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Abstract Diamondiferous rocks from the Kokchetav
Massif, Kazakhstan, represent deeply subducted con-
tinental crust. In order to constrain the age of ultra
high pressure (UHP) metamorphism and subsequent
retrogression during exhumation, zircons from di-
amondiferous gneisses and metacarbonates have been
investigated by a combined petrological and isotopic
study. Four different zircon domains were distinguished
on the basis of transmitted light microscopy, cathodo-
luminescence, trace element contents and mineral in-
clusions. Mineral inclusions and trace element
characteristics of the zircon domains permit us to relate
zircon growth to metamorphic conditions. Domain 1
consists of rounded cores and lacks evidence of UHP
metamorphism. Domain 2 contains diamond, coesite,
omphacite and titanian phengite inclusions providing
evidence that it formed at UHP metamorphic condi-
tions (P>43 kbar; T ~ 950 °C). Domain 3 is charac-
terised by low-pressure mineral inclusions such as
garnet, biotite and plagioclase, which are common
minerals in the granulite-facies overprint of the gneisses
(P~ 10 kbar; T ~ 800 °C). This multi-stage zircon
growth during cooling and exhumation of the di-
amondiferous rocks can be best explained by zircon
growth from Zr-saturated partial melts present in the
gneisses. Domain 4 forms idiomorphic overgrowths
and the rare earth element pattern indicates that it
formed without coexisting garnet, most probably at
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amphibolite-facies conditions (P ~ 5 kbar; T ~ 600 °C).
The metamorphic zircon domains were dated by
SHRIMP ion microprobe and yielded ages of 527+5,
528 £8 and 526 £5 Ma for domains 2, 3 and 4 respec-
tively. These indistinguishable ages provide evidence for
a fast exhumation beyond the resolution of SHRIMP
dating. The mean age of all zircons formed between
UHP metamorphic conditions and granulite-facies
metamorphism is 528 £3 Ma, indicating that de-
compression took place in less than 6 Ma. Hence, the
deeply subducted continental crust was exhumed from
mantle depth to the base of the crust at rates higher than
1.8 cm/year. We propose a two-stage exhumation model
to explain the obtained P-T-t path. Fast exhumation
on top of the subducted slab from depth >140 to
~ 35 km was driven by buoyancy and facilitated by the
presence of partial melts. A period of near isobaric
cooling was followed by a second decompression event
probably related to extension in a late stage of conti-
nental collision.

Introduction

The finding of coesite (Chopin 1984; Compagnoni et al.
1995) and metamorphic micro diamonds (Sobolev and
Shatsky 1990; Shatsky et al. 1995) in rocks derived
from continental crust demonstrates that the least
dense part of the lithosphere can be buried to 100-
150 km depth or more. Whereas subduction of conti-
nental crust can account for bringing these rocks to
great depth, it is more difficult to understand how these
rocks were exhumed to the Earth’s surface. One fun-
damental factor to understand the dynamics of exhu-
mation of UHP rocks is time because the exhumation
rate can be a crucial parameter to distinguish between
different exhumation processes (Ring et al. 1999).
However, the calculation of exhumation rates requires
accurate determination of age and pressure in meta-
morphic rocks. The classical approach to this problem
has been by dating a series of minerals, which have



different, presumably known, closing temperatures (e.g.
Hunziker et al. 1992). Through an inferred pressure—
temperature (PT) relationship, time could then be
linked to pressure. Although this approach might be
successful in slowly exhumed and slowly cooled gran-
ulite facies rocks, it is infeasible for HP rocks because
they underwent near-isothermal decompression, pre-
venting a reliable correlation of temperature with
pressure. An alternative approach is to date formation
ages of minerals with high closure temperatures such as
zircon (Lee et al. 1997). The main problem to solve
then is the link between the zircon age and the meta-
morphic evolution of the rock unit.

One key area to study exhumation of deeply sub-
ducted continental crust is the Kokchetav Massif in
Kazakhstan where diamond-bearing metamorphic rocks
occur (Fig. 1). Previous dating of the Kokchetav rocks
has provided some constraints on the age of metamor-
phism but lacks the resolution and details needed in
order to shed light on the exhumation of the diamon-
diferous rocks. Claoue-Long et al. (1991) produced an
age of 530+7 Ma by ion microprobe (SHRIMP) U-Pb
dating of zircons with diamond inclusions. A diamond
aggregate was found to be situated between a zircon core
and rim. As core and rim were part of the 530-Ma
population, Claoue-Long et al. (1991) concluded that
this age dates the time of diamond formation. However,
their study was not assisted by cathodoluminescence
imaging or petrography of inclusions other than dia-
mond and, therefore, no constraints on the exhumation

Fig. 1 Simplified geological map of the Kokchetav Massif after
Dobretsov et al. (1995)
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of the diamond-bearing rocks were presented. Sm—Nd
dating of these rocks (Shatsky et al. 1999) has been
largely compromised by garnet zoning and widespread
retrogression. The best constrained isochron is defined
by minerals separated from an eclogite and yields an age
of 535+3 Ma (Shatsky et al. 1999). However, it is un-
clear if this age dates formation or cooling because the
rock has experienced temperatures of up to 950 °C.
Additional information about the retrograde evolution
comes from *Ar-*°Ar dating of muscovite and biotite,
which indicates cooling below the isotopic closure of
these minerals at 517+5 and 515+5 Ma (Troesch and
Jagoutz 1993; Shatsky et al. 1999).

In this paper we present a detailed combined isotopic
and petrological study of metamorphic zircon from the
diamondiferous rocks in the Kokchetav Massif. In order
to link zircon growth to metamorphic conditions, we
first constrained the retrograde P-T path for the
diamondiferous rocks based on own and literature data.
The zircons have been characterised on the basis of
transmitted light microscopy, cathodoluminescence,
trace element geochemistry and mineral inclusions. Four
different zircon domains have been identified and dated
in-situ by SHRIMP ion microprobe. The petrology of
mineral inclusions and the trace element patterns of
zircon permit us to relate zircon growth to metamorphic
conditions. We propose a two-stage exhumation model
in order to explain the obtained P-T-t path for the
retrograde evolution of the diamondiferous rocks.
Additionally, the petrological information of zircon
growth, combined with the study of radiogenic isotopes
and trace element contents of zircon, permits insight into
the behaviour of this key mineral during high tempera-
ture-high pressure (HT-HP) metamorphism.
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Geological setting and sample description

The Kokchetav Massif forms part of the Caledonian
Central-Asiatic fold belt and is situated between the
Siberian platform and the East European platform in
Kazakhstan (Dobretsov et al. 1995). This massif has
become known worldwide because of metamorphic mi-
cro diamonds being found, providing evidence for UHP
(> 40 kbar) metamorphism (Sobolev and Shatsky 1990;
Shatsky et al. 1995). The diamondiferous rocks are
present in unit I of the Zerenda Series, which consists
mainly of garnet-biotite—kyanite gneisses and schists
with intercalated dolomitic marbles, calc-silicates and
eclogites (Fig. 1; Dobretsov et al. 1995). The rock as-
sociation in the Zerenda Series has been related to the
formation of a passive continental margin predating
subduction (Dobrzhinetskaya et al. 1994). Diamonds
have been found in all rock types of unit I except
eclogites and migmatites (Shatsky et al. 1995). The unit I
diamondiferous rocks make up part of a mega-melange
(Fig. 1; Dobretsov et al. 1995) consisting of rocks types
exhibiting contrasting metamorphic conditions. Unit II
(Fig. 1) also contains HP to UHP relics (Shatsky et al.
1998a); however, peak temperature (720-760 °C) and
pressure (P ~ 34-36 kbar) seem to be significantly lower
than in unit I (Parkinson 2000). Unit IV contains rocks
with cordierite and andalusite, which are characteristic
of low-pressure (LP)-HT metamorphism (3 kbar;
650 °C; Dobretsov et al. 1995).

