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A B S T R A C T The P-T paths for metamorphic complexes from the Precambrian shields and fold belts of different ages 
may result from advection, i.e. one-cycle convective processes in the lithosphere. This conclusion has 
been exemplified by the metamorphic evolution of several well-known complexes, for which an advective 
model can be successfully applied. Numerical simulations of the above processes in terms of Newtonian 
rheology by using a two-dimensional finite element program have been conducted. 

Two representative models for intracontinental gravitational ordering initiated presumably by mantle 
activity are considered: (i) a thermally activated multi-layered rhythmic sequence and (ii) huge rising 
diapiars causing circulation, in which crustal lithologies underwent high-P metamorphism (above 
10-15 kbar) and subsequent ascent toward the Earth's surface. 
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INTRODUCTION 

Direct genetic relationships between granulites and other 
metamorphic rocks of greenstone belts have not yet been 
found. Early Archaean greenstone belts are composed 
mainly of basic volcanics with kamatiites at the lower part 
of the stratigraphic column (Kuznetsov, 1985; Di Marco & 
Lowe, 1989). In contrast, Kulikov et al. (1987) showed that 
the lower part of the Karelian greenstone belt consists of 
acid and andesitic volcanics, while its upper part is 
composed of basalts and komatiites. This sequence reflects 
an inverse volcanic (from acid to basic) activity in the early 
stages of evolution of greenstone belts, that produces a 
potentially unstable system in the gravity field. Such an 
inverse sequence is also characteristic of modern marginal 
sea floors (Perchuk, 1987). 

The stratigraphic column for the Karelian belt, and for 
some other belts (Kuznetsov, 1985; Lobach-Zhuchenko, 
1988; Perchuk, 1989) shows several magmatic cycles. A 
multi-layered rhythmic sequence is formed as a result of 
such magmatic activity. Thus, any stratigraphic column 
resulting from multi-cycle magmatic activity is potentially 
unstable in the gravity field, regardless of a directjinverse 
volcanic sequence. 

The above sequence might be moved to high P-T 
conditions in the course of several geological/tectonic 
events (Es, 1972; Artushkov, 1983; Schreyer, 1988). An 
increase in temperature leads to a decrease of viscosity and 
initiates gravitational redistribution of the rocks according 
to their densities. As a result of this process, the 
greenstone belt may be transformed into a granulite facies 
complex (Petrova & Levitskiy, 1986; Perchuk, 1989). 

On the basis of geothermobarometry, Perchuk (1985, 
1990) deduced P-T evolutionary paths for metamorphic 
complexes of different geological settings. For granulite 
facies rocks, P-T paths reflect only the retrograde stages 
of a metamorphic event because the prograde stage is 
erased at high temperature. Perchuk & Gerya (1990) 
approximated data on the paths for granulite facies rocks 
using the following equation: 

P (kbar) = 0.02(f 3.7 x 10'~) x T(OC) - 6,8(f 2.5). (1) 

This equation can be used for calculating the depth 
corresponding to given temperatures of metamorphism for 
granulite facies rocks. Equation (1) reflects a low 
geothermal gradient (at high-T conditions). It is believed 
to be a uniform characteristic for uprising portions of the 
Precambrian lower crust. For Archaean greenstone belts 
intruded by granites, West & Mareschal (1979) and Bickle 
(1986) assumed a high dT/dP geotherm, but in this case, 
the gradient reflects the lateral plutonic-metamorphic 
conditions. 

Thus, this study concentrates on a model for a 
multi-layered rhythmic system of long-term development 
of gravitational instability and the development of uniform 
low dT/dP (at high temperature) gradients for granulite 
facies complexes (Eq. 1). 

The geodynamic histories of metamorphic complexes 
formed in fold belts are a widely discussed problem. The 
P-T paths for fold belts differ from those for the 
granulite-amphibolite regional metamorphic terranes. 
According to the evolution of thermodynamic parameters, 
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Perchuk (1977, 1989) divided fold belts into two groups: (i) processes connected with magmatic activity; this is the 
low-T, high-P, mainly eclogite-glaucophane schist forma- second aim of this paper. 

I 

tions and (ii) high-P, moderate-T complexes. A new type, 
i.e. (iii), an ultra high-P coesite-bearing metamorphic CEO DY NAM l C FO R M  U LATIO N 0 F T H E 
complex, was discovered by Chopin (1984) in the Dora PROBLEM 
Maira massif of the Western Alps. On the basis of 
paragenetic analyses of the Dora Maira rocks, he deduced 

There are many models for thermal convection in the deep 
mantle and in the lithosphere (e.g. Christensen, 1984). \ 

a P-T retrograde evolutionary path for this complex, with 
Multi-scale thermal convection in the Archaean crust was 

a metamorphic peak at c. 37 kbar and c. 800" C. 
Several localities of coesite-bearing eclogites are proposed by Talbot (1968, 1971). However, all those 

described by Zhang et al. (1990) from the Jiangsu 
models raise serious problems concerning the redistribu- 
tion of material within the continental crust, Mechanisms 

