
Restrictcd nn til aftcr publication. 
Maut,Jscript sllb~)ittcd f91' lluulictltl U 
t : I I 

DEPARTMENT OF 
MINERALS AND ENERGY 

BUREAU OF MINERAL RESOURCES, 
GEOLOGY AND GEOPHYSICS 

BMR 
Record 
1974/54 

c.4 

RECORD 1974/54 

ARCHAEAN TO EARLY PROTEROZOIC SHIELD 
STRUCTURES: RELEVANCE OF PLATE TECTONICS 

by 

A.Y. GLIKSON 

080G 8G 

The information contained in this report has been obtained by the Department of Minerals and Energy 
as part of the policy of the Australian Government to assist in the exploration and development of 
mineral resources. It may not be published in any form or used in a company prospectus or statement 
withoutthe permission in writing ofthe Director. Bureau of Mineral Resources. Geology and Geophysics. 



I 
I 
I 
I 
I 
I 
I 
,I 

I 
I 

'" 1 

I 
I 
I 
I 
I 
I 
1 
1 
I ' 

...... -. ... _ .. _-_._--_. -.- - _._- -

, 

RECORD 1974/54 

ARCHAEAN TO EARLY PROTEROZOIC SHIELD 
STRuc-rURES, REL!!."'VANCE OF PLATE TECTONICS , 

by 

AoY. GLIKSON 

1 
i 



,-

I. 
I 
I'~' 

I' 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

ARCHAEAN TO EARLY PROTEROZOIC SHIELD STRUCTURES: 
RELEVANCE OF PLATE TECTONICS 

A. y. ' Glikson 

Bureau of Mineral Resources, Geology and Geophysics, Canberra A.C.T., Australia 

ABSTRACT 

It is suggested that an interpretation of early Precambrian history 

in terms of small-scale plate tectonics and shield growth in-situ is more 

consistent with present evidence than a uniformitarian projection of 

modern large-scale plate tectonics. Greenstone belt~ are regarded as . 

ensimatic arc-trench type structures founded on oceanic crust; hm'lever, a 

correIa tion with circum-Pacific or Alpine domains juxtaposed "lith 

continent-ocean interfaces is considered unlikely, a.nd ther.e is no evidence 

for large-scale continents before about 2.6 b.y. ago. The nucleation 

of early granites is interpreted in terms of active cycling and partial 

melting of oceanic crust by means of subduction and/or downbuckling about 

small-scale cells. Remnants of this crust are believed to be repr~sented 

by the Ibwer ultramafic-mafic units of greenstone belts in Western Australia, 

Transvaal and Rhodesi~. Ail upper, tholeiitic to calc-alkaiine, volcanic 

assemblage erupted during and after the nucleation of the early sodic 

granites~ The lONer greenstones of pre-granite age and the upner 

greenstones of syn- to post-granite age are separated by major unconformities. 

Widely ~cattered nucleation of protocontinents - each limited by the scale 

of the corresponding plate and cycling cell - are believed to have taken 

place. The distribution of early granites and greenstone belts was 

controlled by early linear structures of the oceanic crust. The diapiric 

granites and arcuate greenstone belts of the Rhodesian and Pilbara cratons 

reflect the exposure of crustal levels deeper than those of linear 

granite-greenstone systems. A still deeper crustal level is represented 

by Archaean gneiss-granulite suites. The parallel orientation of 

Archaean trends in North America, South Africa, India and Australia 

on a GondHanaland reconstruction Illh~' imply that the agglomeration of 

a Proterozoic megacontinent took place in situ, rather than by long 

range drift. Palaeomagnetic data render long range drift of some 

crustal segments in the early Proterozoic unlikely. An ensialic origin 

of at least some Proterozoic mobile belts, possibly according to a 

rift valley or aulacogene model is favoured. Evidence for the existence 

of oceanic crust in the Proterozoic is scarce. Clifford's conceptofa 

secular gro\-Ith in the size of stable crustal cells is upheld. ~1odern 
/4.eter,z5, 

plate tectonic patterns are to a major extent inherited from Proterozo~5(o . 
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(1) INTRODUCTION 

A search for manifestations of plate tectonic processes in the 

Precambrian is a logical extension of modern continental drift 

theories. Palaeomagnetic data suggest that independent drift of 

continent-size plates occurred in the Late Precambrian (e.g., 

Spall, 1972; 1973). On the oth~r hand, there is good palaeomagnetic 

evidence suggesting that individual cratons in Africa and Australia 

have maintained constant relative positions, and that a supercontinent 

encompassing Africa, South America and North America could have 

existed before about 1000 m.y., and possibly as far back as 2200 m.y. 

(NcElhinny et al., 1968; Piper et a1., 1973). 

Few palaeomagnetic pole data have been recorded in Archaean terrains, 

where metamorphism and strong deformation render such measurements 

difficult. Pending further palaeomagnetic work therefore, geological 

considerations are ~ the only means by which the plausibility of plate 

tectonics for the isotopically recorded range of 3.8 - 2.5 b.yo can be 

examined. In the bid to correlate Precambrian features with elements of 

modern plate boundaries references have been made to a variety of features, 

including faults, shears, elongated intrusions, volcanic belts, metamorphic 

isograds, geochemical variations, magnetic lineaments, and gravity 

anomalies (see Gibb & \·;alcott, 1971; Katz, 1972; Condie, 1972; 

Thorpe, 1972; Davidson, 1973; Chase & Gilmer, 1973). The assumption 

of a plate tectonics model is also implicit in uniformitarian extra

polations to the Precambrian of Mesozoic-Cainozoic tectonic regimes, 

such as Alpine geosynclines, arc-trench systems, and cordillera systems 

(see Engel & mngel, 1964; v!ilson et a1., 1965; Glikson, 1970; ;·:hite 

. et al., 1971; Hoffman, 1973). In testing the uniformit~rian assumption, 

however, Precambrian geologists were equally impressed by what were 

shown to be fundamental differences betw~enmodern tectonic domains 

and their assumed Precambrian analogues (see Engel, 1968; Viljoen & 

Viljoen, 1969a; Anhaeusser et al., 1969: Clifford, 1970; Glikson, 1971, 

1972; Engel & Kelm, 1972; Nason, 1973: Fyfe, 1973a; b; Glikson & Lambert, 

1973). 

