,
pyroxenes, amphiboles) produce a wide variety of
exsolution microstructures during cooling. Each
distinct microstructure corresponds to a particular
transformation mechanism. Which mechanism
was operative depends on the cooling history of
the particular mineral (Shewmon 1969; McCon-
nell 1975; Putnis & McConnell 1980; Boland
1985).

Therefore, a microstructural study of the trans-
formation mechanisms which operated in a super-
saturated solid solution allows us to reconstruct
its cooling history in terms of a particular tra-
jectory in Time-Temperature-Transformation
(TTT) space.

The present paper reports on an optical, elec-
tron microscope and electron microprobe study
of the subsolidus microstructural evolution of
inverted pigeonite crystals from the Sjelset
Igneous Complex of Rogaland, SW Norway. Two

distinct microstructural types have been recog-
nized. Each type is described and the trans-
formation mechanism is explained.

Geological setting

The Precambrian basement of Rogaland, SW
Norway, consists of two main units:

(a) The Egersund intrusive complex comprising
massif-type anorthosites and the Bjerkreim—
Sokndal lopolith (Duchesne & Michot 1984;
Duchesne et al. 1985).

(b) A high-grade (HT/LP) metamorphic envel-
ope with intercalated igneous complexes sur-
rounding the Bjerkreim-Sokndal lopolith
(Maijer & Padget 1987; Tobi et al. 1984;
Jansen et al. 1984).

The Sjelset Igneous Complex (S.I.C.) consists
of a slightly-deformed granitic body, previously
mapped as ‘Adamellite de Sjelset’ (Michot 1960),
‘Adamellite charnochitique’ (Michot & Pasteels
1972) or porphyritic granite (Jorde 1980; Bir-
keland 1981).

The S.I.C. was emplaced into the high grade
migmatite envelope, about 1020 = 67 MA (Visser
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Fig. 1. Geological map of the Sjelset Igneous Complex illustrating sample localities MA968 and HA08S.

et al. 1987). It is located roughly 10 km NNE of
the Egersund Intrusive Complex and ca. 20 km
SSE of Stavanger. On its westernmost side the
S.I.C. is truncated by the Caledonian Nappe
Front (Fig. 1).

The S.1I.C. has been subdivided into three main
rock types (Fig. 1):

(1) two feldspar-biotite granite

(2) Fe-rich, two-feldspar—pigeonite granite

(3) Fe-rich, two-feldspar—pyroxene—fayalite
granites.

The coarse-grained, Fe-rich, pyroxene (+ fay-
alite) granites also contain brown or greenish

brown hornblende, ilmenite, magnetite, apatite
and zircon.

All samples studied are from the Fe-rich, pyr-
oxene granites. MA968 and HA08S (Fig. 1) have
been studied in detail using optical and electron
microscopy techniques.

Analytical techniques

Quantitative mineral analyses were obtained at
the Institute of Earth Sciences, Utrecht, using an
electron microprobe built by T.P.D., Delft, the
Netherlands (operating conditions 15kV, 0.001
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uA). Furthermore, EDS was available on a JEOL
200C scanning transmission electron microscope
(STEM) at the Institute of Earth Sciences, Uni-
versity of Utrecht, the Netherlands.

The crystallographic orientations of coarse
exsolved phases and their host grains have been
investigated using a S5-axis universal stage
mounted on an optical microscope. Fine scale
exsolution microstructures have been investigated
using conventional imaging and diffraction tech-
niques on the JEOL 200C STEM (operated at
200 kV) at Utrecht, the Netherlands.

Petrography

MA968 and HAO085 reveal a cumulate texture:
fine grained (<2 mm) Fe-Mg silicates, ilmenite,
magnetite, apatite and zircon fill the interstices
between coarse grained (up to 1cm) euhedral
to subhedral, unzoned plagioclase (=30 % An),
microperthite and quartz. Plagioclase contains
albite and sometimes Carlsbad twins. Myrmekitic
intergrowths of quartz and feldspar are present at
interfaces between plagioclase and K-feldspar.
Orthopyroxenes contain several sets of exsolution
lamellae as well as inclusions of ilmenite, magnet-
ite, apatite and zircon. Brown-green to blue-green
hornblende forms rims around opaques as well as
around some orthopyroxenes. A small amount of
secondary calcite can be present. Minor augite is
present as subhedral to euhedral grains sur-
rounding the orthopyroxenes. Frequently the
augite is in crystallographic continuity with one
of the sets of augite lamellae in orthopyroxene.
For this reason augite is regarded as a secondary
phase. All minerals reveal undulose extinction.

