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Abstract—Exhumation velocity and cooling rates were calculated for eelogites from the megamelange zone
near Mount Sulu-Tyube in the Kokchelav Massif, Kazakhstan. The ealculations were based on the reconstrue-
tion of the thermodynamic parameters of eclogite metamorphism during decompression and on modeling of the
diffusion-controlled homogenization of a garnet grain with unusual growth zoning. The garnet is distinguished
for strong compositional discontinuities between its outermost rim and euhedral core, Paragenetic analysis indi-
cates that a garnet rim of distinct composition has developed around a garnet porphyroblast with the transition
from the epidote amphibolite to eclogite metamorphic facies. A notable fealure of the garnet is that its early
core did not participate in the reaction and, thus, retained its euhedral habit. Qur calculations indicate that the
sharp boundaries between the garnet growth zones could be preserved after the growth stage only if the average
exhumation velocity of the rock and its cooling rate were very high: 62 mm/year and 318°C/m.y., respectively.

INTRODUCTION

The Kokchetav median mass is a unique geological
structure, whose interiors contain recently discovered
economic reserves of diamond. Along with other high-
pressure minerals, such as coesite, K-bearing pyroxene,
aluminous rutile, and sphene, diamond -was found as
inclusions in some rock-forming minerals of the meta-
morphic rocks, which show very unusual textural and
compositional features [1-4]. All of the metamorphic
rocks compose a continuous megamelange zone {5).
Hence, the problem of the preservation of the high- and
ultrahigh-pressure mineral assemblages and the mech-
anism of rock exhumation from depths that are much
larger than the average crust thickness can be resolved
only if the fullest information is invoked on the P-T-t
evolution of various rock types within the tectonic
zone.! In conjunction with this broader problem, we
examined boudined eclogites from the foot of Mount
Sulu-Tyube, where the silicate melange is mapped most
clearly [S]. It was found that the garnet of the rocks pos-
sesses a very unusual growth zoning. Below, we will
analyze the causes of this zoning and the conditions of
its preservation at high temperatures and pressures, Qur
study resulted in direct estimates of the uplift velocity

! Notation: T—temperature, P—pressure, t—time. Minerat sym-
bols: Ab—albile, Alm—almandine, Amp—amphibole, Ang—
anorthite and its mole fraction in plagioclase, Cpx—clinopyrox-
ene, Ep—epidote, Czo—clinozoisite, Grr—garnet, Grs—grossu-
lar, Jdpg—jadeite and its mole fraction in Cpx, Omp—omphacite,
Prp—pyrope, Sps—spessattine. Xy, = Mg/(Mg + Fe), X¢, =
Ca/(Ca + Mg + Fe),
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and cooling rate of the eclogites in the Kokchetav meta-
morphic complex.

OVERVIEW OF THE PETROGRAPHY
AND MINERALOGY OF THE ECLOGITE

The major rock-forming minerals of the eclogite are
garnet, omphacite (which contains up to 28% Jd), cli-
nozoisite, quartz, and rutile. The rock is gneissose, with
a porphyritic granoblastic texture. Retrograde effects in
the eclogite resulted in kelyphytic rims of amphibole
around garnet porphyroblasts and clinopyroxene
(Jdy.g)-plagioclase (Any ;) symplectite (often with
amphibole) along the boundaries of omphacite grains.

The high-contrast back-scattered electron image of

- Fig. 1 [6] shows the clearly distinct core and rim of a

gamnet grain. The clear-cur outlines of the core accentu-
ate the euhedral habit of the early (preeclogitic) garnet.
Its growth zones display systematic variations in the
composition of mineral inclusions that were entrapped
during the prograde metamorphic stage. The garnet
core contains coexisting clinozoisite, calcite, and pla-
gioclase. More calcic (Ang) in the core, the plagioclase
approaches albite (Ans) in the rim. The rim is domi-
nated by pargasitic amphibole, clinozoisite (which is
poorer in pistacite than the clinozoisite in the core), and
quartz. All inclusions are situated closer to the inner
part of the rim. The compositions of the minerals are
presented in table. The analyses were obtained at the
Laboratory of High-Resolution Analytical Techniques
of Moscow State University.
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Fig. 1. Back-scattered electron image of a garnet porphyroblast. The boundary between the core and marginal zone is very sharp,

