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Crystal-chemical aspects of nonstoichiometric pyroxenes

T,c.NrsrN C. McConurcr
Department of Geological Sciences, University of Colorado, Boulder, Colorado 80309-0250, U.S.A.

Arsrru.cr

Unit-cell parameters were determined for twelve mantle omphacites, at least eight of
which are nonstoichiometric. The a and b cell dimensions and unit-cell volumes for the
nonstoichiometric pyroxenes are consistently lower than would be expected for an ideal
jadeite-diopside solution. Extrapolation to the Ca-Eskola endmember (Ca"rtrorAlsiro6)
indicates a cell volume of 402 + 5 A3 and a calculated density of 3.29 + 0.04 g/cm3 for
this component. An X-ray structure refinement of an omphacite from the Bellsbank kim-
berlites, South Africa, revealed that vacancies are required in the structure in order for
occupancies to be consistent with the mineral composition. Combined with electron-chan-
neling results, the X-ray data indicate that the vacancies are largely constrained to the M2
site. The presence of vacancies does not appear to significantly affect the size of the M2
polyhedron under ambient temperature and pressure, although the Ml polyhedron of the
vacancy-bearing pyroxene is substantially smaller than that predicted from endmember
values.

INrnooucrroN

Analyses of omphacites commonly show marked de-
viations from the stoichiometric pyroxene formula. Those
deviations reflecting a deficiency ofcations appear greatest
in highly aluminous pyroxenes from kyanite-bearing,
mantle-derived eclogites and have been taken to indicate
the presence of M-site vacancies (e.g., Wood and Hen-
derson, 1978; Sm1th, 1980). Pyroxenes that contain ex-
cess silica, and thus a cation: oxygen ratio of less than
2:3,have been synthesized under mantle conditions (e.g.,
Khanukhova et al., 1977; Wood and Henderson, 1978).
Wood and Henderson (1978) have shown that the non-
stoichiometry is stabilized by increasing pressure relative
to stoichiometric pyroxene and quartz.

In the present study, an attempt was made to estimate
the efect of nonstoichiometry on the density and crystal
structure of pyroxenes. Refined unit-cell parameters were
determined on a suite of omphacites from Roberts Victor
and Bellsbank eclogites that cover a wide range of com-
positions. In order to characterize the vacancy distribu-
tion in a nonstoichiometric pyroxene, an X-ray structure
refinement and channeling experiments were performed
on an aluminous nonstoichiometric omphacite from a
kyanite eclogite (SBB-l) from the Bellsbank kimberlites.

IJNrr-cnr,l pARAMETERS AND coMposrrroN

The pyroxenes studied were analyzed by electron-mi-
croprobe wavelength-dispersive spectrometry, and in the
case ofSBB-1, several different combinations ofstandards
were used in order to evaluate analytical errors. Garnets
and pyroxenes within each sample were found to be chem-
ically homogeneous. Microprobe analyses are given in
Table l, and data for SBB-I are given in Table 2. The

total Fe is reported as FeO, although clearly some of the
Fe can be recalculated as Fe3*, particularly in those anal-
yses with cation totals ofgreater than four per six oxygens.
It is also possible that some of the Fe may be trivalent in
some of the vacancy-bearing pyroxenes, in which case the
vacancy content could be higher than those values given
in Tables I and 2.

Cell parameters were determined from single-crystal
fragments by refining the setting angles for Ka, peaks for
twelve to twenty reflections, between 32 and 67" 20 (Mo
radiation). Reflections were manually centered on a Picker
four-circle diffractometer, and many of these were cen-
tered for both positive and negative 20. Cell parameters
are presented in Table l, and data for SBB-I are given in
Table 2.

The unit-cell parameters, plotted as a function of atomic
Na/(Na + Ca), are shown in Figure l. Also shown are
X-ray data from Rossi et al. (1983) for a number of nat-
ural, stoichiometric C2/c omphacites. All of these pyrox-
enes contain only minor amounts of components other
than diopside (Di), jadeite (Jd), and Ca-Eskola (CaEs).
Kushiro (1969) suggested that mixing in the Jd-Di system
is nonideal with molar volumes having slight positive
deviation from ideal, although Wood et al. (1980) found
pyroxenes on thisjoin to show a linear variation ofunit-
cell volume with composition. Stoichiometric pyroxenes
in this study and those ofRossi et al. (1983) presented in
Figure I tend to have unit-cell volumes slightly larger than
those predicted for an ideal mixture. In general, however,
these pyroxenes have some Fe in addition to Di and Jd
components, and this may account for their slightly larger
unit cells. Unit-cell volumes from nonstoichiometric py-
roxenes tend to plot below the straight line connecting
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Table 2. Composition and cell parameters for
SBB-1{ $ I  I' t i ' f i  

L
t ?

