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Cation vacancies and the crystal chemistry of breakdown reactions
in kimberlitic omphacites
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Abstract

The degree of alteration in clinopyroxenes from eclogitic inclusions in South African kim-

berlites is directly related to the deviation from stoichiometry of remnant unaltered areas in
individual grains. Deviations from stoichiometry are reconciled by allowing up to 9 percent

vacancy in the M2 site. The breakdown reaction accounting for the apparent alteration is:

Ca ! AlrSioO,, ---+ CaAl2SiO. + 3SiO,

The products ofthis reaction are observed in X-ray precession photographs as a second Ca-
Tschermak's pyroxene intergrown with the host omphacite plus quartz powder rings. I infer
that a vacancj-containing pyroxene is stabilized by pressure but is highly unstable at lower
pressures. A general FoRTRAN program which breaks pyroxene compositions into end-mem-
bers has been written to include a vacancy-containing end-member.

Introduction
In the course of mineralogical investigations of in-

clusions in South African kimberlite pipes, I noted
that in eclogitic clinopyroxenes the apparent degree
of breakdown closely correlates with the mineralogy
of the specimen. Of the specimens observed, the
kyanite- and coesite-bearing eclogites and grospy-
dites exhibit the greatest degree of alteration, which
appears as a cloudiness or white opacity in the clino-
pyroxenes. It is inferred that the alteration of these
clinopyroxenes must have been extremely rapid and
essentially isochemical, because coesite is preserved
in one specimen in which the omphacitic pyroxene is
quite altered (Smyth and Hatton, 1977; Smyth,
1977a). This led to the suspicion that a component in
these pyroxeas5 i5 highly unstable at lower pressures,
indeed much less stable than either jadeite or coesite.

In thin section, the alteration of the pyroxene ap-
pears fairly evenly distributed along very fine frac-
tures (Fig. 1); however, small unaltered areas up to
50 pm in diameter remain throughout most grains.
Also, the pyroxene appears unaltered where it occurs
as inclusions up to 200 pm in diameter within coesite
and garnet grains. Preliminary microprobe analyses
of the unaltered areas showed that the pyroxenes
contained Alvr signifigmlly in excess of AII' * Na *
K, and had consistently and signifislatly fewer than
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8.0 cations per 12.0 oxygens. A sirrilar deviation
from stoichiometry was noticed by Sobolev er a/.
(1968) in omphacites in kyanite eclogites from Sibe-
rian kimberlites, although no explanation was of-
fered as to how such deviations might be maintained.
O'Hara and Yoder (1967) reported anomalously high

alumina in pyroxenes synthesized at l500oC and 3.0
GPa (30 kbar), and suggested that there may be a
solid solution toward kyanite. Thus, previous studies
and the preliminary chemical data suggest that the
deviations from stoichiometry might be responsible
for the rapid breakdown of some of the omphacites,
especially those from kyanite- and silica-bearing ec-
logites.

Wood and Henderson (1978) presented experi-
mental evidence for substantial amounts of M-site
vacancies in aluminous clinopyroxenes in the systems
CaAlzSiOu-SiO, and CaAl'SiO"-CaMgSi,Ou at pres-
sures of 25-32 kbar and temperatures of 1400-
1500"C. They concluded that the non-stoichiometric
pyroxene is stabilized by increased pressure and
should be a stable component of natural clinopyrox-
enes, especially in the presence of excess SiOr. My in-
vestigation was undertaken to document the exis-
tence and extent of the occurrence of vacancies in
some natural jadeite-rich clinopyroxenes and to
characterue the crystal chemistry of the breakdown
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Fig. l. Transmitted lighr photograph (crossed polars) of
alteration in a single grain of clinopyroxene from 5ample SRV-1, a
coesite grospydite.

reactions of the non-stoichiometric end-member.
Such a study should facilitate understanding and rec-
ognition of these minerals and may lead to a further
definition of the P-T stability field of these clinopy-
roxenes in Na-bearing systerrs by experimental
methods.

