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Alternative interpretation of diffraction patterns attributed to low (P2;ca) orthopyroxene
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Abstract

Although there are several reports of P2,ca orthopyroxene, detailed investigations of the
limited published data and of unpublished pyroxene diffraction patterns have revealed that
almost all reported ‘‘forbidden reflections’” violating the systematic absences k& = 2n on
(Okl) of Pbca orthopyroxene can be explained as (I) reflections from C2/c clinopyroxene
exsolved on (100) with fortuitously-similar cell dimensions that yield congruent diffraction
with supposed P2,ca orthopyroxene, (II) diffuse streaks of either orthopyroxene and/or
clinopyroxene from the neighboring levels of the (0kl) plane, and (III) multiple diffraction
effects. The ‘‘forbidden reflections’ 032, 052, 072, 011 2, 016, 056, 076, and 0 11 6 are
caused by (I); those of 011, 031, 051, 071, 091, 033, 053, 073, 093, 014, 034, 054, 074, 015,
and 035 result from (II); those of 011, 012, and 034 can be the result of (IIT). Only a few faint
reflections do not appear to be adequately explained by (I)~(III), but these are not sufficient
evidence for the existence of P2;ca orthopyroxene.

Introduction

Orthopyroxene, (Mg,Fe)SiOs, is a common mineral of
considerable geological importance because of its wide-
spread occurrence in igneous and metamorphic rocks and
because of its use as an indicator of geologic processes
and history. This mineral is orthorhombic (Pbca), having
the cell dimensions: a = 18.2-18.4A, b = 8.8-9.14, and ¢
= 5.2-5.3A. In routine examinations of orthopyroxene,
modifications with the space group P2ica have been
reported from lunar rocks (Smyth, 1974; Smyth, 1975;
Steele, 1975; Nord et al., 1976) and meteorites (Harlow et
al., 1979; Evensen et al., 1979; Harlow, 1980). In exami-
nations of the relationship between real pyroxene and
amphibole structures and theoretical topological models
based on closest packing of oxygen, Thompson (1970)
and Papike et al. (1973) noted that the model orthopyrox-
ene should have symmetry lower than Pbca, and indeed,
the P2,ca symmetry. Consequently, more significance
was attributed to recognition of this pyroxene space
group modification than would have been otherwise.
Smyth (1974) and Harlow et al. (1979) suggested that the
P2,ca modification was a lower (more ordered than Pbca
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pyroxene) structural state (hence the term low orthopy-
roxene) caused by very slow cooling or long annealing,
and additional evidence was found for low orthopyroxene
in slowly-cooled rocks (Harlow, 1980). In these studies,
identification of low orthopyroxene was based on the
presence of reflections that violate the systematic ab-
sences for a b-glide plane in Pbca. However, such
identification is not wholly satisfactory because: (1) The
crystals reported to date are not single crystals, but
always include exsolved phases, usually augite; (2) in
many cases either orthopyroxene and/or exsolved augite
have diffuse streaks parallel to the common a* axes; and
(3) because of the frequent occurrence of Umweganre-
gung reflections, care must be taken to evaluate the
possibility that this effect produced the reflections in
question (Sasaki and Matsumoto, 1977; Sasaki et al.,
1981). Therefore, a detailed examination of the limited
published data and of numerous unpublished diffraction
patterns of orthopyroxene and clinopyroxene was carried
out to evaluate the ‘‘forbidden reflections.”” The results
of the investigation are presented in this paper.

Results

There are at least three possible sources for reflections
that violate the systematic absences for Pbca orthopyrox-
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Fig. 1. A projection down b* of reciprocal lattice layers for Opx and (100)-exsolved C2/c Cpx.

ene and yield an apparent P2,ca space group: Reflections
from a second exsolved phase with a particular orienta-
tion and fortuitously-similar celi parameters (Type I re-
flections); diffuse streaks from adjacent upper-levels of
both orthopyroxene and C2/c (and possibly P2,/c) clino-
pyroxene (Type II reflections); and multiple diffraction
effects (Type III reflections).

