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Abstract

Pressure (P )±temperature (T ) paths accurately record movement of metamorphic rocks within the
Earth's crust. 1D geodynamic modeling of P±T-time paths of regional metamorphism have explained
many important features of the P±T evolution of metamorphic rocks. Further progress may be achieved
using 2D numerical geodynamic modeling. Di�erent types of P±T paths obtained for some granulites
allow their 2D numerical modeling in terms of a theory of gravitational redistribution of material within
the Earth's crust. This modeling was done using the ®nite di�erences method for a Newtonian
incompressible ¯uid. The P±T paths obtained geothermobarometrically for metapelites from the
Limpopo granulite complex were compared with the P±T-time paths calculated numerically by
monitoring the movement of di�erent `samples' in the thermal and gravitational ®eld. The results of this
monitoring support a hypothesis of isobaric cooling of granulites during the thermal interaction between
rising hot granulites and sinking cool cratonic rocks. E�ective viscosities of the rocks were gradually
adjusted during the modeling by using the shape of the P±T paths. The calculated average viscosity of
1019 Pa s for the granulites, supports an idea that the lower crust is a weak layer between upper crust
(1021 Pa s) and the Upper Mantle. The average rate of exhumation of granulites during the gravitational
redistribution process is estimated at about 2.5 mm per year. This suggests exhumation of granulites
from depths of about 30 km during approximately 10 Myr. The results of numerical modeling
successfully explain the presence of two types of P±T paths observed in metapelites of the Limpopo
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1. Introduction

The pressure (P )±temperature (T ) path is a direct record of the movement of a rock within
the Earth's crust during the process of regional metamorphism. This suggests that P±T paths
are powerful tools in understanding some geodynamic processes (e.g., Perchuk, 1973, 1977;
England and Thompson, 1984; Thompson and England, 1984; Spear, 1993). In the last 25
years, many P±T paths were obtained for metamorphic complexes of di�erent facies of
regional metamorphism (for references see Spear, 1993). 1D geodynamic modeling of P±T-time
paths of regional metamorphism (England and Thompson, 1984) explained many important
features of the P±T evolution of metamorphic rocks, but further progress will depend on 2D
and 3D numerical geodynamic modeling. This is especially relevant in the case of rocks with
di�erent P±T paths occurring within the same metamorphic complex. The results of modeling
should be applied to such metamorphic complexes where rocks with di�erent types of P±T
paths have already been documented through detailed petrological and geothermobarometric
studies.
This paper concentrates on granulite facies terrains for the following reasons:

1. Only retrograde P±T paths are properly documented in granulites. This empirical rule
follows from very simple physical laws: an increase in temperature (particularly above
7008C) leads to an increase in the entropy of a system and in the di�usion rate. As a result,
the majority of reaction textures formed during the prograde stage of metamorphism are
erased and only the post T-peak metamorphic history is preserved. Thus, the numerical
geodynamic study of P±T-time paths might only address the process of exhumation and
cooling of granulite facies terrains.

2. On the basis of a review of 90 granulite facies terrains Harley (1989) showed that two major
types of retrograde P±T paths are typical for the complexes: (i) near isobaric cooling P±T
paths, and (ii) near isothermal decompression P±T paths. Numerical modeling can therefore
be restricted to only two major types of P±T paths.

3. The rocks composing granulite complexes represent the ductile lower crust. This crust is
sandwiched as a weak layer between a brittle-frictional upper crust and a harder lithospheric
upper mantle (Ranalli, 1995). The position of the granulite material provides a high degree
of mobility during the thermal granulite facies event. This allows the application of
gravitational instability forces (Ramberg, 1981) to a process of exhumation of granulites
associated with greenstone belts. A gravitational redistribution model (Perchuk, 1989) for
the exhumation of such granulites was generally supported by 2D numerical modeling
(Perchuk et al., 1992), thus creating a basis for further numerical studies.

