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ABSTRACT

Coesite exsolved from supersilicic titanite was discovered in an impure calcite marbl e at Kumdy-
kol in the Kokchetav UHP (ultrahigh-pressure) metamorphic terrane, northern Kazakhstan. This
impure marble consists mainly of calcite, K-feldspar, diopside, and symplectites of diopside + zoisite,
with minor amount of titanite, phengite, and garnet. No diamond was found in the marble. Coesite
and quartz, which have needle or platy shapes measuring about 2060 um in length, occur as major
exsolved phases in the cores and mantles of titanite crystals with minor calcite and apatite. The
strongest Raman band for the coesite needles and plates was confirmed at about 524 cm=™with a
weak band at about 271 cmt. To estimate the initial composition of the titanite before coesite
exsolution, exsolved phases were reintegrated by measuring their area fractions on digital images.
The highest excess Si in titanite was thus determined to be 0.145 atoms per formula unit (apfu). This
composition requires a pressure higher than 6 GPa on the basis of phase relations in the system
CaTiSiOs—CaSi,Os. This pressure is consistent with other evidence of high pressure in the same
marble, such as 1.4-1.8 wt% K,O and over 1000 ppm H,O in diopside. Supersilicic titanite and
coesite exsolution also indicate that SiO, exsolution occurred in the coesite stability field during

exhumation of the UHP metamorphic unit.

INTRODUCTION

The Kokchetav terrane (Fig. 1) iswell known for its ultra-
high-pressure (UHP) assemblages, such as the first reported
occurrence of microdiamond of metamorphic origin (Sobolev
and Shatsky 1990). Further studies on metamorphic
microdiamond and additional evidence indicative of ultrahigh-
pressure metamorphism related to deep continental subduction
have been reported from thisarea: coesite, K-rich clinopyroxene,
SiO, rods in omphacite, and aluminous titanite (e.g., Sobolev
and Shatsky 1990; Zhang et al. 1997; De Corte et al. 1998,
2000; Nakajimaet al. 1998; Okamoto et al. 1998, 2000; Ishida
et al. 1999; Katayamaet al. 2000). In particular, the UHProcks
at Kumdy-kol show the highest-pressure conditions in the
Kokchetav terrane and are attracting much attention as examples
of the deepest subducted continental material that has been
exhumed to the surface. Peak metamorphic conditions of
eclogite from the Kumdy-kol have been estimated at >6 GPa
and >1000 °C on the basis of K,O-in-augite geobarometry and
garnet-clinopyroxene geothermometry (Okamoto et al. 1998,
2000). This paper presents the first description of coesite
exsolution from titanite and itsimplicationsfor peak metamor-
phic P-T conditions of the Kokchetav UHP terrane.

METHODS

Electron microprobe analyses were performed by wave-
length dispersive methods (WDS) using a JEOL JXA-8900
Super Probe at Department of Earth Sciences, Waseda Univer-
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sity. A LaBg filament was used for al analyses. The conditionsfor
spot analyses were an accelerating voltage of 15 kV, abeam cur-
rent of 20 nA, abeam spot diameter of 2 um, and acounting inter-
val of 10 s. The datawere corrected by the ¢—p—Z method (JEOL
1993). The conditions for X-ray mapping were accelerating volt-
age of 25kV, abeam current of 20 nA, abeam spot diameter of 2
um, and a counting interval for each pixel of 310 ms.

Coesite and other fine-grained mineralswereidentified with
a JASCO NRS-2000 laser Raman spectrometer at the Tokyo
Institute of Technology using the 514.5 um line of an Ar-ion
laser at 20 mW and a spot size of 1.0 um.

Bulk-chemical compositions of titanite with coesite needles
and plates were estimated by measuring areal fractions of
needles and platesin host grains for a square of 200 x 200 um?
on the polished surface. Using digital image files of the photo-
micrographs taken under a reflected-light microscope and la-
ser Raman spectra, needles and plates on the polished surface
were discriminated on a computer screen and their areal frac-
tions were calculated by a computer program in Adobe
Photoshop 5.5.

The discrimination between calcite and dolomite was per-
formed by the staining method using alizarine red S solution.
Several grains of calcite were identified by X-ray powder dif-
fraction.

OCCURRENCE

Abundant gneisses and eclogites occur in the Kumdy-kol
area, Kokchetav Massif in northern Kazakhstan, and those rocks
contain evidencefor UHP conditions (e.g., Sobolev and Shatsky
1990; Kaneko et al. 2000; Katayama et al. 2000; Okamoto et
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FIGURE 1. Location map of the Kokchetav ultrahigh-pressure
metamorphic terrane, northern Kazakhstan.

al. 2000). Impure carbonate rocks also occur as a minor con-
stituent at the Kumdy-kol area.

