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Abstract—Eclogites from the Faro area in the Yukon—Tanana high-pressure terrane, Canada, are characterized by a
counterclockwise P-T path. The major minerals of these rocks are garnet, omphacite, and quartz. The cores of con-
centrically zoned garnet grains contain chemical heterogeneities of different types: relict garnet microinclusions
(which were produced before the prograde P-T evolution of the rocks) and stringers (which developed under P-T
conditions close to the metamorphic peak). Geospeedometers based on these types of chemical heterogeneity were
used to obtain discrete estimates for the evolution rates of the P-T parameters during the prograde and retrograde
metamorphic stages. The P-T path and the corresponding temporal aspects of the evolution of the Faro eclogites are
well reproduced by numerical simulations of the viscous flow of material in a self-organizing subduction channel dur-
ing subduction onset. According to the model, the subduction channel evolved predominantly at the expense of the

hanging-wall serpentinized peridotite.

INTRODUCTION

The thermal structure of a subduction zone depends
on several physical parameters, such as subduction
velocity and duration, the age of the downgoing plate,
the rheological characteristics of the crustal and mantle
rocks, and the intensity of mantle wedge hydration
(Cloos, 1982; Dobretsov and Kirdyashkin, 1992; Pea-
cock, 1990; Bostock et al., 2002; Gerya et al., 2002).
Inasmuch as most of these parameters vary from one
subduction zone to another, each thermal structure can
be regarded as unique in certain aspects. This is, in turn,
reflected in the diversity of the metamorphic P-T paths
of high-pressure rocks. The P-T paths of eclogites from
some subduction zones portrayed in Fig. 1 differ in
absolute temperatures and pressures and show a fairly
broad diversity of thermal gradients (the tempera-
ture/pressure ratio). Notable differences are also typical
of the configurations of their P-T paths: most of them
are directed clockwise, although paths of the opposite
direction are also possible. The geodynamic situation
controls the durations of the P-T evolution of a rock
and its thermal (cooling and/or heating rate) and baric
(exhumation and/or burial rate) history.

The temporal aspect of rock evolution in subduction
and collision zones recently attracts more and more rapt
attention of researchers. Pertinent information is recov-

ered using techniques of geospeedometry (Perchuk and
Philippot, 2000; Dachs and Proyer, 2002), geochronol-
ogy (Gebauer etal, 1997; Duchene etal., 1997;
Rubatto et al., 2001), or, more rarely, a combination of
both (Philippot ef al., 2001). In this publication, we
compare the results obtained by mineralogical
geospeedometry and geodynamic simulations. The
main criterion of the convergence of the results was the
rates of temperature and pressure changes during the
prograde and retrograde metamorphic stages in the
Faro eclogites of the Yukon-Tanana Terrane, Canada,
and in a certain virtual rock from the basaltic layer of
the oceanic crust, whose P—T —t evolution was followed
in a numerical experiment. We selected the Faro eclog-
ites because garnet contained in these rocks shows dif-
ferent types of chemical heterogeneities, and the simu-
lation of their partial homogenization allowed us to
obtain discrete estimates for the timing of the prograde
and retrograde metamorphic stages.

FARO ECLOGITE FROM THE YUKON-TANANA
TERRANE, CANADIAN CORDILLERA

Geological Overview (Literature Data)

Eclogites and glaucophane schists occur in the poly-
metamorphic Yukon-Tanana Terrane at the western
margin of the North American Platform (Erdmer and
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Fig. 1. Diversity of metamorphic P-T paths of eclogite-
facies rocks in subduction zones.

(1) New Caledonia (Ghent et al., 1987); (2) Nerkau, North-
ern Urals (Gomez-Pugnaire et al., 1997); (3) Faro, Yukon,
Canada (Perchuk and Philippot, 2000); (4) Zermatt—Saas,
Alps (Reinecke, 1998); (5) Sudety Mountains, Poland
(Steltenpohl et al., 1993). Mineral equilibria: Atg = For +
cEn + H,O (Wunder and Schreyer, 1997), Coe = Qtz

(Bohlen and Boetcher, 1982). Mineral symbols: Atg—anti-
gorite, For—forsterite, cEn—clinoenstatite, Coe—coesite,
Qtz—quartz, Ta—talc.