and the core shows an euhedral habit,

GARNET CHEMISTRY AND CAUSES
OF ITS ZONING

The overall heterogeneity of the garnet, pronounced
in back-scattered electron images (Fig. 1), was refined
with microprobe profiles. It was determined that the
high contrast between the core and outer rim is deter-
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Fig. 2. Microprobe prefile across the garnet grain portrayed
in Fig. 1, The boundary between the core and outer rim is
marked by a rapid increase in the content of grossular
(Grs) and decrease in the almandine concentration (Alm);
neither pyrope (Prp) nor spessartine (Sps) contents show
significant variations in the high-gradient zone. Growth
zones differ in the composition of mineral inclusions.
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mined by a stepwise increase in the content of Ca and
an analogous decrease in the content of Fe (Fig. 2,
table), whereas the compositional variations within the
core are much smoother.

No analogous compositional variations have ever
been determined in garnet from eclogites. The causes
of this phenomenon can be elucidated by means of
chemographic paragenctic analysis of the mineral rela-
tionships in the rock.

From the composition of mineral inclusions in the
garnet, it is clear that the protolith of the eclogite was
epidote-garnet amphibolite. Relics of its mineral
assemblages are the euhedral garnet cores of large gar-
net porphyroblasts, clinozoisite, amphibole, and quartz
inclusions in the rim. The inclusions (clinozoisite and
plagioclase) in the garnet core were isolated by the
idioblast itself and can most probably be attributed to
the assemblage of the epidote amphibolite. The
AC[FM] triangular plot in Fig. 3 displays the actual
compositions of the minerals of the epidote amphibo-
lite and those of the eclogitic assemblage (the garnet in
the rim and omphacite). As can be seen from the plot,
the compositions from the garnet core lie to the right of
the amphibole field, whereas the eclogitic garnet (from
the rim) is plotted to the left of it. At this relative posi-
tion of the minerals, tie-lines connecting the equilib-
rium compositions of the eclogitic garnet and omphac-
ite are intersected only with amphibole—clinozoisite

No. 10 1998
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g
Microprobe analyses and cation proporlions of minerals in the Sulu-Tyube eclogite
Transition high-gradient zone in garnet ‘
C‘;‘;‘rﬁo‘ Garnet core (analyses are spaced 10 pm apart) Garnet rim
_ Gri{lycore .. Gri(1-2) -Gri(2)
Si0, 3739 37.32 37.34 | 3732 | 3783 | 37.95 | 38.00 | 37.58 | 37.63 | 38.14 | 3775
TiO; 0.14 0.04 0.00 0.00 0.00 Q.15 0.07 0.11 0.02 0.00 0.05
AlLO, 20,94 21.68 2129 | 2135 | 2143 | 2143 | 21.62 | 2140 | 2157 | 2179 | 2149
FeD 28.15 26.58 2640 | 2613 | 2597 | 22.80 | 22.84 | 23.31 | 23.68 | 23.80 | 23.77
MnO 245 1.07 1.03 1.01 0.78 0.82 0.89 0.65 0.78 0.46 0.42
MgO 221 353 3.63 3.88 376 3.62 3.31 3.06 2,78 273 4.84
Cal 8.72 071 10.09 | 1003 | 1020 | 13.00 § 1326 | 1372 | 1351 | 1285 | 1110
Na,0 0,00 0.08 0.18 0.27 0.00 0.21 .00 0.15 Q.00 |* 017 0,38
K,0 0.00 0.00 0.05 0.01 0.03 (.03 0.00 0.02 0.03 0.06 0.00
Total 100.00 100.00 [ 100,00 {100.00 {100.00 |100.00 [100.00 |100.00 [100.00 [100.00 [ 100,00
Si 298 2.94 294 294 297 1 296 297 293 293 200 2904
Al 1.97 2.02 1.98 1.98 1.98 1.97 1.99 1.98 2.00 2.01 1.99
Ti 0.0] 0.00 0.00 0.00 0.00 0.01 0.00 0.01. 0.00 0.00 0.00
FeX 0.04 0.04 0.08 0.08 0.04 | 0.06 0.03 0.07 | 005 ] 000 | 007
Fe? 1.83 171 1.66 1.64 1.66 1.43 1.46 1.46 1.51 1.56 1.48
Mn 0.17 0.07 007 | .07 0.05 0.05 0.06 0.04 0.05 0.03 0.03
Mg Q.26 041 .43 046 (.44 042 0.39 0.36 0.33 0.32 0.56
Ca 0.74 0.82 0.85 0.85 0.86 1.09 1.11 1.15 1.14 1.08 0,93
Na 0.00 0.01 0.03 0.04 0.00 0.03 0.00 0.02 0.00 0.03 0.06
K 0.00 0.00 0.00 0.00 (.00 0.00 0.00 0.00 0.00 0.01 0.00
ol 8.01 8.03 8.04 8.05 802 | 803 8.01 8.04 B.02 8.02 a.06
g 6.12 0.19 030 [ 02T [ 0720 0.22 020 01917 017 0.17 0.27
Xes 0.25 0.27 0.28 028 | 028 0.36 -] 037 0.38 0.38 0.36 0.3]
Eclogite mineral assemblage Retrograde minerals : Inclusions in garnet
Compo- | Gr(2) Omp Om Cpx Pl Amp Pl : :
nent by with | rim with P : : Ep(l) | P | Amp(2) | Cro(2)
Omp Grt corg symplectite symplectite