The metamorphic rocksin this areabelong to Unit Il of the
geologic map by Kaneko et al. (2000). Two types of dolomitic
marbles occur in thisarea; oneisdiamond-bearing and the other
is diamond-free (Ogasawara et a. 2000). These two marbles
attained the same metamorphic conditions, and the difference
in mineral assemblages of both marbles and the stability rela-
tions of diamond can be explained by the local heterogeneity
of thefluid compositions, particularly Xco,, during UHP meta-
morphism (Ogasawara et al. 2000).

Here we describe a new carbonate rock type from the
Kumdy-kol area, a diopside- and K-feldspar-bearing calcite
marble that contains titanite with coesite needles and plates.
Diopside- and K-feldspar-bearing, calcite marble were collected
at adump site near Kumdy-kol Lake in the Kokchetav Massif.
This impure calcite marble lacks microdiamond, however, dem-
onstrating unique UHP mineral chemistry.

Two samples of the marble were analyzed (nos. J76 and
J81), and consist mainly of calcite (40%), K-feldspar (30%),
diopside (20%), and asymplectite of diopside and zoisite after
garnet (<10%), together with asmall amount of garnet, titanite,
phengite, pyrrhotite, and chlorite. The contents (vol%) of ma-
jor constituent minerals were roughly estimated under a mi-
croscope. Thisrock exhibitsatypical granoblastic texture (Fig.
2A). Coesite needles and plates occur in large grains of titanite
inthematrix (Fig. 2B and Fig. 3A) and in aninclusion of titanite
(about 0.3 mm in diameter) found within phengite-bearing di-
opside (Fig. 3B).

Calcite, which is amain constituent of the matrix and also
occursasinclusionsin diopside, isalmost pure CaCO; (MgCO;
< 1.5mol%, FeCO; < 1.3 mol%, MnCO; < 0.8 mol%). K-feld-
spar occursin the matrix (0.3-0.5 mmin diameter) and aslaths
or prisms in diopside. Diopside (from 0.3 to 1.0 mm in diam-
eter) in this marble contains phengite and K-feldspar (lath- or
prism-shaped, ca. 100 umin length) (Fig. 4), which were con-

FIGURE 2. Coesite-bearing titanite in calcite marble. (A) Coarser-
grained matrix titanite. Scale bar is 200 um (plane-polarized light).
Framed areais shown in B. (B) Coesite needles and plates in titanite
shown in A. Scale bar is 50 um.

firmed by laser Raman spectrometry and by electron micro-
probe analysis. The host diopside surrounding the K-feldspar
lacks phengite needles. The K,O content of diopsideis 0.2-0.7
wit% (Al,03;=0.9-2.0 wt% and FeO = 1.6-2.1 wt%). Only one
garnet grain (about 0.4 mm in diameter) wasfound as aninclu-
sion in the same grain of phengite-bearing diopside shown in
Fig. 3B. The composition of thisgarnet is (in mol%) Pyri,s 146,
GrSeo9-742, aNd AlMy g g 5.

The peak metamorphic mineral assemblage was aragonite—
diopside—K -feldspar—garnet—phengite-titanite.

TITANITE WITH COESITE EXSOLUTION

Titanite occurs in the matrix and as an inclusion in diop-
side. Anhedral matrix titanite that forms relatively coarse-
grained crystals (0.5 to 2.0 mm in the longest dimension) and
contains coesite needles and plates. Finer-grained titanite in
the matrix is subhedral to euhedral and does not contain any
needles and plates. We found seven grains of matrix titanite
with coesite needles and plates. One of these titanite grains
contains over a hundred needles and plates, which consist
mainly of coesite. Rims of titanite grainslack needlesand plates
in a zone for several tens of micrometers wide (Fig. 2A).



FIGURE 3. (A) Coesite needles in large-grained titanite in matrix
(plane-polarized light). Scale bar is 100 um. (B) Titanite inclusion in
diopside with fine rods indicative of coesite and/or quartz. Diopside
contains phengite needles. Scale bar is 150 um.

Two kinds of forms were recognized: needle shaped and
platy shaped (Figs. 2B, 3A, and 3B). The needleform was con-
firmed by observing the shape of cross sections on the pol-
ished surface under reflected light. The platy shape was
confirmed by changing the focus of the laser in the Raman
spectrometer and by observation under an optical microscope.
The needles measure 2060 um in length and 1-5 um in width
(Figs. 2B and 3A), and the plates 10-20 um in length (Fig.
2B).

