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TEM investigation of potassium-calcium feldspar inclusions in BOggild plagioclase
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Ansrnacr

Potassium-calcium feldspar inclusions in a Bgggild plagioclase were investigated by
analytical high-resolution transmission electron microscopy (HRTEM), and the formation
process of these inclusions is considered based on the Al-Si ordering scheme in ternary
feldspar system. Nanometer-scale chemical analyses and selected-area electron diffraction
(SAED) pattems show that the rims of the inclusions consist of lamellar intergrowths of
potassium feldspar (CI symmetry) and anorthite (PI symmetry), whereas the core is un-
exsolved potassium feldspar (CI symmetry). Potassium feldspar and anorthite in the in-
clusions share the crystallographic orientation of the host BOggild plagioclase. High-res-
olution lattice images indicate coherent interfaces between the inclusions and the host
B6ggild plagioclase and the phases in the inclusions. The results indicate a unique for-
mation process of potassium-calcium feldspar inclusions in a ternary feldspar: crystalli-
zation of host labradorite -+ precipitation of potassium feldspar --> decomposition of Bgg-
gild exsolution lamellae -+ growth of anorthite on the rims of potassium feldspar
inclusions. Potassium-calcium feldspar inclusions may be found in BOggild and other pla-
gioclase, and they have the potential to give constraints on thermal histories of K-rich
plagioclase.

INrnonuctloN feldspar. In feldspar, the reflections in the diffraction pat-
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phases are conventionally named a' b'

cium feldspars provide informarion abour rhe f"ilt;;; '' 
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e.(see Smith 1974)' The following notation for

nary system. These phase relationships rruu" tn" fiLiiur 
reflections is commonly used:

to constrain thethermal histories of metamorphicandig- a reflections h + k: even, /: even
neousrocks. Forthisreason, syntheticpotassium-calcium b reflections h + k: odd, l: odd
feldsparshavebeen studiedextensivelyto estimatether- creflections h + k: even, /: odd
modynamic properties and structural information (Nek- dreflections h + k: odd, l: even
vasil 1994; Kroll et al. 1986; Fuhrman and Lindsley e reflections satellites around b reflections
1988; Nekvasil and Carroll 1993). Kay (1978)
investigated microtextures of experimentally ion-ex- The a reflections are observed in all feldspars and are
changed potassium-calcium feldspar using ffansmission related to the average structure with space-group sym-
electron microscopy (TEM). The author determined the metry CI. The b reflections are observed in calcic pla-
orientation of exsolution lamellae and discussed the for- gioclase and are related to 11 anorthite. The c and d re-
mation of potassium-calcium feldspar lamellae with re- flections can only be observed in the range Anro-An,* and
spect to antiperthite textures and Bgggild exsolution la- belong to Pl- anorthite. The e reflections, satellite reflec-
mellae of a plagioclase from an anorthosite complex (Kay tions of b reflections, are characteristic of intermediate
1971).lt is known that Boggild exsolution lamellae occur plagioclase (Anro-Anro) and are divided into e, ( > An.o)
in plagioclases with An contents ranging between Aror.. and e, ( ( An.u).
and An, - . and with Or components greater than 1.6 Tagai and Hoshi (1995) showed that K in plagioclases
molTo (Nissen et al. 1967). They have also been reported from Yllimma, Finland, is segregated into inclusions of
in AnorAb.,Oro (Carpenter et al. 1985). Most feldspars potassium-calcium feldspar that are several hundreds of
showing BOggild exsolution lamellae are derived from nanometers in diameter. SAED patterns generated from
high-grade metamorphic environments, typically of Pre- the inclusions and the host plagioclase suggested that the
cambrian age (Smith 1983). Fuhrman and Lindsley crystallographic orientations of the potassium-calcium
(1988) stated that exsolved K-rich feldspars in plagio- feldspar inclusions and the host Bpggild plagioclase were
clases, which affect the original composition of plagio- common and that inclusions show structure similar to that
clase, should be taken into account when we consider of PI anorthite.
thermal histories of plagioclases. In this study, the microtextures of the inclusions were

Several phases are known in plagioclase and alkali investigated using HRTEM combined with nanometer-
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Flcurn' 1. Tiansmission electron micrographs. (a) An inclusion cutting across Bgggild exsolution lamellae. Two distinct regions,
rim and core, are observed. In the rim region, periodic alternating lamellar structure with linear boundaries is observed. (b) Fine
lamellar stmcture is observed nearly at the boundaries of Bgggild exsolution lamellae.

scale chemical analyses. We report crystallographic prop-
erties and interface sffuctures of natural potassium-calci-
um feldspar inclusions in a Bgggild plagioclase and dis-
cuss their formation process.

