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ABSTRACT

Alkali feldspar grains found in a syenite from the Patagonian Andes, southern Chile, have bulk
compositions of about Or, AbseAny s, and consist of two parts when viewed under an optical micro-
scope: a clear part and a turbid part. Grain interiors are mixtures of the two parts, whereas the rims
are mainly turbid. The microscopically clear part, which is almost free of micropores, is
cryptoperthitic, whereas the turbid part is microperthitic. The microperthite is of the patch type, and
the turbidity is due to abundant micropores that are polygonal and generally less than 1 um in
diameter. The patch microperthite has been formed by coarsening of primary cryptoperthite by hy-
drothermal reactions. An incipient stage of the microperthite formation is recorded as the segrega-
tion of the Or-rich feldspar with diagonal elongation and Ab-rich feldspar into aggregates that have
a “butterfly” shape. Each butterfly aggregate of microperthite is generally less than 10 wm in length.
The centers of the butterfly aggregates are usually occupied by round fluorite particles about 1 um
in diameter, which were identified by EPMA and TEM analyses. The fluorite particles may have
been formed at the fluid stage. The microperthite formation may have started as butterfly aggregates
along the interfaces with the fluorite particles at the hydrothermal stage. The butterfly aggregates
have changed to patch microperthite with further coarsening. The timing and process of the forma-
tion of the fluorite particles are important in relation to the evolution of feldspar microtextures, and
the behavior of fluorine in alkaline igneous rocks.

INTRODUCTION

The model that the coarsening of cryptoperthite to
microperthite is promoted by the presence of water as a cata-
lyst was developed from studies of alkali feldspars in the
Klokken syenite, southwest Greenland (Parsons 1968; Par-
sons and Brown 1984; Smith and Brown 1988; etc.). The
model of these authors involves subsolidus reactions to form
microtextures expected in ternary and alkali feldspars accom-
panying cooling of syenitic intrusions from magmatic to hy-
drothermal stages. However, many problems remain in
understanding the details of such reactions, especially regard-
ing the coarsening of cryptoperthitic intergrowths. New infor-
mation on the textural and compositional variations of such
subsolidus feldspar reactions has been obtained from studies
of alkali feldspars in other syenite intrusions (Waldron and
Parsons 1994; Nakano et al. 1997; Nakano 1998). In addition,
the mechanism of incipient coarsening of microperthite has been
discussed for the formation of vein-like microperthite along
grain boundaries or cleavages, which has been named “pleat”
(Lee et al. 1997; Brown et al. 1997).

Alkali feldspar grains in a syenite sample from the
Patagonian Andes, southern Chile, microscopically consist of
two parts: one that is clear and another that is turbid. This tex-
tural feature is not unlike that reported previously in alkali feld-
spars from other syenites (Parsons 1968; Lalonde and Martin
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1983; Parsons and Brown 1984; Smith and Brown 1988;
Waldron and Parsons 1994; Nakano et al. 1997; Nakano 1998;
etc.). An incipient type of microperthite, which comprises an
aggregate of Or-rich feldspar showing diagonal elongation and
Ab-rich feldspar, forms a characteristic butterfly shape on (001).
The centers of each butterfly aggregate are occupied by fluo-
rite particles. This is a new occurrence of fluorite in feldspar.
Microperthite formation seems to have started along the inter-
faces with the particles. These observations suggest that F may
play an important role in the textural evolution of alkali feld-
spar in alkaline igneous rocks. In this paper, we describe the
occurrence of the fluorite particles and butterfly aggregates in
the feldspar, and discuss their formation processes from the
viewpoint of subsolidus reactions forming microperthite in al-
kali feldspar under plutonic conditions.

