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ABSTRACT

This paper proposes a revision of the gravitational redistribution model sug-
gested by Leonid Perchuk for the formation, evolution, and exhumation of Pre-
cambrian high-grade terranes (HGTs) located between granite-greenstone cratons. 
Such HGTs are separated from greenstone belts by crustal-scale shear zones up 
to 10 km wide and several hundred kilometers long. Pelite samples far (>~50 km) 
from the bounding shear zones show coronitic and symplectitic textures that refl ect 
a  decompression-cooling (DC) pressure-temperature (P-T) path. On the other hand, 
samples from within ~50 km of the bounding shear zones are characterized by tex-
tures that refl ect an isobaric or near-isobaric cooling (IC) path. Local mineral equi-
libria in the schists from the shear zones record hairpin-shaped clockwise P-T loops. 
The results of a numerical test of the gravitational redistribution model show the 
following plausible scenario: The diapiric rise of low-density, hot granulite upward in 
the crust causes the relatively high-density, predominantly mafi c upper crust in the 
adjacent greenstone belt, consisting of metabasalt and komatiite, to move downward 
(subducted), cooling the base of the granulites along the intervening syntectonic shear 
zone. This causes (1) the formation of local convection cells that control the movement 
of some of the ascending granulite blocks near the contact with the cratonic rocks, and 
(2) near-isobaric cooling (IC) of the granulite blocks in the vicinity of the bound-
ary with the colder wall rocks. Cooling of granulite blocks farther away from the 
contact is not arrested, and they ascend to the Earth’s surface, recording DC P-T 
paths. In general, the results of numerical modeling provide support for the buoyant 
exhumation mechanism of granulites owing to gravitational redistribution within the 
metastable relatively hot and soft early Precambrian crust that was subjected to high-
temperature (HT) and ultrahigh-temperature (UHT) metamorphism.
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INTRODUCTION

Many Precambrian HGTs (high grade terranes) comprise 
rocks that formed in the lower crust and were subsequently dis-
placed to the Earth’s surface; hence they might be expected to 
have recorded evidence of the prograde, peak (separate pressure 
and temperature peaks may exist along a P-T path), and retro-
grade conditions in their mineral assemblages. However, a record 
of the prograde and peak stages is rarely preserved, whereas the 
retrograde stage related to the exhumation of the HGT is com-
monly well recorded by both the geological structures and min-
eral assemblages. Apart from rare exceptions (e.g., Perchuk et 
al., 1985; Zeh et al., 2004), the absence of petrological evidence 
for the prograde stage of high-grade metamorphism is systematic 
and is considered to be due to the increase in temperature and 
therefore in entropy, providing the energy for the structural and 
textural homogenization at peak temperature conditions (e.g., 
Perchuk, 1986, 1989; Vernon et al., 2008). In contrast, the declin-
ing temperature characteristic of the retrograde stage of meta-
morphism provides a more suitable thermodynamic environment 
for the preservation of structural and textural records and mineral 
compositions. Correct interpretation of such retrograde records 
is the only way to establish and quantitatively evaluate a geo-
dynamic model of the exhumation history of an HGT (Perchuk 
and van Reenen, 2008; Perchuk, this volume; Mahan et al., this 
volume, and references therein).

In the last decade the issue of ultrahigh-temperature (UHT) 
metamorphism has occupied the pages of some geological jour-
nals (e.g., Harley, 1998; Santosh et al., 2004; Sajeev and Santosh, 
2006; Kelsey, 2008; Brown and White, 2008; Santosh and Omori, 
2008a, 2008b, and references) as a result of the discovery of very 
high temperature Neoarchean metamorphic rocks (>1000 °C) 
that were found in Canada (e.g., Arima and Barnett, 1984), Ant-
arctica (e.g., Harley, 1985; Harley and Motoyoshi, 2000), South 
Africa (e.g., Tsunogae et al., 2004), India (Sajeev et al., 2004), 
and Russia (Fonarev et al., 2006). Three major models have 
been proposed to explain the UHT metamorphism in the Neoar-
chaean: (1) episodic assembly and disruption of supercontinents, 
(2) plume activity, and (3) UHT conditions in the Neoarchean 
backarc zones in the course of subduction (Brown, 2006, 2008).

Among the diverse hypotheses for the formation, evolution, 
and exhumation of Precambrian HGTs (see a review in Thomp-
son, 1990) the most popular are the collision-subduction mod-
els (e.g., Ellis, 1980, 1987; England and Thompson, 1984; Per-
chuk et al., 1985; Sandiford and Powell, 1986; Bohlen, 1987; 
De Wit et al., 1992; Treloar et al., 1992; Samsonov et al., 2005; 
Brown, 2006; Lopez et al., 2006). With few exceptions (e.g., 
Perchuk, 1989, 1991; van Reenen et al., 1987, 1990; Perchuk 
et al., 1996, 2000b; Dirks, 1995; Percival et al., 1997; Bennett 
et al., 2005) these models were discussed without detailed con-
sideration of the evolution of adjacent greenstone belts against 
which the HGTs were frequently juxtaposed. For the particularly 
well- studied Limpopo HGT, Roering et al. (1992a) proposed the 
so-called “pop-up” model, in which the HGT exhumation was 

inferred to be the deep crustal response to continental collision. 
Although this model was able to explain some features of the 
Limpopo Complex, aspects of the relationship between the HGT 
and the cratonic wall rocks remained open.

More generally, plate tectonic models are applied to green-
stone belts on the basis of petrochemical and/or geochemical 
data. However, occurrences of adakite or sanukitoid bodies in 
greenstone belts do not provide an unequivocal basis for the con-
clusion of a typical subduction origin (Condie, 2005; Condie and 
Pease, 2008, and references therein) because the magmatic rocks 
may have been derived from lower crust composed of garnet-
bearing metagabbroids (Hamilton, 1998). Moreover, there has so 
far been only one report of true Neoarchean eclogite, which is 
from the Belomorian mobile belt, along the northern portion of 
the Karelian Craton in Russia (Volodichev et al., 2004). In this 
case, the Neoarchean age was proven for coexisting zircon and 
garnet, based on the U-Pb method and rare earth element (REE) 
partitioning (Rubatto, 2002; Rubatto and Hermann, 2007).

Indeed, there are several important observations that are not 
in accord with collisional models and that concern a number of 
HGTs (including UHT examples) worldwide. (The fi rst three 
examples below constitute negative evidence and point toward 
the absence of fi rst-order features, which should otherwise be 
broadly present.)

Sediments resulting from erosion of orogenic belts produced 
by putative Precambrian collisions have not been documented 
around the HGTs. For example, no sediments from the ca. 1.9 Ga 
Lapland HGT (Fig. 1A) have been found in either the Karelian 
or the Inari craton of Kola-Fennoscandia (e.g., Kozlov et al., 
1990; Perchuk et al., 2000a, and references therein). Similarly, 
no sedimentary material from the ca. 2.6 Ga Limpopo HGT has 
been found within the Precambrian successions of the adjacent 
Kaapvaal and Zimbabwe Cratons of southern Africa (Fig. 1B), 
although a large amount of sediments, ~5 × 106 km3, should have 
accumulated within the restricted period of ca. 2.69–2.65 Ga (van 
Reenen and Smit, 1996; Kröner et al., 1999; Kreissig et al., 2000, 
2001; Dorland et al., 2004).

In addition, granulite clasts derived from the Lapland HGT 
have not been observed in rare early Precambrian conglomerates 
of the Kola Peninsula (e.g., Glebovitskii et al., 1996). Moreover, 
no Archean zircons have been found so far within the Mesopro-
terozoic Pretoria Sedimentary Formation, whereas the ca. 2 Ga 
detrital zircon is very common in these rocks (Dorland et al., 
2004). This suggests that, in contrast to the Paleoproterozoic con-
tinental crust, no signifi cant mountains existed or eroded above 
Archean HGTs.

Published stratigraphies of Archean cratons (De Wit and 
Ashwal, 1997, and references therein; Perchuk, 1989, 1991; 
Hart et al., 1990; Gerya et al., 1997) show that they are mainly 
composed of orthogneisses (“gray gneisses”) and greenstone 
belt materials. The latter are mainly granite-gneiss with sub-
ordinate banded iron formation (BIF), metapelite, metabasite, 
metakomatiite, and marble. In contrast, xenoliths from younger 
kimberlite pipes that intruded granulite-facies rocks are mainly 
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composed of garnet-bearing metabasites and peridotites (e.g., 
Griffi n and O’Reilly, 1987a, 1987b). This may indicate that the 
lower crust beneath HGTs is dominated by (ultra)mafi c rocks 
(Specius, 1998). For example, the early Paleozoic (534 Ma) 
(Allsopp et al., 1995) Venetia diamondiferous kimberlites that 
intrude the Central Zone of the Limpopo granulite complex 
contain ~50% mafi c and ultramafi c lower crustal xenoliths 
(Pretorius and Barton, 1997; Barton and Gerya, 2003). Similar 
compositional characteristics of the lower crust are typical for 
xenoliths from the Paleozoic Elovy diatreme (e.g., Kempton et 
al., 1995) that intruded the boundary between the Belomorian 
Complex and the Tanaelv Belt (Fig. 1A). In addition, Perchuk 
et al. (1999) described inclusions of relict epidote and amphi-
bole preserved in clinopyroxene of high-grade metabasite in the 
giant Tanaelv shear zone (see Fig. 1A) that are similar to the 
widespread assemblages of low-grade metamorphic rocks from 
the Karelian greenstone belt. The garnet-rich metabasites from 
the Tanaelv Shear Zone record a P-T of ~12 kbar, 750–800 °C 
(Fonarev et al., 1994). Thus, the mafi c greenstone material was 
metamorphosed at depths of ~35 km and subsequently was 
exhumed from the lower crust.

The granulites are typically thrusted onto the cratonic rocks, 
displaying intrusive-like or harpolith geometry in cross section 
(a harpolith is a large sickle-shaped igneous intrusion injected 
into previously deformed rocks; Tomkeieff, 1983) (Fig. 1A). This 
geometry has been constrained from geophysical data, including 
seismic refl ection studies across Limpopo and Lapland HGTs (De 
Beer and Stettler, 1992; Durrheim et al., 1992; Pozhilenko et al., 
1997). This also suggests that marginal parts of granulite-facies 
terranes may have been signifi cantly transported laterally during 
exhumation so that they no longer overlie the lower- middle crust 
from which they were presumably derived.

Crustal-scale shear zones a few kilometers wide and hun-
dreds of kilometers long separate the HGTs from the adjacent 
cratonic rocks; metamorphic temperature zonation in the cra-
tonic rocks is well documented across these shear zones (e.g., 
van Reenen and Smit, 1996; Perchuk and Krotov, 1998; Perchuk 
et al., 1996, 2000b).

The Kaapvaal and Zimbabwe Cratons, between which the 
Limpopo HGT is located, both exhibit similar lithologies and 
rock chemistries to those of the granulites, suggesting that the 
latter are high-grade equivalents of the adjacent greenstone belt 
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Figure 1. Schematic geological maps (A, B) and cross sections (C, D), based on geophysical data (de Beer and Stettler, 1992; Durrheim et 
al., 1992; Nguuri et al., 2001; Pozhilenko et al., 1997) for the Lapland and the Limpopo HGTs situated between cratons (taken from Perchuk 
et al., 2000a). See discussion in text. (A) Lapland HGT: PC—Pechenga Green Stone Block; KB—Kola granulite Block (ca. 2.7 Ga); TB—
Tanaelv Shear Zone (1.9 Ga). (B) Limpopo HGT: NMZ—Northern Marginal Zone; CZ—Central Zone; SMZ—Southern Marginal Zone. 
Inset map: SA—South Africa; B—Botswana; Z—Zimbabwe; black rectangle—Limpopo HGT. Note that the crust beneath the Limpopo 
HGT is thinner than beneath adjacent cratons, suggesting elevation of the mantle (de Beer and Stettler, 1992). Results of seismic tomog-
raphy, however, allow an interpretation as garnet-bearing metabasites and metakomatiites (Nguuri et al., 2001; Barton and Gerya, 2003).
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rocks (e.g., Petrova and Levitskii, 1986; Petrova et al., 2001; Per-
chuk, 1989, 1991; van Reenen et al., 1990; Kreissig et al., 2000, 
2001). Similar relationships were described for the Lapland HGT, 
situated between the Karelian and Inari Cratons (e.g., Perchuk et 
al., 1999, 2000a), and the Sharyzhalgay HGT at the SW shore of 
Lake Baikal (Petrova and Levitskii, 1986; Perchuk, 1989).

Metamorphic ages derived for the granulites are system-
atically younger than the greenstone belts of the adjacent cra-
tons. Perchuk (1989) was the fi rst to suggest this relationship as 
a  geochronological-geodynamic rule. Subsequently Kozhevnikov 
and Svetov (2001) compared metamorphic ages for >50 HGTs and 
adjacent greenstone belts and did not fi nd any exception to this rule.

