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ABSTRACT 

Stratiform and stratabound ore deposits commonly show a direct 

relationship with rifts. This association is studied by developing a 

geodynamic model of mantle processes and crustal responses. The 

geodynamics of the earth can be modelled by the process of mantle 

advection, which involves the episodic generation and segregation of 

low density mantle diapirs and thei r rise and subsequent interaction 

with the crust. The theory of mantle advection explains the genetic 

association between rifting, magmatism, basin development and subsequent 

orogeny and metamorphism. Global evolution has passed through a number 

of major stages of non-uniformitarian development in which each cycle 

was characterized by fairly uniform behaviour terminated by intense 

geodynamic upheaval. The relationship between geological evolution and 

mantle advection is examined by reviewing the major characteristics of 

each of the cycles, which correspond to the Archean, Early Proterozoic, 

Mid Proterozoic, Late Proterozoic-Palaeo2oic, and Mesozoic - Cainozoic 

eras. Although mentle advection has controlled crustal processes 

throughout time, the decrease in the thermal energy of the earth has 

caused >t he major evolutionary changes in response to thickening and a 

greater rigidity of the sialic crust. 

Ri fts are penetrative taphrogenic faults in the earths crust which 

act as major conduits for the transfer of magmas, from the mantle and 

lower crustal levels, to the upper crust and the surface. Ri fts are also 

permeable zones fo r the migration of metalliferous brines, generated by 

magmatic differentiation. These metalliferous brines would either be 

exhaled at surface to form stratiform volcanogenic and volcanosedimentary 

ore deposits , or would interact with preferential host horizons to form 

stratabound ore deposit s . The associat ion between rifting and stratiform 

and stratabound ore deposits is illustrated by examining :he tectonic 

setting, and st ratigraphic relationships of typical ore deposit types . 
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A GEODYNAMIC MODEL 

The geological record indicates that geodynamic processes are 

characterized by periodicit ies that vary both in magnitude and duration, 

although there is evidence that global evolution has passed t hrough 

major phases of different, non-uniformitarian behaviour. Global 

evolutionary processes are characterized by developing periods of 

changing parameters and the loading up of potential energy. These 

periods are eventually terminated by the partial release of the 

accumulated energy whereby essentially new situations come into being. 

Such events are of relatively short duration and are characterized by 

times of intensified geodynamic movement . The primary source of 

geodynamic processes occurs within the mantle . The rock record, 

exposed on the surface of the earth, represents the response of s ialic and 

simatic crust to mantle processes. With an understanding of mantle 

processes it i s possible to interpret the development and evolutionary 

stages of rifting, magmatism and basin development through time. 

MANTLE ADVECTION A MODEL OF MANTLE PROCESSES 

The driving forces of the geOlogical evolution of the globe Can be 

subdivided into nuclear forces and forces of mas s inertia. The forces 

of masS inertia,which are initiated by the gravity field of earth and 

the rotative inertia of the geoid, dominate processes on a macro-scale, 

while tha interparticle nuclear forces and associated physico-chemical 

processes are active an a micro-scale . The transformation of rotational 

inertia into heat along the interface between the inner core and outer 

mantle has been suggested as a possible energy source for the geodynamic 

processes of ' the earth (Van Bremmelen, 1976). An argument for a much 

higher viSCOSity in the lower mantle compared to that in the upper mantle 

has been used to explain the discrepancy between the ellipticity of the 

earth derived from satellite observations and that expected from 

hydrostatic theory (Runcorn, 1972), Because the applied stresses are 

small and of short period, seismic observations can almost entirely be 

explained by assuming classical elasticity holds everywhere in the mantle . 

Seismology however, can gi ve little direct information concerning long 

term behaviour of the mantle involving strain rates of the order of 

10-15_1D-17/sec (Runcorn, 1972). 

Shearing stresses due to frictional action at the core-mantle interface 
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would cause the solid mantle to eventually relax by thermal agitation to 

the state of lowest internal energy (Rucorn, 1972). This idea has some 

support from seismic observations which have established the presence of 

a transitional zone at the core-mantle interface, approximately 450km 

thick (Van Bremmelen, 1976). The frictional heat produced in this 

transition zone might be sufficient to drive the geodynamo by the rmal 

convection, while the earths lower mantle might act as the cooling 

envelope for the geodynamo by removing the excess heat by thermal 

advection. The thermal energy generated by friction on the core-mantle 

interface, in addition to the heat generated by the decay of radioactive 

elements disseminated through the mantle, might be suffi cient to change 

dense minerals into less dense minerals, or to start partial fusion. A 

transition from spinel-type to olivine-type (Mg, Fe)2Si04 results in a 

decrease in density due to a 1o~ increase in volume (Ramberg, 1971). 

Eutectic melting of peridotite would result in a reduction in the 

viscosity as well as the density of the substratum. The presence of 

liquid basaltic inclusions or films, occupying approximately 1~/o of the 

total volume of the solid peridotite as a 1Iprimary basaltic emulsion" 

would result in a density difference of ·approximately 0,1 g/cm3 

(Belousov, 1971). This decrease in density would be sufficient to set 

up a state of mechanical instability in response to the development of 

an inverted density layer. 

Tozer (in Runcorn, 1972) argues that the theory of viscous convection is 

the most generel approach to the transport of heat, while the theory of 

conduction is a special case of the general rheology of solids. He 

showed that heat transport by advection would keep the temperature of 

planetary interiors to about half of their me lting point and that this 

temperature is not influenced by the distribution of radiodctivity or 

t he initi al temperature of the planet . A model for advective rise in 

the mantle should be thought of as involving a mass whose density is less 

than the surrounding material because of a different physical state, or 

different chemical composition and not only due to a higher temperature 

as in the case of a homogeneous thermal convection system. Motion in 

the mant le would occur because the less dense material would rise and 

the denser material of the overlyi ng strata would subside . These 

motions are similar to those that arise in convection but in 50 far as 

the inversion of material is not complete, because the lighter material 

rises and remai ns on top, while the denser material descends and remains 
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below, it is more correctly termed advection (Belousov, 1971). 

Thermal advection is natures way of turning planetary thermal energy into 

motion by the action of gravity on density differences. One significant 

characteristic of low density layers is that their tendency to rise 

through the overburden increases rapidly with the thickness of the layer. 

This mechanical instebility would initiete waves thet would ascend with a 

velocity that is in effect proportional to the square of the thickness of 

the layer (Ramberg, 1971). This means that the process would be 

episodic, as it is only after the low density layer has grown to an 

appreciable thickness that it would bulge into waves and ascend, eventually 

leaving only traces of the low density phase behind at the original level 

(Fig. 1). At this level a new low density layer would form by further 

phase change sustained by the continuous release of thermal energy. When 

the layer acquires sufficient thickness a new episode of rise would occur 

with the overturn of the unstable density stratification (Ramberg, 1971) . 

" :', 
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FIGURE 1: Profiles through a scale model, run for 8 min. at 1000g to simulate 
crustal processes, illustrat ing the development of a mantle diapir from a basal 
layer of low density bouncing putty. Note that only traces of the low density 
phe.se are left behind at the original level (fran Aemberg, 1971). 
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Seismic probing shows that at the present stage of the earth's history 

thare are no thick global shells or large bodies consisting chiefly of 

molten material. The general tendency is for density to increase with 

depth and if an inverted density stratification occurs, the abnormal 

density layers must be relatively thin compared to the whole mantle (of 

the order of 1Okm) (Ramberg, 1971). 

The development of salt domes and many granitoid domes is often due to 

the presence of an inverted density stratification, particularly since 

rock salt is the least dense of consolidated sediments and basement 

granitoid gneisses are often less dense than most metamorphosed sediments 

and lavas of non-granitic composition that are present in geosynclines. 

The difference between these feature s and mantle advection is that the 

continuous release of heat and the progressive development of a low 

density layer in the lower mantle, together with the eventual initiation 

of rise, makes the latter episodic. In the process of advection and the 

absence of any mantle inhomogeneities, c ircular or polygonal cells would 

be expected to form i n the mantle (Runcorn, 1972). 

The regularity of the prese nt ocean-continent distribution is thougbt to 

be evidence of a mantle-wide advective system. The remarkable asymmetry 

of the distribution of the oceans and continent, in which only 5'/' of the 

continents are antipOdal to the continents, is attributed to the presence 

of an advective syst em (Rucorn, 1972). The present-day African and 

Pacific Plates are antipodal quasi-circular plates that are separated by 

a ring of quasi-eliptical plates (Fig. 2) (Kanasewich et al, 1978). The 

topography of the earth, by taking the height of the continental surface 

above sea level as positive and the depth of the ocean floor as negative, 

Can be expressed by a spherical harmonic series . Vening Meinesz (in 

Rucorn, 1972) showed that the dominant harmonics of the earth's topography 

are of the first, third, fourth and fifth degree. An advective current 

with harmonics of the first degree in en early stage of the earth's history 

has been suggested as the cause of the concentration of the continents into 

the one hemisphere as the Pangea Super-continent. The absence of 

continents in the Pacific hemisphere may be a relic of this early 

distribution. He also pointed out that on theoretical grounds the 

convection (or advection) pattern in an aspherical shell of mantle 

dimensions should be of the third, fourth and fifth degrees. One of the 

possible causes of changes within such a convection system through time is 
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A.FRICAN 

FIGURE 2 fA): Azimuthal-equidistant projections centred on the African Plate 
e.nd it!:. antipodes in the Pacific Plat e shewing the gecrnetry of tl"le two quesi­
circular plates that both have a radius of 50°, 

(e): An Eckert projection showing eo ring of Quasi-elliptical pla ~ e5 
that lie at goo from the centre of the African and Pacific Plat es, Plates are 
defired by the dashed lines from an African triple junction to a Pell::i fie triple 
junct.ion (from Kanasewich, et aI, 1978). 
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speculated as being due to the growth of the' earth's core by the 

progressive segregation of the more denser iron and silicate planetisimals 

from which the earth accreted. The gravitational energy released by the 

progressive separation of the core through time is thought to be roughly 

twice as great as the energy produced by radioactivity over the earth's 

life (Runcorn, 1972). 

World-wide periods of enhanced tectonic activity illustrated by the ages 

of igneous and metamorphic rocks on the cratons, which cluster about 

260Omy, 180Dmy and 100Dmy, could be due to the progressive change in the 

advective pattern from the first degree harmonics to the second, third 

and the fourth degree harmonics. In the Late Palaeozoio aleomagnetic 

data suggests that Eurasia and North America were joined together as 

Laurasia at low latitudes, while Africa, South America, India, Antarctica 

and Australia were grouped together around the south pole es Gondwanalend . 

Significantly the continental blocks were grouped in a simpler pattern, 

which can be described by harmonics of a lower degree, than the present 

pattern. The drastic changes in the forces on the continental blocks 

that took place at approximately 200my, 'and led to the breakup of 

Luarasia and Gondwanaland can be best understood by the instability 

inherent in a "fluid" oonvection pattern. The former pattern of 

convection might have been one in which a fourth degree harmonic 

predominated while the pFBsent pattern is one with a strong fifth degree 

harmonic (See Fig. 2B). Continental drift as a result 100s8s its 

enigmatic character as a unique and drastic geodynamic change, end 

becomes merely the latest of four lengthly episodes of crustal upheaval 

(Runcorn, 1972). 

Lenticular, or mushroom-shaped zones of anomalous mantle material are 

believed to exist below the Mid-Atlantio Ridge (Fig. 3.),the Red Sea and 

the Rio Grande Rift (Fig. 4). Geophysioal studies below the Rio Grande 

Ri ft indioate that there is a marked variation in crust and mantle 

seismio velooities and that the oontinental crust is thinner beneath the 

rift. A ooinoident negative Bouguer anomaly indicates the presence of 

a negative density contrast in the upper-mantle (Bridwell, 1978). A 

mantle diapir is oonsidered to be the principal cause of high heat flow' 

and reduced viscosity beneath the rift. 
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FIGURE" 3: Profile across the Mid-Atlantlc Ridge according to gravimetric and 
seismic observations illustrating the presence of a low density mantle diapir at 
the mantle-lithosphere interf ace (from Remberg, 1971), 
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Scale models, when scaled up to natural dimensions, have excluded t he 

possibility that a mantle diapir can be as fluid as a silicate melt. 

All known silicate melts are too fluid to form bulky mushroom-shaped 

bodies but would rather penetrate the overburden as dykes or sills 

(Ramberg, 1971). Ramberg's experiments suggest that upward 

migrating diapirs, which originate from domical ridges in the source 

layer, would become detached fr om the source layer and change 

progressively from lenticular to circular sections, finally increasing 

in diameter and mushrooming i nto shallow levels of the mantle, usually 

at the base of the lithosphere or crust . Advective currents have a 

tendency to spread out under gravity as the confining pressure decreases 

and due to resistance of the overlying lithospheric roof to deformation. 

As the mantle diapir rises, a decrease in pressure would be expected to 

caUse further melting to take place within the rising plastic crystalline 

masS. The buoyant, les5 viscous melts would penetrate fractures and 

erupt as l avas on the surface of the crust while the semi-crystalline 

viscous mushroom-shaped mantle diapir wou ld continue to spread laterally 

below the crust (Ramberg, 1971). The forces generated by vertical 

uplift associated with a buoyant mantle diapir, together with t he lateral 

motion associated with the s preading of the diapir beneath the 

lithosphere would be sufficient to cause horizontal extension and 

continental drift. The theory of mantle advection therefore explains the 

gradual uniform movements of the continents and ocean floors that have 

occured during the Mesozoic and Cainozoic following the breakup of 

Gondwanaland and Laurasia. Magnetic evidence shows that the motions have 

been relatively uniform (1-10cm/year) and that the mean flow vectors change 

only over distances of the order of the earth's radius , which suggests that 

advective flow occurs in a cellular pattern (Runcorn, 1972). 

The coincidence of major plate tectonic changes with changes of the 

geomagnetic reversal frequency suggests that processes in the upper mantle 

and the core are somehow linked (Vogt, 1975). The parallelism of 

volcanic island and seamount chains in the Pacific Ocean and the 

continuity a nd uniform progression of ages of the volcanoes to the North­

west along the Hawaii Islands-Emperor Seamount chain,suggests that the 

Pacific Plate has moved progressively over four fixed mantle "hot spots·· at 

a rate of t10cm/year (Fig. 5) . These volcanic island-seamount chains are 

characterized by a distinctive kink that corresponds to a major change in 
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direction of the Pacific Plate-;nantle motion between 42-44my (Morgan, 1972). 

The Mendocino Fracture Zone also changes azimuth at !42my indicating that 

a re-orientation of the Pacific-Faralon Plates was coeval with the 

Hawaii-£mperor Bend (Vogt, 1975). The only major change in geomagnetic 

reversal frequency is the last 70my correlates with the age of the Hawaii­

Emperor Bend (Fig. 6). The 45my isochron on the Eurasian Plate south of 

the Reykjanes Ridge marks a change i n direction of plate motion between 

Greenland and Europe, as well as a change in geomagnetic reversal 

frequency. At the same time numerous small transform faults were 

generated apparently in response to a change in spreading direction 

(Fig. 7). The above two examples illustrate the synchronization of 

geomagnetic reversals with major changes in lithospheric plate motions. 

Similar relationships indicate that changes in the geomagnetic reversal 

frequency correspond to major plate tectonic changes at about 70-BOmy 

and 110-120my (Vogt, 1975). 

FIGURE 5: Four groups of volcanic island- seamount chains in the Pacific Ocean 
(solid lines), fonned by the progressive drift of the Pacific Plate over four 
fixed mantle "hot spots", that are characterized by e. distinctive kink which 
corresponds to a change in Pacific Plate-Mantle motion at 42-aAmy (from Morgan, 
'972). 
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Smoothed reverse.l frequency indicates thet the time of major frequency che.nge 
corresponds closely to the ege of the Hawaii-Emperor "Bend" (from Vogt, 1975). 
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1975) . 
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The geom~gnetic field is thousht to originate in the core, although the 

exact mechanisms are still debated. It has been suggested that the sign 

of the geomagnetic dipole depends on quite minor features of core motions. 

One way geomagnetic reversals might relate to core "fluid" motions is that 

at any given time cy clonic convection cells are randomly distributed 

throughout the core. Reversals of the dipole field would occur whenever 

these cyclones, through random processes, arrive at certain critical 

configurations. If some mantle advection geometries produced core-mantle 

interface conditions more favourable to critical configurations of core 

cyclones I then reversals would be more frequent whenever mantle advection 

happens to have those geometries (Vogt, 1975). Any changes in the mantle 

advection pattern or intensity might therefore be expected to alt er the 

boundary conditions at the core-mantle interface and thereby change the 

reversal frequency or other properties of the geomagnetic field. 

The theory of mantle advection involves the periodic generation of mant le 

diapirs in response to the continuous generation of frictional thermal 

energy, possibly on the core-mantle interface. Mantle diapirs move 

through the mantle in response to mass inertia, the action of gravity and 

the rotative inertia of the geoid on denSity differences. Such a model 

provides the basis . for the driving force ~or · geodynemic processes by the 

interaction of the buoyant mantle diapirs with the lithosphere and sielic 

crust. 

CRUSTAL RESPONSES TO MANTLE ADVECTION 

Primary forces in the earth set up a state of stress and produce 

disturbances of great magnitude while secondary forces tend to br ing about 

a partial or complete restoration of equilibrium and so produce the 

observed distortions. The diapiric rise of a mantle diapir is confined 

to some extent by the resistance of the less viscous lithosphere and 

continental crust to deformation. The upward pressure of the ductile 

riSing column is opposed by the downward pressure of the elastic arched-up 

roof which causes the ascending current to be squeezed sideways to form a 

mushroom-shaped structure (Remberg, 1971). The excess pressure that 

develops in response to the rise of a mUShroom-shaped mantle diapir of 

partially molten mantle material beneath the lithosphere would produce an 

elliptical-shaped uplift at the surface. In response to this vertical 

upli ft rifting will occur in the continental crus t when the shearing 
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stress exceeds the strength of the sialic material. Typically a graben, 

or half graben would be expected to bisect the elevated crustal dome . 

The graben often widens into a fan-shaped trough towards the ends of the 

long axis of the elliptical uplift. Normal faults tend to develop on 

the flanks of the uplift parallel to the central graben [Withjack, 1969}. 

The hypothesis of the formation of "triple junctions" [see Burke and 

Dewey, 1973} , lacks the support of any theoretical or experimental data 

and in nature the postuleted 1200 engular difference is rarely realized 

[Bahat, 1979}. 

A mathematical model of the crustal stress pattern within a homogeneous 

thick plate has been used to predict the fault patterns associated with 

vertical crustal uplift alone and a combination of crustal uplift and 

regional horizontal extension. It was found that in response to domal 

uplift, local tension et the crest of the uplift would promote the · 

formation of a central graben [Fig. 8}. A superimposed regional 

horizontal tension was found to eliminate the large compressive stresses 

and potential strike-slip and thrust faults that would develop on the 

uplift periphery in response to domal uplift alone. T he regional 

horizontal tension would promote normal faulting on the flanks of the 

dome [With jack, 1979}. The model predicted a wide zone of normal 

faulting away from the crest of the uplift and predicted that towards 

the ends of the long axis of the elliptical uplift, normal faults would 

radiate outwards from the uplift crest to produce a fan-shaped trough at 

the terminations of the uplift [Fig. 8e}. The model assumed that the 

continental crust is homogeneous. However, zones of weakness exist in 

the c rust so that fault orientations adjacent to ri ft- bounded grabens 

may reflect these inhomogeneities, rather than the state of stress in the 

crust. Faults that form during the r ifting process i ntroduce new 

inhomogeneities into the crust and therefore mOdify the state of stress 

in the adjacent rocks so that secondary faulting may occur. Furthennore, 

the modification of the st ress state adjacent to an early fault zone may 

cause propagation of those early faults [Withjack, 1979}. 
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FI9JFE B: The predicted fault patterns for the danal uplift mechanism of rift 
initiation: (A) fsult pattern associated with e. linear uplift with no superposed 
tensions; (8) fault pattern I!lSsociated with e. dcmsl uplift with I!!. length-width 
ratio of 8:1 and no superposed tensions; (e) f ault pattern with superposed 
tensions of 2 alorg the Y-direction and 1 e.long the X-direction ; (o) fault 
pattern with superposed tensions of 1 1n the Y-direction and 2 in ·:t:ne X-directian . 
Zones A, Band C contain nonnal faults, rDnnal faults trending parallel to the 
Y-axi s , strike slip and thrust faults, respectively. The superposed tensions 
associated with a spread ing mantle diapir would best conform to case (e) and 
sign1 ficantly this fault pattern is typical of ri fts developed in domel upli fts 
(after Wlthje.ck, 1979). 

The process of fracturing causes an instantaneous and drast ic alteration 

in the pre-existing stress system. The principal result would be a 

drastic diminution of the st ress in the neighbourhood of the origin of 

the frecture, while further away the initial stress distribution would 

remain essentially unaltered. The first fault thus provides local 

relief in the most intensely stressed portion of the block. After 

faulting occurred the stress system would continue to build up, and 

additional portions of the block would gradually reach and exceed the 

limit of brittle strength. Renewed faulting would then occur some 

distance away from the first fracture i n a zone where the stress relief 

was negligible. Even though the conditions are no longer exactly the 

s ame, the new fracture would still conform c losely to the original stress 

pattern. The later fault would most probably belong to the same set as 

the initial one,6s a secondary fracture utilizing the conjugate direction 

would project into the protective zone of low stress surrounding the 

initial or preceeding fault. The local relief of stress around the 

early fractures would gradually disappear, due to the tendancy of t he 

origi nal stress system to re-establish itself. This would then lead to 

renewed f aulting in already fractured segments (Hafner, 1951). A domel 

uplift would therefore be expected to produce a series of fairly evenly­

spaced normal faults that would be periodically reactivated. 

In conjunction to an upward pressure being exerted on the lithosphere and 

crust by a buoyant mantle diapir it is probable that viscous drag, with 

associated shearing stresses,would exist on the bottom of the lithosphere 
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as the diapir progressively flattened out. The vertical pressure 

associated with a mantle diapir would gradually decrease from a maximum 

value at the centre to zero at both ends, while the bottom shear stresses 

would increase from the centre towards the extremities of the diapir. 

Therefore a laterally variable, approximately sinusoidal, vertical 

boundary stress acting on the base of a lithospheric block would most 

likely have a corresponding sinusoidal shear-stress component that will 

be 900 out of phase (Hafner, 1951) . Certain "balanced" rat i os of the 

components of pure drag and pure differential vertical uplift would 

caUse a supplementary horizontal tensional stress to develop in the zone 

subjected to the increased upward pressure. In response to the gradual 

build-up of a stress system of this type, instability, with resulting 

faulting, would be first reached in a wide, but relatively thin layer 

below the surface (Fig. 9). With continued intensification of the 

primary stress this zone would gradually expand in depth and to a lesser 

degree sideways. Very high primary stresses cause the zone of 

instability to extend the full depth of the crustal or lithospheric 

block, except for the deeper central portion where the maximum shear 

stress would still be below the crustal strength. However, as the 

wavelength of the primary stress field increases and the ratio of the 

shearing stress to vertical stress decreaS8s,the zone of instability 

would extend through the whole block and reduce the relative proportion 

of stable to unstable segments (Fig. 98) (Hafner, 1951). 

It is interesting to note at this stage that zones of variable subsidence, 

due to descending mantle material, would be subjected to a corresponding 

compressive stress (Fig. 98). The boundary shear stresses on the base 

of the crust would set up a horizontal compression which would produce 

thrust faults near the surface of the crust. If the lateral gradient of 

the superimposed horizontal pressure is small, approximately half the 

vertical pressure gradient due to the weight of t he crust, the potential 

zone of faulting would be limited to a thin wedge below t he surface in 

which numerous shallow thrusts would be expected to occur. If the 

gradient is sufficiently large, about equal to the vertical gradient, the 

thrust faults might penetrate to great depths but would then be confined 

to a comparatively narrow zone. The inclination of the resulting thrust 

s urfaces would also be expected to diminish rapidly with depth (Hafner, 

1951). The boundary zones between the belts of extension and compreSSion 

are characterized by the absence of a superimposed horizontal stress and 
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by the presence of maximum shear stress components. This CaUses a 450 

rotation of the stress trajectories, which in turn lead to e pronounced 

change in the attitudes of the fault surfaces. Although normal faulting 

occurs over the central uplifted portion, towards the margins one of the 

two sets would gradually change to very steep, vertical and finally 

overturned attitudes, while the complementary, but rarely realized set of 

normal faults would assume very low inclinations. As a result, the 

nearly vertical normal faults or major rifts, that are frequently 

characterized by differential vertical uplifts in tectonic provinces Can 

be explained as primary features of such stress systems (Hafner, 1951). 

The above discussion holds true for the stress distribution in a 

homogeneous crust. Any existing fault and fracture systems would be 

expected to influence the superimposed stress distribution. A radially 

spreading mushroom-shaped mantle diapir would be expected to reactivate 

these old linears. Should the crustal block be fully fractured 

additional propagation of the frectures would occur laterelly . 

A detailed examination of the stresses systems developed in the models 

enables one to predict the structural implications of the rise of a 

buoyant mantle diapir, it's slow lateral spreading and eventual decay 

with the downward sinking of depleted mentle material. Initial uplift 

associated with a narrow confined diapir would generate a period of 

normal fau lt ing in a zone close to surface. This would be followed by 

the generation of marginal steep penetrating rifts that would pxtend 

the crust. Progressive lateral spreading of the diapir would Cause the 

zone of the normel faulting to penetrate through the whole crust and 

cause extension and thinning of the crust . Thinning of the sialic crust 

would also initiate isostatic subsidence as the Moho boundary ascended. 

Eventuel decay of a mantle diapir and subsidence of depleted mantle 

materiel would generate thrust faulting in a thin wedge below the surface, 

and possibly at very high stresses, deep crustal thrusts confined to a 

narrow zone. 

