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Abstract

Pigeonite crystals (Wog_ 1 Enge_gsFss6_s,) from lunar basalt 14053 were studied, using X-ray
precession and Laue methods. Four distinct phases are generally present in each crystal:
pigeonites P1, P2, and augites Ay, A1 The orientation, relative intensity, and diffuse-streak
relationships between the four phases indicate that there are two host-exsolution pairs, P1-Aos
and P2-A,q, which correspond to two successive generations of exsolution at high and lower
temperatures, respectively, during cooling. The presence of diffuse streaks connecting the
reflections of Pl-Ag, P2-Ay, and P1-P2 pairs suggests direct lattice interrelations of
each pair.

The change of the plane of intergrowth from (001) to (100) is interpreted in terms of two-
dimensional misfit between host and exsolved lattices, using published high-temperature data
on clinopyroxenes. The temperature dependency of the calculated misfit ratios of the a and ¢
axes show crossing over at a “critical temperature,” above which the a axis yields the better
fit, whereas the ¢ axis fit is preferable below that point. The temperature dependency of the
misfit ratios is consistent with two stages of exsolution of Ay, and A, above and below the
critical temperature.

Because of the two generations of exsolution, the chemical compositions of the P1 and P2
hosts are expected to be somewhat different. The small differences in the lattice constants
produce an apparent rotation of the c* and a* axes of the two hosts which can be recognized
in precession photographs. The sense and magnitude of the rotation seems to depend on

the change in chemical composition of the host resulting from the exsolved phase.

Introduction

Pyroxenes which have exsolved during cooling will
be useful recorders of the cooling history of rocks if
the crystallographic relationships of hosts and ex-
solved phases are fully understood. In the past few
years, considerable efforts have been devoted to the
problem of exsolution in pyroxenes, but many ques-
tions on nature and genesis are not yet resolved.
Morimoto and Tokonami (1969), in a study of pi-
geonite crystals from the Moore County meteorite,
suggested simultaneous exsolution of augite parallel
to (001) and (100) planes of intergrowth, They as-
sumed identical chemical composition in both types
of augites and interpreted the observed small differ-
ences in the lattice constants (room-temperature val-
ues) numerically in terms of mechanical strain.

Smith (1969a), however, pointed out that at high
temperatures (001) should be preferred as the plane
of intergrowth over (100), because of minimum areal
distortion at the temperature exsolution occurred.
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His reasoning implies two stages of exsolution with a
switch of plane of intergrowth during cooling; con-
sequently, different phases of exsolution with differ-
ent chemical compositions result. Recent electron mi-
croscopic observations (Christie et al., 1971; Nord et
al., 1973) seem to support this suggestion on a more
empirical basis, pointing out a two-step sequence:
“coarse augite and pigeonite lamellae form mainly
along (001), which is followed by a fine tweed type
exsolution in both phases.”

Robinson et al. (1971) reconsidered the orientation
of exsolution lamellae in pyroxenes and amphiboles
from the point of view of the O-lattice theory of
Bollmann and Nissen (1968). From a two-dimen-
sional lattice fitting on the (010) plane, they con-
cluded that “the lamellac are parallel to generally
irrational planes of dimensional best fit between the
lattices at the time exsolution began.” Based on this
argument, Jaffe er al. (1975) interpreted the optically
observed angles of the “001°" and *“100” pigeonite
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lamellae with respect to the ¢ axis of host augites
from the Adirondacks and elsewhere. Yet, it re-
mained unclear “why ... the X-ray single crystal
photographs show the lattices with their (001) planes
essentially parallel” (Robinson ez al., 1971). No com-
ment was made on the genesis of the (001) and (100)
exsolution.

Several X-ray diffraction studies indicated a fre-
quency correlation of exsolved (001) and (100) augite
with the chemical composition of the pigeonite host;
(100) augite is observed only in Mg-rich pigeonites
(Takeda and Ridley, 1972) and in Ca-poor pigeonites
(Takeda et al., 1975).