Helmstaedt, 1983). The terrane is in tectonic contact
with the platform: Mesozoic collision between the
island arc and continent thrust this terrane over the sed-
imentary cover of the marginal part of the platform
(Templeman-Kluit, 1979; Erdmer, 1987). The terrane
comprises three allochthons (Erdmer and Helmstaedt,
1983), which consist of tectonized volcano-sedimen-
tary rocks (Nisutlin allochthon), a cataclazed ophiolite
association (Anvil), and cataclazed granitoids (Simp-
son). The Faro eclogites in the northern portion of the
terrane belong to the Nisutlin allochthon and are part of
tectonic melange in the subduction zone (Erdmer,
1987). In the Faro area, eclogites compose scarce
lenses up to 4 m thick among graphite-bearing quartz-
ites and blastomylonitized quartz—mica schists with
garnet, chlorite, zoisite, calcite, and albite (Temple-
man-Kluit, 1979; Erdmer and Helmstaedt, 1983). The
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schistosity of the eclogites and host rocks suggests their
conformable relations, although the poor exposure of
the terrane precludes determining the character of the
contacts (Erdmer and Helmstaedt, 1983). Fairly scanty
information on the geology of the Faro area is partly
compensated by thorough descriptions of the neighbor-
ing Ross River area, which lies 45 km southeast of Faro
(Fig. 2) and is part of the same Nisutlin allochthon
(Erdmer, 1987). In the latter area, eclogites are hosted
by graphite quartzites, quartz—muscovite—glau-
cophane—garnet and chlorite—actinolite—plagioclase
schists and serpentinites. The eclogites have sharp con-
tacts with their host rocks, often with graphite rims
along the contacts (Erdmer, 1987). A geological map of
this area is presented in Fig. 2, inset b.

The geochemistry of the Faro eclogites suggests
(Philippot ef al., 2001) that their protolith consisted of
oceanic-island basalts. The Permian age (252264 Ma)
of the eclogite metamorphism (Lu-Hf method; Philip-
pot et al., 2001) practically coincides with the age of
phengite from the eclogite (255-261 Ma, “°Ar/*Ar
method; Erdmer et al., 1998). The closure temperature
of the isotopic system of the phengite is ~550°C (Per-
chuk and Philippot, 2000), i.e., close to the P-T condi-
tions of the retrograde metamorphism.

The reader can find more information on the geol-
ogy of the Yukon-Tanana Terrane in (Erdmer and
Helmstaedt, 1983; Erdmer, 1987; Hansen et al., 1991;
Erdmer et al., 1998).

Petrography, Mineralogy, and Garnet Zoning

The main rock-forming minerals of the petrograph-
ically freshest Faro eclogites are garnet, omphacite, and
quartz. The rocks are porphyroblastic, schistose, and
most of their garnet grains are euhedral. The idioblasts
up to a few millimeters across bear numerous inclu-
sions of quartz, omphacite, clinozoisite, and acicular
rutile and more rare paragonite, phengite, and sphene.
Inclusions are concentrated mostly in the cores of gar-
net grains, whose peripheral portions are much poorer
in inclusions. The retrograde alterations are clearly pro-
nounced only locally, where omphacite and quartz
(anhydrous minerals) are virtually completely replaced
by phengite + paragonite + amphibole + chlorite + cli-
nozoisite aggregates (consisting exclusively of hydrous
minerals). Garnet in the segregations is resorbed and
surrounded by thin rims of chlorite and/or phengite.
Note that both chlorite and phengite also occur, along
with glaucophane, in the host garnet-mica schists, in
which they are major rock-forming minerals (Erdmer
and Helmstaedt, 1983).

The garnet has clearly pronounced concentric
growth zoning (Fig. 3a), with cores enriched in Fe and
Mn and rims richer in Mg. The cores of idioblasts
sometimes include well pronounced domains of high-
Ca garnet (Fig. 3b), which were interpreted as earlier-
generation relicts (Perchuk and Philippot, 2000).

PETROLOGY  Vol. 13

No. 3 2005



SUBSIDENCE AND EXHUMATION DYNAMICS OF ECLOGITES

255

Ross River

. e
| | 11 11

Fig. 2. Geological-geographic setting of eclogites in the Yukon-Tanana Terrane (Erdmer, 1987).

(1) Eclogite exposures; (2) Yukon-Tanana Terrane. Arrows correspond to the displacement directions of blocks along the Tintina
fault. Insets: (a) Schematic index map of the North American continent and the Yukon—Tanana Terrane (rectangle); (b) schematic
geological map of the Ross River area (modified after Erdmer, 1987). Symbols in inset (b): (1) platform sedimentary cover;
(2) mylonitized mica schists and quartzites; (3) eclogites and glaucophane schists; (4) serpentinites; (5) greenschists; (6) rivers and

lakes; (7) overthrust.