These observations provided the basis for an alternative, 
gravitational redistribution model for Archean HGTs (Perchuk, 
1989, 1991; Perchuk et al., 2001). In this model, the Earth’s 
crust is considered as a multilayered system composed of layers 
of different density that is metastable in the gravity fi eld under 
relatively low-temperature conditions because of its overall high 
effective viscosity (e.g., Ramberg, 1981). This viscosity, however, 
is exponentially lowered with increasing temperature, so that 
under high-grade conditions gravitational redistribution is trig-
gered in the inherently unstable crustal confi guration (e.g., Gerya 
et al., 2004). The driving forces of the proposed model are thus 
based on the principle of gravitational instability of density- and 
viscosity-layered materials within the Earth’s crust. Gravitational 
redistribution is presumably triggered by an enhanced mantle-
derived, fl uid-heat fl ow; in contrast to the common term heat fl ow 
as a conductive heat transfer, the term fl uid-heat fl ow defi nes both 
heat conduction and heat advection assisted by  mantle-derived 
fl uids and melts (Perchuk, 1976, 1989, 1991), which possibly can 
be related to mantle plume activity.

The gravitational redistribution model has, in particular, 
been applied to the origin of the Lake Baikal HGT (Perchuk, 
1989); the Limpopo, Lapland, and Yenisey HGTs; and the adja-
cent greenstone belts (Bibikova et al., 1993; Perchuk et al., 1996, 
1999, 2000a, 2000b, 2001; Perchuk and Krotov, 1998; Smit et 
al., 2001; Kreissig et al., 2000, 2001; Gerya and Maresch, 2004), 
and presumably it also applies to the Aldan HGT (Perchuk et al., 
1985; Smelov, 1995) in eastern Siberia, and the Ouzzal HGT in 
the western Hoggar, Algeria (Ouzegane et al., 2003). The present 
chapter summarizes a large volume of natural data and compares 
them systematically to test the gravitational redistribution model, 
focusing on relationships between and within rocks from HGTs 
and adjacent cratons with particular focus in the context of the 
seven crucial points listed above. The most detailed testing was 
done using the abundant natural data from several well-studied 
granulite complexes between cratons, such as the Limpopo HGT 
complex of South Africa (Fig. 1B), the Yenisey Range HGT (Per-
chuk et al., 1989; Smit et al., 2000; Gerya and Maresch, 2004), the 
Lapland granulite complex of the Kola Peninsula and Fennoscan-
dia (Fig. 1A), and the Aldan HGT (Perchuk et al., 1985; Smelov, 
1995) in eastern Siberia. Apart from employing traditional geo-
logical, petrological, geochemical, and geophysical evidence, we 
have also used results of two-dimensional numerical modeling 

to more rigorously determine the critical geodynamic constraints 
(Perchuk et al., 1992; Gerya et al., 2000, 2001, 2002, 2004).

It should also be pointed out that crustal thickening and 
gravitational redistribution processes are not mutually exclusive 
and can complement each other (e.g., Gerya et al., 2004). There-
fore, the main focus of this chapter is not to disprove collisional 
models proposed for the origin of granulites but rather to bring 
to attention gravitational mechanisms of high-grade rock move-
ment and exhumation that were possibly dominant in the hot Pre-
cambrian crust (Perchuk, 1989, 1991).

MODEL TESTING BY NATURAL OBSERVATIONS

Structural and Lithological Tests

The critical question to be addressed here is: Do structural 
and seismic data refl ect the tectonic history of an HGT as the 
result of gravitational redistribution? If yes, two major aspects 
should be addressed for testing geological aspects of the model: 
(A) the style of deformation within granulite complexes, and 
(B) the relationships of the complexes to adjacent granite- 
greenstone belts. These are discussed separately below.

MacGregor (1951) was the fi rst to suggest gravitational 
redistribution as a major driving force in the formation of granite-
greenstone belts. His proposal was based on structural studies of 
relationships between tonalite intrusions and their host metavol-
canic sequences of felsic to ultramafi c composition. He suggested 
that gravity-driven movement of this sequence was triggered by 
heating and partial melting of the lower crust, resulting in the 
formation of granite domes among greenstone rocks. On geologi-
cal maps these domes exhibit oval to circular shapes (Figs. 2A, 
2B) that were interpreted to refl ect upward, almost vertical move-
ment of granitic material into the overlying carapace of amphibo-
lite- and greenschist-facies rocks that are inferred to have moved 
simultaneously downward.

Similar structural features are also typical for the HGTs that 
occur among greenstone belts. If the exhumation of an HGT 
resulted from gravitational redistribution of material, the sheath 
folds should be common regional structures that resulted from 
oppositely directed dome-, diapir-, and plume-like material move-
ments driven by gravity. The sheath folds should not necessarily 
be vertically oriented, since horizontal movements are dominant 
at culminate stages in large-scale, laterally spreading, buoyancy-
driven fl ows (e.g., Ramberg, 1981). Complementary (i.e., oppo-
sitely directed) structures are represented by narrow, intensely 
deformed gneissic rims that commonly surround the sheath folds 
(Figs. 2C, 2D). The Limpopo HGT is perhaps the best example, 
providing a continuous cross section from the Kaapvaal Craton in 
the south to the Zimbabwe Craton in the north. This cross section 
allows direct observation of the change in deformational style 
from that typical of greenstone terranes to a macro-mélange of 
highly attenuated granulite-facies rocks that compose the Lim-
popo HGT. In general, the tectonic style in granite-greenstone 
belts is characterized by granite domes  surrounded by strongly 
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deformed amphibolite- to greenschist-facies rocks. In contrast, 
the deformational style of the HGT is characterized by complex 
fold patterns that include mega–sheath folds formed at high grade, 
the shapes of which are similar to structural domes (Figs. 2C, 
2D). For example, the high-grade Central Zone of the Limpopo 
Belt, despite its polymetamorphic history (Perchuk et al., 2006), 
clearly preserves the oval to cylindrical style of folding of hetero-
geneous multilayered crust at high-temperature granulite-facies 
conditions. Increasing temperature is inferred to have led to a 
decrease in viscosities of the hot rocks of different densities and, 
as the result, to the dominance of buoyancy forces. Therefore we 
should expect to observe this type of structure in many Archean 
HGTs. According to this interpretation, the cylindrical type of 
the sheath folds must predominate in the structural pattern. This 
was recently shown to be the case for the Central Zone of the 
Limpopo HGT (Perchuk et al., 2008). Another discussion of the 
structural aspects related to the gravitational redistribution model 
is given by Smit et al. (this volume).

In many areas around the world, the Precambrian granulite 
complexes have tectonic contacts with lower grade wall rocks 
(Kozhevnikov and Svetov, 2001). Detailed geological mapping 
in the contact zones between HGTs and greenstone belts (includ-
ing orientations of the principal structural elements such as lin-
ear and planar fabrics, as well as asymmetric structures that per-
mitted kinematic analysis) of contact zones between HGT and 
GSB (granite-greenstone belts), resulted in concluding that the 
zones commonly have a typical thrust origin (Kozlov et al., 1990; 
Roering et al., 1992b; Marker, 1991; Pozhilenko et al., 1997; van 
Reenen and Smit, 1996; Perchuk and Krotov, 1998; Perchuk et 
al., 1996, 1999, 2000b; Kreissig et al., 2000, 2001; Smit et al., 
2000). Systematic structural analyses of these boundaries have 
resulted in the conclusion that the granulite complexes overrode 
the granite-greenstone regions along the steep to moderately 
dipping crustal-scale shear zones that separated the greenstone 
belt from the HGT. The maps and sections in Figure 1 illustrate 
the Tanaelv Shear Zone separating the Lapland HGT from the 

A C

B DCross section

Figure 2. Morphologies of dome structures in Archean granite-greenstone belts (A, B) and high-grade terranes (C, D). (A, B) 
Granite domes (1—white) within greenstone belts (2—black) of the Zimbabwe Craton, southern Africa (A), and the Western 
Dharwar Craton, India (B) (MacGregor, 1951). (C) Sheath folds in the Central Zone of the Limpopo HGT, southern Africa 
(van Reenen et al., 2004). (D) Vertical cross section of a small granite cupola within the Sharyzhalgay granulite complex, SW 
Lake Baikal (Perchuk et al., 1992). First-order similarities between structural patterns of greenstone belts (A, B) and high-
grade terranes (C, D) suggest that gravity-driven tectonics originally proposed for greenstone belts (A, B; e.g., MacGregor, 
1951; Ramberg, 1981) may also be relevant for granulite-facies terranes (C, D; Perchuk, 1989, 1991).
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Karelian greenstone belt (Fig. 1A), and the Hout River Shear 
Zone separating the Limpopo HGT from the Kaapvaal granite-
greenstone terrane (Fig. 1B). In all cases, the contacting rocks 
on either side of the shear zone underwent synchronous but 
oppositely directed movement. Moreover the displacement was 
synchronous with the formation of sheath folds in gneisses and 
migmatites in the mid-crust.

Thus, we conclude that structural data from several HGTs 
and adjacent greenstone belts strongly support synchronous, but 
oppositely directed, movement of granulites (upward) on the one 
hand, and host greenstones (downward) on the other.

Geochronological Test

For years, high-grade rocks were considered as the basement 
of the continental crust and to be older and to have been metamor-
phosed before the overlying greenstone belts (e.g., De Wit et al., 
1992). The gravitational redistribution model, however, suggests 
the opposite relationships—i.e., that the low-grade metamor-
phism in the greenstone belt should be older than the high-grade 
metamorphism in the HGT. The critical question is, therefore: Do 
the geochronological data document a coherent geochronologi-
cal history of major geological events that refl ect gravitational 
emplacement of the HGT? A large volume of geochronological 
data exists for many HGTs and hosting GSBs. Kozhevnikov and 
Svetov (2001) summarized metamorphic age data for 59 HGT + 
GSB pairs and clearly showed that in all of the pairs the granu-
lites are younger than the contacting greenstones. Table 1 exem-
plifi es this rule with data on the Limpopo and Lapland HGTs. In 
contrast, the rocks from shear zones separating the GSB from the 
HGT have similar or identical metamorphic ages with the HGT. 
For example, the Lapland HGT (1.9 Ga) is much younger than 
both the Karelian and the Inari adjacent GSBs (more than 2.7 Ga) 
and shows the same age as mica schists from the Tanaelv Shear 
Zone (Table 1). The Limpopo HGT (2.69 Ga) is younger than the 
GSB from both the adjacent Zimbabwe and Kaapvaal Cratons 
(more than 2.75 Ga), but little difference in age exists for the 
formation of the Hout River Shear Zone (2.67 Ga), which sepa-
rates the South Marginal Zone (SMZ) of the Limpopo HGT from 

the Kaapvaal Craton (Table 1). Similar isotopic age data show 
rocks from the Northern Marginal Zone (NMZ) (2.62–2.71 Ga) 
and the adjacent Zimbabwe Craton (more than 2.7 Ga) (Table 1). 
Thus, geochronological data support an idea that HGTs have 
been emplaced within GSBs along shear zones much later than 
the formation of the cratons.

Textural Test for Exhumation

Hundreds of retrograde reaction textures and corresponding 
P-T paths have been published for the Precambrian HGTs, but 
there are only a few examples of prograde textures documented 
in granulites. These include data from the Aldan Shield (Per-
chuk et al., 1985), Palni Hill Ranges of southern India (Raith 
et al., 1997), and the Central Zone of the Limpopo Complex 
(Zeh et al., 2004; Perchuk et al., 2008). Because the exponential 
increase in diffusion rates above 700–750 °C leads to mineral-
ogical homogenization and microstructural recrystallization, the 
majority of reaction textures preserved in granulites formed after 
the peak metamorphic T (e.g., Perchuk et al., 1985; Perchuk, 
1989; Harley, 1989).

Metapelites in many HGTs commonly show evidence 
(Fig. 3) for two mineral reactions (e.g., Harley, 1989):
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Depending on change of P-T parameters, these reactions 
can be displaced to either side, producing well-developed and 
distinctive textures (e.g., Harley, 1989; Perchuk et al., 1985, 

TABLE 1. U-Pb METAMORPHIC AGES OF ROCKS FROM SHEAR ZONES SEPARATING HIGH-GRADE TERRANES FROM GREENSTONE BELTS  
 

secnerefeR)aG( egApuorG/enoZ kcoR
Lapland area (Russia, Finland) 
Ky-bearing mica schist after GSB Shear zone, western part of the Tanaelv Belt (Finland) 
Ky-bearing mica schist after GSB Korva Tundra Group (shear zone), the Tanaelv Belt (Russia) 1.91 Volodichev (1990) 
Grt amphibolite (sample Lap34) Kandalaksha Group (shear zone), the Tanaelv Belt (Russia) 1.911 Perchuk et al. (2006)
Opx-Bt plagiogneiss (Lap-9)  Pados, southern part of the Lapland HGT (Russia) 
Granulitic gneiss Tupaya Guba, southern part of the Lapland HGT
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 Limpopo area (southern Africa) 
Ky-bearing mica schist after KVC Hout River Shear Zone, at the contact with granulite body 2.689 Kreissig et al. (2000, 2001)
Granulitic metapelite Southern Marginal Zone (SMZ) of the Limpopo granulite belt 2.691

 )2991( .la te notraB 176.2 )ZMS( notulP kotaM etibredne-onrahC
 )2991( .la te tiW ed 45.3–57.2 notarC laavpaaK scinaclovateM

   Note: HGT—high-grade terrane; GSB—greenstone belt; KVC—Kaapvaal Craton; Ky—kyanite; Grt—garnet; Opx—orthopyroxene; Bt—biotite.  

