
Introduction

Recent findings of metacarbonate rocks in ultrahigh-
pressure (UHP) metamorphic terranes have indicated that
significant amounts of carbon in subducting plates are
carried to depths over 100 km (Becker & Altherr, 1992;
Schertl & Okay, 1994; Zhang & Liou, 1996; Omori et al.,
1998; Ogasawara et al., 2000). This has a major influence
on arc magmatism, mantle metasomatism and the global
carbon cycle. Metamorphic diamonds have been found in
impure marbles from the Kokchetav massif, northern
Kazakhstan (Sobolev & Shatsky, 1990; Ogasawara et al.,
2000). Evidence of the prograde and peak metamorphic
histories of the marbles are mostly obliterated by extensive
hydration during a late-stage amphibolite facies overprint
related to exhumation. However, it is well known that
refractory minerals such as garnet and zircon can preserve
relicts of the early history of UHP metamorphic rocks as
inclusions (Chopin et al., 1991; Schertl et al., 1991; Schertl
& Schreyer, 1996; Zhang et al., 1997; Parkinson, 2000;
Katayama et al., 2001a). Zircon is a common accessory

mineral in metacarbonate rocks from the Kokchetav UHP
terrane, and is considered to be the best UHP metamorphic
mineral container due to its extreme resistance and stability
over large pressure-temperature conditions (Chopin &
Sobolev, 1995). In this study, we investigated mineral
inclusions in zircons of a diamond-bearing marble from the
Kokchetav massif. Discrete inclusions in zircons were
analyzed at the Tokyo Institute of Technology with a laser
Raman spectroscopy (JASCO NRS-2000) using the 514.5
nm line of Ar-ion laser, and with a electron microprobe
analyzer (JEOL JXA 8800) with a 15 kV accelerating
voltage and 12 nA beam current.

Geological setting

The Kokchetav massif is situated in the central
domain of the composite Eurasian craton, and was
formed during Cambrian collisional orogenic events
(Dobretsov et al., 1995). This massif is composed of
several Precambrian rock series, Cambro-Ordovician
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volcanic and sedimentary rocks, Devonian volcanic
molasse, and Carboniferous-Triassic shallow-water and
lacustrine sediments; these rocks were intruded by multi-
stage granitoids (Dobretsov et al., 1995). The UHP-HP
metamorphic part of the massif is a thin (1-2 km), more
or less coherent, subhorizontal sheet, which is struc-
turally overlain by a weakly metamorphosed unit, and
underlain by the Daulet Suite (Kaneko et al., 2000). The
UHP-HP unit mainly consists of para- and ortho-gneiss,
marble, eclogite and amphibolite. Eclogites occur as
lenticular masses within diamond-bearing gneiss and
marble, and yield P-T conditions of P > 60 kbar and T >
1000°C based on the K2O-in-augite geobarometer and
Grt-Cpx geothermometer (Okamoto et al., 2000).
Metamorphic diamonds have been identified in pelitic
gneisses, marbles and garnet pyroxenites from the

Kumdy-Kol region (Sobolev & Shatsky, 1990; Zhang et
al., 1997; Ogasawara et al., 2000; Katayama et al.,
2001a), which is located in the central part of the massif.
Coesites also widely occur in eclogite, mica schist and
whiteschist as inclusions in zircon and garnet from the
Kumdy-Kol, Barchi-Kol and Kulet regions (Shatsky et
al., 1995 and 1998; Korsakov et al., 1998; Parkinson,
2000). Other mineralogical and textural indicators of
UHP metamorphism, such as exsolved silica rods in
omphacite, K-rich pyroxene, Si-rich phengite, and alumi-
nous titanite are also present in the Kokchetav UHP-HP
part of the massif (Shatsky et al., 1995; Zhang et al.,
1997; Okamoto et al., 2000; Katayama et al., 2000).
Metamorphism of the diamond-bearing and associated
rocks took place in the Middle Cambrian, as indicated by
Sm-Nd and U-Pb zircon ages between 530 and 540 Ma
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Table 1. Mineral parageneses in matrix and zircon.

