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SUMMARY

The preservation and exhumation of high-pressure rocks is an important observation in

understanding the geodynamics of orogenic processes. A numerical tool is developed to

estimate quantitatively the e¡ect of the complex interplay between the mechanical and

thermodynamical behaviour, and to assess under which conditions the preservation

of metastable denser phases is possible. A ¢nite di¡erence numerical method is used

to solve the continuity, Navier^Stokes and thermal equations for a Newtonian com-

pressible £uid medium. In the model we take into account a typical forcing induced

by a subduction process in a collisional environment according to a corner £ow

model. We follow the evolution of di¡erent phases in the crust including a pressure^

temperature-dependent phase transition in the numerical code. Although eclogite is

formed at depth when the phase diagram is only prescribed from thermodynamics, it

cannot reach the surface. The kinetic e¡ects of thermally activated di¡usion and of the

nucleation processes are taken into account in the modelling of the phase transition.

Our simpli¢ed model does not explicitly take into account the presence of water. It

assumes that the rate of phase transformation can be computed from a knowledge of

pressure, temperature and phase content. The parameters of the kinetic equations are

empirically chosen to reproduce qualitatively the typical pressure^temperature^time

paths recorded in the Alpine belt. To obtain signi¢cant concentrations of high-pressure

phases at the surface, di¡erent activation energies for the prograde and retrograde

reactions are needed. This di¡erence may be related to changes in the water content of

the crust between its burial and its exhumation.
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INTRODUCTION

In many orogenic belts, high-pressure metamorphic rocks are

observed. These rocks, particularly in the Alps, have under-

gone a high pressure/temperature (P/T ) trajectory (Fig. 1).

The rapid exhumation of eclogite facies rocks has been

explained by various processes which probably took place

simultaneously. Either the crustal load which caused the high-

pressure metamorphism has to be removed or the eclogitic

rocks must be transported through the overburden (Platt 1993).

The removal of the crustal load may occur as a result of

lithospheric extension, which takes place when the vertical

stresses associated with the topography balance the regional

compressive stresses (Froidevaux & Ricard 1987). Such a stress

pattern is indeed observed in Tibet, the Andes, the Basin and

Range Province, and in other belts. This slow post-collisional

process could be triggered and boosted by the delamination

of the cold lithosphere (England & Houseman 1988) or even

by the partial delamination of the dense gabbroic eclogites of

the lower crust (Bousquet et al. 1997). The removal of the

overburden is ultimately controlled by the erosion velocity.

The exhumation of high-pressure rocks can also be obtained

through their intrusion in the cover owing to buoyancy forces.

Such a process can either belong to continuum mechanics

(diapirism) or invoke detachment faults (Chemenda et al. 1995)
and the stacking of nappes (Gillet et al. 1986). The entrainment

of small blocks is certainly possible. However, the fact that

high-pressure crustal rocks may be denser than mantle rocks

and are denser than low-pressure crustal rocks does not favour

the upwelling of large metamorphosed bodies.

Corner £ow models, where a subducting slab deforms an

accretionary wedge limited by a hangingwall buttress, are also

frequently invoked to explain the exhumation of high-pressure

facies (Allemand & Lardeaux 1997). This results in a very rapid
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up£ow of material during the orogen at a velocity comparable

to that of the subduction. In order to avoid stresses that are

too great in the subducting plate, the average viscosity of the

wedge should be quite low (*1022 Pa s). This value seems

unreasonable for lithospheric material, but comparable values

are also required for fast upwelling of diapirs entraining high-

pressure rocks through the wedge and for fast delamination of

the lithosphere.We interpret this apparent low viscosity of the

lithosphere as the equivalent viscosity of a material that may

be weakened by the presence of faults, or in which the real

viscosity may be stress-dependent or laterally variable.

It should be possible to discriminate among these various

processes by comparing observations to model predictions.