In pigeonites from a lunar basalt (14053) of the Fra
Mauro Formation, two crystallographically distinct
host phases were detected which are related to two
exsolved augite phases (Nakazawa and Hafner, 1975,
Nakazawa et al., 1976). This puzzling observation
could not be interpreted in conventional terms of
pyroxene exsolution. However, similar exsolution
features can also be found in previously published X-
ray precession photographs of pigeonites from differ-
ent basalts. The two-host phenomenon seems to be a
more general relationship in pyroxene exsolution his-
tory (Nakazawa and Hafner, 1976).

In-this paper, some crystallographic details ob-
served in pigeonite crystals from lunar basalt 14053
will be presented. To explain these observations,
(001) and (100) exsolution based on the usual concep-
tion of lattice fitting will be discussed by use of high-
temperature lattice data. This is along the line of
Smith’s suggestions in 1969. Finally, the observed
crystallographic rotation between the two host lat-
tices, which is believed to be consistent with the pres-
ent reasoning, will be considered.

Experimental
Description of specimen

Rock chip 14053 is a basaltic fragment collected
near the rim of Cone Crater at Fra Mauro on the
moon. The rock is a coarse-grained holocrystalline
basalt composed predominantly of clinopyroxene
and plagioclase. The rock chip was crushed, sieved,
and separated gravimetrically as described by Yajima
and Hafner (1974) for basalt 15065. From the frac-
tion with densities between 3.54 and 3.32 (grain size
between 315 and 70 um), about fifty magnesium-rich
pigeonite crystals were hand-picked under the micro-
scope for X-ray studies. All crystals were almost col-
orless or light honey-yellow. No obvious exsolution
textures could be recognized optically, neither in the
crushed crystal fragments nor in the thin section.

Average chemical composition

Electron microprobe analyses were made for about
30 crystal fragments in the same fraction from which
crystals were chosen for the X-ray studies.

The pigeonite grains do not show any sign of chem-
ical zoning, and their chemical variation from grain
to grain is exceptionally small for clinopyroxenes
from lunar basalts. It varies over the range Wog_ 14
Enss_ss FSg6_34 and is centered at Wo, Eng,Fs,. For
this separate, most crystal fragments appear chem-
ically quite homogeneous (Nakazawa et al., 1976).

X-ray studies

Crystal fragments with diameters between 70 and
120um in average dimension were mounted with c*
parallel to a glass fiber. Precession photographs of A0/
and Ok/ nets were taken, using a conventional camera
(¢ = 60 mm, MoK« radiation with Zr filter). The cell
dimensions of four coexisting phases measured for
eight crystal fragments are given in Table I. Laue
photographs were also taken with the precession
camera for some crystals with the same orientation as
hOl precession photographs: the incident beam was
parallel to the b axis.

Orientation relationships, intensities,
and diffuse streaks

Magnesium-rich pigeonite crystals from basalt
14053 show at least four distinct phases: two pigeon-
ite hosts with space group P2,/c¢ designated as P1 and
P2, and two exsolved augites with space group C2/c,
intergrown on (001) and (100) planes. The augites are
designated as Ay, and Ay, respectively. The two
pigeonites have almost identical lattices with very
similar orientations. The orientation relationships are
as follows:

(1) The ¢* axes of P1 and Ay, are exactly parallel;
the a* axes are inclined to each other by about 2.7°
(=484).

(2) The a* axes of P2 and A, are exactly parallel;
the ¢* axes are inclined to each other by about 2.9°
(=4A8,).

(3) The c* axes of P1 and P2 are inclined to each
other by about 0.4°, the a* axes by about 0.3°,

(4) All four phases have the b axis in common.
The relative orientations of the four lattices may be
recognized in Figure 1, which is a reproduction of the
h0l net of pigeonite crystal No. 51 with the typical
P1-P2 splitting.