"c+
Average
(ot 18) Std. dev.

0 2  0 4  0 6  o 8  1 0
N a / ( N a + C a )

Fig. L Variation of unit-cell parameters with composition
for nonstoichiometric (closed symbols) and stoichiometric (open
symbols) pyroxenes. Error bars on c are + 1 estimated standard
deviation. Squares labeled C, S, and R represent data ofCameron
etal. (1973), Smyth (1980), and Rossi et al. (1983), respectively.
The triangle represents the pyroxene used in the structure re-
finement.

cell parameters for diopside and jadeite. Although the
unit-cell volume of Ca-Tschermaks pyroxene (CaTs) is
significantly smaller than that of diopside (i.e., 421.35 A3;
Okamura et al., 1974), the amounts of CaTs component
in the pyroxenes in this study are insufficient to account
for the smaller cell volumes. Mao (1971) also noted that
extrapolation of unit-cell volumes of pyroxenes synthe-
sized on the Jd-An (anorthite) join to the Ca-rich end-
member gives a volume that is substantially lower than
that of Ca-Tschermaks pyroxene.

An examination of a, b, and c as a function of com-
position shows that c is essentially constant over a range
of compositions, whereas a and b display trends similar
to those in the volume-composition plot. Again, stoi-
chiometric pyroxenes all plot above the ideal Jd-Di join,
whereas nonstoichiometric pyroxenes show slight nega-
tive deviation from an ideal trend.

The c cell parameter appears to be the least affected by
the sizes of Ml and M2 cations. In their study in the CaO-
MgO-Al.O.-SiO, (CMAS) system, Wood and Henderson
(1978) found large decreases in c with increasing vacan-
cies, but little effect on b. The presence ofAl in tetrahedral
sites appears to strongly afect c (e.g., Wood and Hender-
son, 1978). This may explain the large positive deviation
in c for some ofthese pyroxenes, but does not account for
the high c values ofRossi et al. (1983) for pyroxenes that
have essentially no tetrahedral Al.

Calculated densities for each pyroxene are also pre-
sented in Table I . Pure endmember diopside, jadeite, and
Ca-Tschermaks pyroxene have densities of 3.28, 3.34,
ar'd 3.44 g/cm3, respectively. Most of the pyroxenes in
Table t have densities close to jadeite. Taking CaEs
(Cao rtro rAlSirOu) as the vacancy-bearing endmember and
assuming ideal mixing, a cell volume of 402 + 5 A3 is

0.39
0.05
0.25
0.04
0.10
0.03
0.08
0.15
0.21
0.02

0.008
0.008
0.006
0.001
0.001
0.003
0.001
0.004
0.004
0.014
0.001
0.012

Note.' Cell parameters (in angstroms; estimated
errors in last figure are in parentheses): a:9.501(1),
b: 8.654(1), c: s.238{1), P: 107.23{1f , v: 411.4(11.

indicated for this component. This value is the same as
that of Gasparik (1984) and falls in the range of estimates
calculated from data of Wood and Henderson (1978). This
would suggest a density of 3.29 + 0.04 g/cm3 for the
hypothetical Ca-Eskola pyroxene at I bar and 25C.

Cnvsr.l.r, Srnucrunn

Cornpositional and structural considerations

The Bellsbank eclogite SBB-1, with pyroxene analyses
showing a CaEs content of about 130/0, was selected for
the structural study. Microprobe analyses and cell param-
eters for the pyroxene are given in Table 2. The eclogite
is fresh, with slight alteration evident only along grain
boundaries.

The suggestion that this pyroxene contains vacancies is
based on some assumptions. The most important of these
is that the microprobe analyses reflect the true composi-
tion ofthe pyroxene. Standard deviations in Table 2 should
account for all analytical errors and for chemical inho-
mogeneity. Energy-dispersive spectrometry revealed no
other elements in significant abundance. The presence of
a light element such as Li or Be would, however, go un-
detected in the microprobe. Hervig (1984, pers. comm.)
analyzed SBB-l pyroxene for light elements using the ion
microprobe and found less than 100 ppm LirO, 5 ppm
BeO, and l0 ppm BrO.. These quantities are insufficient
to account for the cation deficiency in this sample.