Fig. 1. Photomicrographs of mineral assemblages from the matrix and inclusions in zircon from impure marble (plane-polarized light).
(a) Matrix mineral assemblage. Di, diopside; Phl, phlogopite; Dol, dolomite. (b) Phengite needles in diopside. The needles show a
preferred orientation. (c) Coesite inclusion (Coe) in zircon. (d) Diamond inclusion (Dia) in zircon. (e) Diopside and diamond inclusions
coexisting in zircon. This type of diopside contains high amounts of K2O. (f) Calcite (Cal) and graphite (Grp) inclusions in zircon.



(Shatsky et al., 1999; Claoué-Long et al., 1991).
Muscovite and biotite in diamond-bearing gneiss yielded
40Ar-39Ar ages of 517 ± 5 Ma and 516 ± 5 Ma, respec-
tively, which have been interpreted as a cooling age
(Shatsky et al., 1999). Recent SHRIMP U-Pb dating of
UHP mineral-bearing zircon cores and sub-UHP mineral-
bearing rims (representing peak UHP and retrograde
metamorphism) yielded 537 ± 9 Ma and 507 ± 8 Ma,
respectively (Katayama et al., 2001a).

Petrography and mineral chemistry

The marble sample (N21) from the Kumdy-Kol region
is intercalated within diamond-bearing gneisses and eclog-
ites. It mainly consists of dolomite + diopside + phlogopite
+ talc with minor amounts of amphibole, calcite, zircon
and apatite (Table 1). The matrix diopside contains abun-
dant exsolved phengite lamellae, which are a few µm in
diameter and approximately 10 µm in length (Fig. 1). The
amphibole, phlogopite and talc occur as retrograde phases,
surrounding diopside. The most characteristic feature of
this rock is the abundance of diamond inclusions in
clinopyroxene and zircon. Zircon contains inclusions of
diamond, coesite, garnet, diopside, phlogopite, calcite,
dolomite, apatite and graphite. Whereas zircons in pelitic
gneisses from this massif usually show a zonal texture in
secondary electron microscope and cathodoluminescence
images (Katayama et al., 2001a), those in the marbles are
mostly homogeneous.

Inclusions in zircon

Abundant microdiamond inclusions were identified in
zircons. The average diameter of the diamond crystals is
10 µm, and their morphological forms comprise both octa-
hedral and polycrystalline aggregates (Fig. 1). The
diamonds were confirmed by the characteristic peak on the
Raman spectrum at 1333 ± 2 cm-1. Some graphite also
occurrs as inclusions in zircon along cracks and in outer
margins. Coesite inclusions are very rare in the zircon, and
they usually show an oval texture (Fig. 1). They are about
10 µm in size and were confirmed by characteristic Raman
spectra with a dominant peak at 523 cm-1 and weaker ones
at 271 cm-1, 181 cm-1 and 149 cm-1. However, quartz inclu-
sions were absent in zircon. It is important to note that SiO2
phases (both coesite and quartz) are absent in matrix
assemblages (Table 1).

Diopside inclusions exhibit significantly high K2O and
Ca-Eskola components, up to 0.56 wt% and 3.5 mol%,
respectively (Table 2). These amounts are higher than those
of matrix diopside (0.14 wt% K2O and 2.1 mol% CaEs on
average). Recalculated composition of the matrix diopside
involving 2.16 wt% phengite lamellae, based on back-scat-
tered electron images of a 200 x 100 µm area, leads to
0.4 wt% K2O and 2.7 mol% Ca-Eskola components for the
primary diopside, which is mostly consistent with compo-
sitions of diopside-forming inclusions in zircon. The recal-
culated diopside contains approximately 1000 ppm H2O.
This hydroxyl should be incorporated within the precursor
clinopyroxene as part of its structure.
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Table 2. Representative mineral compositions of inclusions in zircon and matrix minerals.



I. Katayama, M. Ohta, Y. Ogasawara

Rare garnet inclusions were identified in zircon. They
coexist with diamond inclusions, and show high Grs
(44 %) and Prp (33 %) components (Table 2). Garnet is
absent in the matrix. Garnets in eclogites and pelitic
gneisses from the Kumdy-Kol region contain relatively
high amounts of Na2O (up to 0.15 wt%), which is negli-
gible in the studied marble.

Phlogopite inclusions occur together with microdia-
mond in a single zircon grain. They have higher Si content,
5.82-84 per 22 oxygens, and a slightly higher Fe/(Fe+Mg)
ratio of 0.09-0.10 than those of matrix phlogopite (5.68-
5.82 Si value and 0.08-0.10 Fe/(Fe+Mg) ratio). The
Al/(Al+Si) ratio of inclusion phlogopite is higher than that
of the matrix. The decreasing Al/(Al+Si) in phlogopite can
be attributed to decreasing pressure at constant temperature
(Arai, 1984).