GEOLOGIC SETTING AND SAMPLE DESCRIPTION

The Cerro Balmaceda pluton (51°25'S, 73°10'W) is one of
several Miocene intrusions and subvolcanic rocks that crop out
in a north-south belt in the foothills of the southern Andes in
Chile (Michael 1985, 1991; Fig. 1). The plutons crop out in the
transitional zone between the Mesozoic-Cenozoic Patagonian
batholith in its western side and Cenozoic plateau lavas in its
eastern side. The emplacement of the plutons in this distinc-
tive position during the Miocene may be related to subduction
of the Chile Ridge at these latitudes in Miocene-Recent times
(Cande and Leslie 1986; Michael 1983, 1991). The Quater-
nary calc-alkaline volcanoes are distributed close to and in par-
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FIGURE 1. Regional geological map around Cerro Balmaceda and
sampling locality [after Michael (1991)]. Black areas show Miocen
pluton and subvolcanic rocks.

allel with these plutons in their western side. The details of the
Cerro Balmaceda pluton have not been reported anywhere as
far as the authors know, and Michael (1991) noted only that it
is undated and alkaline. Calc-alkaline plutons of Cerro Donoso
and Cordillera del Paine in the same zone are situated just north
of the Cerro Balmaceda pluton, and the Cordillera Pinto
shoshonite complex is located about 200 km to the south. Of
these intrusions, only the Cordillera del Paine pluton was in-
vestigated in detail (Michael 1983, 1991).

The rock sample examined in this study is from a miarolitic
facies of a fine-grained syenite at the foothill of Cerro
Balmaceda. The details of this occurrence are unknown, be-
cause of the limited time spent at the sampling place, which is
a small harbor at the eastern foothill of Cerro Balmaceda. The
sample contains tabular grains of alkali feldspar, 1-2 cm in
length and ~8 mm in width. When examined with the naked
eye, the feldspars show color zoning in which a pale pink, opaque
rim encloses a gray, translucent interior and penetrates into it.

TEXTURES AND COMPOSITIONS OF FELDSPAR

Perthitic textures

Alkali feldspar grains show rim-interior color zoning, as
noted above. The boundaries between interiors and rims are
not so distinct microscopically or texturally as seen with the
naked eye (Fig. 2). Both the rims and the interiors consist of
two parts when viewed under a microscope: one is clear, and
the other is turbid.

The clear part is cryptoperthitic, as shown by the lamellar
textures observed with a transmission electron microscope
(TEM, Fig. 3). Braid cryptoperthite has not yet been observed,
which is different from the textures presented by Brown and
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FIGURE 2. BSE image showing a view of an entire alkali feldspar
grain (joined photographs). Inclined (001) section. Px = pyroxene, APx
= altered pyroxene.

200nm
o s =l

FIGURE 3. TEM photomicrographs showing cryptoperthitic
textures (a, b).

Parsons (1988). Observations using back-scattered electron
(BSE) images revealed the presence of numerous small aggre-
gates of Or- and Ab-rich feldspars in the clear part of the inte-
riors (Fig. 4a), which appear only as faint, spike-like defects or
cracks under the highest-power optical microscope examina-
tion. On (001) sections, the two-feldspar aggregates clearly form
a butterfly shape (Fig. 4c).
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FIGURE 4. BSE images showing feldspar microtextures. Three photographs (a—c) show part of the feldspar grain shown in Figure 1. Parts a,
b, and ¢ are inclined (001) sections, and in the same orientation. Part d is a (010) section. Scales in a and b are 100 wm, and those in ¢ and d are
10 um. MP = patch microperthite.

This butterfly shape results from the aggregation of each of
two Or-rich and Ab-rich feldspars contacting each other and
having diffuse boundaries with the surrounding clear part (Fig.
5).In general, the Ab-rich feldspars are elongated approximately
along the (661) and (601) traces. The Or-rich feldspars are
elongated approximately along the (601) trace. On (010) sec-
tions, the butterfly shape is distorted (Fig. 4d). In this paper,
this two-feldspar microtexture is newly named “butterfly ag-
gregate of microperthite,” or “butterfly aggregate.” Each but-
terfly aggregate is generally less than 10 wm in length. A linear
distribution of butterflies is commonly observed along the trace
of (010) on (001) sections (Figs. 4a, 4b), although it is not so
clear on (010) sections (along the a-axis direction). The coa-
lescence of several butterflies has been observed, with a re-
sultant vein-like appearance, usually on (010) sections (Fig.
4d).