Many of the needles show preferred orientations. As shown
in Figure 3A, two orientations were recogni zed with the domi-
nant direction indicated by longer needles and the other direc-
tions by the shorter ones. Platy-shaped coesite does not show a
clear preferred orientation.

Two titanite inclusions were found in the same phengite-
bearing diopside: one contains coesite needles (Fig. 3B), and
the other contains neither needles nor plates. The coesite needles
in this titanite inclusion in diopside are shorter than those in
matrix titanite: 1 um in diameter and a maximum 10 um in
length, and they show a preferred orientation in one direction
(Fig. 3B). Therimsof thistitaniteinclusion lack coesite needles.

We found a fluid inclusion in matrix titanite with coesite
needlesand plates (in small frame of Fig. 2B). Thisfluid inclu-
sion has arounded platy shape (8 um in the longer dimension)
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FIGURE 4. Phengite- and K-feldspar-bearing diopside
(backscattered electron image). Scale bar is 20 um.

and consists of liquid and vapor at room temperature. No daugh-
ter phase was observed.

By laser Raman spectrometry, we checked almost all of the
needle- and platy-shaped phases in titanite that are exposed at
the thin section surface. The following minerals and mineral
associations (together with titanite) were confirmed to occur:
coesite, quartz, coesite + quartz, apatite, calcite, apatite +
coesite, apatite + quartz, and calcite + quartz. Among all of the
analyzed needles/plates, about 50% were found to be single-
phase coesite, about 30% were single-phase quartz, about 10%
were coesite + quartz composite grains, about 5% were single
phase apatite, and about 5% were single phase calcite. Thefol-
lowing associations were confirmed only rarely: apatite +
coesite, apatite + quartz, and calcite + quartz. No difference
between single-phase and multiphase needles and plates was
recognized with the optical microscope.

Representative laser Raman spectra of a coesite needle and
a coesite + quartz composite needle are shown in Figure 5.
Coesite generally shows strong Raman bands at 521-526 cm*
and weak bands at 176, 271, and 355 cm™ (e.g., Boyer et al.
1985). The coesite in this calcite marble shows the strongest
Raman band at about 524 cnmr*with aweak band at about 271
cmt(Fig. 5).

Representative el ectron microprobe analyses of matrix and
inclusion titanites with or without coesite needles and plates
arelisted in Table 1. A backscattered electron image and X-ray
maps for CaKa, TiKa, SiKa, AlKa, and PKo obtained on a
coesite-bearing titanite are shown in Figure 6. Almost all of
the analytical values Si concentrate in the range from 0.98 to
1.02 apfu on the basis of 3 cations. Excess Si in the octahedral
siteisvery low in the host titanite and is also low in the rims
that lack needles and plates. The concentration of TiO,islower
than the stoichiometric value (from 28.4 to 37.3 wt%) and is
high in the core and mantle and low at the rim. The Al, O, con-
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tent rangesfrom 1.9 to 6.6 wt% with low valuesin the core and
the mantle (from 2.5 to 4.0 wt%) and higher values at the rim
(Fig. 6). TiO, and Al,O, exhibit a negative correlation (Table 1
and Fig. 6). Fe,0O; islow, 0.0 ~ 0.6 wt%, and shows weak zon-
ing with higher valuesin the core. MgO is lower than 0.4 wt%
and is extremely low at the rim compared with the core and
mantle. P,Os reaches concentrations of 0.6 wt% and shows
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FIGURE 5. Representative laser Raman spectraof exsolved coesite
needles in titanite. (A) Raman spectra of coesite. (B) Raman spectra
of coesite and quartz composite grain.

TABLE 1. Representative microprobe analyses of titanites

heterogeneity that isunrelated to the zoning of TiO,, Al,O; (Fig.
6). The F content ranges from 0.3 to 3.7 wt%. The titanite in-
clusion in the phengite-bearing diopside contains 1.9-4.5 wt%
of Al,Os.