One of the interesting granulite complexes providing a basis for numerical modeling is the
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Limpopo granulite belt of Southern Africa. The 02.65 Ga Limpopo granulite belt is mainly
composed of tonalitic gneisses and metapelites with some ma®c and ultrama®c gneisses, and it
is located between the >3 Ga Kaapvaal and Zimbabwe cratons (van Reenen and Smit, 1996;
van Reenen et al., 1990). Some granulites of the Limpopo complex represent high-grade
metamorphic equivalents of typical Archean greenstone lithologies (e.g., van Reenen et al.,
1990; van Reenen and Smit, 1996). The Limpopo complex is bounded by regional ductile shear
zones developed after cratonic rocks and dipping under the high grade terrain. Non-isobaric
metamorphic zoning is developed in those shear zones located between the Limpopo terrain
and both cratons (Roering et al., 1992; van Reenen and Smit, 1996). The crust beneath the
Limpopo belt (30±35 km thick) is thinner than under the adjacent Kaapvaal and Zimbabwe
cratons (40±45 km) (Roering et al., 1992). The cratons show a clear stratigraphic sequence (De
Wit and Ashwal, 1997), the lower part of which is mainly composed of gray gneisses, while the
uppermost portion contains greenstone belts with abundant ma®c-ultrama®c volcanics and
plutonics metamorphosed under conditions of amphibolite to greenschists facies. This de®nes a
potential gravitational instability of the cratonic succession. The heating of the lower portion
of such a crust to granulite facies conditions could result in the process of gravitational
redistribution.
Perchuk et al. (1996) showed that two groups of P±T paths can be deduced from preserved

reaction textures (local mineral equilibria) and mineral zonation in the Limpopo granulite
complex: (i) decompression cooling P±T paths (Fig. 1a), and (ii) near isobaric cooling P±T
paths (Fig. 1b). The ®rst type re¯ects evolution of P±T conditions for several samples collected
far (050 km) from the boundary with the Kaapvaal craton, while the second one represents
samples collected close to the boundary with the craton.
Perchuk et al. (1996) explained the existence of the two groups of P±T paths (Fig. 1) by

Fig. 1. Two types of P±T paths for metapelites from the Limpopo complex calculated on the basis of
thermobarometry (Perchuk et al., 1996): (a) decompression cooling, and (b) isobaric and near isobaric cooling.
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di�erences in the geodynamic behavior of di�erent crustal blocks of the Limpopo Belt during
its emplacement in the crust. Certain crustal blocks were simply exhumed, allowing their
adjustment to the normal thermal gradient of the crust during their emplacement (see P±T
paths in Fig. 1a). The exhumation of other blocks, however, was arrested at crustal levels of
about 13±15 km, where they were rapidly cooled (see P±T paths in Fig. 1b) because of the
large temperature gradient between the hot granulites and the cooler underthrust greenstone
wall rocks.
All these features provide a favorable background for a 2D numerical study of the

formation and spatial distribution of rocks with di�erent types of retrograde P±T paths. This
paper discusses 2D numerical modeling of P±T-time paths for the exhumation of granulites
located between two cratons.

2. Basic equations

The following di�erential equations were used for incompressible heat-conducting viscous
¯ow in the gravitational ®eld:

. Stockes equation of motion

@sij=@xj � @P=@xi ÿ rgi, �1�
where

sij � Zeij,

eij � @vi=@xj � @vj=@xi,

. the continuity equation

div� �v� � 0; �2�
. the heat conduction equation:

@T=@tÿ DT � k � rÿ1 � C ÿ1p � @H=@t � rÿ1 � C ÿ1p ÿ �v � grad�T�, �3�

where x is the coordinate, m; �v is velocity, m sÿ1; t is time, s; s is viscous stress tensor, Pa; e is
strain rate tensor, sÿ1; P is pressure, Pa; T is temperature, K; Z is viscosity, Pa s; r is density,
kg mÿ3; g is acceleration within gravity ®eld, m sÿ2; k is heat conductivity coe�cient, W mÿ1

Kÿ1; Cp is isobaric heat capacity, J kgÿ1 Kÿ1; @H=@t is heat generation, W mÿ3; heat
generation caused by viscous friction is equal to (Landau and Lifshitz, 1986)

