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Summary

A new approach for deriving kinetic parameters of diffusion-controlled metamorphic
reactions is described. It is based on comparison of models of temperature ®eld
evolution near a cylindrical intrusion and observable chemical changes in biotite at the
contact aureole of the Kharlovo massif. Unlike other methods used to construct
quantitative models of reactions which produce distinctly expressed zoned micro-
textures, the proposed approach allows better understanding of the processes occurring
in texture-homogeneous rocks, where complete consumption of some reactant mineral
phases prevent accurate reconstruction of the metamorphic process. The calculations
yielded estimates of the effective rates of metamorphic reactions �10ÿ12 sÿ1� and the
effective diffusion coef®cient �5:29� 10ÿ16 cm2 sÿ1�. These values are consistent with
experimentally and theoretically derived estimates of solid-state diffusion, including
grain-boundary diffusion.

Zusammenfassung

Inverse Modellierung zur Bestimmung kinetischer Parameter diffusionskontrollierter
metamorpher Reaktionen in der Kontaktaureole von Kharlovo (SuÈdsibirien, Ruûland)

Ein neuer Ansatz zur Herleitung kinetischer Parameter diffusionskontrollierter
metamorpher Reaktionen wird beschrieben. Er basiert auf einem Vergleich der Modelle
f�ur die Temperaturentwicklung um eine zylindrische Intrusion mit beobachtbaren



�Anderungen im Chemismus von Biotit in der Kontaktaureole des Kharlovo Massivs. Im
Unterschied zu anderen Methoden, die quantitative Modelle von Reaktionen mit
deutlich zonierten Mikrotexturen verwenden, erlaubt dieser Ansatz ein besseres
Verst�andnis der Prozesse in texturell homogenen Gesteinen, in denen die vollst�andige
Reaktion einiger Reaktanden (Mineralphasen) sonst die Rekonstruktion des Metamor-
phoseprozesses verhindert. Die Berechnungen erlauben eine AbschaÈtzung der
metamorphen Reaktionsraten �10ÿ12 sÿ1� und des effektiven Diffusionskoef®zienten
�5:29 � 10ÿ16 cm2 sÿ1�. Diese Werte sind mit experimentell und theoretisch ermittelten
Werten der Diffusion in Festk�orpern, einschlieûlich der Diffusion entlang von
Korngrenzen, konsistent.

Introduction

The rates of metamorphic reactions and diffusion coef®cients of components in
solid phases need to be reassessed if metamorphic phenomena are to be adequately
understood. Progress in this ®eld could enable solution of a major problem of
petrology, namely determination of the duration of metamorphic events. The study
of reaction rates and diffusion coef®cients is known as `̀ chemical kinetics''. Some
aspects of metamorphic reaction kinetics have been examined by Walther and
Wood (1984), Rubie and Thompson (1985), Lasaga (1986), and others, and the
subject has recently received much attention. These classic studies provided a basis
for quantitative evaluation of the kinetics of metamorphic processes and estimation
of the duration of successive stages of a metamorphic cycle.