DiscussioN

Recently, experimental studies of the phase relationsin the
system CaTiSiOs—CaSi,Os at pressuresfrom 3.5t0 16.0 GPaat
T =1350 °C demonstrate that the solubility of the CaSi,Os com-
ponent in titanite, Ca(Ti, Si,)"'Si'VOs, becomes larger at P >
5.3 GPaand T = 1350 °C, and the complete solid solution is
stable at P > 8 GPa (Knoche et al. 1998). These relations are
caused by the substitution of Si for Ti in the octahedral site. At
these P-T conditions, coesite is the stable SiO, polymorphs.
These experimental results suggest the possibility of the natu-
ral occurrence of supersilicic titanite and its retrograded prod-
ucts in UHP metamorphic rocks, particularly those from the
Kokchetav UHP terrane that were subjected to P > several GPa
(Okamoto et al. 2000).

Thereisno direct evidence showing that the coesite needles
and platesin thetitanite were the products of exsolution from a
supersilicic titanite precursor. However, the following facts
support the exsolution origin: (1) coesite and its composite
grainsare extremely fine; (2) theinclusions show typical needle
and platy shapes; (3) the needles exhibit preferred orientation
in two directions (Fig. 3A), or in one direction (Figs. 1B and
2B); and (4) the lack of needles/plates and the near stoichio-
metric Si content at the rim of titanite grains indicate over-
growth at a later stage. Considering the experimental phase
relations (Knoche et al. 1998) together with such morphol ogi-
cal and textural characters, we conclude that the needles and

With coesite Without coesite

Sample no. J76b J76b J76b J81l J76 J81l
Occurrence in matrix in matrix in matrix in diopside in matrix in diopside
SiO, 31.02 30.32 31.15 30.69 31.14 30.72
TiO, 34.45 35.02 35.78 36.77 34.50 33.35
Al,O,4 3.67 3.16 2.93 1.94 3.24 4.30
Cr,03 0.03 0.00 0.06 0.00 0.08 0.00
Fe,03* 0.12 0.24 0.19 0.19 0.11 0.08
MnO 0.03 0.01 0.02 0.02 0.02 0.05
MgO 0.05 0.05 0.05 0.03 0.00 0.04
CaO 28.66 28.55 29.25 28.30 29.56 29.05
Na,O 0.02 0.00 0.00 0.05 0.00 0.00
K,O 0.00 0.00 0.00 0.03 0.00 0.01
P,0s 0.29 0.23 0.23 0.11 0.07 0.21
Nb,Os 0.09 0.06 0.00 0.26 0.09 0.00
F 1.37 1.89 1.30 0.73 1.60 1.96

Total 99.80 99.63 100.96 99.12 100.41 99.77

Number of atoms on the basis of three total cations

Si 1.006 0.994 1.001 1.006 1.006 0.998
Ti 0.841 0.864 0.865 0.907 0.839 0.815
Al 0.140 0.122 0.111 0.075 0.123 0.165
Cr 0.001 0.000 0.002 0.000 0.002 0.000
Fe3* 0.003 0.006 0.005 0.005 0.003 0.002
Mn 0.001 0.000 0.001 0.001 0.001 0.001
Mg 0.002 0.002 0.003 0.002 0.000 0.002
Ca 0.996 1.003 1.007 0.994 1.023 1.011
Na 0.001 0.000 0.000 0.003 0.000 0.000
K 0.000 0.000 0.000 0.001 0.000 0.000
P 0.008 0.006 0.006 0.003 0.002 0.006
Nb 0.001 0.002 0.000 0.004 0.001 0.000
F 0.141 0.196 0.132 0.075 0.163 0.201

* Total Fe as Fe,0;.
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FIGURE 6. Backscattered electron image and characteristic X-ray imagesfor CaKa., TiKa, SiKo, AlKa, and PKo of coesite-bearing titanite.
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plates are the products of exsolution from asupersilicic titanite.
We interpret the quartz and calcite found in single and com-
posite needles/plates asthe products of retrogression of coesite
and aragonite after exsolution.

Coesite exsolution from titanite has two implications with
respect to the metamorphic P-T conditions of the Kokchetav
UHP unit: (1) the peak pressure condition must have been in
the stability field of supersilicic titanite and (2) the exsolution
of SiO, occurred in the stability field of coesite during exhu-
mation. When coesite exsolved from supersilicic titanite, some
Ca-bearing phase should have accompanied the coesite, be-
cause excess silica corresponds to the CaSi,Os component
(Knocheet al. 2000). However, the exsol ved phases were mostly
coesite and quartz; other phases, apatite and calcite, were de-
tected but are very minor; their volume fractions are unable to
satisfy the titanite stoichiometry. Therefore, we cannot specify
the exsolution reaction at present.