However, a useful model should not only solve the thermo-

mechanical problem of simulating mountain building, but

should also account for the thermodynamics and moreover

the kinetics of phase transition. Modelling the kinetics is

indeed a prerequisite because otherwise no high-pressure

metamorphism at all would be observed at the surface. A

precise computation of the large density changes associated

with eclogitization is also necessary to test whether or not dense

phases can be carried to the surface as entrained material.

In this paper we attempt to model the coupled problems

of phase transformation and thermomechanical evolution in

the framework of a corner £ow scenario. As already noted, this

process alone cannot explain all the complexities of the obser-

vations. We believe that the basic physics of the interplay

between mineralogy and dynamics can be elucidated by this

simple model, which could be made more complex and more

realistic in future studies.

PHASE KINETICS

Although the phase changes of crustal material towards high-

density facies are complex (see Bousquet et al. 1997 for a

review), we assume in this paper that they can be summarized

by the following simple univariant phase change:

albite u jadeite + quartz .

Thus, the mineralogy of the crustal material is characterized by

a variable � evolving from 0 (pure albite) to 1 (jadeitezquartz).

This evolution is controlled by the following kinetic equation:

L�

Lt
zV .=�~#(P, T , �, t . . . ) , (1)

where V~(u, o) is the advection velocity. The reaction rate #

(in s{1) is obviously a function of pressure P and temperature

T , which control the thermodynamic energy of the phases.

Temperature is also an important parameter controlling the

reaction kinetics, which depend on the phase content, the grain

size and the £uid content of the transforming material and on

the wholemetamorphic path in the pressure^temperature^time

(P^T^t) space.
The sign of # is given by the Gibbs free energy variation

*G(P, T ) of the chemical equilibrium. This energy can be

computed because the enthalpies, entropies, heat capacities

and molar volumes of albite, jadeite and quartz are known as

a function of temperature and pressure (Putnis 1992). The

thermodynamic problem is therefore simple, but the modelling

of the kinetics deserves more attention.

When two phases are in contact, the interface growth #1

(in m s{1) is usually described by an Arrhenius equation,

#1*T sign({*G) e{E=RT (1{e{j*Gj=RT ) , (2)

where E is an activation energy and R the gas constant. The

activation energy can be a function of both P and T and can

have di¡erent values in the prograde and retrograde directions.

The reaction rate # is related to this interface growth, #1, and

also to the processes of nucleation. Experimentally, at given

P and T conditions corresponding to a negative Gibbs free

energy, a pure phase evolves towards a new phase following the

so-called Avrami (1941) equation:

�~1{e{b(P,T )tn . (3)

In this equation, the exponent n is a positive number and

the coe¤cient b is related to the interface velocity and the

nucleation rateNç (Burke 1965):

b*Nç #n{1
1 . (4)

Figure 1. Typical P^T^t paths for high-pressure rocks in the Alpine belt from Spalla et al. (1996). The thin line is an average continental geotherm,

and the thick line is the Clapeyron curve which limits the stability domains of the two phases.
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The proportionality factor can be estimated theoretically and

depends on various assumptions forNç and n. The meaning of

eq. (3) is simple. When n is large (typically 3^4), the sigmoidal

evolution of the phase content through time indicates that the

rate of transformation is not constant as would be implied

by (2), but decreases to zero at the beginning and at the end of

the reaction: at the beginning, not enough nuclei of the new

phase are present; at the end, the impingement of grains of the

new phase slows down the interface growth. When n is 1 or

less, the growth rate is faster at the beginning when di¡usion

through the new phase is easy. As the di¡usion distance further

increases, the reaction rate decreases.