@H0=@t � 0:5Ze2ij �4�
where factor 0.5 corresponds to symmetry of tensor eij; for example, in case of pure 2D shear
@H0=@t � 0:5Z�e2XY� e2YX��Ze2XY�Ze2YX: Viscosity Z is determined via a rheological equation. In
the test of numerical solutions, the following two types of equations were used
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Z � Z0 �5�
and

Z � Z0A=
�
1� 0:5Z20 � A2 � e2ij � sÿ2cr

�B
, �6�

where

A � exp
��DE� PDV�=RT�,

B � �nÿ 1�=�2n�,
R � 8:313 J molÿ1, gas constant; Z0 is viscosity constant, Pa s; DE is activation energy, J
molÿ1; DV is activation volume, m3 molÿ1; n is power law constant; scr is critical stress, Pa.
Eq. (5) describes Newtonian ¯ow whose viscosity does not depend on outer parameters. In
contrast, Eq. (6) was empirically founded to describe the behaviour of viscous ¯ow with P±T-
stress depending on rheology: if the stress tensor is essentially less than scr the viscosity of the
medium depends on P and T only; if the stress is much higher than the parameter scr, we are
dealing with n-power law rheology (Fig. 2). Such relationship corresponds to mantle material
of Z0=1000 Pa s, DE= 520,000 J/mol, DV=1.2�10ÿ5 m3/mol, scr=3000 Pa, n = 3; this
material is characterized by di�usional creep at low (<<10,000 Pa) stress and by dislocational
creep at high (>>100,000 Pa) stress (e.g. Turcotte and Shubert, 1982).

Fig. 2. The isotherms (solid lines) of stress dependence of the strain rate calculated with Eq. (6) with Z0 � 1000 Pa s,
DE � 500,000 J/mol, DV � 0 m3/mol, scr � 30000 Pa, n = 3. The symbols show experimental data for olivine at T =
14008C (Ashby and Verall, 1977).
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3. Methods of numerical modeling

The FDM on the regular rectangular non deforming (Eulerian) grid has been used to solve
Eqs. (1)±(3). This method involves moving a ®eld parameter (density, viscosity, etc.) with sharp
discontinuities through a discrete mesh. The problem was solved by using a method of
characteristics based on marker points. Weinberg and Shmelling (1992) developed an e�ective
marker technique for multi-phase ¯ow, where each phase has di�erent rheological properties.
Marker points, containing material property information are initially distributed on a regular
rectangular (marker) grid with small (R 1

2 of marker grid distance) random displacement. The
markers are moved through the mesh according to the velocity ®eld.
Pressure values have been calculated for geometrical centers of cells, while temperatures and

velocities were computed for nodes. The internal geometry of the grid is controlled by markers
containing information on physical properties of the rocks. In the course of modeling we used
the following ®ve-step cyclic procedure:

1. Calculation of e�ective values of Z, r, k and Cp for the nodes using the markers.
2. Calculation of pressure and velocity ®elds for a current moment t with relative accuracy

better than 10ÿ4 by simultaneous iterative solution of Eqs. (1) and (2). The arti®cial
compressibility was used for iterative pressure calculation

DP � ÿa div�v� �7�
where DP is an iteration correction for pressure, and a is an empirical coe�cient (penalty
method, Cuvelier et al., 1986).

3. Calculation of a value for time step, Dt, via given limits of change of v, T and positions of
markers within Dt;

4. Determination of the temperature ®eld for a new moment t� Dt, with relative accuracy
better than 10ÿ6 by iterative solution of Eq. (3).

5. Determination of the positions of markers for a new moment t� Dt: The fourth order
Runge±Kutta method was used for calculating the motion of markers using the velocity
®eld.