- . ~- -.-- . --.-...•. -- ---~"'-~~ 
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The possible role of plate tectonics during the Early Precambrian 

cannot be meaningfully considered in isolation from a discussion of 

such fundamental questions as the origin and nature of the primitive 

crust, the genesis of early granites, the evolution of greenstone 

belts, crustal metamorphic zonation, the relationships between low

and high-grade Archaean cratons, granite-granulite relations, the 

cyclicity of tectonic and thermal events, and the secular chemical 

evolution of the crust. In this paper I \dll attempt to appraise 

possible evidence for plate tectonic processes in the Archaean* and 

the earliestProterozoic**, and to discuss their significance in terms 

of some of the above-listed questions. This discussion leads to a 

tentative hypothesis of a global system of co-axial small crustal 

cycling*** cells in the Archaean. 

(2) NATURE AND ZONATION OF THE PRITlITIVE ARCHAEAN CRUST. 

An elucidation of the sequence of events inherent in the evolution 

of greenstone belts and protocontinents must precede and places 

constraints on any 'discussion of Archaean plE~te tectonics. The starting 

point ,for many models has been an assumed sialic crust (e.g. flTacGregor, 

1951; Ramberg, 1964; Goodwin and Ridler, 1970; Sutton, 1971; 

"lindley and Bridgwater, 1971; Hindley, 1973), presumably accreted upon 

the cooling of the outer shell of the Earth. Others postulated a 

primi ti ve sima from which acid rocks l'lere derived through ei ther 

exogenic processes (tIilson, 1959) or downbuckling and/or subduction 

(qlikson, 1970; Hart et al., 1970; Anhaeusser, 1973; Glikson & Lambert, 

1973). According to the latter school of thought, no sialic basement 

existed beneath the lower ultramafic-mafic units of Archaean greenstone 

belts in the Transvaal, Rhodesia, and Western Australia. Instead, 

these units are regarded as remnants of a once extensive crust vlhich 

predated the nucleation of granites. Isotopic age data show that the 

formation of granites has not been simultaneous in different regions of 

the Archaean globe, with the exception of 'a major global event about 

2.6 b.y. ago (see below). An emplacement of early Na-granites into the 

ul tramafic-mafic crust "'as accompanied and follo\'led by tholeiitic, calc

alkaline and minor ultramafic volcanism, with the result that in some 

* Referring to the eon preceding 2.6 b.y. ago 
** Referring to the time span 2.6 - 1.8 b.y. ago. 
*** The term crustal cycling is preferred to the term convection, as the 

question of the existence of mantle convection is outside the scope 
of this paper. 
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areas these volcanics unconformably overlie granites. A distinction 

is thus made betr/eenlo1'fer greenstones and upper greenstones, 

respectively corresponding to the pre-granite ultramafic-mafic units 

and the syn- to post~granite volcanic sequences (Table 1, Figs. 1, 2, 3). 
The two sequences are separated by major unconformities believed to 

reflect movements related to the emplacement of the early Na-granites. 

A classification of elements of Archaean systems ·in the 

Transvaal, furaziland, Rhodesia, India, vlestern Australia, Canada, and 

Greenland according to the proposed model is attempted in Table 1.' 

A diagrammatic representation of Archaean shield evolution is attempted 

in Fig. 5. It is pertinent to summarize here the principal lines of 

evidence which suggest that a primitive ultramafic-mafic oceanic-type 

crust existed before granites appeared: 

(1) No sialic basement is knovm to occur berieath the lOrTer ul tramafic

mafic units in \'!estern Australia, eastern Transvaal and Rhodesia. 

(2) No sial-derived detritus is known to be associated with the 

Im'fer greenstones, hOl"ever, grani te-deriyed sediments abound 

as intercalations in the upper greenstones. 

(3) Early Na-granites in the greenstone belts commonly contain 

ul tramafic and mafic inclusions, whereas the l01·rer greenstones 

do'not contain sia~cinclusions. 

(4) The youngest age limits for the lower greenstones are defined 

by the oldest intrusive granites, hovlever, because of meta

morphic resetting of the isotopic ratios no older age limits 

have been placed on these rocks by geochronological studies. 

(5) Experimental petrology sho1vs that acid sodic melts cannot form 

by direct partial melting of mantle peridotite, even under 

high H 0 partial pressures (Nicholls & Ringwood, 1972; Green, 
2 

* 

1973), but can be produced by partial melting of basic rocks. 

Derivation of acid melts by fractional crystallization of 

basic magma is considered unlikely to have been responsible for the 

formation of the large Archaean plutons, because of the relatively · 

small volumes of acid liquid produced in this manner* . It follows 

that basic rocks must have been common before the appearance of 

granites. 

Fractional crystallization is possible, however, in connection with 
acid volcanic piles which overlie individual greenstone cycles. 
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(6) Both the lower and the upper greenstones contain metabasalts 

whose chemical characteristics are in most respects compatible 

with modern ocean-floor tholeiites (Glikson, 1970, 1971, 1972; 

Hallberg, 1972) (E'ig. 4). Such rocks ' are rare in Proterozoic 

and Phanerozoic continental domains**. 