These relationships (1-4) indicate the existence of
two related host-exsolution pairs, Pl1-Ag, and
P2-A 00, Which imply successive generations of ex-
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Table 1. Cell dimensions and estimated chemical compositions of two pigeonite hosts, PI and P2, and two exsolved augites, Aqo; and A,
coexisting in pigeonite crystals from basalt 14053.

Nomogram

Crystal o " x . % of b
Pyroxenes a(R)  b(d)  o(d) 8(°) V(%) g CempogtiGioh

number phase Wo En Fs
P1 9.68 8.91 5.21 108.6 425 10 5 62 33

1 P2 9,64 8.91 5.22 108.7 425 60 4 63 33
A001 9.66 8.91 5.26 105.9 435 10 L4 LO 16

Aj00 9.73  8.91  5.22  105.6 436 20 L9 37 14

P1 9.67 8.90 5.22 108.6 426 10 5 67 28

2 P2 9.63 8.90 5.23 108.6 425 60 5 67 28
AOO1 9.68 8.90 5.27 105.8 437 10 47 40 13

Ay00 9.72 8.90 5,21 105.8 434 20 47 40 13

P1 9.67 8.89 5.20 108.6 423 60 5 68 27

18 P2 9.66 8.89 5.23 108.7 424 20 3 70 27
A0 9.66  8.89  5.27  106.0 435 10 43 4h 13

Ay00 9.74 8.89 5.21 105.8 434 10 46 42 12

P1 9.67 8.91 5.21 108.6 425 70 4L 65 3

21 P2 *c * » * * 5 * * *
A001 9.66 8.91 5.26 106.0 435 20 43 49 16

A100 * * * * * 5 * * »*

P1 9.65 8.87 5.20 108.7 422 80 3 78 19

22 P2 * * * * * trd * % *
Ago4 9.65 8.87 5.25  106.0 432 20 44 48 8

A1OO * * * * * tr * * *

P1 9.69 8.88 5.19 108.7 423 40 3 75 22

23 P2 9.62 8.88 5.22 108.7 422 40 3 75 22
AOO1 9.64 8.88 5.27 106.1 433 10 42 48 10

Aq00 9.74 8.88 5.20 105.9 433 10 46 46 8

P1 9.74 8.88 5.20 108.6 426 70 5 72 23

25 P2 * * * * * 5 * * *
Agoq 9.65 8.88  5.26  106.0 433 20 43 47 10

A100 * * * * * 5 * * *

P1 9.68 8.88 5.21 108.7 424 40 4 73 23

51 P2 9.67 8.88 5.23 108.8 425 40 2 74 24
A001 9.67 8.88 Sadl. 105.9 435 10 45 45 10

Aq00 9.75 8.88 5.21 105.7 434 10 48 43 9

a) Volume ratios are roughly estimated from the intensity ratios of precession photographs.

b) Compositions estimated from b-8 nomogram of Papike et al.(1971) were obtained by use of
b and 8 values before rounding.

¢) * indicates that the constant is not measured because of the uncertainty due to the diff-
useness of the reflection. Estimated errors in cell dimensions are +0.01 A and 20.1°.

d) tr : trace.
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Fig. 1. Part of the 40!/ net of a precession photograph for a
pigeonite crystal from basalt 14053 indicating the relationships
between two pigeonite hosts and augite exsolved on (001) and
(100) planes.

solution. The observation of two distinct host phases,
P1 and P2, is of particular interest. Accidental dis-
orientation of crystal fragments, epitaxis, or chemical
zoning are excluded for the following reasons:
(1) Only the reflections of pigeonite show splitting.
(2) The double spots of pigeonite are generally
connected by diffuse streaks.

Tagot / @%”Gﬂ\mo

a

(3) There are simple relationships involving the
orientation, intensity, and diffuse streaks among the
reflections of all four lattices as described later in
more detail.

(4) All crystals studied exhibited similar diffrac-
tion patterns, which can also be recognized in crystals
from other lunar basalts, e.g. in previously published
precession photographs of Ghose ez al. (1972, Fig. 2e,
2f) and Jagodzinski and Korekawa (1972, Fig. 10b).