We dated zircons from various gneisses and from a
dolomitic metacarbonate sampled at the classical Bar-
chi-Kol locality in unit I (Fig. 1, Sobolev and Shatsky
1990; Shatsky et al. 1995, 1999). A detailed list of the
mineral assemblage as well as of inclusions found in
zircon are given in Table 1 and selected mineral com-
positions are shown in Tables 2 and 3. Kyanite gneisses
are fine grained and consist mainly of garnet and
kyanite porphyroblasts in a biotite, K-feldspar and
quartz matrix. Biotite gneisses display the assemblage
garnet, biotite, feldspar and quartz with minor
amounts of clinopyroxene and plagioclase. Zircon is a
common accessory mineral and variable amounts of

Table 1 Main mineral assemblage in the samples dated and min-
eral inclusions found in the separated zircons. Minerals in bold
represent UHP inclusions, italics refer to clear low-pressure inclu-
sions. Grt Garnet; Ky kyanite; Bt biotite; Phe phengite; Ti-phe

carbonates are present in all gneisses. Diamonds are
generally found as inclusions in garnet and zircon. The
dolomitic metacarbonate consist of large garnets and
K-bearing clinopyroxenes embedded in a dolomite
matrix. Garnet and clinopyroxene both contain dia-
mond inclusions.

Analytical techniques

Mineral compositions were determined with a JEOL 6400 scanning
electron microscope (Electron Microscopy Unit, Australian Na-
tional University) and a Cameca Camebax Electron Microprobe
(Research School of Earth Sciences, Australian National Univer-
sity) using an energy dispersive detector. Analytical conditions were
15kV, I nA and 15 kV, 5-6 nA respectively. Further analyses were
made in the X-ray laboratory, United Institute of Geology, Geo-
physics and Mineralogy, SB RAS, with a Camebax Electron Mi-
croprobe using WDS and working conditions of 20 kV, 20 nA and
20 kV, 10 nA for rock-forming minerals and inclusions respectively.

Zircons were prepared as mineral separates, mounted in epoxy
and polished down to expose the grain centres. The selection of
zircons for isotope and trace element analyses was done on the
basis of the cathodoluminescence (CL) images. CL investigation
was performed on a HITACHI S2250-N scanning electron
microscope at the Electron Microscope Unit, Australian National
University.

Zircon trace element analysis was performed on the Laser-
Ablation-ICP-MS at the RSES in Canberra (Eggins et al. 1998).
Ablation was done with a pulsed 193 nm ArF Excimer laser with
100 mJ energy at a repetition rate of 5 Hz and pits size of 30 um. A
mixed Ar—He stream was used to transport the aerosol into the
Fisons PQ2 + ICP-MS where 22 masses were analysed. Detection
limits were in the order of 0.05 ppm for REE.

Zircon was analysed for U, Th and Pb using the sensitive, high-
resolution ion microprobe SHRIMP II at the Research School of
Earth Sciences. Instrumental conditions and data acquisition were
generally as described by Compston et al. (1992). The data were
collected in sets of seven scans throughout the masses and a ref-
erence zircon was analysed each fourth analysis. The measured
206p 12381 ratio was corrected using reference zircon from a gab-
bro of the Duluth Complex in Minnesota (AS3). The data were
corrected for common Pb on the basis of the measured 2°’Pb/?>°°Pb
and assuming a Broken Hill common lead composition, which
approximates the laboratory common lead at RSES. Ages on single
data points are quoted at a 1o level, whereas mean ages are given at
a 95% confidence level.

An OMARS 89 (Dilor, France) Raman spectrometer equipped
with a Nicon microscopy was used for Raman spectra accumula-
tion (Institute Mineralogy and Petrography SB RAS, Novosibirsk).

titanium-rich phengite; Ms muscovite; Qtz quartz; Kfs K-feldspar;
Pl plagioclase; Chl chlorite; Cal calcite; Dol dolomite; Cpx clino-
pyroxene; Dia diamond; Cs coesite; Rt rutile; G graphite

Sample Mineral assemblage Inclusions in zircons

Gneisses

B93-168 Grt—Ky-Bt-Phe-Kfs—Qtz Dia, Ky, Rt, Kfs, Qtz, G, Phe, Bt

B93-9 Grt-Bt-Kfs—Qtz—Chl Dia, G, Grt

B93-161 Grt-Bt-Kfs—Pl-Qtz—Cal-Chl Dia, Ti-Phe, Cs, Cpx, Grt, G

B94-24 Grt—Ky-Bt-Kfs—Qtz—Chl Dia, Ti-Phe, G, Grt, Ky, Rt, Qtz

B94-15 Grt-Ky-Bt-Phe-Kfs-Qtz—Ms Cs, Ti-Phe, Grt, Qtz, Bt

B94-299 Grt-Ky-Bt-Pl-Qtz—Chl Grt, Cpx

BY94-175 Grt-Ky-Bt-Phe-Kfs—Pl-Qtz—Chl Cs, Ti-Phe, Grt, Rt, Qtz, Phe, Pl, Ab, Chl
Metacarbonate

Cl1 Grt, Cpx, Dol, Bt+ K-phase

Dia, Grt, Dol
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Table 3 Comparison between compositions of mineral inclusions in zircon and mineral compositions in the main assemblage. Abbre-

viations and formula calculation as in Table 2

Inclusions in zircon

Minerals in main paragenesis

Sample B94-299 B94-15 B94-24 B93-161 B94-299 BY%4-15 B94-24 B93-161

Stage A A B B-C BC A A A B C BC BC BC BC BC BC BC BC
Mineral Grt Cpx Grt Grt Grt Phe Phe Cpx  Grtce Grtg Gre Grtg Grte Grg Bt Grtc Grtg Bt
SiO, 402 528 39.0 391 389 490 507 548 397 396 391 391 387 384 370 40.1 396 382
TiO, 0.08 045 <0.08 <0.08 <0.08 2.73 149 0.19 0.03 0.02 0.09 0.02 259 0.03 000 205
Al,O4 223 120 221 21.8 220 251 26.1 128 217 217 213 213 21.3 213 178 224 220 168
Fe,05 1.63  0.07