To approximate the primary composition of titanite before
exsolution, the bulk compositions of coesite-bearing titanite
were estimated by reintegrating exsolved phases into the host
titanite by measuring their fractional areasin a 200 x 200 um?
segment of the thin section. In total, seventeen areas were ana-
lyzed. Needles and plates in titanite in analyzed areas consist
mostly of coesite and quartz. Calcite was a minor constituent
and only the CaO component was reintegrated into the primary
titanite when analyzed areas contained cal cite. No apatite needle
was encountered in some analyzed areas, and its area fractions
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were extremely low in others; therefore, the distribution of
apatite needles was neglected for this reintegration. Table 2
lists the results for those compositions having relatively high
excess Si. The highest SiO, content is 34.74 wt%, which corre-
sponds to 1.145 Si apfu. The variation of bulk composition
within asingle grain reflects the heterogeneous distribution of
exsolved phases and may relate to the compositional heteroge-
neity of primary titanite.

Assuming that the excess Si corresponds to CaSi,Os in
titanite, we used the phase relations in the system CaTiSiOs—
CaSi,Os (Knoche et al. 1998) for the pressure estimation. As
the temperature dependence of solubility of CaSi,Os in titanite
is unclear, we cannot directly use their experimental results at
1350 °C. The peak metamorphic temperature could be located
between 980 to 1280 °C on the basis of mineral assemblages
found in two associated dolomite-bearing marbles: dolomite-
diopsidein adiamond-bearing sample and aragonite-forsterite,
assuming that X0, = 0.1 and 0.01 in these dolomitic-bearing
marbles, respectively (Ogasawara et al. 2000). Okamoto et al.
(2000) reported the peak metamorphic temperature as being
greater than 1000 °C. The use of these estimated temperature
conditions does not result in large errors when constraining
peak metamorphic pressure using the phase rel ations determined
at 1350 °C by Knoche et al. (1998). The highest value of ex-
cess Si in titanite (=0.145) corresponds to a pressure at 6 GPa
onthe solubility curve of the CaSi,Os component (Fig. 7). There
isno other constraint for this supersilicic titanite stability; con-

TABLE 2. Bulk compositions of titanites with needles and plates of coesite/quartz and calcite

titanite 95.71 93.18 94.56 98.49 96.02 95.01 96.03
area% coesite/quartz 4.29 6.82 4.11 1.51 3.98 4.99 3.97
calcite 0.00 0.00 1.33 0.00 0.00 0.00 0.00
titanite 96.40 94.25 95.50 98.74 96.66 95.81 96.67
wt% coesite/quartz 3.60 5.75 3.45 1.26 3.34 4.19 3.33
calcite 0.00 0.00 1.04 0.00 0.00 0.00 0.00
Sio, 33.25 34.74 32.83 31.86 33.09 33.88 33.28
TiO, 33.98 33.23 33.67 35.11 33.87 34.07 34.38
Al,O3 2.82 2.76 2.80 2.63 2.90 2.55 2.58
Cr,0; 0.02 0.02 0.02 0.04 0.04 0.04 0.04
Fe,05* 0.10 0.10 0.10 0.27 0.27 0.26 0.26
MnO 0.04 0.04 0.04 0.03 0.03 0.03 0.03
MgO 0.06 0.06 0.06 0.05 0.08 0.05 0.05
CaO 28.06 27.44 28.38 28.45 27.95 27.61 27.86
Na,O 0.02 0.02 0.02 0.01 0.02 0.01 0.01
K,O 0.01 0.01 0.01 0.04 0.01 0.04 0.04
P,Os 0.19 0.19 0.19 0.22 0.30 0.21 0.21
Nb,Os 0.06 0.06 0.06 0.07 0.08 0.06 0.07
F 1.46 1.42 1.44 1.34 1.47 1.30 1.31
Total 100.08 100.08 99.62 100.11 100.11 100.11 100.11
Number of atoms on the basis of three total cations
Si 1.099 1.145 1.089 1.055 1.096 1.118 1.099
Ti 0.845 0.824 0.840 0.875 0.844 0.846 0.855
Al 0.055 0.054 0.055 0.051 0.057 0.050 0.050
Cr 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Fes* 0.001 0.001 0.001 0.000 0.000 0.000 0.000
Mn 0.002 0.001 0.002 0.001 0.002 0.001 0.001
Mg 0.001 0.001 0.001 0.000 0.001 0.000 0.000
Ca 0.994 0.969 1.009 1.009 0.992 0.976 0.986
Na 0.000 0.000 0.000 0.001 0.000 0.001 0.001
K 0.003 0.003 0.003 0.003 0.004 0.003 0.003
P 0.001 0.001 0.001 0.003 0.003 0.003 0.003
Nb 0.000 0.000 0.000 0.000 0.000 0.000 0.000
F 0.076 0.074 0.076 0.070 0.077 0.068 0.068