(5) Electron microprobe analyses yielded no in-
dication of chemical zoning within crystal fragments
of the same separate.

The intensities of the four phases are interrelated.
The P1 and P2 reflections are always stronger than
those of their counterparts Ay, and Aj,. They are
systematically correlated in that in different crystal
fragments a relatively strong P2 reflection is coupled
with a relatively strong A,y reflection, and a rela-
tively weak P2 reflection is coupled with a relatively
weak A, reflection; a corresponding correlation ap-
plies also to Pl and A,,;. The P1-Ay, and P2-A,,,
pairs are undoubtedly exsolution pairs. Parts of A0/
nets of some crystals (Nos. 38, 28, and 41) which
show relative changes in the intensities of the pairs
are presented in Figure 2.

The distinct reflections of the four phases are gen-
erally linked by diffuse streaks. In Figures 1 and 2a,
diffuse streaks point from Ao spots toward the P2
spots along the a* axis of P2. Yet in Figure 2b, they
are smeared out between the P2 and A, spots. In
Figure 2c, the diffuse streaks seem to originate at the

b ©

Fig. 2. Parts of #0/ net of precession photographs for pigeonites from basalt 14053, indicating varying relative intensities between the two
pairs of P1-Ag, and P2-A 4



NAKAZAWA AND HAFNER: ORIENTATION OF AUGITE EXSOLUTION LAMELLAE 83

Ago spots and point towards where the A, reflection
would occur, rather than vice versa. At any rate, a
general trend of increasing diffuseness of P2 and A,
reflections may be recognized in Figure 2 from a to c.
Using the argument that rates of atomic diffusion
generally decrease with decreasing temperature, the
comparatively more diffuse P2-A,q pair should be
interpreted as representing the low-temperature ex-
solution pair which nucleated after the P1-A, pair
in the cooling process. Furthermore, the fact that AG,
> AB, provides permissive evidence for the formation
of the pair P1-Ay, before P2-A,y, following the
reasoning of Papike et al. (1971).

The two-dimensional diffuseness of the Ay, reflec-
tions suggests that the A,q exsolution is not of the
simple lamellae-type texture. The triangular diffuse-
ness outlined by the limiting reflections of A, P2,
and A, as shown in Figures 2b and 2c may be
indicative of a very early stage of exsolution with
exceedingly small ‘“lamellae.” These fine-scale la-
mellae may eventually coarsen towards a more “ma-
ture” stage of exsolution as indicated by the features
shown in Figure 1 and 2a.

Diffuse streaks may also be studied in Laue photo-
graphs. In Figure 3 a photograph of crystal No. 51
(same crystal as for Fig. 1) also illustrates the relative
diffuseness of the P2-A,, pair with respect to
P1-A. The figure shows clearly that diffuse streaks
connect the spots of the host-exsolution pairs P1-A,
and P2-A,,, and also of the hosts Pl and P2. It
should be noted that the A,y reflections in this crystal
are exceptionally sharp. In all other crystals studied,
they were more diffuse.

Temperature-dependent fitting of host
and exsolved lattices

The shared lattice planes

Recent optical studies of exsolution lamellae in
metamorphic augites revealed that the phase bound-
aries of pigeonite exsolution lamellae are oriented on
irrational planes near (100) and (001) (Jaffe ez al.,
1975). The angular deviations of the “100” lamellae
from ideal orientation varied between 0 to 22°, and
those of “001” between 5 to 17°, depending on chem-
ical composition. They were interpreted in terms of
the optimal phase boundary theory (Jaffe er al.,
1975). From X-ray precession photographs, of
course, no direct information is obtained on the
boundary of host and exsolved phases. However,
photographs show that the (001) or (100) /attice
planes are essentially parallel (within less than 0.1

Fig. 3. Part of a Laue photograph of pigeonite from basalt
14053 indicating the diffuse streak relationships between the four
clinopyroxene phases Pl, P2, Ao, and Ajg. The incident beam is
parallel to the b axis, and some zones parallel to ¢* and a* are
indicated. The crystal is the same as in Fig. 1.