4. Numerical modeling of P±T paths

We have developed a computer program to model a P±T path for each given marker by
using calculated temperature and pressure ®elds at each t � const: This allows the investigation
of the shape of a path and the distribution of numerous P±T paths in the modeled sequence.
The comparison of such theoretically derived P±T paths to those obtained from mineral
geothermobarometry suggests an additional constrain for the control of geodynamic regimes of
metamorphic and igneous complexes. In contrast to r, k and Cp of the rocks, their e�ective
viscosity vary signi®cantly (within several orders) with P±T parameters and depends on many
other factors such as bulk stress, presence of water, presence of melt etc., which cannot always
be estimated correctly. This limits the applicability of numerical modeling in terms of the
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timing of di�erent geodynamic processes. In many cases the problem can be tested by using
independent geological, geochronological and petrological data.
The relative changes in the geometry of ¯ow depends signi®cantly on viscosity contrast

values. Such values can be empirically found on the basis of comparison of the geometry of the
model with the geological structure of modeled complexes (e.g. Weinberg and Shmelling, 1992).
The evolution of the thermal ®eld and the shape of modeled P±T paths mainly depend on the
relationship between convective and conductive heat ¯ows. Taking into account relatively small
(by comparison to Z� variations in r, k and Cp of the rocks, these relationships are mainly
de®ned by velocity ®elds and thus, by the absolute values of e�ective viscosities. These values
can be empirically found by checking the consistency between the shapes of
geothermobarometric and modeled P±T paths. Preserving viscosity contrast and therefore a
model geometry, we can vary absolute values of viscosities. This allows determining those
values of e�ective viscosity which provide the best consistency between shapes of calculated
and measured P±T paths. Data on e�ective viscosities provide the correct timing of di�erent
stages of emplacement of a modeled magmatic or metamorphic complex. Thus, the accurate
consistency of numerically modeled and empirically measured P±T paths provides a way to
calculate e�ective viscosities of the di�erent crustal rocks in di�erent geodynamic situations.

5. Test of numerical solutions

The accuracy of the numerical experiment has been tested by a comparison of numerical and
analytical solutions for 2D ¯ows. The major goal of the test was to check the applicability of
the program for studies of the circulation of rocks within the Earth's crust and mantle. This
requires an accurate solution of Eqs. (1)±(6) for multiphase ¯uid media with signi®cant
temperature gradients.
The ®rst series of tests were done for the case of the Rayleigh±Taylor instabilities of a two-

layer cross-section in the gravity ®eld. Fig. 3a shows the initial geometry and boundary
conditions for the modeled cross-section. We assumed that the initial sinusoidal disturbance of
the boundary between layers is of a small amplitude (A ) and characteristic (Ramberg, 1981)
wave length �l). This creates conditions to investigate the correct initial velocity of the diapir
growth and the time dependence of its height.
Fig. 3b and c compare the numerical and analytical solutions. Fig. 3b demonstrates the

numerical modeling of initial velocities for the growth of a diapir with the accuracy of 25%,
which is almost dependant of the layer viscosity contrasts. This suggests correct numerical
solutions of Eqs. (1) and (2). The results also suggest correct calculation of the e�ective values
of Z and r for the nodes using the markers in the case of sharp discontinuity. Fig. 3c shows
similarities in numerical and analytical solutions for height of a diapir at the initial stage of its
growth for a wide range of the viscosity contrasts �Z1=Z2 � 0:001ÿ 100). This indicates a
correct numerical procedure used for changing the geometry of a sequence (cross-section) and
for time step estimation.
The second series of tests were conducted to check the numerical solution of the heat transfer

Eq. (3). The calculations were done by using a model of the vertical ¯ow of a heat-conductive
medium of constant viscosity in a channel. Boundary conditions were taken as follows: given
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vertical velocity �v0Y� in the center of the channel entrance, non-slip conditions and T �
T0�Y � � const and @T=@Y � @T0=@Y � const at the walls. The initial conditions were
T � T0�Y �, @T=@X � 0 and @T=@Y � @T0=@Y: The horizontal steady-state pro®le for vertical
velocities, vY�X �, is thus de®ned by the equation

vY�X� � ÿ4v0Y=L2�X 2 ÿ LX�, �8�

Fig. 3. The results of tests of numerical solutions for the case of the Rayleigh±Taylor instability of a two-layer