MAGMATIC ACTIVITY A RESPONSE TO MANTLE ADVECTION 

A mantle diapir can be considered to consist essentially of a 

semi-crystalline maSS of peridotite that contains intra-granular films of 

basaltic partial melt. As mantle diapir rises, a reduction of pressure 

would caUse the de-emulsification of the "primary magmatic emulsion". The 
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films of partial melt on the surfaces of adjecent crystals in the magmatic 

emulsion would segregate into large magma aggregates. Shearing appears 

to be an essential part of a mechanism for the segregation of basaltic 

magmas by analogy with the formation of water bubbles in glaciers, their 

subsequent coalescence,and upward migration. Such shear melting may be 

important in not only explaining how melts are produced in the 

asthenosphere, but why they are produced episodically (Pitcher , 1979). 

As the baseltic liquid combined into even larger aggregates these megma 

diapirs would increasingly outpece the residual mantle material during 

their upward movement in response to a significant density difference 

between that of the magme (~2,6g/cm3) and the residual material (±3,2g/cm3). 

A similar mechanism of magma aggregation due to deformation and pressure 

relaxation of a crystalline mass has been suggested for the generation of 

granitic "gneiss-domes", some of which show structural indications of 

having gone through a magmatic stage in their central part (Fig. 10) 

(Talbot, 1971). 

FIGURE 10: A schematic diagram 111u~trat1ng the time sequence of anatectic granite 
femetion due to the risa of II gravity-driven dlepir generated 1n " granite-gneiss 
source layer during orogeny (from Talbot, 1911). 

Experiments indicate that all the baseltic magma-types may be obtained by 

direct melting of peridotitic mantle at various pressures. The chemical 

equilibrium between a host rock and pertial melt primarily concerns the 

compositions of the phases present and not their relati ve volumes. In 

consequence the composition of the different partial melts will depend to 

e large extent on the pressure, or depth of melting. If the basaltic 

liquid remained in contact with the residual crystals as the mantle diapir 

continued to rise,the compOSition of the liquid would vary as the 

pressure changed in such a way that the resultant magma would have a 

composition identical to that of a magma formed by direct partial melting 

of the mantle at the given depth. It is only when the liquid is isolated 
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and looses contact with the residual crystals that it ceases to depend 

upon its depth within the mantle (Belousov, 1971) . The composition of 

a basaltic magma therefore depends on the depth or pressure at which it 

ultimately separated from the crystal mush. Kimberlites and alkali-

olivine basalt magmas separate at the greatest mantle depths and at 

progressively shallower mantle depths high-alumina basalt, olivine 

thoeliite and quartz-thoeliite basaltic magmas segregate (Fig. 11) 

(Green and Ri ngwood, 1967). 

1. Kimberlite 
2. Olivine nephelinite 

1600 
3. Olivine basanite 
4. Alkali basalt 
5. High-alumina basalt " 
6. Quartz tholeiite " 
7. Olivine tholeiite 
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FIGURE 11: Possible relationships between mantle solidus, mantle temperature 
distribution, degrees of partial melting of pyrolite and th~ nature of the basaltic 
magmas produced. The straight lines represent the P-T paths followed by magma 
diapirs,while the numbers on the lines indicate the magma-types formed by magma 
segregation at different stages of partial melting (after Green end Rin~~Dod, 
1967) , . 

Deep faults, or rifts would promote partial melting by rapid pressure 

reduction as a result of differential ·vertical movements, Di fferential 

movement on large hinge faults is likely to produce different degrees Iilf 

pressure reduction and therefore different degrees of partial melting, 

Zones of shear within these rifts would also facilitate the segregation 

of partial melts from a "primary magmatic emulsion". These r ifts would 

also provide low pressure zones to which new magma could migrate and 

therefore magmatism would be focused on and funnelled into these deep 

taphrogenic fault zones,or rifts , These discontinuities would also be 

zones of abnormally high heat flow and therefore increased ductility and 
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permeebility. Taphrogenic rifts should therefore be considered, f~m a 

physical point of vi ew, as being channels of reduced viscosity (Belousov, 

1971) . 

The effect of the interaction of a pluton and adjacent host r ock envelope 

depends on the viscosity contrest between the buoyant diapir and the host 

medium. Low viscosity contrasts permit pl utonic magma chambers to exist, 

while large contrasts leads to cauldron-type collapse in the upper parts 

of the crust and subsequent extrusion of the magmas (Pitcher, 1979). The 

viscosity of the magma itself, is however, important in controlling 

internal processes within a pluton; such as viscous flow, heat transfer 

and crystal settling. The basaltic magma diapirs that separate from 

mantle diapirs could either migrate through the sialic crust along major 

taphrogenic rifts, but would however, be confined to a large extent by 

structurally homogeneous continental crust. In the latter situation the 

magma diapirs would transfer heat into the crust and migrate upwards by 

means of mel ting and assimilation of the rocks making up the sialic 

continent al crust. 

Detailed work on the Coastal Batholith in Peru indicates that there is a 

genetic relationship between the basic plutonic rocks, mainly gabbros, and 

the more predominant granitoids; tonalites, granodiorites and granites. 

The granitoid rocks define a classic calc-alkaline trend, which is true at 

any level of detail, from the overall sequence of super-unit s in a batholith 

to single-pulse plutons, that are the result of in situ differentiation 

(Pitcher, 1978). On the AFM diagram the granitOids define a calc-alkaline 

trend which intersects the less defined tholeiitic trend of the more 

tightly grouped gebbroic rocks (Fig. 12A) (Pitcher, 1978). Detailed 

geochemistry has indicated that the gabbroic rocks have a high-alumina 

basaltic chemistry with primitive rare earth element characteristics, 

indicating a fairly deep mantle origin. When the relative volumes of the 

different magma-types are conSidered, it is found that the mafic rocks 

decrease in volume while the felsic rocks increase in volume with time, so 

that there is an overall mafic to felsic trend (Fig. 12B). Although the 

magmatism in the Coastal Batholith was episodic in nature, each super-unit 

does not represent different fractionated pulses but rather separate 

generations of new magma (Fig. 12B) (Pitcher, 1978). The early gabbros 

are interpreted as being of sub-crustal origin while the progressive 

evolution towards true granites suggests an i~crea5ing crustal 

contribution with time. The basaltic magmas, in their role as precursors 
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FIGURE 12 (A): ARM plot of the compositions of the early g&bbrcs and granitoids 
from four super-units in the Coastal 8e.tholith of Peru. 

(B): The compositions of the gabbros end granitoids plotted as the 
Larsen Index against the K-Ar ages of the different phases (from Pitcher, 1978). 
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to the granitoids, are thought to provide the triggering mechanism for the 

whole process of batholith formation (Pitcher, 1979). Such a model' that 

envisages contributions from both the mantle and crust clearly implies that 

the mantle-derived basaltic magmas would provide large quantities of heat 

for the partial melting of lower continental crustal rocks. These magmas 

would also be in chemical disequilibrium with the lower crustal rocks and 

would therefore assimilate sialic material on the contacts to produce a 

continuous series of magmas of different chemical compositions. The 

composition of the magma would depend on the initial composition of the 

basaltic magma and the extent of assimilation. The resultant calc-alkaline 

magmas would have lost most of the chemical characteristics of the original 

basaltic magmas, except for those elements that partition preferentially 

into the melt, particularly copper. 

The continued transfer of heat from mantle diapir to the lower continental 

crust would move the temperatures in the continental crust closer to the 

liquidus. The breakdown of muscovite at ±710oC, of biotite at ~B20oC and 

of hornblende at ~B60oC, depe ndi ng on the activity of the water, is 

expected to produce O, ~, 1,1~ and O,~ of hydrous melt per mi neral percent 

respectively (Burnham, 1979). The continued interaction of basalt ic magma 

diapirs with the cont inental crust would therefore produce calc-alkaline 

magmas that with time would progressively contain a higher proportion of 

sialic materiel. As a result anhydrous basaltic magmas rising from the 

upper mantle into the continental crust could generate, by anatexis and 

aSSimilation, large quantities of H20-bearing melts that would vary in 

composition from diorite to granite and contain between 3-90/0 H20 (Burnham, 

1979) . 
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Large batholithic volumes of granitic magmas cannot be attributed to 

partial melting during high-grade metamorphism as often the peak of 

regional metamorphism and the production of granitic magmas are considerably 

divorced in time (Pitcher, 1979). The production of granitoid 

calc-alkaline magmas in great volumes seems to require a more localized 

re-melting of lower continental crust m~~erial by the intervention of heat 

and water-bearing magmas derived from sub-crustal sources. Such a model 

envisaging contributions from both mantle and crust clearly implies that 

the nature of the crust will play a decisive role in determining the type 

and relative abundance of the magma-types (Pitcher , 1979 ) . If the 

basaltic magmas acted just as a heat source without reacting with the 

lower continental crust, significant quantities of granitic magmas could 

be generated. However, in order for water-saturated granitic melts to 

reach surface the final temperature should exceed 9000e because melts at 

lower temperatures would soon re-intersect the solidus curve during ' ascent 

(Winkler, 1974). This is probably t he main reason why granites are the 

dominant plutonic rocks and why a number of metamorphic anatectic melts 

are often situated close to their source rocks. 

At geologically acceptable temperatures,melts more felsic than a 

granodiorite can be produced and mobilized by crustal anatectic melting. 

Tonalite and granodiorite melts ere, however, comparetively dry. This 

places severe restraints on genetic models, as the fluidity of 

calc-alkaline melts decreases rapidly as the water content falls below ~ wt. 

In consequence tonalite and granodiorite magmas cannot be produced without 

the interaction of mantle-derived magmas. The most important effect of 

the water content is its effect on the liquidus-solidus relationship 

Wet calc-alkaline magmas would be expected to freeze by a decrease of 

pressure alone, despite the heat of crystallization. The wetter the 

magma the more likely it would freeze before reaching the surface. It 

might be predicted that the more granitic the magma the more likely it is to 

be in the form of a crystal mush. This could explain why granitoid rocks 

are the dominant plutonic rocks, since the liquidus-solidus relationships, in 

basaltic magmas do not introduce a pressure barrier to the same extent. 

This is the main reason why the volume relationships in batholiths are the 

reverse of that expected from the melting process. Only the drier, 

higher-temperature melts, and therefore less silicic magmas can intrude 

through to the low pressure regions of the upper crust to form thick 

basaltic to andesitic volcanic piles on the surface (Pitcher, 1979). 
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Relatively hot and dry calc-alkaline magmas, derived at least i n part 

from .the mantle, which are channelled and intruded relatively rapidly 

along taphrogenic rifts within a rigid crust would eit her be extruded 

on the surface or would fill cauldron-type magma chambers. Such hot 

magmas might have sufficiently low viscosities when isolated in the 

magma chambers to permit in situ differentiation to produce volcanic 

deri vati ves. The passage of calc-alkaline magmes would also be greatly 

facilitated by the creation of a narrow "heat plume", or zone of 

increased ductility, in response to the migration of baseltic magmas 

along major taphrogenic rifts within a relatively cool crust. Magmas 

rising in a wann ductile crust above a broad "heat plume" of a mantle 

diapir would more likely form globular bodies thet would expand 

diapirically as they rose slowly through the crust. The calc-alkaline 

magmas in such diapirs are likely to be viscous, due to crystallization 

during an extended period of ascent, so that the coeval extrusion of magma 

is effectively prevented. 

Magmas that segregate during the early stages of mant le diapirism would 

consist mainly of low degree partial melts that separated at great depths. 

Therefore per-alkaline and alkaline magmas would be associated with· the 

initiation of crustal doming and subsequent rifting. After the initial 

uplift, the crust above the mantle diapir would subside due to isostatic 

readjustment in response to the thinning of the sialic crust by horizontal 

e xtension associated with t he progressive lateral spreading of the mantle 

diapir. These areaS of rapid progressive downwarp would form 

geosynclinal zones that are characterized by extreme fragmentation and 

permeability (Belousov, 1971). Beneath the geosynclines the zone of 

partial melting in the mantle diapir rises to shallow depths due to 

progressive thinning of the continental crust. This would allow a high 

degree of partial melting to take place to form extensive amounts of 

olivine and quartz tholeiitic magmas. The residual peridotite, or dunite 

that remained after the separation of the basaltic magmas would either 

sink back with the decaying mantle diapir or might be tectonically 

incorporated into the lower sialic crust. 

Tectonically incorporated peridotite would be serpenti nized in response 

to the absorption of water releesed during metamorphic dehydration 

reactions. A significant reduction in temperature and density 
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(from ±3,2gm!cm3 to ±2,5gm!cm3 ) would be 

increase in volume. It is thought that 

associated with a corresponding 

these low temperatures (5000 C), 

low density and therefore mechanically unstable serpentinities would rise 

diapirically up along fractures within the crust to form alpine-type 

peridotites (as opposed to ophiolites, which are fragments of oceanic 

crust) that are characteristic of most geosynclines (Belousov, 1971). 

The vast volumes of basaltic magmatism erupted onto the surface would 

represent an insigni ficant portion of the tot al volume of basaltic 

magma diapirs generated in the mantle diapir in the upper mantle. A 

major proportion of these magma diapirs would utilize slower mechanisms 

of rise and would either come to halt at various depths below surface 

to form differentiated sills, or would interact with rocks in the lower 

crust to form calc-alkaline megmas. The calc-alkaline magmas have a 

slower rate of ascent and therefore tend to post-date the tholeiitic 

lavas. The large quantities of besaltic magme diapirs that interaqt 

with the continental crust leads to the development of a zone of high 

heat flow and in consequence, regional metamorphism and local anatectic 

melting. The nature of the crust also changes progressively from 

brittle to ductile so that the magmatism. changes from rapid extrusive 

to predominately slow dispiriD rise with associated differentiation, 

assimilation and the development of large late-stage calc-alkaline 

batholiths. 

In contrast to the geosynclinal areas, the stable platform areas away 

from the mantle diapir are not subjected to crustal thinning, rapid 

subsidence, high heat flow and regional metamorphism. In the platform 

areas there is practically no heating and as a result, melting through the 

continental crust is very difficult so that magmas only rise along 

taphrogenic rifts. As a zone of partial melting at the extremities of 

the mantle diapir it is at considerably greater depths below the 

platforms than below the geosynclines, the magmatism is typically alkali 

basaltic, basonitic or even kimberlitic. Platform areas are 

characterized by stable tectonic conditions and as a result, allow in situ 

differentiation to take place in cauldron-type magma chambers to produce 

highly fractionated alkali volcanics and subvolcanic ring complexes. 
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THE GEOLOGICAL EVOLUTION OF THE EARTH 

If the theory of mantle advection Can be applied to the initiation 

of rifting, basin development and magmatism, and the subsequent orogeny 

and metamorphism then this theory must also be able to account for the 

non-uniformitarian evolution of the earth through time. 

The non-uniformitarian behaviour appears to have a periodicity of 

approximately BOOmy characterized by cycles of fairly uniform behaviour 

that were terminated by intense geodynamic upheaval. These periods of 

geodynamic upheaval correspond to the end of the Archeen (±2500my), t he 

end of the Early Proterozoic (~1BOOmy), the end of the Mid Proterozoic 

(~1000my) and the end of the Palaeozoic. The earth is presently within 

the Mesozoic-Cainozoic cycle. In order to examine the reletionship 

between geological evolution and mantle advection the major 

characteristics of each of the differe~t cycles will be examined. The 

discussion will be illustrated by taking examples from mainly North 

America, for the only reason that the geological record is fairly 

complete and that it has been well documented. 

THE ARCHEAN 

Archean terrains consist of essentially synclinal greenstone belts , 

of volcanic and sedimentary sequences that are in-folded within extensive 

areas of ortho and para-granitic-gneisses. The characteristic feature 

of the Archean terrains are the slightly elongate to rounded granitiC 

domes that have complex folded and foliated internal structures 

Preserved between these granitic domes are the folded synclinal to oval 

greenstone belts, characterized by the development of interference fold 

patterns (Fig. 13) (Salop and Scheinmann, 1969). Remnants of a 

pre-existing sialic crust have been found to extend back to at least 

3BOOmy . These remnants, however, make up a very small proportion of 

the presently exposed Archean terrains. Two major ages of greenstone 

belts are known, although it is only on the Rhodesian Craton that this 

relationship has been clearly established. The older pre-300Dmy 

greenstone belts are preserved within the Pilbara Block,and the Kaapvaal 

and Rhodesian Cratons, while the younger ~2600my greenstone belts are 

best developed in the Superior Province of Canada, the Yilgarn Block in 

Australia and within the Rhodesian Craton. 
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FIGJAE 13: Tectonic structures of the Archean terrain in the Aldsn Craton of Russia 
showing the development of large dome-ehaped areas .of foliatsd granite-gneiss with 
complex internal structures, The synclinal to oval greenstone belts between the 
domefl; are characterized by a smaller-scale dome and basin structural style. The 
hatured line marks the boundary between the stable platform area and the Stanovoy 
Geosyncline dUring the Proterozoic and illustrates the effect of reworking of the 
Archean Basement dUring Proterozoic Orogenies (after Salop and Scheinmann, 1969), 

The greenstone Belts consist of extensive domical piles of ultramafic to 

mafic volcanics, capped by less profuse cyclic calc-alkaline volcanic 

sequences (Goodwin and Ridler, 1970). The volcanics grade laterally 

into thick sequences of volcano-clastic greywackes deposited in 

tectonically active troughs. The characteristic presence of komatiitic 

volcanics at the base of most major volcanic piles suggests that the 

geothermal gradients in the Archean were significantly greater than the 

present geothermal gradients, so that high degree partial melts commonly 

developed in mantle diapirs. Komatiitic volcanism is preferentially 

developed adjacent to large taphrogenic rifts, a relationship that is 

best illustrated in the Thompson Belt in the Superior Province and the 

Wiluna-Norseman Belt in the Yilgarn Block. The extrusion and intrusion 

of ultramafic magmas in the Archean appears to be closely related t o the 

presence of significantly steepened thermal gradients , illustrated by the 

development of telescoped low pressure granulites to greenschist 

metamorphic patterns. I n the Wiluna-Norseman Belt the high-grade 

metamorphic zones can be related to major taphrogenic rifts, while the 

lowest grade metamorphic zones are confined to the central parts of the 

greenstone belts (Fig. 14) (Binns, et al, 1975). Ultramafic magnetism, 

and associated nickel deposits, are closely related to the high-grade 

metamorphic domains . This suggests that the metamorphism is associated 

with the transfe r of heat from mantle derived magmas along the major rifts 
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FIGURE 14: Metamorphic map of the eastern Yilgarn Block illustrating the l i near 
distribution of high-grade metamorphic zones and the confinement of low-grade 
metamorphic zones to the central p~t of greenstone belts. Ultramafic-hosted 
nickel deposits \CirCles) are concentrated in the high-grade zones close to major 
rifts {not shown (from Binns, at aI, 1974). 

that acted as conduits for these magmas. A number of greenstone belts, 

such as the Murchison Range Belt in the Kaapvaal Craton, appear to be 

preserved along major taphrogenic faults suggesting that the greenstone 

belts preferentially developed on rifts that cross-cut the early gneissic 

sialic crust. I n the well preserved Archean Cratons, the greenstone 

belts are fairly extensively developed (Fig. 13), suggesting that the 

volcanic activity in the Archean was evenly distributed, even though it 

was possibly sited and concentrated along major rifts. Re-clusteri ng 

the continents as Gondwanaland in the Late Palaeozoic aligns the 

presently diverse Archean orogeniC patterns of at least South Africa, 

India and Australia, suggesting that there might have been a primary 

tectonic control on their development (Engel, et al, 1974). 
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Although the present distribution of the Archean is lergely a function of 

age and subsequent over-printing by later orogenies, the Archean orogenic 

terrains have large absolute widths compared to the later Mesozoic 

Oroge nic Belts. The elongate arcuate patterns characteristic of the 

Late Mesozoic Orogenic Belts are uncommon in the Archean, suggesting 

that deformation in the Archean was related to more localized orogenesis, 

with smaller wavelengths and emplitudes. The style of the Archean 

tectonics indicates a high plasticity as well as a close relationship 

between folding, the diapiric ascent of granitoid plutons and the process 

of granitization and anatexis. The intensity of plastic deformetion 

appears to be directly related to the extent of the developme nt of granitic 

material (Salop and Scheinmann, 1969). The presence of separate highly 

folded relics of supercrustal rocks or layered intrusions that retein a 

ghost stratigraphy in Archean granulite terrains is consistent with 

plastic deformation that carried the rocks, deposited on or close at the 

surface, to depths of up to 4okm. It is at these depths that the 

pressures of 10-13 kb, suggested by the stability of coexisting mineral 

assemblages, would exist (Sutton, 1977). 

The end of the Archean was marked by a great eddition of tonalite and 

granodiorite plutons to the early sialic crust in such a way that they 

constitute up to feur fifths of the resulting continentel crust. During 

this process, which occurred high enough to affect the overlying 

supercrustel rocks, the pre-existing sialic crust was larg~ly destroyed 

or concealed so that only small remnents are preserved in the rock record 

today. Both the earlier volcenic rocks and a majority of the plutonic 

rocks were derived from the mantle and lower crustal depths as indicated 

by the low SrB7/Sr86 initial ratios. It is possible that the late­

tectonic potassic granites that intruded the volcanic and sedimentary 

rocks between 2800 and 2600 my originated as a result of the anatectic 

mobilization of the basement gneissic-granites, in response to the 

large emount of heat transferred due to wide-spread mantle diapirism . 

Thermally induced density gradients might have been capable of forming 

the large gneiss domes as the large-scale equivalents of the younger 

"mantled gneiss-domes" (Salop and Scheinmann, 1969; Talbot, 1971). The 

interaction between the separate major granitic-gneiss domes would have 

resulted in the development of complex interference fold patterns within 

the adjacent greenstone belts. The major Archean orogeny culminated in 

development of a sialic crust with a greater thickness and rigidity and 
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the subsequent thermal decay at ~250Omy re-set most Archean Rb/Sr and 

K/Ar radiometric clocks (Engel, et al, 1974). 

The development of the Archean greenstone belts granitoid plutonism and 

subsequent plastic deformation is thought to be associated with the 

transfer of large amounts of mantle-derived heat by mantle advection. 

The Archean is thought to have been characterized by extensive mantle 

diapirism. The large amounts of available thermal energy enabl ed 

high-degree partial melts to develop during the rise of the mantle 

diapirs. These magmas we re probably extruded along rifts, initiated in 

the sialic crust in response to the rise of the mantle diapirs, to form 

thick domical piles of ultramafic to mafic volcanics. The interaction 

of magma diapirs with the sialic crust resulted in the generation of 

tonalite and granodiorite magmas that rose slowly through the crust as 

large diapir plutons. Magmatic differentiation within some of the " 

earlier plutons probably generated the calc-alkaline volcanics that tend 

to post-date the ultramafic and mafic volcanics . The continued 

interaction of the magma diapirs with the sialic crust and generation of 

granitoid plutons caused instability which initiated collapse and the 

plastic deformation of the greenstone belts and the formation of 

mega-scale and smale-scale interfere nce patterns. In some areas 

supercrustal rocks were carried to great depths and subjectp.d to 

granulite metamorphis~ . In some areas the transfer of heat resulted in 

the partial and complete anatectic re-mobilization of the basement 

gneisses and the generation of migmatites and late-stage potassic 

granites. In general, the Archean was characterized by an extensive 

period of large-scale mantle advection that has not been repeated since. 

THE EARLY PROTEROZOIC 

The Early Proterozoic marks the beginning of a major evolutionary 

stage of the earths history, characterized by platforms and geosynclines, 

that represent a transition from the per-mobile Archean cycle to the 

Mesozoic-Cainozoic Continental Drift Cycle. Platforms are large portions 

of continental crust characterized by tectonic stability over long periods, 

of time, of several hundred million years or more. Platforms tend to 

have a general tectonic homogeneity despite a complex inner structure 

that is characterized by separate zones formed at different times (Salop 

and Scheimann, 1969). Geosynclines are in contrast,tectonically 

unstable zones characterized by episodes of rapid differential movement. 
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Geosyncl ines can be subdivided on the basis of their tectonic, volcanic, 

sedimentary and plutonic associations into miogeosynclinal and 

eugeosynclinel zones, 

Miogeosynclines are characterized by the predominance of shallow-marine 

sandstones, shales and carbonates, deposited in a slowly subsiding basin, 

that are subsequently affected by low-grade metamorphism and gentle 

deformation. Eugeosynclines on the other hand are characterized by thick 

sequences of tholeiitic volcanics and immature greywackes deposited in a 

rapidly subsiding trough and later subjected to intense deformation and 

high-grade metamorphism. Miogeosynclines and eugeosynclin85 are commonly 

separated by an extensive basement highs that remained active during the 

evolution of the geosyncline (Fig. 15). These basement highs were zones 

of diminished sedimentation that continued to influence the facies 

distribution within the miogeosyncline. These basement highs were .later 

incorporated into geanticlinal barriers, or tectonic borderlands, during 

the subsequent collapse of the geosyncline and associatad deformation 

(Kay, 1951). Taphrogenic rifts often acted as boundaries to the 

geosynclinal belts. The faults not only determined the configurat ion of 

the platforms and geosynclines but also controlled the location of the 

volcanics and sedimentary deposits, as well as numerous plutonic bodies. 

These rifts were also zones of high permeability in the crust which is 

indicated by their association with belts of higher-grade metamorphism, 

anatexis and the ascent of granitic plutons (Salop and Scheimann, 1969). 

Miogeosyncline GSl5.nticline Eugeosyncline 

FIGUR~ 15: A typical sec~ion I5.cross a geosyncline showing t he development of a 
geant~clinel zone separat1ng the miogeosyncline, charecterized by shallow marine 
sandstones, shales and carbonates, end the eugeosyncline, characterized by t hick 
graywacke sequences and tholeiitic to calc-alkaline volcanics (from Kay, 1951), 



- 30 -

The ratio of orthoquartzites and carbonates to volcanic waekes increAsed 

by several orders of magnitude from the Archean to Lower Proterozoic 

(Engel, et aI, 1974), in response to a change from dominantly 

eugeosynclinal-type deposits in the Archean to thick sequences of 

Proterozoic platform and miogeosynclinal sediments on the stabilized 

Archean Cratons, as well as the associated eugeosynclinal sediments. 

The oldest geosynclines originated on a fragmented Archean granitic 

basement that was subsequently refolded and granitized with the 

supercrustals during the Proterozoic orogenies (see Fig . 13). The 

presence of such roots to the mobile belts justifies the assumption hat 

the geosynclines found their expression as a result of local horizontal 

extension of the basement and associated differential subsidence. The 

platforms and geosynclines did not form round a stablized greenstone 

core, but formed as a result of the periodic splitting up of the Archean 

granite-gneiss basement (salop and Scheimann, 1969). These ensialic 

belts formed in response to comparitively small relative movements of 

the stable cratons. 