A metamorphic process involves several local reactions in different microscopic
domains of the rock. Components migrate from one domain to another. Eugster
(1970) and Fisher (1970) investigated metamorphic processes of this kind, using a
graphic approach to show that local chemical potential gradients of some
components are in the right direction to account for the required material transport
from one domain to another. However, it is dif®cult to use these methods to examine
chemical potential gradients of more than a few components and to quantify the
relative rates of transport and reaction which occur in different parts of a rock. More
comprehensive analytical approaches have therefore been developed using
irreversible thermodynamics to evaluate gradients, ¯uxes and reaction rates in
metamorphic rocks. Irreversible thermodynamic models have become a powerful
tool for understanding the processes involved in the formation of complex
metamorphic textures. Detailed reconstruction of metamorphic processes has been
based not only on reactants and products, but also on the observed spatial
relationships between them in distinctly expressed zoned reaction textures, formed
during kelyphite, coronite, symplectite and segregation formation (Vidale, 1969;
Fisher, 1970; Joesten, 1974, 1977; Sanford, 1980; Walther, 1983; Ashworth, 1986;
Ashworth and Sheplev, 1997; among others). Because these textures are
disequilibrium features that record an intermediate stage in the production of a
new equilibrium assemblage from its precursor, they provide unique information
about the rates of metamorphic reactions. In particular, analysis of these textures
may permit constraints to be placed on the relative rates of intergranular diffusion of
the components involved in metamorphic reactions (Carlson and Johnson, 1991).
Unfortunately, application of this technique for texture-homogeneous rocks is
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impeded by the fact that all phases tend to react with each other until the reaction is
over. For these metamorphic reactions, the complete consumption of some reactant
mineral phases prevents accurate reconstruction of the the metamorphic process in
the kinetic framework used to understand the zoned reaction textures. With some
notable exceptions (e.g. Carmichael, 1969; Foster, 1977, 1981; Ferry, 1983, 1984;
Yardley, 1977; Atherton, 1980; Rice and Ferry, 1982; Menard and Spear, 1996), no
detailed studies on the precise mineralogical changes across isograds have been
made. Some generalized characteristics of mass-transfer based on geological
observations have been obtained in these studies, by examining rock textures and
chemical heterogeneities in minerals and by mathematical modeling used to solve
dynamic problems, given duration and PT parameters. However, progress in
acquiring quantitative characteristics using these model approaches is restricted by
the de®cit of kinetic parameters. Experimental investigations aimed at ascertaining
mineral nucleation centers, growth and dissolution rates and chemical diffusion
coef®cients are required to understand and substantiate mineral reaction mechan-
isms. Unfortunately, such experiments are not abundant for known metamorphic
reactions. A deeper understanding of metamorphic reactions obviously requires
more sophisticated models, applicable to particular reactions. In this connection, we
now propose a novel approach to the quantitative determination of diffusion-
controlled mineral reaction kinetics.

Rocks investigated, previous research and general characteristics
of inverse approach

The study area, previously well investigated (Reverdatto et al., 1974, 1976, 1978;
Likhanov, 1989, 1990) is the contact aureole of the Kharlovo gabbro massif.
Emplacement of a composite stock of titanomagnetitic gabbro, forming a distinct
`̀ cylindric-shaped'' structure with a radius of 1950 m, in Cambrian-Ordovician
metapsammites of the Altay Mountains, regionally metamorphosed to greenschist
facies conditions, produced an extensive contact aureole with distinct zonation
characterized by muscovite and amphibole hornfels facies. Diffusion-controlled
chemical reactions in the aureole and some changes in the mineral composition
towards the intrusive contact had been investigated in detail by the authors
(Likhanov et al., 1994, 1995). These provided the opportunity to suggest and
substantiate the possible mineral reactions mechanisms responsible for the
formation of metamorphic microtextures along contact metamorphism isograds
and to discuss the effect of changing thermodynamic conditions on their
stabilization (Likhanov et al., 1997). Quantitative models elaborated during mass
transfer analysis allowed the authors to de®ne the actual scales of mass transfer and
to determine a differential component mobility sequence occurring as a result of
speci®c metamorphic reactions, which are characterized by different mechanisms of
mineral transformation in the matrix (Likhanov et al., 1999). Because isochemical
suites of rocks were available, mass-transfer quantitative analysis, carried out to
derive the minimum volumes of material transport involved in metamorphic
reactions, relied on an assessment of the material balance between reactants and
products and detailed microtextural observations coupled with mineral chemistry.
The balance of petrogenetic components was estimated for small microdomains and
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aggregates of rock, assuming practically constant volume. Some of the component
moles in these microdomains were compared before and after the reaction, which
provided information about the character of the mineral transformations of mass-
transfer scales. It was established that the mass transfer of major components for
biotite-forming reaction was limited to very small volumes of the order of 0:01 mm3

(Likhanov et al., 1994). The estimates of the minimum volumes in which matter
redistribution took place as a result of mineral reaction, is used in the present paper
for the determination of an effective diffusion coef®cient.