FeO 15.0 274 211 213 250 228 197 275 1974 174 222 223 269 265 148 17.5 200 132
MnO 0.76 021 042 0.85 045 <0.09 <0.09 020 L.11 1.08 047 045 1.63 1.68 0.12 0.72 141 0.32
MgO 1.5 104 837 6.85 870 4.12 4.5] 9.13 986 826 751 748 8.62 7.86 129 10.63 921 155
CaO 884 170 793 9.64 4.10 <0.06 <0.06 152 795 11.8 923 924 297 427 0.00 9.16 800 0.02
Na,O <0.16 3.40 <0.16 <0.16 <0.16 <0.16 <0.16 5.00 0.02 0.04 0.06 0.05 0.17 0.04 0.05 0.19
K,0 <0.04 <0.04 <0.04 <0.04 <0.04 11.3 985 <0.04 0.00 0.01 0.00 0.00 9.26 0.00 0.02 9.33
H,0 439 448 4.02 4.08
X Cations 98.7 99.0 100.6 99.7 992 989 99.1 100.1 999 999 999 999 100.2 100.1 98.8 100.4 100.3 99.6
Si 302 190 296 301 301 334 339 194 300 300l 301 301 299 298 276 299 300 2381
Ti 0.01 0.0l 0.14 0.07 0.01 0.00 0.00 0.01 0.15 0.00 0.00 0.11
Al 1.98  0.51 198 198 201 202 206 053 193 194 193 193 194 195 158 197 197 145
Fe; 0.09  0.00

Fe, 094 0.08 134 137 162 013 011 008 125 111 143 143 174 172 092 109 127 0.1
Mn 0.05 0.01 0.03 0.06 0.03 0.01 0.07 0.07 0.03 003 0.1 0.11 0.01 0.05 009 0.02
Mg 1.29 056 095 079 1.00 042 045 048 1.12 093 086 0.8 099 091 143 1.18 1.04 1.70
Ca 071  0.65 0.65 0.80 0.34 0.58 0.65 096 076 0.76 025 0.36 0.00 0.73 0.65 0.00
Na 0.24 0.34 0.02 0.0l 0.01 0.03
K 098 0.84 0.88 0.00 0.00 0.88
OH 2.00 2.00 2.00 2.00
z 3.96 7.03 692 397 7.75 7.81

Excitation was provided by the 514.53 nm line of an Ar-ion laser
(ILA-120-1, Carl Zeiss, German) at 20-50 mW, focused to a spot
size 1.5 um. Spectra were measured with spectrometer entrance slits
at 100 pm, with a 2-s counting time at 0.5 wave-number steps. The
resolution of spectral bands was 0.5 cm . Analysed samples were
single polished zircon grains mounted in epoxy.

Pressure-temperature data
Peak UHP metamorphism

The most reliable data about peak metamorphic dia-
mond-facies conditions stems from diamond itself. The
metamorphic diamonds of the Kokchetav Massif con-
tain nitrogen impurities in the form of singly substituted
C-centres (type Ib) as well as nitrogen in pairs (type [aA;
Taylor et al. 1996; De Corte 2000). As the transition
from Ib to TaA diamond is a function of temperature
and time, Taylor et al. (1996) concluded that the dia-
monds from the Kokchetav Massif experienced peak
temperatures of ~ 950 °C (Fig. 2) and were not longer
than about 17 Ma above temperatures of 750 °C. Dia-
monds in different rock types display distinct popula-
tions of cuboid to cuboctahedral shapes (Shatsky et al.
1998b; De Corte 2000). The dependence of diamond
morphology on rock types strongly argues for an in-situ
metamorphic formation of the diamonds (De Corte
2000). Hence, a minimum pressure of 43 kbar for the
formation of the Kokchetav diamonds is constrained by
the graphite to diamond transition (Fig. 2).

The dolomitic metacarbonates preserve widespread
mineralogical evidence for UHP metamorphism. K-
bearing (0.5-1.5 wt%) clinopyroxene (Shatsky et al.
1995; Zhang et al. 1997) co-exists with grossular-rich
garnet, and garnet—clinopyroxene thermometry yields
950-1,000 °C (Fig. 2), in agreement with temperatures
deduced from diamonds. In contrast, the main para-
genesis in the gneisses (Table 1) indicates retrograde
equilibration at upper amphibolite to granulite-facies
conditions (see below). However, UHP minerals such as
diamond, coesite, omphacite and titanium-rich phengite
(Ti-phengite) occur as inclusions in garnet, kyanite
(Shatsky et al. 1995) and zircon (Table 1), providing
evidence for a common metamorphic evolution of all
investigated samples.

Decompression and partial melting

Garnet in the dolomitic metacarbonate displays a large
unzoned core and narrow rims with decreasing Ca and
increasing Mg contents. The Ca content in garnet is
probably buffered by the co-existing carbonate by the
equilibrium 3 dolomite®" + grossular®™ = 6 calcite®™"
+ pyrope®", which has dolomite + grossular on the HP
side. It is therefore suggested that the observed garnet
zoning reflects decompression (Fig. 2). Similar zoning
has been observed in some garnets of the zoisite gneisses
(Korsakov 2000). This is in contrast to the normal
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Fig. 2 P-T path of the Kokchetav diamondiferous rocks. Major
stages of recrystallisation: 4 UHP-peak metamorphic conditions;
B granulite-facies overprint; C amphibolite facies overprint;
D amphibolite facies decompression. Graphite—diamond transition
after Kennedy and Kennedy (1976); quartz—coesite transition after
Mirwald and Massone (1980); Al,SiOs-polymorph stability after
Holdaway (1971). I Garnet—clinopyroxene thermometry (Ellis and
Green 1979) for UHP dolomitic metacarbonate Carl. Melt
producing reactions in pelitic to granitic compositions. 2 Fluid-
absent melting in metagreywackes and metapelites (Schmidt and
Vielzeuf 2000). 3 Melt-in boundary from a metapelite (Patifio
Douce and McCarthy 1998). 4 phengite melting in KCMASH
(Hermann and Green 2000). 5 Phengite melting and 6 biotite
melting in the presence of quartz and kyanite in metagreywackes
and metapelites with Xpye~0.5 (Vielzeuf and Holloway 1988).
7 Garnet—clinopyroxene (Ellis and Green 1979) and & garnet—
amphibole (Graham and Powell 1984) thermometry for upper
amphibolite- to granulite-facies gneiss (G1). 9-13 Amphibolite-
facies conditions obtained from gneiss GQIl: 9 garnet-biotite
thermometry (Indares and Martignole 1985) for biotite inclusion in
garnet with intermediate Ca content; /0 garnet—phengite thermo-
metry (Green and Hellman 1982) for phengite co-existing with
Ca-rich garnet rim; // Si content of phengite co-existing with
biotite, K-feldspar, and quartz (Massonne and Schreyer 1987);
12 calculated equilibrium  grossular + muscovite + quartz =
K-feldspar + anorthite + water with Berman (1988) database,
mixing model for plagioclase (Fuhrman and Lindsley 1988), garnet
(Berman 1990), ideal mixing muscovite and a(H,0)=1. The
metamorphic conditions of amphibolite facies stage C are defined
by 9-12. 13 Maximum pressure for stage D is indicated by the
equilibrium  grossular + Al,SiOs + quartz = anorthite with
a(AlLSiOs) < 1 using the Berman (1988) database and mixing
model for plagioclase (Fuhrman and Lindsley 1988) and garnet
(Berman 1990). An error of £50 °C and =+1 kbar has to be
considered for all thermobarometers. Representative analyses of
the minerals are given in Table 2. See text for discussion