The turbid part consists of patch-type microperthite (Figs.
2 and 4), and is similar to that of the Japanese syenite feldspars
in mosaic appearance (Nakano et al. 1997; Nakano 1998). It is
noteworthy that the boundaries of constituent phases are often
along the a-axis direction on (001) sections and along the

(601) trace on (010) sections. The coarseness and size of the
patch microperthite vary from place to place. Small areas of
the patch microperthite are observed adjacent to butterfly ag-
gregates (Figs. 4c, 4d). The turbid, microperthitic part is char-
acterized by abundant micropores as reported elsewhere by
other investigators (Worden et al. 1990; Walker et al. 1995).
The shape of the pores is polygonal rather than round. The
micropores are around 1 um in diameter on BSE and second-
ary-electron images (SEI), but are more variable on a TEM scale.

Compositional features

The compositions of the microscopically clear part of the
intergrowths generally lie in the range between Or; Abg and
Or,;Abs, with low An contents (0—1.4 mol%), although more
Or-rich compositions may be encountered. Compositions richer
in An commonly occur in the interiors, especially in the cores,
which have an average composition of about Or,AbsyAn,. The
feldspar compositions of the patch microperthite are close to
the end-members. The Or-rich feldspar has compositions in the
range Ory, osAb;7.45AN0 4, and the Ab-rich feldspar composi-
tions are Ors g ; 4Abgs osANg,_; 5. The representative chemical com-
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FIGURE 5. Schematic drawing of a butterfly aggregate from BSE
observations on (001) sections. All the boundaries are conveniently
lined except for the outline of a fluorite particle, because the
compositional variations seem to be gradual and diffuse on BSE images.
The elongation of Ab-rich feldspars nearly along the (661) and (661)
traces is characteristic.

position of each feldspar mentioned above are shown in Table 1.

The compositional difference between the two types of clear
feldspar (with and without butterfly aggregates), which were
checked by broad-beam analyses using a 50 pm spot size (lo-
cal bulk compositions), is not clear. The compositions of both
parts are somewhat variable, around Or,, Abgy, and their An
contents also vary from place to place. The local bulk compo-
sitions of the turbid, microperthitic part vary to some extent in
places, corresponding to textural differences depending on
which feldspar (Or-rich or Ab-rich) is dominant. The average
composition of the turbid part is nearly the same (Or,,Aby, ) as
the representative composition of the clear part, but the turbid,
microperthitic part generally contains negligible Ca. The bulk
chemical composition, obtained by averaging the local bulk
compositions, is OrypAbseAnys.

FLUORITE IN BUTTERFLY AGGREGATES

There is a small particle in the center of each butterfly, whose
nature was clarified by BSE observations. On (001) and (010)
sections, the particles are round in shape, and vary from spheri-
cal to ellipsoidal. These particles were confirmed to be fluorite
as follows. The X-ray maps of fourteen elements (K, Na, Ca,
Al, Si, O, Ba, Fe, F, Cl, P, S, Mn, and Cu) show that only two
elements, Ca and F, usually occur, and that other elements (in-
cluding Si, Al, and O) are not present (Fig. 6).