S0, 38.52 54.46 5446 | 53.80 | 6425 | 46.17 | 6548 | 3914 | 60.87 | 4436 | 40.00
TiO, 0.07 0.18 0.18 0.13 0.10 0.16 0.00 0.00 0,00 0.35 0.11
ALO, 2175 7.33 7.33 1.73 21.87 12.57 21.25 2828 | 2420 16.0} 32.48
FeD 22.66 5.04 5.04 5.84 0.14 | 13.39 0.33 8.36 0.61 | 1398 236
MnQO 0.11 0.00 0.00 0.00 |. 0.03 013 {. 0.02 0.05 011 | - 0.09 0.00
Mg0D 525 10.90 10.90 | 14.07 0.28 | 13.08 | . 0.07 0.02 0.00 | 10.72 0.09
Ca0 11.61 18.25 1825 | 23.21 358 ] 11.22 226 | 24.16 5.56-| 1049 | 24.84
Na,0 0.04 385 385 1.18 9.75 3.03 | 1055 0.00 8.59 345 | " DOs
K,0 0.00 0.00 0.00 0.05 0.00 025 0.04 .00 0.03 (.55 0.08
Total 100.00 100.00 1 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 99.97 |100.00 |100.00
S 298 19T 197 1197 2.84 653 2.88 297 21 6.32 299
Al 1.98 0.31 031 0.07 1.14 2.10 1.10 2.53 1.21 2.69 2.86
Ti 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.04 0.01
Fedt 0.03 0.01 0.03 0.06 - 0.53 - 0.53 - 0.34 Q.15
Fe?t 1.43 0.14 0.13 0.12 0.0t 1.05 0.01 - 0.02 1.33 -
Mn (.01 0.00 0.00 .00 0.00 0.02 0.00 0.00 0.00 0.01 0.00
Mg 0.61 0.59 0.59 0.77 0.02 276 0.00 0.00 0.00 2.28 0.0
Ca 0.96 0.71 0.71 0.91 0.17 170 | 0.1l 1.96 0.27 1.60 1.99
Na 0.01 0.27 0.27 0.08 0.83 0.83 0.90 0.00 0.74 0.95 0.01
K 0.00 0.00 0.00 0.00 |- 0.00 0.05 0.00 0.00 0.00 0.10 0.01
Total 8.0) 4.00 400 | 400 | 50t | 1558 | 502 | 800 | 502 | 1566 | 801
Mg 030 0.81 0.82 0.87 = 06T - - - .38 -
Xea 0.32 - - 0.17 - 0.11 - 0.26 - -
X',rd —_ 0.27 0.27 0.02 - - = - - bt -
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Fig, 3. Triangular ACFM [Al : Ca : (Fe,Mg)] plot showing
the cormposition and assemblages of the main high-pressure
mincrals {omphacite and garnet) from the rim and analo-
gous features of the epidote-amphibolite minerals (clinozo-
isile, amphibole, and garnet in the porphyroblast core). The
tie-lines connecting Omp and Grt in the rim intersect only
Czo-Amp lic-lincs (shaded area), a fact indicating that
eclogitization occurred dusing the pregrade stage according
to the reaction Czo + Amp— Grt rim) + Omp + H,0. The
early garnet in the core did not take past in the reaclion.