In the case of non-isothermal and non-isobaric trans-

formations, the coe¤cient b is given by a cumbersome integral

over the P^T^t path of the transformation (Rubie & Ross

1994; Kirby et al. 1996). Computing this integral is the only

correct way to proceed. However, taking into account the

various uncertainties or even ignorance of the relationships

between activation energy or nucleation rates and pressure

and temperature, we have decided to simplify the problem.We

assume that the nucleation rate has a P^T dependence of

the same form as the interface velocity (Nç *#1). This may

look like a drastic approximation, but the physics of both

nucleation rate and crystal growth are closely connected: the

two processes share the same activation energy, stop at

thermodynamic equilibrium, and increase with the distance to

equilibrium (Rubie & Ross 1994). Therefore, we write

�~1{e{(a#1t)
n

, (5)

where a is a constant. Eq. (5) indicates that 50 per cent of the

initial phase is transformed in a time t1=2 given by

t1=2~
(log 2)1=n

a#1

. (6)

As one can assume that the reaction is either interface

controlled or di¡usion controlled, we consider the two cases

n~4 and n~1. In the ¢rst case, the behaviour of eq. (5) can be

closely reproduced by solving the kinetic equation (1) with a

reaction rate # so that

#~4a#1[(�(1{�))3=4z�] , (7)

where � is a small number needed for the reaction to start when

� is 0 or 1. In order to obtain the same t1=2 time resulting from

(5) by integration of (1) with (7), � has to be chosen as the

implicit solution of

�1=2
0

d�

4[(�(1{�))3=4z�]
~a#1t1=2~(log 2)1=4 . (8)

Numerically, eq. (8) leads to �~10{3. When n~1, eq. (7) is

simply replaced by

#~a#1(1{�) for the prograde reaction , (9)

#~a#1� for the retrograde reaction . (10)

To apply the kinetic equations the values of the activation

energies (E) and prefactors (a) are needed, but they have not

been experimentally observed. The activation energies must be

comparable to those of di¡usional processes, which, for solid-

state reactions, are of the order of 100^400 kJ. We can try to

constrain the values of the prefactors from P^T^t path obser-

vations. Fig. 1 depicts typical retrograde paths for the Alpine

belt (dashed lines). Also plotted are an average continental

geotherm (thin line) and the stability limit of the albite/jadeite

phase change (thick line). For the continental geotherm we use

a constant radioactive heat productionQ of 0.5 ]W m{3 in the

¢rst 60 km with a constant heat £ux of 30 mW m{2 at the base

(the thermal di¡usivity, i, heat capacity, Cp, and density, o, are

given in Table 1).

It is obvious that the crust does not cross the eclogite facies

region under normal conditions. The burial of crustal rocks

along a very cold geotherm is necessary in order to reach the

jadeite stability ¢eld. Another striking feature of the observed

P^T^t path is that decompression takes place at a rather con-

stant temperature. In some cases (eastern Alps) the highest

temperatures are reached during decompression in the albite

stability ¢eld.

If we compute the phase content using eq. (7) with the same

prograde and retrograde activation energies and prefactors

we will face the following dilemma. If the velocity of prograde

transformation is too low, no high-pressure metamorphism

will occur. Even in the case where jadeite is formed during

burial, the retrograde reaction will not allow the preservation

of the metastable facies as the reverse transformation will be

as fast or even faster because the exhumation takes place at a

temperature that is greater than or equal to that of burial. The

only possibility seems to be having a lower transformation rate

for the retrograde than for the prograde direction at a given

temperature. Such behaviour may be due to the work needed

against pressure forces to expand the volume during retrograde

metamorphism. This is indeed observed for two reactions

that are well documented: the coesite^stishovite (Zhang et al.
1996) and calcite^aragonite transitions (Sotin & Madon

1988). Another possibility is that the increase in activation

energy needed in our model for the retrograde reaction simply

represents a decrease in water content of the crust during its

exhumation.

From Fig. 1 it is seen that at 60 km depth and 450 0C the

prograde reaction should occur, and that at 30 km and 650 0C

the retrograde reaction should not occur. Therefore, we choose

an energy activation and prefactor such that we obtain a half

reaction time (see eq. 6) of 6 Myr for the prograde reaction

(at 60 km depth and 450 0C) and 60 Myr for the retrograde

reaction (at 30 km depth and 650 0C). Activation energies of

150 and 220 kJ for the prograde and retrograde reactions,

respectively, and prefactors of the order of 6|10{5 log 21=n s{1

ful¢l this requirement (10{6 s{1 for n~4). Of course, this

choice is not unique as there is a perfect trade-o¡ between

energy and prefactor.