In North America the Superior, Slave and East Nain Archean Cratons which 

remained stable during the Proterozoic, are set in a network of high-grade 

metamorphic (mObile) belts that include the Churchill Province. The 

stable Archean Cratons are in part flanked by Proterozoic fold belts, which 

include the eugeosynclinal assemblages of the Lake Superior,Lebredor and 

Coronation Geosynclines. Elsewhere however, the cratonic margins are 

defined by major tectonic lineaments that belong to a dominant north-east 

south-west set (Fig. 16) (Sutton and Watson, 1974). These linears are 

locally marked by lines of intrusions or narrow zones of intense 

deformation. The presence of marginal distorted earlier structures 

suggests that these zones are associated with major transcurrent 

displacements (Sutton and Watson, 1974). The linears,which plot on a 

small circle, are orientated at an angle to the trends of the Lake 

Superior, Labrador and Coronation Geosynclines. Horizontal extension 

associated with the development of the Lake Superior, Labrador and 

Coronation Geosynclines and subsequent deformation and compreSSion 

probably initiated differentiel movements along these transcurrent 

lineaments. Paleomagnetic measurements of neighbouring Archean Cratons 

suggest that they followed similar apparent polarwander peths, 

indicating that great differential movements probably did not occur 

between the crustal blocks. The sialic crust therefore reacted to 
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nGJFE 16: Serne Etllrly Proterozoic structures in North America and Greenland 
111ustretlng the development of augeosynclines marginel to the stable Archean 
Cratons and the presence of major sheer zones separating the craton from adjacent 
metemorphlc belts. Parallel shear zones also occur within the metamorphic belts 
and within the craton ( from Sutton and Watson, 1974). 

movements in the mantle at the time of the climax of the Hudsonian 

orogeny by internal deformation, taken up partly in the mobile belts of 

the time and through movements along narrow belts of high strain which 

developed in the otherwise stable Archean Cratons (Sutton, 1977) . The 

wide-spread Early Proterozoic, Hudsonian-age deformation of the crust 

differed from the Archean peak of tectono-thermal activity in that more 

of the crust escaped the most intense effects and may have differed from 

younger periods of tectonism and igneous activity through the development 

of numerous vertical belts of high strain within the more extensive 

orogenic belts that allowed the large cratonic platforms to retain their 

entity by being sub jected to only mild deformation and metamorphism 

(Sutton, 1977). 

The Lower Proterozoic Geosynclines are characterized by linear folds 

grnuped together into elongeted belts or large arcs that are convex 

towards re-entrant angles between platform blocks (Fig. 17). The large-

scale highly deformed basin and dome structures characteristic of the 

Archean granite-greenstone terrains were no longer prominant in the 

Proterozoic. Locally, however, smaller-scale gneissic-domes developed 

within the more intensely deformed and metamorphosed zones of the 

eugeasyncli nes. 
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FIGURE 17: The geometry of Early Proterozoic geosynclines around the Archean 
Siberian Craton. Miogeosynclinal zones develop between the Platform end a boundary 
zone of besement highs, which separate the miogeosyncline from the eugeosyncline 

Mejor aulacogens develop at re-entrants into the cratons and grade into the 
miogeosynclines (from Salop end Scheinmenn, 1969). 

The 2150-1850my Lake Superior and Labrador Geosynclines occur in similar 

geological settings and underwent similar evolutionary stages . These 

geosynclines are developed on the boundary of the stable granite-

greenstone terrain and adjacent basement gneisses . Extensive faulting 

and dyking initiated basin development in the eugeosyncline situated 

on the basement gneiss terrain. The volcanics in the eugeosyncline are 

mainly tholeiitic, with associated differentiated mafic sills spatialy 

related to the lavas in both regions. The sediments and volcanics in 

both were deformed and metamorphosed during the Hudsonian (Penokean) 

Orogenies that terminated the deposition of these Proterozoic rocks. 

Tectonic transport in both basins was towards the inner parts of the 

craton accompanied by overturned tight folds and numerous faults. 

Metamorphism is low-grade in the Miogeosynclines and higher-grade, with 

steeper thermal gradients, in the eugeosynclines. 80th contain anatectic 

pegmatites and granites in the areaS of high-grade metemorphism, while 

the Leke Superior Geosyncline also contains late to post-tectonic and 

anorogenic calc-alkaline plutons. 

The Early Proterozoic sediments in the Leke Superior Geosyncline were 

deposited in ensialic basin centered on a major, probably rift-controlled 

boundary between a granite-greenstone terrain and basement-gneiss. 

Stable miogeosynclinal sedimentation, with early stable shelf quartzites, 

stramatolitic dolomites and major banded iron formations, extended across 

the whole platform that developed on the stable granite-greenstone 

terrain of the Superior Province. Differential subsidence in the area 

underlain by basement gneisses resulted in the rapid developme nt of a 

thick eugeosynclinal sedimentary succession of greywackes, mafic and 

felsic volcanics and local thin banded iron formation units. The 
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eugeosyncline is characterized by a number of marked unconformities and a 

much thicker sediment accumulation (Sims, 1976). 

The relatively undeformed sediments on the platform dip gently to the 

south-east, while to the south of the rift-controlled boundary the cover 

rocks are tightly folded together with the underlying basement gneisses 

(Fig. 18). The eugeosynclinal zone contains infolded basement gneiss 

domes and in other places uplifted basement blocks, bounded on at least 

some margins by major faults. During deformation the basement gneisses 

behaved in a mobile fashion to produce "mantled gneiss-domes I! with 

associated anatectic granites. The main difference between the gneiss-

domes and structurally equivalent fault-bounded uplifted blocks of 

gneiss is probably related to the plasticity of the rocks during 

deformation. "Gneissic-domes" are the result of ductile deformation and 

are accompanied by refoliation, metamorphism and· partial melting, while 

the anti formal fault-bounded blocks are less intensely deformed and are 

characterized by cataclastic deformation, minor recrystallization and 

local anatexis. In the sout hern part of the basin four nodes of hi gh-

grade, low pressure metamorphism ere associated with uplifted blocks or 

domes of Archean basement gneiss (Fig. 19). One of these nodes cont ains 

a differentiated syn-orogenic gabbroic body within the silliminite isograd, 

indicating a direct relationship between mentle processes and 

metamorphism (Sims, 1976). 
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FIGURE 18: The variation in S:n.Jcturel style across the L~e SUperior Geosyncline 
from t he relatively unmetamorpho58d gently-dipping sediments of the platform to the 
highly folded eugeosynclinel sediments and reactivated basement domes, Note that 
the change in structural style corresponds to a postulated rift zone (from Sims, 
1976) . 
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FIGURE 19: Zoned metamorphic patterns in the Leke Superior Geosyncline centred on 
reactivated basement domes (from Sims. 1976), 

Aulacogens are very large, 100-200km wide, graben-l ike structures that 

preferentially develop at the apex of a major re-ent rants of the 

geosynclines into the platfoIms. The aulacogens are charaG'.erized by a 

distinct radial pattern away frcm the geosyncline so that they gradually 

die out in the middle of the platform. Aulacogens are usually long-lived 

features that subside during the entire history of the related 

geosyncline. Most aUlacogens begin as narrcw rift - bounded grabens, that 

are susceptible to periodic reactivation, and later become much wider 

downwarps (Hoffman, Dewey and Burke, 1974). The tectonic activity 

during sedimentation increases towards the edge of the platform so that 

su bs idence is greater and the sediments thicker and more diversified in 

composition. The sediments eventually acquire the features of the 

miogeosyncline where the aulacogen merges with the geosyncline. In 

response to intense tectonic activity in the eugeosyncline the aulacogen 
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generally becomes of zone of gentle to moderate folding, which eventually 

becomes segmented by reactivation of the original bounding rifts. The 

intensity of deformation in the aulacogen gradually dies out away from 

the geosyncline. These features indicate that the bounding rifts of 

the aulacogens are major crustal features and suggest that the activity 

at depth under the platforms cannot be regarded to be independent of the 

activity under the geosynclines (Salop and Scheinmann, 1969). 

Two major aulacogens are developed marginal to the Coronation Geosyncline. 

The Athapuscow and Bathurst Aulacogens are co-extensive with the 

north-east trending McDonald Fault and the south-east trending Bathurst 

Fault system respectively (Fig. 20). The supracrustal fill in the 

aulacogens is much thicker and more deformed than the adjacent nearly 

flat-lying platform cover (Fig. 21). The folded and complexly faulted 

sediments of the Athapuscow Aulacogen thickan from 2200m to greater .. than 

7000m in the direction of the geosyncline, in contrast to the adjacent 

fairly constant 1400m thick platform sediments. The aUlacogen remained 

a periodically reactivated narrow rift-bounded graben during the 

deposition of a westward facing continental shelf sequence in the 

miogeosyncline. The initial rift-bounded graben had elevated margins 

from which the early phases of deposition are absent. 
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The aulacogen 

FIGURE 20: Tectonic map of the north-west part of the Canadian Shield illustrating 
the development of the Early Proterozoic AthapuSCDW and Bathurst Aulacogens off the 
Coronation Geosyncline along major rifts , one of which separates the Slave and 
Churchill Provinces (from Hoffman , at aI, 1974). 



- 36 -

TRANSITIONAL STAGE 

DOWNWARP/NG STAGE 

POST.GEOSYNCLINAL STAGE 

CHURCHILL PAOVINCE-"-ATHAPUSCOW AULACOGEN--SLAVe PROVINCE 

~;::;1 FANGLOMERATE 

I::; ~·: I REO LITHIC S .... NDSTONE 

I ·-~-I GREYW .... CKE TURBIDITES 

DOUAR1Z'TE 

D PEBBLY SUa .... AKOSE o 

OLISTOSTROME B 
MUDSTONE t-=--=1 

CARBON .... tE ~ 

OU .... RTZ OIORITE IllIlIIIIII 
VOleANICS. 

SIALIC BASEMENT 

Schematic transverse cross-sections showing the evolution of the Eerly 
AthapU5COW Aulacogen (from Hoffman, at aI, 1974) . 

then becBCTle a zone of broad downwarp with the deposition of shallow-marine 

sediments and was ultimately subjected to mild transverse compression 

coeval with the development of a westerly derived clastic wedge in the 

eugeosyncline and miogeosyncline. This new sediment source was due to 

upli ft of the tectonic borderland formed by the collapse of the 

Coronation Geosyncline and associated compressional deformation and 

vertical uplift , The aUlacogen finally becBCTle an active fault zone with 

transcurrent movement in addition to vertical movement. Alluvial 

fanglomerates, derived mainly from the uplifted Coronation Geosyncline, 

were then deposited in the Aulacogen in response to the vertical uplift 

(Hoffman, et aI, 1974), 
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The sediments within the Athapuscow Aulacogen show a parellel facies 

development to thet of the adjacent miogeosyncline. However, the 

aulacogen responds more to tectonic variations in the eugeosyncline. 

The rapid development of the initial yoked-basin parallels the 

development of a deep eugeosynclinal trough and then finally, in response 

to orogenic inversion of the Coronation Geosynclines, the aUlacogen is 

subjected to react ivat ion along the controlling rift,S with the subsequent 

deposition of coarse-grained clastic sediments in a successor-type 

yoked-basi n . 

The Early Proterozoic basin development in the North American Craton 

illustrates the features associated with the development of geosynclines 

and aUlacogens and their control on sedimentation, volcanism and 

plutonism. It appears that these geosynclines preferentially developed 

at the boul1dary between the steble Archean granite-greenstone belts ·. of 

the Superior Province and adjacent Archean basement gneisses. The 

reactivation of bounding rifts by mantle diapirism would have resulted 

in horizontal extension and the rapid subsidence of a eugeosynclinal 

trough with associated tholeiitic volcanism and later deformation, 

metamorphism,reactivation of the basement gneisses and plutonic activity. 

The roughly zonal development of the Early Proterozoic Geosynclines round 

a stable craton has led to the development of a concept of continental 

accretion. However, in the Lake Superior Region, insteed of younger 

rocks being added in successive crudely zonal patterns, as suggested by 

the ages of the geological provinces (Fig. 22), the data suggests that 

the craton had probably attained its present dimensions by the close of 

the Archean stage at ±2500my. The zones that yield "Proterozoic" ages 

represent both re-ffiobilized Archean baseme nt and younger supercrustal 

and plutoni c rocks (Sims, 1976) . 
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FIGURE 22: Map of SE Canada showing the development of the Early Proterozoic 
Geosynclines (2200-180Omy) on the periphery of the stehle Archean Superior Province 
(250Dmy). The marginal Grenville Belt (1000my) and Phanerozoic cover complete the 
eppe.rant concentric-age pattern. However, the North American Craton probably 
attained its present dimensions at the end of the Archean (from Windl ey, 1977). 

THE MID PROTEROZOIC 

Further evolution of the earths crust during the leter Proterozoic 

consisted in the gredual growth of platforms at the expense of the 

geosynclinal belts. This general tendency was however, periodicelly 

interrupted by collapse and subsidence of separate parts of the 

stabilized blocks. During the Mid Proterozoic many continents were 

intruded by peculiar platform-type differentiated plutonic compl exes, 

consisting of variable proportions of norite, gabbro, granophyric 

rapikivi-granites, alkaline rocks and anorthosites. This post-orogenic 

plutonism is separated by a considerable period of tectonic quiet from 

the syn-orogenic plutonism in the Early Proterozoic Hudsonian (~1850my) 

metamorphic belts (Selop and Scheinmann, 1969). A major belt of massive 

anorthosite and rapakivi granite plutons stretches from the Urals in the 

east, to the west coast of North America (Fig. 23). Thes8 plutons are 

developed within areaS that were involved in the Hudsonian-age Orogeny 

and tend to avoid the stable Archean Cratons. 

The anorthosite complexes are closely related in space and time to a 

group of noritss, monzonites, quartz-syenites and rapakivi-granites that 

show a broad-scale younging from the east to the west. The same belt 

also contains isolated fault-bounded basins filled by thick sequences of 

continental sediments and intercalated volcanics that have a close 

association with the plutonic activity. The sediments and associated 

volcanics range considerably in age, from the 1800-1600my Jotian Group 

on the Baltic Craton to the 1400-1000my Keweenawan Group of central 
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FIGURE 23: The distribution of Mid~roterozoic anorthosites, rape.k1v1 granites, 
felsic and mafic volcanics and sedimentary b5Sins which developed from ~h~ west 
coast of /!maries. to the Urals (fron Bridgewater an~ Windley I 1973). . 

North America. In general, the anorthosites and rapakivi granites 

formed prior to the sedimentation and volcanism, although there is a 

considerable overlap in some areas .. (8ridgewater and Windley, 1974). In 

places the upper parts of the rapakivi granite plutons intrude undeformed 

intermediate to felsic volcanics and associated continental sediments. 

The major rifts that controlled the sedimentation were active for a 

considerable time during and after deposition and also acted as zones of 

increased pemeability for magmatism. In both Greenland and Finland the 

fault zones remained the dominant control for magmatism for up to 500my 

after the deposition of the initial oontinental sedimentary sequences . 

The magmatic activity ranges from felsic volcanics, which are the surface 

equivalents of the rapakivi granites, to basic and alkaline plutons 

emplaced up to 500my after the main peak of anorthosite formation. 

Tholeiitic and alkali basaltic volcanics commonl y occur in the same area, 

although the alkaline magmatism appears to be more r estricted to distinct 

fault-controlled belts and to have persisted for a longer period of time 

than tholeiitic magmatism. Nepheli ne syenite and carbonatite complexes 

are developed along a number of major lineaments within the Archean 
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Cratons, adjacent to the main areas of Mid Proterozoic m.agmatism 

(Bridgewater and Windley, 1973). 

In Greenland the magmatism is characterized by elongate mushroom-shaped 

intrusions of massive anorthosite that Can reach up to 5000km2 in area. 

The undersides of these intrusions are typically funnel-shaped, in that 

a vertical stem occurs adjacent to inward-dipping downfolded host rocks 

(Fig. 24). These stems, which vary from 2-10km in width and 40-80km in 

length, are generally localized by major rifts. The upper mushroom-

shaped parts of the plutons appear to have been emplaced along suitable 

horizontal weaknesses in the sialic crust . The norite-monzonite-rapakivi 

granite plutons are generally smaller than the anorthosite plutons, 

although they can reach upto 100km by 40km in area. High-temperature 

low-pressure metamorphism a nd steep thermal gradients are associated with 

the intrusive plutons. The mineral assemblages in the metamorphic . 

aureoles indicate that the maximum depth of crystallization waS probably 

6 km (Bridgewater, Sut t on and Watterson, 1974). 
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FIGURE 24: Idealized plan (A) and vertical section (8) of a rapekivi granite pluton 
showing the attitude of the country rocks and the development of grabens above the 
pluton (from Bridgewater, Sutton and watterson, 19?4). 

The massive anorthosites are thought to have formed at depth, probably as 

a result of large-scale magmatic differentiation at the base of the 

sialic crust (Fig. 25). This magmatic activity probably generated the 

high heat flow associated with the Hudsonian-age metamorphism and was 

confined by crustal compression during orogenic deformation. The 

anorthosites are thought to have risen through t he ductile sialic crust 

in response to a density inversion . This movement was initially confined 

to faults and then the crystal mushes extended outwards to form 

mushroom-shaped plutons at particular crustal levels. Lateral spreadi ng 
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FIGURE 25: Model relating the development of anorthosites, rcpakivi grani t es, 
felsic and mafic volcanics 'and graben structures in the sialic crust. (AJ Crustal 
dO'l1ing associated with I!I. mantle diapir. (8) Rifting and graben f ormation end 
volcanic activity associated with the spread of the mantle diepir, Interaction of 
mafic magmas and the sielic CT\Jst generates megmas that form differentieted norite-
mo-sonite-rapekivi granite plutons at higher crustel levels, (C) Frectional 
crystallization of besaltic ~ial melt at depth forms plagioclase cumulates that 
rise diepirically to form massive enorthosites. 50me anatectic partial melting of 
downwarped continental crust (after Brldgeweter, 5utton and Wetterson, 197~). 

Can only occur in response to the generation of space, either by updoming 

of the overlying rocks or by subsidence of the underlying rocks, or a 

combination of the two. Rifting and the development of grebens would be 

associated with doming of the overlying sialic crust and possible 

associated viscous drag in response to the lateral spreading of the 

pluton. The interaction of mantle material with the lower crust • 
probably generated the magmas that eventually spread out at higher levels 

in the crust to form mUShroom-shaped norite-monzonite-rapakivi granite 

complexes (Bridgewater, Sutton and Watterson, 1974). It is possible that 

the Mid Proterozoic crust was more ductile following the major Hudsonian 

'event' and as a result there was less viscosity difference between the 

plutons and l ower crust . ThiS, therefore, enabled mantle end lower 

crustal derived magmas to rise s lowly through the crust as plutonic bodies. 

This initiated graben formation rather than cauldera collapse and allowed 

the magmas to crystallize to form plutonic bodies with minor associated 

s urface volcanism. The isolated rift -bounded t roughs that developed 
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vertically above the plutonic complexes were the site of subaerial 

volcanism and rapid clastic sedimentation in response to periodic 

vertical uplift. Locally,shales and minor pillow lavas were formed in 

restricted playa lakes. 

The plutonic activity and deposition of surface sediments and volcanics 

are closely related i n time and space and in addition the fundamental 

conditions that cont rolled their formation are remarkably similar. 

This major crustal zone was characterized by tectonic instability, 

abnormally high thermal gradients and considerable magmatic activity, 

for a period of at least 800-1000my. The relatively linear 

distribution of the anorthosite and granite plutons, volcanic activity 

and the development of grabens,and possibly the subsequent metamorphism 

during the Grenville Orogeny (±1000my) appear to all have been controlled 

by the same major feature in the crust and upper mant le. It is also 

significant that a higher concentration of anorthosite plutons occur in 

the vicinity of the area most affected by the Grenville Orogeny (Fig. 23) 

Bridgewater and Windley, 1973). 

While most of the Mid Proterozoic were characterized by extensive cratonic 

instability and the development of interior rift-bounded basins, a series 

of ensialic fault-bounded basins developed on the western margin of the 

North American Craton (Fig. 26). These marginal basins were filled by 

the sediments of the Belt and Purcell Supergroups (145D-85Omy) in a series 

of overlapping and coalescing sedimentary wedges that prograded out from 

the adjacent platform. The sedimentary sequence includes units deposited 

on deep basinal submarine fans, prograding deltas and in shallow-marine 

and tidal flat environment~ which are in contrast to the coarse-grained 

alluvial fan deposit s that characterize the intra-cratonic yoked-basins. 

A major rift-controlled aulacogen, the Kimberley Aulacogen, extends for 

up to 45Dkm away from one of these marginal basins into the platform 

(Fig. 26) (Kanasewich, 1968). Seismic studies have shown that the 

Moho Discontinuity changes elevation abruptly beneath this aulacogen 

indicating that it is a major structural feature associated with 

disturbances in the mantle. Near its western limit the aUlacogen was 

filled by 11km of sediments. This corresponds closely to the 11-15km 

thickness of the Purcell and Belt Supergroup sediments in the adjacent 

trough and indicates a similar relationship between aulacogen and trough 

as that between miogeosyncline and aulacogen in the Early Proterozoic. 
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FIGURE 25: · The distribution of Mid to Late Proterozoic sedimentary and volcano­
sedimentary basins on the North American Craton. The Elsonien 'Event· and Grenville 
Orogeny include igneous activity and metemorphic overprinting of older crustal rocks 
(from Stewart, 1976) . 

The Keweenawan Rift is a major intra-cratonic rift, developed in the 

centre of the North American Craton, that is filled by a 15000m thick 

sequence of tholeiitic volcanics and lesser continental clastic sediments 

(Fig. 26). The continuation of the Keweenewen Rift is marked by a 

1300Km lineer zone of gravity and magnetic anomalies beneath Palaeozoic 

cover thet suggests that rift varies between 4O-85<m wide along its 

whole length (Chase and Gilmer, 1973). 

The supercrustal rocks deposited between 1700my and 850my are scattered 

throughout the North American Craton . Most of these sediments and 

volcanics were deposited in yoked-basins, while some were deposited on 

the platform and in shallow t roughs on the cratonic margins. The 

presence of rift-bounded troughs and the abundance of mafic intrusive 

and extrusive igneous rocks suggests that wide-spread extensional events 
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occured during the interval between 1700-850my. Crustal extension 

appears to have taken place sporadically across the entire craton, 

initiating rifts and leading to the local emplacement of maf ic int rusive 

and extrusive magmas, that is in contrast to the you nger Mesozoic where 

extension is confined to the margins of the craton (Steward, 1976). 

Mantle diapiric activity seems to have been diffuse and is not 

concentrated as it has been beneath the mid-oceanic ridges since the 

Mesozoic. This diffuse activity led to local plutonism in a 

relatively ductile crust, that existed after the extensive Hudsonian 

'event', and associated rifting and development of confined yoked-basins. 

The episodic intra-cratonic rifting was probably associated with the 

development of a major geosyncline to the south that was eventually 

closed during the ~1000my Grenville Orogeny. It would appear th at in 

the North American Craton there is a general migration of ages of active 

sedimentation and orogeny to the south, as the older Athabascan and · 

associated basins in the north-western Canadian Platform were active 

prior to and during the Elsonian ' Event ' (Fig. 25) , while that later 

Keweenawan-age rifts developed on areas that had been affected by the 

Elsonian 'Event' and remained active up to the end of the Grenville 

Orogeny .. The Keweenawan Rift waS perhaps a concerted effort of 

horizontal extension and incipient crustal separation that was soon 

aborted. This episodic intra-cratonic tectonic activity eventually 

subsided and allowed the extensive deposition of stable shelf sediments 

in the encircling miogeosynclines. This extended period of intra-

cratonic basin development is therefore equivalent to the development 

of proto-basins during the initiation of geosynclines and is probably 

a reflection of the early stability of the North American Craton. 

THE LATE PROTEROZOIC - PALAEOZOIC 

Late Proterozoic and Palaeozoic rocks are best preserved as long 

sinuous belts in most continents. This tectono-sedimentary period has 

been termed by some the "Pan African Event". Periods of geological 

activity within a specified time range and the continuity of tectonism, 

deformation, metamorphism and intrusive igneous rocks, without a break 

from one region to another, gives this event an aspect of unity in space 

and time (Hurley, 1973). When defined broadly enough, by including the 

Caledonian, Acadian, Avolonian, Damaran, Caririan and Hercynian Cycles, the 

Pan African 'Event' is preserved on all the continents and extends from 

the Late Proterozoic, after the Grenville Orogeny, through to the end of 
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the Palaeozoic. Most of the orogenic activity is, however, concentrated 

in the 550-300my period (Hurley, 1972). The Grenville-age Orogenies at 

~1000my were followed by a relatively amagmatic period of 400-50Omy that 

is characterized by early sedi mentation in rift-bounded proto-basins and 

later deposition in large geosynclinal gelts. These geosynclinal belts 

were eventually incorporated into the sinuous fold belts during the 

subsequent Pan African Orogeny. Individual beltsa~pear to have 

developed at different rates, so there is as a result, a considerable 

variation in the ages of orogeny. It would appear that in a specific 

region the "Pan African Event" is recorded by a single major cycle of 

sedimentation, volcanism and subsequent orogeny, although in Europe the 

Hercynian Cycle (~280my) followed on after the Caledonian Cycle (±389my). 