tie-lines. This means [7] that the high-pressure garnet
and omphacite developed exceptionally at the sacrifice
of decomposing clinozoisite—amphibole assemblage.
To state it otherwise, the eclogitization of the epidote-
garnet amphibolite can be expressed as the dehydration
reaction

amphibole -+ clinozoisite
cpidote amphibolite

— (Ca-Mg)-garnet + omphacite + H,0. (1)
eclogite )

Reaction (1) not only describes the transition
between the epidote amphibolite and eclogite facies but
also explains the origin of the high-gradient interval

between the core and rim of the gamet, Since the euhe-

dral Fe-Mn garnet did not participate in this reaction,
the new Ca-Mg garnet overgrew the preexisting crys-
tal, which did not change either its composition or the
original euhedral habit. This suggests that the transition
from the core to the periphery occurred very rapidly,
The corresponding high-gradient interval within the
garnet grain, which was detected in microprobe pro-
files, resulted from the partial homogenization of the
garnet during the retrograde stage. Let us quantify this
process by using the following model.

SIMULATION OF DIFFUSION IN GARNET

Volume diffusion in a garnet grain with a growth
zoning can be described with a model for diffusion ina

- PERCHUK ef al,

sphere [7-10). The general equation of diffusion of
component { is -

aC _ 3'c 29
3t ?"”(g;f*:"a?

where a is the radius of the sphere, C(r, t) is the desired
dependence between the concentration of component §
at a distance r from the center of the sphere (gamnet
crystal) and time t, an D(t) is the diffusion coefficient of
component { expressed as a function of time,

As can be seen in the profile across the garnet grain
(Fig. 2), the rapid transition between the core and rim is
pronounced most strongly in the concentration varia-
tions of Ca and Fe. Experimental data [11] indicate that
the diffusion coefficient of Ca in garnet is more than
one order of magnitude lower than the analogous coef-
ficients for Fe, Mg, and Mn [12]. According to the the-

; .(OSrSa), (2)

~ory of multicomponent diffusion [13, 14), component

transport across a high-gradient zone in garnet is pri-
marily controlled in this case by the diffusion of Ca,
and, hence, our model can be described when (2) is
resolved for the unknown function of Ca concentration.

A thearetical solution of (2) requires formulating
the boundary and initial conditions.

Boundary conditions. Qur concern is only the dif-
fusion process within the high-gradient zone. In this
case, the rim of the gamet grain prevents the introduc-

- tion of isomorphous components into the zone from

outside (for example, from the fluid and neighboring
minerals), Thus, we will assume that the system is
closed. The condition of the absence of mass exchange
with the environment can be expressed as

ac e

o, " ol =Y 2

reQ

Initial conditions. The choice of initial conditions
presents the main challenge in solving problems of this
type. In fact, the principal task is to reconstruct the orig-
inal growth zoning of the mineral, In practice, it is very
difficult to determine whether a given zoning pattern
was originally caused by growth or underwent partial
homogenization. However, the problem will be signifi-
cantly simplificd in the case of garnet grains with com-
positional discontinuities between the cores and mar-
gins if the discontinuities are assumed to reflect the
original transition between the core and rim, Since this
configuration of a profile is close to that observed in our
garnet, the error in the choice of the boundary condi-
tions should not be large (compare with [10, 13]). The
corresponding initial conditions will be

CO<r<ht=0) = C,, @
Clh=r=<at=0) = C,,

where h is the distance from the grain center to the
core~rim transition zone, and C, and C, are the come-

GEQCHEMISTRY INTERNATIONAL Vol 36
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sponding contents of Ca in the immediate neighbor-
hood of the high-gradient zone (Fig. 2).