Temperature-dependent fitting of
host and exsolved lattices

The cell parameters of augite and pigeonite are
dependent upon temperature and composition
(Prewitt et al. 1971; Turnock et al. 1973; Nak-
azawa & Hafner 1977). Fig. 2a shows this depen-
dency for augite and pigeonite with a Xg, (=Fe/
Fe + Mg) of 0.85 using the data of Turnock et
al. (1973), Ross et al. (1973) and Rietmeijer &
Champness (1982). Based on Fig. 2a the misfit
ratio, defined as a = a(pig)/a(aug) and c=
c(pig)/c(aug), shows a non-linear relationship as
a function of temperature (Fig. 2b) (Nakazawa &
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Hafner 1977). Fig. 2b illustrates that at elevated
temperatures the (001),;, lamellae are the most
stable configuration. As the temperature drops
the misfit ratio of the (001);,, lamellae increases
resulting in the formation of the more stable
(100),px lamellae at lower temperatures. Exper-
imental work indicates that the change in orien-
tation of the lamellae from (001)p;, to (100)op
approximately coincides with the pigeonite—
orthopyroxene transition (Prewitt et al. 1971;
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Fig. 2a. Temperature dependency of the a- and c-axes of pigeon-
ite and augite with Xg, = 0.85 (after Rietmeijer & Champness
1982). b. Temperature dependency of the misfit ratio based on
Fig. 2a indicating a change of lamella orientation at 700-750°C.
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Fig. 3a. Coarse (001),, exsolution microstructure. b. Fine
(001),, lamellae. c. Coarse and fine (100),; lamellae.

Nakazawa & Hafner 1977). From Fig. 2b it is Inverted pigeonite moroholo
concluded that this change in orientation of the p1g p gy

lamellae takes place approximately between 700° Within the interstices of the cumulate, the

and 750°C. inverted pigeonite reveals a ‘Stillwater type’ of
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exsolution microstructure (Takeda 1973; Ishii &
Takeda 1974; Rietmeijer 1979; Ranson 1986) in
which the orthopyroxene is characterized by two
generations of exsolved augite lamellae approxi-
mately parallel to the original (001),;, plane (Fig.
3a, b).

Excess Ca is exsolved after inversion, again in
two stages, as augite lamellae parallel to (100),,,
(Fig. 3c). Using optical and EM techniques, Fe-Ti
exsolution microstructures have been recognized
within the individual exsolved augite lamellae.

Coarse (001),;, augite lamellae range in size
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from 20 to 100 um. Locally they also occur as
blebs or irregular domains (Fig. 3a). Fine scale
(001),,;, augite lamellae can only be resolved using
TEM techniques. Their thickness is about
0.25 um. Coarse (100),,, lamellae range in thick-
ness from 0.3 to 0.5 um and are optically visible
in some thin sections. Small (100).px lamellae are
only 2-3 unit cells thick (Fig. 3c), and conse-
quently they can only be resolved by TEM.
Interfaces between inverted pigeonites and
coarse and fine (001),,;, lamellae are almost always
non-coherent and irrational (but see Fig. 4c, 1). In
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Fig. 4. Optical data on interface morphology of coarse (001),;, lamellac. The plots in B and D give the orientation of the lamella
interfaces, plotted as normals of the interfacial planes, with respect to the orthopyroxene crystallographic orientation for A and

C, respectively.
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contrast, interfaces between inverted pigeonites
and coarse and fine (100),, lamellae are always
coherent and rational (parallel to (100).,, Figs.
4a,5). In addition, a few isolated ledges (0.007 um
thick) characterize the interface between ortho-
pyroxene and coarse (100),,, lamellae.

Among the inverted pigeonite crystals two
types of microstructures can be distinguished: (1)
isolated single crystals of inverted pigeonite with
Stillwater type of exsolution microstructures; (2)
inverted pigeonites comprising several original
pigeonite crystals. Prior to the transformation of
pigeonite to orthopyroxene, exsolution of augite
lamellae approximately parallel to (001),;, took
place. These (001),;, augite lamellae can now be
recognized as domains of parallel augite lamellae
within one single orthopyroxene host (Fig. 3a).
Consequently, when the orientation of the crys-
tallographic axes of the (001),;, augite lamellae is
compared with that of the orthopyroxene host,
most lamellae appear to be unrelated (Fig. 5).
Sometimes, however, close inspection reveals one
set of augite lamellae to be related to the crys-
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tallographic axes of the host grain, for example
Fig. 5a, 1. Subsequent exsolution of (100)gp
augite lamellae took place throughout the entire
orthopyroxene host. Universal-stage measure-
ments between coarse (001),, lamellae and
inverted pigeonites in the isolated single crystal
also show no crystallographic continuity between
the orthopyroxene host and the exsolved (001),;,
lamellae.