An additional assumption is that the pyroxene is a sin-
gle-chain silicate, with none of the double or triple chains
described by Veblen and Buseck (1981). An apparent cat-

sio,
Tio,
Al,03
Cr,O"
FeO
MnO
Mgo
CaO
Naro
K.o

Total

57.09
0.36

19.83
0.06
2.45
0.03
4.01
7.80
9.05
0.07

100.36

cations per six oxygens
1.957
0.043
0.758
0.009
0.002
0.070
0.001
0.205
0.286
0.601
0.003
0.06s

Si
AIv
Alvl

Ti

Fe
Mn
Mg
Ca
Na
K
Vac
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Table 3. Atomic coordinates and anisotropic thermal parameters for SBB-1

r437

o1

xla
vlb
zlc
4,,
P22

aP23

0.00000
0.90540(5)
0.25000
0.001 20(s)
0.00161(6)
0.0039(2)
0.00000
0.00053(7)
0.00000

0.00000
0.30090(6)
0.25000
0.00313(7)
0.00204{7)
0.00s6(2)
0.00000

-0.00031(9)
0.00000

0.28947(4\
0.09297(3)
0.22831 (6)
0.00094(3)
0.001 37(4)
0.0030(1 )-0.00006(3)
0.00065(5)

- 0.0001 7(4)

0.1 1 043(9)
0.0779(1 )
0.1 309(2)
0.001 06(9)
0.0029(1 )
0.0078(3)
0.00016(7)
0.0009(1 )

-0.000s(1)

0.3608(1 )
0.2601 (1 )
0.3005(2)
0.00279(9)
0.001 83(9)
0.0080(3)
0.00045(8)
0.001 2(1 )-0.0006(1)

0.352e1(s)
0.01 08(1 )
0.0034(2)
0.001 46(8)
0.0028(1 )
0.0048(3)
0.0001 2(7)
0.0010(1)

-0.001 1(1)

ion deficiency of0.025 per six oxygens would result from
100/o amphibole lamellae in the pyroxene (Veblen and
Buseck, 198 l). In order to check for the presence of mul-
tiple chains, a fragment of the pyroxene was examined by
high-resolution transmission electron microscopy using a
Philips 400T microscope. No multiple chains were ob-
served in the images. In addition, the sharp X-ray dif-
fraction peaks produced by the crystal used in the structure
refinement are inconsistent with a high abundance of mul-
tiple chains.

Experimental method

A fragment of a centimeter-sized grain was selected for X-ray
study, and a larger fragment of the same grain was oriented and
ion-thinned for observation by transmission electron microsco-
py. Long-exposure precession photographs confirmed the space
group as c2/c. omphacites with lower symmetry are common
in metamorphic eclogites, and they may show complex ordering
and exsolution transformations (e.g., Carpenter, 1980). However,
no low-symmetry omphacites are known from kimberlite inclu-
s10ns.

The crystal fragment used in the structure refinement approx-
imates a triangular prism about 100 pm thick and 25V280 pm
long on each side of the triangular face. Intensity data for hkl,
h + keve\ were collected on a Syntex four-circle diffractometer.
A total of 324I reflections were measured, including all eight
quadrants up to 60'2d and four quadrants from 60 to 7O 20.
Intensities from two standard reflections, collected every 100
reflections, had standard deviations within counting statistics.

In order to check absorption corrections, ry'-scans were per-
formed on six reflections between 24 and,48 2|,with maximum
deviations about x of + I 8o. Variance ofup to 350/o ofthe observed
intensities was evident in the ry'-rotations. Numerical corrections
for absorption were made on the basis of the crystal shape. The
relative standard deviations of 9-scan intensities were reduced
to within counting statistics for most of the reflections after ap-
plying absorption corrections. However, due to the complex shape
of the crystal, slight residual systematic error is evident.

After correcting for Lorentz and polarization factors and for
absorption, the intensity data were averaged, producing 914 in-
dependent reflections with an R factor for averaging of,F2 of
2.30/0. Examination of those reflections showing largest standard
deviations for averaging did not reveal any obvious trend as a
function of 20 or frkl. Thus, no systematic sowces for residual
inconsistencies could be determined.