* Total Fe as Fe,0;.
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FIGURE 7. P-X diagram for the system CaTiSiOs—CaSi,Os at 1350
°C (Knocheet al. 1998) showing the molefraction of CaSi,Osintitanite
before coesite exsolution as obtained in this study (shaded area).

sequently, this value approximates the minimum pressure. The
titanite with exsolved coesite in this calcite marble indicates
the stability of supersilicic titanite, and implies that the peak
metamorphic pressure had been higher than 6 GPa.

Diopsidein this marble contains phengite needles and some
diopside crystals contain both phengite and K-feldspar (Fig.
4). If these K,O-bearing phases in diopside are of exsolution
origin from K,O- and H,O-bearing diopside, the original com-
position of the diopside requires a very high-pressure condi-
tion. The bulk K,O content of this diopside ranges from 1.4
to 1.8 wt% for the domain showing K-feldspar exsolution
(Muko et al. 2001). The K,O solubility in clinopyroxeneisan
indicator of UHP conditions (e.g., Schmidt 1996; Harlow
1997; Luth 1997; Okamoto and Maruyama 1998), and high-
K,O clinopyroxene has been reported for diamond-grade
eclogites of the Kumdy-kol area (Shatsky et al. 1995; Zhang et
al. 1997; Okamoto et al. 1998, 2000).

Locke et al. (2000) reported that clinopyroxene contains
1400 to 1600 ppm H,0 at 7.5 GPa and 1200 °C, whereas H,O
is80t0 120 ppm at 5 GPaand 1150 °C. Assuming that phengite
in the diopside is of exsolution origin, then the bulk H,O con-
tent of the diopside—roughly estimated from the areal fraction
of phengite—was about 1000 ppm H,O for the domain having
phengite needles. This reintegration ignores the H,O contents
of host diopside. Preliminary micro-FT-IR results on thisdiop-
side suggest that the diopside near the exsolved K -feldspar may
contain more than 1000 ppm H,O (Fukasawaet al. 2001). These
findings are also indicative of pressure conditions higher than
5 GPa

The maximum pressure for the peak of metamorphism can
be estimated from the upper pressure stability limit of dolo-
mite, asthis mineral was stable in diamond-bearing and in dia-
mond-free dolomitic marbles (Ogasawaraet a. 2000). A recent
multianvil study showed that the dissociation of dolomiteinto
aragonite + magnesite depends on temperature, and occurs at
~7.5GPaat 1000 °C and ~8.8 GPaat 1200 °C (Sato and Katsura
2000). Consequently, the peak metamorphic pressure of the
Kumdy-kol area must be between 6 and 9 GPa. Coesite
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exsolution from supersilicic titanite al so suggests that the solu-
bility of CaSi,Os in titanite was very low, with pressure condi-
tions near the lower limit of the coesite stability field.

SUMMARY

Exsolved needles and plates of coesite in titanite, together
with other exsolved phases, including quartz after coesite, mi-
nor calcite, and apatite, were discovered inimpure calcite marble
at Kumdy-kol inthe Kokchetav UHP metamorphic terrane, north-
ern Kazakhstan. Thisisthefirst discovery of coesite of exsolution
origin in UHP metamorphic rocks and is also the evidence for
the presence of supersilicic titanite in the Ca(Ti,,Si,)"'SI"VOs
structure. Thisdiscovery of coesite exsolution from supersilicic
titanite thus adds another unique feature to the K okchetav UHP
carbonate rocks. Coesite exsolution suggests that the solubil-
ity of CaSi,Os intitaniteisvery low, even in the coesite stabil-
ity field, consistent with recent experimental studies (Knoche
et al. 1998).

The maximum amount of excess Si in titanite was estimated
at 0.145 apfu by thereintegration of exsolved phases. Thisvalue
gave a minimum peak metamorphic pressure of about 6 GPa
(Knoche et a. 1998). Combining the upper pressure limit of
dolomite in the two dolomite-bearing marbles with this mini-
mum P value, the peak metamorphic condition constrained by
the Kokchetav carbonate rocks can be estimated in the range
from 6 to 9 GPa. Other evidence of high pressure, such asK,0O-
and H,O-bearing diopside, also supports this estimate of peak
metamorphic pressure conditions.
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