1.9 Bernard-Griffiths et al. (1984)

1.91
1.916 Bibikova et al. (1993) 
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Grt

0.5 mm

Crd2

Crd Opx2+ 2

Crd Opx2+ 2

Limpopo

A B

C D

E F

Figure 3. Typical reaction textures Grt + Qtz → Opx + Crd (reaction 1), Grt + Sil + Qtz → Crd (reaction 2), 
and Crd → Grt + Sil + Qtz (reaction 3) occurring in high-grade metapelites are recorded in Precambrian HGTs 
worldwide. Grt

1
 (Grt) and Crd

1
 (Crd) are stable at the metamorphic peak, and Grt

2
 formed from the breakdown of 

Crd
1
 during isobaric cooling (IC) and compression cooling (CC). Crd

2
 recrystallized from Crd

1
 during the growth 

of Grt
2
. (A) Texture resulting from reaction 1, composed of three zones: (i) Grt core → (ii) Crd-Opx symplectitic 

zone → (iii) Opx rim, CZ, Limpopo HGT, southern Africa (compiled from Perchuk et al., 2006). (B) The same 
as (A): Sharyzhalgay HGT, SW Lake Baikal, eastern Siberia (from Perchuk, 1989). (C) Reaction texture 3 in 
metapelite from the Atamanovskaia Group, the Kanskiy HGT, Yenisey River, eastern Siberia. (D) Reaction texture 
3 in metapelite from northern portion of the Lapland HGT, Kola Peninsula, Russia (from Perchuk et al., 1999). 
(E) Texture resulting from reaction 2; i.e., rim of Crd around Grt containing Sil + Qtz in sample from the 2 Ga Bak-
lykraal regional shear structure; CZ, Limpopo HGT, southern Africa (from van Reenen et al., 2004). (F) Texture 
resulting from reaction 3 in metapelite from the Petronela Shear Zone, SMZ, Limpopo HGT (Smit et al., 2001); 
new euhedral Grt

2
 and Sil + Qtz intergrowth appeared within Crd matrix at the contact with Grt

1
: 

Mg

Grt1X  < 
Mg

Grt2X .
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1989, 1996; Raith et al., 1997). Decompression cooling (DC) of 
an HGT appears the most common style of exhumation type in 
Precambrian granulite-facies terranes. Metapelites from the SMZ 
of the Limpopo HGT show textures that refl ect both reactions 
(1) and (2). Orthopyroxene coronas and Opx + Crd symplec-
tites are well developed between garnet and quartz (reaction 1, 
Figs. 3A, 3B). At a relatively high Ca content in garnet, a pla-
gioclase zone can be formed between the Opx corona and the 
Crd-Opx symplectite zone. The commonly observed growth of 
cordierite at the contact of garnet with sillimanite (Sil) and quartz 
(Qtz) is also documented in the metapelites (reaction 2).

On the other hand, the reaction:

  Crd → Grt + Qtz + Sil           (3)

produces textures that are composed of a very fi ne grained 
(<100 µm) skeletal intergrowth of garnet, quartz, and sillimanite 
on the rims of cordierite (Fig. 3C). This texture was fi rst observed 
in metapelites of the Yenisey Range in eastern Siberia (Fig. 3C; 
Perchuk et al., 1989) and then in similar rocks of the northern part 
of the Lapland HGT (Fig. 3D; Perchuk et al., 1999, 2000a) and in 
the SMZ of the Limpopo Complex (Figs. 3E, 3F; Perchuk et al., 
1996). An important observation is that samples with the reaction 
texture (3) were only collected close (<~50 km) to the boundaries 
of the HGTs with greenstone-belt wall rocks, whereas samples 
with reaction textures (1) and (2) commonly occur farther away 
(>~50 km) from the boundaries.

P-T History

P-T parameters were uniformly calculated for both the high-
grade rocks and the rocks from shear zones separating HGTs 
from the cratons using methods and approaches discussed in 
detail elsewhere in this volume (Perchuk, this volume).

Granulite Complexes
In the rocks from the HGTs studied we found two groups of 

P-T paths: decompression cooling (DC) and near-isobaric cool-
ing (IC) paths that are strongly correlated with the two groups 
of reaction textures noted above, and which are typical for many 
different granulite facies complexes (Harley, 1989). However, 
both kinds of P-T path occur in a single HGT depending upon 
their location within the terrane (e.g., Perchuk et al., 1996, 1999, 
2000a). For example, in the Limpopo HGT the samples preserv-
ing a record of the DC PT path (Fig. 4A) occur far (>~50 km) from 
the boundary with the craton, whereas samples located close to 
the boundary (<~50 km) also exhibit IC paths (Fig. 4B). This can 
be explained if some crustal blocks were exhumed suffi ciently 
slowly so they could equilibrate with the adjacent crust during 
their emplacement (DC path), whereas the emplacement of oth-
ers was arrested at crustal levels of ~13–15 km (IC path). We 
infer that the large temperature gradient between the hot granulite 
and the cooler wall rocks promoted heat fl ow from the Limpopo 
HGT toward the greenschist-facies footwall of the Kaapvaal Cra-

ton. This resulted in isobaric cooling of the granulite (IC portion 
of the P-T path). Hydration reactions (involving the formation of 
cummingtonite, anthophyllite, gedrite, secondary biotite, water-
bearing cordierite, etc.) that characterize many samples from the 
southern part of the SMZ (van Reenen, 1986) refl ect the involve-
ment of water-rich fl uids in the exhumation process (Perchuk 
et al., 1996). This suggestion was later supported by numerical 
modeling (Gerya et al., 2000) and additional petrological obser-
vations in other HGTs (e.g., Perchuk et al., 1999, 2000a; Smit et 
al., 2000; Gerya and Maresch, 2004).

Rarely, granulites near contacts with cool wall rock may pre-
serve evidence for a compression-cooling (CC) segment of the 
P-T path in place of an IC segment (Fig. 4B). Figures 4E and 4F, 
determined for mineral assemblages from the Kanskiy Complex, 
Yenisey Range, eastern Siberia (Gerya and Maresch, 2004), are 
inferred to refl ect differential vertical movements within parts of 
the granulite body during its emplacement in the mid-crust. Both 
the IC and CC portions of P-T paths therefore characterize com-
plications in the fl ow-cooling patterns of marginal zones of the 
HGT caused by their thermomechanical interactions with colder 
and stronger cratonic rocks.

Shear-Zone Wall Rocks
The P-T loop for the footwall rocks in the Tanaelv Shear 

Zone underlying the Lapland HGT (Fig. 1A) was fi rst derived by 
Perchuk and Krotov (1998) on the basis of the local equilibrium 
Bt + Ky + Qtz = Ms + Grt within the studied samples. Figure 5 
exemplifi es all stages of the evolution of these garnet-bearing 
schists from the chlorite-staurolite and kyanite-staurolite zones 
in the shear zone. Figure 5 documents both the prograde and 
retrograde stages of the evolution of the shear zone rocks in 
the footwall in terms of Grt morphology, chemical zoning, and 
P-T path. The rotated garnets with quartz-rich inclusion trails 
(Fig. 5A) are associated with the prograde stage of metamor-
phism, whereas snowball (Fig. 5B) and inclusion-free (Fig. 5C) 
garnet refl ects peak and subsequent retrograde metamorphism. 
Similar textural relationships occur in the Hout River Shear 
Zone, separating the Limpopo HGT from the adjacent Kaapvaal 
Craton Perchuk et al., 2000b). Figures 5D–5F demonstrates 
movement of the shearing rocks downward to the mid-crust and 
subsequent return toward the surface along with the simultane-
ous exhumation of granulite (see Table 1 for isotopic data indi-
cating the contemporaneity of decompressional metamorphism 
in the HGT and prograde metamorphism in the subjacent foot-
wall shear zone).

P-T paths in Figures 5D–5F were calculated using the Bt-
Ky-Qtz-Grt-Ms geothermobarometer (Perchuk, 1973, 1977), 
which was recalibrated using new thermodynamic data (Perchuk 
and Krotov, 1998; Perchuk et al., 2000b). These P-T paths defi ne 
very tight, hairpin-shaped loops, indicating that the cool subduct-
ing plate, composed of greenstone material, and the hot ascend-
ing granulite diapir moved along virtually the same P-T gradient. 
This result is, in a way, similar to the constraint imposed upon a 
subducting oceanic plate in which both the prograde (downward) 
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A B

C D

FE

Temperature, °C Temperature, °C

Figure 4. Typical styles of P-T paths for monometamorphic HGTs. (A) Typical decompression-cooling (DC) path. 
(B) isobaric (IC) and compression-cooling (CC) portions of the DC P-T paths (see Perchuk, this volume). (C) DC P-T 
path for metapelite DR45 from the SMZ of the Limpopo HGT. (D) DC

1
-IC-DC

2
 segments of P-T path for metapelite 

LW7 collected from the most marginal part of the SMZ of the Limpopo Complex. Both C and D after Perchuk et al. 
(1996). (E) P-T path derived for granulite A-275 is from the Kanskiy HGT (Yenisey Range, eastern Siberia); open 
rectangles indicate P-T data for the early generation of garnet (Grt

1
), and solid rectangles indicate those for the later 

generation (Grt
2
). (F) Calculated equilibrium garnet modes [atomic ratio 100(Mg + Fe)

in garnet
/(Mg + Fe)

in rock
] along 

the P-T path in E. Diagrams E and F after Gerya and Maresch (2004). Relative uncertainties of P-T paths (±0.5 kbar 
and ±25 °C) correspond to the scattering of individual P-T points in diagrams C, D, and E. See text for discussion.
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and the retrograde (upward) histories are similar but reversed 
(e.g., Cloos, 1982).

P-T diagrams in Figure 6 demonstrate that the peak meta-
morphic conditions for the footwall rocks coincide with the P-T 
minimum recorded by the granulite assemblages. Considering 
the similar ages of metamorphism in both cases (Table 1), we 
infer that this convergence of P-T conditions implies that the P-T 
loops for the footwall rocks resulted from the emplacement of the 
granulite body into the upper crust.

Geophysical Test

The gravitational redistribution (or diapiric) model assumes 
that the gravitational redistribution of material occurred within 
the normal-thickness continental crust, produced intrusion-
shaped geometries caused by the reduced viscosity of the hot 
granulite bodies, and was triggered by the activity of large man-
tle plumes (Perchuk, 1989; Perchuk et al., 2001). This sugges-
tion is exemplifi ed by seismic data for both the Limpopo (e.g., 

A

B

C

F

D

E

Figure 5. Textural, chemical, and P-T evolution of the mineral assemblage Bt + Ky + Qtz + Grt + Ms in mica schists from the 
Tanaelv Shear Zone, separating the Lapland HGT from the Karelian Greenstone Belt (modifi ed from Perchuk and Krotov, 1998). 
(A–C) Backscattered electron images of garnet from mica schist, illustrating morphology of the Grt porphyroblasts and their 
textural characteristics in the prograde (A), peak (B), and retrograde (C) stages of metamorphic evolution. Rotated garnet porphy-
roblasts from the chlorite-staurolite zone characterize the prograde stage. Isometric inclusion-rich snowboll Grt porphyroblasts 
occur in the biotite-kyanite zone and indicate both partly prograde and peak stages of metamorphism. Euhedral inclusions-free 
Grt porphyroblasts from the chlorite-staurolite zone indicate peak to retrograde stages of metamorphism. Lines indicated as I–I, 
II–II, etc., correspond to the profi les along which detailed microprobe analyses were done (see second column in the fi gure). Each 
path in the (D–F) diagrams relates to (A–C) textural, chemical, and morphological evolution of the Grt porphyroblasts shown in 
(A–C), from prograde (A), through peak (B), to retrograde (C) P-T conditions. Crosses on the P-T diagrams indicate precision of 
P-T estimates (±0.5 kbar and ±25 °C). See text for discussion.
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De Beer and Stettler, 1992; Durrheim et al., 1992; Nguuri et 
al., 2001) and Lapland (Pozhilenko et al., 1997) granulite com-
plexes (Fig. 1). The interpretation of the seismic profi les, cou-
pled with structural and geochronological data, suggests that the 
Limpopo HGT resembles the shape of a laccolith or harpolith 
(Tomkeieff, 1983) emplaced between the Kaapvaal and Zimba-
bwe Cratons (Fig. 1B). The geometry of the Lapland granulite 
complex, between the Karelian and Inari greenstone belts, is a 
mirror image of the Limpopo HGT. On the southern and west-
ern margins the Tanaelv listric shear zone dips northward under 
the Lapland HGT at an angle ranging from 60° to 12°. How-
ever, the northern boundary of the Lapland HGT with the Inari 
greenstone belt is still an unresolved problem: According to the 
structural and seismic data from Finland (Marker, 1991; Mints 
et al., 1996; Pozhilenko et al., 1997) the northern boundary of 
the Lapland HGT dips steeply NE, whereas the Russian seismic 
data suggest that the contact is vertical to steeply S-dipping. A 
cross section through the Lapland HGT also suggests a harpolith 
shape (Fig. 1C). Thus, both the Limpopo and Lapland HGTs 
form bodies which resemble crustal-scale harpoliths that plausi-
bly refl ect intrusive-like mechanisms of the emplacement of the 
intervening HGTs.