Refinements

Initial crystal-structure refinements were done using
Sheldrick's sHELX program package, modified for imple-

mentation at the University of Colorado, Boulder. Re-
flections for which F2 = 3o(P) were suppressed, resulting
in 830 independent, observed reflections. Subsequent re-
finements were done in which no reflections were sup-
pressed, using RFrNE (Finger and Prince, 1975). Scattering
factors were taken from the International Tablesfor X-ray
Crystallograpfty, Volume IV, using values for Ot , Fe2*,
and fully ionized species for other elements.

The main questions to be addressed with the refine-
ments were whether the structure is likely to contain va-
cancies and what the vacancy distribution might be. To
answer the first question, a vacancy model was compared
with an alternative model in which all sites are fully oc-
cupied. The second question was addressed by refining
two different models for the vacancy distribution.

The final refinement of the second vacancy model was
done assuming Sit s+ and O' 5 as the Si and O scattering
species, using the scattering factor for 02- from Tokonami
(1965). Results of this final refinement of anisotropic tem-
perature factors, scale, atomic positions, and Mg and Fe
distribution for the second vacancy model are shown in
Table 3. Observed and calculated structure factors for this
last cycle are presented in Table 4.' Occupancies for Ml
and M2 from each of the refinements are shown in Ta-
ble 5.

For the model with no vacancies, Fe and Alvr were
constrained to Ml, and Ca and Na were constrained to
M2, although their proportions were allowed to vary. Mg''
was included with Al and MgM2 was included with Na, to
simplify the refinement. The differences in scattering fac-
tors between these species are considered to be small
enough not to significantly affect the conclusions. The
results of refining the occupancies of Ca, Fe, Mg + Al and
Mg * Na, such that Ml and M2 total occupancies are
both l00o/0, are shown in Table 5. Although anisotropic
temperature factors were also allowed to vary, they did
not change significantly from the vacancy model.

Vacancy models were refined using atomic proportions
from the microprobe analyses. Na and Ca were placed in
M2 and Al in M I . Owing to the problem ofsimultaneously
refining Ml and M2 occupancies of three species (Mg, Fe,

' To receive a copy of Table 4, order Document AM-86-318
from the Business Ofrce, Mineralogical Society ofAmerica,1625
I Street, N.w., Suite 414, Washington D.C. 20006, U.S.A. Please
remit $5.00 in advance for the microfiche.
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Table 5. Occupancies for M sites in SBB-1 omphacite

Full-occupancy model

M1 occ. M2 occ.

Vacancy model l' Vacancy model ll.'

M1 occ. M2 occM1 occ. M2 occ.

Fe
Ca
AI
Mg
Na

Total

0.069(4)
0.000
0.931(4)

- l

0.000
1.000
R: 0.027

0.000
o.229(7)
0.000

- l

0.770\7)
0.999
R*: 0.052

0.082
0.000
0.758
0.136(3)
0.000
0,976
R: 0.026

0.000
0.286
0.000
0.069
0.602
0.957
R*: 0.036

0-06q2)
0-000
0.758
o.179(2)
0.000
1.000
R: 0.023

0.019(2)
0.286
0.000
0.026(2)
0.602
0.933
R*: 0'028

'  A l l  Fe in M1.
** All vacancies in M2.
t MgMl included with Al; MgM, included with Na.

and vacancies), models to be tested required fixing some
of these parameters. In the first refinement, Fe was con-
strained to be in Ml, and Mg and vacancy populations
allowed to vary between Ml and M2. The resulting oc-
cupancies (shown in Table 5) indicated twice as many
vacancies in M2 as there are in Ml. The presence of
vacancies in Ml indicates an attempt to reduce the overall
scattering for Ml. Therefore, a second model was tested,
in which all the vacancies were placed in M2, and Fe and
Mg were allowed to vary between Ml and M2.

Comparing the results of the refinements in Table 5, it
is apparent that in the full-occupancy model the total
scattering factor for each site was maintained by increasing
the proportions of elements with lower Z. The sum of the
light elements (Alu, Mg, and Na) in the full-occupancy
model is significantly higher (at the 99o/o confidence level)
than in the vacancy model, and the heavier elements are
significantly lower. The chemistry for the nonvacancy
model is inconsistent with the electron-microprobe anal-
yses, and thus the preferred model is that in which the M
sites are not fully occupied.

