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Omphacite studies, II. Miissbauer spectra of C2 I c and P2 ln omphacites
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Abstract

Mdssbauerspectraof  twoC2lc,sevenP2fn,  andthree P2 lnomphaci tesannealedat300o
to 1000'C and 15 to l8 kbar, have been recorded at295 K and in some cases at 110 K. The
Mdssbauer spectra of both C2/c and P2 ln omphacites contain three ferrous doublets which
have been assigned, on the basis of Mdssbauer and compositional evidence, to Fe2+ in the M l
position. The three M1 doublets arise from next-nearest-neighbor effects caused by different
combinations of Ca2+,Na+ cations in the M2 , M2( I ) positions. The doublets are characterized
by Q.S.values of -2.8 mm,/sec, -2.2mm/sec and -1.8 mm/sec, and arise respectively from
the Ca2+, Na+ combinations: lCa 2Na,2Ca lNa, and 3Ca. The trend in the relative ferrous
peak areas with Cal(Na#Ca) ratios is in agreement with theoretical predictions, and the
observed and theoretical relative ferrous peak areas are in good agreement, particularly for
C2 lc samples. The Mdssbauer spectra of samples of P2/n omphacites annealed below and
above the P2/n cz C2 lc transition temperature are very similar. Thus, the nearest-neighbor
environment of Fe2+ in omphacite is independent of (Mg,Fe'+), Als+ and Ca'+,Na+ long-
range order. The Ml quadrupole splittings in pyroxenes appear to increase greatly with
increasing distortion of the MI site from octahedral symmetry.

Introduction

The crystal chemistry of omphacite clinopyroxenes
was thoroughly studied and reviewed almost ten
years ago (Clark and Papike, 1968; Clark et al.,
1969). Clark and Papike found that omphacites in a
restricted composition range in the system Jd-Ac-
Di-He-Tsch had the P2 space group rather than the
C2lc space group of jadeite and diopside. The P2
structure has eight cation sites (four MI and four
M2) rcIher than the two cation sites of the end mem-
bers.

In an attempt to elucidate further the crystal chem-
istry of ferrous iron in omphacites, Bancrofl et al.
(1969) examined the M6ssbauer spectra of a number
of omphacites, mostly having the P2 space group.
The complex spectra definitely contained more than
two ferrous doublets. Mainly to be consistent with
the P2 crystal structure, four ferrous doublets were
fitted, and they were tentatively assigned to the four
M1 positions. Further Md,ssbauer work by Will iams
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(1970) showed that the four-doublet f it was probably
not correct for a Bavarian omphacite of probable
C2lc space group.

Recent X-ray and Mdssbauer studies strongly in-
dicate that the above interpretation of the P2 ompha-
cite spectra is incorrect. Matsumoto et al. (1975)have
determined the structure of a Japanese omphacite
and found the space group to be P2 ln rather than P2.
It was also found that the true space group of the
Californian omphacite studied by Clark and Papike
(1968) was P2f n, and it is l ikely that all P2 ompha-
cites have the P2 /n space group. The extra reflections
satisfying the relation h + I I 2n in h0l reflections are
multiple reflections which disappeared when the pre-
cession angle was changed from 30o to 25o. In the
P2f n space group, there are only four cation sites

IMI, MI(l), M2 and M2(l)l rather than the eight
sites in the P2 space group. However, it does not
seem likely that any of the four ferrous doublets can
be assigned to the M2 positions, mainly because of
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the large temperature-dependence of the four dou-
blets (Will iams, 1970; Bancroft et al., l97l).