cross-section in the gravity ®eld. (a) initial geometry and boundary conditions for the modeled cross-section. (b)
comparison of numerical �vn� and analytical �va� solutions for initial velocities of growth of a diapir at the di�erent
values of Z1=Z2 viscosity contrast. (c) dependency of non-dimensional height of a diapir �An � A=H� from non-

dimensional time �tn � t � K �H � g�r1 ÿ r2�=�2Z2�, where K Ð factor of growth (Ramberg, 1981)]. Line 1: analytical
solution. Lines 2±4: numerical solutions at the di�erent values of viscosity contrast: 2ÿ Z1=Z2 � 10ÿ3, 3ÿ Z1=Z2 � 1,
4ÿ Z1=Z2 � 102:
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where L is the width of the channel. The corresponding temperature distribution in the channel
as a function of time is given by the following equation (Tikhonov and Samarsky, 1972)

T�X,Y,t� � T0�Y� �
X1
m�1

FmEmtsin
�
p�2mÿ 1�X=L�, �9�

where

Fm � ÿ8AL2=
�
p�2mÿ 1�

�3
,

Emt � L2=
�
p�2mÿ 1�

�2n
1ÿ exp

�
ÿ �p�2mÿ 1�=L�2κ � t�o=κ,    κ = k/(ρCp),

A � 4v0Y=L
2�@T0=@Y�,

where T(X,Y,t ) is the temperature in the channel as a function of coordinates and time. Eq. (9)
does not account for the heat production: for the ®rst approximation, it is taken as negligible.
Diagrams in Fig. 4 show that the numerical and analytical solutions for both velocities and

temperatures merge together, suggesting the correct procedure used for solutions of Eqs. (1)±
(3).
A third series of tests were conducted to check the numerical solution of Eqs. (1) and (2) for

¯ows with P±T-stress dependent rheology under conditions of a signi®cant temperature
gradient. The computation was done for vertical ¯ow of a viscous heat-conductive medium in a
channel. Boundary conditions were taken as follows: given vertical velocity �v0Y� in the center of
the channel entrance, non-slip conditions and given temperatures Tl and Tr at the walls. The
horizontal temperature distribution was de®ned according to the following equation (Fig. 5a)

exp� ÿ DE=RT� � a� bX �10�
where

a � exp� ÿ DE=RTl�

b � exp� ÿ DE=RTr � ÿ a

where Tl and Tr are temperatures at the left and right walls of the channel. The condition
@T=@Y � 0 was de®ned for the vertical distribution of temperature. Eq. (6) describes viscosity
for n = 3. Two principal cases with respect to Eq. (6) were investigated:

(i)scr � sXY; the following simpli®ed rheological equation corresponds to this condition

Z � Z0exp�DE=RT� �11�
while the analytical solution for the horizontal pro®le of vY within the channel was derived
from Eqs. (1), (2), (10) and (11) as follows

vY�X� �
ÿ
aC1X

2=2� aC2X� bC1X
3=3� bC2X

2=2
�
=Z0, �12�
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(ii)scr � sXY with the following simpli®ed rheological equation

Z � �Z0exp�DE=RT� � s2cr=�@vY=@X�2
�1=3 �13�

while the analytical solution for horizontal pro®le of vY within the channel was derived from
Eqs. (1), (2), (10) and (13) as follows

vY �
ÿ
aC 3

1X
4=4� 3aC 2

1C2X
3=3� 3aC1C

2
2X

2=2� 3aC 3
2X� bC 3

1X
5=5

� bC 2
1C2X

4=4� 3bC1C
2
2X

3=3� bC 3
2X

2=2
�
=
ÿ
Z0s

2
cr

�
, �14�

where C1 and C2 are the coe�cients, corresponding to the boundary conditions for vY:

Fig. 5b compares the numerical and analytical solutions for the horizontal distribution of
velocities within the channel for the considered cases. It can be seen that the numerical and
analytical solutions for velocities coincide well, suggesting that the correct procedure used for
the numerical solutions of Eqs. (1) and (2).
Thus, the results of the tests show that the developed method can be applied for numerical