degree) as seen in Figure 1. Some clinopyroxenes of
igneous and metamorphic origin exhibit a small an-
gular “misorientation” of the c* and a* axes of host
and exsolved lattices by some ten minutes. This dis-
crepancy will be discussed at the end of this paper.
Moreover, Morimoto and Tokonami (1969) recog-
nized that “the host and exsolved phases indicate
two-dimensional agreement not only in orientation
but also in cell dimensions along their boundary
plane.” Many more recently reported data on ex-
solved phases in pyroxene confirm this conclusion
(e.g. Papike et al., 1971; Prewitt et al., 1971; Ghose et
al., 1972; Takeda and Ridley, 1972). This geometrical
fitting relation is also correct for magnesium-rich pi-
geonite crystals from lunar basalt 14053. The cell
edges a and b of P1 are quite close to the correspond-
ing cell edges of Agy, and ¢ and b of P2 to those of
Awo. The observed lattice constants are presented in
Table 1 together with estimated chemical composi-
tions. In crystals from 14053, this simple concept of
geometrical fitting is particularly obvious because of
the well-resolved P1 and P2 phases. However, if the
splitting of the host reflection is neglected, the result-
ing apparent misfit would be quite small, since the
lattice dimensions of Pt and P2 are very similar.
This two-dimensional fitting between host and ex-
solved lattices suggests the presence of direct lattice
interrelation between them, indicating that the shared
planes of lattices are, at least approximately, the in-
trinsic (001) or (100) planes. Moreover, asymmetric
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diffuse streaks are observed between the reflections of
P1 and A, along the ¢* direction and between those
of P2 and A,y along the a* direction. These streaks
do not indicate that the lamellae are extremely thin;
however, they do imply the presence of some direct
lattice interrelations between the intergrown phases.
Therefore, we can restrict ourselves to (001) and
(100) for further consideration of the lattice fitting of
pyroxenes which show similar exsolution texture.

Two-dimensional fit of lattices at different
temperatures

Since exsolution occurs at high temperatures, the
two-dimensional fitting should be discussed by use of
high-temperature cell-edge data. Moreover, the ther-
mal expansion coefficient tensors should be known
over the appropriate temperature range. Unfortu-
nately, accurate high-temperature data within the
pyroxene quadrilateral are scarce. However, with the
data published so far, some semiquantitative esti-
mates of the two-dimensional fit at high-temperatures
may be made for clinopyroxenes of magnesium-rich
composition.

It is well established that the 5 edges of pigeonite
host and exsolved augite, and also of augite host and
exsolved pigeonite, are parallel and of the same
length, at least within the experimental error of the
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precession method. Exsolution, caused primarily by
the segregation of calcium atoms, leaves the length of
b nearly unchanged, as shown by the -8 nomogram
of Papike et al. (1971), the b-asinf nomogram of
Brown (1960), or the b-composition diagram of
Turnock et al. (1973). Moreover, b is the common
axis for the (001) and (100) planes of intergrowth,
which now will be considered. Therefore, inspection
of the temperature dependence of a and ¢ will reveal
which plane, (001) or (100), is the plane of the better
geometrical fit for an intergrowth of the two lattices.
In Figure 4 (left side), the literature values of a of
selected clinopyroxenes are plotted against temper-
ature. The thick lines, 4, D, a, and f, correspond to
the thermal variations of a for the compositions
WosEngFs, (Smith, 1969b; Stephenson et al., 1966),
Wo,EnsFss, (Brown ef al., 1972), Wo,,En,Fs, and
WosEngFs;, (Cameron et al., 1973), respectively. In
Figure 4 (right side) the same relationships are shown
for ¢. Capital letters refer to P2,/c structures and
lower case letters to C2/c¢ structures. The thin lines,
B, C, b, ¢, d, and e, are interpolated, assuming a lin-
ear relationship from the thick lines for the re-
spective compositions WogEnqFsy, WosEng Fsy,
WogEngFs;, WosEnsFs,, WosEny,Fsy;, and
Wos,Eny;Fsss. The couples B-b, C-¢, and D-d are
almost those of the host and exsolution pairs accord-
ing to the »-8 nomogram by Papike et al. (1971). The
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Fig. 4. Temperature dependence of lattice constants a (left) and ¢ (right) for clinopyroxenes with different chemical compositions.
The dots and thick lines indicate the measured lattice expansions, and the thin lines are interpolated, 4: Wo;Eny;Fsy; B: Wo,En;;Fs,,;
C: WosEng Fssy; D: WogEngFsss; a: WosEnseFsg; b: WogEngFs,; ¢ WogEngFsi; d: Wo,EngFsqr. €0 WosEnyFssg. fi WosEn Fsg,.
The interpolated lines of b, ¢, d, and e are between the lines of a and f of the right figure, but are not drawn in order to simplify the figure.
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pigeonite from 14053 has an average chemical com-
position of Wo,,EngFsz and is almost on the tie-line
of C—-c. It should be borne in mind that the variations
for pigeonites can not be linear as indicated in Figure
4, because of the inversion from the P2,/cto the C2/¢
phase. Details will be discussed later in this section.