Dowty and Lindsley (1973) suggested that next-
nearest-neighbor effects probably give rise to extra
peaks in the omphacite Mdssbauer spectra. Prior to
1971, it was always assumed that ferrous iron in one
structural site in a sil icate mineral would give rise to
one doublet, with perhaps some broadening from
next-nearest-neighbor effects (Bancroft et al., 1967).
Will iams et al. (1971), Matsui et al. (1972), and
Dowty and Lindsley (1973) noted that this assump-
tion was not satisfactory for Ca,Fe2+ pyroxenes, and
at least two MI doublets had to be present to inter-
pret their spectra. Dowty and Lindsley showed that a
distinct Fe2+ doublet arises from each of the four
different combinations of Ca, Fe cations (3Ca. 2Ca
lFe,  2Fe lCa,  3Fe) in  the three next-nearest-neighbor
M2 sites surrounding Fe2+ in MI. They postulated
that the next-nearest-neighbor effect was caused by
slight positional adjustments of the oxygen atoms
coordinating MI, in response to the differing occu-
pancies of the three adjacent sites. Consistent with
this postulate, Ohashi et al. (1975) determined the
crystal structures of some minerals from the heden-
bergite-ferrosil i te suite studied by Dowty and Lind-
s ley (1973),  and found that  there was posi t ional  d is-
order among the oxygen atoms surrounding the M2
cations.

In this paper, we reinvestigate the Mdssbauer

spectra of a variety of natural and heat-treated om-
phacites, considering the ordered omphacites to have
the P2 ln space group. Of particular importance in
this investigation are the spectra of C2 /c omphacites
(both natural and inverted P2/n) and a titanium
ferro-omphacite which show the same features as the
other P2/n samples investigated earlier. The Mbss-
bauer spectra of both P2 ln and C2lc samples are
then readily interpreted by considering Ca,Na next-
nearest-neighbor effects on ferrous iron in the Ml
site. Surprisingly, the Ca,Na ordering about M1 does
not change appreciably on going from the P2 I n to the
C2/c space group.

Experimental

The omphacite compositions (atomic proportions
relative to six oxygens) are reported in Table l, and
listed in order of decreasing Cal(Na*Ca) ratio.
M6ssbauer spectra of f ive of these- minerals-
JDl054,  I  l3RGC, l02RGC, Cal059,  and Cam958-
were recorded in previous studies (Bancroft et al.,
1969; Will iams, 1970), but because of our different
fitt ing procedure and interpretation, we include the
new fits and appropriate fits from Will iams (1970) for
these minerals. Most of the minerals have been well
characterized by X-ray diffraction. Refinements in
the P2ln space group have been published for the
Japanese omphaci te SB26C (Matsumoto et  a l . ,1975)

Table l .  Omphaci te composi t ions:  atomic proport ions re la l ive to s ix oxygen atoms

Camg5BbJDr 054"

1 . 9 7

0 . 0 3

0 .  l 4

S i

A ]

0 . 7 2

0 . 8 2

0 . 1 9

0 . 8 t

JDt  o l  3u t  t  3-nec-5e' I  oz -nGc-sec

1  . 9 7

0.  03

0 . 3 8

0 . 0 0

0 . 1 2

0 .  0 9

sa26co

0.0 , l

0 .  l 4

0 . 0 8

0 . 3 9

o . 5 2

0 . 4 8

0 . 5 2

Cal  059 ' f
I  r  -ump.

I  . 9 5

0 . 0 5

0 . 4 4

J D 9 5 1 "

1 . 9 9

r  . 0 1

0 . 3 9

1  . 9 6

0 . 0 4

0 . 2 6

1  . 9 2

0 . 0 8

0 . 4 0

0 . 0 0

0 . 4 3

L 9 5

0 . 0 5

0 . 4 0

0 . 0 1

0 . 0 5

0 . t i

0 . 0 0

0 . 4 1

0.  58

0 . 4 1

0 . 5 9

1 . 9 9

0 . 0 1

0 . 2 3

1 . 9 8

0 . 0 2

0 . 5 1

0 . 0 1

0 . 0 3

0 . 0 5

A I

T i

Fe-

Fe'

14n

Mg

N a

cal (  ca+; '1u 1

0 . 0 6

0 . 0 8

0 . 0 1

0 . 0 4
0 . 1 5

0 . 0 ?

