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Abstract

The crystal structure of P2/n omphacite has been determined by the least squares method

using the intensity data col lected by a counter method. This PZ/n cl inopyroxene has a

different space group, but is very similar in structure Lo the P2 omphacite described earl ier
(Clark and Papike, 1968; Clark, Appleman, and Papike, 1969). The true space group of the

Californian omphacite studied by Clark and Papike (1968) and Clark et al (1969) has been

found to have P2/n, nor P2, space group symmetry. In the structure of P2/n omphacite, only

one kind of SiO, chain exists in which two crystal lographical ly dif ferent Si atoms alternate.

This chain is '  therefore' dif ferent from the chain of c2 spodumene' P2'/c enstat i te'  andc2/c

diopside. Mg and Al atoms are ordered inthe Ml and Ml(2) si tes, respectively'  Na and Ca

atoms are partially ordered in the M2 and M2(l) sites.

Introduction

Since the first determination of the diopside struc-
ture (Warren and Bragg, 1928), f ive space groups
have been reported for the clinopyroxenes. They are
C2/c, P2'/c, P2'/n, C2, and P2. Clark and Papike
(1966, 1968) and Clark et al (1969) have published
detailed data on C2/c and P2 omphacites. It seemed
to us unusual that the rare space group P2 should ap-
pear in the fairly common mineral omphacite. This
idea led to the finding of a new type of omphacite
with the space group P2/n (Matsumoto and Banno,
1970a.  b) .

In this study, the structure of this new P2/n
omphacite has been precisely determined and is com-
pared with that of omphacites with different space
groups. Omphacite from California determined to be
of space group P2 by Clark and Papike (1968) has
been reexamined and found to possess P2/n space
group symmetry.

Experimental

The st ructure determinat ion was made on
omphacite from a hornblende-bearing eclogite of the
Iratsu mass, Bessi area, Japan. The Iratsu mass
belongs to the epidote amphibolite facies of the Sam-

bagawa metamorphic terrain. The atomic ratios of

the pyroxenes were calculated from the results ofthe
wet chemical analysis by Oti (Matsumoto and Ban-

no, 1970b; Table l). For comparison, the atomic
ratios of omphacite from other localities are also
given in Table l. The similarity in chemical composi-

tion between the omphacite from Bessi and from

California is remarkable. It is important, however, to

record that the omphacite crystals from Bessi possess

small differences in chemical composition when ex-

amined by the Eptrle (+ I wt percent CaO)

Omphacite from California was also studied by X-ray

diffraction to compare with the Bessi specimens.
The cell dimensions of the Bessi omphacite were

determined by a four-circle single crystal diffrac-

tometer (Table l). They are in good agreement with

those obtained by Clark and Papike (1966, 1968) and

Clark et al (1969) for the California omphacite (Table

l  ) .
In order to confirm the space group symmetry of

the Bessi material, especially the existence of glide

planes, l0l Weissenberg photographs were taken with

an exposure of more than 200 hours. The hol reflec-

tions are absent when ft*/ is odd. Therefore, this

omphacite has n-glide planes perpendicular to [010],
and the diffraction symbol is2/m P-/n.The possible
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Tnst-e l. Crystallographic and Chemical Data for Omphacite

Local i ty  of  Minerals Bess i ,  Japan Ca l i f o rn i a Norway

References This Study Clark and Papike
( 1 9 6 8  )

C lark  e t  a1  (1969

Warner (L964) ,
C l a r k  e t  a f  ( 1 9 6 9

a (A)
o

b (A)
o

c  ( A )

B  ( " )
o ?

Cel l  volume (A-)

Space group

9 .  s 8 s  ( 3 )

8 . 7 7  6  ( 3 1

s . 2 6 0  ( 3 )

I 0 6 . 8 s ( 3 )

4 2 3 . 5  ( 3 )

P2/n

9 .  s 9 6  ( s )

8  . 7 7  t  ( 4 )

5 . 2 6 s  ( 6 )

r 0 6 . 9 3  ( 8 )

4 2 3 . 9  ( 4 )

pz/\ a)

9  . 6 4 6  ( 6 )

8 . 8 2 4  ( s )

s  . 2 7  0  ( 6 )

r 0 5 . 5 9  ( 8 )