In reality, the mantle-derived fl uid-heat fl ow that triggers 
gravitational redistribution in our model may also associate with 
either horizontal or vertical movement of crustal material by 
other processes such as thrust thickening, extensional thinning, 
erosion, magmatic underplating, or crustal delamination. For 
example, if the formation of the Limpopo HGT resulted from the 
collision (horizontal movement) of the Kaapvaal and Zimbabwe 
Cratons (Treloar et al., 1992), the locations of the plate boundar-
ies are expected to be imaged by deep-seated seismic profi les 
across the “craton-orogen-craton” system. However, the detailed 
seismic tomographies of this portion of the African continent 

show the mantle lithosphere to be a single unit, and there is no 
seismic discontinuity at the Limpopo HGT (James et al., 2001). 
Consequently, if no subsequent overprinting affected this litho-
sphere, it was acting as a single tectonic unit during the exhuma-
tion of the Limpopo HGT.

MODEL TESTING BY NUMERICAL EXPERIMENTS

Gravitational mechanism of granulite exhumation was 
extensively studied numerically (Perchuk et al., 1992, 1999; 
Gerya et al., 2000, 2004), which is reviewed below. The fi rst 
numerical testing of a gravitational redistribution model for 
granulites was performed by Perchuk et al. (1992). Using a 
mechanical numerical model and a gravitationally metastable 
model set-up with a rhythmic multilayered crust (e.g., Perchuk 
1989) comprising rocks of different density and viscosity, and 
assuming that the gravitational redistribution process was trig-
gered by a mantle-derived fl uid-heat fl ow (e.g., England and 
Thompson, 1984; Perchuk, 1976, 1991; Hoernes et al., 1995; 
Pili et al., 1997), Perchuk et al. demonstrated that the growth 
dynamics of multiwavelength gravity structures (polydiapirs) 
(Weinberg and Shmelling, 1992) is accelerated by a chain- 
reaction mechanism (Perchuk, 1991). The modeling showed that 
the formation of some granulite complexes as the result of the 
continuous evolution of an initial metastable multilayered craton 
structure triggered by fl uid-heat fl ow is indeed feasible. Similar 
results can also be obtained with more realistic temperature- 
and stress-dependent rheologies (Fig. 7) with a gravitational 
redistribution process being triggered in the lower crust where 
effective viscosity for all rock types is the lowest because of the 
high temperature. The effective viscosity of the upper crust (cf. 
Figs. 7A, 7B) mainly regulates the potential for the penetration 
of large, strongly internally deformed granulite bodies into the 

A B

Temperature °C Temperature °C

Figure 6. Integrated P-T paths, refl ecting simultaneous tectonic histories of the high-grade terranes and schists from the footwall shear 
zones separating granulite bodies from cratonic wall rocks. (A) Lapland; (B) Limpopo; modifi ed from Perchuk et al., 2000b. Note that the 
burial and exhumation branches of paths for mica schists are nearly identical. Also note that P-T scales in A and B are different.
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shallower levels of the crust. Detailed petrological data for gran-
ulite complexes and adjacent greenstone belts (Perchuk et al., 
1996, 1999, 2000b; Perchuk and Krotov, 1998, and summaries 
in this chapter) created a basis for thermomechanical numerical 
modeling (including simulation of metamorphic P-T paths) for 
the  generation, exhumation, and emplacement of granulite com-
plexes within greenstone belts (Gerya et al., 2000, 2004).

Based on the typical stratigraphy for most well-known green-
stone belts (e.g., De Wit et al., 1992; De Wit and Ashwall, 1997; 
Perchuk et al., 2000a), a rhythmic layered succession was used 
(Gerya et al., 2000) in the initial design (Fig. 8A, for 0 m.y.). This 
fi gure shows a general scenario for the gravitational redistribu-
tion of rocks in the Earth’s crust (see Gerya et al., 2000, 2004, for 
the choice of numerical values and sensitivity analysis). Both the 

A B
M.y.

M.y.

M.y.

M.y.

M.y. M.y.

M.y.

M.y.

M.y.

M.y.

Figure 7. Results of numerical modeling for the gravitational redistribution process in multilayered crust, forming either 
a highly deformed granulite layer in the lower-middle crust (A) or a crustal-scale granulite diapir penetrating into the up-
per crust (B). Model size is 100 × 40 km. Color code corresponds to different lithologies of upper (1, 2) and lower (3, 4) 
crust with the following properties (see Gerya et al., 2000, 2004, for the choice of numerical values and sensitivity 
analysis): 1 and 3, density = 2820 kg/m3, thermal conductivity = 2 W/m/K, radiogenic heat production = 9×10−10 W/kg, 
heat capacity = 1100 J/kg, fl ow law = wet granite (Ranalli, 1995); 2 and 4, density = 2870 kg/m3, thermal conductivity = 
2 W/m/K, radiogenic heat production = 3×10−10 W/kg, heat capacity = 1100 J/kg, fl ow law = diorite (Ranalli, 1995). 
Maximum model viscosity contrast between the upper and lower crust is 104 for A and 103 for B. Instability is initiated 
by small thermal perturbations (placed at the bottom of the model). No lateral forcing is applied in the models.
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presence of three major initial layer sequences (rhythms) in the 
modeled stratigraphic succession and the difference in densities 
between layers of each rhythm provide acceleration of the process 
of gravitational redistribution (Perchuk et al., 1992). The interac-
tion between the rhythms and individual layers allows a rapid 
large-scale fl ow over the entire sequence (Fig. 8A, 1.7–8.9 m.y.; 
see also Fig. 7B). The model development shows thrusting of 
the hot, fl attened granulitic diapir onto the colder, upper crustal 
cratonic rocks. Figure 8B demonstrates oppositely directed verti-
cal movement of mafi c and felsic material from different crustal 
levels: granulites moving up to the surface, and cold metabasites 
and metakomatiites of the upper part of the craton moving down 
under hot granulites along the shear zone separating them.

The numerical modeling of gravitational redistribution 
allows the calculation of P-T-time paths for both the granulites 
and the cratonic rocks (Figs. 9, 10), which then can be compared 

with natural data. Numerical experiments (Gerya et al., 2000) 
showed that the geometry of the modeled P-T paths (Fig. 9) com-
pares closely with petrological P-T paths (Figs. 4, 6). Figure 8B 
shows oppositely directed movement of mafi c and felsic material 
from different crustal levels: While granulites move up toward 
the surface, metabasaltic and metakomatiitic cratonic rocks move 
down and cool the granulites along the shear zone separating the 
two terranes. This causes a local convective cell that changes 
the movement of some uprising granulite fragments: The square 
marker in Figure 8B (1.7–2.5 m.y.) moves from 700 °C to 600 °C 
toward the downward moving, cooler greenstone plate. In the 
case of the Limpopo HGT the upward movement of the two 
Marginal Zones along the contact with the adjacent cratons was 
accompanied by a narrow zone of amphibolite-facies retrogres-
sion of the uprising granulites (see Figs. 4, 6; van Reenen, 1986; 
van Reenen et al., this volume). This retrogression was caused 

A B
8.9 M.y.

4.4 M.y.

1.7 M.y.

1.0 M.y.

3.7 M.y.

2.5 M.y.

1.7 M.y.

8.9 M.y.

6.7 M.y.

5.8 M.y.

4.4 M.y.0 M.y. Weak zone

Figure 8. Results of numerical modeling (Gerya et al., 2000) of the buoyant exhumation of a granulite complex: (A) Overall 
model development; (B) enlargement of the granulite diapir. Model design in A: Size, 100 × 30 km; grid resolution, 100 
× 30 nodes, 500 × 150 markers; weak zone mimics preexisting tectonic boundary between two cratons; instability is initi-
ated owing to different numbers of ultramafi c layers in the cratons; no lateral forcing is applied in the model. Rock types 
and properties (see Gerya et al., 2000, for the choice of numerical values and sensitivity analysis): sediments (white, ρ = 
2700 kg/m3, η = 1019 Pa s, where ρ is density and η is viscosity), felsic granulites (light gray, ρ = 2800 kg/m3, η = 1019 Pa s), 
metabasites (dark gray, ρ = 3000 kg/m3, η = 1019 Pa s at T >600 °C in granulite sequence, η = 1021 Pa s at T <600 °C in 
greenstone sequence), metakomatiites (black, ρ = 3300 kg/m3, η = 1021 Pa s), weak tectonic zone (dashed, η = 1019 Pa s for 
all rock types). Heat conductivity of rocks, 4 W/m/K; isobaric heat capacity of rocks, 1100 J/kg/K. Symbols (triangle, circle, 
and square) in B show movement of representative rock units with P-T-time paths displayed in Figure 9.
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by H
2
O-rich fl uids that resulted from dehydration reactions in 

the downward movement of the greenstones (see movement 
of the triangle marker in Fig. 8B) in the greenstone lithologies 
plate. These movements result in a near-isobaric portion of the 
P-T path for the upper granulite fragment (see steplike lines in 
Fig. 4B and kinked P-T path with squares in Fig. 9). On the other 
hand, a high-temperature, deep-seated fragment moves from the 
900 °C isotherm directly to a near-surface level (see circle marker 
in Fig. 8B), producing a decompression-cooling P-T path (see 
straight line in Fig. 4A and linear P-T path with circles in Fig. 9).

An important detail is illustrated in Figure 8A (8.9 m.y.): 
The low-grade greenstone block of the craton on the right side 
of the model is bent upward by the fl ow of exhuming granulite, 
and its leftmost part is exhumed close to the middle of the fl at-
tened granulite complex. If this feature is realistic, one should 
be able to observe comparable features among granulites (i.e., 
higher grade greenstone rocks that were metamorphosed under 
amphibolite to epidote-amphibolite facies). A possible example 
is greenstone rocks that occur in the Central Zone of the Limpopo 
HGT, part of the so-called Venetia Klippen Complex, for which 
a well-constrained P-T loop with maximum P-T estimates of 6 
kbar and 650 °C was inferred (Zeh et al., 2004).

According to the P-T paths in Figures 5 and 6, the model 
in Figure 8 must refl ect the circulation of some of the cratonic 
wall rocks within shear zones separating cratons from granulite 
complexes. Indeed, triangle markers in Figure 8B trace the move-
ment of the rocks, repeating a clockwise P-T loop for the cratonic 

T, °C

Figure 9. Results of numerical modeling of P-T-time paths for repre-
sentative cratonic rock units (triangle) and two markers in the granu-
lite fragments (circle and square) shown in Figure 8 (compare with 
Figs. 4–6). See Gerya et al. (2000) and Gerya and Maresch (2004) for 
comparison of natural and numerical P-T paths.

rocks shown in Figures 5 and 6. Overall the variability of P-T 
paths in the numerical model (Fig. 10) is quite large and coin-
cides well with variations in P-T trajectories discovered within 
and outside of each studied granulite complex and associated 
greenstone belt (e.g., Perchuk et al., 1989, 1996; Perchuk and 
Krotov, 1998; Gerya et al., 2004; see also Perchuk, this volume).

Seismic profi ling, electric studies, and gravity data show that 
the continental crust beneath some granulite terranes is thinner 
than that under the adjacent cratons (e.g., Fig. 11A). The correct 
position of the Moho boundary beneath such crustal-scale com-
plexes, however, is unknown (e.g., Griffi n and O’Reilly, 1987a, 
1987b) presumably because their present lower parts are com-
posed of garnet-bearing mafi c and ultramafi c rocks (Pretorius 
and Barton, 1995; Specius, 1998) whose rheologies and densities 
are similar to those of the upper mantle. Figure 11A illustrates a 
N-S cross section through the Limpopo HGT compared with the 
results of numerical modeling of gravitational redistribution of 
the Archean greenstone belts. Figure 11B shows a NE-SW cross 
section through the Lapland HGT compared with the results of 
numerical modeling (Perchuk et al., 1999) of gravitational redis-
tribution of rocks within the Archean Karelian-Inari Cratons. We 
contend that the morphologies of these two examples, for which 
good-quality seismic data are available (De Beer and Stettler, 
1992; Pozhilenko et al., 1997; James et al., 2001; Nguuri et al., 
2001), are in accord with the gravitational redistribution mecha-
nism of HGT formation.

Thus the results of numerical modeling suggest that 
 granulite-facies terranes can be formed (and then exhumed) 
within essentially normal-thickness (35–40 km), hot continental 
crust affected by the activity of mantle-derived fl uid-heat fl ow. 
Such a process results in the formation of granulitic bodies with 
intrusion-like shapes (Figs. 8, 11) through a mechanism of gravi-
tational redistribution of material in the crust during a time period 
of ~10 m.y. The results of our modeling are also in accordance 
with the conclusion of England and Thompson (1984) and Henry 
et al. (1997) that thick (60–70 km) continental crust in many cases 
is not necessarily the most appropriate setting for the formation 
of granulite-facies terranes. Thickening of such crust initially 
results in a relatively cold geotherm, which is more suitable for 
the origin of eclogite and HP granulite along a prograde PT path, 
followed by crustal thinning (e.g., owing to strong mantle plume 
activity) that in turn leads to the formation of garnet amphibolite 
(Perchuk, 1977, 1989). In some cases (e.g., Tibet) such eclog-
ites can subsequently undergo granulite-facies conditions (e.g., 
Henry et al., 1997).