Comparing the two vacancy models, it can be seen that
in the model with all the vacancies in M2, about,22o/o of
the Fe moved from Ml to M2 in order to lower the total
scattering for Ml. Both models initially refined to R :
0.026 and R*, : 0.036. They also both showed substantial
contribution to the R coming from the low-angle reflec-
tions, but the R value for successive shells ofreciprocal
space was the same in each rnodel. The low-angle reflec-
tions usually include the most intense reflections, which
may also be subject to extinction problems. The low sin
flDrpart ofthe total scattering curve depends more on the
total number of electrons for a site and not on the nature
of the scattering species. Rossi et al. (1983) noted that
large discrepancies in reflections with sin d/tr < 0.3 could
be eliminated by using scattering factors for Si'5* and
O' 5-, although these scattering factors gave the same atomic
positions, occupancies, and thermal parameters as those
obtained using only data with sin 0/tr > 0.3. Refinements
of the second vacancy model for this crystal using these
scattering factors reduced the R for the 46 lowest-angle
reflections from 0.066 to 0.043. The final R for all reflec-
tions was 0.023, and R* was 0.026. Atom positions and

occupancies did not change, but temperature factors were
reduced for Ml, M2, and all three oxygens. Thermal el-
lipsoids showed the same orientations as those from the
earlier refinements, although the amplitudes were sub-
stantially reduced.

Electron channeling

A technique for quantitative determination of site oc-
cupancies in minerals, based on channeling-enhanced
emission of characteristic X-rays, has recently been ap-
plied to a number of minerals including pyroxenes (Self
et al., 1983). Calculations show that fairly strong differ-
ences in X-ray emission from Ml + T and M2 sites in
clinopyroxenes can be achieved by tilting crystals slightly
about the Bragg angle for the (020) reflection (Selfet al.,
1983; M. T. Otten, 1985, pers. comm.).

A fragment ofthe vacancy-bearing pyroxene from the
SBB-1 eclogite was oriented using a precession camera,
and an ion-thinned sample prepared for rsNI work. A
Philips 400 rrrrr, operating at 120 kV and fitted with a
Kevex energy-dispersive X-ray spectrometer, was used for
the experiments. The crystal was oriented so that only the
(0k0) systematic row showed strong intensity. Spectra were
collected from the crystal when it was orienred so that the
electron beam was inside the Bragg angle for (020) (sym-
metric position), and subsequently when the beam was
slightly outside the Bragg angle for (020) (i.e., the crystal
tilted to slightly beyond the two-beam condition). In these
two orientations, X-ray emission is enhanced from the
Ml + T sites and the M2 sites, respectively.

Measured peak intensities were ratioed to Si for each
spectrum and values of R : (X/51).0/(X/Si)=, determined
for each element. Owing to problems of peak deconvo-
lution and background subtraction for the low-energy part
of the spectrum and possible Na migration during anal-
ysis, no attempts were made at quantitative analysis.
However, repeat analyses show consistently R*" = R". )
R." ) R*, > Ro,. The values of R for Al are close to 1.0
indicating that all the Al is on the Ml and T sites. The
site preference for M2 for each element is indicated by its
relative R value. The channeling experiments suggest that
the proportion of Fe in M2 is greater than the proportion
of Mg in M2. These two values from the structure refine-
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Table 6. Ellipsoids of vibration for SBB-1 omphacite

RMS
Axis amplitude

Angle (') Equivalent
with c isotrooic b

'I

2
3
'|
2
3
1
2
3
1
2
3
1
2
3
1
2
3

0.069
0.073
0.078
0.078
0.088
o.128
0.581
0.063
o.074
0.065
0.096
0.109
0.078
0.103
0.112
0.067
0.079
0.1  10

54
36
90
72
90

163
138
129
103
1 1
87

100
74
79
1 9

126
142
100

90 53
90 143
0 9 0

90 34
180 90
90 55
87 31

1 1 2  1 1 8
22 103
97 99

123 144
146 56
24 78
75 164

108 100
67 32
9 5  1 1 0

156 66

0.479

0.796

0.335

0.669

0.764

0.598

ment with all vacancies in M2 are 22o/o for Fe and 130/o
for Mg. Therefore the channeling experiments are consis-
tent with the vacancy model in which all the vacancies
are in M2. In fact, if one develops a model in which the
proportions of Fe and Mg are equal on both sites, assum-
ing the Fe is Fe2*, still less than l0o/o of the vacancies
would reside in Ml. Thus on the basis of the channeling
results, one may conclude that more than 900/o of the
vacancies are in M2.