Type I: Coexisting C2/c clinopyroxene

Because most reports refer to the existence of augite
exsolved on (100) of orthopyroxene (Opx), we first con-
sider the case of C2/c clinopyroxene (Cpx) in the Opx
matrix, where Opx and Cpx have common a* and b* axes
(Fig. 1). It must be emphasized that the ‘‘normal’’ separa-
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Fig. 2. Schematic distribution of structure factors on (0kl)o,x from (a) exsolved C2/c Cpx and (b) Opx. The numerals to the lower
and upper right sides of each spot are the values of the structure factor and Miller indices, respectively. The sizes of the circles are
approximately proportional to the magnitudes of the structure factors.
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Fig. 3. Final distribution of structure factors on (0k/)o,x (a) including only reflections of exsolved C2/c Cpx and (b) including both
reflections of exsolved Cpx and diffuse streaks from Opx and Cpx. The triangles in (b) indicate an estimate of the proportional
intensity of diffuse streaks intersecting (0kl)gpx. The sizes of the circles are approximately proportional to the magnitudes of the

structure factors.

tion of diffraction spots may not occur in some Opx—-Cpx
intergrowths; cell parameters may be so related that it is
impossible to distinguish, by position on a photograph,
the separate reflections of the two-phase intergrowth. As
can be seen in Figure 1, the diffraction spots of Cpx with
indices I = even in register appear on the (0kl)o,x net,
when [102]*cpx = ¢*opx- All such C2/c Cpx spots occur
under the following conditions: when kcpx 0px = 0dd,
hcpx must also be odd and when kcpx.0px = even, hcpx
must be even (by reason of C-centering absences). The
reflections with kcpx = even superimpose on the Opx
reflections in the (0kl)opx net. The Cpx reflections with /
= *2, *6, and so on are in register with £ = odd nodes of
the (0kf)opx net, and thus apparently violate the b-glide
plane condition. In the case of P2,/c Cpx, spots are
possible for all 0kln,x where | = even. Figure 2a shows
schematic distributions of the structure factors of a C2/c¢
Cpx contributing to (0kl)opx, compared with those of Opx
in Figure 2b. It should be noted that the intensity distribu-
tion of Cpx reflections on the b*-[102]* plane have mm
symmetry, the same as for (0k))op«. In Figure 2, the Miller
index and the crystal structure factor, |Fons(hkl)|, are
shown to the upper right and lower right of each diffrac-
tion spot, respectively. The structure factors, rather than
intensities, of diopside for Cpx and orthoenstatite for Opx
(Sasaki et al., 1980) are used here to indicate the strength
of diffraction spots. A diffraction pattern based on reflec-
tions from both Opx and Cpx is shown in Figure 3a,

where the volume ratio Opx:Cpx is assumed to be 1:1
(not as large as is likely in real crystals). The above
construction shows that the extra reflections 032, 052,
072, 0 11 2, 016, 056, 076, and 0 11 6 have measureable
contributions from the exsolved Cpx. If P2;/c Cpx con-
tributes significantly to the diffraction pattern, the reflec-
tions 012, 014, and 074 may be present (based on the
structure factor tables for a lunar pigeonite from Ohashi
and Finger, 1974). Thus, by themselves, the above reflec-
tions are not proof of the existence of P2,ca orthopyrox-
ene.

Type II: Diffuse streaks from upper levels

Orthopyroxenes with very fine (100) exsolution and/or
Guinier-Preston zones are known to exhibit diffuse
streaking along a* in diffraction photographs (cf. Miya-
moto et al., 1975; Nord, 1980). The effect is common in
lunar and meteoritic pyroxenes; diffraction patterns of
these pyroxenes also often show diffuse streaks caused
by shock effects (Reid et al., 1974; Takeda, personal
communication). Because the a* dimension is short on
diffraction photographs (2.3 mm for a 60 mm focal length
precession camera using MoKa X-rays for a typical
bronzite), diffuse streaks can and do overlap with neigh-
boring a-axis levels. In the case of very fine (100) lamellae
of Cpx, there is the possibility of diffuse streaking onto
(0kDopx from two sources: one from *1klg,« and the other
from adjacent Cpx levels. Figure 1 shows schematically
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Fig. 4. Schematic diffraction patterns on reciprocal lattice levels that are shifted 1/18.3 (A™') along the a* axis parallel to (0kDopx.
(a) C2/c Cpx exsolution on (100); and (b) (14)opx of Opx. The numerals represent the values of the structure factors and Miller indices
as in Fig. 2. The sizes of the circles are approximately proportional to the magnitudes of the structure factors.