For convenience of illustration, *‘misfit ratios”
are introduced and defined as the ratios
a(pigeonite)/a(augite) and c(pigeonite)/c(augite).
The dependence of the misfit ratios on the temper-
ature for B-b, C-¢, and D-d pairs are plotted in
Figure 5. The solid parts of the lines in that figure
indicate that part which exhibits the smaller geomet-
rical misfit. The dashed vertical line marks a *‘critical
temperature,” i.e. the temperature where the crystal-
lographic axis with the smaller misfit changes from g
to ¢ in cooling. Clearly, the (001) and (100) planes are
the respective planes of the better geometrical fit
above and below the “‘critical temperature.” This
simple geometrical relationship for the switch of
planes from (001) to (100) is based entirely on me-
chanical strain energy.

The critical temperature obtained from the mis-
fit ratios varies between 550 and 700°C, depending on
chemical composition (¢f. Fig. 5). That range of tem-
peratures may be too low by 100°C or more, since a
linear variation of the pigeonite lattice edges was
used, neglecting the discontinuity at the P2,/c to
C2/c inversion. Smyth (1974) refined the crystal
structure of a more iron-rich pigeonite (W 0,En;, Fs;)
at several temperatures between 400 and 825°C. His
data reveal nonlinear expansion coefficients for the a
and c axes in that temperature range. If a correspond-
ing, interpolated augite lattice (e, ¢f. Fig. 4) according
to a tie-line from the nomogram of Papike et al.
(1971) is used, a critical temperature of about
720°C is obtained. This temperature is about 120°C
higher than that derived by using the simplified linear
lattice expansion. Inspection of Smyth’s data reveals
that the critical temperature of his pigeonite is
quite close to the temperature of inversion; the two
temperatures may even be, in principle, the same. In
that case, Aqy is exsolved from the C2/¢ (high-pi-
geonite) phase and A, from the P2,/c (low-pigeon-
ite) phase. Prewitt ef al. (1971) indeed observed that
“the c-axis of pigeonite is always about equal to or
smaller than that of the (001) augite lamellae at room
temperature, but expands to a value greater than that
for augite at the transition.”” More accurate data over
a larger range of chemical composition in the py-
roxene quadrilateral is necessary for further clari-
fication.

# (100) #1001

1014

|
)
I
I
)
)
I

a 100 e

099

4 #(100) 1 #1001
. 1.01 : &
]

o \
©
€ b 100
=
@
s 0994

1014 #1100) 71001) c

I
[}
I
I
|

C 100

0994

— TI(°C)

Fig. 5. Temperature dependence of the dimensional misfit ratios,
for B-b, C-c, and D-d exsolution pairs. The solid parts of the
lines represent the better fit axes. The vertical lines indicate the
“critical temperatures” where the better fit axis changes from a to
¢ in cooling. In view of the lack of accurate high-temperature
lattice data, the straight lines should be considered as a rough
approximation.