The same particle was found by careful TEM observations
(Fig. 7). EDS analyses with the TEM also show that the par-
ticle consists only of Ca and F. The measured d-spacing of its
(110) plane obtained from TEM diffraction patterns coincides
with that of fluorite. Round micropores are observed in some
centers of the butterflies instead of particles. These micropores
may result from removal of the fluorite particles during thin-
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TABLE 1. Representative chemical compositions of several types
of feldspars in syenite from southern Chile

Clear part Turbid and microperthitic part
interior rim interior rim

Or-rich Ab-rich  Or-rich Ab-rich
SiO, 66.91 66.67 65.76 67.17 63.93 67.58
AlLO; 19.59 19.06 18.99 20.23 18.57 19.58
FeO 0.28 0.44 0.06 0.05 0.09 0.19
CaO 0.16 0.01 0.00 0.09 0.00 0.01
Na,0O 7.21 7.18 0.54 11.33 1.36 11.56
K.O 6.90 6.66 15.95 0.16 16.27 0.49
BaO 0.00 0.00 0.08 0.00 n.d. 0.00
Total 101.05 100.02 101.38 99.03 100.22 99.41
(Wt%)

Formula proportions based on eight O atoms
Si 2.970 2.986 2.991 2.963 2.981 2.979
Al 1.025 1.006 1.018 1.052 1.021 1.018
Fe 0.011 0.017 0.002 0.002 0.004 0.007
Ca 0.008 0.004 0.000 0.004 0.000 0.000
Na 0.621 0.623 0.047 0.969 0.041 0.988
K 0.391 0.381 0.926 0.009 0.968 0.028
Ba 0.000 0.000 0.001 0.000 n.d. 0.000
Total 5.026 5.017 4.985 4.999 5.015 5.020
End-member proportions in mol%

An 0.8 0.4 0.0 0.4 0.0 0.0
Ab 60.9 62.1 4.8 98.7 4.1 97.2
Or 38.3 37.8 95.2 0.9 95.9 2.8

section preparation. These particles and micropores are about
1 um in diameter (Fig. 4c).

The linear (not zonal) distribution of particles is commonly
observed along the trace of (010) on (001) sections (Figs. 4a
and 4b), as is also clear in X-ray maps (Fig. 8). However, the
distribution patterns of the particles in the turbid, microperthitic
part are not regular in BSE images. Typical X-ray maps of Ca,
K, F, and Fe in both the clear and turbid parts are shown in
Figures 8 and Figures 9, respectively. It is evident from the
two figures that there is a distinct difference of distribution
patterns of fluorite particles between both parts of the feldspar
crystals. Fluorite particles are randomly distributed in the tur-
bid, microperthitic part (Fig. 9). In addition, it is noted that, for
a given area, the number of the particles in the turbid,
microperthitic part is slightly less than that in the clear part
(Fig. 8 and Fig. 9).

Calcium also is concentrated in other small spots that differ
from the positions of fluorite. Randomly distributed Fe-bear-
ing spots are also evident here and there in the turbid and
microperthitic part, but they are observed only rarely in the
clear part. The positions of the Fe- and Ca-rich spots differ
from each other in many cases, and also from the positions of
the micropores in general. The nature of these spots has not
been ascertained yet, as was the case with Walker et al. (1995),
who reported many elements in micropores in feldspars from
various syenites and granites. The present TEM observations
have revealed only the presence of pyrrhotite flakes.

DISCUSSION

The cooling history of the present alkali feldspar is out-
lined as follows. The alkali feldspar that crystallized from the
magma was around Or,AbsyAn, in bulk-chemical composition.
It became cryptoperthitic by exsolution under subsolidus con-
ditions. The cryptoperthite then coarsened during subsequent
cooling, and microperthite eventually formed at the hydrother-
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FIGURE 6. X-ray maps of six elements in particles from the centers
of butterfly aggregates. The mapping area corresponds to that of the
photograph in Figure 3c, although their orientations are at right angles
to it.