Fig. 4. The results of tests of numerical solutions for the case of vertical Newtonian (Eq. (5)) ¯ow in the channel.
The results of numerical (solid lines) and analytical (dashed lines) solutions merge together. Model parameters: k =

2 W/m/K, r � 3000 kg/m3, Cp = 1000 J/kg/K, V 0
y � 10ÿ10 m/s, L = 30,000 m, @T0=@Y � 0:01 K/m, T0 � 600 K.

(a) horizontal temperature (T ) and vertical velocity �vY� pro®les. (b) time dependency of the temperature in the
center of the channel.
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modeling of the gravitational redistribution of material in the Earth's crust and mantle,
including the simultaneous modeling of P±T paths.

6. Model design and limitations

For the model design we used data (De Wit et al., 1992; De Wit and Ashwal, 1997) on the
stratigraphy of the Kaapvaal craton in which the South Marginal Zone of the Limpopo
granulite complex was emplaced. Fig. 6 shows a geometry of the 100 km wide and 30 km thick
block of the initial cross-section used for modeling. The horizontal layering generally re¯ects
the distribution of material within the craton with regard to compositions and densities. In
spite of signi®cant idealisation of the complex structure of the Kaapvaal craton (De Wit and
Ashwal, 1997; De Beer and Stettler, 1992), the rock layering re¯ects both the small scale �l �
2±4 km) and the large scale �l � 10±50 km) gravitation instability of the cratonic successions,
which provide development of polydiapirs (Weinberg and Shmelling, 1992). Sedimentary rocks
of low density and viscosity compose the upper layers of the cross-section in Fig. 6. High
density and viscosity ma®c and ultrama®c rocks of greenstone belts constitute 6±8 km thick

Fig. 5. The results of tests of numerical solutions for the case of vertical non-Newtonian (Eqs. (11) and (13)) ¯ow in

the channel with a horizontal temperature gradient given by Eq. (10). The results of numerical (solid lines) and
analytical (dashed lines) solutions merge together. Model parameters: k = 2 W/m/K, r � 3000 kg/m3, Cp = 1000 J/
kg/K, v 0

y � 10ÿ10 m/s, L= 30,000 m, Tl � 1500 K, Tr � 1400 K, Z0 � 1000 Pa s, DE � 520,000 J/mol, Dv � 0 m3/

mol, n= 3. (a) horizontal temperature distribution calculated with Eq. (10). (b) velocity pro®les �v � vY� across the
channel. Flow rheology is given by Eq. (11) �scr � sXY� and by Eq. (13) �scr � sXY).
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rhythms representing the upper and partly middle portions of the succession. The gray gneiss
unit at the lower portion of the succession in Fig. 6 is composed of rhythmic intercalation of
tonalitic and basic material. The rocks of this unit are of intermediate density and low viscosity
in comparison with the sediments and rocks of the greenstone belts. According to geophysical
data, the Limpopo granulitic body in cross-section shows an asymmetrical shape (Roering et
al., 1992; van Reenen and Smit, 1996). In order to reproduce this shape, for numerical
modeling we used di�erent numbers of ultrama®c layers in the left and right portions of the
cross-section. The initial weak zone at the contact of two cratons is given by a 20 km wide
vertical zone of low viscosity of all rock types. The numerical modeling has been done for a
Newtonian (Eq. (5)) ¯uid media with parameters and limitations as given in Table 1. Densities
of the rocks were taken from Turcotte and Shubert (1982).