Apparent lattice rotation of host due
to the second exsolution

As a consequence of the presence of metastable
states in a simple, fairly rapid cooling process, the
pigeonite host will be subjected to a subsequent
change in chemical composition as augite is succes-
sively exsolved. The continual change of the host cell
dimensions may be recognized in diffuse streaks that
connect P1 and P2. The changes in the P1 and P2
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lattices may be expressed in terms of an apparent
rotation about the b axis.

Inspection of X-ray diffraction photographs of pi-
geonites from 14053 reveals that the splitting of re-
flections of the two pigeonite hosts is almost zero in a
direction close to [301] (¢f. Fig. 1, Nakazawa and
Hafner, 1976). In fact, virtually the same interplanar
distance for (301) is obtained when calculated from
the Pl and P2 lattice constants at room temperature.
The crystallographic relevance of this observation is
not yet clear; the planes with identical spacings may
be irrational. At any rate, the (301) plane may be
used to define an apparent ¢* and a* rotation of the
host lattices due to successive exsolution.

If the real and reciprocal lattice constants of the
host before the beginning of exsolution are desig-
nated as a, ¢, a*, and c* (¢f. Fig. 6), the small differ-
ences Aa, Ac, and Af indicate the change in the
lattice which results from the change in chemical
composition of the host during continued exsolution.
Two directions of rotation should be noted: (i) —Aa,
+Ac, +A8, and (ii) +Aa, —Ac¢, £AS (¢f. Fig. 6).
Both directions appear to be possible. The direction
indicated by (i) is the sense of rotation from P! to P2
observed in magnesium-rich pigeonite from 14053.

(-Aa,+Ac, ol

d +AN N A ~ActAN)

o ———

The opposite direction (ii) has been found, e.g., in
pigeonite from the Skaergaard intrusion (Morimoto
and Tokonami, 1969, Fig. 3). A possible inter-
pretation will be presented in the following section.

Discussion

X-ray observations of pigeonites from lunar basalt
14053 described in this paper are well understood by
assuming subsequent (001) and (100) exsolution and
relative rotation of the host due to the second, lower-
temperature exsolution of augite A, They are in
accord with recent phase diagrams in the pyroxene
quadrilaterals (e.g. Ross er al., 1973). For example,
coarse augite and pigeonite lamellae form mainly
along (001); they are followed by finer lamellae along
(100), and this is indeed consistent with the change in
the subsolidus curvature from high to low temper-
atures. The dependence of the frequency of (001) and
(100) augite lamellae on chemical composition in pi-
geonite is also reasonably well understood: e.g. the
rarity of the (100) exsolution in Fe-rich pigeonite may
be due to a low critical temperture (¢f. Fig. 5). A
calcium-poor pigeonite from Mull (W o, cEns.sFsss.4)
is an interesting special case which shows only A
exsolution (Virgo and Ross, 1973). Here, there are

Fig. 6. Relative host lattice rotations due to the small changes of lattice constants, Aa, Ac, and Ag. The orientation of (301) plane
remains unchanged, and its interplanar distance is the same. The arrows indicate the two directions of apparent rotation of the a*

and ¢* axes.
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two possible interpretations: pigeonite could not ex-
solve augite at high temperatures because of its com-
position, or it was rapidly cooled at high temper-
atures and slowly cooled, or annealed, at lower
temperatures. Brown et al. (1972) found that a pi-
geonite of the bulk composition Wo,EnsFs;, from
the Mull locality exhibited faint exsolution on (001)
and (100). This observation would rather support the
first interpretation.