Chenistry

Mantle-derived eclogites, unlike peridotites and
lherzolites, contain significant amounts of phases that
typically break down at lower pressures. Con-
sequently, these phases must be brought to the sur-
face and quenched rapidly in order to be preserved,
and the most common near-surface occurrence is as
inclusions in kimfsdile pipes. In such pipes, perido-
tites and lherzolites generally_ predominals over ec-
logites by an estimated 20: I (Harte and Gurney,
1975). However, in a few pipes such as Roberts Vic-
tor in South Africa and Zagodochnaya in Siberia,
eclogites predominate over other types of inclusions
and provide an unusual range of eclogite composi-
tions. Relatively few (<150) major-element chemical
analyses <if the principal minslsls of these rocks exist
in the literature and very few are from kyanite ec-
logites and grospydites (Sobolev et al.,1968; Kushiro
and Aoki, 1968; Mathias et al.,1970; MacGregor and
Carter, 1970; Lappin and Dawson,1975; Harte and
Gurney, 1975; Reid et al., 1976; Lappin, 1978; Hat-
ton and Gurney, 1979; Shee and Gurney, 1979). The
clinopyroxenes in these rocks range fu1 ssmposition
from about J4DiEoHd,, to JdroDirrH4. Of the re-
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ported analyses of clinopyroxenes fron kimberlitic
eclogites, more than 70 percent show an excess of
Fe'* + Al'r over Al'' + Na * K and calculated cat-
ion totals of signfficantly fewer than 8.0 per 12 oxy-
gens. All of those from grospydites and kyanite ec-
logites show a substantial excess of Al"I.

Table I gives microprobe chemical analyses of ten
clinopyroxenes from kinberlite inclusions, including
two eclogites, one rutile eclogite, three kyanite ec-
logites, and four silica-kyanite eclogites. Eight sam-
ples are from Roberts Victor and the other two from
nearby kimberlite pipes. All analyses show a 5ignifi-
cant excess of octahedrally-coordinated Al over Al''
* Na * K and significantly fewer than 8.0 cations
per 12 oxygens. In these analyses, total Fe is reported
as Fe2*. tf ferric iron is present, as indicated in wet-
chemical analyses of similar samples (Kushiro and
Aoki, 1968; Sobolev et al.,1968), the apparent cation
deficiency would be increased. All analyses in Table
I indicate nearly enough silica to fill the tetrahedral
site, so that there is relatively little Al'" and the ex-
cess of 41[ gqnnot be ascribed to Ca-Tschermak's
(CaTs) molecule. The calculated cation ratios in-
dicate a deficiency ofcations such that the pyroxene
structure can be maintained only by the inclusion of
a significant portion of M-site vacancies.

The stoichiometry of these pyroxenes can best be
reconciled if the hypothetical end-member
Caortro.rAlSlO" is considered (where tr is a vacancy).
This end-member was first hypothesized by Vogel
(1966), based on the need to explain isochemical
symplectitic breakdown of omphacites to diopside
plus feldspar. There is some liberty in sfu6ssing such
an end-member, but the rules for assigning cations to
sites in pyroxenes are fairly restrictive. The radius of
the octahedral Al is small enough to be restricted to
the Ml site and Ca is the logical choice as a divalent
cation restricted to M2. Ferrous iron or magnesium
can be used if there is a deficiency of Ca, but such a
case has not yet come to light. Although there is no
reason to assume that the vacancies are restricted to
lll2, it seems likely that most of them are in M2 be-
cause of the known site preferences of the lsaaining
cations. Wood and Henderson (1978) report evidence
for vacancies in both Ml and M2, with the latter pre-
dominating.

Breakdown reactions

Further evidence for the existence of M-site va-
cancies oomes from a study of the breakdown reac-
tions in some pyroxenes. Sample SRV-I, a coesite
grospydite described by Smyth and Hatton (1977),
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Table l. Electron microprobe chemical analyses of peraluminous omphacites

I lE7

I
SR V-1

2
SRV-6

3
SRV-7

4
SRV-8

5
SRV-9

6
sR v-1 0

7 8
SRV-12  SRV-20

9  1 0
SBB-1  SFS- I

0xide t ie ight  Percents

s i  02

T i  02

At  ̂ 0-
. J

crro,

Fe0

Mn0

Mgo

Ca0

Naro

K^0
L

Total

Cat ions per 12 Oxygens

S i

^ , I V

^ ,  v I

Ti

Cr

- 2 +
f e

Mn

Mg

Na

K

Tot a l

E A  6  ( 7  ?