Calcite and dolomite inclusions occur as inclusions in
zircon. The calcite inclusions contain very low MgCO3
(0.1-1.1 mol%). In the matrix, calcite occurs as a secondary
mineral replacing dolomite. This type of calcite shows a
relatively wide range of MgCO3 component (0.5-2.5
mol%), which is higher than that of the inclusions

(Table 2). Similar low-MgCO3 calcites were also formed as
inclusions in garnet (Ogasawara et al., 2000). These
calcites probably represent former aragonite, which coex-
isted with dolomite and diamond at high pressures,
whereas Mg-calcite in the matrix was formed during retro-
gression.

Discussion

Constraints on prograde reactions

The prograde P-T path of UHP metamorphic rocks is
mostly obliterated; rare evidence was found in mineral
inclusion studies on zoned porphyroblasts (Harley &
Carswell, 1995). In the Kokchetav UHP metamorphic
rocks, prograde conditions were reported to temperatures
of 460-580°C and pressures of 8-19 kbar, based on inclu-
sion assemblages in zoned garnet from coesite-bearing
whiteschist in the Kulet region (Zhang et al., 1997;
Parkinson, 2000). They observed inclusions of Chl + Ky +
Zo + Mrg + Qtz in cores, and Tlc + Ky + Rt + Coe in rims.
However, this evidence is absent in the diamond-grade
rocks. In this study, we found coesite inclusions in zircon
from the diamond-bearing marble, whereas silica phases
were absence in the matrix. Those evidences suggest that
the zircon has preserved relict of prograde metamorphism
as mineral inclusions, and silica phases in the matrix were
consumed by the following prograde reaction:

Dolomite + SiO2 = Diopside + CO2 (1).

Figure 2 shows this reaction curve, which was calcu-
lated in the model system MgO-CaO-SiO2-H2O-CO2 by
Ogasawara et al. (1995). The prograde P-T trajectory
crossed cut the quartz-coesite transition at less temperature
than the reaction (1). However, this decarbonate reaction
highly depends on XCO2. Fluid inclusions in diamond were
reported from garnet pyroxenite in the Kokchetav massif
(De Corte et al., 1998), but their precise composition is still
uncertain. If we take account of P-T conditions of the
coesite-grade rocks (27-38 kbar, 750-800°C), the XCO2

could be higher than 0.01. On the other hand, the presence
of diopside at the peak metamorphic stage restricted
XCO2 < 0.1 by the reaction (1).

Phengite exsolution in diopside

Exsolution textures are common in UHP metamorphic
minerals; these include ilmenite rods in olivine and
clinopyroxene, magnetite plates or rods in olivine and
clinohumite, quartz rods in omphacite, monazite lamellae
in apatite, and clinopyroxene needles in garnet (see compi-
lation of Liou et al., 1998). These textures are believed to
form during decompression; however, the mechanisms for
the exsolution in UHP phases are mostly unclear. Zircon is
a key to ascertain the pre-exsolution mineral composition,
because it can protect peak UHP metamorphic phases in
inclusion. Quartz exsolution in omphacite from a
Kokchetav eclogite was correlated with breakdown of
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Fig. 2. Pressure-temperature diagram showing metamorphic peak
conditions of the marble (shaded square), estimated from K2O
solubility in diopside inclusions in zircon buffered by phlogopite
(Luth, 1997) and from the garnet-clinopyroxene geothermometer
(Ellis & Green, 1979) for inclusion pairs in zircon. The reaction
curves of dolomite + coesite (quartz) = diopside + CO2, at XCO2

=
0.1 and 0.01, and diopside + dolomite = aragonite + forsterite +
CO2, at XCO2 = 0.01 are from Ogasawara et al., (1995). These
decarbonate reactions applied to the peak mineral assemblage of
this marble restrict XCO2 to between 0.01 and 0.1. Stability fields
for diamond (Bundy, 1980), stishovite (Zhang et al., 1996), coesite
(Bohlen & Boettcher, 1982) and aragonite (Hacker et al., 1992) are
also shown.