mal stage. The butterfly aggregates record an incipient stage of
microperthite formation. They changed to patch microperthite
with further coarsening. The microperthite is characterized by
abundant micropores, as noted in other occurrences (Worden
et al. 1990; Brown and Parsons 1994; Walker et al. 1995). The
formation of patch microperthite may have been catalyzed by
a hydrothermal solution, and thus solution-redeposition may
have greatly contributed to its formation (Waldron et al. 1993).
Outward transfer of Ca from the feldspar may have occurred
during these hydrothermal reactions (Table 1) (Nakano and
Akai, in preparation), as was the case of the alkali feldspars
from the Japanese syenites reported already (Nakano et al. 1997;
Nakano 1998), which induced the present bulk-chemical com-
positions (Or,AbsyAn, 5) mentioned already. However, the pro-
cess and timing of fluorite formation relative to the formation
of feldspar textures are uncertain, as discussed below.

The characteristic linear alignment of the fluorite particles
in the clear part of the feldspars (Figs. 2, 4, and 8) may be
interpreted as either magmatic or subsolidus in origin. The lack
of zoning in the distribution of the particles seems to support
the latter, and their heterogeneous distributions (and local ab-
sence) may also be consistent with the latter. Fluorine is one of
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FIGURE 7. TEM photomicrograph of a fluorite particle (at right)
enclosed by an Or-rich feldspar (tweed orthoclase, lower half) and an
Ab-rich feldspar (albite-twinned albite, upper half).

FIGURE 8. X-ray maps of Ca, K, F, and Fe in a clear area containing
regularly aligned butterfly aggregates. The mapped area is part of the
feldspar grain shown in Figure 2 (lower middle).

the important volatile components in late-stage granitic sys-
tems, but fluorite has not been recognized among the primary
igneous minerals in such systems (Deer et al. 1963; Kovalenko
1984; London 1987, 1992; éern}'/ 1994). Therefore, the round
shape of the fluorite particles (Figs. 4 and 5) may be inter-
preted to be due not to magmatic corrosion and trapping by
feldspar but due to an in-situ growth in feldspar.

Perthitic segregation, or perthite coarsening, along contacts
with other minerals or along microcracks or cleavages in alkali
feldspars is well known; for example, along contacts with
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FIGURE 9. X-ray maps of Ca, K, F, and Fe in a turbid and
microperthitic area. The mapped area is part of the feldspar grain shown
in Figure 1.

subgraphic quartz (éernfx et. al. 1984), with deuteric flakes of
mica (éern}7 1994), and along boundaries with ferromagnesian
minerals, subgrain boundaries and cleavages (Lee et al. 1997).
The following interpretation, therefore, may be possible con-
cerning the timing of the formation of the fluorite particles.
The alkali feldspar developed cryptoperthitic exsolution on
cooling of the syenite. An externally derived, F-bearing fluid
(or solution) acting as a fluxing component may have intro-
duced microcrystals of fluorite along planes of structural
and mechanical weakness in the feldspar, which occurred
before microperthite formation. The conversion of
cryptoperthite to microperthite, via the butterfly aggregate of
incipient microperthite, may have accompanied the growth of
the fluorite microcrystals. The butterfly shaped segregation of
perthite, or perthite coarsening, could have been promoted ei-
ther by the presence of an open feldspar surface on contact
with fluorite, or by the stress of the growing fluorite. The round
shape of fluorite may be due to strain-controlled growth in the
feldspar.

Another interpretation concerning the origin of the fluorite
warrants some discussion. It is possible that a trace amount of
F may occupy some sites in the feldspar structure, although
direct evidence for such a substitution has not been obtained.
Kovalenko (1984) mentioned this possibility on the basis of
numerous F analyses of phenocrysts (including feldspars),
groundmass, and whole-rocks. Snow and Kidman (1991) also
mentioned the possibility of F incorporation in feldspars based
on the results of alkali interdiffusion experiments under low F
fugacity. Liu and Nekvasil (2001) suggested the presence of F-
bearing, four- and fivefold-coordinated Al species, such as
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AIF;(SiH;)", in F-bearing alkali aluminosilicate glasses that are
precursors of the feldspar structure. Thus, it can be hypoth-
esized that such structural F may have exsolved with Ca, aided
by water, to form fluorite in the feldspar.