. 1  . 4

r7 .2  11 .2

, 0 4  . 0 3

7 . 7  2 . 0

. 0 5  . 0 0

6 . 2  5 . 3

1 1 . 7  1 1 . 0

6 . 8  7  . 3

. 2  . 2

9 9 . 6  1 0 0 . 7

3 .88  3 .95

. r 2  . 0 5

1 . 3 0  1 . 3 5

. 0 1  . 0 2

.00  . 00

. 1 0  . 1 1

.00  . 00

6 (  6 E

. 87  . 81

. 9 2  . 9 7

.02  . 02

7  . 8 7  7 . 8 3

56 .  0  57 .  8

. 2  . 4

1 5 . 6  1 7 . 1

. 0 6  . 0 8

1 . 4  I . 6

. 0 4

7 . 5  6 . 4

r 2 . o  9 . 1

6 . 6  8 . 3

. 2  . 2

9 9 . 6  1 0 1  . 6

3 . 9 2  3 . 9 4

. 0 8  . 0 6

I . 2 0  1 . 3 2

. 0 1  . 0 2

,00  . 00

. 0 8  . 0 9

. 0 0

. 7 8  . 6 5

. 9 0  . 7 r

. 8 9  1 . r 0

.02  . 02

1 . 8 7  7 . 9 r

56 .4  56 .9

. 4  . 3

1 6 . 1  1 6 . 7

. 0 4  . 0 7

2 . 2  2 . 0

. 0 6

1 1  A q

9 . 8  1 0 . 6

7 . 4  1 . 9

. 1  . 1

9 9 . 6  1 0 1 . 1

? 0 1  ? o 2

. 0 7  . 0 8

1 . 2 5  1 . 2 1

. 0 2  . 0 2

. 0 0  . 0 0

. I 3  . l l

, 00

, 7 4  . 6 1

. 7 3  . 1 8

1 .  00  1 .  05

. 0 1  . 0 1

7 . 8 8  7 . 9 r

5 6 . 3  5 6 . 9  5 6 .  i

. 4  . 4  . 4

1 3 . 3  1 9 . 4  1 6 . 1

. 2  . 0 1  . 0 5

2 . 6  2 . 5  2 . 4

, 0 6  . 0 7  . 0 3

8 . 4  4 . 1  6 . 5

1 2 , 7  7 . 7  1 0 . 7

b . b  v . t  t . o

) 1 1

99 .9  100 .2  99 .6

3 . 9 5  3 . 9 2  3 . 9 2

. 0 5  . 0 8  . 0 6

1  .  05  1 .  50  r . 24

. 0 2  . 0 2  . 0 2

.01  . 00  . 00

. 1 5  . 1 4  .  1 4

.  00  . 00  . 00

. 8 8  . 4 2  . 6 i

. 9 1  . 5 7  . 8 0

. 8 9  t . 2 2  1 . 0 3

.0 i  , 01  . 01

7 .92  7 .88  7 .9?

56 .2

?

1 4 . 0

. 0 9

2 . 4

. 0 4

8 . 3

1 1 .  I

A O

2

1 0 0 . 1

3 . 9 4

. 0 6

1 .  09

. 0 2

. 0 1

. 1 4

. 0 0

. 8 6

.88

. 9 4

. 0 1

1 . 9 5

1 .  Coes j t e  g rospyd i t e
2.  Coesi te grospydi te
3 ,  Coes i t e  g rospyd i t e
4 .  Kyan i t e  ec l og i t e
5 .  R u t i l e  e c l o g i t e

Robe r t s  V i c t o r
Roberts Victor
Robe r t s  V i c t o r
Robe r t s  V i c t o r
Robe r t s  V i c t o r

R

7 .
a

1 0 .