The contact aureole was chosen for solving the kinetic tasks for a number of
reasons. On one hand, it is especially suitable for evaluating psammitic schist phase
relations because the last metamorphism occurred in response to an isobaric thermal
overprint by a gabbro intrusion. Variations in phases and their compositions there-
fore primarily express changes in temperature. On the other hand, contact aureoles
provide an ideal natural experiment for the retrieval of kinetic coef®cients of
thermally activated processes. Both the starting materials and the reaction products,
at various stages of reaction, are available for study in rocks within an aureole.
Because each rock sampled in a contact aureole has been heated to a different
temperature for a different period of time, the mineral assemblage of rocks sampled
across an aureole records a range of temperature and run duration similar to that of a
well-planned set of laboratory experiments. Unlike the products of a set of iso-
thermal experiments, which yield the value of the kinetic coef®cient for that
temperature, each sample from a contact aureole records the integrated kinetic
response to a heating-cooling cycle. Although it is possible to derive the value of the
kinetic coef®cient for a ®xed, `̀ time-averaged'' temperature from analysis of a
single sample, analysis of the full set of samples from an aureole yields a
temperature-dependent function that describes the kinetic behavior of the system
integrated over the range of temperatures recorded in the aureole. The time index
for non-isothermal kinetic processes is the temperature-time integral of the kinetic
equation, evaluated numerically using a calibrated thermal-history model for the
intrusion (Joesten and Fisher, 1988).

The contact aureole is therefore a suitable object which may yield kinetic
parameters. The direct approach is experimental determination of mineral reaction
kinetics. For naturally-occurring objects, this means conducting natural experi-
ments with natural materials. In contrast to experiments, where all ratios between
reactant and product phases, duration and thermodynamic conditions are known,
the study described in this paper obtains the kinetic parameters of metamorphic
reactions by solving an inverse problem. By this approach, a bulk rate constant for
metamorphic reactions is obtained from mineral chemical data and numerical
modeling of the thermal evolution of the aureole. From this bulk reaction rate and
information on the volumes of material redistribution, the effective diffusitivies
that controlled the reaction rate are obtained.

Average chemical compositions of biotites from the Kharlovo contact aureole's
hornfelses, obtained by Camebax electron microprobe analyser (Institute of
Mineralogy and Petrography, Novosibirsk), are given in Table 1. Biotite was
chosen as the main mineral characterizing the `̀ reaction product'', for the following
reasons. First, biotite is ubiquitous in all samples from the study area and is the most
abundant and widespread ferromagnesian phase in all contact metamorphic zones
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and mineral assemblages. Second, it displays a clear trend of increasing TiO2

content with increasing metamorphic temperature (e.g. Miyashiro, 1958). Since the
study rocks include the Ti-bearing phases (ilmenite and titanomagnetite), the degree
of isomorphism naturally increases with increasing metamorphic grade as a result of
metamorphic reactions. An abrupt change in TiO2 content (from 2.32 to 3.38 wt.%)
coincides with the andalusite-in isograde of the middle zone of the contact aureole.
All these data con®rm that biotite took part in practically all local metamorphic
reactions in the contact aureole and can be used in evaluating the rate of
metamorphic reactions in which biotite participated directly.

Inverse modeling approach for obtaining kinetic parameters:
mathematical model and computational results

We modeled contact metamorphism by two concurrent processes. The ®rst process
was cooling and solidi®cation of an igneous body due to heat conductivity, which
necessarily involves a substantial temperature change in the surrounding rocks. This
temperature change causes the second process which is alteration of the surrounding
rock. The rock responds to heat with redistribution of chemical components among
the mineral phases (assuming a closed system). If the rate of these changes is high
enough, the new component distribution achieves an equilibrium state at a new
temperature. Otherwise, the distribution is frozen in a non-equilibrium state or the
rocks remain unaltered.

Metamorphic zoning is typically observed around an intrusion. Zoning of this
kind implies relatively gradual changes within zones and abrupt transitions between
them. Since metamorphism is a set of chemical reactions, one may expect reaction
rates to depend on temperature exponentially. This relation implies that under the
wide range of temperature conditions, metamorphic changes near an igneous
contact should be step-like (e.g. Reverdatto and Melenevsky, 1983; Clayton and
Bostick, 1985). As shown in Fig. 1, a compositional pro®le has two comparatively
homogeneous zones with a narrow transition zone between them.

