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INTRODUCTION

Quartz rods have been observed in clinopyroxene of both
eclogite and garnet clinopyroxenite of several ultrahigh-pres-
sure (UHP) metamorphic belts (Smith 1984; Shatsky et al. 1985;
Bakun-Czubarow 1992; Gayk et al. 1995; Zhang et al. 1995;
Nakajima and Ogasawara 1998; Liou et al. 1998; Tsai and Liou
2000). Smith (1984) interpreted the quartz rods to be exsolution
products from a pre-existing supersilicic clinopyroxene that
contained excess silica at peak metamorphic conditions. Sev-
eral experiments have demonstrated that the existence of
supersilicic clinopyroxene requires high pressures and tempera-
tures (e.g., Mao 1971; Khanukhova and Zharikov 1976; Wood
and Henderson 1978; Zharikov et al. 1984; Gasparik 1986).
Gayk et al. (1995) recalculated the composition of

clinopyroxene containing 2.6 wt% exsolved quartz from the
Munchberg Massif, and derived a Ca-Na pyroxene with 10
mol% of the Ca-Eskola component (Ca0.5��0.5AlSi2O6). This end-
member was first hypothesized by Vogel (1966), based on the
need to explain isochemical symplectic breakdown of
omphacites to diopside plus feldspar. Smyth (1980) reported
the presence of 17 mol% of the Ca-Eskola component in
clinopyroxenes from eclogitic xenoliths in South African
kimberlites. Sobolev et al. (1968) found marked deficiencies
in cation sums of highly aluminous clinopyroxenes in kyanite
eclogites from Siberian kimberlites.

Abundant quartz rods occur in clinopyroxene from eclogites
from the Kumdykol region of the Kokchetav massif,
Kazakhstan. The eclogite is intercalated with diamond-bear-
ing gneiss. Zircon can protect peak metamorphic minerals from
the effects of retrograde metamorphism, and is considered an
excellent microcontainer for relict UHP phases because it is
extremely stable and resistant over a wide temperature and pres-
sure interval (e.g., Chopin and Sobolev 1995; Tabata et al.
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2 Ca0.5��0.5AlSi2O6 → CaAl2SiO6 + 3 SiO2

resulting in exsolution of the quartz rods in the matrix clinopyroxene.
Subducted crustal and supracrustal rocks form the Ca-Eskola clinopyroxene at high pressures

and temperatures. The  vacancy-containing clinopyroxene may have an important bearing on the
physico-chemical properties of the subducted slab at upper mantle depth.

* E-mail: katayama@geo.titech.ac.jp



KATAYAMA ET AL.: SUPERSILICIC CLINOPYROXENE 1369

1998). Therefore, we studied clinopyroxene inclusions in zir-
con separated from these rocks to ascertain the composition of
the former clinopyroxene prior to silica exsolution. Approxi-
mately 400 zircon grains of about 70–80 µm in diameter from
an eclogite (sample no. A21) and approximately 500 zircons of
about 100 µm diameter from a biotite gneiss (sample no. A8)
were separated and mounted in epoxy. Discrete inclusions in
zircons were analyzed at the Tokyo Institute of Technology with
a laser Raman spectrometer (JASCO NRS-2000) using the
514.5 nm line of an Ar-ion laser, and with a electron micro-
probe (JEOL JXA 8800) operated at 15 kV accelerating volt-
age, with a beam current of 12 nA and a beam diameter of 1
µm.

GEOLOGIC OUTLINE

The Kokchetav massif is situated in the central domain of
the composite Eurasian craton (Fig. 1c), the major part of which
was amalgamated and stabilized by a series of Paleozoic-Me-
sozoic collisional orogenic events (Dobretsov et al. 1995). It is
composed of several Precambrian rock series, Cambro-Ordovi-
cian volcanic and sedimentary rocks, Devonian volcanic
molasse, and Carboniferous-Triassic shallow-water and lacus-
trine sediments; these rocks were intruded by multi-stage gra-
nitic rocks (Dobretsov et al. 1995). This metamorphic belt is
subdivided into four UHP-HP units and two low-pressure units;
the UHP-HP units are structurally overlain by a low-grade
metamorphic unit, and are underlain by the low-pressure fa-
cies series Daulet Suite (Kaneko et al. 1998). Metamorphic