S.lN{pr,Bs AND ExpERTMENTAL METHoDS
A single crystal (-3 x 3 x 3 cmi) of an iridescent

Bpggild plagioclase from Ykimma, Finland, was selected
for the present study. The specimen shows complex in-
terference colors well known as labradorescence, varying
from blue to yellow. Hoshi et al. (1996) showed that rhis
was due to the presence of 160 -t- l0 nm wide Ca-rich
lamellae (Ab.rrAnuo,Or, ,) and 60 + 10 nm Na-rich la-
mellae (Ab'oAnourOrrr) approximately parallel to (010).
Antipenhite textures were not observed in the specimen.

The yellow part of the specimen (Ab.ruAn.onOr..;
Hoshi at al. 1996) was prepared as an oriented thin sec-
tion normal to [100] and then thin foils were made for
TEM observations by ion-beam milling. The microtex-
tures of the inclusions were investigated using JEOL JEM
2010 and HITACHI HF2000 TEMs operated ar an accel-
erating voltage of 200 keV. Both TEMs are equipped with
EDS and KEVEX SIGMA analvsis svstems.

RBsur,rs

TEM observations of microtextures of potassium-
calcium feldspar inclusions

In each few hundred square micrometer-sized regions
of the TEM specimens, we observed inclusions a few
hundred nanometers in diameter and a few micrometers
in length that cut across the B@ggild exsolution lamellae.
The inclusions usually consist of two regions: a rim re-
gion exhibiting a lamellar sffucture and a core region
without any distinct texture (Fig. la). In some inclusions
the lamellar structure was observed better between core

regions and narrower BOggild lamellae (Fig. lb). The
traces of the boundaries of fine lamellae in the inclusions
are either approximately perpendicular to [0.13.2] or
[059] when the specimen was viewed down [00] of the
host Bgggild plagioclase. The lamellae were generally 5-
10 nm wide.

Chemical composition of potassium-calcium feldspar
inclusions

To clarify the chemical compositions of the rim and
the core regions of the inclusions, chemical analyses were
obtained using a spot size of -2 nm. It was difficult to
determine quantitatively the chemical composition of
each lamellar phase within the rim region because few
X-rays are generated because of the low beam current
and because the area of the analysis may be larger than
the individual lamellae. However, the semi-quantitative
analysis shows that the rim region includes two phases,
specifically K-rich alkali feldspar (denoted as potassium
feldspar; Fig.2a) and anorthite (Fig. 2b). The core region
was identified as potassium feldspar (Fig. 2c).

Electron diffraction data

Electron diffraction pattems were obtained from inclu-
sions and the host Bgggild plagioclase with the incident
beam parallel to [100] of the host BOggild plagioclase.
Figure 3a, which was obtained from an inclusion and the
host Bgggild plagioclase, shows elongated a, sharp b and
c reflections, very weak d reflections, and e reflections.
Figure 3b, obtained only from the host Blggild plagio-
clase, shows sharp a and e reflections. Figure 3c, obtained
only from the lamellar structure of a rim region, shows
strong a reflections, accompanied by weaker a reflections
(x in Fig. 3c), sharp b and c reflections, and very weak
d reflections. The a reflections often showed diffuse
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streaks. The strong a and additional weak 4 reflections
indicate that the lamellar structure of the rim region con-
sists of two structures with slightly different lattice con-
stants. Where lamellae are regularly spaced, the reflec-
tions from the rim region were accompanied by satellite
reflections, sometimes with diffuse streaks (Fig. 3d). Fig-
ure 3e, obtained from the core region, shows only sharp
a reflections. These results indicate that two feldspars
with different cell parameters contribute to the diffraction
patterns of the inclusion; potassium feldspar and anor-
thite. Potassium feldspar gives a reflections and anorthite
gives a, b, c, and d reflections. Diffuse streaks of a re-
flections observed in Figure 3a are due to the nonperiodic
stacking of alternating lamellae. The host Bgggild plagio-
clase, two phases in the rim region, and the core region
show almost the same crystallographic orientation.

High-resolution lattice fringe images of the interfaces

High-resolution lattice fringe images were obtained
from the rim region, core region, and the host plagioclase.
Figure 4a shows interfaces between the host plagioclase
and the inclusion rim and between the inclusion rim and
core. In this case the rim region is very n:rrow and the
two alternating phases were not clearly observed. Figure
4b shows the interfaces between the two lamellae in the
rim region. Figure 4a and 4b indicate that interfaces are
coherent. The slight change in orientation of the fringes
across the lamellae is attributed to the small difference in
lattice constants of each phase (Fig. 4a and 4b).