Table 1
Parameters of numerical model (Fig. 8±Fig. 10)

Boundary conditions:

Top T = 278C, @vX=@Y � 0, vY � 0

Bottom T = 9278C (see PTmax in Fig. 1a), vX � 0, vY � 0
Walls @T=@X � 0, vX � 0, vY � 0

Initial conditions @T=@X � 0, @T=@Y � const � 0:03 K/m, vX � 0, vY � 0
Heat conductivity k = 4 W/m/K

Isobaric heat capacity Cp = 1100 J/kg/K

Fig. 6. Initial geometry of the modeled 100 � 30 km cross-section. (a) distribution of densities: sediments

(white),r1 � 2700 kg/m3; metapelites and gray gneisses (light gray), r2 � 2800 kg/m3; metabasites (dark gray),
r3 � 3000 kg/m3; metakomatiites (black), r4 � 3300 kg/m3. (b) distribution of viscosities: sediments (white), Z1;
metapelites, gray gneisses and metabasites metamorphosed under conditions of granulite facies (light gray), Z2; the
rocks composing the 20 km wide shear zone (dark gray), Z3; basalts and komatiites metamorphosed under
conditions of green schist to amphibolite facies (black), Z4; Z1=Z2=Z3=Z4�1=1=1=102:
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7. Results and discussion

Fig. 7 shows a scenario for gravitational redistribution of rocks in the Earth's crust. Both
the presence of three major initial rhythms in the modeled stratigraphic succession and the
di�erence in densities between layers of each rhythm provide acceleration of the process of
gravitational redistribution (Perchuk et al., 1992). The interaction between rhythms and layers
allows a rapid large-scale ¯ow over the entire sequence. The development of the modeled cross-
section clearly re¯ects thrusting of the relatively hot ¯attened granulitic diapir onto the
relatively cold upper crustal cratonic rocks. According to the model of gravitational
redistribution (Perchuk, 1989), the scenario of Fig. 7 may re¯ect evolution of many other
Precambrian high grade terrains with greenstone rocks subducted under the granulites (e.g.,
Perchuk et al., 1989; Perchuk and Krotov, 1998).
Fig. 8 shows opposite directed movement of ma®c and felsic material from di�erent crustal

levels: while granulites move up to the surface, cold metabasites and metakomatiites of the
upper portion of the craton move down under hot granulites along the shear zone separating
the two metamorphic terrains. The e�ect of shear heating calculated with Eq. (4) appeared to
be insigni®cant and does not a�ect temperature distribution (Fig. 8). The formation of shear
zones is associated with the development of a local convective cell that changes the movement

Fig. 7. Results of numerical modeling of the upward movement of a granulite diapir (gray body) generated under

lower crustal conditions and the downward movement of an upper crustal greenstone sequence composed of
metakomatiites (black), metabasalts (dark gray), and sediments (white). Initial model design and limitations
correspond to Fig. 6 and Table 1.
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of some of the uprising granulite fragments: the square marker in Fig. 8 (1.7 and 2.5 Myr)
moves from 700 to 6008C towards the downward moving cooler plate composed of greenstone
material. This resulted in the near-isobaric portion of the P±T path for the square marker (Fig.
9a). Another high-temperature deep-seated circle marker moves from isotherm 9008C directly
(scenario in Fig. 8) to a sub-surface level along a common decompression-cooling P±T path
(Fig. 9a). At the ®nal stage, both fragments appear at the same crustal level. Thus, di�erence
in the initial position of a granulitic fragment of the primary succession (Fig. 8) results in
di�erent con®gurations of their P±T paths (Fig. 9b and c), and in the rate of movement,
decompression and cooling of these fragments within the uprising granulite diapir (Figs. 8 and
9b and c). The ®nal position of fragments is consistent with their distribution within the
Limpopo granulite complex: the fragment with isobaric cooling portions of its P±T path is
located close to the boundary of granulites with wall rocks, while the fragment with only
decompression-cooling P±T path is located in the core of the granulite body (Fig. 8, 8.9 Myr).
Figs. 10a and 11a illustrates the consistency of the modeled P±T paths with those calculated

on the basis of geothermobarometry (see Fig. 1) of the metapelites from the Limpopo granulite
complex. This consistency is reached by adjustment of e�ective viscosities of the rocks. In other
words, we used for geodynamic modeling e�ective viscosities that correspond to maximal
consistency of the measured and the modeled P±T paths (compare Figs. 10a±c and 11a±c). In