DISCUSSION

Granulite-facies terranes occur in a variety of geological 
settings of different age. However, the majority of them were 
formed in the Precambrian, when the Earth’s crust was hotter 
than today. Thompson (1990) reviewed several tectonic models 
(collision followed by erosional or extensional crustal thinning, 
multiple episodes of crustal thickening, magmatic underplat-
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ing, and crustal delamination) and concluded that there are lim-
ited possibilities, if they exist at all, to form and exhume lower 
crustal granulites into the upper Earth’s crust during a single 
tectonic cycle, and most granulite-facies terranes were exposed 
tectonically. Harley (1989), on the basis of a study of 90 P-T 
paths from different HGTs, concluded that no single univer-
sal tectonic model could be proposed for the genesis of granu-
lites. Nevertheless, despite the fact that eclogites as markers 
of subduction- collision mechanisms occur extremely rarely in 
Precambrian continental crust in general, and for the Archean, 
in particular, many petrologists still believe the plate tectonic 
models. This may be the result of systematic comparison of the 
Precambrian granulites with signifi cantly younger granulites 

from Phanerozoic fold belts, but the rheology of these rocks 
was very different.

Recently Sizova et al. (2010), based on a numerical model-
ing study, demonstrated that there should be major transitions in 
geodynamic styles back in Earth history related to the cooling of 
sub-lithospheric mantle (see also, e.g., Hamilton, 1998; Brown, 
2006). These authors identifi ed a fi rst-order transition from a 
“no-subduction” tectonic regime through a “pre-subduction” tec-
tonic regime to the modern style of subduction. The fi rst transi-
tion is gradual, and occurs at upper mantle temperatures between 
250 and 200 K above present-day values, whereas the second 
transition is more abrupt and occurs at 175–160 K above present-
day values. The link between geological observations and model 

A B

C D

Figure 10. Characteristic shapes of P-T paths for (A) high- and (B) medium-temperature granulites in the hanging wall 
of the shear zone for the model shown in Figure 8. Characteristic P-T paths for (C) mid-crustal and (D) upper crustal 
cratonic footwall rocks for the model shown in Figure 8 (compare with Figs. 4–6). See Gerya et al. (2000) and Gerya and 
Maresch (2004) for comparison of natural and numerical P-T paths.
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results suggests that the transition to the modern plate tectonics 
regime might have occurred during Mesoarchean–Neoarchean 
time (ca. 3.2–2.5 Ga). For the “pre-subduction” tectonic regime 
(upper-mantle temperature 175–250 K above present) the plates 
are weakened by intense percolation of melts derived from the 
underlying hot melt–bearing sub-lithospheric mantle. In such 
cases, convergence does not produce self-sustaining, one-sided 
subduction, but rather results in shallow underthrusting of the 
oceanic plate under the continental plate. Further increase in the 
upper-mantle temperature (>250 K above present) causes a tran-
sition to a “no subduction” regime in which horizontal move-
ments of small deformable plate fragments are accommodated by 
internal strain, and even shallow underthrusts do not form under 
convergence. Taking this into account, one can expect that the 

geodynamic origin of many Precambrian granulites may have 
differed markedly from their modern analogues.

Inherent gravitational instability of hot continental crust 
was confi rmed on the basis of modeling of in situ rock proper-
ties using a Gibbs free-energy minimization approach (Gerya 
et al., 2001, 2002, 2004). This modeling showed that regional 
metamorphism of granulite-facies crust may critically enhance 
the decrease of crustal density with depth. This leads to a gravi-
tational instability of hot continental crust, resulting in regional 
doming and diapirism. Two types of crustal models were stud-
ied: (1) lithologically homogeneous crust, and (2) lithologically 
heterogeneous, multilayered crust. Gravitational instability of 
relatively homogeneous continental crust is related to a vertical 
density contrast developed during prograde changes in mineral 

A

B

Karelian Craton

Karelian Craton

Inari Craton

Inari Craton

Kaapvaal
Craton

Zimbabwe
Craton

Zimbabwe
Craton

Kaapvaal
Craton

Numerical model

Numerical model

Geological-geophysical model

Geological-geophysical model

Figure 11. Geological-geophysical 
cross sections of (A) the Limpopo 
HGT (Roering et al., 1992a), and 
(B) the Lapland granulite complex 
(Pozhilenko et al., 1997) compared 
with results of numerical experi-
ments (Perchuk et al., 1999) con-
ducted with the gravitational redis-
tribution models. In the presented 
models, granulite-facies rocks were 
originally in the lower portion of a 
metastable layered 30–40-km-thick 
crust. No lateral forcing is applied 
in the models. Color code for nu-
merical models and rock properties 
(see Perchuk et al., 1999; Gerya et 
al., 2000, for the choice of numeri-
cal values and sensitivity analysis): 
1 = ultramafi c rocks (ρ = 3300 kg/m3, 
η = 1021 Pa s); 2 = metabasic rocks 
(ρ = 3000 kg/m3, η = 1021 Pa s); 
3 = andesitic rocks (ρ = 2800 kg/m3, 
η = 1021 Pa s); 4 = felsic and sedi-
mentary rocks (ρ = 2700 kg/m3, η = 
1019 Pa s); 5 = felsic, partially mol-
ten granulites (ρ = 2650 kg/m3, η = 
1019 Pa s); 6 = weak tectonic zones 
in rocks of various lithologies (η = 
1019 Pa s).
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assemblages and the thermal expansion of minerals with increas-
ing temperature. Gravitational instability of lithologically hetero-
geneous multilayered crust is related to an initial density contrast 
of dissimilar intercalated layers enhanced by high-temperature 
phase transformations. In addition, the thermal regime of hetero-
geneous crust strongly depends on the pattern of vertical interlay-
ering: A strong positive correlation between temperature and the 
estimated degree of lithological gravitational instability is indi-
cated. It has also been shown (Gerya et al., 2004) that exponential 
lowering of viscosity with increasing temperature, in conjunction 
with prograde changes in metamorphic mineral assemblages dur-
ing thermal relaxation after collisional thickening of the crust, 
provides a positive feedback mechanism leading to regional 
doming and diapirism that contribute to the exhumation of high-
grade metamorphic rocks.

It is important to mention that collisional (i.e., driven by 
external forces) and gravitational (i.e., driven by internal forces) 
mechanisms of rock deformation are not mutually exclusive. 
Gravitationally unstable crust is expected to result, above all, from 
collisional events involving initially stable sections of continental 
crust where regional thrusting, multiple stacking, and regional 
folding occur (e.g., the double-stacked crust of England and 
Thompson, 1984; Le Pichon et al., 1997). This suggests a strong 
causal and temporal link between external collisional and inter-
nal gravitational mechanisms of rock deformation in high-grade 
metamorphic regions. Collisional mechanisms should operate 
during the early prograde stages of a tectono-metamorphic cycle, 
causing thickening of the crust and a corresponding increase in 
radiogenic thermal supply, whereas gravitational mechanisms 
should dominate during the later thermal peak and retrograde 
stages, providing an important factor for regional doming and 
diapirism that contributes to the exhumation of high-grade rocks 
(Figs. 7, 8). This also extends validity of gravitational redistribu-
tion models for relatively hot young orogens where gravitational 
tectonics is activated (e.g., Ramberg, 1981) owing to thickening 
and heating of initially cold continental crust (Burg and Gerya, 
2005; Gerya et al., 2004, 2008; Faccenda et al., 2008).

For this discussion it should be recalled that Ramberg 
(1981) extended the diapiric model of MacGregor (1951) origi-
nally proposed for granite-greenstone belts to explain the struc-
tural pattern of many orogenic belts. More recently this model 
has been invoked to explain the formation of granite domes 
within greenstone belts (Hunter and Stowe, 1997). In essence, 
an increase in temperature leads to a decrease in both density 
and viscosity of the rocks in the lower-middle crust, thus trig-
gering their movement within the gravity fi eld. This softening of 
crustal rocks may generate their upward movement if the density 
and viscosity contrasts are appropriate (e.g., Fig. 7). This simple 
idea is also the background of the gravitational redistribution 
model suggested for granulites (Perchuk, 1989, 1991; Perchuk 
et al., 1992). Crustal (radioactive decay) and mantle heat fl ow 
(England and Thompson, 1984; Sandiford and Powell, 1986; 
Harley, 1989; Thompson, 1990; Pili et al., 1997; Gerya et al., 
2002, 2004) are both considered to be the driving forces for the 

crustal heating process. The gravitational redistribution model 
suggests a strong mantle-derived fl uid-heat fl ow as the trigger 
of high-grade metamorphism and both horizontal and vertical 
movements of rocks within convecting continental crust. We can 
easily determine the high temperature of the metamorphic pro-
cess from mineral assemblages, but the contribution of the fl uid 
component of the fl ow can only be proven on the basis of petro-
logical and isotopic data. For example, Pili et al. (1997) demon-
strated the existence of CO

2
 fl ow by stable isotopic data obtained 

for the rocks from regional-scale shear zones in the Madagascar 
granulites of similar age.

Because most of the Precambrian HGTs lie between 
 granite-greenstone belts, we have to consider their genetic con-
nection in terms of evolution of the upper mantle as the source 
of heat and fl uids. It is clear that the heat cannot be introduced in 
the giant metamorphic system by conductivity only. Therefore, 
crustal radiogenic decay (e.g., Gerya et al., 2001, 2002; Sizova 
et al., 2010) and mantle-derived fl uid fl ows are necessary physi-
cal mechanisms to supply a deep-seated metamorphic system 
with heat and volatiles, thereby supporting high-temperature 
conditions. In relation to this, partially molten sub-lithospheric 
mantle plumes are expected to have played crucial roles in pro-
ducing magmatism and metamorphism in the Paleoarchean, and 
even Hadean, crust (3.8–4.4 Ga), which follows from discovery 
of the 4.4 Ga detrital zircon derived from granite in the Yilgarn 
Craton of Western Australia (Wilde et al., 2001). These plumes 
produced large amounts of mafi c and ultramafi c magmas that 
could have initiated growth of the continental crust on the one 
hand (e.g., Bogatikov and Sharkov, 2008), and that partially 
melted the crust, producing tonalite-trondhjemite- granodiorite 
cupolas on the other (MacGregor, 1951; Ramberg, 1981; Hunter 
and Stowe, 1997). Large amounts of sub-lithospheric melts pro-
duced by these plumes are expected also to have notably weak-
ened the Precambrian lithosphere, causing distinct tectonic 
styles (such as pre-subduction and no- subduction regimes) with 
pronounced horizontal movements (Sizova et al., 2010). Plume 
tectonics should induce horizontal fl ows in the rheologically 
weakened overlying lithosphere and create areas of assembled, 
deforming cratonic crust between mantle upwellings (Fig. 12). 
Such crustal assembly areas (where HGTs were subsequently 
generated) are precursors of modern collision zones, but in con-
trast to them they are not characterized by greatly thickened 
crust and high topography, and they are associated with gentle 
two-sided mantle downwellings rather than with asymmetric 
subduction and collision of rigid lithospheric plates (e.g., Sizova 
et al., 2010). Figure 12 illustrates this idea, showing both pro-
cesses beneath two cratons and the HGT located between them. 
Ascent of the large plumes is accompanied by their partial and 
then total melting, which provides growth of the crust by mafi c 
and ultramafi c magma additions. At earlier stages the plumes 
provide enough heat for melting of ancient crust, resulting in 
felsic magma production. All these provide a magmatic basis 
for the formation of granite-greenstone terranes. At the later 
stages these terranes could be assembled in inter-plume areas 
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and involved in the gravitational redistribution (Fig. 12) trig-
gered by remnant fl uid-heat fl ows separated from descending 
and crystallizing mantle plume material (Fig. 12). The concep-
tual scenario of plume tectonics delineated in Figure 12 obvi-
ously needs further assessment and testing on the basis of both 
fi eld observation and numerical modeling, including detailed 
studies of mutual structural and metamorphic aspects of granu-
lite terranes and adjacent greenstone belts (e.g., Roering et al., 
1992b; Smit et al., 2000; Bennett et al., 2005; van Reenen et al., 
this volume).

CONCLUSIONS

Precambrian HGTs can be formed and exhumed during a 
single cycle within a hot continental crust that can be relatively 
thin (35–40 km thick). The driving forces of the process are 
(1) a potential gravitational instability of an initial metastable 
stratigraphic/tectonic succession, and (2) gravitational redistribu-
tion of the crustal rocks owing to a mantle-derived fl uid-heat fl ow 
(a mantle plume). This conclusion is based on the following points:

1. Many HGTs have a laccolith or harpolith shape in verti-
cal cross section. Hence, such complexes could represent 
large diapirs intruded into the upper crust.

2. The HGTs exhibit DC and DC-IC retrograde paths com-
patible with a single episode exhumation. DC paths are 
>~50 km from the footwall of the HGT, whereas IC-DC 
paths are <~50 km from the footwall.

3. The greenstone belts in the footwall adjacent to the granu-
lite complexes show strongly non-isobaric metamor-
phic zoning that is time- and mechanism-related to the 
emplacement of the granulite diapir. The peak metamor-
phic conditions of the prograde path for the footwall cra-
tonic rocks coincide with the P-T minimum recorded by 
the granulite assemblages. This convergence of P-T con-
ditions implies that the P-T loops for the footwall rocks 
resulted from the emplacement of the granulite diapir 
into the upper crust.

4. Collisional and gravitational mechanisms of rock defor-
mation are not mutually exclusive: Collisional mecha-
nisms may operate during the early prograde stages of 
a tectono-metamorphic cycle, whereas gravitational 
 mechanisms should dominate during the later thermal 
peak and retrograde stages.

5. The gravitational redistribution model is well supported 
by multidisciplinary tests in many HGTs, including those 
in the Limpopo and Lapland HGTs.