Table 1. Parameters of the corner £ow model.

Symbol Name Value

a thermal expansion 3|10{5 K{1

Cp specific heat 1 kJ kg{1 K{1

*T temperature gradient 9800

g viscosity 1022 Pa s

g0 gravity acceleration 10 m s{2

H length scale 105 m

i thermal diffusivity 10{6 m2 s{1

oc crust density 2:8|103 kg m{3

oe eclogite density 3:2|103 kg m{3

dP/dT Clapeyron slope 2:63 MPa K{1

Q heat production 0:5 ]W m{3
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For this choice of parameters, Fig. 2 depicts the time of half

reaction t1=2 given by equations (6) and (2) as a function of

depth and temperature. This time of reaction in independent of

n. The other thermodynamic data are taken from Putnis (1992).

An average crustal density of 2.8 kg m{3 has been used to

estimate the pressure-depth relationship.

Fig. 2 indicates that the reaction stops either when thermo-

dynamic equilibrium is reached (roughly along the ¢rst

diagonal) or when the temperature is too low to activate the

reaction. In these two situations the time of half reaction

is in¢nite. The reaction is the fastest in the two domains

when t1=2 is minimum. As required by observations, the pro-

grade transformation albite[ jadeitezquartz is faster than

the retrograde transformation (jadeitezquartz[ albite) at a

given temperature.

It is clear that our kinetic modelling only tries to mimic in

a heuristic and macroscopic way the real complexity of the

phase transition. In this paper, the reaction rate is ultimately

controlled by two parameters only. The ¢rst, t1=2, is the time

needed for the transformation of 50 per cent of a pure phase at

a single point of the P^T space where this phase is metastable.

Its choice controls the kinetic feasibility of the transformation.

The second parameter, n, has a much smaller in£uence. It

indicates whether the reaction is inhibited or accelerated by the

presence of the new phase. From these two parameters the

model predicts a reaction rate at every temperature, pressure

and phase content. The fact that the microscopic mechanisms

are certainly much more complex, with various possible paths

for atom di¡usion, with changes in grain size, etc., is beyond

the scope of this paper. However, we believe that the macro-

scopic physics of phase transition kinetics is well represented

by our approach. In the following, we only show results

obtained with a value n~4. Other values have been tested but

they are not shown because they lead to very similar results.

In this paper we consider that the laws of kinetics are

not explicitly perturbed by £uids. It is known that water is a

very e¤cient catalyst for the transformations (e.g. Rubie &

Ross 1994; Wayte et al. 1989). As an example, at 200 0C the

aragonite[ calcite reaction is 1012 times faster under wet than

under dry conditions, although the two rates are comparable at

temperatures in excess of 400 0C (Rubie 1986). In the frame-

work of our modelling, the presence of water may in£uence

our results in two di¡erent ways. If the water is uniformly

distributed, its catalyst behaviour is simply taken into account

by a shorter time of half-transformation, t1=2. The empirical

parameters that we have used in our model and that are

needed for eclogitized rocks to reach the surface implicitly

take into account the necessary water content. The fact that

we must increase the time of half-transformation during the

exhumation may indicate that dehydration has occured. If the

water is localized into narrow cracks or layers of in¢ltration,

the physics of the transformation overcomes the capabilities of

our approach based on continuum mechanics. The fact that

outcrops can be found in the ¢eld where almost unaltered

jadeite is localized in proximity to jadeite that has completely

reacted to an albite-rich assemblage shows that in¢ltration

has occurred but it has not totally a¡ected the retrograde

metamorphism.

THE THERMOMECHANICAL MODEL

An idealization of corner £ow induced by a subducting plate is

depicted in Fig. 3. The domain where the numerical modelling

is performed is a 2-D box 70 km deep by 140 km wide. In the

bottom left corner a uniform velocity ¢eld Vslab of a rigid plate

dipping with an angle of 450 is imposed. On the right of the box

the velocity is zero at the contact with the hangingwall buttress.