garnet zoning in the gneisses where the Ca increases
from core to rim (Tables 2 and 3; Shatsky et al. 1995).
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Experiments in pelitic bulk rock composition from 20—
45 kbar indicate that, in plagioclase-free rocks, i.e. at
eclogite facies conditions, the Ca contents of garnet co-
existing with clinopyroxene and kyanite decreases with
pressure at a constant temperature (Hermann and Green
1999). Consequently, the increase in Ca contents in the
garnets from the gneisses is not consistent with decom-
pression from UHP conditions and must reflect a later
event in the metamorphic evolution (see below).

The main reason for the poor preservation of UHP
conditions in the gneisses is probably the presence of
partial melts during decompression from diamond- to
granulite-facies conditions. This whole P-T segment is
situated at higher temperatures than experimentally de-
termined for fluid-absent melting in similar bulk com-
positions (Fig. 2). The dominant fluid-absent melting
reaction is probably phengite + clinopyroxene + coe-
site — garnet + kyanite + melt, which produces a hy-
drous granitic melt (Hermann and Green 2000). This
would explain why UHP phases are only preserved in
kyanite, garnet and zircon, which are the main restitic
minerals. Unfortunately, the textures of the gneisses
cannot be used to prove this hypothesis because of the
subsequent, nearly pervasive granulite-facies overprint.
However, as the extraction of granitic melt changes the
mode and bulk rock composition of the residue, these
characteristics help to decide whether or not partial
melting occurred. The diamond-bearing gneisses are
often biotite-poor, garnet, clinopyroxene, kyanite and
quartz-rich gneisses that probably represent strongly
melt-depleted rock types. Diamond-bearing gneisses are
characterised by depletion in K, Na and Si and con-
comitant passive enrichment in Ca and Mg (Shatsky
et al. 1995), which is consistent with melt extraction.
Further evidence for melt extraction stems from the
depletion in light rare earth elements (LREE) of
the diamond-bearing gneisses (Shatsky et al. 1999).
Therefore, the mode and bulk rock composition of
the diamond-bearing gneisses support the existence of
significant partial melting in the diamond-bearing
gneisses.

Granulite-facies metamorphism

The main mineral assemblage in the gneisses consists of
garnet, clinopyroxene, amphibole, biotite, K-feldspar
and plagioclase (Table 1), which is characteristic of
upper amphibolite to granulite-facies conditions.
Thermometry of a biotite-amphibole—pyroxene—garnet
gneiss (Fig. 2) yields consistent temperatures of
~ 800 °C. This is in agreement with a temperature
of 790 °C deduced from garnet-biotite thermometry of
retrograde phases in a dolomitic metacarbonate (Zhang
et al. 1997). In the kyanite gneisses, the transformation
of kyanite to sillimanite has not been observed, indi-
cating that kyanite is probably stable over the whole
retrograde evolution and constrains minimum pressure
to about 10 kbar for the granulite-facies overprint.



Fig. 3 Transmitted light image of zircons. a A rounded zircon core
is overgrown by a rim. The black ovals are pits of the LA-ICP-MS
analyses. In this case, the core was not perfectly hit by the
laser (zircon KYG 24-1, sample B94-299). b Diamond inclusions
in zircon. One diamond situated in a crack of the zircon is
pseudomorphically replaced by graphite (zircon KYG 2-3, sample
B93-168)

Isobaric cooling and amphibolite-facies metamorphism

Garnet zoning in the gneisses is generally characterised
by an increase in Ca contents from core to rim (Tables 2
and 3; Shatsky et al. 1995; Korsakov 2000). The gros-
sular content of garnet co-existing with plagioclase,
alumosilicate and quartz is buffered by the equilibrium
anorthite = kyanite + quartz + grossular, which has a
positive slope and anorthite on the LP side (Ghent
1976). This equilibrium is very useful to distinguish be-
tween isobaric cooling and isothermal decompression in
granulite-facies terrains because the resulting garnet
zoning is different. A Ca increase in garnets coexisting
with plagioclase is a characteristic feature of near-iso-
baric cooling from granulite facies to upper amphibolite
facies in lower crustal rocks (Hermann et al. 1997). We
suggest that the observed Ca increase in garnets co-ex-
isting with plagioclase in the Kokchetav gneisses can
best be explained by nearly isobaric cooling. Garnets
showing such chemical zoning, even if they contain di-
amond inclusions, must have completely re-equilibrated
at granulite-facies conditions and do not preserve in-
formation about UHP metamorphism and subsequent
decompression.

The P-T conditions at the end of near isobaric
cooling can be estimated from a garnet—biotite—pheng-
ite—gneiss (Table 2). The presence of phengite, which is
not stable in the granulite-facies paragenesis (Fig. 2),
indicates equilibration at amphibolite facies conditions.
Garnet-biotite thermometry applied to biotite inclusions
in garnet domains with intermediate Ca-contents yields
temperatures of ~ 700 °C (Fig. 2), consistent with
cooling from granulite- to amphibolite-facies conditions.
Phengite co-exists with the Ca-rich garnet rim, and
garnet—phengite thermometry yields temperatures of
~ 650 °C (Fig. 2). At this temperature, a pressure of
~ 10 kbar is constrained by the composition of unzoned
plagioclase (An,s) in contact with garnet rims (Grssg),
which co-exist with phengite, K-feldspar and quartz

(Fig. 2). A Si content of 3.25 in phengite (Table 2), co-
existing with K-feldspar, biotite and quartz indicates
pressures of ~ 8 kbar (Fig. 2). These P-T estimates
together with the observed garnet zoning suggest that
isobaric cooling occurred at ~ 9=+2 kbar.