0 . 0 5

0 . 1 4

0 . 3 3

0 . 0 9

0 . i l

0 . 5 5

0 . 6 9

0 . 3 4

0 . 6 7

0 . 7 0

0 . 7 5

0 . 2 3

0 . 7 7

0 . 5 0

0 . 4 7

0 . 5 2
a  D i x o n  ( 1 9 6 8 ) .

b  Er r "na ,  persona l  communica t ron  and Bancro f t ,  | l l i l l  i ams and Essene ( lg6q)
c  c o i e m a n  e t  a t  ( 1 9 6 5 ) .

d  
Matsunoto ,  Tokonan i  and l4or imoto  (1975)

e  M o r g a n  ( 1 9 7 0 ) .

f  
C u r t i s  e t  a l .  ( 1 9 7 5 ) ,  a v e r a g e  o f  t w o  a n a l y s e s .



ALDRIDGE ET AL.: OMPHACITE STUDIES, II. I  109

and the titanium ferro-omphacite (Ti-Omp., Curtis
et al., 1975). The two Californian specimens 102-
RGC-58 and 113-RGC-58, and the Venezuelan om-
phacite Cal059, have been refined in the P2 space
group (Clark and Papike, 1968; Clark et al., 1969),
but all of these omphacites probably have the P2ln
space group (Matsumoto et al., 1975). For Ca1059,
single-crystal X-ray diffraction study has confirmed
the suggestion of Matsum oto et al. that the true space
group is P2ln (Fleet et al., 1978). In the two P2
structures refined by Clark et al. (1969, Table l0), the
occupancies of positions which are equivalent in P2 /
n are more-or-less the same, and the distinction be-
tween the P2 and P2 ln slructures of a given ompha-
cite must be rather subtle. Hence, cation occupancies
for the P2 ln struclure of Cal059 (Table 2) have been
calculated by simply averaging the data for the near-
equivalent position pairs in the Clark et al. refine-
ment, and a separate least-squares refinement of the
P2fn struclure of Cal059 using the structure factor
data of Clark et al. (1969, Table l2) gave identical
results. On the basis of compositional criteria (Clark
and Papike, 1968),  both JD1054 and Cam958 should
have the C2 I c space group, and we have confirmed
the C2lc symmetry for Cam958 using single-crystal
precession techniques.

Samples of Cal059 and JD95l were heated under
pressures of l5 to l8 kbar for one day at temperatures
of 300, 500, 700, 900, and 1000"C (Fleeter al., 1978).
The products of the runs at 300, 500 and 700oC are
unchanged from the unheated material. The 900 and
1000'C run products are, respectively, largely and
wholly converted to the C2 lc structure. Mdssbauer
spectra were obtained for most of the heated prod-
ucts, but only representative data are included in
Table 3.

Mirror-image Mdssbauer spectra were recorded in
512 channels using an Austin Science Associates
spectrometer and a 50 mCi 5'Co in Cu source. The
spectrometer was calibrated using a 99.99 percent
natural Fe foil. All center shifts are given relative to
sodium nitroprusside; subtract 0.26 mm/sec to con-
vert to natural F9 (Bancroft, 1973). Between 75-150
mg of omphacite was used as the absorber, corre-
sponding to between I and 5 mg/cm" natural Fe in
the absorbers. Because of the very small amount of
iron in most of these samples, long accumulation
times were required to obtain reasonable statistics,
and between 2 X 106 and 8 X 10'baseline counts were
recorded for each spectrum. For Ca1059, the small
amounts required for the heating experiments (Fleet
et al., 1978) resulted in only about I mglcm' of

Table 2. Cation occupancy factors in P2 ln omphacites

14i neral

Cal  059
C l a r k  e t  a ] .  ( I 9 6 9 )

sB26C
l4a ts umoto

e t  a l  .  ( l  975 )

Ti  -omp.

C u r t i s  e t  a l .
(  I  e75 )

Al !9 Ca Na

0 .04  0 .86
0 .  96

0 . 2 8  0 . 7 2
0 . 7 2  0 . 2 8

0 .82

0 . 8 7

0 . 3 ]  0 . 6 9
0 .72  0 .28

0 . 2 2
0 .  83

0 . 2 8  0 . 7 2
0 . 7 0  0 . 3 0

natural iron in the absorber, leading to absorptions
of only about I percent.

The spectra were fitted to Lorentzian line shapes
using methods described earlier (Bancroft, 1973) and
a program wr i t ten by one of  us (L.P.A.) .