DrscussroN

Structure of the potassium-calcium feldspar inclusion

Chemical analyses and electron diffraction patterns
show that the inclusions consist ofpotassium feldspar and
anorthite. Lamellar structure was generally observed in
the rims of inclusions (Fig. la and 1b). From the results
of the chemical analyses (Fig. 2a and 2b) and the dif-
fraction patterns (Fig. 3c), it can be concluded that the
rim regions consist of two phases, potassium feldspar
with CI symmeffy and anorthite with Pl symmetry. In
the core region, only sharp a reflections were observed
(Fig. 3e), and the chemical composition was determined
to be nearly KAlSi.O8 @ig. 2c). Therefore, the core
regions consist of a single phase of potassium feldspar
with CI symmetry. The interfaces between each phase in
the inclusions and between the inclusions and the host
plagioclase are coherent despite small differences in the
cell constants of anorthite, potassium feldspar, and the
BOggild plagioclase phases.

Formation of potassium-calcium feldspar inclusions

We make the assumption that the exsolution process
occurs in a nonaqueous environment and the process that
requires the highest activation energy occurs at the high-
est temperature and thus occurs first during cooling ofthe
labradorite. After crystallization of the labradorite, the
precipitation of the potassium feldspar inclusion occurs
because of the presence of a wide miscibility gap in the
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Frcunn 2. The results of qualitative chemical analyses of two
phases of rim region (a, b) and core region (c).

ternary system. This segregation is driven by the large
alkali ions and by Al-Si ordering as in the plagioclase
binary system. This is considered the most energetic
exsolution process because of the long-range exchange of
Al and Si required for the nucleation and growth of the
potassium feldspar inclusion. The temperature range for
nucleation and growth of the potassium feldspar inclusion
is 700-800 oC for Or.. ternary labradorite (Fig. I of Nek-
vasil 1994). The second-most energetic process is as-
sumed to be the short-range exchange of Al and Si re-
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FrcunB 3. Electron diffraction patterns obtained from (a) inclusion and host Bpggild plagioclase, (b) host Bgggild plagioclase,
(c) rim region of the inclusion, (d) rim region of the inclusion (periodic lamellae), and (e) core region of the inclusion.

quired to form the B6ggild lamellae and the fine lamellae
at the rim of the potassium feldspar inclusion. According
to the phase diagrams of Carpenter (1994), B@ggild exso-
lution lamellae of the present chemical composition may
be produced at 700-800 "C, prior to formation of potas-
sium-calcium feldspar inclusions. After the decomposi-
tion of labradorite into Bpggild lamellae, the Ca-rich la-
mellae underwent ordering from CI -+ 11 -; er and the
Ca-poor lamellae from Cl- -+ et or e, (Carpenter 1994).

It is necessary to consider the detailed distribution of
K, Na, Ca, Al, and Si in the inclusions and the surround-

ing plagioclase. Kay (1977) noted that the Ca and Al
contents of the plagioclase at the contact with the K-rich
phase were higher than that of the surrounding plagio-
clase. She attributed this to the slow rate of Al-Si diffu-
sion required to remove the anorthite component from the
K-rich phase zone. Conversely, Kay (1977) reported no
concentration of Na in plagioclase at the margin of the
K-rich phase and explained this by noting that exchange
of albite for the potassium feldspar component does not
require Al-Si diffusion.

This slow rate of Al-Si diffusion suggests that the an-
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FIcunr 4. High-resolution lattice images. (a) Interfaces of rim, core, and host Bgggild plagioclase. Rim region is very narrow.
The (001) fringes slightly change their orientation through interfaces (b) Interfaces of two phases in the rim region. The orientation
of (0ll) fringes parallel to the arrows changes slightly in each phase
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orthite component could be concentrated at the margins
of the K-rich phase in Yldmma plagioclase. At the Ca-
and Al-enriched rim of the potassium feldspar inclusion,
1l anorthite forms between the potassium feldspar inclu-
sion and both sets of the exsolution lamellae in the host
Bpggild plagioclase. The anorthite then undergoes the
Il -+ Pl transition at a much lower temperature. This
leaves a rim with intergrown PI anorthite and Cl potas-
sium feldspar. In some cases (Fig. lb) the fine lamellae
of the rim region were observed only between Ca-poor
BOggild lamellae and the inclusion. We suggest that the
excess amount of Ca and Al was similar to that in the
Ca-rich BOggild lamellae; therefore the anorthite formed
only between the Ca-poor B6ggild lamellae and the po-
tassium feldspar inclusion.

At the present time, it is not known how common po-
tassium-calcium feldspar inclusions are in plagioclases.
Plagioclases in several meteorites include high-K regions
(e.g., Yamaguchi et al. 1994).It characteized by TEM,
potassium-calcium feldspar inclusions, such as those
characteized here, may be found in these and other
plagioclases.
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