Garnet in high-pressure rocks sometimes preserves
stringers, which are microcracks healed by newly
formed garnet (Perchuk and Varlamov, 1995;
Yapaskurt, 1997). Garnets from the Faro eclogites bear
two generations of stringers (Figs. 3b—3d): (i) stringers
that developed under the P-T conditions close to the
metamorphic peak and (ii) stringers produced after the
metamorphic peak. In BSE images, the generation-1
stringers are dark and can be clearly seen in the pale
gray garnet core (Figs. 3b, 3¢). The generation-2 string-
ers are pale and can be readily distinguished in both the
core and the margin of the garnet (Fig. 3d). Microprobe
profiles across the stringers (Figs. 4a—4c) in different
grain parts (Figs. 3c, 3d) reveal compositional differ-
ences between stringers of different generations and the
host garnet. The generation-1 stringers have higher Mg
content, and their composition is close to that of the
rim, while the generation-2 stringers are more ferrous
and, thus, are contrasting with the dark magnesian rim.
Garnet analyses (table) were conducted on a CAMECA
SX-100 microprobe at the Laboratory of Magma and
Volcanoes of the University of Clermont-Ferrand,
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France, at an accelerating voltage of 15 kV and a cur-
rent of 15 nA. The beam diameter was 1 um. The stan-
dards were natural and synthetic compounds.

The genesis of the stringers is thought to have been
related to the healing of microcracks (Perchuk and Varla-
mov, 1995; Yapaskurt, 1997) or diffusion along the
boundaries of subgrains (Prior etal., 2000). Now
geospeedometry can be conducted only using stringers
of the prograde stage (generation 1), which were pro-
duced under the P-T parameters of the metamorphic
peak. It is difficult to determine the exact age (and P-T
parameters) of the generation-2 stringers, because no
minerals coexisting with them were identified.

The generation-1 stringers (Fig. 3b) were further
examined on a scanning electron microscope at the
Ruhr University in Bochum, Germany, by the electron
backscatter diffraction (EBSD) technique. This tech-
nique did not reveal any boundaries of subgrains in a
garnet crystal (S.Chakraborty, personal comunication),
and thus, we give preference to the mechanism of
microcrack healing. Additional information on the
petrography, mineralogy, and metamorphic zoning of
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(b)

(d)

Fig. 3. BSE images of the principal types of garnet heterogeneities.
(a) Concentric growth zoning (pale core and darker margin) and garnet inclusions (indicated by arrows) in garnet; (b, c) stringers
of the first generation; (d) stringers of the second generation (see text for details). Note that “post-growth” stringers typically have

a pale stripe running across the stringer and rim. Figures 3¢ and 3d show the positions of microprobe profiles demonstrated in Fig. 4.
Scale bars in all images are 100 um long.
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eclogites from different parts of the Yukon—Tanana Ter-
rane, including Faro, can be found elsewhere (Erdmer
and Helmstaedt, 1983; Erdmer, 1987; Erdmer et al.
1998; Perchuk and Philippot, 2000).

Metamorphic P-T Conditions

The P-T parameters of prograde metamorphism
determined previously (Perchuk et al., 1999; Perchuk
and Philippot, 2000) were refined with a newly devel-
oped version of the garnet—clinopyroxene thermometer
(Ravna, 2000). The pressure was evaluated by the cli-
nopyroxene—plagioclase—quartz barometer (Perchuk,
1992) with a correction for plagioclase ordering (Salje,
1985). The calculations were conducted for the compo-
sitions of omphacite inclusions and their host garnet
and the compositions of garnet margins and matrix
omphacite in contact with them. We determined that the
P-T parameters of prograde metamorphism had
increased from ~540°C and 11 kbar to ~660°C and
15 kbar. The subsequent cooling of the rock to ~540°C
proceeded under nearly isobaric conditions (Perchuk
etal., 1999; Perchuk and Philippot, 2000), as was
inferred from the absence of clinopyroxene—plagio-
clase symplectites after omphacite and quartz, even in
rock portions accessible to aqueous fluid (which acted
as a catalyst of this reaction). The stable coexistence of
omphacite and quartz during the retrograde metamor-
phic stage determines the general counterclockwise
direction of the P-T path (Fig. 5a).