Kyan i t e  ec l og i t e  Robe r t s  V i c t o r
Ec log i t e  Robe r t s  V i c t o r
Coes i t e  ec l og i t e  Robe r t s  V i c t o r
K y a n i t e e c l o g j t e  B a b e i a a n
Ec l  og i t e  F rank  Sm i th

provides useful control on the reaction types and
rates. The preservation of coesite in the sample in-
dicates that it did not spend more than a few hours
above about 600"C after crossing into the pressure
stability field of qtrartz. Because of the presence of
unaltered kyanite, garnet, and sanidine in the rock
and the €xistence of coesite, i1 is unlikely that there
was significant loss of any cations (e.g., Rb, K, Na),
so the reactions may be assumed to be essentially
isochemical. Further, microprobe analyses of unal-
tered omphacite inclusions in kyanite and coesite do

not differ signfficantly from those of apparently al-
tered areas.

X-ray precession photographs (Fig. 2) of the al-
tered clinopyroxene in this sample indicate the pres-
ence of two pyroxenes of distinctly diferent composi-
tions plus non-oriented polycrystalline quartz. All
the powder rings on these photographs can be ac-
counted for by qtartz,and there is no evidence of ex-
solved coesite. Despite the substantial mosaicity
(seen in all exsolved crystals X-rayed) the general ax-
ial relationships between host and lamellae seen in
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Fig. 2. (a) D-axis precession photograph (ct horizontal, zero-level unfltered Mo radiation) ofomphacite from coesitc grospydite SRV-
l. This photograph shows two pyroxenes of differing a* Qcngths and direction) and nearly common c+. Also apparent are powder
di-ffraction rings from non-oriented microcrystalline quartz. (b) a-axis precession photograph (Dr horizontal zero-level, Zr-filtered Mo
radiation) of the same crystal. This photograph shows th€ two pyroxenes of differing Dt and apparently common c+. Quartz powder rings
are also present.

Figure 2 are:

a r #  a n

b t #  b h

c r j c n

dr not parallel 4h

D, approx. parallel bb

cr approx. parallel cb

The above relationships indicate a radically different
geometry of exsolution than has been observed in the
Ca-Mg-Fe pyroxenes (cl Robinson et al.,1977).In
the quadrilateral pyroxenes, the host and lamellae all
share nearly parallel and equal b axes. In the ompha-
cite described here, the host and lamellae appear to
share a nearly common c axis, while substantial dif-
ferences occur along a and b. Such differences could
be accommodated by lamellae lyrng in the [001]
zone, perhaps near (ll0), although precise determi-
nation of exsolution geometry is the subject of a fur-
ther study by transmission electron microscopy.

Cell parameters of the two phases were determined
by least-squares refinement of manual centering pa-
rameters of ten strong reflections in a four-circle go-
niostat using MoKc, radiation (Table 2). Cell param-
eters of the host are consistent with a jadeite-rich
omphacite, while those of the lamellae are consistent
with a strained diopside or CaTs-rich diopside (Ctark
et al., 1969; Okamura et al., 1974). The reaction
which has given rise to the lamellae is probably of
the type:

CatrAt SLOrz-+ CaAlAlSiO6 + 3SiO,

where diopside and jadeite components may parti-
tion between the two pyroxene components. The fact

that the silica is quaftz is evidence that the reaction
occurred on eruption.

Pyroxene stoichiometry and end-member
calculations

The existence of vacancies in natural kimledills
omphacites introduces an additional variable into
calculations of pyroxene end-members and propor-
tions of Fe2* to Fe3* determined from microprobe
chemical analyses. This means that it is impossible to
calculate the Fe"*,/Fe3* ratio from stoichiometric
considerations (e.9., Essene and Fyfe, 1967; Riheim
and Green, 1975; Ryburn et al., 1976; Mysen and
Gri-mn, 1973; Hamm and Vieten, l97l; Cawthorne
and Collerson, 1974) if substantial numbers of va-
cancies exist in the structure. The effect of the va-
cancies on Riheim and Green's geothermometer is to
reduce the apparent temperature calculated from the
Fe-Mg distribution coefficient between coexisting

rable 2. cell parameters::fii:T".;folved pyroxene phases in

Exsol vedHo s t

a  ( A )