Table 1. Average biotite composition from hornfelses of the contact aureole

l, m
L, M

30
1980

90
2040

140
2090

160
2110

200
2150

250
2200

300
2250

350
2300

380
2330

400
2350

420
2370

SiO2 35.92 36.55 36.65 36.06 36.57 36.58 37.00 35.52 36.25 36.35 34.32
TiO2 3.28 3.12 3.36 3.15 3.38 3.19 2.67 2.32 2.36 2.37 2.33
Al2O3 19.52 18.84 19.24 18.48 17.05 18.32 16.96 18.43 18.25 19.31 18.36
FeO 16.85 17.33 17.72 17.32 19.55 19.26 18.02 19.13 19.86 20.51 21.56
MgO 10.65 9.86 9.04 11.17 9.75 8.32 11.85 11.79 8.73 8.45 8.81
CaO 0.01 0.05 0.02 0.01 0.03 0.04 0.01 0.18 0.05 0.01 0.14
Na2O 0.19 0.19 0.15 0.21 0.2 0.36 0.16 0.26 0.26 0.22 0.32
K2O 9.63 9.45 9.75 9.43 9.17 9.56 9.07 9.56 9.32 8.89 8.35
MnO 0.07 0.07 0.10 0.11 0.12 0.05 0.34 0.25 0.10 0.12 0.05
Cr2O3 0.07 0.18 0.06 0.03 0.18 0.01 0.11 0.02 0.19 0.02 0.38
� 96.19 95.64 96.09 95.97 96.80 96.69 96.19 96.97 95.61 96.68 95.16

Note: l, m distance from the intrusive contact; L, m distance from the center of the intrusion
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Step-like behavior is supported by another observation. Within a de®nite
metamorphic zone, a mineral assemblage was stable. This fact implies that
compositional variation in a particular mineral occurs mainly due to temperature
variation across the zone. However, in an adjoining zone (with higher or lower
temperatures) some reactions stop due to extremely low reaction rates, while others
proceed due to a shift in chemical equilibrium. The combination of different
temperatures and the shift in chemical equilibrium results in a different mineral
assemblage (metamorphic zone). The shift of chemical equilibrium across the
transition zone has a much more powerful effect on mineral compositions than that
due to temperature variation within the zone (Ferry, 1983).

To represent metamorphic changes quantitatively, we need to introduce a formal
criterion to characterize a metamorphic process. The extent ��� of chemical changes
during metamorphism at a given moment may be described in dimensionless,
normalized form, d� ± called degree of advancement of reaction (Prigogine, 1961;

Fig. 1. Pro®le of TiO2 content in biotite and model pro®les. Upper panel: wt. % TiO2 versus
distance from center of intrusion. Lower panel: recalculated TiO2 content result in the
observed DIM pro®le. Two model calculations show good agreement with observed DIM
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Helgeson, 1968) or reaction progress variable (Fitts, 1962), which, for a mineral,
may be de®ned as:

d� � current quantity of a component

quantity of a component at equilibrium

To avoid misunderstanding, we emphasize that Ferry's (1983) notion of reaction
progress variable (or degree of advancement of reaction) is different from that
de®ned above. The degree of advancement of reaction is a reasonable formal
parameter for describing the dynamics of a metamorphic system. For the purposes
of this paper, however, we used an inverse criterion:

y � 1ÿ d�;

where y is the degree of incompleteness (or imperfection) of reaction (DIM). The
degree of incompletness of reaction may also be interpreted as concentration (e.g.
Lasaga and Rye, 1993; Bolton et al., 1999).

This dimensionless parameter is equal to 1 for unaltered rock (before the
intrusion) and equal to 0 for rock that has reached its equilibrium state for the PT-
conditions of the contact metamorphism. The rock changes that are identi®ed as
metamorphism may be converted to DIM.