Two principal objections have been raised against the postulated 

axistence of a primitive oceanic crust in the Archaean. The first 

iS ,based on the occurrence of some granites unconformably beneath green

stones in Rhodesia (Bliss and Stidolph, 1969), Canada (HcGlynn and 

Henderson, 1970; Bell, 1971; Baragar, 1972; F.J. Elbers, pers. comm., 

1973) and vlestern Aust:-alia (Dur~ey, 1972), as \·rell as the occurrence 

of cross-bedded quartzites at the base of greenstone sequences in India 

(Srinivasan and Srinivas, 1972) and in r-ranitoba (F.J. Elbers, pers.comm., 

1973). The second objection refers to the relatively older ages of 

some high-grade Archaean terrains as compared to ages recorded in low

grade granite-greenstone terrains, particularly the very old ages of 

granitic gneisses in southwestern Greenland I"'Iinnesota (ilindley, 1973) 

and the eastern Labrador coast (K.D. Col1erson, pers. comm., 1974). 

The first objection is apparently founded on the assumption that 

within each particular terrain the greenstones represent an essentially 

continuous volcanic sequence. Hm·rever, as suggested above two major 

volcanic cycles can be recognized, representing oceanic-type and island

ar:c-type volcanism respectively. Such relationships are vlell established 

in the Kaapvaal, Rhodesian, and Yilgarn cratons (Table 1). In southern 

India possible pre-Dharlrrar lovler greenstones are ' :;-epresented by 

occasionally-pillolrred ul tramafic and mafic enclaves in the Dharvlar 

gneiss dome (R. Srinivasan, pers. comm., 1972). No pre-Keewatin 

volcanic rocks have been yet proven to exist in the Canadian Shield; 

hOlrrever, the possibility that such rocks occur caIUlOt be excluded. 

A recent report on ultramafic and mafic inclusions in quartz diorites 

in the Sachigo and Berens River areas of the north\vestern part of the 

Superior Province may furnish a clue in this regard (Ermanovics, 1974). 

** Low-K tholeiitic basalts of post-basement age are known in some 
Proterozoic terrains, including the Labrador trough, eastern 
Greenland and northwestern Queensland. 
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As for the second objection: that high-grade metamorphic rocks 

occur in depth beneath low-grade granite-greenstone systems is evident 

from both geological and geophysical data. Thus, seismic data indicate 

that upper crustal layers of the Yilgarn ' craton are tilted eastward 

(rolathur, 1973; Glikson & Lambert, 1973). The Dharwar .synclinoria 

in southern India plunge at lovr angles northvlard (Pichamuthu, 1967) ~ 

and the Superior Province is probably tiled eastward (Bell, 1971). 

The eastern Transvaal (Kaapvaa1) shield may be tilted ~veshlard. In 

each case, high-grade metamorphic rocks crop out tOvTards the upti1 ted 

and more deeply eroded structural level. However, instead of interpreting 

. these features in terms of basement-cover relation8hips betvleen an 

early sial and greenstones, it is suggested here that the high-grade 

rocks represent exposed coeval roots of low-grade granite-greenstone 

sui tes. Thus the transitions · between the Im'~- and high-grade Archaean 

terrains in ~'Jestern Australia, India and Canada are continuous. 

Moreover, isotopic age data from several Archaean cratons can be 

interpreted in terms of simultaneous episodes in their lo\"r- and hikh

grade sectors. Thus, 2.9 - 3.1 b.y. old and 2.6 - 2.7 b.y. old granites 

in Western Australia occur in the bigh-gradei'lheat Belt terrain, the 

low-grade Pilbara system, and possibly also the Kalgoorlie System 

(Glikson &. Sheraton, 1972; Glikson & Lambert, 1973). In South Africa, 

the 'ancient tona1ites' of the Kaarvaa1 .craton and the amphibo1ite

facies 'ancient gneiss complex' in Svlaziland (Hunter, 1970), both yield 

ages of about 3.2 - 3.4 b.y. (see data in ArUlaeusser, 1973). In 

f.fani toba, the ages of the Laurentian grani tes which intrude Keei'latin 

greenstones and of granulites of the Pibd tonei Province (Superior

Churchill boundary zone) centre on 2.6 b.y. (see data in Bell, 1971). 

In India, the age of supposed pre-DharvTar gneisses and granulites 

(3.0 - 2.8 b.y.) and of lovler Dharvrar metamorphism and plutonism 

(ca 2.8 b.y., data from Sarkar, 1972) almost coincide. 

The great antiquity of some granitic gneisses cannot by itself 

imply that they are older than the greenstones (see Black et al., 1971). 

This conclusion is clearly demonstrated by the recent discovery at Isua, 

soutlnlestern Greenland, of a ca 3750 m. y. old sequence of mafic to 

ultramafic rocks, quartzites, carbonates, jaspilites and agglomerates 

(f.1oorbath et al., 1973b) intruded by gneisses correlated vTith the equally 

old Amitsoq Gneiss (Brid~1ater et al., 1974). Because quartzites are 

abundant in this sequence, and as the intrusive Amitsoq Gneiss has a 

potassium content normal for calc-alkaline granites, the Isua rocks 

could perhaps be compared to upper r,reenstones as classified above. 

'~-.. -. -.-~-.- - .- . . ' 
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If this inference is correct, and if the mode of Archaean evolution in 

Greenland "'as similar to that . in low-grade grani te-greenstone systems, 

still older greenstones may occur in this region. · In this respect, it 

should be pointed out that the relationships beb-Teen the Malenc Supracrustals 

(mafic-ultramafic) and the Amitsoq Gneiss cannot be regarded as established 

on present evidence, and that these rocks could correspond to lower 

greenstones. The data from Greenland are thus not necessarily inconsistent 

.. Tith the primitive ultramafic-mafic crus t theory. 

(3) PLATE TECTONICS AND THE ORIGIN OF CRATONS. 