The Pan African domains, which cover nearly two thirds of Africa, define 

a reticulate pattern of acuate fold belts that surrounds sub-circular 

cratons. Within the belts themselves there are smaller areas that yield 

ancient ages, or by field evidence, can be shownto be an old basement 

virtually unaffected by the Pen Africen Orogeny. In many places it is 

also possible to prove continuity of older Archean and Proterozoic domains 

across the Late Proterozoic-Palaeozoic Pan African Belts. In Africa, 

sediments characteristic of eugeosynclines are inconspicuous in many parts 

of the Pan African Belts, but there are extensively developed in north­

eastern A·frica and in South West Africa (Shackleton, 1976). In many 

places it is possible to prove the stratigraphic continuity from the 

platform sediments into their folded and metamorphised equivalents in the 

orogenic belts. Basic intrusive complexes and associated serpentinites 

are persistently found within the Pan African Belts, but no complete 

ophiolite sequence has been recognized in Africa. The metamorphism . is 

mostly characterized by Barrovian-type intermediate pressure facies, while 

blueschist facies metamorphism is generally absent. The distribution of 

the plutonic rocks within the belts is uneven and are they best developed 

at the intersection of two major trends in close association with 

granulite-grade metamorphic rocks (Shackleton, 1976). This is well 

illustrated by the intersection of the Khomas Trough (an aUlacogen) with 

the main eugeosyncline of the Oamara Belt. This intersection node is 

characterized by an intense basin and dome structural style of deformation, 

high-grade metamorphism and local anatexis, 8S well as the intrusion of 

large granitic plutons along major fault zones or rifts. The Oamara 

Cycle in South West Africa was characterized by rather rapid development 

following the 1000my tectono-thermal event in the Namaqua MetamorphiC 
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Belt . The early deposition of thick continental clastic wedges was 

confined to isolated proto-basins. Rapid subsidence along major rifts 

resulted in the deposition of mainly basinal volcaniclastic and 

epiclastic sediments in an eugeosynclinal trough and in the adjacent 

aulacogen, contemporaneous with the deposition of miogeosynclinal 

shallow-marine carbonates and clastic sediments on the adjacent shelves 

(Fig. 27). Calc-alkaline volcanism was confined to the major boundary 

rifts, while minor late-stage bimodal basalt-rhyolite volcanism is 

confined to the Khomas Aulacogen. The geosynclinal development was 

culminated by orogenic inversion at the end of the Precambrian, together 

with the intrusion of granites. The northern miogeosynclinal shelf of 

the Damara Geosyncline is separated from the adjacent eugeosynclinal 

deposits by an arcuate group of basement domes (Fig. 27). These 

basement domes remained active right through deposition as they infl uence 

both the thickness of individual units and the facies distribution. 

These basement highs separate thick accumulations of miogeosynclinal from 

eugeosynclinal sediments on either side. These domes were the 

preferential sites of deposition of thick reef-facies carbonates, 

indicating that they remained positive features during the development of 

the geosyncline. The margins with the eugeosynclinal troughs are marked 

by prominent fault zones that remained zones of volcanic activity right 

t hrough basin development. 

On the Russian Platform, Late Proterozoic sediments are mainly confined 

to aulacogens and isolated yoked-basins. It was only during the Early 

Pal aeozoic that a major miogeosynclinal sedimentary sequence extended 

across the earlier deposits confined to the protO-basins. During the 

Early Palaeozoic the first eugeosynclinal fore-deeps began to appear as a 

result of the growth and displacement of the miogeosynclinal wedges on the 

margins of the craton (Salop and Scheinmann, 1969). 

In the Late Proterozoic (:t85Dmy) the tectonic pattern of the North 

American Craton changed from locally deep epicratonic proto-basins to a 

pattern of encircling marginal miogeosynclines (Fig. 28) (Steward, 1972). 

On the western margin this change is marked by the transition from the 

deposition of Belt and Purcell Supergroups in isolated protO-basins to the 

extensive deposition of the Windermere Group. The sedimentary sequence 

of the Windermere Group, which is remarkably similar along strike, grades 

rapidly from thin sandstone units on the platform to a 5000-8000m thick 
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miogeosynclinal sequence with lower eugeosynclinel deposits developed on 

a sialic basement to the west (Fig. 29). Volcanic rocks, mainly 

tholeiitic basalts are wide-spread in the lower part of the sequence and 

interfinger with the deep weter sediments deposited in the eugeosyncline. 

The linear belt of westward thickening miogeosynclinal sediments deposited 

subsequent to the early volcanic activity indicates that the later 

deposition occur ed along a stable continental margin . The overlying 

Palaeozoic strata have an identical depositional pattern to the Late 

Proterozoic sediments. The Late Proterozoic sediments are therefore 

A 8 

FIGURE 29: Isopac maps of units within the Cordilleran Geosyncline on the west 
coast of North America. CA) Initial Late Proterozoic Windermere Group; and (S) 
Cambrian to Silurian deposits. The geometry Qf the Late PrQterozoi~ deposits is 
i n marked contrast to the Mid-Proterozoic proto-basins (Fig. 26) (from Stewart, 
1976) • 

considered to be the initial deposits of the Cordilleran and AppalaChian 

Geosynclines (Fig . 30) (Steward, 1976). ProgreSSive progradation of 

the miogeosyncl inal wedge away from the craton led to the development of 

the thick sedimentary sequences of the Cordilleran and Appalachian 

Geosynclines. 

The Southern Oklahoma Aulacogen extends off the Ouchita Geosyncline, the 

southern continuation of the AppalaChian Geosyncline. The lower part of 

the aulacogen is filled by Late Proterozoic coarse-grained continental 

clastics with interbedded rhyolites, basalts and associated gabbroic 
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FIGURE 3D: Schematic stratigraphic cross-section through the Cordilleran 
Geosyncline that first developed in the Late Proterozoic above Mid-Proterozoic 
sediments deposited in isolated proto-basins (from Thompson and Penteleyev, 1976). 

sills. The aulacogen remained a zone of volcanic and granitic plutonic 

activity until the Mid Cambrian. The early sediments and volcanics 

APHEaIAN 

deposited in the proto-basins are conformably overlain by a thick sequence 

of lower Palaeozoic carbonates and shales deposited in an extensive 

platform basin (Fig. 31). During this stage the eulacogen continued to 

influence thickness and facies distributions in the overlying miogeosyn-

clinal sediments. The early basinal faults were reactivated during the 

Appalachian Orogeny which led to gentle folding and block faulting within 

the aulacogen and the subsequent deposition of coarse-grained continental 

conglomerates (Hoffman, Dewey and Burke, 1974). 

The presence within the Appalachian Geosyncline of definite ophiolite 

complexes indicates trat extreme crustal extension, and the associated 

development of simatic crust occured in Late Cambrian to the Mid 

Ordovician (~500-460my) at the end stages of the development of the 

Geosyncline. These ophiolite complexes, which reach up to 10km thick, 

were emplaced along sub-horizontal thrusts from 

orogeny in the Ordovician (Fig. 32) (Windley, 

t he east during subsequent 

1977) . Andesitic 

volcanics occur interbedded with Cambrian eugeosynclinal sediments in the 

central part of the Appalachian-Caledonian Geosyncline . The Bndesitic 

volcanic piles show a close spatial relationship with the ophiolite 
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complexes in the New Foundlend area, possibly suggesting that int ense 

tholeiitic volcanism and plate separation occured after the development 

of thick submarine andesitic volcanic piles associated with the early 

eugeosynclinal sediments. 

The presence of different faunal provinces on the different sides of the 

Appalachian and Caledonian Geosynclines during the Cambrian t o Mid­

Ordovician (Windley, 1977) suggests that the Proto-Atlantic Ocean, 

separating the North A~erican and Afro-European Cratons, was bisect ed by 

an elevated mid-ocean .ridge. 

The Appalachian Geosyncline is also characterized by a linear group of 

basement highs that separate the miogeosynclinal and eugeosynclinal 

basins in a similar pattern to that developed in the Damara Geosyncline 

(Fig. 32). These basement highs were reactivated into a tectonical.ly 

active geanticline during the Appalachian Orogeny and provided the sediment 

source for the Late Ordovician molasse-type sediments deposited above the 

miogeosyncline (Fig . 33). During the orogenic deformation in the 

eugeosyncline, major block faulting and the fragment ation occured in the 

miogeosyncline. 

FIGURE 33: Schemstic block diagrams illustr&tlng the sedimentary and t ectonic 
evolution of the continental margin of North Mlenee. during the col1aps~ of t he 
Appale.chh.n Geosync+lne (from Bird and Dewe)!, 1970}. 
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During the Late Proterozoic large internal uplifts orginated in many 

geosynclinal belts,dissecting them into zones of different tectonic 

regimes and increasing the zonality of the different facies. Intense 

orogenic processes in the Palaeozoic brought many geosynclinal belts 

into a state of inversion. Uplift of these zones associated with orogeny 

produced vast amounts of detrital material that was deposited as molasse­

type sediments on the earlier miogeosynclinal deposits. Late 

Proterozoic - Early Palaeozoic metamorphism was of a linear nature, while 

granite intrusion occured locally in narrow zones along major faulcs or 

at their intersections. This is in contrast to the intense granite 

plutonism in geosynclines during the Early Proterozoic (Salop and 

Sheinmann, 1969). The presence of Late Palaeozoic ophiolites and 

blueschists in many of the Palaeozoic orogenic belts suggests that the 

large-scale continental rifting and continental drift, characteristic 

of the MeS OZOic, hed started (Engel, et aI, 1974). However, lerge~scale 

drift of most of the continental segments seems precluded by the 

continued alignment of the older tectono-sedimentary domains across the 

Palaeozoic Belts. Some of the older Late Proterozoic-Palaeozoic 

geosynclines are essentially similar to the Early and Mid Proterozoic 

geosynclines whi le the later Palaeozoic Cycles show features of both 

geosynclines and the later Mesozoic plate tectonic cycle. Therefore the 

Late Proterozoic-Palaeozoic marks a transitional period in the evolution 

of the earth. Mantle processes had reached a stage when the generation 

of s imatic crust and continental separation marked the end s tages of the 

development of major geosynclines . However, these oceanic basins were 

unable to develop to any great extent due to orogenic inversion with 

associated deformat ion and metamorphism, including Blueschist facies 

metamorphism. llBlueschist n is, however, a confusing term as it represents 

a wide range of metamorphic mineral assemblages. The different 

assemblages of Blueschist facies metamorphism show a merked variation 

through time; epidote-bearing glaucophane schists are sporadically 

developed from approximately 600my, while jadeitic pyroxene-quartz 

assemblages show a marked increase in incidence at ebout 160my (Fig. 34) 

(Ernst, 1972). The appearance of blueschists in the Earl y Palaeozoic 

seems to be coupled to a gross thickening of the sialic crust with time 

and is related to the start of plate tectonics (Engel, et aI, 1979). 
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FIGURE 34: Histogram showing the incidence of blueschists with contrasting mineral 
assemblages with timBo Open boxes: epidote-bearing glaucophane schists. Grey 
boxes: lawsonite! epidote. Black boxes: jadeitic pyroxene and quartz (from 
Ernst, 1972) . 

Plate tectonics, represented by Mesozoic large-scale crustal separation 

and the subduction of lithopheric plates is a geodynamic process in which 

plate accretion and subduction are separate tectonic episodes and are not 

part of the same tectonic cycle. If plate tectonics Can be projected 

back into the Palaeozoic, there should be no correlation of features or 

trends on the cratons on either side of an orogenic belt. Further 

extension of processes into the past would mean even more fragmentation 

and a random assemblage of rocks in all the continental blocks. 

However, this is often not the case, as matching features, which can 

be Archean or Proterozoic in age, are developed on either side of major 

Pan-African Orogenic Belts. In Nigerie the mineral ages of rocks 

associated with the Pan-African Belt show a symmetrical decrease towards 

the centre of the belt from the adjacent West African and Congo Cratons, 

and not an asymmetric pattern that would be expected if plate tectonics 

had been operative. Earlier orogenic belts in the adjacent cratons were 

re-foliated and have whole rock Rb/Sr ages that have been lowered in a 

scattered fashion (Hurley, 1972). The symmetrical decrease in Rb/Sr 

ages implies that the Pan-African Belts formed in situ and that t he 

gradual decrease and concent ration of late-stage magmatic and thermal 

activity in the centre of the belt was due to a gradual der.ay of the 

underlying mantle diapir. 

The fonnation of extensive calc-alkal ine volcanic arcs and "rehas in the 

Palaeozoic and the later generation of oceanic crust in back-arc basins ill 

the Tasman Geosyncline, on the east coast of Australia, and the Cordilleran 

Belt, on the west coast of North America, suggest that decoupllng of the 

ocean - continental margins around the Paci fic Ocean took plsLF.! bef'ore the 

break-up of Gondwanaland and Laurasia. In tt18 Tasman OeosyncJ ine IH'ufu:· ;r.~ 

calc-alkaline volcanism started in the Late Ordov.lclBII and cunl. LnueLi 11"11.0 

the Mid Silur ian . In the Late Si lurLan and [arly nevonian ext. rF.!mp. 

hori?Dntal extem.Jion look nlace re :....u lt:i.ng in the f(Jrmatlorl of Ilew oC8BlrLL: 
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floor, probably in back-arc basins. The development of the Tesmen 

Geosyncline was terminated in the Late Devonian during the Tabberebberan 

Orogeny associated with syn- and post-tectonic Carboniferous granite 

plutonism (Schieber and Markham, 1976). The distribution of the volcanic 

and sedimentary facies, which are characterized by marked lateral facies 

variat.ions, suggests that the Tasman Geosyncline fOIlTled in response to 

the initiation of subduction along the eastern margin of the Australian 

Craton. The initial calc-alkaline volcanic activity, the development 

of oceanic crust in back-ar c basins and subsequent collapse, orogeny 

and granite plutonism suggest that the . .activity occured in response to 

the formation of a mantle diapir, probably initiated by the subduction 

of the Pacific Plate. The Cordilleran Belt shows a similar development 

to the Tasman Geosyncline (Fig. 36) and is also characterized by a major 

period of deformation and the thrusting of oceanic and slope sediments 

over the continental margin deposits during the Late Devonian-Mississippian. 

Uplift, erosion and the deposition of thick clastic wedges in successor 

basins was the final consequence of the Antler Orogeny. This was the 

first time in the development of the Cordilleran Belt that clastic detritus 

was shed eastwards onto the craton (\'lindley, 1977). During the Antler 

Orogeny and subsequent orogenies a number of ophiolite complexes were 

obducted onto the continental margin. These ophiolite complexes are 

characterized by a complex pattern of Rb/6r ages that includes a large 

number of Precambrian ages. This is significant as it indicates that the 

Pacific Plate existed as an oceanic plate in the Precambrian and that it 

was only first obducted during the Antler Orogeny in the Late Devonian. 

The definite tectonic inactivity along the west coast of North America 

during the Late Proterozoic and Early Palaeozoic as indicated by the 

development of a thick wedge of continental margin sediments, that is in 

all respects identical to the wedges developed on passive Atlantic-type 

margins during the Mesozoic. This illustrates that subduction along the 

west coast of America did not occur until at least the Mid Palaeozoic. The 

start of subduction in the Ordovician could be coupled with the 

development of an active mid-ocean ridge within the Pacific Plate, but 

also could just as easily be associated with the movement of the American 

Craton over the Pacific Plate in response to active horizontal extension 

associated with the formation of oceanic crust in the ensialic Palaeozoic 

Geosy ncli nes . The time of formation of the Ordovician ophiolite 

complexes coincides closely to the initiation of subduction in the Circum­

Paci fic Belt. 
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PACIFIC OROGEN 
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FIGURE 35: Tectonic chart summarizing the evolution of the Canadian Cordl 1ieren 
Geosyncline (from Thompson and Panteleyev, 197~) . 

THE MESOZOIC AND CAINOZOIC 

The Mesozoic and Cainozoic are characterized by extreme horizontal 

extension with the generation of oceanic crust and associated wide-spread 

continental separation. The generation of new oceanic crust has 

resulted in the development of large lithospheric pletes that ere bounded 

by tectonically active or passive margins. Subduction zones mark 

destructive zones where oceanic crust is forced below continental crust, 

or active volcanic arcs in response to the generation of new oceanic crust 

in accreting plate margins. The di fference between orogeny at t he 

Mesczoic and Cainozoic and that of the Palaeozoic and Proterozoic is that 

the initiation of oceanic basins and orogeny are no longer both directly 

associated with the development and eventuel decay of a single mantle 

diapir. Although rifting, basin development and subsequent horizont al 

sea-floor spreading are directly associated with mantle diapirism; 

orogeny and metemorphism is associatad with subduction and 50 is indirect ly 

related to the original mantle diapir. As a result there is an increasing 

variety and differentiation of tectonic processes and the 1055 of 

importance of geosynclinal processes even though segments of the 

geosynclines can be recognizBd within the parts of the plate tectonic . 

The Mesozoic-Cainozoic Orogenic Cycle, defined by the 75000km l ong Alpi ne 

and Circum-Pacific Orogenic Belts is a mega-episode of diverse 

sedimentation, the emplacement of bathol iths and mount ain building. 
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Activity has continued with varying intensity along segments of the belt 

since the Early Triassic. The Mesozoic-Cainozoic orogenic belts are 

not randomly distributed, but in a general way follow an orthogonal pair 

of great circles (Fig. 36 ). The Circum-Pacific Belt tends to mark the 

border between the Pangea-like concent ration of continental plates with a 

hemisphere-sized ocean. The Circum-Pacific Belt evolved largely at, or 

subparallel to the interface between older continental crust and oceanic 

crust, while the Alpine Belt formed lergely between collidi ng continental 

crust (E ngel and Klem, 1972). In the Circum-Pacific Orogenic Belts the 

constituent igneous rocks are dominated by relatively unfractionated 

andesites and quartz-diorites, while the associated sediments are largely 

tuffaceous wackes that are less mature and less dominated by continental 

components than those of the Alpine Orogenic Belt. The voluminous piles 

of poorly fractionated volcanics and intrusive plutons, as well as immature 

tuffaceous wackes, developed within the Circum-Pacific Orogenic Belt have 

more in common with the Archean Greenstone Belts than with the 

Proterozoic Geosynclines, 

The Circum-Paci fic Orogenic Belt contains a large number of paired 

c:J PhanerOZOIC 

~ ProterolO IC 

.. Archae an 

FIGURE 36: A Permian pre-drift map of the continents showing the development of 
Phanerozoic Belts along two orthogonal great circles on the margins and within the 
Proterozoic mega-continent (from Windley, 1977 ) . 
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metamorphic belts that contain adjacent high-pressure low-tempereture 

Blueschist facies metamorphic rocks and intermediate-pressure high­

temperature Barrovian facies metamorphic rocks (Windley, 1977). The 

Blueschist facies metamorphic belt is characteristically developed in the 

oceanic side and reflects the effect of subduction on the geothermal 

gradient. The reduction in the geothermal gradient is in response to 

the down-going of relatively cool lithospheric plates, that are commonly 

a significant distance away from their origin at the mid-oceanic ridges, 

which are characterized by high heat flow. As a result orogenic 

deformation marginal to the subduction zones is not associated with high 

heat flows characteristic of the geosynclinal orogenic belts. The 

presence of adjacent Barrovian metamorphic belts, commonly associated 

with calc-alkaline volcanic and plutonic activity, suggests that the 

subduction process might initiate a secondary mantle diapir,in response 

to shearing in the mantle during the descent of the lithospheric pl'ltes 

into the mantle. High thermal gradients correlate strongly with zones of 

high seismic activity. The high thermal gradients associated with mid-

oceanic ridges can be directly related to mantle diapirs. The high heat 

flows that occur above Benioff Zones however are in contrast to the idea 

that the down-going plate would bring about a region of low heat flow and 

suggests that subduction initiates a secondary mantle diapir. 

The rupturing of continental crust and sea-floor spreading is not a rapid 

event, but is rather the culmination of a long history of epicontinental 

tectonism, Per-alkaline volcanism characteristically accompanies thermal 

arching that preceeds and accompanies incipient rifting. The volcanism 

is concentrated near the crest of the broad domal uplifts, which appear 

to be spaced at intervals of roughly 1000-2000km along the trend of the 

developing rift belt. When sufficient crustal extension affects the 

arched regions, grabens and half grabens develop in response to rifting 

and normal faulting in the crest of the domes. These rift valleys 

become filled with continental sediments intercalated with volcanics. 

Progressively 250-500km wide regions on either side of the rift valleys 

are subjected to further extensional normal faulting (Dickinson, 1974). 

With increased volcanic activity, dyke injection leads to continued 

horizontal extension with the formation of simatic crust end associated 

continental drift. As the continents drift apart, the aseismic 

continental margins would slowly subside and become the sites of the 

accumUlation of continentally-derived sedimentary wedges composed 
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essentially of miogeosynclinal-type sedimentary assemblages. 

studies of modern day active rift systems have given considerable insight 

into the tectono-sedimentary evolution of rift systems and have resulted 

in the development of models, which can in turn be applied to older 

examples. As a result, it is necessary to examine some of the features 

of more recent and presently active rift systems. The initial stages of 

rift development and the proto-besin stage are best illustrated by the 

presently active East African Rift-Red Sea System. The Basin and Range 

Province in America appears to be a good example of a major rift­

controlled ensialic basin, while the late stages of crustal separation 

and the formation of simatic crust are best illustrated on the Mid­

Atlantic Ridge in Iceland. 

The Eest African Rift-Red Sea System 

The East African Rift System forms a NNE-SSW tending 4000km zone, 

from Asmara near the Red Sea to the Zambezi and attains a maximum width 

of 1000km in Tanzania (Fig. 37). The rift system consists of a series 

of discontinuous true grabens and half grabens which are characterized 

by differential uplift, normal faulting and alkaline volcanisity (Fig. 38) . 

The rift system has been periodically active since the Jurassic although 

the pattern of the rift system is found to reflect Precambrian basement 

structures (McConnell, 1957). Many of the rifts are, however, physically 

discontinuous. The Kenyan Rift Valley forms a single tectonic unit 

that is characterized by an extension about 10km in the centre that 

decreases to 3km or less at the northern and southern extremities. The 

age of rifting also differs from province to province, as the southern 

province was active chiefly in the MesOZOic, while the rifts in the 

northern province formed at different times in the Cainozoic. The Lake 

Malawi Rift, a reactivated Cretaceous rift, provides a link between the 

Miocene and Pliocene East Africa Rift System, and the Jurassic and 

Cretaceous structures formed contemporaneously with the breakup of 

Gondwanaland (Burke and Dewey, 1973). 

A study of the warping of Mesozoic and younger erosion surfaces has 

showed that there is a close relationship between areaS of domal uplift 

and provinces of per-alkaline and alkaline magmatism. These swells of 

the continental crust occur as independent centres of the order of 

500-1000km across, with an increased elevation of about 1000m (Fig. 39). 
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FIGURE 37: Map of the main features of the East Afric!!;n Rift-Aed See System, 
illustre.ting the influence of early structures on ri fting and graben formation and 
the !!;1ignnent of the TrcmpsbeIYj (T) 8ushveld Igneous C011plex (8) and the Gre!!;t 
Dyke parallel to the trend of the Ethiopian Rift (from McConnell, 1974), 
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FIGURE 38: The main structural elements of the Eastern Branch of the Eas t African 
Rift System (from Baker, et al l 1972) . 

FIGURE ':9: Sketch me.p of the d01lici!ll uplifts and per-e.lkl!lline igneous provinces 
t hat have developed in Africa and South America since the Late Pl!llaeDloi c. The 
superposition of major faults illustrates the random patterns of rifting 
ass ociate d with the domice.l uplifts (fran La Bas, 1971). 
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These domal uplifts are generally transected by rifts and associated 

graben structures that may assume a linear or radiating pattern, 

depending on the grain of the basement (Fig. 40) (Le Bas, 1971 and 

Baker, et aI, 1972). The presence of areas of uplifted and eroded 

Precambrian basement along the rift margins indicates that the rate of 

uplift and erosion of the domes is greater than the accumulation of the 

volcanics on these plateau areas, Uplifted terrains of Precambrian 

basement are also prominantly developed along the African and South 

American Coasts while extensive intra-cratonic baSins, filled by Mesozoic 

strata, occur on both cratons indicating that the proto-Atlantic rift was 

also characterized by arching during the Jurassic (Fig. 39) 

1974). 

(Dickinson, 

Although the Rift System has an overall NNE-6SW axi s the strike 

directions of individual components varies from NW-6E to ENE-WSW. The 

different segments of the rift system often have a close association and 

parallelism with Precambrian mylonite and migmatite zones (Fig. 37). 

This close association is best illustrated by the dividing of the rift 

system into the Eastern and Western Rifts round the resistant Tanzanian 

Craton. The Western Rift is subdivided into four straight segments that 

swing around the Tanzanian Craton. The Albert and Edward Rifts follow 

the trends of Archean and Early Proterozoic (Ubendian) orogenic belts, 

which is now marked by a 100-15Dkm wide belt of refoliated basement with 

associated migmatites and anatectic granites. The Gregory and Ethiopian 

Rifts of the Eastern Branch follow the meridional strike of the Mozambique 

Orogenic Belt although individual faults cut across foliation trends and 

even cross the Mozambique Front. The Luangwa Rift Valley follows the 

Irumide Trend which continues along the Kariba Fault into the Okavango 

Rift System. The Luangwa Rift Valley is largely filled with Karoo-age 

sediments but was also rejuvinsted during the Cainozoic. The strike of 

the Gregory Rift is 

through the ~2600my 

aligned along a major NNE-6SW lineament that extends 

Great Dyke, situated in the Rhodesian Craton. This 

line continues south through the 2000my Bushveld Igneous Complex and the 

1300my Trompsberg Igneous Complex (Fig. 37). The Bushveld Complex is 

localized by the intersection of the NNE-6SW trend with the Murchison 

Lineament, which is a major linear that controlled the sedimentation o f 

the Transvaal Supergroup. The Trompsberg Complex is situated where the 

NNE-SSE linear intersects t he margin of the Grenville-age Namaqua-Na al 

Orogenic Belt. These three major igneous complexes represent periodic thermal 

activity along this major NNE-SSW tending Archean lineament through time 
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FTaJRE 40: The extent of crust51 uplift sN:l dome forme.tion ",long the East African 
Aift~ed System. CA) The mlrln fee.tures of t he r ift system; (8) Outline of the 
major crust !!.1 uplifts with contours dre.wn at ebout 1km intervals . The (l) 
Rhodesian; (II) East Africeni (III, IV) Nubian-Arebisn Domes, (e) Detailed map 
shows the isobases of the pre-Miocene erosion surface in Kenya {from Degens end 
Ross, 1976 and BakeT, et aI, 1972} . 
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which is significantly localized at tha intersection of major transverse 

lineBITlents. Elongate Karoo-age sedimentary troughs trend round the 

Rhodesian Craton along the Zsmbezi and Mozambique Belts in a similar 

fashion to the splitting of the Eastern and Western Rifts around the 

Tanzanian erat on. The Okavango Rift System, which is still act i ve 

today, follows the early Irumide a nd Dsmaran trends (Fig, 37) , which also 

illustrates that major taphrogenic lineaments have been periodically 

reactivated through time, 

The Red Sea, Gulf of Aden a nd Ethiopian Rift intersection in the Afar 

Triangle is often referred to as a classic triple j unction (Burke and 

Dewey, 1973 ), However, this junction has been shown to have developed 

along three major intersecting lineaments (McConnel, 1974), The Red 

Sea trend does not terminate in the Afar Triangle but continues through 

i nt o Somalia where it is characterized by major faults associated with 

t he development of the Asseh and Nogal rift-bounded grabens (Fig, 37), 

Although the NNE-SSW trend of the Ethiopian Rift is cut off abruptly by 

the Red Sea trend in the south-west corner of the Afar Triangle its 

continuation is still manifested in the Arabian Peninsular by the Aden 

Volcanics. Even though the spreading ridges of the Gulf of Aden are 

orientated east-west t hey are offset by NNE- SSW tra nsform faults, which 

gives the Gulf of Aden an apparent ENE-WSW trend, The past - west trend 

continues as a linear zone of seismic epicenters and magnetic anomalies 

across the Afar Triangle (McConnel~ 1974), 

The continuation of the Red Sea, Gulf of Aden and Ethipian Rift Systems 

across the triple junction indicates that these ri fes are B. result of Lhe 

reactivation of earlier t aphrogenic faults, The tranform faults in the 

Red Sea also correlate with Precambrian facture zones on t he 6dj~c!-nt 

continents. These features suggest that major doming associa'. ed wi Lh 

mantle diapirism would lead t o the reactivation of early lineamen t s (ri f t; s), 

which in tur n might control further lateral spreading of t he man;.: le diapir . 