For example, a content of TiO2 in biotite may be measured at different distances
from the center of the intrusion. The upper panel of Fig. 1 shows TiO2 variations
versus distance from the center of the intrusion. A sharp drop between two relatively
steady intervals is observed. A respectively uniform percentage of TiO2 at distances
between 1980 and 2160 meters suggests that changes in biotite due to temperature
reached the metamorphic equilibrium state �y � 0�, whereas at distances beyond
2300 meters TiO2 is uniform �y � 1�. After smoothing and scale attribution, this
data could express DIM (lower panel of Fig. 1). The same method may be applied to
any mineral. Less formal observations may also be quanti®ed with this method. For
instance, changes in modes or rock volumes which a rock undergoes could be
plotted against metamorphic temperature or against distance in the ®eld perpen-
dicular to isograds.

Considering the form of the observed component pro®les and the chemical
nature of the metamorphism, we may reasonably assume that y is governed by the
®rst order kinetic equation:

dy

dt
� ÿy � k0 � exp

ÿE

RT�x; t�
� �

; �1�

where E is activation energy, R the universal gas constant, k0 pre-exponential
coef®cient, T temperature, t time and x distance. This approach has been applied
for mineral zoning (e.g. Lasaga, 1983; Wilson and Smith, 1985) and thermal
alteration of organic-rich rocks (e.g. Reverdatto and Melenevsky, 1983).

Metamorphism is a set of complex chemical reactions coupled with no less
complex transport processes, such as diffusion associated with thermal convection
in porous media (Skelton et al., 1997; Ashworth et al., 1998, Balashov and Yardley,
1998, Bolton et al., 1999). It is impossible to consider such a process in all its
details. However, equation 1 should re¯ect the cumulative dynamics of the contact
changes, including in¯uence exchange reactions, porosity, grain size and all other
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processes affecting metamorphism. Here we take the dynamics of metamorphism
as an overall process of rock change, without decomposing it into its components.
For example, TiO2 content is a result of the interaction of all agents acting during
the metamorphism.

At the initial stage �t � 0�, the DIM �y� equals 1, signifying unaltered rocks.
The solution of differential equation (1) depends on the activation energy E, pre-
exponential coef®cient k0 and temperature. For a given geometry of the intrusion,
the temperature evolution may be reliably calculated (Likhanov and Ten, 1994;
Likhanov et al., 1996).

The temperature evolution is described by the heat balance equation:

@T

@t
� 1

Cp

div�� grad�T�� �2�

where T is temperature, t time, Cp effective heat capacity and � thermal con-
ductivity. Since the intrusion is cylindrical, equation 2 may be rewritten as (e.g.
Carslaw and Jaeger, 1959):

@T

@t
� 1

rCp

@

@x
r�
@T

@r

� �
�3�

In this case r denotes distance from the center of the intrusion. In the dimensionless
form, x � 1 corresponds to the boundary of the intrusion. The furthermost x of the
calculation domain equals 10. Cp is the latent heat of crystallization (Jaeger, 1968):

Cp �
Cadd

p ; T =2 �Tsolidus; Tliquidus�
Cadd

p � Q
�TliquidusÿTsolidus� ; T 2 �Tsolidus;Tliquidus�

(
�4�

where Cadd
p is the heat capacity and Q the crystallization heat. The thermal

conductivity of the country rock is assumed to be constant; that of the intrusion
depends on the state of matter:

� �
�liquidus; T � Tliquidus

�liquidus

T ÿ Tsolidus

Tliquidus ÿ Tsolidus

� �solidus

Tliquidus ÿ T

Tliquidus ÿ Tsolidus

; T 2 �Tsolidus; Tliquidus�
�solidus; T � Tsolidus

8>><>>:
�5�

This function describes a linear transition of thermal conductivity between solid
and melt. We used a re¯ecting (symmetric) boundary condition in the center of the
intrusion �x � 0� and ®xed temperature at the furthermost end:

@T

@r
jr�0 � 0;

T jr�10 � Tbackground

�6�

At the initial moment �t � 0� the temperature is equal to Tintrusion in the intrusion
and Tbackground in the surrounding rocks.

Equations (1,3±6) describe a direct approach. The values of the parameters
used in our model are shown in Table 2. We used a ®nite-difference approximation
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to solve these equations. The heat balance equation was solved by the second order
Crank-Nicolson method and equation 4 by the 4th order Runge-Kutta method. If all
parameters were known, we could calculate the changes in rock composition in
relation to distance. However, the kinetic parameters E and k0 are unknown, but we
have the observed compositional pro®le expressed as DIM �yobserved�. The kinetic
parameters should therefore be written in such a way that the difference between
observed DIM and calculated DIM is minimum. To ®nd a least-square minimum of
jyobserved ÿ ymodelj we used the Nelder-Mead method (Nelder and Mead, 1965).