Earlier we discussed the integrated affect of pro-
grade and retrograde stages according to the degrees of
the partial homogenization of garnet inclusions in gar-
net (Perchuk et al., 1999; Perchuk and Philippot, 2000).
Stringers developing under P-T conditions close to the
metamorphic culmination provide an independent esti-
mate for the duration of the retrograde stage. Subtract-
ing this value from the total time span of the metamor-
phic cycle, one can calculate the duration of the pro-
grade stage. The procedure of determining the timing of
the prograde and retrograde metamorphic stages is por-
trayed schematically in Fig. 5b. It is underlain by the
simulation of the diffusion-controlled modification of
zonal profiles across garnet grains.

DIFFUSION: NUMERICAL SIMULATIONS
AND A NEW COMPUTER PROGRAM

Diffusion processes were studied using the DXL
computer program, which enables simulating multi-
component diffusion for spherical and Cartesian coor-
dinates at any form of the temperature and pressure
functions of time. The DXL program accounts for the
dependence of the diffusion coefficient on the compo-

Fig. 4. Microprobe profiles across stringers of (a) the first and (b, ¢) second generations. Dashed lines mark the axis of the stringer.
See Figs. 3c and 3d for the positions of the microprobe profiles.
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Representative microprobe analyses of chemical heterogene-
ity domains in garnet

Compo- Host garnet Stringer (core) Relic
nent | margin | core [retrograde| prograde| core
Si0, 39.09 38.41 38.35 38.68 37.95
TiO, 0.05 0.06 0.06 0.01 0.13
Al,O4 22.08 21.63 21.97 21.98 21.50
Cr,04 0.02 0.04 0.02 0.17 0.02
FeO 22.73 25.38 25.28 24.37 21.26
MnO 0.27 0.27 0.36 0.32 5.47
MgO 8.96 6.42 6.51 7.56 1.17
CaO 6.89 8.09 7.57 7.32 12.60
Na,O 0.13 0.00 0.03 0.02 0.00
K,O 0.00 0.02 0.02 0.02 0.00
Total | 10021 | 101.00 | 100.16 | 10045 | 100.09
12 atoms O
Si 2.98 2.97 2.97 2.97 3.00
Al 1.98 1.97 2.00 1.99 2.00
Cr 0.00 0.00 0.00 0.01 0.00
Ti 0.00 0.00 0.00 0.00 0.01
Fe3* 0.04 0.05 0.03 0.04 0.00
Fe?* 1.41 1.59 1.61 1.53 1.41
Mn 0.02 0.02 0.02 0.02 0.37
Mg 1.02 0.74 0.75 0.86 0.14
Ca 0.56 0.67 0.63 0.60 1.07
Na 0.02 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.01 8.01 8.01 7.99
XR‘,[g 0.42 0.32 0.32 0.36 0.09
XEF 0.19 0.22 0.21 0.20 0.36

* Xpg = Mg/(Mg + Fe?).
# X, = Mg/(Ca + Mg + Fe?*).

sition and is applicable to any type of zoning profiles.
Incorporating the program into a Microsoft Excel
spreadsheet simplifies its use and opens broad possibil-
ities for the graphical representation of the results.
DXL optimizes a well-known mathematic apparatus
for the simulation of multicomponent diffusion (see,
for example, Toor, 1964; Lasaga, 1979). No corrections
for the nonidiality of the garnet solid solution were
introduced, because this effect practically does no
affect the results (Chakraborty and Ganguly, 1992).

In multicomponent diffusion, the flux of each cation
in a mineral depends on the concentration gradients of
the other cations with linear coefficients, which are
specified in a matrix of diffusion coefficients D;. When
the diffusion coefficients D; depend on the composi-
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tion, the Fick—Onsager relation (Onsager,
acquires the form

1945)

AC. < (IC,
7 = w225 M
J

where C; is the mole fraction of the component in a
n-component system, and x is the distance. For exam-
ple, for the situation with three components (Fe, Mg,
and Mn), a system of two equations can be written

ICre ICr, IC ).
ot = a(DFeFe(W)-l_DFeMg( ox ))7

dCy, _ 0 0C, dCyq
o a—x(DMgFe(W)*DMgMg(—ax D

The concentration of the third component (Mn) is
thereby assumed to be dependent on the Fe and Mg
concentrations. Expression (1) for a spherical crystal
can be written as (Crank, 1975)

aa—ff=%§zl ( ), @
J

where r is the radial position in the crystal.
In application to the diffusion matrix D of an ionic
crystal, Lasaga (1979) proposed the expression