_u (A)

e (A)

B  ( " )

vo l  ( ; ' )

Space Group

9 .553  (e )

8 . 6 9 4  ( r 0 )

5 . 2 3 r  ( s )

r 0 7 "  r 0 '  ( 5 ' )

4 1 5 . 1

C 2/c

e . 6 7 r  ( r 3 )

8 . 8 4 9  ( r 4 )

5 .264  (71

1 0 6 "  3 0 ' ( 5 ' )

432.0

v  1 / c
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garnet and clinopyroxene if the Fe'?*/Fe3* ratio is
calculated from microprobe chemical analyses. This
may not be too serious, because there is evidence for
vacancies only in silica- and alumina-rich kimfsdilis
eclogites, and the stoichiometric methods of estimat-
ing FerO3 contents of most clinopyroxenes are prob-
ably valid. However, the extent of the occurrence of
vacancies in omphacites is not known and certainly
warrants fu rther experimental investigation.

Program description: table of end-members

A FoRTRAN code' has been developed for the cal-
culation of pyroxene end-members and Fe'*-Fe'* ra-
tios. The end-member calculations are based upon
the method of Ross (1976, unpublished), with several
modifications. First. the Fe2*-Fe3* ratio is deter-
mined from stoichiometry by the method of Ryburn
et al. (1976). If all Fe calculates as Fe2* and a defi-
ciency of cations per 6 oxygens still exists, the pro-
gram assumes M-site vacancy. If all Fe calculates as
Fe'* and an excess of cations per 6 oxygens remains,
the program indicates an error. Only Al and Si are
permitted in the T sites. Al"' is then determined by
subtracting Al'" from total A1. Negative amounts of
AI' or Al'I are then interpreted as an error. The cur-
rent version ofthe code does not consider Ti'* or al-
low Fe3* in the T site, although these can easily be
added. The sequence of end-member calculation is
grven in Table 3.

The program acc€pts cation numbers or weight
percent oxides as input, and outputs weight and mole
p€rcents of only the end-members present. The pro-
gram is written to be operable under Digital Equip-
ment Corporation's RT-ll system which is com-
monly used in electron microprobe automation
systems. Copies of the program are also available on
DEC-compatible flexible disks from the author.

End-member calculations for the ten omphacites
in Table I are given in Table 4. All calculations re-
sulted in negligible (<0.l%o) residuals (cations not as-
signable to an end-member). Table 4 shows that in
all cases the vacancy end-member, Cao.rEo.rAlSirOo,
is a very signfficant component. Calculations accord-
ing to this scheme were performed on many pub-
lished analyses of omphacites from kimberlite local-
ities and the vacancy end-member was found to be
significant (>2Vo) in more than half of these analyses.

I To receive a copy of this program, order Document AM-8G
143 from the Business Ofrce, Mineralogical Society of Anerica,
2000 Florida Avenue, N.W., Washington" D.C. 20fiD. Please
remit $1.00 in advance for the microfiche.

Table 3. Sequence of end-member removal

seouence No. End-Member

( r  )  L i  R"  s i  206

a L i  Cr  S i206

b L i  Fe  S iZ06

c  L i  A l  S i06

r r \  , ,  o 2 '  , r 4 t  
" ,  

n\ - ,  . . . . . S  " . 5 - ' 2 " 6

a  L i  i l S . s T i . 5  S i 2 0 6

b L i  Fe  .T i  .S i^o .