Figure 2 shows the calculated temperature dynamics for the cylindrical
intrusion �R � 1950 m� for the parameters shown in Table 2. As shown in Fig. 2,
relatively high temperatures persisted in the contact zone for about 150,000 years
�� 5� 1012 sec�. Writing equation 1 as follows:

dy

dt
� ~ky;

where ~k is an effective reaction rate, we obtain the effective rate:

~k � 1

t
� 1

5� 1012
� 2� 10ÿ13 secÿ1:

This means that if metamorphic changes occurred in this time span, these changes
should have a rate of about 2� 10ÿ13 secÿ1. If the rate is much lower, metamorphic
changes will be negligible, whereas too faste a rate will result in an implausibly
large zone of contact metamorphism. Small dykes and regional metamorphism are
end-member examples of relatively slow and fast processes, respectively.

For known temperature dynamics, we have minimized the difference between
the model and observed DIMs. The wt. % of TiO2 in biotite was used as observed
DIM (Fig. 1). The lower panel of Fig. 1 shows observed DIM and two model
DIMs. As shown in the graph, both model DIMs with quite different E and k0 give
a good approximation of the observed TiO2 pro®le. Errors in measuring TiO2 and
the de®nitions of the model exceed the difference between the model DIMs. We
therefore cannot prefer any curve in the error interval, although some of them seem
to ®t the observed data better. In spite of signi®cant differences in the parameters,
both model curves approximate the observation equally well. Although we only
plotted two graphs on the ®gure, there is a continuous area in E-k0 space, which

Table 2. Parameter descriptions and values

Parameter Description Value Units

Cadd
p Additive heat capacity 2:52� 106 J mÿ3 K

Q Crystallization heat 1:05� 109 J mÿ3

�liquidus Thermal conductivity of melt 1 J mÿ3 secÿ1

�solidus Thermal conductivity of solid 2.03 J mÿ3 secÿ1

�country Thermal conductivity of country rock 2.27 J mÿ3 secÿ1

Tintrusion Initial temperature of intrusion 1473(1200) K(C�)
Tliquidus Solidi®cation temperature 1373(1100) K(C�)
Tsolidus Melting temperature 1323(950) K(C�)
Tbackground Temperature of country rock before intrusion 353(80) K(C�)
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gives a very good approximation of the observed DIM. Mathematically, therefore,
the problem does not have a unique solution with this particular set of observed
data.

However, the mean value theorem (e.g. Bronshtein and Semendyayev, 1979)
allows us to extract an effective reaction rate. Adapted to our case, the mean value
theorem would be reformulated as: for given distance from the intrusion contact,
there is a mean value of temperature �T�� such that:

k0 � exp
ÿE

RT�t�
� �

� k0 � exp
ÿE

RT�

� �
Thus, the effective rate may be de®ned:

keff � k0 � exp
ÿE

RT�

� �
The effective rate is the main factor responsible for the position of steep change in
a composition pro®le (Fig. 2). Different combinations of E and k0 affect the slope
and curvatures of that change. As a result, we may reasonably assume that the
effective rate is approximately the same for all our calculations (Fig. 2). This

Fig. 2. Temperature dynamics of a cylindrical intrusion. The radius of the intrusion is 1950
meters. The model includes crystallization heat and a change in thermal conductivity due to
a phase transition
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assumption enable us to write an equation for the mean temperature using two sets
of E and k0 .

k00 � exp
ÿE0

RT�

� �
� k000 � exp

ÿE00

RT�

� �
:

The mean temperature is slightly lower than the maximum temperature. For
example, where the strongest changes in TiO2 occur, the calculated mean
temperature is about 470 �C. At this temperature, all combinations of E and k0, in
good approximation with the observed DIM, are located along the line:

k0 � exp
ÿE

RT�

� �
� 10ÿ12:

The effective rate of the metamorphism in the aureole of the Kharlovo massif turns
out to be about 10ÿ12 secÿ1 for metamorphic reactions involving biotite.