At the two lateral borders the temperature has the imposed

pro¢le depicted in Fig. 1 (thin line). A free-slip condition is

prescribed at the base of the box. At the surface, the shear

stress is zero and a vertical component of the velocity simulates

erosion and balances the £ow entering at the top left of the box

(displayed as Vin in Fig. 3).

In this domain the classic equations of £uid dynamics are

applied. The deformable material of the wedge is considered

to be characterized by a constant Newtonian viscosity. The

Figure 2. Transformation isochrons for the albiteu jadeitezquartz reaction computed from eq. (6). The time required to reach 50 per cent

transformation is contoured at intervals of 0.1, 1, 5, 10, 50 and 100 Myr. The thick line is the Clapeyron curve of the phase transition between albite

and jadeitezquartz.
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Navier^Stokes equation, in which the inertia terms are

neglected (high Prandlt number approximation), reduces to

g+2Vz=P{og0yª~0 , (11)

where g is the viscosity and g0 the gravity (see Table 1 for

numerical values). In the wedge, the density can change due to

eclogitization. In case of density changes another term should

appear in (11), proportional to g=(= .V). This term has been

lumped into the pressure gradient term. We are aware that

using a viscous behaviour is clearly an oversimpli¢cation, but

our goal is to describe the interplay between phase changes and

dynamics rather than to provide a detailed analysis of the

deformation pattern.

The density is a function of both phase and temperature and

is given by

o~ocz*o�zaoc(T{T0) , (12)

where we have assumed that the density changes due to

temperature variations are identical for low- and high-density

phases (same thermal expansivity a), and *o~oc{oe is the

density increase due to the phase transition. The mass con-

servation leads to the continuity equation in the anelastic

approximation that takes the form

= . (oV)~0 . (13)

Finally, we consider the energy equation,

i+2Tz
Q

oCp
~

LT

Lt
zV .=Tz

L

Cp
# , (14)

where L is the latent heat and # the reaction rate (1) asso-

ciated with the albite/jadeite phase transition. According

to the Clapeyron relationship, L can be computed from the

Clapeyron slope c of the equilibrium P(T ) line:

L~L(T )~T
*o

o2c
c (15)

(see Table 1 for numerical values). It is important to consider

exchanges of latent heat during metamorphic reactions as they

slow down reaction progress (Ridley 1986). In the energy

equation (14) the terms describing the frictional heating and

the adiabatic compression are both neglected. The frictional

heating would indeed have been overestimated as we do not

use a temperature-dependent rheology which bu¡ers this term.

Adiabatic heating has no e¡ects over a thickness of 70 km.

Heat can, in principle, also be e¤ciently carried by £uid

transport. The depth range of our model, which is much larger

than the depth at which permeability closes, * 10 km (Brace

1980), makes this e¡ect negligible also.

The di¡erential equations (1), (11), (13) and (14) and eqs (7),

(12) and (15) are solved simultaneously by a ¢nite di¡er

ence code implemented in a fortran program. The 2-D

¢nite di¡erence solver for the Navier^Stokes and continuity

equations, fdflow (Lemos 1994), has been modi¢ed to include

the speci¢cs of our problem. The domain is discretized by a

staggered arrangement. The solution is obtained in two steps.

In the ¢rst step, after the computation of temperature and

phase, a temporary velocity ¢eld is calculated using (11); the

resulting £ow violates the continuity because it is computed

using the pressure gradient at the old time level. In the second

step, the continuity equation (13) is satis¢ed using an implicit

pressure^velocity relaxation scheme (for details see Lemos

1994). The time integration is implicit for both V and T . The
addition of the energy equation to the original code has been

benchmarked with published results (Blankenbach et al. 1989),
obtaining very good agreements in the range of Rayleigh

numbers where our code can be compared to these results.