diamonds have been identified in the Kumdykol region
(Sobolev and Shatsky 1990; Katayama et al. 1998), which is
situated in the central part of the Kokchetav massif (Fig. 1b).
Intercalated biotite-gneiss, orthogneiss, eclogite, amphibolite
and minor marble, quartzite, and Ti-clinohumite-bearing gar-
net peridotite crop out in this region (Shatsky et al. 1995;
Kaneko et al. 1998: Fig. 1a). The eclogites occur as lenticular
masses surrounding diamond-bearing rocks, and have yielded
P-T conditions of > 6 GPa and > 1000 °C, applying the K2O-
in-augite geobarometer and Grt-Cpx geothermometer (Okamoto
et al. 1998). Microdiamonds have been identified as inclusions
in zircon, ganet, clinopyroxene, and kyanite in garnet-biotite
gneiss, garnet-kyanite-phengite-quartz schist, and dolomitic
marble (Sobolev and Shatsky 1990; Katayama et al. 1998).
Other mineralogic indicators of UHP conditions of peak meta-
morphism, such as coesite, K-rich pyroxene, Si-rich phengite,
and aluminous titanite are also present in rocks of the Kumdykol
region (Shatsky et al. 1995; Zhang et al. 1997; Okamoto et al.
1998).

MINERAL PARAGENESIS

The eclogite (A21) consists of garnet (70 modal%) +
omphacite (20 modal%) + rutile (< 2 modal%) + quartz (5
modal%), with minor amounts of apatite and zircon (Fig. 2a).
Amphibole, ilmenite, albite, and potassium feldspar are present
as retrograde phases. Most omphacite grains contain crystallo-
graphically oriented quartz rods, which are a few micrometers
in diameter and about 100 µm in length (Fig. 2b). Some
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omphacite grains are replaced at the rims by symplectitic
intergrowths of augite and plagioclase. Garnets are mostly ho-
mogeneous (Alm42Grs36Prp21Sps1), and contain significant
amounts of Na (up to 0.15 wt% Na2O) and Ti (up to 0.4 wt%
TiO2). The significance of Na in garnet coexisting with Na-
bearing minerals has been discussed by Sobolev and Lavrentiev
(1971) and considered by them to be indicative of very high
pressure. However, coesite was not detected in the matrix of
the eclogite. Inclusions in zircon comprise omphacite, garnet,
coesite, rutile, quartz, and albite, in decreasing order of abun-

dance, which are approximately 5–20 µm in size (Table 1).
Both high-pressure and low-pressure mineral inclusions occur
together in a single rock sample. Katayama et al. (1998) con-
cluded that inclusions in zircon are representative of both the
prograde and peak metamorphic assemblages. Coesite inclu-
sions are ovoid, and approximately 10 µm in diameter (Fig.
2c); they yield the characteristic Raman band at 523 cm–1 and
weaker bands at 271, 181, and 149 cm–1. Quartz rods are ab-
sent in omphacite inclusions that are approximately 10 µm in
diameter (Figs. 2d and 2e). Garnet inclusions have slightly

TABLE 1. Mineral paragenesis in matrix and zircon

Sample Dia Coe Gr Qtz Cpx Grt Rt Ky Phn Amp Ilm Kfs Ab Bt Chl Ap Zr
A21 eclogite

Matrix + + + + s s s s + +
Inclusion in zircon + + + + + +

A8 biotite gneiss
Matrix + + + + s + + s + +
Inclusion in zircon + + + + + + + + + + +

Notes: s = secondary mineral; Dia = diamond, Coe = coesite, Gr = graphite, Qtz = quartz, Cpx = clinopyroxene, Grt = garnet, Rt = rutile, Ky = kyanite,
Phn = phengite, Amp = amphibole, Ilm = ilmenite, Kfs = Potassium feldspar, Ab = albite, Bt = biotite, Chl = chlorite, Ap = apatite, Zr = zircon.

Grt

Omp

Omp

Omp

Omp

Qtz rod

Coe

Zircon

a

c d e

b

20 µm20 µm25 µm

500 µm 100 µm

FIGURE 2. Photomicrographs showing mineral assemblages and inclusions in zircon (in plane-polarized light). (a) Mineral assemblage in
A21 eclogite consists mainly of garnet (Grt) and omphacite (Omp). (b) Expanded photomicrograph shows quartz (Qtz) rods in omphacite. The
rods display a consistent crystallographic orientation. (c) Coesite (Coe) inclusion in zircon from A21 eclogite. (d) Omphacite inclusion in zircon
in the eclogite. (e) Secondary electron image of the omphacite inclusion and host zircon.
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higher Grs contents than garnets in the matrix, and contain sig-
nificant Na (up to 0.09 wt% Na2O) and Ti (up to 0.35 wt%
TiO2).