4 2 9 . 9  ( s )

c2 /c

Cations per 5 oxygen atoms

Tetrahedral  Si

Af,

T

M cat ions Ca

Na

Mg
- 2 +
. ! 'e

-  J f
- E e

A T

T i

1 . 9 L 8

0 . 0 8 2

2 . 0 0 0

0 . 5 r 6

0  . 4 8 4

0 . 3 9 2

o . 0 7 7

v .  L 5  t

0 . 3 9 8
n - o o q

1 . 9 6

0 . 0 4

2 . O 0

U . 3 I

0 . 4 8

0  . 4 4

0 .  r 0

0 . 1 0

0 . 3 9

0 . 0 1

t . 9 9 s

0 . 0 0 5

2 . 0 0 0

0 . 5 8 3

0 . 3 2 5

0 . 5 8 2

0 . 1 1 5

u  .  L z 5

0 . 2 3 3

0 . 0 0 2

L . 9 6 42 . 0 1 r 2 . 0 3

z
Ca l .  dens i t y ,  g . cm  "

4 4 4

3 . 3 6

Reference for
chemical  analysis

Matsurnoto and
B a n n o  ( 1 9 7 0 ,

ana l ys t .  Ok i )

Coleman et  a l
( r e 6 s )

Schn i t t  ( 1963 )

( f rom clark et  a l
1 9 6 9 )

a ) Space
Pqike

S,:"^Y^ e?^:ynat'Lon by p?esent authoz,e;
(1966, 1968). The standayd deuiations

other data fnon CLek and
ue in pazentheses.

space group symmetry is thus P2/n or Pz. Existence
of the glide plane was further confirmed by careful
examination of the ftOl reflections using the four-
circle diffractometer.

The three-dimensional intensity data were collected
with the four-circle automatic diffractometer from
a fragment with the dimensions of 0.10X0.16X0.20
mm. The diffractometer was operated by the ot/N
scan technique with the filtered MoKa radiation
(I:0.7101 A;. fne calculated p/ of the specimen
is 0.21 for the MoKa radiation.

All 1090 non-equivalent reflections with sind(0.65
were measured, and the number of non-zero reflec-
tions is 955. These intensity data were converted into
observed structure factors by applying the Lorentz
and polarization factors. Absorption corrections

were made assuming the crystal to be spherical in
shape. The estimated standard deviation of each
reflection was computed from counting statistics.

Structure Refinement

The starting atomic parameters for the least
squares refinements were the average values of the
corresponding parameters reported for P2 Califor-
nian omphacite by Clark and Papike (1968). In the
earlier stage of the refinement, disordered arrange-
ments of Alo.oMgo.oFeo., in the Ml and Ml(l) sites
and Nao.uCaa u in the M2 and M2(l) were assumed.
The atomic coordinates and isotropic temperature
factors were varied uti l izing the Onnls (Busing,
Martin, and Levy, 1962) program modified by Iitaka.

At the later stage of the refinement, the site oc-
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Test-r 2 Atomic Parameters, Isotropic Temperature Factors, and Site Occupancies of Atoms in P2/n
Omohacite*

*  I f  t h e  o r i g i n  o f  c o o r d i n a t e  i s  d i s p l a c e d  b y  ( . 7 5 ,  . 7 5 ,  0 )  a n d
( . 7 5 ,  . 7 5 ,  . 7 5 ) ,  t h e  v a l u e s  c a n  b e  d i r e c t l y  c o m p a r e d  w i t h  t h e
coo rd ina te  o f  t he  C2 /c  c l l nopy roxene  by  Bu rnahm 's (1967 )  no ta t i on ,
and  t he  P2  omphac i t e  by  C ]a r k  e t  a l -  ( 1969 ) ,  r espec t i ve l y .
Standard-deviat ions in parentheses.