Results

Room-temperature Mdssbauer spectra of four om-
phacite samples are shown in Figures l-3, and the
Mdssbauer parameters are given in Table 3 for the
spectra in this paper and the unpublished fits by
Wi l l iams (1970),  in  order  of  increasing Cal(Ca+Na)
ratios. The titanium ferro-omphacite spectrum (Fig.
2) and the Cal059(700) spectrum (Fig. la) are en-
tirely consistent with the other P2 /n omphacite
spectra recorded earlier. Two ferrous doublets are
readily resolved visually. However, as detailed in the
previous studies, the inner ferrous doublet is much
broader than the outer doublet, and at least three
doublets are required to obtain reasonable widths
and statistically reasonable 12 values. In the previous
study (Bancroft et al., 1969), four ferrous doublets
were fitted for crystal-chemical reasons, as outl ined in
the introduction. Statistically, however, it is not pos-
sible to choose between the three and four ferrous
doublet f its (Will iams, 1970), and with Fe'+ mainly in
one MI position in the P2/n structure, there is no
crystal-chemical reason for f itt ing more than three
ferrous doublets. We therefore take three ferrous
doublets to be the correct general f it to omphacite
clinopyroxenes. The next-nearest-neighbor treatment
below confirms this approach.

Similar constraints in the fitt ing procedure have
been employed here as in the previous study (Ban-
croft et al., 1969). The widths of all Fe2+ peaks are set

Cat i  on
Si  te Fe

M l  0 . 1  0
M r ( r )  0 . 0 4
M2

Ir12(t  )

t 4 t  0 . 18
r 1 1  ( r )  0 . 1 3
M2

M 2 ( r  )

M l  0 .78
M r ( l )  o . ' t 7
M2

r42(r  )
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-2C-  0  2 ' o

VELOCITY (  mm/sec) VELOCITY ( rnm/sec  )

Fig.  l .  Room-temperatureMtissbauerspectra of  Cal05gafter(a)heat ingto 700'C(P2/n spacegroup)and(b)heat ing toI}OO"C(C2/c
space group)-both for  one day.  The 700'C spectrum is ident ical  to the speclrum of  thc unheated sample publ ished ear l ier  (Bancrof t  e l
a l . ,  1969; Wi l l iams, 1970).  Peaks A and A'are the Fe3+ doublet ,  and doublets l , l ' ,2 ,2 ' ,  and 3,3 'correspond to the Fe'?+ doublels as
numbered in Tables 5 and 6.
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Fig 2. Room-temperature Mdssbauer spectrum of the t i tanium
ferro-o mphacrle.
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Fig 3.  Mdssbauer spectrum of  JDl054 at  room temperature.
Peaks B and B'  have a C.S. and Q.S. of  0.76 mm/sec and l .98 mm/
sec respectively, and are due to impurity epidote (Bancroft et al.,
t967).
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equal to each other (but not at a fixed value), the Fe3+
peak widths are set equal, and the areas of the com-
ponent peaks of a doublet are constrained to be
equal. For JD95l and SB26C spectra, additional po-

sit ion constraints had to be employed. Because of the
very small amount of Fe2+ in JD951 (Table 1), the
errors in the parameters are substantially larger than
the errors for other samples (footnotes a and g to
Table 3) .

The use of three ferrous doublets in this study, as

opposed to four ferrous doublets in our previous

study, i l lustrates the diff iculties in computing such
complex spectra, and reinforces the computing phi-

losophy outl ined previously (Bancroft, 1973). First,
one must use the well justif ied width and area con-
straints if one wishes to even begin interpreting such
complex spectra, Second, because the y2 values for
both three and four doublet f its are uery similar, one
must resoft to other physical evidence to fit the
spectra. The crystal-chemical and Mdssbauer evi-
dence in 1969 suggested that a four ferrous doublet f it
was more reasonable than a three doublet f it, and a
four ferrous doublet f it gave consistent Mcissbauer
parameters. On the basis of the 1977-78 crystal-
chemical and Mdssbauer evidence, it is apparent that
a three doublet f it (which also gives consistent results)
is more reasonable than a four doublet f it, and the
results below strongly suggest that we now have the
correct interpretation of the spectra. However, it is
always possible that we do not yet fully understand
the crystal chemistry of omphacites (as tends to hap-
pen in science!), and there is sti l l  a possibil i ty (albeit

small) that the Mdssbauer fits wil l have to be slightly
modified at a later date.