An expression of this type for the initial conditions
implies that both the core and the rim are homoge-
neous. Of course, this'is a very rough approximation,
but in this case, our main concern is the preservation
conditions of the high compositional gradient within a
narrow (gbout 15 pm) zone of the gamet grain. If the
diffusion process did not expand beyond this zone, this
process was virtually independent of the concentration
at a large distance (for example, at 200 pum) from the
\ransition zone.

Solution. To simplify the search for the system
solution, let us proceed to dimensionless radius and
time variables. The dimensionless time is understood as

L
th = _[-D—(%Qd':.
0 «Q

where 7 is the inlegration parameter, and D(7} is the dif-
fusion coefficient. The dimensionless radius will be

(3

ria.

In this manner, we get 11d of the D(t) coefficient in
equation (2) and obtain a value for the radius, which
can range between 0 and 1..

The overall diffusion equation for an isolated sphere
as a function of these variables was presented ¢lse-
wiere {9, 13], and, hence, we will list here only its par-
tial solution that complies with new initial condition {4)

Cr, ) = BC+ (1-b3)C,
6
-Zcxp( _p? t)sm‘([},,r) (6)
n= | Bn
where
A, = é-z«c}—ca;bmcos&ﬁr sinbf,)

- Cl(ﬁncoan - Sinﬁn))'

and 3, are the roots of the equation B,cot(B,) =1,b
hfa.

We calculated lines of the sequential relaxation of
the high-gradient zone from equation (6} for t' = 1073,
104, and 1073 (Fig. 4). As can be seen from this plot, the
profile abserved in the garnet is best fit by the ling for
U=t =107,

This value of the dimensionless time should be
regarded as a gquantitative parameter of gamet homoge-

" nization, With the use of equation (4), this quantity can

be employed as a sensitive indicator of the thermal and
baric rates of eclogite evolution [10, 13] if the P-T
parameters of metamorphism are knowa,

GEOCHEMISTRY INTERNATIONAL Vel 36 No. 10
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Tig. 4. Homogenization trajeclories calculated [by equa-
tion (6)] for the high-gradient zona in the garnet as a func-
tion of the dimensionless time parameter {t'), grossular mole
fraction in the garnet, and dimensionless radius B (o =
1500 fm). The initial profile correspands to the composi-
tional discontinuity belween the core and rim of the garnet
at ' =0, Microprobe profile is best fitted by a calculated \ra-

- jectory with ¢ = 1075,

P-T PARAMETERS OF METAMORPHISM

Eclogife stage. The peak temperature of eclogite
metamorphism was determined on the basis of the com-
positions of coexisting garnet and omphacite, which
were analyzed at a distance of ~3 pm from the physical
contact of the grains. The tempcrature was estimated by
the garnet—clinopyroxene. geothermometer [1 5} (see
[16] for details) at 680 £ 50°C. It is worth noting that
the origin of the minerals duriag the eclogite metamor-
phic stage was confirmed by microprobe profiles across
the contact zones, which contain no discernable trates
of retrogression. The minimum pressure during the
metamorphic climax was evaluated by the clinopyrox-
ene—quartz~plagioclase geobarometer [17]. At a jadeite
content in the elinopyroxene of 29 mol %, the pressure
was estimated at 14 kbar, i.e., the equilibrium condi-
tions of the eclogite were T = '680°C and P 2 14 kbar,
These values are consistent with the estimates obtained
by Shatsky ef al, [4].