Ma nt le diapirism therefore either leads to the generation of classic 

central grabens as f or example the Rhine Valley, (Fig. 41) or t o the 

reactivation of existing l inears and the formation of irregular triple end 

quadruple junctions in the crestal zones (see Fig, 39) , The reactivation 

of existing linears i s part icularly well illustrated by the geomRtry of 

the rifts associated with the East African Dome centred on Lake VicLor ia. 

The Western and Eastern rifts are in fact developed on ehe margins of U,is 

uplift due to the preferential reactivation of Precambrian zonps of 
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FIGURE 41: Fault pattern of the Rhine Graben illustrating the development of a 
classic central graben that changes into fan-shaped troughs on the extremi t ies of 
the domical uplift. North-east south-west trending faults are reactivated older 
line9"l\er.ts (frexn Withjack, 1979). 

weakness around the stable Archean Tanzanian Craton (Fig. 40). 

The major volcanic episode in the Africa Rift System is illustrated by 

the profuse eruption of the Trap Series fissure basalts along the 

Ethiopian and Kenyan Rift Valleys (Fig. 42). This volcanic episode 

was initiated in the Eocene-Oligocene, in the vicinity of the Afar 

Triangle to the north end progressively extended to the south during 

the Oligocene. The flows thicken and increase in number from a thin 

sequence a few hundred metres thick on the plateaus, to greater than 

2000m within the Ethiopian Rift Valley . This volcanism, coeval with 

the start of volcanism in the Red Sea Gulf of Aden area is the result of 

continued horizontal extension in the crestal region of the domal uplift. 

The later Miocene and Pliocene volcanism in the East African Rift System 

is in contrast confined to the intersections of major rift segmen or 

the intersection of taphrogenic transverse linears with t he rift valleys. 

The volcanism is dominently per-alkaline and alkali ne with an a bundance 

of alkali basalts that are typically grouped into provi nces centred on 

regions of crustal swelling (Le Bas, 1971). 

The Red Sea Rift was initiated in t he Early t o Mid Tertiary by upli ft 

along a major axis of upwarp that in the Eerly t o Middle Ter+:iary was 

accompanied by normal faulting and by struct ural failure fur :her to the 
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FIGUR~ 42: Distribution of the main volcanic groups of the Eastern Rift zone of 
the East African Rift System (frem Baker, at aI, 1972), 

west along a narrow zone parallel to the axis (Hallam, 1972). Following 

the doming and rifting,volcanicity started in the Dligocece (~3Dmy) and 

has continued to the pr esent. In the Miocene the normal faul ti ng t o the 

west to the cent r al r ift formed the Danakil Alps (Fig. 43). The 

easterly down- thr own block on the coastal plain became the site of 

deposition of thick evaporites and other sediments in the Miocene as the 

basement subsided asymmetrically with the development of a westerly tilt. 

The extensive extrusion of lavas and pyroclastics took place along this 

zone of tension (Hall am, 1972). Having been intermittently marine since 

the Eocene, the Red Sea became permanently marine in the Late Miocene. 

The same pattern of faulting and asymmetrical subsidence was repeated 

further west in the Pliocene to create the Ethiopian Plat eau and Danakil 

Depression (Fig. 43), illustrating that the zone of crus t al ~xtension 

became progressively wider with time. Dur ing the Late Pliocene (~3,5my) 

the profuse extrusion of tholeiitic lavas and dyke injection caused 

further horizont al extension and the separation of the continen t al crus ': 
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FIGURE 43: S~hem6tic cross-sections illustrating the evolution of the Southern Red 
Sea and Afar region CA) Eocene-Oligocenej (8) Early Miocene; (e) Late Miocene to 
Quaternary (fran Hallem, 1972). 

with the formation of oceanic crust in the centre of the Red Sea 

(Fig. 43) (Scrutton, 1973). 

The central rift valley in the oceanic crust in the median zone of the 

Red Sea is characterized by high heat flow due to the presence of a 

sub-crustal mantle diapir, indicated by seismic observations, that extends 

laterally beneath the present extent of the Red Sea (Fig. 44) (Ramberg, 

1971) . Rise of this ma~tle i:liapir initiated the development of a major 

dome that reactivated three important Precambrian lineaments. Progressi VB 

horizontal extension associated with the development of the Nubian-Arabian 

Domes led to profuse volcanic activity in the Oligiocene. Due to space 

constraints in the global plate system only two of the three rifted arms 

continue to be zones of further horizontal extension. P rogressi VB 

crustal thlnning eventually led to intense tholeiitic volcanic activity 

in the central rift valley with the subsequent development of simatic crust 

and the separation of the continental crust. In the relatively inactive 

East African Rift System alkaline volcanism was confined mainly to the 

intersections of major rifts. 
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FIGl.J1E 44: Block dillgrsn of the topography of the Red Ses region and the development 
of an anomalous mantle diaplr centered on tha Red 5eo Rift Valley (from Remberg, 
1971). 

The Basin and Range Province and The Rio Grande Rift 

The Great Basin is a 700km wide zone of nearly evenly spaced 

semi-parallel NNE-SSW trending mountain ranges that are bounded on one, 

or on both sides by steeply dipping normal faults (Fig. 45). The Great 

Basin corresponds to a well defined zone of high heat flow, thin crust 

and anomalously high attenuation of low velocity seismic waves in the 

upper mantle. Seismicity of predominantly normal-type is concentrated 

in the two marginal zones, which are also tt-e zones with the most recently 

volcenic activity. The continental crust is approximately 30km thick 

below the Great Basin end increases abruptly to greater than 40km thick on 

the boundary with the Colorado Plateau on the east, and the Sierra Nevada 

on the west (Fig. 46). The depth to the top of the low vslocity zone, 

which extends to a depth of 1SC-170km, incresses abruptly from 30km to 

100km at the Great Basin - Colorado Plateau transition. The presence of 

high· heat flow and a general l ow Bouguer gravity anomaly suggests that a 

mantle diapir exists below the Great Basin (Scholz, et al, 1971) . 

Faulting began in the Eocene to Oliocene, elthough most of the deformation 

and crustal Bxtension has occured since the Miocene. Est imates of 

crustal extension range from SC-300km . The faulting is uniformly normal , 

except on the western margin where there is some right-lateral strike-slip 

faulting. Wide spread intermediate composition calc-alkaline volcanism 

began in the Early Oligocene in the south-eastern part and progressively 
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FIGURE 45: Map of the western coast of North America illustrating the tectonic 
setting and in particular th'_ distribution of normo!ll faulting end volcenic e.ctivity 
in the Great Basin, the Basi n and Range Province, the Colorado Plateau a nd the Rio 
Grande Rift (from Ramberg and Newman, 1978). 

E 
~ 

:J: 
t­
a. 
UJ 
o 

CALIFORNIA 

COAST 
RANGES 

00 100 200 

AGES OF SILICIC VOLCANISM 

UTAH 

1000 

300 400 500 600 700 800 900 1000 1100 1200 

DISTANCE, km 

'" z 
o 
N 

o 
-' 

FIGURE 46: An east-west section across the central Basin and Range PrQvi ~ce showing 
the 6g~s of silicic volcanism, and the structure of the sialic crust and upper 
mantle (from Scholtz, at aI, 1971). 
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moved northwards and also spread laterally outwards from a central core 

during the Miocene, Pliocene and Quaternary. As a result, there are 

successively larger rings of younger igneous rocks with the youngest 

located on the margins. The rate of outward migration has been 

asymmetric., in that it has been more rapid to the west. Recent volcanic 

activity is associated with the seismically active marginal zones (Fig. 46) 

(Scholz, et al, 1971). The erruption of the andesitic volcanics blanketed 

the area with volcanic flows and breccias until the period from 12,5my-7,5my 

when the area became an intergrated depOSitional basin. Approximately 

2500m of sediments accumulated in the basin, which reached its maximum 

extent at approximately 10, 5my. The sedimentary facies varied from 

fluvial to lacustrine. At approximately 7,5my the region was disrupted 

by NE-8W normal faulting into the existing structural blocks. 

relatively quite tectonic period a well defined erosion surface 

During a 

developed. This erosion surface was locally covered by basaltic 

volcanic flows and rhyolitic domes that were commonly emplaced along 

faults. Broad upwarping and renewed block-faulting during the Quaternary 

produced the present topography (Gilbert and Reynolds, 1973). 

Uplift and andesitic volcanism started 4Dmy ago over most of the Basin 

and Range Province, which is situated immediately east of the Cretaceous­

age granites of the Sierra Nevada that had formed in association with an 

easterly dipping subduction zone. The area was therefore in a largely 

compressive stress field behind the subduction zone so that volcanism 

could only occur by forceful injection. As a result, the volcanism was 

restricted to hydrous calc-alkaline magmas, which could achieve fluid 

pressures in excess of t he regional stress field . In the Late Cainozoic 

there was an abrupt change in style from the calc-alkaline to basaltic 

volcanism, due to a release of the regional stress 25my ago by the 

annihilation of the Mid-Tertiary oceanic ridge in the subduction zone. 

Extensive normal faulting was associated with the basaltic volcanism and 

progressively expanded towards the east as the triple junction moved 

northwards until the complete termination of the subduction ZOne approximately 

1Dmy ago. 

The evolution of the Basin and Range Province can be related to a mantle 

diapir that developed apprOximately 40my ago and spread out progressively 

with time causing periodic normal faulting, crustal extenSion, coeval 

volcanism and the development of a broad local sedimentary basin and 

subsequent uplift and decay of activity. The Basin and Range Province 
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can therefore be thought of ' as an ensialic inter-arc basin (Scholz, et el, 

1971) . A possible reaSon why the most intense volcanism always occured 

at the outer margins of the diapir might be due to the production of 

strong tensional forces along the boundary between the outflowing mantle 

diapir and the adjoining areaS of thicker lithosphere . As the margins 

of the diapir spread out beneath the lithosphere, the interior zone 

might have become less active due to the loss of its lower melting 

fraction, so that surface volcanism died out. 

In the San Juan volcanic field, to the north-east of the Rio Grande Rift, 

olivine andesites arB the earliest volcanics and were followed by 

voluminous alkali-andesite, rhyodacite and quartz-latite volcanics that 

were erupted from numerous central volcanoes. The partitioning of trace 

elements in the alkali andesite liquids was controlled by a garnet­

clinopyroxene assemblage in which plagioclase and olivine were sparse, 

indicating that the equilibration of the alkali-andesite magma took place 

et high pressures, above that of the stability of plagioclase and 

therefore at lOWEr crustal depths. Trace element distributions also 

indicate that the more felsic vol canics were generated by fractional 

crystallization of plagioclase and lesser hornblende (~biotite) from an 

alkali-andesite at low pressures (Zielinski and Lipman, 1976). It would 

therefore appear that the alkali-andesites were generated in response to 

the interaction of alkali-basaltic magmas,probably derived from a mantle 

diapir, with lower sialic crust. These magmas equilibrated and then 

rose through the crust and subsequently underwent differentiation at 

shallow crustal levels to produce the more felsic volcanic derivatives . 

Large magma chambers of the cauldron-type appear to induce the formation 

of local depressions in response to collapse following the extrusion of 

lavas (Heiken, 1976). In Northern California the Shasta Valley 

Depressioll is a 1DDkm diameter circular structure that contains Pliocene 

and Holocene lavas and pyroclastics. There is a difference in elevation 

of 1DDDm between the floor of the depression and Miocene-Pliocene erosion 

surface above the adjacent arcuate scarp. A coincident negative Bouger 

anomaly is thought to represent the presence of e low density melt at a 

depth of 4-1Dkm. In the Shasta Valley Depression the density of volcanic 

vents is approximately four times greater in an area where the depression 

is intersected by a zone of normal faults of the Basin and Range Province 

(Heiken, 1976). The presence of linear zones of volcanic vents also 

suggests that the volcanism is controlled by the faults . The nature of the 
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volcanism also changes drsmaticallYi differentiated felsic volcanics are 

dominant in the poorly faulted zones while mainly bas altic volcanics and 

some dacite flows occur in the more intensely faulted area (Heiken, 1976). 

The Rio Grande Rift is developed along the boundary between the Colorado 

Plateau on the west and the mid continental craton on the east. When 

regional extension reactivated the Southern Rocky Mountains rifting began 

between 32-27my on a major northerly-trending zone of we~<ness that had 

developed during the Late Palaeozoic and Late Cretaceous-early Tertiary 

orogenies. Adjacent to the uplift along the Rio Grande Rift shallow 

basins were filled by mafic flows and volcanic Bsh beds intercalated with 

alluvial fill. As the rift opened it broke en-echelon across a series 

of NE and WNW trending lineaments in the basement terrain to form six 

northerly-trending basins with lateral displacements of up to 55km (Kelley, 

1977) . The taphrogenic transverse structures tend to be zones of high 

A heat flow and geothermal activity and zonas of volcanic activity. 

large present day sill-like magma body, which exists at mid-crustal depths 

of approximately 19km, ends abruptly against one of these transverse 

structures and is apparently leaking magmas along it to form shallow magma 

reservoirs. 

The Main Rio Grande Rift is divided into three segments. The northern 

segment follows the NNW trend of the Late Palaeozoic and Laramide (45-

75my) structural grain and is characterized by a near absence of s yn-rift 

volcanism in the axial basins. The rift is characterized by a shift in 

horizontal extension away from the axial grabens into a broad belt along 

the shoulders. The axial graben tapers northward and pinches out into a 

broad zone of block faulting. The central segment consists of a s eries of 

en-echelon basins separated by complex transverse structurp.s. The southern 

segment has undergone the most extension and widens into a northerly­

trending series of parallel basins and ranges with a total width 

approximately three times that of the large single rift valleys to the 

north. The rift also separates into the we~er San Augustin Rift that 

extends south westerly along the Morenci lineament. Between the San 

Augus tin Rift and the southern segment of the main rift is a triangUlar 

area, approximately BOkm on each side, which has undergone moderate (±5Q%) 

crustal extension, normal faulting and horst and graben formation, as well 

as voluminous early rift and late rift volcanism. Large volumes of 

basaltic andesite, and rhyolitic ash-flow sheets, with high init i al ratios 

ar.d therefore a lower crustal origin developed in l ocalized area between 
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32my and 2C\ny. This was followed by a Middle Miocene lull (20-12my) 

after which volcanism slowly increased and became concentrated in thB 

Socorro Triangle and Jemez Mountains where the rift transects major 

north-easterly trending linaments. Associated with the increase in 

volcanic activity the volcanism changed to bimodal basalt-rhyolite, 

with low initial ratios indicating that the horizontal extension and 

the increased volcanism was a response to mantle diapirism. 

The three different segments of the Rio Grande Rift illustrate some of 

the features of the progressive development of a rift system. Early 

rifting is associated with uplift, rifting and graben formation and 

minor volcanism. Further r.orizontal extension caused normal faulting 

to occur on the shoulders of the domical uplift that would eventually 

become a series of horst and graben structures. Continued horizontal 

extension developed faults that penetrated through the crust and acted 

as permeable zones for mantle-derived tholeiitic volcanism. Eventually 

further horizontal extension would lead to the development of broad 

basin on the scale of the Great Basin. Subdued tectonism during this 

pivotal stage would allow the development of en extensive sedimentary 

sequence. Tectonic reaction then would disrupt this sedimentary style 

and CaUse block-faluting, minor volcanism and erosion of the uplifted 

horst blocks. The Great Basin has undergone a full cycle of development 

and is now in the destructive stage associated with a decaying mantle 

diapir. 

Sea-Floor Spreading and the Development of Continental Margins 

On a global scale the Late Mesozoic continental separation waS the 

final episode of continued subsidence End basin development peripheral 

to ancient blocks,that started in the Late Palaeozoic. In Gondwanaland 

at least, it is evident that the Mesozoic continentel margins developed 

along the trends of ancient taphrogenic faults end orogenic belts (Kent, 

1977). Limited alkaline and tholeiitic volcanism is generally associated 

with initial rifting and graben development while intense tholeiitic 

volcanic activity often occurs just prior to or just after the deposit ion 

of the first marine sediments in the rifted basins (Fig. 47). Periodic 

marine incursions into the grabens led to the formation of thick 

evaporite units on top of the predominantly continental sandstones. The 

period of intense tholeiitic volcanic activity usually spans between 

30-40my and is the response to thinning of the continental crust with 
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progressive horizontal extension. The profuse lava extrusion and dyke 

intrusion eventually. led to continental breakup and sea-floor spreading. 

Breakup sometimes occurs at the onset of the intense igneous activity but 

generally occurs,typically !25my, after the start of profuse volcanic 

activity (Scrutton, 1973). The onset of sea-floor spreading generally 

led to a decrease in volcanic activity and the establishment of fully 

marine conditions. 
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The North Atlantic began opening up in response to sea-floor spreading at 

about 1BD-17Omy ago with the separation of North America from north-western 

Africa . (Fig. 4B). During the Upper Cretaceous the Labrador Sea opened 

and finally spreading switched to the presently active Reykjanes Ridge at 

approximately 6Omy. On the adjacent continents, coeval igneous activity 

was associated with the initiel phase of spreading and also with the 

switch to the Reykjane Ridge, while a period of rapid intra-Cretaceous 

continental sedimentation was associated with the opening of the Labrador 

Sea (Scrutton, 1973). The separation of Africa and South America took 

place between 12D-112my at about the same time that the Labrador Sea 

opened. Although the differential opening of the major oceanic basins 

occured diachronously, there appears to be a definite periodicity in the 

continental fragmentation, with major peaks at about 17Dmy, 115my, 6Dmy 

and 4my. (Scrutton, 1973). The onset of volcanic activity associated 

with initial continental rifting seems also to be synchronous in different 

parts of the globe. The initiation of rifting in different parts of the 
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globe would also be expected to cause a re-orientation of the global 

rigid lithospheric plates. Some of the ages of continental separation 

correspond to major re-orientations of the oceanic plates (Vogt, 1975), 

indicating that sea-floor spreading is not a random process but is 

controlled by major geodynamic processes in the mantle. 

FIGlJRF as: The relative positions of Europe and Africa relative to North lVneriC~ 
at specific t:1me5 during progressive see- floor spreading (from Pitmen end Tel waru. , 
1972) • 

Sea-floor spreading involves the symmetrical generation of oceanic crust 

in an active mid-oceanic ridge . The processes operative during sea-fl oor 

spreading are best understood from studies carried out in Iceland, a major 

volcanic island situated on the axial zone of the Mid-Atlantic Ridge. 

Recent volcanic activity in Iceland has been confined to an active belt 

between 30-5Dkm wide,with t he maximum intensity of activity moving at 

random across the whole width of the zone. Open fissures, emissive 

fissures and normal faults are the major kinds of parallel structures 

that develop within the active zone. The width of the graben structures 

developed in the active zone range f rom a few meters to B few t ens of 

kilometers. Extrusion of lava out of the emissive fissures leads to the 

progressive accumulation of lava flows. With progressive extension the 

proportion of feede r dykes perpendicular to the lava flows increase with 

depth and eventually grades into a sheeted dyke complex. The normal 
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faults occur independently of previous lava flows,and are therefore not 

due to isostatic compensation related to the volume of ext ruded lava, 

but represent the surface expression of tectonic extension (OaigniBres, 

et al, 1975). 

Continental separation involves the initial development of a t ransitional 

crust and lithosphere between the continental fragments end adjacent 

oceanic basin. Extensional faulting at upper crustal levels, and 

probably some pseudo-plastic flowage at deep crustal levels, results in 

attenuation of the continental crust, and the formation of qU6si-

continental crust (Fig. 49). Sedimentation contemporaneous with 

volcanism in the initial rift depression would form a complex succession 

of lava flows, dykes, sills and sediments that would result in the 

formation of crust with oceanic affinities but unusual thickness, or 

quesi-oceanic crust (Fig. 49) (Dickinson, 1974). 
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FIWRE 49: Schem~tlc dlagrl!l1l l11ustre.ting the development of transitional quasi­
continental an::! qua51-oceanic crust e10ng e rifted continental margin (from 
Oicki~o,n. 19?4). 

Some mid-ocean ridges show conspicuous axial valleys (Gorda Rise) while 

others do not (East Pacific Rise). In intermediate cases the axial 

valley or graben does not seem to be a continuous structure along strike. 

The presence of a narrow axial valley is related to the width of the 

active zone. It is visualized as being associated with a variable size 

of the I1thermal head" of the mantle diapir. If the asthenosphere is 

close to surface in a narrow wedge the active zone would be narrow, 

possibly with an associ ated axial valley. However, if the mantle diapir 

defined a smooth arc the active zone would be broader so that the plate 

boundary would be defuse and would not be marked by e major axial valley 

(Daignieres, et aI, 1975). This pattern is remarkebly similar to the 

development of narrow axial gr~ associated with initial continental 

uplift which is then followed by the progressive increase of the zone of 
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normal faulting due to continued horizontal extension associated with 

lateral spreading of the mantle diapir. 

undergo evolutionary changes. 

Mid-oceanic ridges might also 

The opening of an ocean by profuse volcanism and dyke injection should 

be discussed in terms of rigid pletes. The relative movement of two 

rigid plates on a spherical earth can be represented at any given time 

by movement about a pole of rotation. As the mechanically constraints 

imposed by the segments of continental lithosphere,when continents first 

split apart , are much stronger than thOSe constraints imposed by thin 

oceanic lithosphere produced at a normal accreting plate margin, the 

plates would rotate about a common pol e (Francheteau and Le Pichon, 1972). 

Rifted zones are often not continuous structures but may be composed of a 

series of en-echelon rifted segments that are separated by major 

transverse basement linears. Following progressive thinning of the 

continental crust those transverse struct;ures that lie close to direction 

of small circles about the pole of rotation will act as transform faults 

when spreading starts. These would elso form mejor offsets on the 

continental margins. During initial rifting the intersection of these 

transverse structures with the main rift valley were often zones of 

extensive volcanism. Continued active volcanism would build up marginal 

fracture ridges on new ocean floor away from the offsets,which would 

remain as transform feult zones elong the mid-oceanic ridge. As the 

oceen widens by the accretion of new oceenic lithosphere, the sea floor 

gredually moves away from the thermally active eccreting plate margin 

and so would progressively subside. This is in response to the thermal 

contraction of a cooling lithospheric plate. The rate of subsidence 

would be initially ~100mm/my, and would decline with time to :10mm/my. 

As a result the oceanic crust beneath a presently active ridge crust 

occurs at relatively shallow depths of 2,5 - 3,Okm below sea level and 

becomes progressivel y deeper with age, so that oceanic crust older than 

75my occurs at a depth of ±5<m (Dickinson, 1974). 

Following initial rifting and the development of a sediment-filled graben 

further horizontal extension would be expected to lead to profuse volcanic 

activity . Since the major rifts are developed on the margins of the 

grabens it might be expected that they would also be the zones of maximum 

volcanic activity , As a result, the graben would most likely be breeched 

on its margin along the rift rather than, as in most generalized rifted 

continental margin models, along the axial zone (Fig. 50). Prior to 
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sea-floor spreading the Tasman Sea was an elongate rift valley that was 

eventually breached along its western flank. As a result on the west 

the Australian Continental margin shelf is narrow and is underlain by a 

few hundred meters of uniform, flat-lying sediments and is virtually 

barren of rift-stage sediments. In contrast, on the eastern side of the 

Tasman Sea horst and graben structures in the basement reach up to 200km 

in width and are filled by early continental sediments (Jongsma and Mutter, 

1978) . 
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FIGJAE 9): D1e.gr5ll illustrating the ro~ult of 5Xilll and no~e.xie.l breaching of the 
rift valley during sea-floor spreading (fran Jongsma and Mutter, 19?8). 

Large shallow continental basins often develope on the margins of the 

narrow uplifts marked by the axial rift valleys. This is well illustrated 

by the shallow inter-arch basin that is developed between the Western and 

Eastern Branches of the East African Rift System which is occupied by Lake 

Victoria. In consequence to sea-floor spreading within one of the rift 

valleys, a continental inter-arch basin would develop into a rim basin on 

one of the resulting continental margins. The Western margin of 

Australia had a configuration of rifted arches and associated marginal 

basins prior to plate devergence (Fig. 51). Sea-fl oor spreading is 

thought to have taken place along one of the boundary faults of a rift. 

The rim continued to influence the distribution of the depositional facies 

for 30-40my after breakup, until the rim subsided below sea level 

(Veevers, 1977). 