Amphibolite facies decompression

There is clear evidence for further decompression post-
dating the pressure-dominated amphibolite facies con-
ditions. The Ca-rich garnets occasionally have a 10-20-
um small rim that is poor in Ca and Mg, and rich in Mn
(Table 2). This garnet co-exists with plagioclase, dis-
playing a significantly higher anorthite content (Anys).
Biotite and K-feldspar rims around phengite provide
further evidence for decompression. The paragenesis
with K-feldspar, plagioclase, biotite and garnet indi-
cates amphibolite facies conditions, i.e. temperatures of
~ 550-600 °C. At this temperature, a maximum pres-
sure of ~ 5 kbar is constrained by garnet and plagio-
clase compositions (Table 2). The growth of chlorite and
the widespread decomposition of garnet probably dur-
ing significant fluid influx documents further retrograde
metamorphism  post-dating the amphibolite-facies
equilibration.

Zircon characterisation

The zircons are generally isometric and display a soccer-
ball shape, as is often observed in HT metamorphic
terrains (e.g. Vavra et al. 1996). Zircon has been char-
acterised by transmitted light microscopy (TL; Fig. 3),
CL (Fig. 4), and trace element composition (Fig. 5) as
well as by its inclusions (Fig. 6, Tables 1 and 3). On the
basis of this information, four main zircon domains have
been distinguished.

Domain 1: cores

Rounded cores visible in TL (Fig. 3a) are either free of
inclusions or contain LP minerals such as chlorite and
plagioclase and are occasionally surrounded by rims
containing diamonds (Fig. 4a). The cores are generally
weakly zoned in CL and their internal zoning pattern is
crosscut by later rims (Fig. 4a, b). REE patterns of do-
main 1 are clearly different from those of domains 2-3
and display much higher LREE contents and slightly
higher heavy-(H)REE contents (Fig. 5a).

The presence of LP inclusions and the absence of
diamond inclusions suggest the formation of domain 1
prior to diamond-facies metamorphism. The observa-
tion that zircon cores retain a different REE pattern
than metamorphic zircon domains (see below) demon-
strates that some of the trace elements were not equili-
brated at peak metamorphic conditions. Claoue-Long
et al. (1991) found widespread evidence of inherited



Fig. 4 Cathodoluminescence
images of zircon. The scale bar
is 25 pm if not otherwise indi-
cated. a Zircon KYG14-1
(sample B94-24) with a domain
1 core surrounded by domain 2,
which contains a diamond in-
clusion. b Zircon KYG18-3
(sample B94-15) with a domain
1 core visible in CL and trans-
mitted light. The core has a high
Th/U ratio of 0.15. The euhe-
dral, dark rim has an REE
composition typical of domain
4. ¢ Zircon KYG18-1 (sample
B94-15) with inclusions of coe-
site and garnet in domain 2 and
an inclusion of quartz in do-
main 3. Note that domains 2
and 3 are not distinguishable on
the basis of the CL image only.
d Zircon KC11-2 (dolomitic
metacarbonate) with inclusions
of UHP garnet and diamond.

* Diamond visible in transmit-
ted light. e Zircon KYG24.3
(sample B94-299) with an in-
clusion of omphacite in the
core. REE composition of core
and rim is similar. f Zircon
BTG4-2 (sample B93-9) with a
euhedral domain 4 rim sur-
rounding a core with REE
composition typical of domains
2-3. g Zircon KYGI-1 (sample
B93-168) with a domain 4 rim
with an inclusion of K-feldspar.
h Zircon KYG24-2 (sample
B94-299) with a multiple inclu-
sion containing a granulite to
amphibolite-facies assemblage

SHRIMP
pit

zircons (apparent ages 558—1,981 Ma), which pre-dated
metamorphism from a biotite schist coming from the
Kumdy-Kol locality (Fig. 1). It could therefore be pos-
sible that domain 1 represents relics of detrital zircon
from a meta-sedimentary protolith. Alternatively, the
cores were formed during prograde metamorphism be-
fore UHP conditions were reached.

Domain 2: UHP zircon

Coesite inclusions in zircon (Fig. 4c) have been identified
by Raman spectroscopy (Fig. 7). These inclusions pro-

UHP garnet
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zircon

vide unambiguous evidence for zircon growth at UHP
conditions. UHP formation of zircon is further sup-
ported by the presence of diamond inclusions (Fig. 3b)
because diamond is not stable during retrogression and
is transformed to graphite (Shatsky et al. 1995). Even in
zircon, which is generally the best container to preserve
diamond, graphitisation of diamond has been observed
along microcracks (Fig. 3b).

In the dolomitic metacarbonates, garnet and dolomite
included in domain 2 zircon (Fig. 4d) have the same
composition as in the UHP paragenesis, which indicates
zircon growth at peak metamorphic conditions. Ti-rich
phengite inclusions in zircons from gneisses have higher
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Fig. 5 REE characterisation of zircon domains. a Visible cores in
TL (domain 1) display a different REE pattern than the meta-
morphic domains 2-3, indicating that the REE did not completely
re-equilibrate at UHP conditions. b Domains 2-3 are characterised
by flat REE patterns from the MREE to the HREE. This indicates
that these domains formed in the presence of garnet. Domain 4 has
much higher HREE contents than domains 2-3, which co-exist
with garnet. ¢ Idiomorphic zircon overgrowths in a biotite gneiss
display very similar patterns as domain 4 in a kyanite gneiss (shown

as grey field)

celadonite contents than phengite in the main amphibo-
lite facies foliation (Fig. 6a). Samples B93-161 and B94-
24 have no phengite in the main assemblage but do have
Ti-bearing phengite as inclusions in zircon. This provides
further evidence that Ti-bearing phengite formed prior to

the granulite-facies equilibration. In fact, the Ti-bearing
phengite displays a similar composition as HT-HP
phengite produced in experiments (Patifio Douce and
McCarthy 1998) and was most probably trapped in zir-
con during UHP conditions. Further evidence of UHP
zircon formation comes from garnet and omphacite in-
clusions (Fig. 4e) in sample B94-299, which occurred in
the same zircon domain. Garnet—clinopyroxene ther-
mometry yields temperatures of 950 °C, which is in
agreement with peak metamorphic temperatures. The
garnet composition is more Mg-rich than garnet in the
main assemblage (Table 3) and, in this sample, clinopy-
roxene only occurs as an inclusion in zircon. Addition-
ally, the omphacite composition is completely different
compared with the clinopyroxene found in the granulite-
facies assemblage (Fig. 6b). These examples demonstrate
that zircon is an excellent container for UHP minerals,
which were completely transformed during granulite-fa-
cies equilibration in the gneisses.

Domains 2 and 3 display the same patchy to weak
concentric zoning in CL (Fig. 4) and similar REE pat-
terns. They are characterised by a nearly flat pattern
from the mid-(M)REE to the HREE with a slight neg-
ative Eu-anomaly (Fig. 6). Such patterns are typical for
zircon coexisting with garnet, a mineral that competes
with zircon for the incorporation of HREE (Rubatto
and Williams 2000). This observation is in line with the
fact that garnet is present as a restite phase during
decompression and isobaric cooling (Fig. 2). Rubatto
and Williams (2000) argued that eclogite-facies zircon
has, when compared with magmatic zircon (e.g. Hinton
and Upton 1991), a very small Eu anomaly because they
formed in the absence of any feldspar phase. However,
the negative Eu anomaly in the Kokchetav zircons (Eu/
Eu*=0.6) is more pronounced than that documented by
Rubatto and Williams (2000), a difference that can be
explained by distinct whole rock compositions. In fact,
the Kokchetav rocks display an Eu anomaly (Shatsky
et al. 1999) very similar to that of zircon domain 2 and 3.