Province, China. The rocks occur as pod swarms, for extensive redistribution must overcome the constraints 
fragments or blocks in Proterozoic gneisses and range in 
size from centimetres to several hundred metres. Three 

resulting from high viscosity and negligible effects of 
thermal expansion because ( a p l  aT), - loq3. (typical) mineral parageneses recognized in the coesite- 

bearing eclogites are: (i) garnet + omphacite + phengite + While some models are based on thermal convection, 

quartz + rutile, (ii) garnet + omphacite + kyanite + others suggest that the primary chemical inhomogeneity 

paragonite + quartz + epidote + amphibole + rutile, (iii) 
might develop during cratonization (Ramberg, 1981; 

garnet + omphacite + epidote + quartz + Al-rich titanite + Perchuk, 1989). Ramberg (1981) considered many models 
for an early stage of gravitational instability. Schmeling 

rutile. Quartz-coesite aggregates have been confirmed in 
only one garnet grain from the Mengzhong eclogite 

(1988) studied numerical models of Rayleigh-Taylor 
instabilities (two-layered system) superimposed upon 

locality, although quartz pseudomorphs after coesite are 
common. The rocks underwent intensive retrogression, 

convection. Weber (1986) considered the role of crustal 

and retrograde minerals (amphiboles, paragonite around 
rheology for the tectonic development of the continental 

kyanite, Si-poor phengite around Si-rich phengite, various 
crust during prograde metamorphism. He suggested the 

symplectites, etc.) were developed. The peak of formation of large-scale folds (composed of granulite facies 

metamorphism is suggested by Zhang et al. (1990) to be at rocks of the lower crust), which 'pierce the overlying crust 

730-840°C and 30kbar. The localities (Menzhong, during increasing amplification. Further crustal shortening 

Qinglongshan, Jiagchang and Chizhuang) extend in the may produce granulite facies nappes from strongly 

fold belt for more than 1000 km along the border of the amplified large-scale fold structures leading to inverse 

northern China and Yangtz Cratons. Coesite-bearing rocks metamorphism which is generally accompanied by 

are associated with granites and syenites (R. Zhang, pers. granulite facies nappe complexes' (Weber, 1986, p. 95). 

comm.). Zhang et al. (1990) suggest that formation if the ~ ~ l ~ i - l ~ ~ ~ ~ ~ d  multi-rhyt,,mic sequence 
belt involved '. . . the collision of two continental crusts 
and resultant crustal thickening7 (p. 924). However, no 
evidence for this model, or for the ascent of rocks to the 
surface, is given by them. 

Another example of a P-T path at ultra high pressure 
was described by Sobolev et al. (1986) and Shatsky et al. 
(1989) from the Kokchetav massif, northern Kazakhstan. 
The Zerendinskiy granitoid batholith is there associated 
with a metamorphic complex composed of eclogites, white 
schists, kyanite-biotite-garnet gneisses, talc-kyanite- 
garnet- and kyanite-zoisite-quartz-bearing rocks (Fig. 1). 
Isotopic ages of both granites and metamorphic rocks are 
c. 530 Ma, while the age of the gneissic protolith is about 
2000 Ma (Jagoutz et a[., 1989). Metapelites contain garnet 
and zircon with diamond, which commonly shows 
intergrowths with other very high-P minerals, such as 
titanite containing 11 wt% AI,03, K-rich (up to 1.44 wt%) 
clinopyroxene, Ti0,-rich (up to 3.7 wt%) phengite and 
Al-rich rutile. Very recently coesite has also been found in 
these rocks (N. V. Sobolev, pers. comm., 1991). 

Co-genetic granite intrusions and the absence of thrust 
structures are characteristics of both the areas discussed 
above (Zaitsev, 1984; Shatsky et al., 1989; Zhang et al., 
1990). Those features lead us to model the geodynamic 
evolution for ultra high-P complexes in terms of convective 

As shown above, volcanism at the marginal sea floor as 
well as in some Precambrian ensialic greenstone belts 
involves a regular variety of magmatic rocks including a 
rhythmic sequence of rhyolites, basalts and komatiites. 
These volcanics are often intercalated with sediments. For 
modelling, such complex structures might be approximated 
by simple multi-rhythmic sequences. Each rhythm consists 
of three layers, i.e. of silicic, mafic and ultramafic rocks. 

Consider such a simple multi-rhythmic sequence: at a 
shallow level, this sequence is relatively stable in the 
gravity field due to (i) its high viscosity and (ii) the small 
thickness of a rhythm, S.. It can be shown that a period of 
gravitational redistribution grows inversely with S,. and 
directly with viscosity. Therefore, under the above 
conditions this period is greater than is geologically 

I 
realistic. Moreover, the characteristic stresses might be 
lower than the yield strength, and the sequence under 
consideration is absolutely stable. Under high-grade 
conditions, both viscosity and yield strength drop with 
temperature, and gravitational redistribution of material 
can occur in geologically realistic time spans. 