Retrograde stage. It was noted above that retro-
grade metamorphism manifests itself in the eclogites in
the form of continuous reactions of symplectite forma-
tion and the growth of kelyphytic amphibole. The cli-
nopyroxene~plagioclase symplectite of this stage can
be utilized as a geobarometer. At the same time, the
kelyphyte rims are apparently reaction textures that
develop after the garnet, and, thus, their margins cannot
be used to estimate the temperature [16]. Neither can
the temperature of the retrograde stage be determined
by the coexisting garnet and omphacite, because they
did not experience retrograde Fe and Mg redistribution.
However, the high thermal relaxation rate of eclogite
bodies in the melange zone (see, for example, [18]: a
lens-shaped eclogite body 200 m thick should ¢ool to
the host-rock temperature for as little as ~317 years at
k = 10"% m%s} enables the evaluation of the retrograde

1998
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P, kbar

Fig. 5, Petrogenetic grid showing the P~T metamorphic tra-
jectory of the Sulu-Tyube eclogite. The parameters of the
main metamorphic stages were determined by geother-
mobarometry (see text), Metamarphic facies are portrayed
in accordance with [18), the stability of aluminum silicate is
shown after [21], and the albite = jadeite + quarlz monova-
riant equilibrium is given according to [17] (estimate bascd
on the composition of the cocxisting clinopyroxene and pla-
gioclase; superscript indexes denote the mole fractions of
respective end-members).

metamorphic temperature by the host rocks.[19, 20].
In this case, we used the value of 500°C for the host
gamet-andalusite-biotite and biotite—muscovite gneisses
and schists [5]. At this temperature, the calculated pressure
value [17] was 4 kbar, It should be noted that our esti-
mates, obtained using clinopyroxene with 2 mol %
jadeite and coexisting plagioclase Anq, is fully con-
sistent with the stability of andalusite in the host
gneisses [21].

P-T path. A generalized evolution pattern of the
physical conditions of metamorphism is portrayed in
the P-T plot of Fig. 5 as prograde and retrograde trajec-
tories. The prograde trajectory reflects the transition
from the epidote amphibolite to eclogite facies. At the
boundary between the facies, the mineral assemblages
were fully transformed, and a high-gradient zone
appeared between the core and rim of the garnet
(Fig. 3). The peak of eclogite metamorphism occurred
at = 680°C and P = 14 kbar. The mineral assemblages
provide evidence of a vertical displacement of the rocks
for approximately 35 km, which is a significant value
for crystalline rocks. A considerable part of this uplift
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occurred under epidotc amphibolite-facies conditions,
ag the temperature and pressure decreased to 500°C and
4 kbar. The high-pressure paragenesis, fragments of the
preeclogitic assemblage, and the high-gradient zoning
in the garet were almost fully preserved. In this con-
nection, it is expedient to examine the dynamics of the
temperature and pressure changes during the exhuma-
tion of the rocks. .

UPLIFT VELOCITIES AND COOLING RATES
OF ECLOGITE

Relation (5) makes it possible to estimate the P-T-t
trajectories in terms of dimensionless time (1) and com-
pare them with the homogenization degree of individ-
ual gamet grains [9, 10, 13, 22]. According to the P-T
path (Fig. 5), the uplift magnitude of the rocks was
35 km (AP = 10 kbar), We now can determine the time (t)
of the process for any specified value of uplift velocity.
For example, at an uplift velocity of 1 mm/year, the
rocks would have been exhumed from a depth of 35 km
for 35 m.y. Along with time, relation (5} includes the
diffusion coefficient of Ca and thé radius of the garnet
grain. The dependence of a diffusion coefficient on
temperature is expressed as the Arrhenjus equation

D(t) = Dnexp(R;:(t))

where Dy is the preexponential factor, E, is the activa-

- tion energy of Ca diffusion, R is the universal gas con-

stant, and T(t) is the temperature expressed as a func-
tion of time. The parameters Dy = 7.2 X 1071¢ m%/s and
E, =15 kJ/mol were compiled from {11}, which is now

the only experimental study devoted to the self-diffu-
sion of Ca in garnct. -

The restriction of the process to a local zone distant
from the margin of the grain (Fig. 4) permitted us to use
in relation (5) the radius of the outer boundary of the
high-gradient zone (1000 pum) instead of the radius of
the whole crystal. Qur calculation results were plotted
in a diagram that exhibits the relationships between the
dimensionless time and the uplift velocity of the rock
(Fig. 6). Knowing the homogenization degree of the
garnet (t' = 107), we estimated, using the plot, the
velocity of eclogite uplift at 6.2 cm/year. This value
demonstrates that the eclogite was exhumed from the
lower crust and covered a vertical distance of 35 km for
the relatively brief period of time of merely 0.6 m.y.
The corresponding cooling rate of the rock was
319°C/m.y. It is pertinent to note that this first determi-
nation of the velocity of eclogite exhumation in the
Kokchetav Massif significantly exceeds all preexisting
estimates of rock exhumation velocities obtained for
high-pressure complexes (see Table 3 in [13]).
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DISCUSSION