The biotite gneiss (A8) consists of garnet (20 modal%) +
biotite (20 modal%) + phengite (< 5 modal%) + quartz (50
modal%), with minor rutile, ilmenite, zircon, and apatite. Gar-
net is commonly fractured, and replaced by biotite and chlo-
rite. Garnet shows reverse zoning with Prp contents decreasing
from core (24–26 mol%) to rim (19–25 mol%), and contains
significant amounts of Na (up to 0.19 wt% Na2O). Inclusions
in zircons include microdiamond, coesite, garnet, jadeitic py-
roxene, phengite, kyanite, apatite, albite, graphite, and quartz,
which are approximately 5–30 µm in size (Table 1).
Microdiamonds are usually about 10 µm in diameter, the larg-
est being 24 µm, and yield the characteristic Raman band at
1333 cm–1. The clinopyroxene inclusions are rare and relatively
small, at 5 µm in diameter.

CLINOPYROXENE COMPOSITIONS

Zircon-hosted clinopyroxene from both the eclogite and
biotite-gneiss exhibit an excess of Fe3+ + VIAl over IVAl + Na +
K, and calculated cation totals of significantly less than 4.0 per
six O atoms. All analyzed grains show substantial excess VIAl.
For microprobe analyses, total Fe is reported as Fe2+; if Fe3+ is
present, the cation deficiency would be even greater (Kushiro
and Aoki 1968). We calculated Fe3+ contents based on four cat-
ions and the charge-balance constraint of Droop (1987). An
alternative approach that assumes Fe3+ = Na – (Al – 2IVAl – K)
yielded slightly higher Fe3+ contents, but generally not by more
than 10%. However, it is impossible to calculate the Fe3+ con-

tents from stoichiometric considerations if substantial numbers
of vacancies exist in the structure (e.g., Mysen and Griffin 1973;
Cawthorn and Collerson 1974; Droop 1987). Table 2 presents
compositions of four clinopyroxenes in zircon and four in the
matrix from the eclogite, and two clinopyroxenes in zircon from
the diamond-bearing biotite-gneiss. Most analyses of
clinopyroxene inclusions in zircon indicate nearly sufficient
silica to occupy the tetrahedral site, so that there is relatively
little IVAl; the excess Al cannot be ascribed to the Ca-Tschermak
component. The calculated cations indicate that a deficiency is
maintained only by a significant portion of M-site vacancies.
The stoichiometry of these pyroxenes can be reconciled best
by consideration of the end-member Ca-Eskola component
(Ca0.5��0.5AlSi2O6, where ��  is a vacancy on the M2 site). We
assumed eight pyroxene end-members: Ca-Eskola (CaEs), Ca-
Tschermak (CaTs), jadeite (Jd), acmite (Acm), augite (Aug,
diopside + hedenbergite), orthopyroxene (Opx, enstatite +
ferrosilite), Na(Mg,Fe)0.5Ti0.5Si2O6 and KAlSi2O6. The end-
member calculations were based on the method of Smyth
(1980), with several modifications. The Fe3+ content (Acm) was
calculated on the basis of charge balance constraint for six O
atoms. The Ca-Tschermak component was assigned to be
equivalent to IVAl content, which is determined by 2-Si, be-
cause only Al and Si are permitted in the T sites. All Ti was
assumed to occupy the M1 site in Na(Mg,Fe)0.5Ti0.5Si2O6. There-
fore, the jadeite component was calculated from the method:
Na-Fe3+-2Ti. K was assumed to occupy the M2 site in KAlSi2O6.
Any remaining VIAl was assigned to the Ca-Eskola component,
which was calculated from the method: Al-2IVAl-K-(Na-Fe3+-
2Ti). The augite and orthopyroxene components were calcu-

TABLE 2. Representative compositions of clinopyroxene

Rock sample A21 eclogite A8 biotite gneiss
Inclusion in zircon Matrix Inclusion in zircon