Discussion

Parameters for thermal ellipsoids of each atom from
the X-ray structure refinement are given in Table 6. Bond
distances are presented in Table 7, together with those
predicted for pyroxene with composition JduoDioo, based
on a linear interpolation between endmember values from
Cameron et al. ( I 97 3). Rossi et al. ( I 9 8 3) have noted some
problems in predicting crystal-chemical properties of in-
termediate compositions, based on endmember values.
However, measured M-O bond distances and Ml poly-
hedral volumes for their C2lc pyroxenes are in close agree-
ment with such interpolations. The Ml-O bond distances
are all smaller for the pyroxene in this study, and con-
sequently, M2-Ol andM242 bond distances are slightly
longer than those predicted for an ideal JduoDioo pyroxene.
The calculated polyhedral volume for Ml octahedra for
SBB-I is about 40lo smaller than the predicted value, al-
though the higher AlvI content due to the CaTs and CaEs
components does not alone account for this discrepancy.
The volume for M2 polyhedra is similar to the predicted
value. The similarity between the observed and predicted
parameters for M2 would suggest that partial occupancy
of M2 does not sigrrificantly afect the size of this coor-
dination polyhedron at ambient temperature and pres-
sure, although there may be an effect on the volume of
M l .

In an X-ray study of nonstoichiometric pyroxenes from
the Z,agadochnaya kimberlite, Smith et al. ( I 9 82) reported

Table 7. Bond distances and polyhedral
volumes tor SBB-1 omphacite

SBB-1 Predicted-
Angle (') Angle (')
with a with b

si-o1
si-o2
si-o3
si-o3
M1-O1
M1-O1
M1-O2
lr,tt V1A"1
M2-Ol
M2-O2
M2-O3
M2-O3
vz v1A1

1.630
1.595
1.637
1.653
2.026
1.966
1.899
9.918
2.368
2.394
2.419
2.734

24.968

1.623
1.590
1.643
1.658
2.O43
1.990
1,931

10.362
2.358
2.388
2.444
2.731

25.052
'Jd@Di@ based on endmember values in Cameron

et al. (1973).

that their results are consistent with, but do not prove,
the existence of vacancies in M2. However, it is believed
that the comparison of the firll-occupancy model with the
vacancy model leaves little doubt that vacancies are pres-
ent in the structure. The results of the final refinements
and the channeling experiments indicate that the vacan-
cies are in M2.

It is possible that some of the Fe may be trivalent. If
one considers all the Fe in the crystal to be trivalent, there
would be over 8o/o vacancies in the structure, based on
stoichiometry. It is likely that Fe3+ would reside in Ml.
Consequently, the structure would approximate vacancy
model I in Table 5, except that the low-angle scattering
of Fe3* is slightly less than that of Fe2* and thus Mg would
move to Ml from M2. Calculations suggest that not more
than about l8o/o of the vacancies could occur in Ml in
such a model.

The vacancy endmember is generally taken as CaEs,
and this is supported by the findings of this study. It is
not known how the distribution of vacancies varies with
composition, but it is possible that the partitioning of
vacancies between Ml and M2 may depend on other cat-
ions present in the M sites. Ifthis is the case, two vacancy
endmembers may be needed to fully describe a pyroxene.
However, further structure refinements would be required
to delermine the M-site occupancies.

CoNcr-usroNs

Unit-cell volumes of nonstoichiometric pyroxenes are
consistently lower than would be expected for an ideal
solution between jadeite and diopside. An estimate of the
cell volume of the hypothetical vacancy-bearing endmem-
ber, Ca-Eskola pyroxene (Ca" ,tr. ,AlSirOu), is 402 + 5 L3,
corresponding to a density of 3.29 + 0.04 g/cm3 at I bar
and 25t. The parameters for Ca-Eskola plroxene under
mantle conditions are unknown, but it is possible that
vacancy-bearing pyroxenes may have distinctly different
compressibilities than stoichiometric pyroxenes. The
smaller cell volume of nonstoichiometric pyroxenes also
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suggests that CaEs is stabilized by hrgh pressure relative
to stoichiometric pyroxene and quartz or anorthite and
quartz. Therefore, it is possible that vacancy-bearing py-
roxenes are abundant in the lower parts ofthe upper man-
tle.

A crystal-structure refinement of a nonstoichiometric
omphacite indicates that the structure is likely to contain
vacancies. Electron channeling experiments indicate that
the proportion of Fe in M2 is greater than the proportion

of Mg in M2. Combining these results with those of the
crystal-structure refinements, it appears that all the va-
cancies reside in M2. Therefore CaEs would appear to be
an appropriate endmember to describe vacancy-bearing
pyroxenes.
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