The traditional technique used to determine the
uplift velocities and cooling rates of high-pressure
rocks (for example, [23}) are based on geothermobaro-
metric data coupled with geochronological dates of the
principal metamorphic stages, The uplift velocity
{cooling rate) is calculated as the ratio of the pressure
{temperature) difference to the difference in the radio-
logical age. However, this approach requires more strict
control over the radiological data and interpretation of
the radiological age of eclogite metamorphism (see
Table 3 in [13]). In order to clarify the aforesaid, let us
consider 8 Sm-Nd mineral isochron (on gamet, clinopy-
roxene, and zoisite) for the Sulu-Tyube eclogite [24]. The
isochron comresponds to an age of 465 £ 32 Ma. However,
even the authors themselves admit that this values does
not correspond to any definite geologic event, The
results of our study demonstrate the necessity of a close
preliminary examination of the garnet. In fact, the gar-
net consists of two independent systems (growth
zones), each of which shows its own cquilibrium distri-
bution of elements, The inner zone (grain core) crystal-
lized during epidote amphibolite metamorphism,
whereas the outer zone (rim) was produced during
eclogite metamorphism. Considering the similarity of
the Sm and Nd diffusion coefficients in garnet [25] with
analogous values for Ca, Fe, and Mg [11, 12], it is log-
ical to suggest that, by analogy with the major isomor-
phous.components, the Sm and Nd distribution in the
garnet” varies in its distinct growth zones. In other
words, the Sm-Nd ratios in the garnet core and rim
should correspond to the age of the epidote amphibolite
and eclogite metamorphism, respectively. When a geo-
chronologic study is conducted without taking into
account the zoning pattern of the garnet, it yields over-
estimated age values. The possible errors can be
roughly quantified on the basis of the study [26], in
which it was demonstrated that the Sm-Nd age of the
metamorphic peak shows a spread of 16 m.y. when
determined on the core and margin of the same garnet
grain. Hence, in search for realistic age values of meta-
morphic events with the use of zoned garnet crystals, it
is advisable to separate distinct fractions (growth
zones) of the gamet.

As was menticned above, the Sm-Nd age of the
-Sulu-Tyube eclogite was estimated at 465 = 32 Ma [27].
However, the actual age of the peak of eclogite meta-
morphism could be somewhat younger, because such
estimates should be carried out only on the outermost
(apparently the youngest) crystal zones. On the one
hand, this will increase the difference between the
metamorphic age of the Sulu-Tyube eclogite and the
surmised age of the ultrahigh-pressure metamorphism
(~530 Ma) obtained for rocks from the Kumdy-kul'
area [27] and, on the other, make the former age closer
to the emplacement time of the main phase of the Zer-
enda granitoid pluton (444 9 Ma [28]). This closeness
is very important for explaining the exhumation of the
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Fig. 6. Dependence of the homogenizalion degree of garnet
(t') on the uplift velocity of the eclogile. Values of ¢ were
calculatled by cquation (5) for the retrograde branch of the
metamorphic trajectory (Fig. 5) and a garnet grain 1000 m
in diameter (sce lext) The uplift velocity (and cooling rate)
of the eclogite were calculaled frem the known homopeni-
zation degree of the gamet (' = 1079,

high-pressure rocks under the effect of gravitation-con-
trolled ordering and crustal diapirism [29]. The results
of numerical simulation of this process indicate that
fragments of very dense eclogites can ascend, under the
effect of convection, through rocks of lower density and
viscosity (for example, two-mica schists) with veloci-
ties close to those calculated for the Sulu-Tyube eclog-
ite (62 mm/year).