Figure 12. Conceptual scheme for the formation of the Precambrian continental crust resulting from plume tectonics: (1) arrows refl ecting 
movement directions of plume material; (2) upper mantle rocks and direction of their movements in response to the plume activity; (3) crustal 
eclogites descending into the deep mantle; (4) continental crust composed mainly of volcanic rocks in layered successions, as discussed in the 
text (see also Perchuk, 1989); (5) ascending TTG (tonalite-trondhjemite-granodiorite ) cupola within the continental crust, resulting from the 
hot plume activities; (6) HGT with shear zones (straight gneisses, Smit and van Reenen, 1997) recording its exhumation; (7) upward-directed 
heat-fl uid fl ow that triggers HG metamorphism and exhumation of granulites within the continental crust from mechanisms of gravitational 
redistribution (fl uids are presumably released owing to eclogitization reactions and crystallization of residual mantle melts in the downwelling 
zone). Dimension and shape of the granulite complex approximately correspond to those of the Limpopo HGT (Fig. 11A).



 Formation and evolution of Precambrian granulite terranes 19

MWR207-15 1st pgs  page 19

ACKNOWLEDGMENTS

This chapter has benefi ted greatly from discussions with many 
colleagues around the world. Since 1995 this work has been 
carried out as part of the RF-RSA collaboration supported by 
the NRF (grant 68288), Gencor and JCI grants to Dirk van 
Reenen, and RFBR grants 08-05-00351 to Leonid Perchuk and 
09-05-00991 to Taras Gerya. Particularly important support has 
come from the University of Johannesburg (to Dirk van Reenen 
and Leonid Perchuk) and the Program of the RF President enti-
tled “Leading Research Schools of Russia” (grant 1949.2008 
to Leonid Perchuk). We are truly thankful to Toby Rivers for 
his detailed comments, important suggestions, and English cor-
rections. Constructive reviews from Weronika Gorczyk and 
Rebecca Jamieson are also greatly appreciated.

REFERENCES CITED

Allsopp, H.L., Seggle, A.G., Skinner, E.M.W., and Colgan, E.A., 1995, The 
emplacement age and geochemical character of the Venetia kimberlite 
bodies, Limpopo belt, Northern Transvaal: South African Journal of Geol-
ogy, v. 98, p. 239–244.

Arima, M., and Barnett, R.L., 1984, Sapphirine bearing granulites from the 
Sipiwesk Lake area of the late Archean Pikwitonei granulite terrain, 
Manitoba, Canada: Contributions to Mineralogy and Petrology, v. 88, 
p. 102–112, doi:10.1007/BF00371415.

Barton, J.M., Jr., and Gerya, T.V., 2003, Mylonitization and isochemical 
reaction of garnet: Evidence for rapid deformation and entrainment of 
mantle garnet-harzburgite by kimberlite magma, K1 pipe, Venetia Mine, 
South Africa: South African Journal of Geology, v. 106, p. 231–242, 
doi:10.2113/106.2-3.231.

Barton, J.M., Jr., Doig, R., Smith, C.B., and Bohlender, F., 1992, Isotopic and 
REE characteristics of the intrusive charnoenderbite and enderbite geo-
graphically associated with Matok Complex: Precambrian Research, 
v. 55, p. 451–467.

Bennett, V., Jackson, V.A., Rivers, T., Relf, C., Horan, P., and Tubrett, M., 2005, 
Geology and U-Pb geochronology of the Neoarchean Snare River terrane: 
Tracking evolving tectonic regimes and crustal growth mechanisms: Cana-
dian Journal of Earth Sciences, v. 42, p. 895–934, doi:10.1139/e04-065.

Bernard-Griffi ths, J., Peucat, J.J., Postaire, B., Vidal, Ph., Convert, J., and 
Moreau, B., 1984, Isotopic data (U-Pb, Rb-Sr, Pb-Pb and Sm-Nd) on 
mafi c granulites from Finnish Lapland: Precambrian Research, v. 23, 
p. 225–348.

Bibikova, E.V., Melnikov, V.F., and Avakyan, K.Kh., 1993, Lapland granulites: 
Petrology, geochemistry, and isotopic age: Petrology, v. 1, p. 215–234.

Bogatikov, O.A., and Sharkov, E.B., 2008, Irreversible evolution of tectono-
magmatic processes at the Earth and Moon: Petrological data: Petrology, 
v. 16, p. 629–651, doi:10.1134/S0869591108070011.

Bohlen, S.R., 1987, Pressure-temperature-time paths and a tectonic model 
for the evolution of granulites: Journal of Geology, v. 95, p. 617–632, 
doi:10.1086/629159.

Brown, M., 2006, Duality of thermal regimes is the distinctive characteristic 
of plate tectonics since the Neoarchean: Geology, v. 34, p. 961–964, 
doi:10.1130/G22853A.1.

Brown, M., 2008, Characteristic thermal regimes of plate tectonics and their 
metamorphic imprint throughout Earth history: When did Earth fi rst adopt 
a plate tectonics mode of behavior?, in Condie, K.C., and Pease, V., eds., 
When Did Plate Tectonics Begin on Planet Earth?: Geological Society of 
America Special Paper 440, p. 97–121.

Brown, M., and White, R.W., 2008, Processes in granulite metamorphism: 
Journal of Metamorphic Geology, v. 26, p. 121–124, doi:10.1111/j.1525
-1314.2007.00760.x.

Burg, J.-P., and Gerya, T.V., 2005, Viscous heating and thermal doming in oro-
genic metamorphism: Numerical modeling and geological implications: 
Journal of Metamorphic Geology, v. 23, p. 75–95, doi:10.1111/j.1525
-1314.2005.00563.x.

Cloos, M., 1982, Flow melanges: Numerical modeling and geologic constraints 
on their origin in the Franciscan subduction complex, California: Geo-
logical Society of America Bulletin, v. 93, p. 330–345, doi:10.1130/0016
-7606(1982)93<330:FMNMAG>2.0.CO;2.

Condie, K.C., 2005, TTGs and adakites: Are they both slab melts?: Lithos, 
v. 80, p. 33–44, doi:10.1016/j.lithos.2003.11.001.

Condie, K.C., and Pease, V., eds., 2008, When Did Plate Tectonics Begin on 
Planet Earth?: Geological Society of America Special Paper 440, 294 p.

De Beer, J.H., and Stettler, E.H., 1992, The deep structure of the Limpopo 
belt from geophysical studies: Journal of Precambrian Research, v. 55, 
p. 173–186, doi:10.1016/0301-9268(92)90022-G.

De Wit, M.J., and Ashwal, L.D., eds., 1997, Greenstone Belts: Oxford, UK, 
Clarendon Press, 809 p.

De Wit, M.J., Roering, C., Hart, R.J., Armstrong, R.A., de Ronde, C.J., Green, 
R.W.E., Tredoux, M., Pederdy, E., and Hart, R.A., 1992, Formation of an 
Archean continent: Nature, v. 357, p. 553–562, doi:10.1038/357553a0.

Dirks, P., 1995, Crustal convection: Evidence from granulite terrains: Geologi-
cal Society of South Africa, Centennial Geocongress, Extended Abstracts, 
v. 2, p. 612–615.

Dorland, H.C., Beukes, N.J., Gutzmer, J., Evans, D.A.D., and Armstrong, 
R.A., 2004, Trends in detrital zircon provenance from Neoarchean- 
Paleoproterozoic sedimentary successions of the Kaapvaal Craton: Johan-
nesburg, University of the Witwatersrand, Geoscience Africa Abstracts 
Volume, p. 176–177.

Durrheim, R.J., Barker, W.H., and Green, R.W.E., 1992, Seismic stud-
ies in the Limpopo belt: Precambrian Research, v. 55, p. 187–200, 
doi:10.1016/0301-9268(92)90023-H.

Ellis, D.J., 1980, Osumilite-sapphirine-quartz granulites from Enderby Land, 
Antarctica: P-T conditions of metamorphism, implication for garnet–cor-
dierite equilibria and the evolution of the deep crust: Contributions to 
Mineralogy and Petrology, v. 74, p. 201–210, doi:10.1007/BF01132005.

Ellis, D.J., 1987, Origin and evolution of granulites in normal and thickened 
crust: Geology, v. 15, p. 167–170, doi:10.1130/0091-7613(1987)15<167:
OAEOGI>2.0.CO;2.

England, P.C., and Thompson, A.B., 1984, Pressure-temperature-time paths of 
regional metamorphism: I. Heat transfer during the evolution of regions 
of thickened continental crust: Journal of Petrology, v. 25, p. 894–928.

Faccenda, M., Gerya, T.V., and Chakraborty, S., 2008, Styles of post-subduction 
collisional orogeny: Infl uence of convergence velocity, crustal rheology 
and radiogenic heat production: Lithos, v. 103, p. 257–287, doi:10.1016/
j.lithos.2007.09.009.

Fonarev, V.I., Grafchikov, A.A., and Kopnilov, A.N., 1994, Experimental stud-
ies of mineral solid solutions and geothermobarometry, in Zharikov, V.A., 
and Fedkin, V.V., eds., Experimental Problems in Geology: Moscow, 
Nauka Press, p. 323–355.

Fonarev, V.I., Pilugin, S.M., Savko, K.A., and Novikova, M.A., 2006, Exsolution 
textures of ortho- and clinopyroxene in high grade BIF of the Voronezh 
Crystalline Massif: Evidence of ultrahigh-temperature metamorphism: 
Journal of Metamorphic Geology, v. 24, p. 135–151, doi:10.1111/j.1525
-1314.2006.00630.x.

Gerya, T.V., and Maresch, W.V., 2004, Metapelites of the Kanskiy granulite 
complex (Eastern Siberia): Kinked P-T paths and geodynamic model: 
Journal of Petrology, v. 45, p. 1393–1412, doi:10.1093/petrology/egh017.

Gerya, T.V., Perchuk, L.L., Triboulet, C., Audren, C., and Ses’ko, A.J., 1997, 
Petrology of the Tumanshet metamorphic complex, eastern Sayan, Sibe-
ria: Petrology, v. 5, p. 503–533.

Gerya, T.V., Perchuk, L.L., van Reenen, D.D., and Smit, C.A., 2000, Two- 
dimensional numerical modeling of pressure-temperature-time paths for the 
exhumation of some granulite facies terrains in the Precambrian: Journal of 
Geodynamics, v. 30, p. 17–35, doi:10.1016/S0264-3707(99)00025-3.

Gerya, T.V., Maresch, W.V., Willner, A.P., van Reenen, D.D., and Smit, C.A., 
2001, Inherent gravitational instability of thickened continental crust 
with regionally developed low- to medium-pressure granulite facies 
metamorphism: Earth and Planetary Science Letters, v. 190, p. 221–235, 
doi:10.1016/S0012-821X(01)00394-6.

Gerya, T.V., Perchuk, L.L., Maresch, W.V., Willner, A.P., van Reenen, D.D., 
and Smit, C.A., 2002, Thermal regime and gravitational instability of 
multi-layered continental crust: Implications for the buoyant exhumation 
of high-grade metamorphic rocks: European Journal of Mineralogy, v. 14, 
p. 687–699, doi:10.1127/0935-1221/2002/0014-0687.

Gerya, T.V., Perchuk, L.L., Maresch, W.V., and Willner, A.P., 2004, Inherent 
gravitational instability of hot continental crust: Implication for doming 



20 Perchuk and Gerya

MWR207-15 1st pgs  page 20

and diapirism in granulite facies terrains, in Whitney, D., Teyssier, C., 
Siddoway, C.S., eds., Gneiss Domes in Orogeny: Geological Society of 
America Special Paper 380, p. 97–115.

Gerya, T.V., Perchuk, L.L., and Burg, J.-P., 2008, Transient hot channels: 
Perpetrating and regurgitating ultrahigh-pressure, high temperature 
crust-mantle associations in collision belts: Lithos, v. 103, p. 236–256, 
doi:10.1016/j.lithos.2007.09.017.

Glebovitskii, V.A., Miller, Yu.V., and Drugova, G.M., 1996, Structure and meta-
morphism of the Belomorian-Lapland collision zone: Geotectonica, no. 
1, p. 63–75.

Griffi n, W.L., and O’Reilly, S.Y., 1987a, Is the continental Moho the crust-
mantle boundary?: Geology, v. 15, p. 241–244, doi:10.1130/0091-7613
(1987)15<241:ITCMTC>2.0.CO;2.

Griffi n, W.L., and O’Reilly, S.Y., 1987b, The lower crust in eastern Australia: 
Xenolith evidence, in Dawson, J.B., Carswell, D.A., Wall, J., and Wede-
pohl, K.H., eds., The Nature of Lower Continental Crust: Geological 
Society [London] Special Publication 24, p. 241–244.

Hamilton, W.B., 1998, Archean magmatism and deformation were not products 
of plate tectonics: Precambrian Research, v. 91, p. 143–179, doi:10.1016/
S0301-9268(98)00042-4.

Harley, S.L., 1985, Garnet ortho-pyroxene bearing granulites from Enderby 
Land, Antarctica—Metamorphic pressure temperature time evolution of 
the Archean Napier Complex: Journal of Petrology, v. 26, p. 819–856.

Harley, S.L., 1989, The origin of granulites: A metamorphic perspective: Geo-
logical Magazine, v. 126, p. 215–231, doi:10.1017/S0016756800022330.