(3  )  Na R"  s i206

a Na Cr  S iZ06

b Na Fe s i206

c  Na A l  S i206

(4)  Na R2;  f ia l  s i rou

a  N a  M s . 5  T i . 5  S i 2 0 6

b Na Fe -  T i  .  S i^o .
. t  . f ,  a  o

(5 )  K  R '  S i206

a  K  C r  S i Z 0 6

b K Fe S i r0U

c K A l  S iZ06

1oy r nzf r iaf sirou

d K t4q  -T i  -  S i^o-r  z b

b  K  F e . 5  T i . 5  S i 2 0 6

/ , \  ^ 2 +  . . 4 +  ^ r  ^
\ /  /  r

a  Ca T i  A1206

b l '1s Ti A1206

c Fe T i  A1206

(8)  R'  cr"  Al  s i0G

a Ca Cr AlSi06

b t'lg Cr A'l S'i06

c  F e  C r  A l S i 0 6

1s 1 n2* r"3* nt si ou

a Ca Fe A ls i06

b l ' lg Fe Al Si06

c  Fe Fe A lS i06

(10)  R '  A l  A lS i05

a Ca A l  A lS i06

b r,,lg Al Al si06

c  Fe A l  A ls i06

{u) n2! nr sirou
a  C a . 5  A l S i 2 0 6

b l'lq . Al Si ̂ 0.

c  F e . s  A l S i 2 0 6

(12)  R '  Mn s i206

a Ca Mn S i206

b l'!n I'lo Si ̂ 0--  t o

c ltn Fe Si206

(13)  R;  s i206

a CaZ S iZ06

b Ms2 S i206

c  Fe2 S i206

The end-member was not found to be a significant
component of any other pyroxenes tested.

Conclusions

Chemical analyses indicate that vacancies are sig-
nificant in the M-sites of omphacitic clinopyroxenes
from kimberlite inclusions. The chemistry and crys-
tallography of the breakdown products indicate that
the reaction, 2 Cao'Q'AlSirO6 --+ CaAlAlSiOu +
3SiO, accounts for the whitish alteration apparent in
the more silica-rich eclogites. I infer that the va-
cancies are stabilized by pressures in excess of 3.0
GPa but ars highly unstable at lower pressures.
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Table 4, End-member calculations for kimberlitic omphacites (mole %)

SRV I SRV 6 SRV 7 SRV 8 SRV 9 S R V  I O SRV 12 SRV 20 SBB I  SFS I

NaCrSi r0U

NaAl  S i  r0U

KAt Si 206

CaTiAl r0U

C a A l A l S i 0 U

f10.sca. 5A l  Si 206
CaMnS i ,0U

Ca ^S i  ̂0 -
a  t h

MSrSi r0U
FerSi ,0U

0 . . l

4 5 . 8

0 . 9

0 . 3

' t 2 . 9

0 . 1

1 5 . 8

l 6 . l

2 . 5

0 . 1

4 7  . 6

0 . 9

1 . 0

0 . 6

I 7 . 0

1 5 . 2

1 3 . 6

, o

0 . 2

4 4 . 5

n o

0 . 5

1 1  . 2

0 . ' l

1 7  . 7

1 9 . 5

) n

0 . 2

0 . 9

1 . 0

0 . 9

9 . 4

1 4 . 4

1 6 . 3

2 7 ,

0 . , l

4 9 . 9

0 . 4

1 . 0
' l . 3

1 1 . 1

0 . 2

r  4 . 3

1 8 .  5

3 . 2

0 . 2

5 2 . 5

0 . 4

0 . 8

L . b

8 . 1

1 5 . 9

1 6 . 7

2 . 9

0 . 2

4 6 .  5

0 . 9

0 . 8

1 . 9

4 . 9

0 . ' l

1 9 . 5

21.6

0 . 6

4 4 . 3

n q

1 . 0

0 . 6

6 . 5

0 . 2

20.2

2 1  . 9

3 . 8

0 . 0  0 . 1

6 0 . 8  5 1 . 3

0 . 4  0 . 4

1 . 0  t . l

t . B  2 . 1

1 l  . 8  8 . 1

0 . 2  0 .  1

9 . 7  1 6 . 3

l o . s  1 6 . 9

3 . 6  3 . 5

A roRtRaN code has been developed to include
vacancy in pyroxene end-member calculations from
microprobe or other chemical analyses. Calculations
on a wide variety of pyroxenes indicate vacancy end-
members may comprise up to lTVo of kimberlitic om-
phacites but are not signifisanl in pyroxenes from
other petrogeneses.
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