RESULTS

The previous equations have been written in their dimensional

forms. However, the £ow characteristics are controlled by a

set of non-dimensional numbers. The most important are the

Peclet number controlling the ratio of advected and conducted

heat (Pe) and a buoyancy number quantifying the ratio

between internal and external imposed forces (R�):

Pe~
VslabH

i
; R�~

*og0H2

gVslab

. �16)

In R� only the bulk density change between normal and

eclogitized crust is taken into account. Another ratio, RT,

scales the e¡ect of temperature-induced density variations

against external forces. This number is obtained by replacing

*o by ao*T in the de¢nition of R�, where *T is the maxi-

mum temperature di¡erence in the model. Clearly, because

the density changes due to temperature variations are much

smaller than those due to the phase change (12 per cent), RT

does not really a¡ect the dynamics of the wedge.

Pe is of the order of 20^200 (for H~70 km and

Vslab~1^10 cm yr{1). This means that heat is always advected

rather than conducted. The viscosity of the wedge cannot be

too high. Indeed, the stress ¢eld in the wedge is of the order of

gVslab/H and should not overcome a typical ridge push force,

which is of the order of 100 bar. This results in the choice

of a viscosity that does not exceed 2|1022 Pa s, which is

more appropriate for the mantle than the lithosphere. This

drawback is the consequence of the assumption of a linear

(e.g. stress-independent) rheology. With such viscosities, the

buoyancy number R� has to be larger than 0.3. This shows that

the £ow, although dominated by external forces, is a¡ected by

internal loads.

In order to achieve high-pressure metamorphism a

¢rst requirement is of course to enter the jadeite stability

¢eld. With the chosen normal isotherm and a 450 dipping

slab, the numerical simulations show that the subduction

velocity must be larger than 0.3 cm yr{1. When eclogitization

140 km

70
 k

m

Fixed heat flow, free slip

F
ix

ed
T

F
ix

ed
 T

V
 =

 0

rigid slab
deformable wedge

, no shear

Figure 3. Geometry and boundary conditions of the corner £ow

model. The £ow in the deformable wedge is induced by a ¢xed velocity

¢eld Vslab at the right corner. The ¢xed temperature pro¢le on both

lateral boundaries is the geotherm shown in Fig. 1 (thin line).
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occurs, the dense crust can be brought up to the surface or

re-transformed into the initial phase according to the choices

of the prefactors in eq. (7). Fig. 4 shows the percentage of

jadeite in the material reaching the surface as a function of

the prefactors for the prograde and retrograde reactions. A

constant slab velocity of 2 cm yr{1 has been used and the

duration of the experiment is 35 Myr, with the same activation

energies used as in the computation showed in Fig. 2. For high

values of the prograde prefactor, a signi¢cant percentage of

jadeitezquartz is found at the surface, ranging from 5 to 50

per cent according to the retrograde prefactor. For low values

of the prograde prefactor, the reaction takes too long when

compared with the time spent by the crust under conditions

of high-pressure metamorphism, and no jadeite is observed

at the surface. Accordingly, for a given prograde prefactor,

too high a retrograde prefactor prevents the conservation of

dense phases during the upwelling. Because of the trade-o¡

between prefactors and activation energies in eq. (7), a similar

¢gure could be plotted ¢xing the values of the prefactors and

allowing a variation in the activation energies for the prograde

and retrograde reactions. Our model will bene¢t from new

experimental values for the studied reactions when they

become available.

Fig. 5 summarizes the behaviour of various quantities

computed by the code. This simulation is performed with

the kinetic prefactors equal to 10{6 s{1, as used in Fig. 2. The

other parameters given in Table 1 correspond to Pe~44

and R�~3. In Fig. 5(a), the temperature ¢eld is depicted

through isolines 100 0C apart. The surface of the slab is

shown by a thick white line. The subduction advects the

cold upper crust and takes it down to the stability ¢eld of

jadeite. Fig. 5(b) represents the Gibbs free energy of the

albiteu jadeitezquartz reaction. Along the Benio¡ zone the

stability area of jadeite corresponds to negative energy values.