Harley, S.L., 1998, On the occurrence and characterization of ultrahigh- 
temperature crustal metamorphism, in Treloar, P.J., and O’Brien, P.J., 
eds., What Drives Metamorphism and Metamorphic Reactions?: Geologi-
cal Society [London] Special Publication 138, p. 81–107.

Harley, S.L., and Motoyoshi, Y., 2000, Al zoning in orthopyroxene in a sapphi-
rine quartzite: Evidence for >1120°C UHT metamorphism in the Napier 
complex, Antarctica, and implications for the entropy of sapphirine: Con-
tributions to Mineralogy and Petrology, v. 138, p. 293–307, doi:10.1007/
s004100050564.

Hart, R.J., Andreoli, M.A.G., Smith, C.B., Tredoux, M., and de Wit, M.J., 1990, 
Geochemistry across an exposed section of Archaean crust at Vredefort, 
South Africa, with implications for mid-crustal discontinuities: Chemical 
Geology, v. 82, p. 21–50, doi:10.1016/0009-2541(90)90072-F.

Henry, P., Le Pichon, X., and Goffe, B., 1997, Kinematics, thermal and pet-
rological model of the Himalayas: Constraints related to metamorphism 
within the underthrust Indian crust and topographic elevation: Tectono-
physics, v. 273, p. 31–56, doi:10.1016/S0040-1951(96)00287-9.

Hoernes, S., Lichtenstein, U., van Reenen, D.D., and Mokgatlha, K., 1995, Whole-
rock/mineral O-isotope fractionations as a tool to model fl uid-rock interactions 
in deep shear zones of the Southern Marginal Zone of the Limpopo Belt, South 
Africa: South African Journal of Geology, v. 98, p. 488–497.

Hunter, D.R., and Stowe, C.W., 1997, A historical overview of the origin, com-
position, and setting of Archaean greenstone belts (pre-1980), in de Wit, 
M.J., and Ashwal, L.D., eds., Greenstone Belts: Oxford, UK, Clarendon 
Press, p. 5–30. 

James, D.E., Fouch, M.J., VanDecar, J.C., van der Lee, S., and Kaapvaal Seis-
mic Group, 2001, Tectonospheric structure beneath southern Africa: Geo-
physical Research Letters, v. 28, p. 2485–2488.

Kelsey, D.E., 2008, On ultra-high temperature crustal metamorphism: Gond-
wana Research, v. 13, p. 1–29, doi:10.1016/j.gr.2007.06.001.

Kempton, P.D., Downes, H., Sharkov, E.V., Vetrin, V.R., Ionov, D.A., Carswell, 
D.A., and Beard, A., 1995, Petrology and geochemistry of xenoliths from 
the northern Baltic shield: Evidence for partial melting and metasomatism 
in the lower crust beneath an Archean terrane: Lithos, v. 36, p. 157–184, 
doi:10.1016/0024-4937(95)00016-X.

Kozhevnikov, V.N., and Svetov, C.A., 2001, Mantle and crustal thermal anoma-
lies in the Archean and Early Proterozoic: Regional analysis, global corre-
lation and metallogenic consequences, in Golubev, A.I., ed., Geology and 
Economic Resources of Karelia: Petrosavodsk, KSC, Russian Academy 
of Sciences, Issue 4, p. 3–17.

Kozlov, N.E., Ivanov, A.A., and Nerovich, L.I., 1990, The Lapland Granulite 
Belt (the Primary Origin and Evolution): Kola Scientifi c Center, RAS 
Press, Apatity, 231 p.

Kreissig, K., Nögler, T.F., Kramers, J.D., van Reenen, D.D., and Smit, A.S., 
2000, An isotopic and geochemical study of the northern Kaapvaal craton 
and the Southern Marginal Zone of the Limpopo Belt: Are they juxtaposed 
terranes?: Lithos, v. 50, p. 1–25, doi:10.1016/S0024-4937(99)00037-7.

Kreissig, K., Holzer, L., Frei, R., Villa, I.M., Kramers, J.D., Kröner, A., Smit, 
A.S., and van Reenen, D.D., 2001, Geochronology of the Hout River 
shear zone and metamorphism in the Southern Marginal Zone of the 
Limpopo Belt, South Africa: Precambrian Research, v. 109, p. 145–173, 
doi:10.1016/S0301-9268(01)00147-4.

Kröner, A., Jaeckel, P., Brandl, G., Nemchin, A.A., and Pidgeon, R.T., 1999, 
Single zircon ages for granitoid gneisses in the Central Zone of the Lim-
popo Belt, southern Africa, and geodynamic signifi cance: Precambrian 
Research, v. 93, p. 299–337, doi:10.1016/S0301-9268(98)00102-8.

Le Pichon, X., Henry, P., and Goffe, B., 1997, Uplift of Tibet: From eclogites 
to granulites—Implications for the Andean Plateau and the Variscan belt: 
Tectonophysics, v. 273, p. 57–76, doi:10.1016/S0040-1951(96)00288-0.

Lopez, S., Fernandez, C., and Castro, A., 2006, Evolution of the Archaean con-
tinental crust: Insights from the experimental study of Archaean granit-
oids: Current Science, v. 91, p. 607–621.

MacGregor, A.M., 1951, Some milestones in the Precambrian of Southern Rho-
desia: Transactions—Geological Society of South Africa, v. 54, p. 27–71.

Marker, M., 1991, Metamorphism, deformations and structure of the crust, in 
Tuisku, P., and Laajoki, K., eds., Excursion Guide to Lapland: Univer-
sity of Oulu, Finland, Department of Geology, Res Terrae, Ser. A, no. 6, 
p. 38–66.

Mahan, K.H., Smit, C.A., Williams, M.L., Dumond, G., and van Reenen, D.D., 
2011, this volume, Heterogeneous strain and polymetamorphism in high-
grade terranes: Insight into crustal processes from the Athabasca Granu-
lite Terrane, western Canada, and the Limpopo Complex, in van Reenen, 
D.D., Kramers, J.D., McCourt, S., and Perchuk, L.L., eds., Origin and 
Evolution of Precambrian High-Grade Gneiss Terranes, with Special 
Emphasis on the Limpopo Complex of Southern Africa: Geological Soci-
ety of America Memoir 207, p. XXX–XXX, doi:10.1130/2011.1207(14). 

Mints, M.V., Glaznev, V.N., and Konilov, A.N., Kunina, A.N., Nikitichev, N.M., 
Raevsky, A.P., Sedich, A.B., Yu, N., Stupak, V.M., and Fonarev, V.I., 1996, 
The Early Precambrian of the North eastern Baltic Shield: Paleodynam-
ics, crustal structure, and evolution: Moscow, Scientifi c World Press (in 
Russian with English extended abstracts of introduction, conclusion, and 
each chapter).

Nguuri, T., Gore, J., James, D.E., Webb, S.J., Wright, C., Zengeni, T.G., Gwa-
vava, O., Snoke, J.A., and the Kaapvaal Seismic Group, 2001, Crustal 
structure beneath southern Africa and its application for the formation and 
evolution of the Kaapvaal and Zimbabwe cratons: Geophysical Research 
Letters, v. 28, p. 2501–2504, doi:10.1029/2000GL012587.

Ouzegane, Kh., Kienast, J.-R., Bendaoud, A., and Drareni, A., 2003, A review 
of Archaean and Paleoproterozoic evolution of the Ouzzal granulitic ter-
rain (Western Hoggar, Algeria): Journal of African Earth Sciences, v. 37, 
p. 207–227, doi:10.1016/j.jafrearsci.2003.05.002.

Perchuk, L.L., 1973, Thermodynamic Regime of Deep-Seated Petrogenesis: 
Moscow, Nauka Press, 300 p.

Perchuk, L.L., 1976, Gas-mineral equilibria and possible geochemical model 
of the Earth’s Interior: Physics of the Earth and Planetary Interiors, v. 13, 
p. 232–239, doi:10.1016/0031-9201(76)90097-2.

Perchuk, L.L., 1977, Thermodynamic control of metamorphic processes, in 
Saxena, S.K., and Bhattacharj, S., eds., Energetics of Geological Pro-
cesses: New York, Springer, p. 285–352.

Perchuk, L.L., 1986, The course of metamorphism: International Geology 
Review, v. 28, p. 1377–1400, doi:10.1080/00206818609466374.

Perchuk, L.L., 1989, P-T-fl uid regimes of metamorphism and related magma-
tism with specifi c reference to the Baikal Lake granulites, in Daly, S., 
Yardley, D.W.D., and Cliff, B.O., eds., Evolution of Metamorphic Belts: 
Geological Society [London] Special Publication 43, p. 275–291.

Perchuk, L.L., 1991, Studies in magmatism, metamorphism, and geo-
dynamics: International Geology Review, v. 33, p. 311–374, 
doi:10.1080/00206819109465695.

Perchuk, L.L., 2011, this volume, Local mineral equilibria and P-T paths: Fun-
damental principles and their application to high-grade metamorphic ter-
ranes, in van Reenen, D.D., Kramers, J.D., McCourt, S., and Perchuk, L.L., 
eds., Origin and Evolution of Precambrian High-Grade Gneiss Terranes, 
with Special Emphasis on the Limpopo Complex of Southern Africa: 
Geological Society of America Memoir 207, doi:10.1130/2011.1207(05).

Perchuk, L.L., and Krotov, A.V., 1998, Petrology of the mica schists of the 
Tanaelv belt in the southern tectonic framing of the Lapland granulite 
complex: Petrology, v. 6, p. 149–179.

Perchuk, L.L., and van Reenen, D.D., 2008, Reply to comments on “P–T record 
of two high-grade metamorphic events in the Central Zone of the Lim-



 Formation and evolution of Precambrian granulite terranes 21

MWR207-15 1st pgs  page 21

popo Complex, South Africa” by Armin Zeh and Reiner Klemd: Lithos, 
v. 106, p. 403–410, doi:10.1016/j.lithos.2008.07.011.

Perchuk, L.L., Aranovich, L.Ya., Podlesskii, K.K., Lavrent’eva, I.V., Gera-
simov, V.Yu., Fed’kin, V.V., Kitsul, V.N., and Karsakov, L.P., 1985, Pre-
cambrian granulites of the Aldan shield, eastern Siberia, USSR: Journal of 
Metamorphic Geology, v. 3, p. 265–310, doi:10.1111/j.1525-1314.1985
.tb00321.x.

Perchuk, L.L., Gerya, T.V., and Nozhkin, A.D., 1989, Petrology and ret-
rogression in granulites of the Kanskiy Formation, Yenisey Range, 
Eastern Siberia: Journal of Metamorphic Geology, v. 7, p. 599–617, 
doi:10.1111/j.1525-1314.1989.tb00621.x.

Perchuk, L.L., Podladchikov, Yu.Yu., and Polaykov, A.N., 1992, Geodynamic 
modeling of some metamorphic processes: Journal of Metamorphic Geol-
ogy, v. 10, p. 311–319, doi:10.1111/j.1525-1314.1992.tb00086.x.

Perchuk, L.L., Gerya, T.V., van Reenen, D.D., Safonov, O.G., and Smit, C.A., 
1996, The Limpopo metamorphic complex, South Africa: 2. Decompres-
sion/cooling regimes of granulites and adjacent rocks of the Kaapvaal 
craton: Petrology, v. 4, p. 571–599.

Perchuk, L.L., Krotov, A.V., and Gerya, T.V., 1999, Petrology of amphibolites 
of the Tanaelv Belt and granulites of the Lapland complex: Petrology, 
v. 7, p. 539–563.

Perchuk, L.L., Gerya, T.V., van Reenen, D.D., Smit, C.A., Krotov, A.V., 
Safonov, O.G., and Shur, M.Yu., 2000a, Comparable petrology and 
metamorphic evolution of the Limpopo (South Africa) and Lapland 
(Fennoscandia) high-grade terrains: Mineralogy and Petrology, v. 69, 
p. 69–107, doi:10.1007/s007100050019.

Perchuk, L.L., Gerya, T.V., van Reenen, D.D., Smit, C.A., and Krotov, A.V., 
2000b, P-T paths and tectonic evolution of shear zones separating high-
grade terrains from cratons: Examples from Kola Peninsula (Russia) and 
Limpopo Region (South Africa): Mineralogy and Petrology, v. 69, p. 109–
142, doi:10.1007/s007100050020.

Perchuk, L.L., Gerya, T.V., van Reenen, D.D., and Smit, C.A., 2001, Forma-
tion and dynamics of granulite complexes within cratons: Gondwana 
Research, v. 4, p. 729–732, doi:10.1016/S1342-937X(05)70524-4.

Perchuk, L.L., Gerya, T.V., van Reenen, D.D., and Smit, C.A., 2006, P-T paths 
and problems of high-temperature polymetamorphism: Petrology, v. 14, 
p. 117–153, doi:10.1134/S0869591106020019.

Perchuk, L.L., van Reenen, D.D., Varlamov, D.A., van Kal, S.M., Tabata-
baeimanesh, S.M., and Boshoff, R., 2008, P-T record of two high-grade 
metamorphic events in the Central Zone of the Limpopo Complex, South 
Africa: Lithos, v. 103, p. 70–105.

Percival, J.A., Roering, C., van Reenen, D.D., and Smit, C.A., 1997, Tectonic 
evolution of associated greenstone belts and high-grade terrains, in de 
Wit, M.J., and Ashwal, L.D., eds., Greenstone Belts: Oxford, UK, Oxford 
University Press, p. 398–421.