Our simplified model using misfit ratios should be
considered as a first approximation only. Because of
incomplete high-temperature lattice data, the non-
linear thermal expansion of pigeonites can not be
appropriately accounted for. There are still some
open questions. For example, the role of (001) ex-
solution lamellae in pigeonite (Ghose et al., 1973)
and augite (Robinson ez al., 1971) from metamorphic
and plutonic rocks is not yet clear. However, the
dependence of the ¢ misfit ratios on temperature is
generally stronger than that of a(¢f. Fig. 5), and a
crossing over of the ratios at quite low temperature
may be possible. Thus, the a axis would again be the
axis of the better fit.

The two-dimensionally diffuse reflections (e.g.
004), which represent initial stages of A, exsolution,
indicate intermediate orientations of the planes of
intergrowth while changing from (001) to (100). Typ-
ically, the 004 reflection is diffuse within the triangu-
lar area outlined by the three positions of the P2, A,
and A,y spots. This can be recognized clearly in
pigeonite from lunar basalt 12040 (Ghose et al., 1972,
Fig. 2g). There, the 004 reflection of Ay, seems to be al-
most vanishing (note that the relative lattice rotation
of host pigeonite can be also seen in that figure). The
two-dimensional diffuseness indicates that the ex-
solution texture is not of a simple lamellar type. The
fine “tweed type” exsolution textures observed in
electron micrographs (Christie er al., 1971; Nord et
al., 1973) probably correspond to this kind of diffrac-
tion pattern; they are indicative of exsolution near the
critical temperature. A theoretical treatment of the
coherency of tweed type textures in X-ray diffraction
would be interesting.

Some significant features of the relative lattice ro-
tation of host pigeonite due to A,,, exsolution can be
recognized in some previously published precession
photographs (e.g. Ghose et al., 1972; Jagodzinski and
Korekawa, 1972). Many details of the X-ray diffrac-
tion profiles are consistent with the present ex-
solution model, at least for some volcanic pigeonites
(Nakazawa and Hafner, 1976).

High-temperature Ay, lamellae in plutonic or

metamorphic pigeonites are expected to exhibit a
small, apparent “misorientation’’ with respect to the
host lattice. In a very slowly cooled pigeonite, of
course, the original host, with a composition close to
P1, may be equilibrated completely by recrys-
tallization to a new host, close to P2, with a some-
what different chemical composition corresponding
to a lower-temperature range of the solvus. There-
fore, the angle between the ¢* axes of host and Ay,
which may be defined as “‘misorientation’ angle, may
not necessarily reflect an intrinsic host exsolution
relationship. It does not necessarily represent a real
lattice rotation due, for example, to relaxation of
strain (Morimoto and Tokonami, 1969), or to im-
proving the fitting of irrational planes (Robinson et
al., 1971; Jaffe er al., 1975). An intermediate stage of
misorientation can be seen in the precession photo-
graph of a pigeonite from soil south of Mare Crisium
on the moon (Ghose er al., 1973, Fig. 3). In that
crystal, the 004 reflection of pigeonite is just a little
elongated towards the —a* axis.

Pigeonites from Skaergaard (Morimoto and Toko-
nami, 1969) and Mare Crisium (Ghose et al., 1973)
reveal a lattice rotation in the opposite sense com-
pared to pigeonites from volcanic rocks such as
14053. Thus, the 004 reflection of the host is rotated
towards —a*, yielding +Aa, —Ac, £Af according to
Figure 6. Since the dependence of the lattice con-
stants on chemical composition is monotonous
(Turnock et al., 1973), it is likely that an opposite
change of lattice constants corresponds to an oppo-
site change of the chemical composition. Such a rota-
tion of the host lattice is caused by an exsolved phase
with less calcium than the host. Actually, hypersthene
(“‘inverted” pigeonite) is present in pigeonites from
both localities. Therefore, opposite rotation of host
pigeonite under special conditions might suggest ex-
solution of (not inverted) hypersthene simultaneously
with, or subsequently to, Ay, exsolution under rather
equilibrated conditions.

Since the relative rotation of the host lattice is
sensitive to the change of lattice constants which in
turn depends on many factors, a detailed study on the
basis of accurate lattice parameters at various tem-
peratures is needed. Such a study should include a
systematic analysis of the diffuse reflections.
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