- tf{ch 
If it is accepted that, within~individual crustul region/, the 

evolution of sial commenced with an oceanic~type crust, a consideration 

of plate tectonics can be made in two different senses: 

(1) In terms of the origin and distribution of the early nuclei of 

Na-granite (this section) 

(2) In terms of the interaction between simatic regions (? plates), 

regions characterized by different stages of cratonization, 

and sialic plates (section 4). 

In considering the origin of granites in '. the Archaean, two principal 

observations are pertinent. Firstly, the oldest granites intruded into 

greenstone belts typically include tonalite, trondhjemite, granodiorite 

and diorite (Viljoen and Viljoen, 1969c; Glikson and Sheraton, 1972; 

Anhaeusser, 1971). Secondly. as pointed out above, the generation of 

large volumes of acid melts is likely to be the product of partial 

fusion of metamorphosed basic rocks/i.e., eclogite, basic granulite, or 

amphibolite. Derivation from amphibolite is favoured here, as the 

existence of large bodies of eclogite in the Archaean is inconsistent 

with a high geothermal gradient inf8rred by Fyfe (1973a,b) and Glikson 

and Lambert (in prep.). A lack of eclogite could explain the scarcity 

of andesites in the South African and Hestern Australian greenstone 

belts (see Hallberg, 1972), andesites being the first partial melting 

products of eclogite. On the other hand, andesites can also form by 

high degrees of partial melting of amphibolite. The abundance of 

andesites in Canadian greenstone belts (Baragar and Gooduin, 1969) 

could either be attributed to the latter process, or could imply 

formation of eclogite due to a decline in the geothermal gradient during 

the upper greenstones phase, "Ti th vrhich the Canadian Kee,vatin greenstones 

may compare (Table 1). 
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Implicit in such a process of granite formation is the do\~buckling 

or subduction of a mafic crust \-Thich must be actively cycled to account 

for the very high ratio of granites to greenstones in Archaean cratons. 

\'1hether the oceanic crust subsided by means of subduction or dmmbuckling 

however, is open to different interpretations. Subduction and progressive 

melting of amphibolite should result in acid to andesitic me1ts - the 

latter being relatively rare in South Africa* and \'lestern Australia 

(Hallberg, 1972). On the other hand, it is difficult to conceive 

downbuckling as an efficient mechanism inducing crustal circulation. 

Possibly subduction occurred, and the refractory residues of Im-l 

degrees of partial fusion of amphibolite were not capable. of yielding 

andesites under the prevailing conditions. 

Talbot (1968) suggested that the unique small-scale spacing pattern 

of the oval 'gregarious Batholiths' in Rhodes1a (Fig. 3) reflects a 

corresponding thermal convection system in the Archaean. This congept 

was also favoured by Fyfe (1973a, b), who related the short wave-lengths 

of pluton spacings :to . a shallovT-level ana tecti.c zone. Thus, a 10~T-

densi ty viscous layer underlying a higher dens'i ty viscous layer would 

give rlse to diapirs '-lhose spacing is a functibn of pressure differences 

in the source layer. Talbot and Fyfe related :their model to the anatectic 

remobili.zation of a granitic basement supposed-ly underlying greenstones, 

follovling 11acGregor (1951). As argued above, however, an assumption of 

a sialic basement cannot be justified in connection vIi th granite-greenstone 

systems. Instead, if transient and very high geothermal gradients are 

assumed, segregation of relatively small volumes of acid magma could be. 

consequent on loW" degrees of partial melting of basic rocks do~mbuckled 

or subdue ted to a depth of over 20 km (Glikson and Lambert, in prep.), 

giving rise to relatively small granite plutons. 

The well pronounced parallel lidear pattern of greenstone belts in 

the Superior Province, Slave Province, South India, Yilgarn craton (Fig. 1), . 

and to a lesser extent Kaapvaal craton (Fig. 2), yield~a vital clue for 

Archaean tectonic models. In these terrains, the long axes of the granitic 

plutons mostly parallel fold axes, major faults and metamorphic foliations 

* However the tonalites of the Kaapvaal Shield can be classified as 
intermediate rocIes t as Si02 values are as 10\'T as 6f1i~ (see Viljoen 
and Viljoen, 1969c). 
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within the greenstone belts, thus implying a genetic relationship 

between deformation, metamorphism, and plutonic activity. Thus, the 

downbuckling of linear synclinal troughs could result in partial 

melting along parallel infracrustal synclinal root zones. Furthermore, 

there is good evidence that the linear structures antedated the intrusion 

of granites. Thus, lateral flexures clearly related to granite emplacement 

are superposed on isoclinal folds coaxial with the greenstone belts 

(Anhaeusser et al., 1969; Glikson, 1971) (Figs. 1, 2). In some 

terrains this structural overprinting has all but obliterated possibly 

pre-existing linear structures, as in the Rhodesian (Fig.3) and Pilbara 

cratons. Characteristic of these trIO cratons is the arcuate form, 

narrowness and small size of the ' greenstone belts, pnd the high ratio 

of granite to greenstone, as compared to linear granite-greenstone 

terrains. The reported occurrence of high-grade rocks in some Rhodesian 

greenstone belts (Stowe, 1968), and the great: width of assimilated 

aureoles around granites in the Pilbara craton (Noldart & Hyatt, 1~61), 

suggests a deeper-seated origin than that of the Kaapvaal and Yilgarn 

cratons. In ivestez:n Australia this inference is supported by the 

occurrence of bm greenstone cycles in the linear Kalgoorlie System, 

and preservation of only the lower cycle in the arcuate Laverton, Southern 

Cross and Pilbara granite-greenstone terrains '. (see 1-!illiams, 1973). The 

implication follows that "gregarious" (HacGregor, 1951) granite-green

stone patterns may reflect a relatively deep crustal level, where the 

tectonic pattern tolaS controlled by granite intrusion. According to this 

interpretation, linear co-axial systems correspond to higher supracrustal 

levels where an axial stress field affecting the layered sequence resulted 

in more uniform deformation. 