Tlrlr 3. Observed and Calculated Structure Factors for Omphacite

ATOM x Y B SITE OCCUPANCY

0 1  ( r )
o l  ( 2 )
0 2  ( 1 )
0 2  ( 2 )
0 3  ( 1 )
0 3  ( 2 )
s i t
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cupancies of the cations were refined utilizing the
Rrnr (Finger, 1969) program rewritten by M.
Kitamura, using neutral atomic scattering factors
(Cromer and Weber, 1965). The magnesium and
aluminum atoms were. however. assumed to con-
centrate inthe Ml and Ml(l) sites, respectively. This
assumption was based on the bond distances about
the Ml and Ml(l) sites. Even if some disordering
between the magnesium and aluminum atoms takes
place in these sites, it has almost no effect on the
calculated structure factors, since the form factors of
aluminum and magnesium atoms are practically
identical. Sodium and calcium atoms in the M2 and
M2(l) sites were constrained to agree with the result
of the chemical analysis (Table l). Iron contents in
Ml and Ml(l) sites were determined without the
chemical constraint. The total amount of iron ob-
tained in the refinement is slightly less than that ob-
tained by the wet analysis. This fact suggests slight
differences in chemical composition between in-

dividual crystals or within crystals or else possible er-
rors of the site occupancies.

The final atomic parameters, isotropic temperature
factors, and site occupancies are summarized in
Table 2. The final R value is 0.058, and the weighted
R value is 0.054 for the 955 nonzero intensities. The
observed and calculated structure factors are shown
in Table 3.

Structural DescriPtion

The general features of the omphacite structure are
similar to those of other clinopyroxenes. However,
the structure of the new type of omphacite is different
from other pyroxene structures in that there is only
one kind of chain in the cell which consists of two
crystallographically distinct tetrahedra, Sil and Si2,
alternating along the c axis. This structure is in many
respects similar to the P2 structure proposed by
Clark and Papike (1966).

The Si-O distances and the bond angles O-Si-O
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TnnI-e 4. Bond Distances and Bond Angles of the Tetrahedra in
P2/n Omphacite+

for Si I and Si2 tetrahedra are shown in Table 4 and in
Figure L The difference between the two tetrahedra is
slight. The Si-O bonds of the bridging oxygens
(O3(l) and O3(2)) are significantly longer than those
to other nonbridging oxygens, as in other clinopyrox-
enes .  The  ang le  O  l -S i -O2  i s  I  l 8 '  f o r  each
tetrahedron, compared with l05o for O2-Si-O3,
reflecting the long Ol(l)-O2(1) and O1(2)-02(2) dis-
tances of 2.757 and 2.742 A, respectively.

The metal-oxygen bond distances for the four oc-
tahedral and eight-fold cation sites are summarized in
Table 5.

The Mg and Al atoms are ordered in the Ml and
Ml(l) sites, respectively. The Fe atoms are dis-
tributed to fi l l  each of these two sites as a minor com-
ponent. The Na and Ca atoms are partially ordered
in the M2 and M2( l )  s i tes wi th an isotropic
temperature factor of about 0.8 A', and with the ratio
of Na/Ca: 2 / | and Na/Ca = | /2, respectively. These
results are very similar to those found by Clark and
Papike (1968) for the P2-omphacite.

Discussion

Among the l6 different symmetry types proposed
for clinopyroxenes (Matsumoto and Banno, 1970b;
Ma tsumoto ,  Tokonami ,  and  Mor imo to ,  1972
Brown, 1972), only five have been reported to exist.
They are C2/c, P2/n, C2, P2,/c, and P2. Although
P2,/n was reported for clinoenstatite (Lindeman,
196l) ,  i t  is  considered by Smith (1969) to be er-
roneously assigned. Furthermore, recent study by
Graham on spodumene (1974) has raised a serious
doubt  of  the possib i l i ty  of  C2 symmetry for
clinopyroxenes. The first three structure types (C2/c,

Frc. l. Silicate chain in P2/n omphacite. Bond distances and
angles are given.
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P'/n, C2) have only one kind of SiO, chain, and the
other two types have two kinds of chains in the cell.
In the structure of the P2/n omphacite, crystallo-
graphically different tetrahedra alternate along the c
axis and form only one kind of chain in the structure.