Sample no. E3-1 E71-1 E132-2 E134-2 EG2 EG32 EG33 EG36 B69-1 B2-1
wt% oxides

SiO2 55.55 55.75 55.82 55.62 55.55 55.64 55.67 55.76 58.58 57.48
TiO2 0.26 0.24 0.18 0.08 0.17 0.13 0.15 0.17 0.23 0.14
Al2O3 9.68 9.70 10.17 9.63 9.63 9.78 9.91 9.52 18.84 19.32
Cr2O3 0.00 0.00 0.00 0.00 0.02 0.05 0.00 0.00 0.04 0.00
FeO 5.44 5.89 5.56 5.44 5.70 5.66 5.65 5.81 2.37 2.37
MnO 0.01 0.05 0.00 0.04 0.05 0.02 0.00 0.04 0.09 0.12
MgO 8.59 8.56 8.90 8.93 8.89 8.90 8.85 9.10 4.35 3.85
CaO 14.97 14.45 14.25 14.49 14.18 14.33 13.76 14.37 7.53 6.39
Na2O 4.84 5.32 5.26 5.32 5.58 5.60 5.88 5.33 8.79 9.57
K2O 0.04 0.07 0.00 0.05 0.12 0.09 0.02 0.04 0.00 0.00
    Total 99.38 100.02 100.14 99.58 99.90 100.20 99.89 100.12 100.83 99.24

Cations per six oxygen atoms
Si 1.999 1.998 1.992 1.999 1.994 1.991 1.995 1.996 1.997 1.990
Ti 0.007 0.006 0.005 0.002 0.005 0.003 0.004 0.005 0.006 0.004
Al 0.410 0.410 0.427 0.408 0.408 0.413 0.418 0.401 0.757 0.789
Cr 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.001 0.000
Fe2+ 0.164 0.177 0.166 0.163 0.171 0.169 0.169 0.174 0.068 0.069
Mn 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.003 0.004
Mg 0.461 0.458 0.473 0.478 0.476 0.475 0.473 0.485 0.221 0.199
Ca 0.577 0.555 0.545 0.558 0.545 0.549 0.528 0.551 0.275 0.237
Na 0.338 0.370 0.364 0.371 0.389 0.388 0.408 0.370 0.581 0.643
K 0.002 0.003 0.000 0.002 0.006 0.004 0.001 0.002 0.000 0.000
    Total 3.959 3.977 3.972 3.982 3.995 3.995 3.997 3.985 3.909 3.933
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lated as Ca-2CaTs-0.5CaEs and (Mg + Fe2+ – Ti – Aug)/2, re-
spectively.

Figure 3 shows cation totals (O = 6) vs. Ca-Eskola compo-
nent of the Kokchetav clinopyroxenes compared with
clinopyroxenes from South African kimberlite reported by
Smyth (1980). The clinopyroxene inclusion in zircon contains
significant amounts of the Ca-Eskola component; up to 9.6
mol% with an average of 4.6 mol% for 58 grains in eclogite,

and 18.2 mol% in diamond-bearing biotite gneiss. On the other
hand, the matrix clinopyroxene contains substantially less (av-
erage of 1.3 mol% from 97 analyses). The amount of the Ca-
Eskola component increases with the number of vacancies (4
cation total), whereas it is calculated independent of vacancies
from the relationship, Al-2IVAl-K-(Na-Fe3+-2Ti). This finding
indicates that the Ca-Eskola component can account for the
clinopyroxene compositions.

FIGURE 3. Cation total (on the basis of
six O atoms) vs. Ca-Eskola component of
clinopyroxenes in zircon from eclogite (A21)
and biotite gneiss (A8), and in matrix of
eclogite (A21). Clinopyroxenes in eclogitic
xenoliths in South Africa kimberlites
reported by Smyth (1980) are also plotted for
comparison. Reference line is the ideal
relation between the Ca-Eskola component
and vacancy.

FIGURE 4. Clinopyroxene compositions
plotted on a Augite (Aug)–Jadeite (Jd)–Ca-
Eskola (CaEs) ternary diagram. The symbols
are the same as in Figure 3.
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The reference line for the Ca-Eskola component and va-
cancies is also shown in Figure 3. Some analyses plots below
this reference line, which may result from either analytical er-
ror or another vacancy in the M1 site as postulated by Wood
and Henderson (1978).