Domain 3: upper amphibolite to granulite-facies zircon

Domain 3 is characterised by LP inclusions such as
plagioclase and chlorite, which are not stable at UHP
conditions (Fig. 4h). Domain 3 also contains inclusions
such as K-feldspar, biotite and phengite (Fig. 6a; Ta-
ble 1), which occur in the granulite to amphibolite-facies
of the main paragenesis of the gneisses. These inclusions
provide evidence for the formation of zircon during LP
recrystallisation of the gneisses. Garnet inclusions in
zircon from samples B94-24 and B94-15 are very similar
to the composition of garnet in the amphibolite to
granulite-facies assemblage, providing further evidence
for zircon formation during this major metamorphic
overprint. Most interestingly, the composition of garnet
included in these zircons varies considerably (Fig. 6c,
Table 3). The strong variation of mineral inclusions in
zircon and the change of garnet composition within
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Fig. 6 Compositions of rock-forming minerals and inclusions (in
cations per formula unit). a UHP micas are characterised by high Si
and Ti contents. LP phengite, with a similar composition as the main
assemblage phengite, occurs also as zircon inclusion. b UHP
clinopyroxene inclusions in zircon have much higher Al and Na
contents than clinopyroxene found in the main assemblages.
¢ Comparison of garnet included in zircon (symbols) and in the main
assemblage (grey fields and arrows). In the dolomitic metacarbonate
(Car 1), inclusions display the same compositions as the UHP garnets
in the main assemblage. Garnet inclusions in zircon in the kyanite—
gneiss B24-299 probably formed at UHP conditions and differ from
the compositional range (core to rim, grey arrow) in the granulite- to
amphibolite-facies overprint. In the other two samples, garnet
inclusions display compositions very similar to those of garnets in
the main assemblage. d Compositional trends from core to rim in
garnets are compatible with near-isobaric cooling. The different
slopes of the trends are probably related to a different paragenesis. In
sample GQ1, Ca may be provided by plagioclase and in G2,
clinopyroxene or amphibole is probably the Ca source

zircons from one sample demonstrate that new zircon
domains formed over a period of time from the UHP
peak to retrograde granulite and amphibolite-facies
conditions.

Domain 4: lower amphibolite-facies zircon

Some zircons display a well-developed prismatic over-
growth (domain 4) on domains 2 and 3, which is clearly
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distinguishable because of its dark CL emission (Fig. 4f,
g). K-feldspar and biotite are occasionally included in
these overgrowths. The most surprising feature is the
distinct REE pattern of domain 4, which is characterised
by a very steep pattern and HREE concentrations of an
order of magnitude higher than domains 2 and 3 (Fig. 5).
The steep pattern and the high concentration of HREE
indicate that there was no other phase to fractionate the
HREE and are typical for garnet-free metamorphic
rocks (Rubatto et al. 2001; Rubatto and Williams 2000).
Garnet was stable during the whole decompression, and
continuous growth of garnet during isobaric cooling is
documented by its zoning. Therefore, we suggest that
crystallisation of zircon domain 4 post-dates isobaric
cooling and probably occurred during lower amphi-
bolite-facies metamorphism.

Th-U-Pb systematics

The four zircon domains were analysed by SHRIMP
(ion microprobe) for Th, U and Pb. With a few
exceptions, analyses of domains 1 to 3 yielded medium
to low U contents (35-400 ppm; see supplementary
electronic Table 1). Domain 4 generally has higher U
contents up to 1,225 ppm, which is in line with lower
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Fig. 7 Laser Raman micro-spectrometry of a coesite inclusion in
zircon from the Kokchetav massif gneisses. Coesite and a-quartz
are distinguishable by their Raman spectra. Coesite is characterised
by a main band at 521 cm ', corresponding to the Vs(Si-O-Si)
stretching mode, whereas o-quartz has its main band at 466—
467 cm™

CL emission (Rubatto and Gebauer 2000). Th contents
are mainly in the order of 1-10 ppm with a few ana-
lyses yielding up to 110 ppm of Th. Th/U ratios of
zircon domains 2, 3, and 4 are always below 0.1, as
expected for metamorphic zircon (Rubatto and Ge-
bauer 2000). A couple of analyses of domain 1 pro-
duced higher Th/U ratios (0.15 and 0.29), comparable
with the values reported by Claoue-Long et al. (1991).
The higher Th/U ratios of domain 1 are consistent with
their distinct REE composition in supporting the hy-
pothesis that some zircon cores observed in TL formed
prior to peak metamorphism.

The 52 SHRIMP analyses all fall in the range 514—
547 Ma and are normally distributed around a mean
206pp238U age of 528 Ma (Fig. 8a). Although a con-
siderable number of measurements were carried out on
zircon of each domain, no age difference was detected.
In particular, for domains 2, 3 and 4, the age distribu-
tion is very similar. Only the analyses for domain 1 for
cumulative probability suggest a slightly older age
(Fig. 8b). The analyses form a single cluster in the ***U/

206pp vs 297Pb/ 2°°Pb diagram for uncorrected data
(Fig. 9). Considering only the analyses that could be
classified as domains 1 to 4 on the basis of inclusions,
REE pattern and CL images, the mean ages are
535+ 9 Ma for domain 1 (n=6), 527+ 5 Ma for domain
2 (n=13), 528+8 Ma for domain 3 (n=6) and
526+ 5 Ma for domain 4 zircon (n=13). Sixteen other
zircon domains that were analysed did not contain
diagnostic mineral inclusions, but, according to their CL
patterns and REE composition, they formed between
UHP metamorphism and granulite-facies conditions
(domains 2 and 3).
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Fig. 8 Histogram with superimposed cumulative probability
curves for U-Pb ages of different zircon domains and mean age
of the zircon populations

Discussion
Formation or cooling ages?
The four zircon domains dated have distinct inclusions

and REE compositions, which indicate formation at
different stages of the Kokchetav rocks evolution. The
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undistinguishable ages of these domains could be
explained by considering 528-526 Ma as a cooling age.
This interpretation would also explain why visible cores
in TL with no UHP inclusions (domain 1) did not record
significantly older ages. However, Claoue-Long et al.
(1991) reported pre-530 Ma ages from zircons of a
biotite—gneiss from the Kumdy-Kol locality, demon-
strating that peak metamorphic conditions of 950 °C
were not sufficient to completely reset the U-Pb system
of all the zircons. The tendency towards an older age
(535+9 Ma), the distinct REE composition and, at least
in part, the high Th/U ratio of domain 1 are additional
indications that older zircon cores were not completely
chemically re-equilibrated during metamorphism. Pres-
ervation of original REE patterns in zircon, where the
U-Pb system was partly reset, has been described by
Hoskin and Black (2000). Such a feature is not surpris-
ing considering that, in zircon, at least part of the REE
diffuses slower than Pb (Cherniak et al. 1997; Lee et al.
1997). However, it is also possible that the cores formed
during prograde metamorphism and that their age is
indistinguishable from domain 2 zircon.