The rate obtained enables an in situ effective diffusion coef®cient to be
estimated. Like the effective metamorphic rate, the effective diffusion coef®cient is
not a material property. It re¯ects how fast the reacting components were transferred
from one location to another and is a cumulative re¯ection of actual transport
mechanisms. For instance, in nature, transport in non-equilibrium, porous media is
highly complex (e.g. Bolton et al., 1999) and may be described mathematically with
many simplifying assumptions in a few cases. However, for dynamics, how fast a
substance is transferred, is of a greater importance than by which mechanism. This
�speed� may be formalized as the effective diffusion coef®cient, since transport
of components is governed by a diffusion-like equation.

The effective diffusion coef®cient may be calculated using the scales of the
material transport involved in metamorphic reactions, and the effective rate of
metamorphism. As previously evaluated by mass-balance calculations, mass
transfer of major components for the biotite-forming reaction was limited to very
small volumes (microsites) of the order of 0:01 mm3. Such scales of mass transfer
indicate that diffusion is main limiting factor for mass exchange during contact
metamorphism (Balashov VN, personal communication). A characteristic distance
of mass transfer in the metamorphic reaction may therefore be estimated at
0.23 mm. This is the distance the components were transported during diffusion-
controlled metamorphic reactions (scale of mass transfer). In our case, it is the
radius of a sphere with 0:01 mm3 volume. In order to provide transport of com-
ponents from this distance and to maintain the reaction rate, the effective diffusion
coef®cient may be estimated as 5:29� 10ÿ16 cm2 sÿ1.

Discussion and conclusions

As regards the effective rate of overall reaction calculated by inverse modeling, the
estimates obtained can hardly be compared with those available in the literature
due to a strong dependence on a kinetic model. In these models, the rates of
metamorphic reactions are usually considered under conditions of close contact
between all reactants and products. In practice, transport of reacting minerals may
be slower than the overall reaction rate, making it necessary to consider the
constraints imposed by transport on the metamorphic process, an argument beyond
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the scope of our study. For example, understanding of the rates of material transport
during reactions requires knowing the velocities of grain boundary ®lm ¯ow and the
thicknesses of grain boundary ®lms involved in speci®c metamorphic processes.
Nevertheless, the calculated estimates are in value interval between the approximate
rates of contact metamorphism obtained using a simple heating model (Walther and
Wood, 1984) and the maximum average rate of regional metamorphism computed
by Walther and Orville (1982) in the relevant temperature range.

As regards the effective diffusion coef®cient, this value may be compared with
recent experimental results, on diffusion through bulk mineral grains and grain-
boundary diffusion in or near the relevant temperature range. This value is
somewhat lower than the estimates of the diffusion coef®cients for components in
solid phases obtained by experimental data for the respective PT-parameters
(Balashov, 1995) and are quite close to experimentally-derived grain-boundary
diffusion coef®cients in mineral aggregates (Farver and Yund, 1995, 1996).
Although the effective diffusion coef®cient is less precisely estimated in our
models, partly due to uncertainty in the time scale of the reaction, it is a good
indication that the results compare well with experimental data and are consistent
with solid-state diffusion, especially through grain boundaries. It is also in a good
agreement with grain-boundary diffusion, which may enhance the effective
diffusion coef®cients over those in bulk grains (Joesten, 1991). The values obtained
fall well within the interval of effective diffusion coef®cients estimated using the
diffusion metasomatism model for metamorphic nodules and coronary micro-
textures (Joesten and Fisher, 1998; Ashworth et al., 1998).

Thus, in terms of the overall process, our study seems to be adequate and will
certainly facilitate the choice of speci®c isograds for further study. Theoretically,
the method described in the paper can be used to determine the relationship
between time, temperature and mineral composition changes for a wide range of
contact metamorphic reactions. The approach is, perhaps, a unique tool for the
determination of the kinetic parameters of metamorphism, and could be utilized for
a better understanding of the processes occurring in texture-homogeneous rocks, in
which chemical reactions often reach completion, making it impossible to establish
the ratio between reactant and product minerals.
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