the relationship between the upper Cpx levels and the
a*c* 0-level for Opx. It should be emphasized that the Cpx
has essentially the same short spacing along the a* axis as
does Opx for the planes adjacent to (0k/)gpx. Consequent-
ly, diffuse streaks along the a* axis from Cpx could
produce spots corresponding to (0kl)opx. The diffuse
streaks of Cpx can only intersect (0kl)op if [ is 0odd; that is
when Cpx reflections correspond to (£1kl) of Opx (see
Fig. 1). The indices for these relevant Cpx reflections are
also constrained to have & + k = 2n due to C centering in
C2/c Cpx lamellae. Thus, there is only one reflection,
equivalent either to lklopy Or lkloyy for each value of &/
(see Figs. 1 and 4a). For example, when [/ = 1, the
reflections with kcpx = even appear on (Ikl)opx, Whereas
those with kcpx = odd appear on (Ikl)opx. The case for
P2,/c pyroxene lamellae is more general, with the same
restriction applying to / odd; however, both lklgp. and
iklopx reflections (not equivalent) are present for each set
of kI's, and the odd/even restrictions in Figures 1 and 4a
do not apply. Only C2/c Cpx is modelled in the figures
that follow, although potential contributions from P2,/c
Cpx were calculated as shown below. The distributions of
structure factors for appropriate upper levels of Cpx and
Opx are shown to the lower right of each diffraction spot
in Figures 4a and 4b, respectively. The reciprocal lattice
level shown in Figure 4 is shifted 1/18.3 (A™") along the
a*opx, cpx axes from (0kl)gpx (the effective a*c,, repeat is
slightly less == 1/18.7 = 1/ a sinB). The Miller indices of

'

Cpx are indicated at the upper left side of each reflection
in Figure 4a. The distribution of diffuse streaks of both
Opx and Cpx results in mm symmetry, consistent with
the (0kl)opx plane.

By combining Figures 4a and 4b, the intensity distribu-
tion of diffuse streaks was estimated on (0kl)opx and is
shown with triangle symbols in Figure 3b. The structure
factors of upper-level reflections are summarized in Table
2; only structure factors that may have a contribution
above those of type I are listed. The ‘‘forbidden reflec-
tions’” 031, 033, 093, and 035 can be caused by streaks
from reflections of both Opx and Cpx; the ‘‘forbidden
reflections” 051, 071, 073, and 015 on (0kl)ppx can be due
to upper-level streaks of Cpx, and those of 091, 014, 034,
054, and 074 can be from streaks of Opx. Of these, 031
and 033 have especially strong intensities. Again, if P2y/c
Cpx occurs in significant abundances as very fine lamel-
lae, upper-level streaks may contribute to reflections 011,
031, 051, 091, 013, 033, 053, 093, 035, and 017. The
“forbidden reflections’” 011, 092, and 053 may be also
explained as streaks of Opx, although the intensities are
only intermediate (see Table 2). Reflections 012, 055, and
036 have very little contribution from either Type I or II

(diffraction mechanisms. X-ray photographs on (#1)),
(h3D), and (hk1) should resolve this question, as will be
shown subsequently. Moreover, the relative intensity of
those ‘‘forbidden reflections’’ caused by upper-level Cpx
versus Opx reflection streaking should vary as the rela-
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Table 1. Summary of reflections reported in support of P2,ca

orthopyroxene. The reports of Huebner et al. (1975) are

excluded because no indices were given and the reports of

Evensen et al. (1979) and Harlow (1980) are superceded by the

data given here for Johnstown bronzite and enstatite from
Zimbabwe.

Smyth Smyth Steele Nord Serra Johnstown Zimbabwe
(1974) (1975) (1975) et al.* de Bronzite Enstatite
(1976) Magé**
P D
Type 1: Resulting from exsolved C2/c Cpx
0 12 E o o
0 32 E E o o o o
0 52 o o o [
0 72 E E o ° [ ] °
011 2 o o
0 16 E o E o ° o
0 56 E E ] E ] ] [
0 76 o o
0116 o

Type II: Resulting from upper-level diffuse streaks of Opx and/or Cpx
0 11 4 o [} E
0 31 E o E o E
0 51 ° ° ° o o
0 71 o [ ° o o o
o 91 ° L] ° [ °
0 33 E E E E E
0 53 o ° o ° o
0 73 [ o
0 93 o o [
0 14 o o o [ o o
0 74 ] o
0 15 o ° o o °
0 35 o o o o
0 37 ° o
Type 1II: Resulting from multiple diffraction

0 11 [ o

0 12 o

0 34 o

o Reported as evidence to support 32155 orthopyroxene.