Fig. 8. Results of numerical modeling of movement of two granulitic fragments in a thermal and geometric ®eld
during the exhumation of the granulite diapir. Markers correspond to the fragments of decompression cooling
(circle) and isobaric cooling (square) P±T paths. Eight sketches 40 � 30 km in size are taken from the 100 � 30 km
numerical model whose initial design and limitations correspond to Fig. 6 and Table 1. Isotherms are in 8C.
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doing so, the following e�ective viscosities (Pa s) were obtained for the four rock types shown
in Fig. 6b: Z1 � Z2 � Z3 � 1019, Z4 � 1021: These values yield an average rate of exhumation of
the granulites of the Limpopo belt as high as 2.5 mm/year. The calculated time of
emplacement of the hot granulite body within the relatively cool Kaapvaal and Zimbabwe
cratonic wall rocks is about 10 Myr.
The uncertainties of timing are de®ned by the k/(r � Cp� ratio. This value depends on

temperature, mineral compositions and texture of the rocks. The limits of variation of the ratio
was calculated from data on k and r for the rocks under modeling (Turcotte and Shubert,
1982; Buntebarth, 1991) as well as data on Cp for minerals composing the rocks (Berman,

Fig. 9. The results of numerical modeling of P±T-time paths for two granulitic fragments shown in Fig. 8. Diagrams

(a), (b), and (c) respectively show T±P, time-T, and time-P projections of the paths.
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1988). The ratio vary from 3 to 15 m2/s at T= 400±9008C. Therefore, absolute time
estimations can vary within 1/2 order. Uncertainties of e�ective viscosities are de®ned by both
the uncertainties of k/(r � Cp� ratio and the uncertainties in initial distribution of densities (Fig.
6a). As a result, values of e�ective viscosity vary within one order.

Fig. 10. The results of numerical modeling of decompression-cooling P±T paths at di�erent e�ective viscosities of

the rocks. The results of modeling (solid lines) are plotted against the measured P±T paths (dashed lines) of
Limpopo granulites (see Fig. 1a). The geometry of the numerical model corresponds to that of Figs. 6 and 7. (a)
Z1 � Z2 � Z3 � 1019, Z4 � 1021 Pa s. (b) Z1 � Z2 � Z3 � 1018, Z4 � 1020 Pa s. (c) Z1 � Z2 � Z3 � 1020, Z4 � 1022 Pa s.
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8. Conclusion

Two types of P±T-paths, i.e., the one re¯ecting isobaric cooling and the other decompression
cooling, observed in metapelites of Limpopo granulite complex (Fig. 1), were modeled by using
2D numerical experiments. The e�ective viscosities for uprising granulites and downward
moving wall metabasites were estimated by checking the consistency between the shapes of
measured and calculated paths. As a result, the e�ective viscosity of granulites was estimated

Fig. 11. The results of numerical modeling of near isobaric cooling P±T paths at di�erent e�ective viscosities of the

rocks. The results of modeling (solid lines) are plotted against the measured P±T paths (dashed lines) of Limpopo
granulites (see Fig. 1b). The geometry of the numerical model corresponds to that of Figs. 6 and 7. (a)
Z1 � Z2 � Z3 � 1019, Z4 � 1021 Pa s. (b) Z1 � Z2 � Z3 � 1018, Z4 � 1020 Pa s. (c) Z1 � Z2 � Z3 � 1020, Z4 � 1022 Pa s.
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as high as 1019 Pa s and about 1021 Pa s for metabasites. The average rate of exhumation of
granulites of the Limpopo complex was calculated to be about 2.5 mm/year.
Our 2D numerical experiments showed that the shape of a P±T path for a given rock

fragment is de®ned by its position in the initial pre-exhumation cross-section. The closer the
fragment to the contact of the diapiric body, the higher its probability to be involved in the
local circulation. Numerical modeling showed that the isobaric cooling P±T path re¯ects
interaction between the uprising hot granulite body on the one hand and the underthrusted
cool greenstone plate on the other. This interaction results in a local convective cell which
causes sub-horizontal movement of granulitic material of the uprising diapir toward the cool
plate. At a later stage, this material can join the principal ¯ow of the uprising granulites
recording a common decompression cooling P±T path.
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