An analysis of global Archaean trends on a reconstructed Gond\vanaland 

map toTaS conducted by Dearnley (1966) and Engel and Kelm (1972) (Fig. 6). 

Dearnley obtained a linear pattern converging tOl'lard ·the Arctic and along 

the 300 N parallel, which he interpreted in terms of a global 2-cell 

convection system. Implicit in this model is a progressive continental 

accretion process presumably associated with major SUbduction zones. 

An interpretation consistent 1'1ith this possibility lvaS developed by rralbot 

(1973), who conceived a concomitant development of meridional island arc 

chains, subsequently accreted into a supercontinent. HOI-lever, no isotopic 

age data consistent with lateral accretion are at hand, nor is there 

evidence for an existence of major continents in the Archaean - the 

oldest extensive platform-cover deposits being those of the 2600 m.y. 

old \'li tvlatersrand System. Though future geochronological \'lork may 
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support lateral age variations across greenstone belts, the present data 

can be equally "lell interpreted in terms of f. broadly simultaneous 

cratonization episodes on a shield-vlide scale. Thus, the 2.6 b.y. 

old Kenoran event is recorded over most of the Canadian Archaean 

shield (e.g., Goldich, 1968; Green and Baadsgaard, 1971). A 3.4 -

3.2 b.y. old granite phase affected most the Kaapvaal and Rhodesian 

cratons, and 3.1 - 3.9 b.y. old and 2.8 - 2.6 b.y. old events are 

l'lidespread in the Archaean terrains of \-lestern Australia (Arriens, 1971; 

De Laeter and Blockley, 1973; Glikson and Sheraton, 1972). Admittedly 

these intervals are wide enough to conceal considerable lateral age 

zonations. 

These considerations lead to a hTo-stage , model of sial derivation 

(Ring-vlOod and Green, 1966), "Thereby ensimatic' arc-trench-like systems . 

evolved over large tracts of linearly deformed or rippled oceanic crust 

(see also Hart et alo, 1970; Talbot, 1973). ·; It will be suggesteq 

later that these parallel trends may reflect a global system of multiple small

size cells of crustal cycling. Unlike l'Iesozoic-Cainozoic orogenic belts, 

the Archaean basins were not related to continent-ocean interfaces as is 
.-

the circum-Pacific belt, or to intercontinental gaps as is the Alpine-

Himalayan belt. This is implied by the lack of both geological and 

isotopic evidence for the existence of major sialic continents in the 

Archaean. However, the suggested model has an important analogy vii th 

intra-oceanic island arcs, in particular the Fijian archipelago, whose 

evolution ShOVIS a remarkable similarity to that of Archaean grani te

greenstone systems (Table 1). Successive stage of evolution according 

to this model are portrayed in Fig. 5, Nhich is based on petrogenetic 

considera tions developed elsevThere (Glikson and Lambert, in prep). 

(4) PLATE TECTONICS AND THE FORl''lATION OF Ii PROTEROZOIC SUPEHCON'l'INENT 

--

Age data from Archaean terrains indicate that, at any point in 

time within the isotopically recorded interval of 3.8 - 2.6 b.y., 

crustal regions in which different stages of cratonization were achieved 

co-existed simultaneously. vThereas the nature of the boundaries bebreen 

J~chaean proto-shields and oceanic crust is little understood, the lack 

of evidence for early sialic crust in the vicinity of greenstone belts 

suggests that such boundaries did not serve as sites of development 

of such belts. In searching for the contacts of distinct Archaean crustal 

plates, one possibility is that Proterozoic mobile belts represent the 

successors of such geosutures (see I-~ason, 1973). This view may be 
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supported by the structural differences between granite-greenstone 

cratons which occur on either side of mobile belts. Examples of such 

pairs are the Kaapvaal and Rhodesian cratons', the Yilgarn and Pilbara 

cratons, and possibly the Brazilian and Guiana cratons. In each case 

the first craton is characterized by linear parallel structures and 

by a high greenstone/granite ratio, and the second craton by arcuate 

and smaller greenstone belts. Alternatively, however, these differences 

can be due to the erosion of the respective cratons to various crustal 

levels, as argued above. In the latter case, strong vertical movements 

beh'leen adjacent cratons must have occurred, presumably along the' 

major boundary f aults juxtaposed with the intervening mobile belts 

(see f1ason, 1973; f.1cCcnnell, 1972). According to this model cratonic 
no~ 

drift and convergence areAnecessarily implied by structural differences 

between adjacent . cratons. 

11ajor thermal events, which include intrusion of granite and 

regional metamorphism about 2.6 b.y. ago were recorded in Canada 
~. ~~ 

x.Goldich, 1968; Green and Baadsgaard, 1971), India £Sarkar, 1972), 

eastern Transvaal (data cited in Anhaeusser, 1973), the North Atlantic 

Craton -(data cited in Bridgwater et al., 1973), lVestern Australia 

(Arriens, 1971; Turek and Compston, 1971; De Laeter and Blockley, 1972) 

and other Archaean terrains. This phase clearly represents a thermal 

peak in several continents, which resulted in extensive metamorphic age 

resettings masking earlier events. Thus, the geochronological sequence 

in the Kalgoorlie greenstone belts of the Yilgarn craton is partly 

masked by a regional metamorphic event about 2675 m.y. ago (see Turek 

and Compston, 1971), 'vlhich affected plutonic, volcanic and sedimentary 

rocks to various degrees. Younger granites postdating this metamorphism are 

typically high-level K-rich types, and are believed to be the product 

of anatexis of older sodic granites and high-grade roots of the Kalgoor1ie 

greem,cone belts (Glikson and Sheraton, 1972). Thus, notl-Tithstanding 

doubts expressed regarding the significance of the 2.6 b.y. date for the 

definition of the Archaean-Proterozoic boundary (e.g., Rankama, 1971), the 

importance of this break in several continents is evident~ This break was 

marked by two major developments: first, the termination of the era of 

greenstone belt evolution**, and secondly, the onset of deposition of 

continental sedimentary and volcanic blankets on a shield-"lide scale. 