The spectra of the P2ln and C2 lc Cal059 samples
(Figs. la and lb respectively, and Table 3) are quali-

tatively similar, and show conclusively that a C2 lc
sample, with only one possible M I site, also gives rise
to a three ferrous doublet pattern. The outer two
doublets in the two samples have the same C.S. and

Q.S. within errors, while the inner ferrous doublet in
the C2 lc sample has a smaller Q.S. than in the P2ln
sample. Even the relative ferrous peak areas are equal
within the error in the two different space groups.

The spectra of the high Ca C2 I c samples JD 1054 and
Cam958 only show the two inner ferrous doublets
(doublets 2 and 3), but the broad outer peaks (dou-

blet 2 of width >0.45 mm/sec compared to <0.42

mm/sec for all other doublets in these two and all
other samples) suggest a small contribution to the
spectra from doublet I (<10 percent of the total
ferrous area).

The three ferrous doublet f its give consistent ferric
and ferrous C.S. and Q.S. values for all samples. The
ferric C.S. and Q.S. values are all 0.7 mm/sec and
-0.4 mm/sec respectively at room temperature. The
three ferrous doublets have very similar C.S. values
of - 1.4 mm/sec, as expected for Fe2+ in six-coordi-
nation (Bancroft, 1973), and the Q.S. values fall into
three d is t inct  groups:  2.8-2.9 mm/sec,  2.1-2.3 mm/
sec, and 1.7-1 .9 mm/sec for doublets l, 2, and 3
respectively. JD1054 and Cam958 have larger dou-
blet  2 Q.S.  values of  -2.5 mm, at  least  par t ia l ly  due
to the neglect of the small doublet I peaks which are
almost certainly present. All the ferrous Q.S. values
have a large temperature dependence. Thus, all Q.S.
values increase by 0.3-0.4 mm,/sec from295 K to I l0
K .

There are also several noticeable trends in the rela-
tive areas of the ferrous peaks with decrease in the
Cal(Na*Ca) ratio. The area of doublet I increases
as the Cal(Na*Ca) ratio decreases, while the area of
doublet 3 decreases with a decrease in the Cal(Na*
Ca) ratio (Fig. a). Thus the relative areas of doublets
l  and  3  i n  JD1054  [Ca l (Na+Ca)  :  0 .81 ]a re  -0  and
>0.6 respectively, while the corresponding relative
areas for Ti-Omp [Cal(Na+Ca) : 0.46] are -0.5

and -0.3 respect ive ly .

Discussion

The available X-ray site occupancies (Table 2)
strongly suggest that nearly all of the Fe2+ in P2/n
omphacites is present in the M1 position, and the
Fe2+ content of the M2, M2( I )positions is negligible.
The Mdssbauer results are totally consistent with this
suggestion, and indeed lend considerable support to
it. In particular, the three ferrous Q.S. values are all
temperature-dependent, and have a similar temper-
ature-dependence to other ferrous Q.S. in pyroxene
M/ positions (Bancroft et al., 197l; Dowty and Lind-
sley, 1973). In contrast, the more distorted M2 site
gives rise to a very small temperature-dependence of
the Fe2+ Q.S. (Bancroft, 1973). None of the three
ferrous doublets can be attributed then to Fe2+ in the
M2 or  M2( l  )posi t ions.  The s imi lar i ty  of  the t i tan ium
ferro-omphacite spectrum with the spectra of other
omphacites with similar Cal(NaiCa) ratio also ar-
gues strongly against any significant contribution of
M2lor M2(l )l Fe'+ to these spectra. In the ompha-
cites with very small Fe2+ contents (0.02-0. l l  pfu
Fe'?+), it always seemed possible that a substantial
percentage of Fe2+ (although only -0.01-0.03 Fe2+
pfu)  could be present  in  M2 or  M2( l  ) i f  the Na*Ca
chemical content was slightly overestimated. How-



ca / (  ca  -  Na  )