The difference in the distribution patterns of the fluorite
particles in the clear (regular) and turbid parts (irregular) of
the feldspar crystals may be interpreted as follows. During
hydrothermal reactions that produced the microperthite, the
primary, linear alignment of fluorite particles in the pristine
cryptoperthitic part was modified to the present irregular dis-
tribution patterns through a mechanism of dissolution and ref-
ormation. This interpretation is consistent with the fact that the
number of fluorite particles in the turbid part is slightly less
than in the clear part, as seen in Figures 8 and 9. Solution-
redeposition could have caused not only relatively larger-scale
transfer of relevant elements during the formation of the patch
microperthite but also the above microscopic-scale movement
of fluorite particles from the primary positions. Together with
these reactions, the hydrothermal event also resulted in the strik-
ing concentration of Fe and less so Ca in the patch microperthitic
part, although the chemical states or mineral phases associated
with these elements are not well identified, except for pyrrho-
tite.

It is well known that F strongly affects the density and vis-
cosity of silicate melts, fluid-melt partition coefficients of trace
elements, mineral-melt equilibria, and cation diffusion rate in
melts, as Liu and Nekvasil (2001) summarized, and that F is an
important fluxing component in pegmatite environments (Lon-
don 1992; éern)'f 1994). In addition, F can have an important
role in the textural evolution of alkali feldspars, as noted by
Snow and Kidman (1991). The occurrence of fluorite in feld-
spar has been reported only rarely up to date. Pivec (1974) re-
ported a pseudographic texture of fluorite within alkali feldspar,
and attributed its origin to hydrothermal replacement of feld-
spar by fluorite. As mentioned above, it has been known that F
is one of the important components in pegmatites produced
from volatile-rich granitic magmas (London 1987, 1992; (v:ern}'/
1994) and that fluorite occurs in association with feldspar in
environments such as pegmatites and hydrothermal deposits
(Deer et al. 1966). Only one occurrence of “early formed” fluo-
rite in feldspar has been reported previously. in hypersolvus
and related granites from Corsica by Bonin (1984). He demon-
strated that epitaxial crystallization of albite occurred on the
already formed microcline and on inclusions of (octahedral)
fluorite. The present study discusses a different type of occur-
rence of fluorite in feldspar, and provides new insights into the
genetic relation of fluorite and feldspar, and on the behavior of
F in alkaline igneous rocks.
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APPENDIX: ANALYTICAL METHODS

Textural observations were made at Shiga University with
an optical microscope and by back-scattered electron images
(BSE) and secondary electron images (SEI) with an electron
probe microanalyzer (EPMA: JEOL JXA 8800M). Quantita-
tive analyses and X-ray mapping were also undertaken using
the same EPMA. The operating conditions were 15 kV accel-
erating voltage, 0.02 LA probe current, focused beam for im-
age observations, and either 5 or 50 um beam for quantitative
analyses. Quantitative analyses were made according to the
Bence and Albee (1968) correction method using oxides and
silicates as standards, as well as the previous analyses reported
already (e.g., Nakano 1992, 1998). Counting times are 10 sec
for peak measurements and 5 sec for background measurements.
Mapping was made under the conditions: 15 kV, 0.06 pHA, fo-
cused beam, 500 x 500 pixels and about 100 Ls counting time
per one pixel. Transmission electron microscopic (TEM) ob-
servations were made with a JEM CX200 electron microscope
(JEOL) of Niigata University, operating at 160 kV. EDS analy-
ses with TEM were carried out using a Voyer IV/TN 2000 sys-
tem produced by Northan Instruments Co. Ltd. Sample
preparation for TEM observations was made using an ion beam
thinning apparatus, Edwards IBT200.