Lee et al. (1997) experimentally determined that
natural zircon has a closure temperature for Pb greater
than 900 °C, which corresponds to a metamorphic peak
in the Kokchetav rocks (domain 2) and is much higher
than the temperature at which zircon domains 3 and 4
are thought to have formed. Moreover, the zircons in-
vestigated are clear and have medium to low U contents,
arguing against any radiation damage that could have
had favoured lead loss at relatively low temperatures.
From these arguments, we conclude that zircon domains
2, 3 and 4 record formation and not cooling ages.

The age of 527 £ 5 Ma obtained from the UHP zircon
domain 2 confirms the U-Pb age of 530+7 Ma pro-
duced by Claoue-Long et al. (1991). Because of the fast
evolution of the Kokchetav rocks, the SHRIMP data
cannot clarify whether the very similar Sm—Nd age of
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Fig. 10 P-T—t path of the Kokchetav rocks based on the
correlation of different zircon domains to metamorphic conditions.
(1) Inherited ages are taken from Claoue-Long et al. (1991) and (2)
mica cooling ages come from Troesch and Jagoutz (1993) and
Shatsky et al. (1999). Two stages of exhumation are separated from
each other by a period of near-isobaric cooling

535+3 Ma from mineral separates of two eclogites of
unit I in the Zerenda Series (Shatsky et al. 1999) repre-
sents a formation age during prograde or a cooling age
during retrograde metamorphism (see Fig. 10). A new
age of the retrograde evolution of the Kokchetav rocks
is defined by the zircon domain 4, which most probably
formed during decompression at amphibolite-facies
conditions (Fig. 10). The mean age of 526 £5 Ma indi-
cates that exhumation and cooling continued after the
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fast exhumation from mantle depth. This age is in good
agreement with °Ar—*’Ar dating of muscovite and
biotite from an amphibolite-facies gneiss, which gives
ages of 517+5 and 515+5 Ma, respectively (Troesch
and Jagoutz 1993; Shatsky et al. 1999).

Exhumation rate

The fact that there is no age difference between domains
2 and 3 implies that the Kokchetav rocks went from
UHP conditions (P >43 kbar, T ~ 950 °C) to amphib-
olite facies (9 £ 2 kbar, 650 °C) in a time interval smaller
than the analytical error on the age determination. In
order to estimate the maximum time span for this evo-
lution we calculated the mean age of the zircon domains
formed between the UHP peak and the granulite-facies
stage (domain 2 + domain 3 + 16 analyses of domains
2-3). These analyses are normally distributed and yield
a mean age of 528+3 Ma (Fig. 8c). Consequently,
the exhumation from > 140 km to ~ 35 km depth must
have occurred within less than 6 Ma (Fig. 10). The re-
sulting exhumation rate of 1.8 cm/year is only a mini-
mum estimate and it is possible that the exhumation rate
was considerably higher because only the minimum peak
pressures and maximum time span of exhumation are
known.

The calculated exhumation rate of more than 1.8 cm/
year for the diamondiferous rocks demonstrates that
exhumation can act at the same tectonic speed as sub-
duction. This seems to be a common feature in exhu-
mation of deeply subducted continental crust. Kroner
et al. (2000) dated zircons from HP (>15 kbar), MP
(6-8 kbar) and LP ( ~ 4 kbar) granulites in the Bohe-
mian Massif and, similar to our results, all the zircon
ages were indistinguishable within error. Very high ex-
humation rates have been deduced for the Dora Maira
Massif, Western Alps. On the basis of SHRIMP U-Pb
dating of zircon with peak metamorphic inclusions
(P ~ 35 kbar, T ~ 750 °C) and fission track ages of the
same zircons, Gebauer et al. (1997) determined a mean
exhumation rate of 2.2 cm/year. With in-situ dating of
titanite crystallising at different P-T conditions, Rubatto
and Hermann (2001) could demonstrate that the initial
stage of exhumation was even faster and reached about
3.4 cm/year.

Implications for geochronology

The detailed study of inclusions showed that zircons
with similar appearance (shape and dimension) and in-
ternal structure (CL pattern) formed over a range of
metamorphic conditions. Extensive new growth of zir-
con, as documented by domains 2 and 3, is normally
attributed to the presence of melts (Vavra et al. 1999;
Rubatto et al. 2001). The available metamorphic (Fig. 2)
and chemical data of the diamond-bearing rocks are in
agreement with the presence of a granitic melt during

decompression and probably even during part of the
isobaric cooling. The granitic melt was probably satu-
rated in Zr because there are visible zircon cores such as
domain 1 and inherited zircon cores in the diamond-
bearing gneisses (Claoue-Long et al. 1991). According to
the experiments of Watson and Harrison (1983), Zr
solubility decreases with temperature and is nearly in-
dependent of pressure. Continuous cooling therefore
would have produced continuous zircon crystallisation
from the melt. New zircon trapped inclusions, which
document the change in P-T conditions. As zircon al-
ways grew in the presence of a granitic melt, it is not
surprising that dimensions and internal structures in
domains 2 and 3 are similar. Alternatively, the different
zircon domains might represent a series of discrete
events. It could be possible that fluids originating from
dehydration reactions in the downgoing slab infiltrate
the diamond-bearing rocks on their way back to the
surface on top of the subduction zone (see below). As
the temperature during decompression was >800 °C
(Fig. 2) a fluid influx would have triggered partial
melting, which would lead to new crystallisation of zir-
con. Independent of whether zircons formed continu-
ously during cooling or sporadically by fluid influx, this
study demonstrates that an apparently homogeneous
zircon population may not form at one single meta-
morphic stage but may represent a time span. Because of
the fast exhumation rates of the Kokchetav rocks,
SHRIMP dating could not resolve this age span. How-
ever, in slowly cooled granulite-facies terrains, the
spread in zircon ages might not necessarily represent
partial lead loss or analytical problems, but could doc-
ument a real time span of zircon formation during
cooling in the presence of melt (e.g. Williams et al. 1996,
Rubatto et al. 2001).

A second process for metamorphic zircon formation
during retrograde metamorphism is documented in
domain 4. The steep REE pattern suggests that domain
4 crystallised at metamorphic conditions where no new
garnet was formed. The Zr and HREE needed to form
domain 4 might be introduced by metamorphic fluids.
Alternatively, decomposition of garnet, which
can contain 10’s of ppm of Zr, might have liberated
some of the Zr and trace elements needed to form new
zircon overgrowths (e.g. Fraser et al. 1997). The REE
patterns of zircon domain 4 thus provides evidence for
retrograde zircon overgrowth at amphibolite-facies
conditions.