Fig.  4.  Plot  of  re lat ive area of  the ferrous doublets I  and 3 us,
Ca,z(Ca+Na) rat io.  Doublet  3 re lat ive areas are denoted by c i rc led
dots,  and doublet  I  re lat ivc areas are given by dots.  The inverted
C2 lc Cal059 samples are denoted by c i rc led X's (doublet  3)  and
X's wi th dots (doublet  l ) .  The data points are taken l rom the
average of  the 295 and I  l0 K resul ts in Table 3 The l ines (- - - ,

doublet  3;  -  doublet  I  )  are drawn only for  c lar i ty  in def in ing
the t rends.

ever, the large Fe2+ content of the ferro-omphacite
(0.33 Fe'+ pfu) makes it highly unlikely that greater
than about 0.03 pfu (10 percent of the Fe2+) could
enter M2 or M2( I ). On chemical grounds alone, the
titanium ferro-omphacite spectrum must be due to
Fe'+ in just the Ml positions.

We conclude then that the three ferrous doublets
are due to Fe2+ in just the M I position in both C2 I c
and P2ln omphacites. Following from Dowty and
Lindsley's work on Ca,Fe next-nearest-neighbor ef-
fects in pyroxenes, we attribute the three ferrous dou-
blets to the differing field gradients (and resulting

Q.S.) presented by the three neighboring M2 land
M2(l )l ions Na+ and Caz+ on Fe2+ tn M I . Using the
chemical analysis Na and Ca values for C2 lc sam-
ples, and the site occupancy data from chemical anal-
ysis and X-ray work for the P2 ln samples, we com-
pu te  t he  p robab i l i t y  ( cons ide r i ng  a  random
dist r ibut ion)  of  having 3Ca,2Ca lNa,  lCa 2Na,  or
3Na in the three M2 type sites surroundingthe MI
iron. The occupancy factors are different for the C2 lc
and P2 /n specimens [see the results (Table 4) for Ca/
(Na+Ca) : 0.50 for both space groupsl because of
the partial M2( I ), M2 site ordering of Ca2+ and Na+
in P2ln omphacite. The ordering of Ca2+ in M2(l)
biases the statistical calculation to give a greater pro-
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portion of high Ca configurations (2Ca lNa, 3Ca) in
P2 ln omphacite.

The three doublets l- 2. and 3 can be associated
readily with the M2 configurations lCa 2Na, 2Ca
lNa, and 3Ca respectively. This assignment is based
on two strong pieces of evidence. First, the calcium-
rich JDl054 omphacite has a similar chemical con-
tent and a similar Q.S. (1.95 mmlsec) for its major
doublet  to  the Q.S.  (1.89 mmlsec)  of  a d iopside of
composition Ca(Mgo"nFq%u)SirOu (Bancroft et al.,
l97l). Second, there is semiquantitative agreement
between experimental and theoretical relative ferrous
intensities. Thus, the Ca-rich omphacites such as
JD 1054 and Cam958 have the largest doublets, which
are associated with the 3Ca configuration in M2;
while the highest-Na members (such as titanium
ferro-omphacite) have a much smaller doublet 3 and
a larger doublet I (associated with lCa 2Na in M2).
The lack of a ferrous doublet associated with the 3Na
configuration in M2 is not surprising, because on
charge-balance considerations one would certainly
not expect three monovalent Na ions in M2 associ-
ated with ferrous ion in ML Note here that the Ml
doublet associated with 3Na+ ions would l ikely have
a Q.S. of greaterthan 3 mm,/sec, giving arangeof Ml
pyroxene Fe'z+ Q.S. of much greater than I mm/sec.