Gravitational ordering may lead to the complete 
transformation of a greenstone belt or any initial 
multi-rhythmic sequence into a granulite facies complex. I i 
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Fig. 1. Simplified geological map of Northern Kazakhstan (after Kushev & 
Vinogradov, 1978). Scale 1 :200,000. 1-4 =Early Palaeozoic metamorphic 
suites having local names; 5 = Upper Proterozoic and Early Palaeozoic rocks, 
which have not been divided into separate metamorphic units; 6 = Quaternary 
sediments; 7 = Proterozoic intrusive rocks; 8 = Palaeozoic granites; 9 = 
Zerendinskiy granitoid batholith (mid Cambrian); 10 = faults; 11 = axis of 
anticlinal folds; 12 = axis of synclinal folds; 13 = eclogites and diamond- 
bearing mica schists (Shatsky et al., 1989). 

Evidence for this process is reported in several papers 
(Ramberg, 1981; Petrova & Levitskiy, 1986; Barbey & 
Martin, 1987). Perchuk (1989) described a typical dome 
structure (see Fig. 2) for granulite facies rocks from the 
Sharyzhalgay complex (Lake Baikal, eastern Siberia), 
whose geological structure has been studied in detail 
(Hopgood & Bowes , 1989). This complex presumably 
formed after the Archaean greenstone belt in the course of 
a high-grade transformation (Petrova & Levitskiy, 1986). 
However, a model for such transformations is not 
available. We have studied this problem on the basis of 
thermo-mechanical modelling of the gravitational ordering 
of a multi-rhythmic sequence under high P-T conditions. 

Ultra high-pressure complexes 

the origin of the Dora Maira complex as a result of 
subduction of continental crust to mantle depths. 
However, the plate tectonic events related to the 
generation of ultra high-P metamorphic complexes are 
uncertain. The best example is the finding of 
diarnond/coesite-bearing rocks from the Kokchetav massif 
(see Fig. 1). Several tectonic models can be used 'to draw 
down' rocks to 100 krn, or even more. The problem is to 
create a model to account for the uplift of the rocks to the 
Earth's surface without any tectonic denudation. An 
uplift-erosion model is also inappropriate for ultra high-P 
units, which are similar to the Kokchetav complex (see 
Fig. 1). 

The geological setting of these complexes can be also 
explained in terms of a gravitational ordering model. The 
P-T loops for high-P, rnoderate/high-T complexes from 

There are a few geodynamic models for the origin of ultra fold belts of diffefent age may result from adbection, i.e. 
high-P rocks within the Earth's crust. For example, using one-cycle convective processes in the thick lithosphere 
petrological data, Schreyer (1988) proposed a model for caused by ascent of a magmatic mass. Such complexes are 
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Fig. 2. Schematic relationships between rocks within mantled dome in the Sharyzhalgay complex, which crops out along the shore of 
Lake Baikal. 1 = biotite-garnet gneiss; 2 = migmatized metabasites; 3 = migmatized biotite-hypersthene gneiss; 4 = enderbite gneiss; 
5 = enderbite with slightly developed gneissosity; 6 = boudins and xenoliths composed of crystalline schists and amphibolites; 
7 =fractures; 8 = flow direction, i.e. direction along which material of different densities moved (after A. I. Melnikov, pers. comm.). 

commonly associated with magmatic bodies of similar 
ages. For example, the ascent of large masses of granite 
magma within thick continental crust may initiate sinking 
and compression (up to 4 g cm-" of relatively small masses 
of the volcanic-sedimentary rocks at a depth of about 
100krn and subsequent uplift of these ultra high-P 
complexes toward the Earth's surface. This process may 
lead to the formation of the coesite- and diamond-bearing 
assemblages from gneissic and white schist complexes. 

Dora Maira, Monte Rosa and Grand Paradiso in the 
Western Alps are the Late Alpine internal crystalline 
massifs in the fold belt surrounding the northern Italy 
sedimentary basin of similar age. The relationships 
between those complexes and Alpine granites are not 
known. However, geophysical data suggest that the 
basement of the above basin is composed of basaltic 
material. Similar ages of high-P complexes and adjacent 
basins may reflect a common advective process of 
ascending basaltic magma, which initiates movement of a 
metamorphic complex within a created convective cell. 

Thus, the above geological and petrological data 
highlight a problem that can be addressed by computer 
simulation of the downward movement and subsequent 
ascent of crustal lithologies due to convective circulation 
driven by a rising magmatic body. 

PHYSICAL M O D E L S  A N D  M E T H O D S  
USED 

The following equations were used for the numerical and 
analytical simulation of the above geodynamic processes: 
(a) the force equation: 

where i = 1,2 and j = 1,2; 
(b) Newtonian rheology equation: 

(c) the mass conservation equation: 

div V = 0; (4) 

(d) the heat transfer equation: 