The most negative values are just at the surface of the slab. The

area of highest thermodynamic stability for albite (positive *G)
is around 30 km deep in the rear of the wedge. Because of the

complex form of the phase kinetics equation, these areas of

high energy do not correspond in any way to the area of fastest

prograde or retrograde reactions (Fig. 5c). The fastest reaction

rates are at the hottest borders of high-energy areas. The latent
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Figure 4. The percentage of jadeite+quartz at the surface is plotted as

a function of the prefactors of eq. (7). The activation energies and the

velocity of the slab are constant.
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albite mineral phase �. The model parameters are given in Table 1; the slab velocity is 2 cm yr{1.
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heat released by the prograde reaction reheats the slab, as

shown in Fig. 5(a) (it is assumed arbitrarily that the subducted

slab is composed of the same crustal material as the wedge).

Between the fronts of prograde and retrograde reactions, the

transformation rate goes to zero because the reaction has come

to an end, even though the thermodynamics and thermal con-

ditions should prescribe a fast rate. This is due to the �(1{�)
term in eq. (7). Fig. 5(d) shows the percentage of low-pressure

phase. The pattern is totally di¡erent from both that of the free

energy and that of the reaction rate. In this example, the dense

crust after exhumation is re-injected into the wedge.

With other kinetic prefactors, di¡erent shapes for the

upwelling current of high-pressure rocks at depth can be

obtained; raising the slab velocity tends to move the prograde

reaction zone to the right, and increasing the velocity of the

retrograde reaction decreases the percentage of high-pressure

phase at the surface. However, as the surface velocity is quasi-

horizontal and the phase content frozen by the low surface

temperature, the model predicts a roughly uniform distribution

of phases at the surface.

By decreasing both the slab velocity and the viscosity of the

wedge, another kind of dynamics can be obtained. Shown in

Fig. 6 are the results predicted for a slab velocity of 0.5 cm yr{1

and a viscosity of 1021 Pa s, which yield Pe~11 and R�~120.

In this case, the isotherms are much less entrained by the

subduction than in the previous case (Fig. 6a). However, this

velocity is just large enough to cool down the crustal material

into the jadeite stability ¢eld (Fig. 6b). The higher buoyancy

number R� forbids too rapid an ascent of the dense eclogitized

phase, decreases the vertical velocity and thus gives the jadeite

enough time to undergo a complete retrograde reaction. The

eclogitized phase is therefore con¢ned to a stagnant dense lid at

the bottom of the box (Fig. 6d). This suggests that subduction

has to be fast enough and the wedge sti¡ enough to bring

high-pressure mineral phases to the surface, as in the Alps.

Until now, the results of the model have only been described

from a Eulerian perspective. The very regular velocity pattern

that develops in the wedge, which is shown in Fig. 7(a), appears

to be too simple to explain the complexity of the geology.

However, the natural objects studied by geologists are the

results of ¢nite deformation akin to a Lagrangian description

of the £ow. In Fig. 7(b), the deformation through time of

an initially spherical body illustrates the fact that even a

simple £ow with homogeneous linear viscosity induces com-

plex ¢nite deformation. This deformation closely resembles

the nappe geometry commonly observed in collisional belts
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same as in Fig. 5.
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(Polino et al. 1990). This suggests, as already stated in

Allemand & Lardeaux (1997), that complex rheologies may not

be necessary to model complex geological settings.

To illustrate di¡erences in metamorphic records we consider

two points reaching the surface at 30 and 70 km away from the

trench. The corresponding trajectories and P^T^t paths have
been computed by a Runge^Kutta method running backwards

in time. The slab velocity is again 2 cm yr{1 and the subduction

started 35 Myr before the exhumation of the particles. Fig. 8(a)