Dij = D(i)sij

i 3)
- [D(i)zizjcffzzfckmk)}w(j) ~ D(n)),

k=1

where §;=0at i#jand §;= 1 ati=j, z is the charge of
the component, and element 7 is regarded as dependent.
The selfdiffusion coefficient D(i) of component i is
described by the Arrhenius equation

D(i) = Dyex Eq 4)
0 p(RT(r))

where D, is a preexponential factor, £, is the activation
energy, P is pressure, R is the gas constant, and 7(¢) is
temperature as a function of time.

The analytical solution of problems with multicom-
ponent diffusion in minerals (1-3) is usually achieved
by introducing components for which the matrix of dif-
fusion coefficients is a diagonal matrix (see, for exam-
ple, Loomis et al., 1985; Chakraborty, 1991; Perchuk
et al., 1996). They are used for a transition to a matrix
of standard diffusion equations. However, many petro-
logical and geochemical problems are not isothermal in
essence. Moreover, the diffusion coefficients of miner-
als (garnet among others) can be dependent on the con-
centration (see, for example, Gerasimov, 1987). The
solution of such problems is further complicated by the
fact that changing diffusion matrix (3) requires recalcu-
lations during each time step. To simplify the solution,
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Fig. 5. (a) P-T evolution of the Faro eclogites, Yukon, Canada (modified after Perchuk et al., 1999) and stages when different garnet
heterogeneities were formed. The radiogenic ages (Ma) are given according to (Erdmer et al., 1998: Philippot et al., 2001).
(b) Schematic variations in the pressure (P) and temperature (7) with time and their correlation with the data of geospeedometry.

Shown in gray is the proposed formation time of stringers.

Chakraborty and Ganguly (1991) proposed an isother-
mal approximation, in which characteristic temperature
T, = 0.97T s (Where T, is the temperature of the
metamorphic peak in K) is introduced instead of the
temperature change during the prograde and retrograde
stages. Leaping ahead, it is pertinent to mention that
this approximation leads to notable deviations from the
nonisothermal solution in application to the Faro eclog-
ites, which are characterized by asymmetrical 7—t and
P-T evolutionary trajectories (both prograde and retro-
grade).

The simulations were conducted using conservative
finite-difference (FD) scheme over an irregularly-
spaced staggered grid. The difference schemes were
written in an implicit form for using the integration—
interpolation technique from (Kalitkin, 1978). In an
orthogonal system, one-dimensional diffusion equation
(1) was written as

()
tm+1_tm (xn+1_xn—1) (5)
m+1 m+1 m+ 1 m+1 m+ 1 m+1
% (Dn++l/2(cn++l - Cn " )_Dn—+l/2(Cn v Cn—+l ))
(xn+1_'xn ('xn_xn—l) '

where n and m are grid nodes for variables x and ¢,
respectively.

In a spherical system of coordinates, expression (2)
was replaced by a difference scheme
PETROLOGY  Vol. 13
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1
(G, -G _ 1
tm+1_tm rr2l(rn+l_rn—l)
m+ 1 m+ 1 m+ 1 2
><(Dn+1/2((;n+1 _Cn )(rn+1+rn) (6)
2(7’n+1 — Ty
m+ 1 m+ 1
_Dn—l/Z(Cn

— (- +rn>2)
2(rn_rn—l) )

The difference equations were solved by introduc-
ing the initial distribution of element concentrations
along the diffusion profile

C,) = u(x,)

and the condition that the system is closed (symmetri-
cal) at its boundaries

m m m m
CO :C], Cn :Cnfl‘

The systems of equations were solved by the Gauss
elimination method. To obtain a stable solution, the
time step Af was chosen to be dependent on the distance
step Ax and the diffusion coefficient D, in compliance

with the expression Az < 1/2 Ax?/D (Peacock, 1990).