The agreement between predicted and observed
intensities for C2 /c samples is semiquantitative. Thus
for the 1000"C heated Cal059 sample (C2lc), the
observed (and calculated) relative intensities are:
0(0.13) ,  0.42(0.37) ,0.31(0.37) ,  and 0.27(0.13)  for  the
3Na configuration and doublets l, 2, and 3 respec-
tively. The doublet associated with the 3Ca configu-
ration (doublet 3) would be expected to have a larger
intensity than expected on the random hypothesis
because of charge balance considerations, i.e. Ca2+ in

Table 4. Probabilities of the four next-nearest-neighbor M2

configurations of the M I siles in P2 I n and C2 / c omphacites

Space Ca Ca occupancy
Group Na+Ca M2 M2(1  )

C 2 / c  0 . 8 1  0  B l

0 . 7 5  0  7 5

0 . 6 7  0  6 7

0  5 0  0 . 5 0

P 2 / n  0  5 0  0 . 2 7  0  7 3

0  4 6  0 . 2 8  0 . 7 0

Na occupancy  2Na+Ca
M 2  r 4 2 ( l )  3 N a  ( l )

0 .  1 9  0 . 0 1  0 . 0 9

0 . 2 5  0 . 0 2  0 . 1 4

0 . 3 3  0  0 4  4 . 2 2

0 . 5 0  0 1 3  0 3 7

0 . 7 3  0 . 2 i  0 . 0 5  0  3 t

o  1 2  0 . 3 0  0 . 0 6  0  3 3
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ever, the agreement is not as good for the P2 ln sam-
ples. The observed (and calculated) relative in-
tensities for the P2ln Cal059 samples are: 0(0.05),
0.38(0.31) ,  0.30(0.50) ,  and 0.32(0. l4) .  Clear ly ,
charge-balance requirements modify the random
population of the M2(l ) and M2 sites. Several ar-
rangements of Ca2+ and Na+ cations in P2 ln ompha-
cite are i l lustrated in Figure 5. None of the ratios of
the relative peak intensities for these arrangements
compares with the corresponding observed ratio for
P2 ln Ca1059 samples. However, certain combina-
tions of them (for example, f plus g) do give ratios
approaching the observed data, and thus afford an
impression of the type of short-range Ca2+and Na+
clustering in P2 /n omphacite.

As noted earlier, the Mdssbauer spectra for the
P2ln and inverted (C2lc) Ca1059 samples are very
similar. Thus, the (Mg,Fe'2+ )-Al disorder, most prob-
ably associated with the P2 /n e C2 I c inversion, has
not changed the overall proportion of the various
possible nearest-neighbor Fe2+ environments in the
inverted samples. The most obvious explanation for
this phenomenon is that Ca2+ and Na+, being in-
trinsically more mobile than the Ml and MI(l )cat-
ions, have simply readjusted to new equil ibrium dis-
tributions in response to charge-balance and space-
fitt ing requirements.

The Ml Q.S. values are of considerable interest.
The range of MI Q.S. values in this study is greater
than I mm/sec-considerably larger than that (-0.6
mm/sec) observed for the Ca-Fe pyroxenes (Dowty
and Lindsley, 1973). Our larger range of Q.S. values
results in better resolved spectra for omphacites than
for the Ca-Fe pyroxenes. Following the Dowty and
Lindsley interpretation of Ca-Fe pyroxenes, the data
in Table 5 show that the M1 Q.S. increases asthe M2
cation changes from Ca2+ to Fe2+ to Na+; and that
the Q.S. (or the weighted average of the M1 Q.S.)
increases as the distortion from octahedral symmetry
of the MI site increases. Because the range of Q.S.
values in omphacites is much larger than that for the
Ca-Fe pyroxenes, it follows that the range of Ml site
distortions in the omphacites is larger than in the Ca-
Fe pyroxenes. As argued by Dowty and Lindsley, this

Q.S.-distortion correlation strongly suggests that
these Q.S. values are associated with the positive
slope of the F-distortion curve (Ingalls, 1964). For
such small distortions from octahedral symmetry, the

Q.S. increases greatly with small increases in dis-
tortion from octahedral symmetry.