** With the possible exception of late stages of the Dharlvar belts, India. 
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Had extensive shields existed before ca 2.6 b.y. ago similar deposits 

should have been formed earlier. HO'-Iever, the only continental sediments 

kno"m from the Archaean are represented by the uppermost units of 

greenstone belts, and have participated in the major tectonic movements 

l'lhich affected these belts. Examples are the Noodies Group, Sharmvaian 

Group, Timiskaming series, and Kurrawan~ Conglomerates (Table 1).' It 

follows, therefore, that either large-scale continental environments 

did not exist in the Archaean, or that the continental deposits were 

completely eroded follol/Ting major epeirogenesis about 2.6 b.y • . ago. 

In the latter instance, a special reason must be adduced to explain why 

such units "Tere nO~lhere retained wi thin structural depressions. Perhaps 

a unique tectonic stability of Archaean protocontinents prevented 

extensive continental deposition. This problem remains as one of the 

major dilemmas of Archaean geology. 

In view of the age difference beh-/een greenstone belts of geographically 

distinct Archaean terrains, the 2.6 b.y. old episode cannot be regarded as 

representing a simultfineous ·culmination of greenstone belt evolutionary 

cycles \wrld-wide. '. Instead, it is suggested that the 2.6 b.y. old event 

was independent of and superposed on~ the cyclic evolution of the 

greenstone belts, resulting in continental conditions where the development 

of greenstone belt-type basins lvas no longer possible. 

The question must now be asked whether the ca 2.6 b.y. old thermal 

episode signifies the convergence and fusion of distinct Archaean 

cratons into the Early Proterozoic supercontinent suggested by palaeomagnetic 

data (Piper et a1., 1973). Only palaeomagnetic studies of rocks older 

than 2.6 b.y. can throw further light on this question. Hm'/ever, it is 

suggested that the parallel trends of greenstone belts in South Africa, 

India and Australia on a pre-drift Gondwanaland map (Fig. 6), renders 

long-range drift a!lrotation of individual Archaean cratons unlikely. 

Had individual Archaean cratons merged through drift and subsequent 

collisions, the parallel trends of greenstone belts world-wide would 

be difficult to understand, bearing in mind the antiquity of these trends. 

According to this line of evidence, the fusion of Archaean cratons into 

a Proterozoic supercontinent must have taken place in situ or through 

minor, short-range drift. The implication follows that the distribution 

of Archaean isotopic ages on the rec~mstructed GondfTanaland should be 

meaningful for the secular lateral migration of Archaean tectonic patterns. 

~~ny more isotopic age data are needed, however, before a clear pattern 

may emerge. 

" '~.""'='""" ."':"'C. 
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(5) A RIF:r VALLEY MODEL FOR PROTEROZOIC HOBlLE BELTS. 

Large-scale fracturing and the intrusion of basic dyke Svlarms about 

2.6 - 2.4 b.y. ago are knmm from \"lestern Australia and Rhodesia, and 

similar dyke systems occur in the Pilbara and Kaapvaa1 cratons (Table 1). 

No · obvious consistent relationships appear to exist betvleen these dykes 

and axes of greenstone belts which they transect, nor betvleen dyke 

orientations in different shields on a Gondwanaland reconstruction map. 

The major taphrogenic events which, as suggested below, are believed 

to have initiated the evolution of mobile belts,must have postdated the 

intrusion of dykes, as indicated by the truncation of the latter along 

mobile belts in Rhodesia (Great Rhodesian Dyke), South Africa and 

I-Jestern Australia. These dykes hold therefore much promise in unraveling, 

by means of future palaeomagnetic studies, the Early Proterozoic geotectonic 

pattern prior to the evolution of mobile belts. 

NcConnell (1972) emphasized the coincidence between rift structures 

and Precambrian mobile belts in eastern and southern Africa, and 

suggested that the,long-term evolution of these taphrogenic features 

may reflect repeated high heat-flow events in the underlying mantle. 

The origin of major faults which define craton-mobile belt boundaries 

can in some cases .be traced back to the Lower Proterozoic, as suggested 

for the, Limpopo belt (r.lason, 1973) and for some mobile belts in I'lestern 

Australia (Glikson and Lambert, 1973). A further extension of this 

concept gives rise to an ensialic rift model as suggested by ~'Jindley 

(1973), which is capable of explaining the following features: 

(1) The common occurrence of continental-type deposits, including cross

bedded quartzites, within mobile belts. 

(2) The scarcity of deposits typical of modern oceanic, island-arc 

or cordillera environments, i.e. ophiolites, andesites, turbidites, 

and melange-type sediments. 

(3) The abundance of high-K tholeiites in mobile belt sequences, implying 

continental-type volcanism (see Baragar, 1969; Glikson et al., 

in prep.) 

(4) The major boundary faults and shear zones in mobile belts. 

(5) There is some evidence that, like the east African rift valleys, 

the margins of cratons are uplifted or domed along mobile belt 

boundaries. Thus, partly re\wrked Archaean granulites crop out 

along the northern and southern flanks of the Limpopo belt 

(Nason, 1973), and though age data are insufficient to determine 

whether these rocks are confined to the mobile belt or also occur 
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in depth beneath the Rhodesian and Kaapvaal cratons, the gradual 

transitions between the granulites and these granite-greenstone 

terrains (Hason, 1973) favour the latter possibility~ If this 

is correct, it would follow that both cratons are strongly uplifted 

alon,g and ti:Iled away from the Limpopo mobile belt. Likew'ise the 

Kaapvaal craton is tilted away from the Mozambique mobile belt. 