Following the conventional praxis (Loomis ef al.,
1985), the program was tested by an analytical solution
for a diffusion coefficient linearly dependent on com-
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Fig. 6. Comparison between diffusion profiles obtained
analytically (crosses) (Crank, 1975, pp. 118, 386) and by
numerical simulations (lines) for diffusion between two
semi-infinite rods of discrete compositions (C; and C,) at a
linear dependence of the diffusion coefficients on the con-
centration (b = 0.1407 is the ratio of the diffusion coeffi-
cients at Cy and Cy). The selfdiffusion coefficient Dgepy is

calculated by the model (Darken, 1948). See text for details.

position (Crank, 1975, p. 118). The comparison of the
numerical and analytical solutions for the situation with
a strong dependence of the diffusion coefficient on
composition (Crank, 1975, p. 386, Table 7.5, b =
0.1407, where b is the ratio of the diffusion coefficients
for the marginal compositions) demonstrates a good
consistence of the results.

CALCULATION OF TEMPORAL RELATIONS
DURING METAMORPHISM

The timing of the prograde and retrograde metamor-
phic stages in the Faro eclogites were determined
according to the scheme shown in Fig. 5.

Stringers

The compositions of stringers were used to evaluate
the duration of the prograde stage. The methods for cal-
culating temporal relations during metamorphism were
described in (Perchuk and Philippot, 2000; Perchuk,
2002). The analytical solution used previously in appli-
cation to eclogites from Norway and the Greater Cau-
casus was replaced by a numerical solution, and we
additionally introduced a dependence of the diffusion
coefficient on the garnet composition [Eq. (5) in the
XXL computer program]. The transition from a stringer
to the host garnet is determined by changes in the con-
tents of two components: Fe and Mg, and, thus, we con-
sidered diffusion to be a binary process. The corre-

PERCHUK, GERYA

sponding diffusion coefficients for Eq. (4) were taken
from (Ganguly et al., 1998): Mg [D, = 4.66 X 10~° m?/s
and E, (kJ/mol) =254 + 0.53P (kbar)]; Fe [D, = 3.5 X
10° m?/s and E, (kJ/mol) = 274 + 0.56P (kbar)]. The
initial composition of the stringers was assumed equal
to the composition of the garnet rim (Ny, = 40), and the
composition of the host garnet (Ny, = 29) was deter-
mined in the microprobe profile segment not affected
by diffusion. The width of the stringer was selected in
such a way that a microprobe profile across this stringer
could be simulated. The simulated profile (Fig. 7a) for
the monotonous cooling of the rock from 660 to 540°C
at P = 15 kbar during 0.36 m.y. exhibits a good agree-
ment with the observed distribution of the components
in the microprobe profile (Fig. 4a). The extent of the
diffusion profile modification notably decreases with
decreasing temperature (Fig. 7a) and becomes negligi-
bly small at temperatures below 570°C.

Inclusions of Relict Garnet Grains

The overall duration of metamorphism was recon-
structed using the degree of homogenization of earlier-
generation garnet inclusions in the host garnet (Perchuk
and Philipot, 2000). We applied a numerical solution of
the diffusion equation for a sphere (2) to a nonisother-
mal situation with fluxes of three components: Ca, Fe,
and (Mg + Mn). The Mn and Mg concentrations in the
garnet vary relatively little and show similar profiles of
chemical zoning (Fig. 7b). Because of this and for sim-
plifying the solution, we combined both elements and
regarded them as a single element Mg. The aforemen-
tioned selfdiffusion coefficients of Fe and Mg (Ganguly
etal., 1998) were substituted into the D matrix of
Eq. (3), along with the diffusion coefficient for Ca
[Dy=72x%x 10" m?*s and E, (kJ/mol) = 155+
0.6P(kbar)] from (Schwandt et al., 1996). Ca was con-
sidered to be an additional component, and its diffusion
activation volume was assumed to be equal to that of
Mn (Ganguly et al., 1998).

The partial homogenization of the garnet inclusion in
garnet continued during the prograde (540°C/11 kbar —
660°C/15 kbar) and retrograde (660°C/15 kbar —
570°C/15 kbar) metamorphic stages. As follows from
our simulations of stringer homogenization, the dura-
tion of the latter stage was close to 0.36 m.y. The next
task was to evaluate the timing of the prograde stage for
which the simulated curves of the element concentra-
tions in garnet would reproduce the microprobe profile
(Fig. 7b). The lines correspond to a prograde stage that
lasted for 0.08 m.y. and a subsequent episode of subiso-
baric cooling for 0.36 m.y. (Fig. 7b). Thus, the overall
duration of metamorphism with effective mass transfer
was about 0.44 m.y. Note that the method of isothermal
approximation (7, = 0.97T,,,,; Chakraborty and Gan-
guly, 1991) yields a much lower overall durations of
these events, equal to 0.24 m.y.