We recalculated the compositions of matrix clinopyroxenes
in eclogite that have an estimated 2.1 wt% quartz rods based
on analyses of backscattered electron images, 2000 µm2 in area.
The recalculated precursor pyroxene contains 6.8 mol% of the
Ca-Eskola component, which is consistent with the composi-
tion of the clinopyroxene inclusions in zircon. Figure 4 shows
the clinopyroxene compositions plotted on a ternary Augite–
Jadeite–Ca-Eskola diagram. The clinopyroxene from the
eclogite plots in the omphacite field, and that from the biotite
gneiss in the jadeite field. The zircon-hosted omphacite of the
eclogite displays a trend extending to the Ca-Eskola end-mem-
ber, whereas the matrix clinopyroxene is almost homogeneous.
The clinopyroxene in eclogite generally contains 4–6 mol% of
the Opx component; zircon-hosted clinopyroxene is slightly
higher (up to 8.8 mol%). The amount of the Ca-Tschermak
component is minor, but relatively higher in the matrix (up to
2.6 mol%).

K2O solubility in clinopyroxene is an important indicator
of UHP conditions (e.g., Schmidt 1996; Luth 1997; Okamoto
and Maruyama 1998); high-K2O clinopyroxene has been re-
ported for diamond-grade eclogite of the Kumdykol region
(Shatsky et al. 1995; Zhang et al. 1997; Okamoto et al. 1998).
The analyzed clinopyroxene in our eclogite sample also con-
tains significant amounts of K2O—up to 0.21 wt% in zircon
and 0.16 wt% in the matrix.

DISCUSSION

As described above, exsolved quartz is restricted to matrix
clinopyroxenes that show significant compositional differences
compared with clinopyroxene inclusions in zircon. These fea-
tures suggest that quartz exsolution is related to breakdown of
the Ca-Eskola component. The clinopyroxene in zircon con-
tains relatively higher amounts of the Ca-Eskola component
than that in the matrix, which is consistent with recalculation
of the precursor composition of the matrix clinopyroxene con-
taining quartz rods. The vacancy-containing Ca-Eskola
clinopyroxene is reported to be pressure sensitive and highly
unstable at lower pressure (Mao 1971; Smyth 1980). We con-
clude that the Ca-Eskola component, which existed at peak
metamorphic conditions, broke down by the retrograde reac-
tion:

2 Ca0.5��0.5AlSi2O6 → CaAl2SiO6 + 3 SiO2

This reaction resulted in exsolution of quartz rods in the
matrix clinopyroxene, and an increase of the Ca-Tschermak
component. However, the precise P-T condition of the reac-
tion is still debated (Mao 1971; Khanukhova and Zharikov
1976; Wood and Henderson 1978; Zharikov et al. 1984;
Gasparik 1986). Further experiments concerning the Ca-Eskola
clinopyroxene will constrain the retrograde P-T conditions, and
the solubility of this component in clinopyroxene could poten-
tially be a new geobarometer for UHP metamorphic rocks, simi-

lar to solubilities of K in clinopyroxene and Na in garnet.
Transportation of water from the subducted slab into the

mantle has been of considerable interest to many earth scien-
tists (e.g., Bell and Rossman 1992; Schmidt and Poli 1998;
Okamoto and Maruyama 1999), because water plays an im-
portant role in determining the properties of minerals and melt
generation in the Earth’s upper mantle. The main hydrous min-
erals in the subducted slab, phlogopite, zoisite, and amphibole,
are not believed to exist in significant quantities at depth. Some
of the less-abundant phases found in subducted rocks contain
small amounts of hydrous components (Rossman and Smyth
1990; Bell and Rossman 1992), but do not constitute impor-
tant reservoirs for water. However, Smyth et al. (1991) reported
that pyroxene containing the Ca-Eskola component from the
Roberts Victor kimberlite xenolith contains up to 1000 ppm
OH. This hydroxyl has been reported to be associated with cat-
ion vacancies in clinopyroxene (Smyth et al. 1991). This find-
ing suggests that the Ca-Eskola pyroxene may be an important
reservoir for hydrous components in the upper mantle. By ex-
trapolating the experimental data curve of Smyth et al. (1991),
we interpret the Kokchetav clinopyroxenes in eclogite to con-
tain as much as 1500 ppm hydroxyl and those in pelitic gneiss
up to 2500 ppm. According to mineral proportions, the bulk
eclogite may contain approximately 800 ppm hydroxyl, even
though no hydrous minerals exist in the rock. Thus,
clinopyroxene in deeply subducted crustal rocks can carry a
significant amount of water into the mantle, and have an im-
portant bearing on the physico-chemical properties of the slab
at great depth.
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