shows their evolution in a P^T diagram. In Figs 8(a) and (b),

the pressure is given in gigapascals on the right vertical axis

and the depth in kilometres is shown on the left axis; temper-

atures are in 0C. The particles undergo counter-clockwise

motion, with the prograde path corresponding to the burial

of upper crust on the left-hand side of Fig. 8(a). The burial

takes place at a high velocity, which is of the order of the

imposed slab velocity, and it takes 7^8 Myr to take the two

particles from a depth of *10 km to *65 km. Shortly after

reaching their maximum depths, the trajectories enter the high-

transformation-rate ¢eld of the jadeitezquartz phase, and the

phase transformation starts 27 and 25 Myr ago in Fig. 8(d) for

the points emerging at 30 and 70 km, respectively. In Fig. 8(c)

the fastest point, reaching a somewhat greater depth, is sub-

jected to a higher grade of metamorphism, being almost totally

transformed into the high-pressure phase; on the other hand,

for the slower particle the transformation a¡ects only 40 per

cent of the material. Although the particles enter the region of

high prograde transformation at only slightly di¡erent P^T
conditions, they enter the retrograde stability ¢eld with very

di¡erent metamorphic facies. As shown in Fig. 2, at a depth of

60 km a di¡erence in temperature of a few tens of degrees

causes the reaction time to drop by a factor of 5 or more. This

behaviour is related to the presence of the kinetic factor, which

has an exponential dependence on the temperature.

The exhumation corresponds to the curved trajectories on

the right-hand side of Fig. 8(a); such decompression takes

more than 25 Myr to complete. The retrograde P^T paths in

Fig. 8(a) closely resemble the paths of some of the Alpine

units shown in Fig. 1. However, the P^t trajectories (Fig. 8c)

are di¡erent from those deduced by observation where the

velocity of exhumation seems faster (Ducheª ne et al. 1997). A
more re¢ned model with a more realistic subduction history

and geometry may allow us to make more quantitative com-

parisons with data. In this paper, we limit our attention to the

physics of the phase transitions and to its relationship with the

thermomechanical model.

CONCLUSIONS

High-pressure facies rocks are widely studied because the

mechanisms describing their formation and their subsequent

exhumation are strongly linked to the dynamics of the orogeny

itself. On the one hand they are investigated with respect to

the thermodynamic properties of minerals, and on the other

various mechanisms have been proposed in order to relate

rock exhumation to various processes that may happen

simultaneously or at di¡erent times during the formation of

an orogen. In this work we have combined observations

from mineral physics describing the metastability of the high-

pressure facies and a simple mechanical model appropriate

for any continental convergence zone. Despite the simplifying

assumptions, the model is able to provide a synthesis of

di¡erent observations and is able to relate various parameters,

including the subduction rate, the phase kinetics rates and the

viscosity of the crustal wedge, to the presence at the surface

of the high-pressure phases. The predicted retrograde path

shows a good qualitative agreement with observations in

di¡erent Alpine domains. We predict that the convergence

velocity must be greater than a threshold value of 0.3 cm yr{1

in order to reach the conditions of thermodynamically stable

jadeitezquartz. In addition to the thermodynamics of the

reaction, the e¡ects of the kinetics owing to both grain growth

and nucleation have been considered. The parameters that we

use in the kinetic laws must be understood as phenomeno-

logical quantities that take into consideration an unknown

£uid content. Clearly, they will have to be compared with

Figure 8. The dashed and dotted lines correspond to the trajectories of two points emerging at 30 and 70 km away from the trench, respectively.

(a) P^T path; (b) P^t diagram; (c) �^t diagram; (d) #^t diagram. In all these diagrams, 0 is present time. The parameters are the same as in Fig. 5.
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laboratory experiments on kinetics in the future. This com-

parison will put constraints on the water content of the crust

that has been buried and then exhumed. We have studied

di¡erent distributions of the high-pressure phase at the surface

after choosing a convergence velocity, mechanical parameters

and a thermal regime. The di¡erent grades of metamorphism

along the surface of the wedge (for rocks that experienced only

slightly di¡erent P^T peaks) are related to distinct variations

with temperature and pressure of the reaction rate. With the

geometry of our simulation, the fact that eclogites are denser

than normal crust does not prevent their exhumation.
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