Model for fast exhumation of diamondiferous rocks

The retrograde metamorphic evolution of the diamon-
diferous rocks together with the SHRIMP dating of the
different zircon domains (Fig. 10) provide constraints
for the exhumation of deeply subducted continental
crust. In the following we present a two-stage exhuma-
tion model that could explain most of the features
documented in this paper (Fig. 11).
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Fig. 11 Schematic sketch of a possible two-stage exhumation of the
diamondiferous rocks. Subduction and first stage of exhumation
are followed by continental collision and collapse of the thickened
continental crust. The entire evolution took place in a time span of
only about 15 Ma

UHP metamorphism and detachment

The metamorphic conditions of P>43 kbar and
T ~ 950 °C of rocks with crustal composition can only
be explained by continental subduction. It is not yet
solved how rocks less dense than the surrounding mantle
rocks can be subducted to such a great depth. Buoyancy
modelling by Cloos (1993) suggested that continental
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margins can be subducted to mantle depth because the
bulk density of the subducted slab is dominated by dense
eclogitised oceanic crust and is denser than average
mantle rocks. The rock association present in the Kok-
chetav Massif has been thought to originate from a
passive continental margin setting (Dobrzhinetskaya
et al. 1994) and, therefore, this special tectonic setting
might account for subduction of continental crust to
diamond-facies conditions. In fact, HP to UHP meta-
morphism of former continent-ocean transitions has
been reported from several places in the Alps (Schmid
et al. 1996; Trommsdorff et al. 2000).

Exhumation stage 1

A minimum exhumation rate of 1.8 cm/year is signifi-
cantly higher than fast erosion rates (Ring et al. 1999)
and thus provides evidence that tectonic processes un-
related to surface uplift and erosion drove the initial
exhumation. The driving force was most probably
buoyancy (e.g. Platt 1993; Liou et al. 1997) of the sub-
ducted continental crust with respect to the surrounding
mantle rocks. The high temperatures from diamond- to
granulite-facies conditions, the mode and bulk rock
composition of the diamond-bearing rocks and the
widespread new growth of zircon all indicate that there
was, at least sporadically, melt present during exhuma-
tion. We suggest that partial melting played a crucial
role in the initiation of exhumation of these rocks.
Partial melting significantly lowers the strength of the
rocks and enhances the detachment of crustal slices from
the downgoing slab. Additionally, partial melts might
‘lubricate’ contacts between the downward and upward
moving rock masses and favours fast exhumation. High
stress on the former continent—ocean transition because
of the downward pull of the very dense eclogitic oceanic
crust and the buoyant upward force of the continental
crust could have resulted in slab break off (von Blank-
enburg and Davies 1995). The removal of dense slab
material would have enhanced fast exhumation. Cooling
during exhumation was greater than heat loss because of
adiabatic uplift, indicating that the rocks must be
exhumed on top of the slab. This is in agreement with
the slab break-off model of von Blankenburg and Davies
(1995), which suggests cooling during exhumation of HP
rocks. The metamorphic conditions of units now out-
cropping adjacent to the diamondiferous rocks also
display HP-LT metamorphism, but significantly lower
peak pressures (unit II; Dobretsov et al. 1995; Parkin-
son, 2000). This indicates that slices of continental crust
subducted to different depths were assembled during
exhumation. This feature in the Kokchetav massif has
been described as ‘telescoped subduction’ by Dobretsov
et al. (1995) and by Zhang et al. (1997). Such nappe
stacking during exhumation of UHP-continental crust
has also been documented from the Dora-Maira massif
in the Western Alps (Michard et al. 1993) and might be a
common feature of UHP terrains.
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Accretion at the base of the continental crust

Results from thermobarometry and garnets with in-
creasing Ca contents from core to rim that co-exist with
plagioclase indicate near-isobaric cooling at ~ 9+ 2 kbar
after granulite-facies equilibration. We suggest that
buoyancy-driven exhumation of the diamondiferous
rocks stopped when they accreted at the base of the
continental crust. The observation that zircon domains
3 and 4 yield the same age within the statistical error
indicates fast cooling from granulite-facies ( ~ 800 °C)
to amphibolite-facies conditions ( ~ 650 °C). It could
be speculated that fast cooling occurred because the
diamondiferous rocks were hotter than the ambient
lower crustal rocks at the time of emplacement.

Exhumation stage 2

Cooling ages of muscovite and biotite are less than
10 Ma younger than equilibration of the diamondifer-
ous rocks at lower crustal levels at the end of nearly
isobaric cooling. Therefore, the rocks did not reside in
the lower crust but continued their way back to the
surface. This is probably related to continental collision
that post-dates subduction. Collision between micro-
continents has been proposed to explain the variety of
rock types and metamorphic conditions in the Kok-
chetav massif (Dobretsov et al. 1995). Several features
indicating decompression were found in amphibolite-
facies gneisses containing relics of diamonds. Addition-
ally, the diamondiferous rocks crop out in the vicinity
of LP-HT rocks (unit IV, Fig. 1; Dobretsov et al.
1995). This indicates that extension related to post-
collisional orogenic collapse (e.g. Vanderhaegue et al.
1999) might have played an important role in further
exhumation of UHP rocks. As argued by Ring et al.
(1999), uplift and erosion, which are linked to conti-
nental collision, might have been additional key factors
in the final exhumation of this once deeply subducted
slice of continental crust.

Conclusions

1. Mineral inclusions and trace element characteristics
of zircons are powerful tools to link zircon growth to
metamorphic conditions. This permits us to quantify
the rates of metamorphic processes.

2. The retrograde evolution from UHP metamorphism
(P>43 kbar, T ~ 950 °C) to granulite-facies (P ~ 10
kbar; T ~ 800 °C) in the diamond-bearing rocks of
the Kokchetav Massif was beyond the resolution of
SHRIMP dating and occurred in a time span of less
than 6 Ma.

3. Exhumation of the deeply subducted continental
crust acted at a plate tectonic speed of more than
1.8 cm/year.

4. Changing mineral inclusions in zircon document the
growth of zircon during several stages of the retro-
grade evolution. We suggest that two main processes
were responsible for retrograde zircon growth: (a)
cooling of Zr-saturated partial melts from UHP to
granulite/upper amphibolite facies and (b) decom-
position of Zr-bearing phases such as garnet at lower
amphibolite-facies conditions.

5. The recognition of multistage zircon growth during
retrograde metamorphic evolution indicates that the
often used assumption of zircon ages representing
peak metamorphic conditions must be proven by
petrology and/or trace element geochemistry.

6. Zircon is an excellent container for the preservation
of UHP minerals as suggested by Sobolev et al. 1994.
Although the gneisses completely re-equilibrated
during decompression in the presence of melts, min-
eral inclusions in zircons are protected from back
reaction and often provide the best evidence for
compositions of UHP minerals.
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