It is pertinent to consider more closely the dynamics
of changes in the diffusion profile across the garnet
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(a) Stringer (Fig. 3a) was assumed as a semi-infinite plate; (b) spherical garnet inclusion (Perchuk and Philippot, 2000, Fig. 8). Dashed

lines correspond to the initial profiles, numerals correspond to the time spans (m.y.) during which the diffusion profile developed.
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Fig. 8. Successive evolutionary stages of a subduction channel (a wedge-shaped region above the subducting plate) and the flow of
low-viscosity material (serpentinized peridotites, metasediments, and eclogites in this channel). A metamorphic P-T path for the
eclogite body (square marker) in the frontal (deepest) portion of the subduction channel is presented for each stage. The last diagram
additionally displays a metamorphic P-T path for the Faro eclogite (gray arrow).

(1) Anhydrous mantle; (2) serpentinized mantle; (3) (meta)basalts; (4) (meta)gabbro; (5) (meta)sediments. Convergence velocity is
15 cm/yr. The computer program, together with the rheological and kinematic parameters used in it, is described in (Gerya et al., 2002).

inclusion in garnet. First, effective mass transfer started
during the prograde stage at a temperature of ~540°C
and ended at ~570°C during the retrograde stage. Sec-
ond, similar transformations of the profiles over analo-
gous temperature intervals occurred much more rapidly
during the prograde than the retrograde stages (the ratio
of the time spans is approximately 1 : 5, Fig. 7b). In

other words, the rate of the diffusion smoothing the
zonal profile during the prograde stage is much higher
than the rate during the retrograde stage. The reason for
these differences is the maximum concentration gradi-
ent at the interface of the garnets of contrasting compo-
sitions that existed only early in the course of the diffu-
sion process.
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Based on data on the prograde stage duration
(0.08 m.y.) and the corresponding changes in the pres-
sure (~4 kbar) and temperature (~120°C), one can eas-
ily evaluate the subduction velocity and the cooling
rates, which were ~150 km/m.y. and 1500°C/m.y.,
respectively. Analogous calculations for the isobaric
cooling stage yield a cooling rate of about 250°C/m.y.
In the next section of this paper, these estimates will be
compared with the results of numerical simulations of
the viscous flow of material in the subduction channel.

NUMERICAL SIMULATION OF ECLOGITE
EXHUMATION IN THE SUBDUCTION CHANNEL

The transportation mechanism of high-pressure
rocks to the surface by the viscous return flow of
metasediments in the subduction channel was explored
for more than two decades (Hsu, 1971; Cloos, 1982;
Dobretsov and Kirdyashkin, 1992; Gerya and Stoeck-
hert, 2002). An approach recently applied to the solu-
tion of this problem is the 2D numerical simulation of
a self-organizing accretionary prism and a subduction
channel, with their morphology changing in accor-
dance with the evolution of the thermal and petrological
structures of the subduction zone (Gerya et al., 2002).
According to this model, the subduction channel filled
with low-viscosity highly plastic hydrated crustal and
mantle rocks (such as metasediments, eclogites, and
serpentinites) is created not only due to the filling of the
interplate zone with metasediments but also owing to
the dehydration and serpentinization of the overlying
mantle rocks (the mantle wedge or the hanging wall).
Recent geophysical data indicate that mantle-wedge
serpentinization is indeed a large-scale process (Bos-
tock et al., 2002). An analogous conclusion was drawn
from structural and geochemical evidence on Hima-
layan serpentinites (Guillot et al., 1999). The fluid for
hydration and serpentinization of the mantle is derived
from hydrous minerals in the downgoing oceanic plate,
such as amphibole, chlorite, and epidote (Tatsumi,
1991; Ernst et al., 1998; Schmidt and Poli, 1998). Ser-
pentinization significantly changes the rheology of the
rigid mantle rocks: according to recent experimental
data, 10% serpentinized dunite has a strength equal to
that of pure serpentinite (Escartin et al., 2001). This
effect seems to play a decisive role in the self-organiza-
tion of the viscous return flow in the subduction chan-
nel, which is generated during the serpentinization of
the hanging-wall peridotite and filled with serpen-
tinites, metasediments, and eclogites (Fig. 8).