According to the present and previous studies,
three different space groups for omphacite mineral-
C2/r, P2/n, and P2-have been reported. The
crysta l lographic and che mical  data for  these
omphacites are compared in Table L The chemical
compositions of these three specimens are similar.
The Norwegian omphacite, which has the largest cell
volume and possesses the higher C2/ c space group
symmetry,  is  considered to belong to a h igh
temperature facies (Banno, l97O). The P2/ n
omphacite is considered to transform to the C2/c
omphacite by an order-disorder transition. An an-
tiphase domain structure whrch has been attributed
to this order-disorder transition has been observed
for the P2/n omphacite (Champness, 1973; Phakey
and Ghose,  1973) as for  the P2r/c  p igeoni te
(Mor imoto and Tokonami,  1969).

Because the difference in temperature of omphacite
crystall ization between the Sambagawa and the Cali-
fornian occurrences is not large, it seemed necessary
to examine the apparent discrepancy in symmetry
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Tnslp 5. Metal-Oxygen Bond Distances for the Four M Cation
Sites
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between the present specimen and the Califor-
nian omphacite. Dr. Clark kindly sent us the Califor-
nian omphacite which she had studied. We examined
the specimen by the precession method at the preces-
s ion angle of  p:39"  wi th an exposure of  100 hours
for CuKa X-rays at 100 mA. Only four weak reflec-
tions (401 and its equivalent reflections) violating the
systematic absences for the n-glide planes appeared in
the hol net. However, these reflections were caused to
disappear by changing the precession angle to 1t:25'
(Fig. 2). The disappearance of 401 and its eqirivalent
reflections by the change of the diffraction geometry
indicates that the reflections violating hl:l=even in

d e v i a t i o n s j .n parentheses are expressed in
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Ftc. 2 Precession photographs of hll for P2/n omphacite from California. {4021 reflections violating hlk/eveninhll are shown by

arrows in the photograph taken with p=30" (left). All \40ll reflections are not observed in the photograph taken with p:25" (right).
Both photographs were exposed more than 100 hours with CuKa radiation of 100 mA.
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the h0l net observed in the earlier experiment are mul-
tiple reflections (Az6roff, 1968) and the true space
group of the Californian omphacite is not P2 buI
P2/n. The ftOl electron diffraction pattern of the
Californian omphacite presented by Phakey and
Ghose (1973, Fig. lc) also gives evidence for the
presence of an n-glide, indicating that the true space
group is P2/n.

The M6ssbauer spectrum of the P2/n omphacites
described in the present paper has been reported by
Matsui, Syono, and Maeda (1972). The spectrum was
similar to those of the P2 omphacites reported by
Bancroft, Williams, and Essene (1969) with broad ab-
sorption bands due to Fe2+. In the calcium-rich
pyroxenes, the broad peaks due to Fe2+ are better in-
terpreted as due to the variety oflocal configurations
around Fe2+ rather than in terms of superposed
peaks of Fez+ in nonequivalent positions (Williams
et al, l97l; Matsui et al, 1972; Dowty and Lindsley,
1973). Thus, although it is not possible to decide
uniquely the space group of the Ca-rich pyroxenes by
the Mbssbauer spectrum alone, it is highly probable
that the omphacites reported by Bancroft et al (1969)
actually have the space group P2/n.

A statistical study of the distribution of crystalline
substances with known space groups has shown that
only two out of 5572 inorganic crystals are reported
to have the P2 symmetry (Nowacki, Matsumoto,
and Edenharrer, 1967a,b). Moreover, the two P2 sub-
stances, metahewettite and quenselite, have since
been found to possess the space groups P2t/m (Don-
nay and Ondik, 1973) and P2r/c (Povarennykh,
1972), respectively. In this statistical distribution,
most groups with polar axes (C"2,, C"nu and C"6r) do
not appear, and the crystals with only a pure rotation
axis (P2, P3, P4, and P6), not with a screw axis,
are very rare. It therefore seems very unlikely that
omphacite would have a rare space group such as P2.

In fact, the Bessi omphacite in this study and the
Fergusson omphacite (Kanazawa and Matsumoto,
197 I ) show P2/ n symmetry, and the reexamination of
the Californian omphacite reveals that this also has
P2/n symmetry. Although the New Caledonian
omphacite with the composition between jadeite and
hedenbergite (Black, 1972) and the Venezuela
omphacite (Fe-free) were reported to be P2, probably
all reported P2 omphacites actually possess P2lr
symmetry.
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