Petrova, Z.I., and Levitskii, V.I., 1986, Mafi c crystalline schists in granulite-
gneissic complexes of the Siberian Platform and their primary nature, in 
Tauson, L.V., ed., Geochemistry of Volcanics from Different Geodynamic 
Settings: Novosibirsk, Nauka Press, p. 17–34.

Petrova, Z.I., Reznitskii, L.Z., and Makrygina, V.A., 2001, Geochemical param-
eters of metaterrigenous rocks from the Sliudianka Group as indicator of 
source and conditions of the formation of protholith (S.W. Pribaikalie): 
Geokchimia, v. 4, p. 1–12.

Pili, E., Shepard, S.M.F., Lardeaux, J.-M., Martelat, J.-E., and Nicollet, C., 
1997, Fluid fl ow vs. scale of shear zones in the lower continental crust 
and the granulite paradox: Geology, v. 25, p. 15–18, doi:10.1130/0091
-7613(1997)025<0015:FFVSOS>2.3.CO;2.

Pozhilenko, V.I., Smolkin, V.F., and Sharov, N.V., 1997, Seismic-geological 
models for the Earth’s crust in the Lapland-Pechenga region, Russia, 
in Sharov, N.V., ed., A Seismic Model of the Lithosphere of Northern 
Europe: Lapland-Pechenga Region: Russian Academy of Sciences, Kola 
Scientifi c Center, Apatity, p. 181–208.

Pretorius, W., and Barton, J.M., Jr., 1995, Lithospheric structure and geother-
mal gradient at 530 Ma beneath a portion of the Central Zone of the Lim-
popo Belt, as deduced from crustal and upper mantle xenoliths in Venetia 
kimberlite pipes: Geological Society of South Africa, Centennial Geocon-
gress, Extended Abstracts, v. 2, p. 335–338.

Pretorius, W., and Barton, J.M., Jr., 1997, The lower unconformity-bounded 
sequence of the Soutpansberg group and its correlatives—Remnants of 
a Proterozoic large igneous province: South African Journal of Geology, 
v. 100, p. 335–339.

Raith, M., Karmakar, S., and Brown, M., 1997, Ultra-high-temperature meta-
morphism and multistage decompressional evolution of sapphirine granu-
lites from the Palni Hill Ranges, southern India: Journal of Metamorphic 
Geology, v. 15, p. 379–399, doi:10.1111/j.1525-1314.1997.00027.x.

Ramberg, H., 1981, Gravity, Deformation and the Earth’s Crust: London, Aca-
demic Press, 452 p.

Ranalli, G., 1995, Rheology of the Earth (2nd edition): London, Chapman and 
Hall, 413 p.

Roering, C., van Reenen, D.D., Smit, C.A., Barton, J.M., de Beer, J.H., de Wit, 
M.J., Stettler, E.H., van Schalkwyk, J.F., Stevens, G., and Pretorius, S., 
1992a, Tectonic model for the evolution of the Limpopo Belt: Precam-
brian Research, v. 55, p. 539–552.

Roering, C., van Reenen, D.D., de Wit, M.J., Smit, C.A., de Beer, J.H., and 
Van Schalkwyk, J.F., 1992b, Structural geological and metamorphic sig-
nifi cance of the Kaapvaal Craton–Limpopo Belt contact: Precambrian 
Research, v. 55, p. 69–80, doi:10.1016/0301-9268(92)90015-G.

Rubatto, D., 2002, Zircon trace element geochemistry: Partitioning with garnet 
and the link between U–Pb ages and metamorphism: Chemical Geology, 
v. 184, p. 123–138, doi:10.1016/S0009-2541(01)00355-2.

Rubatto, D., and Hermann, J., 2007, Experimental zircon/melt and zircon/ 
garnet trace element partitioning and implications for the geochronol-
ogy of crustal rocks: Chemical Geology, v. 241, p. 38–61, doi:10.1016/
j.chemgeo.2007.01.027.

Sajeev, K., and Santosh, M., 2006, Extreme crustal metamorphism and related 
crust-mantle processes: Lithos, v. 92, p. v–ix.

Sajeev, K., Osanai, Y., and Santosh, M., 2004, Ultrahigh-temperature metamor-
phism followed by two-stage decompression of garnet-orthopyroxene-
sillimanite granulites from Ganguvarpatti, Madurai block, southern India: 
Contributions to Mineralogy and Petrology, v. 148, p. 29–46, doi:10.1007/
s00410-004-0592-0.

Samsonov, A.V., Bogina, M.M., Bibikova, E.V., Petrova, A.Y., and Shchipan-
sky, A.A., 2005, The relationship between adakitic, calc-alkaline volca-
nic rocks and TTGs: Implications for the tectonic setting of the Karelian 
greenstone belts, Baltic Shield: Lithos, v. 79, p. 83–106, doi:10.1016/j.
lithos.2004.04.051.

Sandiford, M., and Powell, R., 1986, Deep crustal metamorphism during con-
tinental extension: Ancient and modern examples: Earth and Planetary 
Science Letters, v. 79, p. 151–158, doi:10.1016/0012-821X(86)90048-8.

Santosh, M., and Omori, S., 2008a, CO
2
 fl ushing: A plate tectonic perspective: 

Gondwana Research, v. 13, p. 86–102, doi:10.1016/j.gr.2007.07.003.
Santosh, M., and Omori, S., 2008b, CO

2
 windows from mantle to atmosphere: 

Models on ultrahigh-temperature metamorphism and speculations on 
the link with melting of snowball Earth: Gondwana Research, v. 14, 
doi:10.1016/j.gr.2007.11.001.

Santosh, M., Osanai, Y., and Tsunogae, T., 2004, Ultrahigh temperature meta-
morphism and deep crustal processes: Journal of Mineralogical and Petro-
logical Sciences, v. 99, p. 137–139, doi:10.2465/jmps.99.137.

Sizova, E., Gerya, T., Brown, M., and Perchuk, L.L., 2010, Subduction styles 
in the Precambrian: Insight from numerical experiments: Lithos, v. 116, 
p. 209–229, doi:10.1016/j.lithos.2009.05.028.

Smelov, A.P., 1995, The infl uence of deformations on metamorphism of the 
Tungurcha greenstone belt, Olekma granite-greenstone terrain, the 
Aldan Shield, Siberia: Johannesburg, Centennial Geocongress, Extended 
Abstracts, v. 2, p. 684–687.

Smit, C.A., and van Reenen, D.D., 1997, Deep crustal shear zones high-grade 
tectonites and associated alteration in the Limpopo belt, South Africa: 
Implication for deep crustal processes: Journal of Geology, v. 105, 
p. 37–57, doi:10.1086/606146.

Smit, C.A., van Reenen, D.D., Gerya, T.V., Varlamov, D.A., and Fed’kin, A.V., 2000, 
Structural-metamorphic evolution of the Southern Yenisey Range of Eastern 
Siberia: Implications for the emplacement of the Kanskiy granulite complex: 
Mineralogy and Petrology, v. 69, p. 35–67, doi:10.1007/s007100050018.

Smit, C.A., van Reenen, D.D., Gerya, T.V., and Perchuk, L.L., 2001, P-T con-
ditions of decompression of the Limpopo high grade terrain: Record 
from shear zones: Journal of Metamorphic Geology, v. 19, p. 249–268, 
doi:10.1046/j.0263-4929.2000.00310.x.

Smit, C.A., van Reenen, D.D., Roering, C., Boshoff, R., and Perchuk, L.L., 
2011, this volume, Neoarchean to Paleoproterozoic evolution of the 
polymetamorphic Central Zone of the Limpopo Complex, in van Reenen, 
D.D., Kramers, J.D., McCourt, S., and Perchuk, L.L., eds., Origin and 
Evolution of Precambrian High-Grade Gneiss Terranes, with Special 



22 Perchuk and Gerya

MWR207-15 1st pgs  page 22

Emphasis on the Limpopo Complex of Southern Africa: Geological Soci-
ety of America Memoir 207, doi:10.1130/2011.1207(12).

Specius, Z.V., 1998, Nature of crust and crust/mantle boundary beneath the 
Siberian craton: Evidence from kimberlite xenoliths, in Evolution of the 
Deep Crust in the Central and Eastern Alps (International Workshop and 
Field Excursion): Padova, Italy, Abstracts, p. 18–19.

Thompson, A.B., 1990, Heat, fl uids, and melting in the granulite facies, in Viel-
zeuf, D., and Vidal, Ph., eds., Granulites and Crustal Evolution, (NATO 
ASI Ser. C): Dordrecht, Kluwer, v. 311, p. 37–58.

Tomkeieff, S.I., 1983, Dictionary of Petrology: Chichester, New York, Wiley 
and Sons, Interscience Publication, 680 p. 

Treloar, P.J., Coward, M.J., and Harris, B.W., 1992, Himalayan-Tibetian analo-
gies for the evolution of the Zimbabwe craton and Limpopo belt: Precam-
brian Research, v. 55, p. 571–587, doi:10.1016/0301-9268(92)90046-Q.

Tsunogae, T., Miyano, T., van Reenen, D.D., and Smit, C.A., 2004, Ultrahigh-
temperature metamorphism of the Southern Marginal Zone of the Archean 
Limpopo Belt, South Africa: Journal of Mineralogical and Petrological 
Sciences, v. 99, p. 213–224, doi:10.2465/jmps.99.213.

van Reenen, D.D., 1986, Hydration of cordierite and hypersthene and descrip-
tion of the retrograde orthoamphibole isograd in the Limpopo Belt, South 
Africa: American Mineralogist, v. 71, p. 900–915.

van Reenen, D.D., and Smit, C.A., 1996, The Limpopo metamorphic complex, 
South Africa: 1. Geological setting and relationships between the granu-
lite complex and the Kaapvaal and Zimbabwe cratons: Petrology, v. 4, 
p. 562–570.

van Reenen, D.D., Barton, J.M., Jr., Roering, C., Smit, C.A., and van Schalk-
wyk, J.F., 1987, Deep-crustal response to continental collision: The Lim-
popo Belt of southern Africa: Geology, v. 15, p. 11–14, doi:10.1130/0091
-7613(1987)15<11:DCRTCC>2.0.CO;2.

van Reenen, D.D., Roering, C., Brandl, G., Smit, C.A., and Barton, J.M., Jr., 
1990, The granulite facies rocks of the Limpopo belt, southern Africa, 
in Vielzeuf, D., and Vidal, Ph., eds., Granulites and Crustal Evolution 
(NATO ASI Ser. C): Dordrecht, Kluwer, v. 311, p. 257–289.

van Reenen, D.D., Perchuk, L.L., Smit, C.A., Varlamov, D.A., Boshoff, R., 
Huizenga, J.M., and Gerya, T.V., 2004, Structural and P-T evolution of a 
major cross fold in the Central Zone of the Limpopo high-grade terrain, 

South Africa: Journal of Petrology, v. 45, p. 1413–1439, doi:10.1093/
petrology/egh028.

van Reenen, D.D., Smit, C.A., Perchuk, L.L., Roering, C., and Boshoff, R., 
2011, this volume, Thrust exhumation of the Neoarchean ultrahigh-
temperature Southern Marginal Zone, Limpopo Complex: Convergence 
of decompression-cooling paths in the hanging wall and prograde P-T 
paths in the footwall, in van Reenen, D.D., Kramers, J.D., McCourt, 
S., and Perchuk, L.L., eds., Origin and Evolution of Precambrian High-
Grade Gneiss Terranes, with Special Emphasis on the Limpopo Com-
plex of Southern Africa: Geological Society of America Memoir 207, 
doi:10.1130/2011.1207(11). 

Vernon, R.H., White, R.W., and Clarke, G.L., 2008, False metamorphic events 
inferred from misinterpretation of microstructural evidence and P–T data: 
Journal of Metamorphic Geology, v. 26, p. 437–449, doi:10.1111/j.1525
-1314.2008.00762.x.

Volodichev, O.I., 1990, Belomorian complex of Karelia (geology and petrol-
ogy): Leningrad, Nauka Press, 243 p. (in Russian).

Volodichev, O.I., Slabunov, A.I., Bibikova, E.V., Konilov, A.N., and Kusenko, 
T.I., 2004, Archaean eclogites from the Belomorian mobile belt, the Baltic 
shield: Petrology, v. 12, p. 540–560.

Weinberg, R.B., and Shmelling, H., 1992, Polydiapirs: Multiwavelength 
gravity structures: Journal of Structural Geology, v. 14, p. 425–436, 
doi:10.1016/0191-8141(92)90103-4.

Wilde, S.A., Valley, J.W., Peck, W.H., and Graham, C.M., 2001, Evidence from 
detrital zircons for existence of continental crust and oceans on the Earth 
4.4 Gyr ago: Nature, v. 409, p. 175–178, doi:10.1038/35051550.

Zeh, A., Klemd, R., Buhlmann, S., and Barton, J.M., 2004, Prograde-retrograde 
P–T evolution of granulites of the Beit Bridge Complex (Limpopo Belt, 
South Africa): Constraints from quantitative phase diagrams and geotec-
tonic implications: Journal of Metamorphic Geology, v. 22, p. 79–95, 
doi:10.1111/j.1525-1314.2004.00501.x.

MANUSCRIPT ACCEPTED BY THE SOCIETY 24 MAY 2010

Printed in the USA



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