The development of rifted continental margins results in the juxtaposition 

of an elevated continental block, with sediment sDurces,egainst B newly 

formed ocean basin that serves as a sediment sink. The floor of the new 
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sea-floor spreading stage and the development of a rim b!iSin, fallow d by . 
subsidence and the progradation of a miogeos)/ncline wedge ( from Veevers and 
Cotterill , 1975 and Veevars, 1977) . 

ocean basin is typically a number of kilometers below the mean surface 

level of the two adjacent continental fragments. The resulting 

sedimentation forms a che!rectaristic sedi ment a ry prism that spans the 

interface between continental crust and ocea.nic crust. Th e successive 

phases of deposition may form markedly diachronous facies along a rifted 

margin because most continental separations proceed es wedge-like openings 

rather than instentaneous separations along the whole lengch of the 

rift belt (Dickinson, 1974) . 

As the continental margin moves away from the mantle diapir beneat h the 

mid-oceanic ridge, the originally uplifted margins of the initial rift 

would begin to subside. I n conjunction, the continental margin is 

coupled to the oceanic lithosphere and will there f ore tend to subside 

with it . The thermal contrast on each side of the offset margins woul d 

result in differential subsidence, with ths transverse fractures acting 

as zones of decoupling between the continental blocks (Francheteau and Le 

Pichon, 1972). The rssultant differential subsidence of parts of the 

continental margins would lead t o the formation of shelf and coestal basins 

10 
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that are open towards the sea and which are approximetely limited by the 

prolongation of the marginal offsets and corresponding fracture zones. 

Decoupling and differential subsidence along major hinge faul t s would 

initiate partial melting in the mantle diapir and would act as a conduit 

for magmatism. Typically a group of differentiated cauldera-type mafic 

to alkaline complexes would develop along these linears. In Angola, 

Brazil and South West Africa, groups of alkaline igneous complexes form 

distinct lineaments that can be correlated wi th transform faults that 

offset the Mid-Atlantic Ridge . The ages of the alkaline complexes are 

grouped between 135-125my and BD-5Dmy and correlate with the initiation 

of continental separation and a later reactivation due to a change in 

the pole of rotation between Africe and South America (Marsh, 1973). 

The Benue Trough is a BD-9Dkm wide fault-bounded aulacogen that contains 

a sequence of gently folded Cretaceous sediments and volcanics. The 

Benue Trough is located on the Gulf of Guinea re~entrant on t he west coast 

of Africa. The Benue Trough is bounded by two major faults that cont inue 

on the oceen floor as two major transform faults that offset the Mid­

Atlantic Ridge. Alkaline, tholeiitic and andesitic volcanic ectivity 

was associated with the deposition of continental sandstones and playa 

lake sediments coeval with the initietion of rifting between Africa ' and 

South America. The initial graben stage of sedimentetion and volcanism 

was followed by a major Albian transgression and the deposition of up to 

2DDDm of shallow marine sediments that grade northwards into platform 

carbonates. The aulecogen was subjected to periods of tectonic 

reectivation with associated gentle folding of the sediments. 

Reactivation of the major boundary rifts led to the erosion and deposition 

of thick continental clastic wedges (Fig. 52). (Dlade, 1975). 

The Benue Trough underwent a similer evolution to most sedimentary basins 

on the continental margins of the Atlantic. The presence of anENE-WSW 

trending lineament, defined by e belt of charnockites, just to the north 

of the Benue Trough suggests that this aUlacogen might be developed ' along 

an ancient lineament (McConnell, 1972). The Benue Trough is also 

bounded by two major faults that continue on the ocean floor as two major 

transform fault zo nes (Frencheteau and Le Pichon, 1972) . The Benue 

Trough-Atlantic continental margin junction has been frequently cited as 

a typical triple junction, genetically related to continental drift. 

However, this junction probably represents the trilate splitting of the 

continental crust by a mantle-derived thermal dome along ancien t 
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FIGURE 52: Schematic sections illustrating the tectonic evolution of the Benue 
Aulacogen (after Olade, 1975). 
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lineaments. Progressive horizontal extension caused two of the rift s to 

spread to form the South Atlantic. The stresses associated with the 

opening caused the Benue Trough to cease further extension so that it 

remained as a partielly active aulacogen. 

Along the South American and African continental margins,Late Jurassic 

and Early Cretaceous continental clastic sediments accumulated in helf 

grabens unconformably above Palaeozoic sediments and ' crystalline basement, 

These early continental clastic sediments were succeeded by extensive 

Aptian evaporites which indicate the existence of a long narrow sea 

separating Africa and South America. Younger marine sediments record 

the continuing separation of the two continents. In most cases these 

deposits show a seaward thickening as a sedimentary wedge which is in 

marked contrast to the distribution of the older continental deposits in 

half grabens (Fig. 53) (Kent, 1977). The thick accumUlations of strata 

on the margins of continental blocks correspond to the mi ogeosynclinal 

deposits of the Proterozoic and Palaeozoic as t hey are characterized by 

clear-cut contact relations with the continental basement and by a 

paucity of turbidites and interstratified volcanic rocks . 

• 

• , . .m 
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FIGURE 53: Section across the Sergipe-Algaas Basin on the Atlantic continental 
margin of Brazil sha.rlngo the sBaward thickening of a miogeoclinal sedimer,tary wedge 
in contrast to the confinement of pre-breakup Permian - Early Mesozoic sP.diments to 
rift-bounded proto-basins (from Kent. 1977), . 

The sediments on the North Americen Atlantic continental margins are 

preferentially developed in isolated fault-bounded troughs that are 

aligned approximately parallel to the continental slope (Fig. 54). The 

geometry of the basins can be explained by t he clockwise rotation of the 

whole Nort h American Continent in response to the differential opening 

of t he Labrador Sea and the Atlantic Ocean (Sheridan, 1974). Up to 

8-12km of Jurassic and younger shallow-water marine sediments accumulated 

in the block-faulted rifted continental margin,while Early Cretaceous and 
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FIGURE 54 (A): Structural map of the Pre-Jurassic baseme~ of the Atlantic 
continental margin of North America showing the development of narrow rift-bounded 
besins on the proto-cont inental m5Tgin and the decrease in the basement e levBt~on 

away fran the me:rgin. (8): Conceptulll reconstruction of the Atlantic continental 
margin illustrating the development of narrow rift-bounded basins by differential 
rotation during the opening of the Labrador See and the Atlantic Oce5n (from 
Sheridan ,' '1974) . 
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Jurassic carbonate and evaporite deposits are preserved in the deeper 

basins off-shore. Subsequent subsidence of the rifted Atlentic 

continental margin associated with the westward drift of North America 

during formation of the Mesozoic and Cainozoic Atlantic Ocean also allawF.d 

room for the deposition of considerable thicknesses of Mesozoic and 

Cainozoic geosynclinal sediments (Sheridan, 1974). 

A global synchronization of certain transgressions and regressions have 

been recognized as well as apparent global synchronization of short 

intra-Cretaceous periods of rapid subsidence. The penecontemporaneous 

Aptian-Albian phase of rapid cratonic sedimentation in North America and 

Russia, and the wide-spread marine transgression and rapid sedimentation 

in Brazil and on the North American Atlantic continental margin all 

suggest that the controlling strain was caused by a common global 

geodynamic process (Whitten, 1976). 

Subduction and Island Arcs 

In the global system of rigid lithospheric plates, subduct ion is a 

logical consequence of plate accretion at a mid-oceanic ridge. Geodectic 

levelling after major historical earthquakes in both Japan and Alaska 

indicated that the -earthquakes resulted from the sudden ocean-ward 

relaxation of potential energy which caused the sudden movemen s of huge 

glide masses movi ng over a spoon-shaped base (Fig. 55). These relaxations 

of potential gravitational energy caused subsidence on the continents and 

upthrusts along the side of the ad jacent subduction trench. This suggests 

that subduction is the response to the gradual thrusting of the continental 

plate over the oceanic plate (Fig. 56). (Van Bremmelen, 1976). In this 

way subduction is due to the movement of both ~he continental and oceanic 

plates in response to horizontal extension related to the generat ion of 

new oceanic crust along the mid-oceanic ridge. 

Volcanically active island arc systems characteristically develop i n 

response to subduction. Island arcs show a similar evolution to intra-

cratonic rift systems and are characterized by graben formation (Fig. 56) 

and profuse, mainly calc-alkaline voloanism with some alkaline and 

tholeiitic magmatism. Typically the basaltic volcanism changes from 

tholeiitic to high-alumina basalt and then to olivine alkali basalt away 

from the volcanic front, in response to the increase in depth of the 

subduction zone within the mantle. This would suggest that shearing and 
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FIGURE 55 {AJ: Geodectic dISh: on the Hoe! Ellrthquake 1n the western part of the 
Japan Arc illustrating the rise of the ground level on the trench side and 
subsidence on the continental block. (8): Block diagr~ illustrating the 
trensletory slide towerd5 the trench generated by a major earthquake in Alaska , 
19~, which hes II similar geodetical response 85 that of the Hoei Earthquake in (A) 
(from Van Bremmelen, 1976 and Spencer, 1972) . 
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FICllflE 56: Origin of ',he Japen Arc. {A): According to the CDrlCept of active 
subduction by the thrusting of the ocea nic p18te ben81!th the continent, (8): Due 
to the interactior. of an oceanic plate moving away from an active mid-oceanic 
r idge end thru!iting of the contincntel plate over the ocea nic pla:.e in responsE' to 
horizontal el<tension associated with ~econdary mantle diapirism below th!' active 
volcanic arc. Note that tl1 l~ geanetry o f the low-angle Lh rvsts ccrre!;pond Lo ~I,O 

geodectic data derived from major carthQvekp.s in ective islend ercs (~ig. 55) 
(fran Van 8remrne1en, 1 ~7r.. ). 
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the generation of frictional heat is sufficient to cause partial melting 

of the mantle adjacent to the descending ocean plats. Volcanism and 

plutonic activity in the Andes shows a remarkable association with th e 

spreading rate, suggesting that the rate of subduction and magma 

generation are related (Fig. 57) (Pitcher, 1979). The incorporation 

of a rigid cool lithospheric plate into the upper mantle would be 

expected to generate secondary effects. It is possible that frictional 

heat associated with shearing on the upper margins of the plate would 

cause partial melting of the mantle rather than in the relatively cool 

descending oceanic plate. Partial melting of the mantl.e would lead 

either to the development of a density difference and the segregation 

and rise of mantle diapirs, or to the rise of the melting isotherm above 

the low velocity zone, which would i n effect be identical in nature to a 

mantle diapir. 
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FIGJRE 57: The releitiof"lshlp between the VOllxnB of me.gma produced during the 
fermeticn of the Coastal 8ethclith of Peru end the spreedlng rete of oceenic pletes 
in response to ecstwerd subduction below South America (fran Pitcher, 1978), 

However, since mantle advection is the more general process of heat 

transfer, it is likely that a secondary mantle diapir would begin to rise 

after a critical amou,1t of low density partial melt had accumulated along 

the subducting plate. In view of the relationship between magmatism and 

sea-floor spreading rates, it would seem that at slow spreading rates 

isolated mantle diapirs, or magma diapirs, would rise from the Benioff 

Zone. Volcanic activity at surface would then be marked by a distinct 

petrographic zonation behind the volcanic front that is well illustrated 

by t he Quaternary Volcanoes in Japan (Fig. 58) (Cermicheal, et al, 1974). 

At high sea-floor spreading rates the generation of large amounts of 

basaltic partial melt in the mantle might be sufficient to form e 

secondary mantle diepir. This would rise in a similar fashion to B 

primary mantle diapir and would interact with the continental crust in an 
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FIGURE 58: Distribution of tholeiite (small circles). high-alumina basalt (o~en 
circles) and elkali olivine basalt ·(solid circles) in Quaternary volcanoes in 
Jape;n. The zonation perallels the volcS"'lic front developed above the subduction 
zone (Cannicheal , et el, 1974). 

identical way. The interaction of associated basaltic magma diapirs 

with the continental crust would generate calc-alkaline magmas. In view 

of the tectonic setting, the behind-trench zones would be subjected to 

compressive stresses. As a result the rise of magma diapirs would be 

confined and calc-alkaline volcani sm would predominate over alkali basalt 

and tholeiitic volcanism. Progressive horizontal extension associated 

with the spreading mantle diapir would eventually result in profuse 

tholeiitic volcanism, dyking and the generation of a marginal sea behind 

the arc. Horizontal extension associated with a mantle diapir behind 

t he trench would also promote thrusting of the island arc system over the 

descending oceanic plate. 

As islands arc systems evolve, a series of back-arc marginal basins would 

be generated by crustal extension behind the frontal arc and would produce 

oceanic crust similar to normal ocean basins. The western margin of the 

Pacific Ocean is characterized by a number of marginal ocean basins that 

illustrate the progressive migrat ion 

away from the continents (Fig. 59) 

of the subduction zones to the east, 

(Kar:ig and Moore, 1975). Oceanic 
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FIQJRE ffi: The distribution of trenches and mOJ1;linal basins in the Western Pacific 
Ocean showing a three-fold classification of the marginal basins based on 
increasing age, depth and crustal heat flow (from Karig and Moore, 1974). 

crust associated with mid-oceanic ridges is characterized by a well 

defined magnetic pattern due to periodic reversals of the geomagnetic 

field. The ocean floor associated with marginal ocean basins is, 

however, characterized by a diffuse magnetic pattern. This is probably 

a manifestation of the mechanisms involved in plate accretion . , 
Mid-oceanic ridges are associated with a discrete mantle diapir while a 

number of smaller discontinuous mantle diapirs might be associated with 

the generation of a subduction zone. As a result, horizontal extension 

in marginal basins might be a more random process than that in the 

narrow active zones in mid-oceanic ridges . The collapse of marginal 

basins and subsequent metamorphism and orogeny could be related to a 

change in the rate or direction of subduction, or more likely, related 

to the collapse of the mantle diapir during inactive subduction periods. 

Marginal basins are characterized by the development of asymmetric 

sedimentary patterns in contrast to the symmetric patterns developed on 

aseismic continental margins that rim large ocean basins. Sediment ation 
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is characterized by the thick eccumulation of volcaniclastic debris on 

lerge submarine fan complexes adjacent to the volcanic ,arc (Karig and 

Moore, 1975). These thick volcaniclastic , turbidite sequences end 

pelagic cley deposits are charactered by a paucity of continent ally 

derived sediments and are identical in nature to the thick greywacke 

sequences found within the Archean Greenstone Belts. 

MANTLE ADVECTION AND CRUSTAL EVOLUTION 

Throughout geological history there has been a close relationship 

between volcanic activity, basin development and subsequent orogeny, 

metamorphism and plutonic activity that this sequence of events cannot 

be the chance superp osition of unrelated events, but must be related to 

a common geodynamic process. In the present plate tectonic cycle t here 

is evidence of coupling between mantle processes and surface responses. 

This is also illustrated by a direct relationship between periods of high 

geomagnetic reversal frequency related to the core, and regression in 

response to uplift of the cont inental crust (Fig. 60), suggesting that 

high geomagnetic reversal frequencies correspond t o periods of i ntensified 

mant le advection. 

FIGURE 6 : : Approximate geomagnetic reversal frequency history for :ha last 300 my 
(left) comnared to SBa level (~ flooding) changes for North America and the entire 
glObe. (right). N~te approximate correspondence between low sea le~el (regression) 
and h~gh geomagnet~c reversal freque ncy (from Vogt, 1965). 
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The major control on mantle processes with time has been the transfer 

of thermal energy from the mantle to the crust. The almost complete 

confinement of komatiitic magmas to the Archean suggests that the 

Archean was characterized by increased partial melting of mantle 

peridotite in response to the presence of excess heat within the mantle. 

This excess heat initiated extensive mantle diapirism, so that the 

relatively thin sialic crust was inundated by extensive rifting and 

arc-type volcanism in the Archean. The boundary between the Archean 

and the Proterozoic represents a major evolutionary stage in t he history 

of the earth, and is probably related to a marked decrease in the heat 

generated in the mantle, mainly by the radioactive decay of U235 and K40 

(Fig. 61) (5alop and 5cheirvnann, 1969). Estimates of the fall-off in 

the production of thermal energy by radioactive decay vary, but starting 

from 4500 my ago it seems reasonable that by 3000my the heat production 

might have decayed to half its original value and that by 1000my to a 

value less than twice the present (Fyfe, 1976). The geothermal gradient 

in tha crust would have a direct association with the steady-p roduction 

of thermal energy in the mantle . A gradual decrease in geothermal 

gradient with time can explain the predominance of greenschists to the 

low-grade metamorphic terrains of the Archean and the gradual appearance 

of early "blueschists" in the Palaeozoic and t he predominance of typical 

blueschists and zeolite facies rocks to the low-grade metamorphic terrai ns 

of the Mesozoic. However, the marked increase in high-pressure 

low-temperature assemblages at the beginning of the Mesozoic must be 

primarily due to the init iation of subduction as a wide-spread crustal 

response to mantle advection . 
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FIGURE 61: The che.nge in themel energy genere.ted by tho radiOactive decey of U235, 
y2JS,UbO end Th232 dissemine.ted within thE! mantle find crust of the ee.rth wi::h :.:ime 
lfrom Salop and Scheinme.nn, 1968). 
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Global processes have definitely evolved through time, from the 

relatively simple Archean active-arc system, through the bimodal 

miogeosyncline-eugeosyncline system of the Proterozoic to the Mesozoic 

to Recent complex plate-tectonic system involving the sequential 

interaction of accreting and subducting lithospheric plates (Fig. 62). 

There has been an increasing degree of differentiation of volcanic and 

sedimentary facies relationship with time. The often remerked 

similarity between MesDzoic island arc systems and Archean greenstone 

belts has been used to project plate-tectonics back to the Archean. 

However, the close similarity is due to secondary mantle advection in 

response to continued subduction, which is in all respects identical, 

although on a much smaller scale,to extensive primary mantle advection 

in the Archean. The basement highs that separated miogeosynclines and 

eugeosynclines in the Proterozoic probably have a similar tectonic 

origin as rim basins on the margins of the continental shelves of the 

Mesozoic and Cainozoic. The generation of isolated horst blocks during 

the initial stages of rifting and yoked-basin development (Fig. 63), 

probably would remain as tectonic highs during further horizontal 

extension. The generetion of these horst blocks and the site of 

continued horizontal extension and basin development is probebly a 

random process so that some geosynclines and continental margins arp. 

cheracterized by tectonic basement highs, while others are not. The 

more extreme horizontal extension in the Mesozoic has resulted in a more 

rapid transition between shelf and basinal sediments than in the 

geosynclines of the Proterozoic (Fig. 64). 

Another major evolutionary change is that basin development and 

subsequent orogeny became progressively separated through time. 

Metamorphism, plutonic ectivity and the collapse of the Archeen active 

arc systems followed closely on basin development. As a result, 

Archean orogeny is characterized by relatively plastic deformetion in 

response to reactivation of ductile basement and a high proportion of 

semi-crystalline granitoids in the sialic crust. The Archean was 

characterized by a definite lack of differentiation of tectonic s t yle, 

probably as a result of very local source of orogenesis. The 

Proterozoic is, however, marked by a characteristic differentiat ion in 

tectonic style which is indicated by the contrasting structural styles 

of miogeosynclines and eugeosynclines. The rapid development and 

subsequent collapse of eugeosynclines causes high-grade metamorphism 

and intense structural deformation in contrast to the gent le foldi ng 
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Recent (late cenozoic) rift belts and zones. Continental rift belts: 1 .= epiplatform arch-volcanic rift 
zones; 2 '" epiplatform crevice-like rift zones; 3:: epiorogenic rift zones and belts; 4 = intercontinental 
rift zones. Oceanic riCt belts: 5 '" mid-oceanic ridges with axial tin valleys: 6 ~ mid-uceanic ridges with­
uut dearly expressed rift valleys; 7 '" areas of mid-oceanic ridges with important volcanic manifestations: 
8 ::: some large-scale faults and wrench faults active during the Cenozoic. 
Prc-lale Cenozoic zones of extension , fracturing of the crust and graben building - probable ancient 
ana logues of reccnt rift zones (continental and intercontinental): 
9:: Latc Mesozoic and Early Cenozoic; 10::: Early Mesozoic; 11 :: Paleozoic; 12 ::: Late Proterozoic; 13 ::: 
areas of Latc Cenozoic volcanism (outside of alpine geosyncline orogenic belts); 14 = zones of Cenozoic 
epiplatform orogenesis (mountain building); 15 :z: recent deep sea troughs; 16 :: recent geosynclinal 
zones; 17 = zones of Alpine and Laramide folding; 18 = zones of Mesozoic folding (Kimme rides , 
Nevadides etc.); 19:z lanes of Paleozoic folding (Hercynides. Caledonides); 20 s: zones of late-Protero­
zoic folding or regeneration (Grenvillides. BailaUdes etc); 21 = Pre-late Proterozoic platforms; 22 = 
areas of the oceanic floor with sUb-continental crust; 23 :: deep sea depressions with sub-oceanic crust; 
24 :z occ:lOic basins with crust of ocennic type. 

n{lJAE 52: lhe tectonic pattern of the globe illustnsting the di!5tribution end 
progressive disruption of older sielic crust by orogenic belts of different: eges 
whicll hes culminated in the present lithospheric plate system (from Mllenovsky, 
'9'12) . 
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FIGURE 63: A sequences of the typical structurel types of rift zones illustrating 
the effect of progressive horizontal extension on the development of rifted basins 
(from Milanovsky, 1972). 

and low-grade metamorphism in the miogeosynclines. Collapse of the 

eugeosynclines reactivates the separating basement high as a t ectonic 

borderland which results in the shedding of flysch and mollase-type 

sediments on the earlier sediments of the miogeosyncline. In the 

Mesozoic and Cainozoic basin development Bnd orogeny are often divorced 

in time and space and are no longer related to the rise and subsequent 

collapse of a mantle diapir. The change in tectonic style is relat ed 

to the episodic but progressive increase in horizontal ext~nsion through 

time in response to an increase in the ridgidity of the sialic crust. 

During the early history of the earth lower crus tel processes were 

probably dominated by ductile flow but as the thermal energy has dEcayed 

with time lower crustal processes have become dominated by brittle 

deformation. Basin development right through time has been domi nated 

by subsidence in response to horizontal extension associated with a 

spreading mentle diapir. In the early history of the earth it would 

appear that the sielic crust and early lithosphere were ductile and 

remained coherent, while in the later stages of evolution, the crust was 

unable to remain as one coherent mass and so has initiated dyke 

intrusion and progressive sea-floor spreading. The first concerted 
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FIGURE 64: The relationship between an ensialic mio-eugeosynclinal couplet and 
a ensialiC-Bnsimatic geosyncline that corresponds to a modern continental margin-
OCBan basin (fran Oietz and Holden, 1974 J . . 

effort of extreme horizontal extension appears to have started in the 

Mid Proterozoic,illustrated by t he development of quasi-cont inental crust 

in the Keweenewan Rift System in North America. However, it was only in 

the Palaeozoic that continental separation reached the stage of the 

generation of oceanic crust that was later obducted during orogeny to 

form ophiolita complexes. In the Palaeozoic horizontal extension only 

raached this stage near the closing stages of the spreading of the mentle 

diapir 50 that orogenic collapse followed closely on this incipient , 
sea-floor spreading. However, in the Mesozoic continental rifting and 

sea-floor spreading developed rapidly in response to horizontal 

extension in a relatively brittle crust during the early stages of mantle 

diapirism. As a result orogeny is no longer associated with the original 

mantle diapir but rather with secondary diapirism above a subduction zone. 

Although the intensity of magmatism associated with mentle diapirism has 

decreased with time, t he intensity and continuity of rifting has 

increased. During the extensive period of intra-cratonic rifting in the 

Mid Proterozoic rifting and basin development appears to have been 

isolated in widely seper ated parts of the cratons (Fig. 23 ). However, 

by the Late Palaeozoic continuous rift-bounded grabens developed in 
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response to intense mantle diapiric activity that eventually led to sea­

floor spreading and the breakup of Gondwanaland and Laurasia (Fig. 65). 

t ... ...;"" .. ...; ... ;a· '" 

FIGJAE 65: Schematic pettern of the Mesozoic rift system in the Northern 
hemisphere (fro'll Ramberg and Newmlln. 1976) . 

The change in rifting patterns with time is probably due to the change in 

the mantle advective pattern from the early system dominated by first 

degree harmonics to the present system with dominant fifth degree harmonics. 

A change in the intensity and geometry of mantle advection systems with 

time can explain the non-uniformitarian behaviour of the geological 

evolution of the earth. A model of mantle advection therefore only 

involves the initiation of crustal uplifts, rifting,volcanism and basin 

development and the subsequent collapse of the basin, orogeny, 

metamorphism and plutonic activity (Fig. 66). The evolution of the 
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earth involves the interaction of mantle diapirism with a progressive 

change in mantle thermal energy and a progressive thickening and 

rigidity of the crust with time (Fig, 67) , 
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FIGURE 66: A Model of ·- Mantle Advection, Rifting 
and Basin Development. 
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FIGURE 67: The Evolution of Rifting through Time. 
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RIFTS AND STRATIFORM AND STRATABOUND ORE DEPOSITS 

Rifts are penetrative taphrogenic faults in the earths crust which 

act as major conduits for the transfer of magmas, from the mantle and . lower 

crustal levels to the surface. Archeen komatiite-hosted nickel deposits 

are developed adjacent to major rifts which acted as conduits for the 

transfer of sulphur-rich ultramafic magmas from the mant le . 

Rifts tend to control basin development, volcanism and sedimentary 

facies distribution. Rifts control the development of geosynclines as 

well as the timing and distribution of the associated volcanism . The 

rifts tend to act as permeable zones for the migration of bo t h magmas 

and late-stage magmatic metalliferous brines, 50 that major volcanic arcs 

and associated volcanogenic ore deposits are concentrated along the 

boundary rifts of geosynclines and back-arc basins. Rift s control the 

development and facies distributions of sediments within aUlacogens and 

the adjacent platforms . These taphrongenic faults also act as 

permeable zones for the transfer of relatively low temperature magmat ic 

brines from differentiated plutonic complexes at depth. The exhalation 

of these metalliferous brines into reducing environments leads to the 

development of volcano-sedimentary deposits. The permeability of the 

rifts controls the extent of volcanic activity so that there is a complet e 

range in ore deposts from volcanogenic deposits to s ediment hosted strataform 

ore deposits. The timing between deposition end metalliferous brine 

activity is important in determinfng the relationship between the ore 

deposits and the host-strata stratiform volcenogenic and volcano-

sedimentary deposits formed syn depositionelly end therefore show well 

defined relationships between the Ore and host strata. In relatively 

inactive yoked-basins and platforms, it appears thet hydrothermal activity 

post-dates sedimentation 50 that some carbonate lead-zinc deposits, 

stratiform copper deposits and some uranium deposits are post-depositional 

and show cross-cutting relationships and replacement textures . In these 

post-depositional deposits the conditioning of the sediments during 

deposition is critical in controlling the localization of these 

stratabound ore deposits. 