E  Observed but eliminated from consideration by the respective authors.
P  Precession camera data.

D Four-circle diffractometer data.

*

There are forbidden reflections of other types, although the indices
are not shown in their paper.
** Reported in Harlow et al. (1979), but also observed in this study.

tive proportion of Cpx and Opx in an exsolved crystal
(see Table 2); this relationship should be another test for
the validity of the interpretation.

Type II1: Multiple diffraction

The influence of multiple diffraction in Opx and Cpx
was described elsewhere (Sasaki et al., 1981). Therefore,
we only need to state that a check for this effect should be
made after eliminating reflections of additional phases.
Although, in the precession method, the specific condi-
tion for multiple diffraction can usually be avoided by
changing the 8 angle or crystal orientation (Burbank,
1965), it should be noted that the avoidable condition
depends on factors such as the weakness of detectable
intensity, the wavelength used, and the degree of filling of
the reciprocal lattice.

Discussion

For much of the published literature, it is difficult to
evaluate the thoroughness of the search for diffraction
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from exsolved phases or for multiple diffraction. In this
section, we first review published data and then our own
data with respect to the criteria for unquestionable *‘for-
bidden reflections.”’

Table 1 contains a summary of previously-reported
reflections as well as new data that were used to support
the existence of P2(ca orthopyroxene. Unfortunately,
none of the reports except for Smyth’s (1974) original
study were accompanied by X-ray diffraction photo-
graphs, and most reports do not state the Miller indices of
the “‘forbidden reflections.”” However, we have reexam-
ined photographs used in some previous studies (Harlow
et al., 1979; Harlow, 1980) and include a summary of
these data here. Table 1 is organized by the possible type
of source that can produce the apparent ‘‘forbidden
reflections.”” It is obvious from Table 1 that there are
inconsistencies among the different sets of data reported
and that all data cannot represent low orthopyroxene or
any single phase.

The two best documented examples are inverted pi-
geonite from the Serra de Magé meteorite (Harlow et al.,
1979; Harlow, 1980) and lunar 76535 bronzite (Smyth,
1974; 1975). The former represents the simple case of
Type I Cpx diffraction. All extra spots are consistent with
Type 1 Cpx reflections; no other types occur, and no
diffuseness or streaking of reflections was found. The
76535 pyroxene can be explained as a combination of all

Table 2. The structure factors, ideal intensities, and scattering

angles for upper-level reflections of Opx and Cpx. Indices are

given relative to the Opx axes. Only those reflections are listed
that have intensities greater than those of Cpx on (0k))gpx.

Upper-level reflections

Opx Cpx  P2;/c Cpx

(OH)OP): zeMo 'znbsl Igobsl 'E—obe‘ l’ .I_' . l’

011 9.1 18.1 7.4 237 303 349
031 16.0 114.1 88.7 11300 12550 11414
051 24.6 10.5 33.0 437 199 197
071 33.7 11.4 48.6 874 333 119
091 43.3 39.0 13.2 1070 1399 1329
012 16.4 7.5 - - 38 51 47
092 45.6 13.5 - - 122 166 152
013 24.1 8.2 11.4  33.3: 5.5 88 73 119
033 27.6 169.1  123.3 102.2:76.1 24100 27377 25154
053 33.5 19.5 - 30.9:10.4 254 346 388
073 40.9 21.6 65.1 5.4:12.4 1730 809 402
093 49.3 79.1 36.8  42.9:39.5 4620 5898 5497
G114 32.2 71.6 - - 3420 4661 4272
034 34.9 29.5 - - 580 791 725
054 39.8 52.1 - - 1810 2468 2262
074 46.4 35.2 - - 826 1126 1033
015 40.4 1i.9 47.4  12.2: 1.6 843 333 126
035 42.7 35.4 18,5 6.1:56.3 950 1170 1207
055 47.0 - - 4.8: 8.4 - - 7
075 52.7 28.2 12,9 11.3:18.0 586 738 698
036 50.9 - - - - - -

056 54.6 68.9 - - 3160 4316 3956
017 57.8 25.5 28.8 710 667 578
037 59.5 13.9 25.3 342 234 165