Further, as argued above, the Yilgarn and Superior Cratons are 

probably til ted avTay from the Darling and Pibri tonei high-grade 

belts, respectively. 

(6) The occurrence of alkaline intrusions in the Limpopo, Grenville 

and other mobile belts in similarity to the occurrence of such 

rocks along modern rift valleys. 

A ~ift valley model is capable of explaining the evolution of 

ensialic mobile belts in terms of a subsidence of dmmfaulted troughs 

and concomitant advection of subjacent mantle 'diapirs, in analogy i 

with relationships demonstrated by geophysical surveys in the east 

African rift systelll (Baker et a1., 1972). The ensuing metamorphism, 

anatexis, and palingenesis at the roots of the downfaulted supracrustal 
-

column accounts for acid igneous activity, whereas the subsequent ascent 

of mantle diapirs may be reflected by basic volcanism and dyke intrusion. 

This is, the sequence of events in the Proterozoic terrain of northwestern 

Queensland, where acid volcanism precedes basic volcanism (Glikson 

et al., in prep.). Early faulting is believed to have trucen place along 

the Proterozoic Nount Isa fault trough, regarded as an ensialic structure 

limi ted by major boundary faul ts. This vIas follovled by acid volcanism 

and then by eruption of continental flood tholeiites. Subsequent vertical vp-
I"-

faul ting may vlell result in patterns obse~ved in Proterozoic belts in 

central Australia. For exumple"in the Arunta Complex, major faults separate 

parallel belts '-Thich are characterized by different grades of metamorphism, 

different ratios of metamorphic roc~ to granite, and di fferent ratios 

of basic to acid igneous rocks. Some of these faults "Tere sho"Jll to be 

at least 1070 m.y. old (r·1arjoribanks and Black, 1974). In both exa'llples 

an ensialic rift model can explain a number of observations. In the 

present state of knowledge, hOVlever, the rift model must remain tentative. 

'. 
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(6) SECUlJ.RCHANGES IN PLATE irECTONIC PATTERNS 

The preceding discussion can be summarized in the fol101'ling 

hypothesis for the origin of Archaean shields and Proterozoic continents: 

(1) The primitive Archaean crust consisted of an ultramafic-mafic 

volcanic assemblage represented by the lOi-rer greenstones, and 

including tholeiites analogous in most respects to modern ocean

floor tholeiites. 

(2) The development of subduction and/or downbuckling, controlled by 

early linear trends, gave rise to sodic granites and to tholeiitic 

to calc-alkaline upper greenstones, forming protocontinental 

granite-greenstone shields.' 

(3) The aggregation of the protocontinents into a major Proterozoic 

continent probably coincided \-Ti th the major thermal event about 

2.6 b.y. ago, and possibly involved little continental drift. 

(4) Precambrian ensialic mobile belt systems could have evolved from 

circum-cratonic rift-valley-systems. Probably no large-scale 

relative drift of individual cratons has taken place during the 

Lower and Middle Proterozoic. 

The geological evidence, augmented from about 2200 m.y. ago by 

palaeom~gnetic data, therefore suggests that, until about 2.6 b.y. ago, 

geological processes took place within ensimatic to partly cratonized 

environment, 'l'Thereas in the Proterozoic the focus of activity shifted 

to ensialic environments. Little or no evidence is at hand regarding 

the nature and evolution of ensimatic domains or sial-sima boundaries 

in the Proterozoic. Had oceanic regimes been widespread during this eon, 

it is difficult to understand why clear relics of such systems have not 

been recognized at the margins of Proterozoic sial shields, and why 

greenstone belts are unknmm after about 2.6 b.y. ago. The scarcity 

of evidence for oceanic crust in the Proterozoic 1Vould clearly si.~ , ;_ t 

proponents of the expanding Earth hypothesis (e.g. Carey, 1958; Heezen, 

1960; l"!ilson, 1960). HOi-rever, further studies of possible marginal 

mobile belts are needed to throvr light on this problem. 

It has been suggested that some mobile belts 4ft' C8;nB;d~, such as 

the Labrador trough (Dimroth et al., 1970) and the Coronation geosyncline 

(Hoffmann, 1973) in the Canadian Shield display analogies i-ri th Alpine

type systems, and represent Proterozoic continental margins. If this 

is correct, it would follow that there are 'mobile belts and mobile belts', 
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and cr.iteria for their separ.ation from each other must be developed. 

These examples may fur~ish the first clue for Proterozoic oceanic crust, 

\-Thich however must a,olai t confirmation by further palaeomagnetic studies. 

Clifford (1968, 1970), on the basis of a comparison beb-leen the 

sizes of African cratons and modern crustal plates,suggested that a 

secular increase had taken place in the size of convection cells (Fig.7). 

If the scale and geometry of Archaean granite-greenstone patterns reflect 

corresponding features of crustal cycling cells, then these cells were 

developed on an even smaller scale than those reflected by Proterozoic · 

craton-mobile belt systems. An assumption of small-scale cells or 

plates in the Archaean is compatible ,'lith the following considerations: 

(1) If the size of stable crustal cells increased between the Proterozoic 

and the JvIesozoic(see Clifford, 1968), and assuming a secular 

irreversible change in the internal thermal regime of the Earth, it 

appears plausible that Archaean cell dimensions should have been 

even smaller than in the Proterozoic. 

(2) If a higher · geothermal gradient · is assumed for the Archaean 

(e.g., Fyfe, 1973a, b; Windley, 1973; Glikson and Lambert, in 

prep.), a shallower level of the partial melting zone llould apply. 

This should have resulted in a closer spacing of advecting mantle 

diapirs according to the calculations of Elssaser (1963) and 

Ramberg (1967). 

(3) The evidence for cycling and subduction of a mafic crust on the 

one hand, and the lack of evidence for major continents in the 

Archaean on the other hand, can be reconciled if small crustal 

cycling cells are invoked. Such a pattern would result in 

numerous scattered centres of cratonization, rather than lateral 

accretion of a major continent by large-scale sea floor spreading 

(Fig. 7). 