The metamorphic rocks composing the upper, most
strongly hydrated plastic layer of the oceanic crust can
be detached from the downgoing plate at depths of a
few dozen kilometers (Fig. 8) and then be brought to
the surface by the return flow in the subduction channel.
These rocks can have different spatiotemporal trajecto-
ries and, accordingly, different P-T paths (Gerya et al.,
2002). The results of simulation of this earliest subduc-
tion stage (Fig. 8), to which the Faro eclogites are likely
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to be related (Perchuk and Philippot, 2000), deserve a
closer consideration. Recall that these eclogites are
characterized by a counterclockwise P—T path, which is
very unusual for this rock type. Our simulation demon-
strates (Fig. 8a) that this configuration of the P—T path
is characteristic of rocks that occurred in the frontal
(deep) part of the subduction channel during onset of
subduction. The channel is very narrow there, and the
return flow of rocks has not begun yet, but isotherms are
significantly shifted to a deeper level, together with the
downgoing cool plate. The deep part of the channel,
where eclogites occur, is cooled, and this process con-
tinues until the subduction channel is widened to a size
sufficient for the return flow to begin, which brings the
rocks back to the surface (Fig. 8b). Thus, the unusual
counterclockwise P—T trajectory is caused not so much
by the displacement of the rocks as by a change in the
thermal structure of the subduction zone.

Using markers makes it possible to determine the
trajectory, temperature, and timing of the displacement
of rocks in the course of numerical experiment (Gerya
and Stoeckhert, 2002; Gerya et al., 2002). For example,
the P-T —¢ history of the Faro eclogites is realistically
reproduced under the following conditions: a conver-
gence velocity equal to 15 cm/yr at the subduction of a
40 Ma oceanic plate at an angle of 60° (Fig. 8). Numer-
ical simulations demonstrate that the temperature and
pressure vary nearly linearly with time during the evo-
lution of the rock (marker) (Fig. 9). This observation
validates the selection of the temperature and pressure
dependences on time that were utilized in our simula-

T,°C
800
600
400

200

Fig. 9. Variations in (a) the temperature and (b) pressure
with time for the marker (Fig. 7) that evolves during sub-
duction initiation. Note that the temperature and pressure
vary almost linearly. Arrows indicate 7-¢t and P—t evolution-
ary paths for the Faro eclogites, Yukon-Tanana Terrane.
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tions of garnet homogenization. The comparison of the
results of the numerical simulations (Fig. 9) with petro-
logical reconstructions for the Faro eclogites (Perchuk
and Philippot, 2000) exhibits good qualitative and
quantitative agreement: both yield similar P-T paths,
very high rates of changes of these parameters during
the prograde stage (heating with a rate of 1500°C/m.y.
and subduction with a velocity of 140 km/m.y.) and
notably lower cooling rates under subisobaric condi-
tions (~250°C/m.y.). Now models are developed for the
situation of subduction beneath an oceanic arc and/or con-
tinent with regard for the dynamics of erosional processes
and sedimentation (see, for example, Gerya and Yuen,
2003). These models will make it possible to consider
more closely the evolution of rocks at shallower exhuma-
tion levels (in accretionary prism), where the predominant
rock type is metasediments instead of serpentinites
(Cloos, 1982).

CONCLUSIONS

The method for the reproduction of the temporal
aspect of P—T rock evolution on the basis of the original
growth zoning of garnet is subject to further develop-
ment. This paper is the first to demonstrate that this
method offers the possibility of obtaining discrete esti-
mates for the rates of temperature and pressure varia-
tions during different stages of the metamorphic evolu-
tion of rocks. For the eclogites of the Yukon—Tanana
Terrane, it is established that the durations of the pro-
grade (540°C/11 kbar — 660°C/15 kbar) and retro-
grade (subisobaric cooling from 660°C to 570°C at
~15 kbar) stages were ~0.08 and 0.36 m.y., respec-
tively. The simulations were conducted by a newly
developed program, which allows modeling multicom-
ponent diffusion under nonisothermal conditions using
a Microsoft Excel spreadsheet to make it much easier
for the user to work with the program and visualize the
results. The numerical simulation of a spontaneously
evolving subduction channel reveals the distinctive fea-
tures of the origin and exhumation of eclogites during
the onset of subduction. The satisfactory agreement of
the results of the numerical simulations with the P-T
path and the rates of temperature and pressure varia-
tions during the metamorphic evolution of the Faro
eclogites can be regarded as evidence that the viscous
flow of material in a subduction channel is the main
mechanism maintaining eclogite displacement in the
subduction zone.
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