- No intemsity or weak
v 2 2 _— ‘Cpx = 1%
I ( 21F) opx + IE} Cpx>/3 Opx:Cpx = 1:1

10 = opie + R0 -

Opx:Cpx = 5:1

I = QR g, + Mg, + IB(B) e /12 - OpxiCpx(R2)/e) = S:l
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Fig. 5. Long-exposure precession photographs (MoK a; i = 27°; 100 hours) of (0k!) for (a) Johnstown bronzite (AMNH 2495) and (b)
enstatite from Zimbabwe (BMNH 1933, 407) Both contain fine exsolution of Cpx on (100) that yields Cpx reflections lying exactly on
Opx lattice points. Note strong 032, 016, 056, and fuzzy 033 reflections, discussed in the text,

three types of reflections. Smyth (1974) eliminated all
Type I reflections from his photographic data, but report-
ed diffractometer data (also Smyth, 1975) that are still
consistent with these Cpx reflections. After the reflec-

tions of Types I and II are excluded, the reflections 012,
034, 011, and 053 remain. According to Smyth (1974), the
011 refiection only appeared on precession photographs,
whereas those of 012 and 034 were only detected on the
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Fig. 6. Long-exposure precession photographs (as in Fig. 5) of (a) (41]) [a* trace axis is vertical; 99 hours] and (b) (kk]) [a*,,acc iS
vertical; 119 hours] layers for enstatite from Johnstown bronzite. Note the continuous streaks through the & = 0 row which cause
some of the b-glide plane violations (i.e., k = 2n + 1) and the slight increased intensity at & = 0 points as described in the text.
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four-circle diffractometer. Therefore these three reflec-
tions can be eliminated as supporting a P2;ca orthopyrox-
ene phase. This leaves only one reflection, 053, which is
not adequately explained.

Even though no exsolution was detected optically in
lunar pyroxene 78235 (Steele, 1975), the data appear to be
consistent with Type I and II diffraction. Considering the
Ca content (Wo3), the annealed provenance (slow cooling
or long annealing), and shock history, exsolution and
diffuse streaks are expected.

Of the ten orthopyroxene occurrences we studied, two
are notable for the number and intensity of ‘‘forbidden
reflections’” and are reported here to compare with the
earlier data and to demonstrate the features of more
complete data. They are the finely exsolved bronzite from
the Johnstown diogenite (AMNH 2495) and a finely ex-
solved enstatite from southern Zimbabwe (BMNH 1933,
407). Table | and Figure 5 show the ‘‘forbidden reflec-
tions”’ for these pyroxenes. All of the Type I intensities
are consistent with the proposed explanation. Precession
photographs of the (h1l) and (hk1) levels (Fig. 6) demon-
strate the effect of diffuse streaks as suggested for Type 11
“‘forbidden reflections.’” All spots are consistent with the
expected intensities from Table 2 except 011, 012, and
035, which are slightly too strong for an Opx-Cpx (C2/c)
intergrowth. This is not considered significant because
neither the exact intensities, expected structure factors,
nor the diffuseness characteristics were measured or
modelled. Moreover, Mori and Takeda (1981) reported
the existence of lamellae up to 0.1 um wide of a P2,/c
clinobronzite phase on (100) of Johnstown pyroxene,
which further contributes to the ‘‘forbidden reflections’
as earlier noted. There does appear to be some concentra-
tion of intensity at the locus of ‘‘forbidden reflections’
that we do not fully understand. However, this feature
could be a result of the fine intergrowth structure that
leads to diffuseness as well as a possible long-range
average structure effect, rather than evidence for a true
P2,ca phase. These two pyroxenes manifest all of the
“forbidden reflections’ previously used to support a
P2,ca orthopyroxene, and all reflections appear to be
amply explained without invoking P2,ca orthopyroxene.

Conclusions

Almost all reported ‘‘forbidden reflections’ violating
the systematic absences: k = 2n on (0kl) of Pbca ortho-
pyroxene can be attributed to one of three diffraction
effects described here and, thus, the sytematic absences
consistent with a b-glide plane are maintained. Therefore,
unless very careful work can prove that legitimate forbid-
den reflections do, in fact, occur in orthopyroxene dif-
fraction patterns, we must conclude that P2 ca orthopy-
roxene is not an established phase.
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