The evidence in favor of the association of the
rhree M2 cation combinations lCa 2Na, 2Ca lNa,
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F ig .  5 .  Schemat ic  a r rangements  o f  Ca2+ and Na+ ad jacent  to  the

x  =  l /4  oc tahedra l  s r r ip  o f  P2 ln  omphac i te ,  w i th  Ca l (Na+Ca)  =

0.5 and s i te occupancies of  |  /3 Ca,2,z3 Na for  M2 and 2/3 Ca, l /3
Na for M2(l). The relative areas of the Fe'z+ Mrissbauer peaks are
given below each strip for the M2(l), M2 cation combinations
3Na: lCa 2Na:2Ca lNa:3Ca respect ively.  Sol id large c i rc les,  Ca;
open large c i rc les,  Na; sol id smal l  c i rc les,  Al ;  open smal l  c i rc les,
(Mg,Fe'?+).

M2 wtll tend to surround Fe2+ in Ml,while Na+ in
M2 will tend to surround Al3+ in Ml. Similarly, for
JDl054, the observed (and calculated) intensities are:
0(0.01),  -0(0.09),  0.36(0.37),  and 0.64(0.53).  How-

Tabfe 5. Average deviations from the mean of M I -O bond lengths

and room temperature quadrupole spl i t t ings

Pyroxene

cal '1g (  Fe2+ ls i  rou
d i o p s i  d e

C a F e S i  2 0 6
hedenbergi  te

F e F 1 g S i 2 0 6
orthopyroxene

C a o ,  s F e t ,  s S i  2 0 6
H d - F s

C a o  .  3 F e  t .  7 5 i  2 0 6
H d - F s

Ca o. sNa o. s (  FlgFeAl )  S j  206
omphaci te

Average
d e v i  a t i  o n

o f  M l - 0  b o n d
l e n g t h  f r o m

mean

o . o z 6 u

0.028 '

o. o+o-o. o+g"

o. oqog

o. oqo9

0.042

Q . s .  o r  R a n g e  o f
(Average Q.s .  )

t . g g b

z . ls -z .qg f

A A
( 2 .43 ) "  2 .os - z .69 -

( z . qo )d  z . t o - z . sgd

( z . a s ) i  t . s - z . g i

"  c la rk ,  App lenan and Pap ike  (1969) .
b  Bancro f t ,  l , l | i l l i ans  and Burns  (1971) .
t  Cur " "on ,  Sueno,  Prewi t t  and Pap ike  ( i973) .
d  Dowty  and L inds ley  ( t973) ,  (we igh ted  averages) .
€  Burnham,  1966,  and l .4or imoto  and Koto  (1969) .
f  Bancro f t ,  l r laddock  and Burns  (1967) .
g  

ohash i ,  Burnham and F inger  (1975) .
h  Au" .ug"  o f  the  Ml -0  average dev ia t ion  in  SB26C (Matsumoto ,  Tokonami

and l lo r jno to ,  ( ' l 975)  and T i -omp.  (Cur t i s ,  G i t t ins ,  Kocman,  Ruck ledge,
Hawthorne and Ferguson (1975) .

I  Th is  work ,  we igh ted  averages  f rom s t ruc tu res  in  th reeP2/nomphac i tes ,
Ca l059,  SB26C and T i -omp.
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and 3Ca with the three Fe2+ doublets in omphacites
appears most compelling. However, we recognize
that we have left at least one problem unanswered.
The positional disorder of the oxygen atoms in om-
phacites, as indicated by the magnitude of the ther-
mal parameters, whilst somewhat greater than the
corresponding data for the end-member composition
(Clark et al., 1969: Matsumoto et al., 1975), is much
less than that observed in Ca-Fe clinopyroxenes
(Ohashi  et  a l . ,1975). In contrast ,  the MI Q.S.  values
(above paragraph) suggest that the positional dis-
order of the oxygen atoms in omphacites should be
larger than in the Ca-Fe clinopyroxenes-if the dis-
tortion of the oxygen polyhedra is the controll ing
factor on the M2 Q.S. values. In addition, the site
symmetry of the MI site in omphacite requires two
different stereochemical configurations for each of
the M2 nearest-neighbor combinations, lCa 2Na and
2Ca lNa. Presumably, these two configurations lead
to very s imi lar  Q.S.  va lues.
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