At the same time, a consensus was reached by many
rescarchers of the megamelange zone of the Kokchetay
Massif that the exhumation of the high- and ultrahigh-
pressure rocks from significant depths could be caused
by the backward flow of material in the accretionary
wedge above a subducted plate [30). The resuits of a
geodynamic modeling of the process indicate that the
velocity of the backward flow can be as high as the sub-
duction velocity [31] or even exceed it [32]. The high-
density Sulu-Tyube eclogite was exhumed with pre-
cisely this velocity of 6.2 cm/year, a fact that provides
additional arguments for this geoteclonic scenario.
However, the information available so far is insufficient
to choose between the two geotectonic scenarios.

The estimates obtained on the exhumation velocity
and cooling rate of the eclogite need some comments,

The value of t, = 107 that was used in determining the

uplift velocity (Fig. 4) corresponds to the maximum
homogenization degree of the garnet, However, the
original profile of the garnet could differ from that cho-
sen in our case and, in the limiting case, even coincide
with the microprobe profile (Fig. 4). For such a garnet

that was not homogenized, t' = t,; = 0. This means that

t; can only decrease (see [13] for detail). To state it oth-

erwise, possible corrections of the original profile mor-
phology can result only in an increase of the calculated
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uplift velocity and cooling rate of the eclogite (Fig. 6).

Nevertheless, the unceriainty interval t, = [0; 10-5] is -

so narrow (compare with [13]) that it justifies the accu-
racy of the reconstructed initial conditions.

It is also worth noting that, in determining the uplift
velocity of the eclogite (Fig. 6), we assumed that the
initial P-T parameters corresponded to the peak param-
eters .of eclogite metamorphism. However, the high-
gradient interval that was used to determine the uplift
dynamics originated earlier, during the prograde meta-
morphic stage. Hence, strictly speaking, the calculation
of t' should be begun with determining the P~T condi-
tions under which the epidote—garnet amphibolite was
transformed into eclogite according to reaction (1), and
this would definitely increase the duration of the pro-
cess modeled. The required thermodynamic data (for
example, the water activity} are not available now, and
the precise position of dehydration reaction (1) in a
P-T plot cannot be determined (the: corresponding
boundary line between metamorphic facies in Fig. 5 is
quite schematic). This disables us to introduce neces-
sary corrections into the initial conditions of the simu-
lated process. Nevertheless, it is fairly clear that the
addition of a high-temperature prograde episode to the
postgrowth history of the gamet will result in a further
increase of the calculated uplift velocity and cooling
rate.

It follows from analysis of the uncertainties in the
simulation of the diffusion process in garnet that further
refinement of our results will lead only to an increase in
the calculated uplift velocity and cooling rate of the
eclogite. This provides additional evidence of the
unique nature of the Kokchetav Massif not only in the
mineralogical but also in the geodynamic sense.

CONCLUSIONS

(1) The cores of garnet porphyroblasts in the Sulu-
Tyube eclogite consist of euhedral crystals, The bound-
aries between the cores and marginal zones of the gar-
net are marked by a very strong increase in the content
of grossular at decreasing content of almandine.

(2) We determined, using paragenctic analysis, that
the rim of the garnet resulted from the dehydration reac-
tion epidote + amphibole ~—+ garmnet + omphacite + H,0,
which describes the transition between the epidote
amphibolitc and eclogite metamorphic facies. The
carly garnet did not participate in this reaction and
retained its euhedral habit as the younger garnet grew
during eclogitization.

(3) The preservation conditions of the high-gradient
zone of the garnet were determined by means of geo-
thermobarometry of the rocks and simulation of the
homogenization process in the garnet,

(4) In tackling the diffusion problem, we managed
to reach the most precise description of the process by
obtaining the optimum set of initial conditions, Our
modeling results demonstrate that the decompression
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of the eclogite from 680°C and 14 kbar to 500°C and
4 kbar occurred at very high uplift velocities and cool-

ing rates, up to 6.2 cm/year and 319°C/m.y., respec-
tively, )
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