(4) As argued above, the parallel orientation of greenstone belts in 

Canada, South Africa, India and Australia on a GondvTanaland. 

reconstruction renders an aggregation of the Proterozoic super

continent through drift unlikely. Small crustal cycling cells, 

and restriction of plate motions to areas overlying these cells, 
, - '" 

could explain this feature. According to this interpreation, 

about 2.6 b.y. ago subautochthonous fusion of neighbouring 

cratonized domains took place. 
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17. 

(5) A small size of plates or cells can explain the spatial 

juxtaposi tion vIi thin greenstone belts of mantle-derived 

lower greenstones, oceanic crust-derived granites, and 

calc-alkaline volcanics, in terms of spatial superposition of the 

different processes due to the small plate sizes (Fig. 5); possibly mantle 

diapirs could rise even beneath subduction zones, .Thich could explain 

the abundance of ultramafic volcanics in the upper greenstones in 

Western Australia. 

Small-scale crustal cycling cells, aligned in a co-axial pattern about 
./Iw$' 

parallel Archaean tectonic trends (Figs. 6, 7), are;(consistent vlith 

spatially restricted plate motions. This gives rise to the tentative 

conclusion that long-range plate movements were of relatively minor 

importance in the Archaean. 

The major change in the global geotectonic system behTeen the Archaean 

and the Proterozoic (13ee Runcorn, 1962; Dearnley, 1966) may vTell have 

coincided vIi th and', been responsible for the agglomeration of individual 

sialic shields into the supercontinent indicated by palaeomagnetic evidence 

(Piper et al., 1973). The modern plate tectonic pattern appears to be 

at least partly inherited from early Proterozoic and possibly even Archaean' 
, 

structural patterns. This is suggested by the coincidence of modern 

continental margins in Africa, India, and Hestern Australia .Ti th 

Precambrian mobile belts (Hurley, 1972; Glikson and Lambert, 1973), 

and by the analogy behleen Archaean global trends and great meridional 

circles (Engel and Kel~, 1973). It is also suggested by the superposition 

on Precambrian mobile belts in Africa of Cainozoic rift structures -

a feature "Thich may signify a renewal of the processes Hhich gave rise 

to the mobile belts in the first place (I1cConnell, 1972). One possible 

explanation of the long-term activity in the pan-African-type mobile 

belts is that their inherited fundamental weakness resulted in repeated 

igneous activity owing to pressure releases and partial melting at the 

base of the crust. Alternatively, these geosutures overlie high heat 

flow zones or advective mantle, in \i/hich case a long-term coupling of 

crust and upper mantle is implied, rendering drift of the lithosphere 

relative to the asthenosphere less likely. Though it is possible to 

, dra'l'l further inferences along these lines, clearly our understanding of 

the relationships behTeen crust and mantle in the Precambrian is still 

in its infancy. 
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Captions 

Fig. 1 Geological sketch map of the Kalgoorlie-Norseman area, Eastern 

Goldfields of "lestern Australia, shm-Iing the distribution of 

lower greenstones and upper greenstones as interpreted 61 . . .. 
Gemuts and Theron (in prep.) (by permission of the authors) 

Fig. 2 Geological sketch map of the Barberton Hountain Land, after 

Viljoen and Viljoen (1969a). 

Fig. 3 Geological sketch map of the Rhodesian Shield, after Bliss 

and Stidolph (1969). - The distribution of the Sebabvian Group 

is after an interpretation by Viljoen and Viljoen (1969a). 

Fig. 4. - f-tajor and trace elemept correlation plots between average 

metabasalt of the Kalgoorlie System (Hallberg, 1972) (solid 

circles), average Archaean metabasalt of the Canadian Shield 

(Baragar arid Goodvrin, 1969) (crosses) and average oceanic 

tholeiite (Engel et al., 1965). 

Fig. 5 A diagrammatic representation of the evolution of shields 

in the Archaean, based on petrogenetic considerations made 

else"'lhere (Glikson and Lambert', in prep.) 

(1) Formation of ultramafic-mafic crust: Partial melting 

I wi thin rising mantle diapirs and an Archaean 10\-1-
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velocity zone yields ultramafic and mafic ma~nas, 

\-lhose eruption results in a volcanic oceanic-like crust. 

(2) Formation of Na-granites and greenstone belts: Downbuckling 

and subduction of hydrated ultramafic-mafic crust, and its 

partial melting below about 20 km depth - assuming a very 

high geothermal gradient - result in formation of acid 

sodic melts. Segregated acid magma rise up as progressively 

accreting plutons which pierce the overlying ultramafic

mafic crust. Synclinal zones in the deformed crust 

evolve into greenstone belts, where sedimentation, calc

alkaline volcanism, and volcanism related to continuing, 

but less frequent, activity in the subjacent mantle, takes 

place, resulting in the formation of upper greenstones. 

(3) Emergence of granites: Further rise and exposure of 

granites, accompanied by subsidence of intervening 

greenstone belts. 
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(4) Netamorphic-anatectic phase: A rise in the geothermal 

gradient, resulting in vertically zoned regional 

metamorphism, anatexis, and formation of high-level 

K-granites • 

Distribution of Archaean tectonic trends on a reassembled 

Gondrranaland model (after Engel and Kelm, 1973). 

Fig. 7 - Hypothetical crustal cycling. cell systems and sial-sima 

distribution patterns in the Archaean, Lower to fJiiddle 

Proterozoic, and post-Permian. 

Al - Small crustal cycling cells, forming a co-axial system. 

Evolution of greenstone belts. 

A2 Nucleation of protocontinents. 

P - Rifting of a Proterozoic sial crust and evolution of 

mobile belts, related to medium-size crustal cycling 

cells. 
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