Stratiform and stratabound ore deposits have an intimate relationship 

with rifts, even though the timing of volcanism, sedimentation and 

metalliferous brine activity vary between deposit types and f rom deposit 

to deposit. The close association of rifts and stratiform and stretabound 
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ore deposits will be illustrated by examining the relationships in a 

number of the worlds' major ore deposits. 

ARCHEAN NICKEL DEPOSITS 

Kambalda-type nickel deposits are directly associated with Archean 

ultramafic magmatic activity adjacent to major taphrogenic r ifts. 

Nickel sulphide mineralization in the Thompson Belt, Canada is directly 

associated with ultramafic magmatism along a major taphrogenic rift 

that marks the boundary between the Superior and Churchill structural 

provinces (Fig. 68). In Australia nicke l mineralization is confined 

to the Norseman-Wiluna Belt in the Yilgarn Block (Fig . 14). The 

Norseman-Wiluna Belt is comprised of a series of elongate greenstone 

belts and areas of granite within a major north to north-north-westerly 

trending braided fault zone. 
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FIGURE 68: The regionel setting of the Thompson 8elt, Canada, illustrating the 
development of komatiite-hosted nickel deposits along the rift that separates two 
major structural provinces (fron Peredery, 1979) . 
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controlled magmatic activity, thermal metamorphism, deformation and 

granite intrusion within the greenstone belts (Binns, et al, 1975). The 

nickle sulphide mineralization is hosted by ultramafic komatiit ic flows, 

differentiated sills and dykes in close proximity to the major rifts . 

The Kambalda nickel deposits in the Norseman-Wiluna Belt are developed in 

the basal komatiitic flows around the Kambalda Dome. The Kambalda Dome 

is confined between two major regional faults, and is significantly 

intruded by a late-stage intermediate to felsic pluton which indicates 

that the Kambalda Dome is situated within a zone of intensified magmatic 

activity. The komatiitic volcanic flows tend to thicken within some of 

the major fault-bounded grabens within the Kambalda Dom e area, indicating 

that faulting occured during the volcanic activity (Ross and Ho pkins, 

1975). 

The Kambalda nickel deposits are characteristically developed in the 

basal contact of the komatiite flows. About eighty percent of the main 

massive sulphide ore deposits are associated with the basal flow of a 

sequence of komatiitic ultramafic lavas, while minor amounts of 

disseminated sulphides are found at t he base of some of the higher 

komatiite flows. The high-grade ore shoots, particularly the Lu nnon 

Shoot, are controlled by small fault-controlled grabens that trend 

parallel to the bounding faults (Fig. 69). 

Al though ultramafic volcanics have been documented from the Palaeozoic 

in North America, komatiitic volcanics are almost exclusively restricted 

to the Archean . Komatiitic magmas are characterized by higher magnesium 

and nickel contents, and are therefore more extensive partial melts of the 

mantle than tholeiitic magmas. Komatiitic magmas commonlv form the basal 

parts of major domical ultramafic to felsic volcanic piles. These 

initial komatiitic magmas are due to extensive partial melting under the 

high Archean geothermal gradients duri ng the initial rise of a mantle diapir. 

It seems that the Archean mantle wes enriched with respect to sulphur, es 

more recent extensive or limited partial melts of the mantle 8re notably 

sulphur deficient (Naldrett and Cabri, 1976). 

The rate of extrusion of a komatiitic magma would have to be sufficient to 

counter gravity settling of the immiscible sulphide phase. A sulphide 

drop would have a settling velocity about thirty three times that of a n 

equivalent sized olivine crystal (Naldrett and Cabri, 1976). Therefore 
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FIGJRE ff): The distribution of kanatiite-hosted nickel sulphide mineralization 
around the K8mtalda Dome showing the trend of major ore shoots parallel to the 
major faults (from Ross and Hopkins, 1975). 

the main reason why komatiite-hosted nickel deposits are associated with 

major rifts is because these taphrogenic faults acted as permeable 

conduits for the rapid extrusion of sulphide-rich ultramafic magmas from 

the mantle. If the ultramafic magmas rose at a reduced rate the heavier 

sulphide phase would have segregated during ascent. This is probably 

the reason why layered ultramafic complexes, which crystallized under , 
relatively stable conditions, are not mineralized and why uifferentiated 

ultramafic sills adjacent to the rifts contain disseminated nickel 

sulphides. 

EUGEOSYNCLINAL VOLCANOGENIC ORE DEPOSITS 

Major taphrogenic rifts are permeable channels for magmatic activity. 

Volcanic centres would preferentially build up at the intersections of 

transverse faults with the main rifts. When the passage of the mantle-

derived magma th rough the crust is unobstructed, the extrusion of 

undifferentiated and unfractionated magmas would lead to the build-up of 

extensive tholeiitic strata volcanoes, consisting of either sub-aerial 



- 102 -

amygdaloidal flows or submarine pillow lava sequences. When tholeiitic 

magmas are confined to lower or upper crustal cauldere-type magme chambers 

magmatic differentiation would lead to the formation of di fferentieted 

s ills and the production of siliceous magmas which could be extruded et 

surface as rhyolites, part of the bimodal basalt-rhyolite volcanic suite. 

Such tectonic conditions are likely to exist beneath relatively thick 

sedimentary piles or thick s ialic crust. It would only be during 

periodic movements that conduits wou ld open t o allow the transfer of magma 

to surface. Some large differentiated gabbroic sills possibly represent 

near surface magma chambers. 

Calc-alkaline magmas are generated by the retardation of tholeiitic and 

alkaline magma diapirs in response to interaction with the sialic crust 

(Burnham, 1979). Should these diapirs be suffiCiently retarded, 

particularly by ductile lower crust and sediments subjected to regional 

metamorphism, they would remain at low crustal depths to form 

differentiated granitiod plutons (Pitcher, 1979). If, however, in t he 

early stage of the orogenic cycle thes e magma diapirs move up along major 

rifts through relatively brittle sialic crust, they would be extruded as 

calc-alkaline volcanics. As they have been retarded they typically 

post-date the early extensive mafic volcanism. Should the reletively 

thick sialic crust remain in a state of stress, it is possible that only 

calc-alkaline magmas wou ld reach the surface. Calc-alkaline magmas have 

significant water contents and as a result are characterized at surface} 

by explosive volcanism with the formation of thick andesitic to decitic 

pyroclastic and tuffaceous units. The viscosity of highly different iated 

rhyoliti c calc-alkaline magmas is generally so high that they commonly 

form diepiric lava domes. 

In the upper crustal levels lerge calc-alkaline diapirs would initiate 

cauldera subsidence and the development; of rift-bounded volcanic 

depressions. The progressive differentiation of the calc-alkaline magmas 

under relatively stable conditions would lead to inward 

crystallization and the concentration of the incompatible elements into 

the rest liquid. In a tectonically active region fractional 

crystallization is likely to be disturbed, which would lead to periods of 

relatively rapid crystallization and poor liquid-crystal separation. 

Periodic reactivation of marginal faults would lead to the expulsion of 

magma from the cauldera-type reservoir and further pressure quenChing. As 

a result, the build-up of the incompatible elements would be slower and 

towards the end stages of crystallization it is probably unlikely that the 
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magma would become saturated with water. However, during a tectonically 

inactive period slow fractional crystallization and good crystal-liquid 

separation would lead to the build-up of water and the other incompatible 

elements until such a stage that a metalliferous hydrous phase would 

develop (Fig. 70). The vapour phese would be associated with the most 

differentiated rhyolite magma, usually towards the end of a particular 

mafic to f e l sic volcanic cycle. Similarly the prpgressive fractional 

crystallization of the tholeiitic magmas under tectonically quiesent 

periods would lead to the build-up of the incompatible elements and water 

to form a magmatic hydrous phase. The chemistry of the magma would 

determine the metal- association in the metalliferous brines ; 

Cu-Pb-Zn-6a-Ag-rich brines are associated with calc-alkaline magmas, 

while Cu-Zn-Au-rich brines would be associated with tholeiitic magmas. 
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FIGURE 70: The affect of fractional crystallization with various proportions of 
intercumulate melt, during the crystallization of a calc-alkaline magma, on the 
enrichment of the incanptlble elBT1ents (including water), A metalliferous 
hydrous phase would only develop during inactive tectonic P~riods with good 
crystal-melt separation (from GroVBS and McCarthy. 1978). 

The interaction of hot dense metalliferous brines with cold seawater would 

result in the formation of an exhalative brine plume (Turner and Gustafson, 

1978) • The metals present in the brine would precipitate as sulphides to 

form bedded lensoid massive sulphides on the sea floor. Interaction 

between sediments saturated with seawater and the brine below the seawater­

sediment interface would induce the early precipitation of the less soluble 

chalcopyrite and pyrite to form a cupriferous quartz-vein stockwork deposit. 

Polymetallic Kuroko-type and Archean-Type ore deposits and 8esshi-type 

deposits are all associated with highly differentiated rhyolitic volcanics. 

Polymetallic deposits commonly occur adjacent to rhyolite domes towards the 

top of a calc-alkaline volcanic piles while 8esshi-type cupreous-pyrite 
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deposits are associated with relatively thin rhyolitic tuffs that overlie 

tholeiitic pillow lavas. Cyprus-type cypreous-pyrite deposits are, 

however, directly associated with tholeiitic pillow lavas in ophiolite 

complexes that show no indication of large-scale volcanic different iation. 

Polymetallic-type Volcanogenic Deposits 

Polymetallic-type volcanogenic deposits consist of two main sub-types, 

the Archean-type and Kuroko-type, which are best developed in the Archean 

Abitibi Belt in the Superior Province of Canada, and in the Miocene-age 

Green Tuff Belt in Japan, respectively. In the Abitibi Belt volcanism 

appears to have been confined to central vent eruptions controlled by 

extensive ri fts. Despite common features of general mafic to felsic 

trends, each domical centre constitutes a semi-independent volcanic 

assemblage of limited stratigraphic continuity. The mafic to felsic 

volcanic ce ntres are concentrated into two major easterly trending bands 

approximately BOkm wide that are separated by a median belt which is 

underlain by tholeiitic basalts and volcaniclastic sediments (Fig. 71). 
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FIGJRE 71: Hypotheticel tectonic reconstruction of the Abitibi Belt from Noranda 
in the south to Matagemi in the north (from Goodwin and Ridler, 1970). 

Nine major a nd two minor volcanic complexes, originally between 90-160km 

in diameter have been delineated, each with a mafic to felsic volcanic 

sequence with associated gabbro and granodiorite intrusions (Fig. 72). 

The volcanics are thought to have developed near the rifted margins of an 

intra-cratonic basin. The central tectonically unstable trough was 

filled by volcaniclast i c deposits while the adjacent marginal zones were 
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dominated by sediments derived from the granitic basement. The lower 

parts of the volcanic assemblages are made up of tholeiitic lava flows 

and associated gabbroic intrusions. Some alkaline volcanics occur in 

some of the volcanic complexes. Andesitic lava flows and pyroclastics 

units intercalated with the tholeiitic basalts characteristically 

incr.ease in proportion upwards . Volcanics of dacitic to rhyolitic 

. compositions are generally present in the upper parts of the 

stratigraphy. Rhyolites, although they are only locally developed, show 

a very close spatial association with the major polymetallic volcanogenic 

deposits, such as the deposits at Noranda, Timmins and Matagami (Goodwin 

and Ridler, 1970). 

The metallogenic patterns in the Abatibi Belt are intimately related to 

the volcanogenic patterns (Fig. 73). Volcanogenic polymetallic deposits 

have a direct genetic relationship with highly differentiated rhyolites. 

The majority of volcanogenic deposits are developed in the southern 

volcanic zone when compared to the corresponding northern zone . The 

north-eastern part of the belt also contains a significantly higher 

proportion of granitic batholiths (Goodwin and Ridler, 1970). It would 

therefore appear that the calc-alkaline magmas formed cauldron-type magma 

chambers,with associated i ntermediate to felsic volcanism in the 

south-western part of the belt,while the calc-alkaline magmas were t o a 

large extent confined to diapiric plutons in the north-eastern part of the 

Abitibi Belt. 

The Miocene Kuroko-type polymetallic deposits differ from the Archean-type 

volcanogenic deposits by the dominance of pyrite in the ore and the 

presence of associated hematitic cherts and sulphate deposits with the 

former deposits, in contrast to the dominance of pyrrhotite in the 

Archean-type deposits which are associated with graphitic tuftite units. 

The polymetallic volcanogenic deposits also tend to contain increasingly 

significant contents of lead with time. As a result, Archean-type 

polymetallic volcanogenic deposits are typically Cu-Zn-rich while Kuroko-

type deposits are characterized by Cu-Pb-Zn-Ag-Ba-rich ores. The increase 

in the lead content is thought to be due to the progressive increas of 

radiogenic lead in the sialic crust with time. The absence of sulphates 

with the Archean-type polymetallic deposits and the change from sulphide­

rich graphitic tuffites to hematitic cherts is thought to be due to the 

progressive build-up of the earths oxygen budget through time. 
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The Kuroko-type polymetallic deposit s occur in the Green Tuff Belt that 

is confined to a narrow (:50km wide) elongate graben situated behind the 

present day subduction zone developed off the east coast of Japan 

(Fig, 74), The development of the trough started in the Early Miocene 

along structural trends that cross-cut the trends of the early Palaeozoic 

and Mesozoic geosynclines (Tatsumi, 1970). I n the initial stages of basin 

development a large number of rift-bounded small sedime ntary basins 

(~10-20km ac ross), s eparated by near vertical transverse faults, formed in 

zones parallel to the trend of the island arc (Fig, 75) , The horst and 

graben tectonism and local clastic sedimentation was then followed by rapid 
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subsidence and intense submarine vol canic activity, dominated by 

andesites in the early stages and decites end rhyolites in the later 

stages. Greater than 1000m of volcanics and sediments were deposited in 

a series of linked basins which subsided differentially. On the 

ad j acent highs sub-aerial arch volcanism was accompanied by the intrusi on 

of small granite sub-volcanic pl ugs. 

Kuroko-type mineral ization is genetically associated with highly 

differentiated submarine rhyolite domes (Fig. 76). These rhyolite domes 

are concentrated in a narr ow time interval throughout the whole 1200km 

Gre en Tuff Belt (Fig. 75), whi ch is thought to coincide with the period 

when the t r ough reaches its maximum depth (Sato, 1970). The first intense 

volcanic phase was fo l lowed by a l ess intense pp.riod of mafic to felsic 

volcanism which became dominantly sub-aerial in the Plio-Pleistocene due to 

compressional uplift of the Green Tuff Bel t. 
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The Quaternary to recent volcanism can be shown to be directly related to 

the present day subduction zone by the p'rogressive zonation from the 

tholeiitic basalt, high-alumina basalt to alkali olivine basalt away from 

the volcanic front (Fig. 58). The volcanic front is s i tuated approximately 

150km above the Benioff Zone. The present tectonic setting and 

associated tholeiitic volcanism has not changed significantly since the 

Miocene except for the intense generation of calc-alkaline lavas during 

the period between 25my to 7my. It is unlikely that this intense 

volcanism can be directly related to a change in the direction of the 

Pacific Plate, as suggested by Sato (1976), because the bend in the 

Hawaii-Emperior Volcanic Chain has been redated at 42my (Vogt, 1975). It 

is possible that rifting, graben formation and intense calc-alkaline 

volcanism is associated with the initiation of a secondary mantle diapir 

during a period of rapid subduction. The Quaternary to Recent volcanism 

can be directly related to the Benioff Zone suggesting that the present 

subduction rate is relativel y slow, with a minor amount of partial melting 

of the mantle. 

The Miocene volcanism associated with the Kuroko-type mineralization 

contains a significantly higher felsic to mafic ratio of 1:1,2 (Sat a, 

1976 ) , compared to that of 1: 13 for the Archean volcanics in the Abit ibi 

Belt (Goodwin and Ridler, 1970). This probably reflects tl1e more 
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confined nature of t he Green Tuff Graben . behind the subduction zone and 

a corresponding increase in the crustal contribution to the calc-alkaline 

magmas, compared to the development of extensive mafic volcanism above 

the more permeable rift zones in the Archean. It is significant that 

the Kuroko-type mineralization is confined to such a nerrow time interval. 

This could reflect relatively quiesent conditions at a tectonically 

inactive period that coincided with the maximum development of the trough 

and allowed relatively slow fractional crystallization to occur so that a 

metalliferous vapour phas e could segregate from the differentiated 

calc-alkaline magmas. During periods of tectonic activity, magmatic 

differentiation and the concentration of the incompatible elements wou ld 

be periodically disrupted. 

There is a marked tectonic control on the distribution of Kuroko-type 

volcanogenic deposits in the Tasman Geosyncline in New South Wales. 

Kuroko-type volcanogenic deposits heve an intimate relationship with 

extensive dacitic to rhyolitic volcanism in the Mid Silurian. The ore 

deposits are confined to a narrow marginal zone on the western boundaries 

of the Hill End and the Captains Flat Troughs, which are now preserved in 

major synclinorial zones (Fig. 77). These troughs were extensive 

rift-bounded basins filled with Ordovician greywackes and Late Ordovician 

andesitic volcanics. In the Mid Silurian extensive dacitic and rhyolitic 

volcanic activity was concentrated on the western margin of the trough and 

was particularly profuse adjacent to the cross-cutting Lachlan River Zone. 

(Fig. 77). To the north of this Fracture Zone, the Hill End Trough was 

filled mainly by volcaniclastic sediments derived from the felsic 

volcanism. Late Silurian felsic volcanics occur in the upper part of 

the sequence in this northern zone (Scheiber and Markham, 1976). In the 

Early Devonian the troughs were fi lled by greywackes and argillites with 

associated tholeiitic volcanism. Sedimentation was tenninated by t he 

Tabberabberan Orogeny in the Late Devonian that was followed by the 

intrusion of Carboniferous Granites. 

The Kuroko-type mineraliZation is directly associated with the early felsic 

volcanics, except in the northern zone where the deposits are associated 

with the later volcanic phase. The deposits are located in close 

proximity t o the faulted margin of the trough. The most important 

deposits are the Lake George and the Woodlawn deposits in the Captains 

Flat and Hills End Troughs respectively. The Lake George deposit is 

located in a narrow 2-Bkm wide graben that contains early conglomerates, 
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FIQJIl;E 77: Tectonic map of portion of the Tesmfln Geosyncline i n New South Wales 
sh~ing the linear distribution of Ordovician-5ilurian volcanics end associated 
Kuroko-type volcanogenic deposits on the western bounde.ries of the Hill End and 
Captains Flat Troughs. Volcanics are preferentially developed at the i ntersection 
with the Lac,lo!m River Fracture Zone (ccmpiled from Mer1<.hem and Busden, 1974), 

quartzites, siltstones and argillites that were probably deposited on a 

submarine fan complex. Sub-aerial volcanism occured to the west and east 

of the Hill End and Captains Flat Troughs on the Molong and Capertee RisRs. 

Thick piles of calc-alkaline volcanics developed in these zones. Minor 

native copper deposits are associated with the sub-aerial volcanics. The 

intrusive granites Bre directly associated with the sub-aerial volcanics 

and together make up a typical Andean-type volcanic arch. During the 

subsequent orogenic deformation, the rift-bounded troughs were infolded to 

form synclinal zones while the adjacent volcanic arches formed the 

anticlinal zones, The anticlinal volcanic arches were as a result, more 
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exposed to erosion. This is probably the main reason why porphyry copper 

deposits are not well developed in the Tasman Geosyncli ne, Although the 

tectonic setting would suggest that they should exist, because only the 

granitic root zones of the arches are now preserved. 

Besshi-type Volcanogenic Oeposits 

8esshi-type cupreous-pyrite deposits are, in contrast to Cyprus-type 

deposits, associated with relatively thin tholeiitic volcanic units 

interbedded with thick volcaniclastic or epiclastic geosynclinal 

sediments. The Sanbagawa Belt in Japan was an area of late-stage 

tholeiitic volcanicity during the development of a Palaeozoic 

eugeosyncline that sterted in the Mid Silurian off the east coast of 

Japan. Late Carboniferous-Early Permian tholeiitic volcanics occur 

interbedded with the continentally derived greywackes in the upper part 

of a 10Km thick geosynclinal pile (Sugisaki, et aI, 1972). Over a 

hundred cupreous-pyrite deposits, including the type example a t Besshi, 

are known in the Sanbagawa Belt (Fig. 78). Although intermediate to 
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. FIGU~E 78: The regional setting of 8esshi-type CUPI'9OU'S""'Pyrtt'"e oeposits 

in the Sanbl!lgaw~ Belt. (from Te.tsumi, e t 81, 1970). 

felsic volcanism occured during the Silurian and Devonian the intense 

tholeiitic volcanic activity did not start until the Early Carboniferous. 

Alkaline volcanism which appears to occur marginal t o the main zone of 

tholeiitic volcanic activity (Sugisaki, et aI, 1972) was more promina nt 

in the Devonian. Differentiated dunitic to gabbroic sills of various 

sizes are associated with the tholeiitic volcanics and pyroclastics . 

There is a pronounced antipathetic spatial relationship between the 
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cupreous-pyrite deposits and bedded manganese deposits that are both 

associated with the tholeiitic volcanism. The Besshi-type cupreous-

pyrite deposits are concentrated in the Sanbagawa Belt ,which was also 

the most volcanically active . zone. There is a strong correlation 

betwaen the intensity of volcanic activity in a particular stratigraphic 

section and the number of cupreous-pyrite deposits (Fig. 79) (Tatsumi, 

1970). The eugeosyncline remained an active depository until the start 

of orogenic movement and regional metamorphism in the Later Permian. 
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FIGURE 79: Stratigraphy of the Yoshinogawa"Group in the Sanbagewe Belt illustrating 
the close association betwEen the proportion of tholeiitic end rhyolitic volcanics 
end 8esshi-type cupreous-pyrite deposits (from Tatsumi, et e1 , 1970), 
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Late Precambrian Besshi-type cupreous-pyrite deposits are developed in 

the Khomas Trough, an aUlacogen that extends off the Damara Geosyncline 

in South West Africa. A narrow zone of tholeiitic volcanics is 

developed towards the upper part of a thick sequence of volcaniclastic 

greywackes. The cupreous-pyrite deposits are directly associated with 

rhyolitic tuffs and cherts that overlie the tholeiitic pillow lavas. 

Although only a single volcanic zone is developed,tha cupreous-pyrite 

deposits appear to be distributed in clusters that might be a reflection 

of original volcanic centres. Differentiated dunite-gabbro sills are 

also closely associated with these clusters i ndicating that they were 

zones of pronounced megmatic activity. 

Besshi-type deposits are also developed in the Early Cambrian Girilambone 

Beds of the Tasman Geosyncline in New South Wales. These cupriferous-

pyrite deposits are associated with felsic volcaniCS, chert and quartz 

magnetite units that directly overlie basic volca llics . The basic 

volcanics are interbedded with metamorphosed sediments that were deposited 
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in a trench compl ex. Differentiated dUnitic to gabbroic sills are 

associated with clusters of small cupreous-pyrite deposits, of which the 

Girilambone deposit is the most significant (Schieber and Markham, 1976). 

Besshi-type deposits are mainly confined to a period from the Late 

Precambrian to the end of the Palaeozoic and reflect a period of crustal 

history thet is characterized by late-stage extensive crustal thinning in 

both eugeosynclinal troughs and in aulacogens that led to incipient 

crustal separation and confined tholeiitic volcanism. 

Cyprus-type Volcanogenic Deposits 

Cyprus-type cupreous-pyrite deposits ere associated with tholeiitic 

pillow lavas in ophiolite complexes. Ophiolite complexes, consisting of 

a basal ul tramafic cumulate zone, a central sheeted dyke complex and an 

upper pillow basalt sequence are obducted parts of oceanic crust formed 

along a mid-oceanic ridge. These deposits consist of poorly zoned 

massive chalcopyrite-pyrite deposits underlain by pyritic quartz-vein 

stockwork zones that grade into extensive zones of epidote-chlorite 

alteration, in contrast to the intensely altered pipes beneath Polymetallic 

and Besshi-type cupreous-pyrite deposits. The tholeiitic volcanics thet 

underlie cupreous-pyrite deposits show no indication of large-scale 

magmatic differentiation which does occur in association with Besshi-type 

cupreous-pyrite deposits. It is thought that the Cyprus-type 

volcanogenic deposits are the result of the exhalation of geothermal brines 

onto the see floor. These geothermal brines probably derived their metals 

content as a result of the i nteraction of hot seawater with tholeiitic 

volcanics at depth. Present-day heat flow studies suggest that much of 

the heat flow elong the Mid-Atlantic Ridge is by hydrothermal convection, 

suggesting the presence of major geothermal systems. 

Ordovician-age Cyprus-type deposits are developed in the Appalachian 

Geosyncline in New Foundland. Cyprus-type deposits in the Tasman 

Geosyncline are associated with Mid-Devonian ophiolite complexes. The 

type examples are the Mesozoic Cyprus deposits in the Alpine Fold Belt. 

Stratigraphic correlations on Cyprus suggest that the mejor cupreous-pyrice 

deposits are developed on a number of stratigraphic levels, each one 

associated with a separate phase of submarine tholeiitic volcanism (Fig. BO). 

(Constantinou, 1976) . There is no indication of magmatic differentietion. 