EMP analyses

Electron microprobe (EMP) analyses of coarse
(001),;, augite lamellae and their host ortho-
pyroxene are presented in Table 1. The local
scatter in Ca content in orthopyroxene is inter-
preted to be due to incorporation of sub-
microscopic (100)0px augite lamellae.
Furthermore, Ca in inverted pigeonites is gen-
erally lower than within pigeonite. For cli-
nopyroxene lamellae the Ca enrichment is
apparent as well as a reduction of the Fe/Mg
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Fig. 5. Optical data on the crystallographic relationship between coarse (001),; lamellae and the orthopyroxene host. The
orientations of the normals of the planes [100], [010] and [001] of the lamellae with respect to [100], [010] and [001] of the
orthopyroxene host are given. A. Inverted pigeonite crystal from Fig. 3a. B. Inverted pigeonite crystal from Fig. 4c.
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ratio. All EMP analyses reveal a low content of
Cr, Ti, Mn and Na.

EMP analyses of pairs of inverted pigeonites
and coarse (001),;, augite lamellae have been used
to estimate the closing temperature of the Mg,
Fe, Ca exchange between the coexisting phases
using the methods given by Wood & Banno
(1973), Wells (1977) and Lindsley & Andersen
(1983). Equilibrium temperatures according to
Wood & Banno are 800+ 90°C and Wells
845 +120°C. Temperatures obtained using
Lindsley & Andersen’s thermometer show a wide
scatter ranging from 900°C to 500°C. Ranson
(1986) mentioned the same problem in a few of
his samples. We regard Lindsley & Andersen’s
thermometer as being unrealistic in this case. The
Mg, Fe, Ca exchange blocking temperatures for
the pigeonites have been estimated using Ishii’s
(1975) thermometer. Results indicate tempera-
tures of around 890°C (+50°C).

Semi-quantitative analyses using EDS on the
JEOL 200C confirmed that the fine-scale (001),,;,
and coarse-scale (100),p lamellae in inverted
pigeonites are augite.

Discussion

Heterogeneous nucleation on grain boundaries
and linear defects is generally accepted to be the
nucleation mechanism involved in the formation
of the various (001);, and (100)., augite pre-
cipitates (Champness & Lorimer 1978; Putnis &
McConnell 1980). Subsequent growth of the pre-
cipitates takes place by the migration of ledges.

However, three different transformation mech-
anisms have recently been proposed for the poly-
morphic phase transition of pigeonite to
orthopyroxene (Buseck et al. 1980). Fundamental
in the classification scheme for the pigeonite to
orthopyroxene transformation mechanism is the
relationship between the orientation of the crys-
tallographic axes of the pigeonite parent and
orthopyroxene product. In the case where crys-
tallographic continuity is retained between parent
and product the transformation is generally
accepted to be produced by a martensitic trans-
formation which takes place by glide on (100)
using partial dislocations with Burgers vector 0.83
[001] (Coe & Kirby 1975).

In cases where there is a lack of a common
crystallographic orientation between the pigeon-
ite parent and orthopyroxene product the trans-
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formation mechanism is interpreted to be either
massive, or eutectoidal decomposition (Champ-
ness & Copley 1976; Buseck et al. 1980; Boland
1985). Massive transformations are diffusionless,
‘civilian’ transformations for which nucleation
occurs preferentially at grain boundaries and
growth proceeds by the rapid propagation of an
incoherent interface, disregarding pre-existing
grain boundaries (Massalski 1970). This mech-
anism has been proposed by Champness & Copley
(1976) and Rietmeijer (1979) to explain inverted
pigeonite microstructures in which the original
pigeonite crystallographic axes had been dis-
regarded during the transformation, but each new
orthopyroxene crystal had encompassed several
pre-existing pigeonite grains.

The typical microstructure that is produced dur-
ing discontinuous precipitation reactions (eutec-
toidal and spinodal decomposition) is the
formation of a duplex structure which is the prod-
uct of the reaction that proceeds via the sim-
ultaneous migration of the boundary and growth
of the decomposed phase(s) after the product
phases have been nucleated heterogeneously
along the grain boundary. In general, crys-
tallographic continuity remains between one of
the product phases (orthopyroxene) and a parent
grain (pigeonite) on one side of the grain bound-
ary. Also due to reduction of the interfacial
energy there is a consistent crystallographic
relationship between both phases in the duplex
structure. Although the duplex structure might
have been modified during later-stage coarsening
processes the duplex microstructure is crucial in
identifying this transformation mechanism.

Inverted pigeonites with blebby augite sharing
(100) with the host orthopyroxene have been
interpreted to be produced by the discontinuous
reaction mechanism (Ishii & Takeda 1974).

The relative positions of the martensitic, mass-
ive and discontinuous reaction curves in time-
temperature—transformation (T-T-T) space are
unknown for pigeonite compositions, but in alloys
the massive transformation usually occurs at a
higher temperature (slower cooling rate) than
the martensitic one, while discontinuous reactions
take place at higher temperatures (slower cooling
rate) than massive transformations.

From the discussion above it is concluded that
the two types of inverted pigeonite micro-
structures that are present in the Sjelset Igneous
Complex are the result of a massive phase trans-
formation.
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