CaEskola component by Katayama et al. (2000) who
compared the chemical composition of omphacites in the
matrix with that in inclusions in zircon. In this study, phen-
gite needles occur in matrix diopside and show a preferred
orientation (Fig. 1b). Diopside inclusions in zircon contain
a higher K2O content and CaEskola component than those
in the matrix, and yield a similar composition of recalcu-
lated matrix diopside when the phengite exsolutions are
included. These observations suggest that phengite
lamellae were formed by the following reaction:

6 KAlSi2O6 + 4 Ca0.5 0.5AlSi2O6 + 3 (Mg,Fe)2Si2O6
+ CaAl2SiO6 + 6 H2O

= 3 Ca(Mg,Fe)Si2O6 + 6 K(Mg,Fe)0.5Al2Si3.5O10(OH)2

6 K-Jadeite + 4 CaEskola + 3 Opx + CaTschermak
+ 6 water = 3 Augite + 6 Phengite (2).

During decompression, K-jadeite and CaEskola compo-
nents became unstable. As a result, reaction (2) was
promoted resulting in exsolution of phengite needles in the
matrix clinopyroxene. However, zircon has preserved
precursor pyroxene, which contains high K2O and a
vacancy (CaEskola component) in the structure. An
increase of the augite component in matrix diopside (91-96
mol%) also points to the retrograde reaction. Hydroxyl
included in phengite may have been initially incorporated
within the precursor clinopyroxene under high-pressure
conditions. According to volume of the phengite exsolution
(2.6 volume%), the precursor diopside contains approxi-
mately 1000 ppm H2O. Smyth et al. (1991) reported that
mantle-derived pyroxene from Roberts Victor kimberlite
pipe contains up to 1800 ppm OH, and that the hydroxyl is
associated with cation vacancies. Recently, infrared spectra
of omphacites in UHP eclogites from the Kokchetav massif
yielded significant amount of hydroxyl, up to 3020 ppm
(Katayama et al., 2001b). These hydrated clinopyroxenes in
UHP metamorphic rocks indicate that significant amounts
of water can be carried into the upper mantle by the
subducted crust.

Peak P-T conditions

The occurrence of metamorphic diamonds constrains
the minimum pressure of the peak metamorphic assem-
blage of the Kokchetav UHP rocks; however precise peak-
pressure conditions are still debated. K2O solubility in
clinopyroxene is an important indicator of UHP conditions
(e.g., Schmidt, 1996; Luth, 1997; Okamoto & Maruyama,
1998); high-K2O clinopyroxene has been reported for
diamond-grade eclogite in the Kumdy-Kol region (Shatsky
et al., 1995; Zhang et al., 1997; Okamoto et al., 2000). In
the investigated impure marble, the clinopyroxene inclu-
sions in zircon also contain high K2O (up to 0.56 wt%), and
the zircon contains diamond and phlogopite (Fig. 1c). Luth
(1997) performed experiments in the diopside + phlogopite
system, and reported that the K2O content in clinopyroxene
buffered with phlogopite increases with pressure, from
0.18 wt% at 30 kbar to 0.54 wt% at 75 kbar, at tempera-

tures of 1250-1400°C. Our sample shows lower tempera-
ture than in the experiments, but temperature has a less
effect compared with pressure. The results of Luth (1997)
applied to our investigations on diopsides from the
Kokchetav massif require metamorphic pressures in the
range of 60-80 kbar. The recent finding of coesite exsolu-
tions in titanite also indicates a peak pressure of over
60 kbar (Ogasawara et al., 2002). Absence of stishovite and
magnesite in the marble yields an upper pressure limit
(P < 80 kbar). The peak metamorphic temperature was
calculated using Fe-Mg partitioning between garnet and
clinopyroxene inclusion pairs in zircon. The geother-
mometer of Ellis & Green (1979) yields temperatures of
960-1000°C at 60 kbar and 1010-1050°C at 80 kbar
(Fig. 2). The calculated temperatures are generally consis-
tent with those obtained from eclogite and biotite gneiss in
this region (Shatsky et al., 1995; Zhang et al., 1997;
Okamoto et al., 2000). These estimates reveal approxi-
mately the same metamorphic conditions for the different
lithologies of the Kumdy-Kol region, suggesting that
coherent units of supracrustal rocks were subjected to UHP
metamorphism at mantle depths and subsequently
exhumed to the surface.
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