Slow spreading mid-oceanic ridges appear to be charecterized by tholeiitic 

besalts with less than 1% Ti02' Although it may be coincidental, the 
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FIGURE 80: 5chem~tic sections showing the corre l ation between different Cyprus­
type cupreous-pyrite deposits in the Troodos Ophiolite Complex end the development 
of extensive stockwork deposits below the massive sulphide lenses (from 
Constantinou, 1976). 

tholeiitic basalts associated with the Cyprus deposits contain 1% TiD2 

suggesting that Cyprus-type massive sulphide deposits are associated with 

slow spreading centres (Schieber and Markham, 1976), that would enable 

large geothermal convection cells to develop. The interaction of these 

metalliferous geothermal brines with cooler seewater would initiate 

sulphide deposition in a similar manner caused by the interection of brines 

derived by magmetic differentiation, with seawater. 

In the Appalachian Geosyncline the Cyprus-type deposits show a close 

spatial relationship with Silurian and Devonian polymetallic Kuroko-type 

volcanogenic deposits (Fig. 81). It is possible that these Cyprus-type 

deposits are associated with profuse volcanism 'in response to extreme 

horizontal extension and sea-floor spreading, following the extensive 

calc-alkaline volcanic activity i n the Silurian-Devonian and the associated 

development of polymetallic Kuroko-type deposits (Windl ey, 1977). 
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FIGURE 81: Metallogenic zonation patterns in the Appalachian Geosyncline North 
America illustrating the close association of Cyprus-type cupreous-pyrite'deposit5 
with Kuroko-type volcanogenic deposits. Note B definite tendency of the Cyprus­
type deposits to occur in the middle of the zone of Kuroko-type volcanogenic 
deposits (from Windley, 1977) . 

VoLCANOSEOIMENTAAY DEPOSITS IN AULACOGENS AND TROUGHS 

The Rosh Pinah Ore Deposit 

The Late Proterozoic Gariep Group forms part of the Pan-African 

OrogeniC Cycl e in South West Africa. The Gariep Gr oup consists of a 

sequence of vol canics and sediments that were deposited in a rapidly 

subsiding trough controlled by north-north-westerly trending faults. 

Rhyolites, fe l sic pyroclastics and volcano-cl astic sediments and minor 

basaltic pillow lavas are developed near the base of a sedimentary 

sequence. Thick diamictites fill local paleo-topographic lows in the 

basement below the vo: canics and are also interbedded with thick sequences 

of greywackes and allodapic limestones (McMillan, 1968). The sediments 

are thought to have been deposited on a submarine fan, the diamictites 

and coarse-grained clastics were deposited in the proximal fan facies while 

the fine-gr eined argillaceous sediments and allodapic l imestones were 

deposited in the distel fan facies (oingemans, 1976). Although during the 

initial stages of the development of the trough,volcanic activi ty 

contributed a significant proportion of the detrital material, mos t of the 
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coerse clestic meteriel wes derived from the besement to the eest. The 

cerbonete in the persistent el10depic csrbonete horizons were derived 

from the adjacent cerbonate shelf and re-deposited by turbidity currents. 

Two general coarsening-up cycles, which also chenge laterally from 

predominantly proximel facies in the east to distel facies in the west 

can be recognized. These lateral end vertical fecies varietions suggest 

thet the progradetion of the submerine fan wes controlled by uplift of 

the eesterly source aree along the mejor feults . 

The Rosh Pineh ore deposit is hosted by e sequence of coarse-grained 

volcaniclastic turbidites that grade upwerds into, and are int erbedded 

with, thin siltstones and carboneceous shale horizons. The 

mineralizetion is interbedded with a sequence of finely bedded 

car bonaceous shales (or tuffites) and cherts with interbedded poorly 

graded cryste1 tuff bends. Finely banded pyrite, sphalerite and galena 

are rhythmice11y interbedded with the laminated cerbonaceous shales: 

Thickly banded messive sulphide lenses, consisting mainly of pyrite, 

sphelerite end galena in e cerbonete end barite metrix, ere associated 

with bended chert end berite lenses within the ore zone (Page end Watson, 

1976). The underlying volcaniclastic 'tuffs ere commonly intensely 

breccieted. These breccie zones ere typically silici fied end veined by 

cerbonete end contain minor dissemineted pyrite end chelcopyrite. 

The Rosh Pineh ore deposit is directly essocieted with the celc-alkeline 

vol canism thet was associeted with the initiel subsidence of the Geriep 

Trough. The ore deposit is localized on the mergin of the trough, which 

is probebly close to en originel bounding-rift es the Gariep Group lenses 

out rapidly onto the besement to the east and ill places the eugeosynclinel 

facies grades vertically into the miogeosynclinal continental sandstones 

and shel low merine sediments of the Nama Supergroup to the eest (Dingemans, 

1976). Although the ore deposits are spatial ly associated with rhyolite 

flows, the mineralization is not directly related to rhyolite domes that 

is typicel of central-vent Kuroko-type volcanogenic deposits. The 

mineralization is confined to a thick carbonaceous shale sequence, which 

represants deposition during a quiesent period with diminished volcanic 

act ivity a nd a paucity of continentally derived detritus. The dominence 

of differentiated calc-alkaline volcanic activity with minor basic 

volcenism indicetes that the ascent of mentle-derived basaltic magmas was 

confined and as e result restricted to major faults. The assimilation 

of crustel material during ascent and subsequent in situ fractional 
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crystallization led to the formation of a rhyolitic magma which was 

extruded during the initial subsidence of the trough. Fractionel 

crystallization had also built up t he incompatible elements to such a 

degree that a metalliferous magmatic brine was generated during the early 

stages of volcanic activity. The alteration in the footwall, mainly 

silicification and carbonate veining, indicates that the metalliferous 

brines were mainly low temperature and therefore derived from a 

differentiated calc-alkaline plutonic complex at depth. During the 

ascent of the metalliferous brines, most of the copper was probably 

deposited in response to cooling of the brine. As a result, there was 

an effective separation of Pb-Zn-Ba-Ag from the copper, so that only 

minor chalcopyrite occurs in the footwall breccia zone. The lead-zinc 

mineralization was deposited under reducing conditions, as indicated by 

the interbedded carbonaceous shales, in the trough and periodically 

i nterrupted by the introduction of continentally derived argillaceous 

material and volcanic ash. The Rosh Pinah are deposit is a typical 

volcano-sedimentary deposit that shows a close spatial relationship with 

calc-alkaline volcanism. 

The McArthur River and Mount Isa Ore Deposits 

The Mid-Proterozoic MoArthur River lead-zino, and Mount Isa Copper 

lead-zinc ore deposits are hosted by a volcano-sedimentary sequence. The 

1800-1500my old Carpentarian volcanics a nd sediments lie uncomformably 

over large areas of the Mid Proterozoic Australian Craton, which has 

remained relatively stable since the wide-spread ±1800my plutonic and 

volcanic event comparable to the Hudsonian Orogeny of Canada. The 

preserved Carpentarian rocks consist of essentially underformed end 

unmetamorphosed platform sediments which are best deve loped in the 

McArthur Basin. Equivale~ deformed and metamorphosed sediments and 

volcanics are situated in the Mount Isa Geosyncline on the south-east 

extension of the McArthur Basin (Fig. 82) (Ounnet, 1976). The McArthur 

Basin is transected by the fault-bounded intra-cratonic Batten Trough 

which possibly extends under Phanerozoic cover into the Paradise Rift 

in the Mount Isa area. These rift-bounded troughs influenced the facies 

distribution and thickness of the sedimentary and volcanic succession 

during deposition. The major base metal deposits are also confined to 

these rift-bounded troughs (Fig. 83). 
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FIGURE 82: The regional setting of the Mid Proterozoic McArthur Basin end Mount 
Isa Geosyncline in the Northern Territory, Australia (from Plumb end Derrick, 1975), 

The deposition of Mid-Proterozoic volcenics and sediments in the 

platform-type McArthur Basin was dominated by the 13DDkm north-south 

trending intra-cratonic Batten Trough. The lower Tawallah Group is 

dominated by continental quartzites with subordinate basic volcanics, 

carbonates and shales. The deposition of the basal clastic sediments, 

derived from continental sources to the east and west, was followed by 

widespread sub-aerial flood basalt volcanism. Periodic reactivation 

of the source areas is indicated by several local uncomformities. The 

volcanics and interbedded continental clastic sediments are overlain by 

a sequence of shallow marine quartzites, shales and carbonates (P lumb and 

Derrick, 1975). The Tawallah Group is overlain by the predominantly 

carbonate sediments of the McArthur Group . The Batten Trough was active 

throughout deposition of the Carpentarian sediments, although it only 

reached its full development in the McArthur River area during the 

deposition of the McArthur River Group (Plumb and Derrick, 1975). Later 

deformation on the platform was most intense i n the Batten Trough with 
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FIQJRE 83: The distribution of major Mid Proterozoic base met al deposits in the 
McArthur Basin and Mount lsa Geosyncline, Norther Territory, Australia. 

large-scale block faulting and uplifting of the trough into a major horst 

block while the adjacent platfonn sediments ware essentially undefonned. 

The platform shelves were largely an area of slow deposition of mainly 

supratidal, intertidal and shallow subtidal stramatolitic carbonates, 

while the trough was the site of active subsidence and the deposition of 

basinal dolomitic siltstones and shales in relatively deep water. Over 

3600m of fine-grained dolomitic siltstones and carbonaceous shales were 

deposited in the trough, in contrast t o less than 300m of stramatolitic 

carbonates on the adjacent shelves (Dunnet, 1976). 

A major marine transgression on the platform was accompanied by local 

subsidence and the depOSition of considereble tuffaceous materiel with the 

carbonaceous dolomitic shales in the deeper Batten Trough. The maximum 

tuff deposition occured in a period just prior to the formatio n of the 

syngentic McArthur River base metal deposits on the active eastern edge 

of the Batten Trough (Crohn, 1975). The base metal deposits are confined 

to the HYC Pyritic Shale Member which is preferentially developed in the 

local Bulburra Depression which formed adjacent to the Emu Fault, the 

boundary rift of the Batten Trough. The rate of subsidence of the floor 

of the Bulburra Depression was uneven and resulted in the developmenL of 

s everal sub-basins. These sub-basins are characterized by a thicker 
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development of the HYC Pyritic Shale Member and by the development of 

stratiform-base metal deposits. They HYC Ore Body is the most important. 

lead-zinc ore deposit and is confined to the "l-fYe Depression", while 

minor sub-economic mineralization is developed in the '''N-Fold'' and 

"Mitchell Yard" sub-basins. Outside the sub-basins the HYC Shale 

consists of weakly pyritic and carbonaceous bedded shales, devoid of 

base metal accumulations, that rapidly thin towards the edges of the 

Bulburra Depression and progressively become more dolomitic, less pyritic 

and less bituminous (Crohn, 1975). The HYC Shale is bordered to the east 

of the shelf line by the Cooley Dolomite Member (Fig. 84 ). The Cooley 

Dolomite Member consists of massive, brecciated and stramatolitic dolomite 

(MMERUGGA DOLOMITE 

TOOGANINIE FORMATION 

DOLOMITE 

WESTERN FA.ULT BlOCt( 

CONCORDANT DEPOSITS 

DISCORDANT DEPOSITS 

FlGURE · ea: Schematic cross-section through the McArthur River Ore Deposits 
illustrating the major facies associations on the eastern margin of the Batten 
Trough and the development of the stratiform HYC Lead-Zinc DepOSit, and discordant 
Ridge II and Cooley II deposits (from Williams, 1978). 

flanked by slump breccias that interfinger with the HYC Shale. The HYC 

Shale contains graded beds on both a micro-scale and a macro-scale and 

represents a sequence of allodapic dolomites and interbedded shales. 

The dolomitic silts and turbiditic breccias were derived from the ad j acent 

carbonate shelf and redeposited by tubidity currents in the Batten Trough. 

The HYC Shale in the "HYC Depression" contains seven mineralized shale 

beds and six lower-grade more dolomitic horizons. The lead values drop 

off markedly along strike, while the zinc values extend laterally outwards 

and gradually falloff with pyrite extending even further. Other 

discordant mineralized zones of low-grade zinc (Ridge 1), lead with minor 
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copper (Ridge II) and discrete leed-rich (Cooley 1) and copper-rich 

deposits (Cooley 11) are developed in the Cooley Dolomite Member 

marginal 

(Murray, 

to strati form mineralization i n the ''HYC Depression" (Fig. 85). 

1975). The coarse-grained discordant mineralization occurs i n 

veins and in disseminated to massive patches in the host breccias that 

were deposited in open-spaces :in the dolomite breccia. Lateral and 

vertical variation in the metal ratios suggest that mineralizing 

solutions were exhaled from the Emu fault. The early precipitation of 

chalcopyrite in the Cooley 11 effectively removed most of copper from 

the metalliferous brines so that the other deposits are 

enriched in lead and zinc away from the fault (Fig. 85) 

1978) . 
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FIGJRE 85 A); Distribution o f discordant end concordant deposits at McArthur River. 
a: Overall base metal zoning in the Cooley and Ridge Deposits, shown by atomic 

ratio Cu/(Pb + Zn} contours. The zonation suggests that the mineralizing fluids 
were exhaled along the Emu Fault and that rapid preCipitation of copper in the 
Cooley II deposit effectively separated copper f rom the metalliferous brines. The 
conformable HYC Lead-linc Ore Deposit precipitated from stable metalliferous brines 
under reducing conditions (from Williams, 1978) . . 

The Mount Isa Geosyncline in the north-west Queensland Province contains 

stratigraphic equivalents of the McArthur Basin which Can be subdivided 

into four main structural units (Fig. 86). The north-western Platform 

is characterized by relatively flat-lying unmetamorphosed continent al and 

shallow marine sediments similar to the Tawallah and McArthur Groups . 

As the Miogeosyncline is approached, particularly in the narrow 15-3Dkm 

wide graben, the Paradise Rift, the sedimentary sequence thickens and 

tholeiitic volcanics become more prominant. The Paradise Rift is not a 

single fault-bounded trough , but rather a series of normal faults thet 

are symmetrical about the Paradise Rift. These represent B continuation " 

of early structures from the platfqrm into the miogeosyncline and therefor e 
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FIGUAE 86: The four major structural domains in the Mount Iss Geosyncline and the 
fragmented aulecogen _ the "PBI'Bdise Rift". CA) Present geometry of the Mid 
Proterozoic rocks with location of Lady Annie-lady Lorette (3),Mount Iss (6), 
Hilton ,(S),Ougald River (a) !lind other significant base met!!!l deposits adjacent to 
major faults. (8) Reconstruction of the Mount ISB Geosyncline by removal of major 
displacement on right lateral faults. Note the localization of basic volcanics 
and minerol depOSits within the "Paradise Rift" aulacogen (from Dunnet, 19?6) . 

the Paradise Rift is in effect en aulacogen. 

Eight major stratiform base metal deposits are known in the Mount Isa 

Geosyncline. The copper deposits are restricted to the tholeiitic 

volcanics in the immediate vicinity of the miogeosyncline, while the 

lead-zinc deposits show a wider geographic spread (Ounnet, 1976) . The 

Lady Loretta lead-zinc and Lady Annie copper deposits occur in the shelf 

These sediments of the Platform on the extension of the Paradise Rift. 

deposits are located close to the transition between shallow water 

stramatolitic carbonates to the north-east and a basinal sequence of 

dolomitic siltstones and sandstones, with minor thin tuff bands (Plumb 

and Oerrick, 1975). Weak mineralization is developed over a 

stratigraphic section of 500m. The base metal sulphide accumula~ions are 

restricted to thin pyritic shale bands at the top of individual graded 

beds. The metal values are highest in the shale bands due to t he 

reletively long quiesent periods between the cyclic i nfluxes of silt a nd 

sand. The single 24m ore horizon within the mineralized sequence is 
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hosted by a zone of finely laminated shales that represent a period of 

minor clastic influx during exhalative activity (London, et el, 1975). 

The Mount Isa copper-lead-zinc and Hilton lead-zinc deposits are 

developed close to the Mount Isa Fault. The ore deposits are confined 

to the Urquhart Shale, a carbonate-rich blacl< shale with persist ant 

felsic tuff bands. These carbonaceous shales occur at the top of a 

thicl< sequence of dolomitic siltstones . All the mineralization is 

confined to a central zone of the finely laminated pyritic Urquhart 

Shale. The stratigraphy at the Hilton Mine along stril<e is a duplicate, 

although condensed sequence of that developed at Mount IS8 Mine. 

Similarly the mineralization at Hilton is restricted to a narrower 

stratigraphic section (110-21Om) than the mineralization at Mount Isa 

which occurs over an interval of 105Om, although the main ore bodies are 

restricted to the upper 650m (Mathias end Clarl<, 1975). 

At Mount Isa, two distinct ore types are present; the copper-rich ore 

zones are confined to the "silica dolomite", while the lead-zinc-rich 

ore zones occur wi thin the finely laminated Urquhart Shale (Fig. 87) . 

Gelena, sphalerite,pyrite and pyrrhotite occur as distinct laterally 

persist ant bands in the graphitic shale. 

can reach 4500 x 1000 x 1000m in extent. 

Individual lead-zinc ore zones 

Although isolated mineralized 

beds occur throughout the stratigraphic section, it is only where these 

bands are grouped together in sufficient density that they constitute an 

ore zone, 

Isa Mine. 

Fourteen major lead-zinc ore zones are present in the Mount 

Coarse-grained chalcopyrite is confined to quartz and 

carbonate veins within a silicified shale breccia, the "silica- dolomite u • 

The seven copper ore bodies have an en-echelon pattern the commonly 

interfinger at their southern and lower extremes with the 10bes of "silica 

dolomite". These ore zones can reach up to 530m wide with a stril<e of 

greater than 2600m (Mathias and Clarl<, 1975). 

The stratiform galena-sphalerite ore bodies are the only mineralized zones 

developed at the Hilton Mine. Seven are horizons are present in the 

Urquhart Shale. 60me of these ore zones are essentially massive sulphide 

beds associated with intergranular silica, while other ore zones consist 

of finely interlaminated sulphides and graphitic shale (Methias, et aI, 

1973). No significent mineralization is associated with the siltstone­

rich zones within the Urquhart Shale . The grade of the ore zones depends 

on the amount of interbedded shale, which indicates that ore zones only 
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developed during quiescent periods, characterized by a lack of influx of 

clastic or volcaniclastic detritus. The ore zones formed by the 

precipitation of lead and zinc from metalliferous brines under reducing 

conditions, as is indicated by the presence of graphitic shales. 

Over two thousand copper occurrences are also known in the Mount ISB 

area. These occurrences are concentrated in three stratigraphic zones. 

The majority of copper deposits occur as vein networks within minor faults 

in the basal amydaloidal basalts and in the stratigraphic equivalents of 

the Cliffdale Volcanics. The richer deposits are typically developed at 

the intersection of two faults. A significant number of copper 

occurrances occur in the stratigraphic equivalents of the Urquhart Shale. 

Chalcopyrite also occurs in veins within scapolite-rich metamorphosed 

clastic sediments (Wilson, et al, 1972). Porphyroblastic scapolite and 

scapolite veining is common particularly adjacent to the black shale­

hosted Dugald River lead-zinc deposit (Whitcher, 1975). These scapolite 

zones are thought to represent metamorphosed sediments that were 

originally saturated by ·sodium-rich brines, probably associated with the 

mineralization. The early deposition of epigenetic copper dp-posits 

effectively separated copper and lead-zinc so that some volcano-sediment ary 

deposits contain only lead and zinc (Hilton), while others contain 

adjacent copper-rich and lead-zinc-rich ore deposits (Mount Isa). 

The Sulivan Ore Deposit 

The Sulivan ore deposit is the largest of several stratiform lead­

zinc ore deposits developed within the Aldridge Formation of the Purcell 

Supergroup in the Kimberley area of British Columbia (Fig. 88). The Late 

Proterozoic sediments and volcanics of the Purcell SupergrQup, and 

equivalent Belt Supergroup to the south, were deposited in narrow confined 

basins on the western margin of the North American Craton. A thick 11km 

sequence of sediments and volcanics were deposited in the northerly 

trending basin and in a narrow rift-bounded aulacogen which extends for 

450km into the craton (Kanasewich, 1968). The Sulivan ore deposit is 

located on the northern boundary of the continuation of the aulacogen into 

the basin. The ore deposit itself is truncated by the east-west bou nding 

Kimberley Fault which has a throw of 3DDDm. The ore deposit is 

localized by the intersection of the northerly trending SulivBn Fault wi t h 

the Kimberley Fault. 
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FIGJRE 68: The regional setting of the Mid-Proterozoic Sullivan Lead-Zinc Deposit, 
~rltish Columbia, Canada. 

The Lower Purcell Supergroup quartzites and dtiLorni tic argillites were 

deposited in prograding deltaic and tidal flat environments t hat 

developed on the western margin of the North American Craton. The 

overlying 6500m thick Aldridge Formation consists of alternating 

coarse-grained and fine-grained greywackes that were deposited by 

turbidity currents on a submarine fan complex (Thompson and Panteleyev, 

1976) . These were subsequently buried by sediments deposited on an 

advancing delta front. The only magmatic activity during the deposition 

of the Purcell Supergroup is represented by the extrusion of minor 

andesitic volcanics some 7000m above the Sulivan ore zone and by the 

intrusion of a series of stacked gabbro and hornblende-diorite sills 

(1200-1400my) that make up almost half the thickness of th e Aldridge 

Formation (Ethier, et aI, 1976). The Moyie Intrusions, developed 

within the confines of the aUlacogen to the east possibly were intruded 

at the same time (Kanasewich, 1968). 
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Tectonic reactivation during the deposition of the Aldridge Formation 

initiated the formation of an intra-formational conglomerate, composed 

essentially of lithified underlying sediments, which was deposited in 

steep-sided irregular, probably erosional, depressions (Ethier, et aI, 

1976). This sequence of events suggests that the tectonic reactivetion 

caused normal faulting which was followed by erosion and the deposition of 

debris flow conglomerates in erosional channels that are characteristic of 

the proximal facies on B submarine fan. The conglomerates are locally 

overlain by thin finely laminated carbonaceous argillites, which host of 

the 5ulivan ore body. 

The deposition of the laminated pyrrhotite-rich lead-zinc ore was 

accompanied by several episodes of footwall brecciation. The footwall 

mega-breccia and assosiated alteration zones are in general restricted to 

the western side of the ore body adjacent to the 5ulivan Fault (Fig,89 ). 

A roughly concentric lateral and a vertical mineralogical zons.t ion is 

developed in the ore body. Massive pyrrhotite is preferentially 

developed on the western side of the ore body and grades upwards and 

outwards into finely banded galena and sphalerite-rich ore End then into 

predominantly sphalerite-rich ore on the fringes (Ethier, e t aI, 1976). 

To the east the mineralization passes gradually outwards into an iron 

sulphide-rich zone that persists laterally for up to 3000m. Individual 

sulphide bands in the laminated ore are laterally continuous for up to 

1000m (Thompson and Panteleyev, 1976). 

The 5ulivan ore body was deposited during a tectonically quiesent period 

that immediately followed the tectonic reactivation which initiated the 

elevation of fault-blocks and erosion of intra-basinal sediments. The 

hydrothermal activity that led to the formation of the ore deposit was 

localized by the intersection of two major faults. The hydrothermal 

activity and associated footwall brecciation appear to have been controlled 

mainly by the 5ulivan Fault zone. The Hellroaring Creek granodiorite 

stock (1265my) intrudes both the Aldridge Formation and Moyie gabbro sills 

near the 5ulivan Mine and therefore post-dates the formation of the ore 

body. The presence of a calc-alkaline stock, which represents the 

diapiric rise of a confined calc-alkaline magma, possibly during the serne 

period of magmatic activity as the extrusion of the minor andesi ti c 

volcanics in the upper part of the Purcell 5upergroup. The presence of 

calc-alkaline hornblende-diorite sills within the dominantly tholeiitic 

Moyie Gabbros also indicates that the tholeiitic magmas were in part 
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FIGURE 89: Cross-sec tion of the Sullivan Lead-Zinc Ore Deposit , showing the 
development of the foot well breccia zone and conformable massive sulphide lens t hat 
grades laterelly i nto s ul phi de-rich argi ll i te (from Thompson and Pant eleyev, 1976) . 

confined and that they assimilated minor amounts of sialic material during 

ascent. Such confined calc-alkaline diapirs in the early stages of 

magmatic activity could easily have been the source of the hydrothermal 

metalliferous brines that led to the formation of the Sulivan ore deposit, 

even though no volcanism is directly associated with the are dRposit. 

VOLCANO-8EOIMENTARY ORE DEPOSITS I N MIOGEOSYNCLINES 

The Irish Base Metal Deposits 

A major proportion of the Lower Carboniferous lead-zi nc are deposits 

in Ireland are localized by major north-easterly trending normal faul t s. 

Most of the ore depos its including Tynagh, Navan, Gortdrum end Silvermines 

are hosted by Lower Carboniferous Limestones, although epigenetic vein­

type mineralizetion occurs in older rocks (Fig. 90 ) . 

,,-
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The earliest rift-bounded basins were initiated in the Early Devonian in 

the south of England. These grabens were filled with locally derived 

coarse-grained continental sandstones (Whittaker, 1975). Normal faulting 

and associated continental clastic sedimentation in mainly half grabens 

did not extend onto the platform area to the north until the Late Devonian 

(Fig. 91). The gently dipping Lower Carboniferous sediments rest 

comfortably on unmetamorphosed Devonian continental clastics in the south, 

but further north are separated by a marked unconformity (Morrissey, et aI, 

1971). The deposition of the continental red beds were controlled by 

major fault scarps. These clastic sediments are best preserved in the 

NE striking 5D-BOkm wide Midland Valley Graben which extends from 

Scotland into Northern Ireland (Fig. 91) . In certain areas alkali and 

tholeiitic volcanism accompanied sedimentation. The clastic sediments 

were initially deposited on alluvial fans and later on prograding deltas. 

In response to a decrease in tectonic activity and dimished clastic ,influx 

a sequence of carbonates up to 1000m t hick were deposited in tidal flat 

and shallow marine environments during a major marine transgression from 

the south to the north in response to gradual subsidence. The 

diachronous carbonates consist of a lower sequence of shaley and sandy 

lagoonal limestones that grade laterally into reef limestones which in 

turn pass laterally into dark graphitic basinal limestones. The reef 

limestones appear to fringe basement ridges with the basinal limestones 

developed further away (Derry, Clark and Gillatt, 1965). In the lower 

units the three dominant facies pass laterally into each other but 

eventually with continued subsidence the basinal shalely limestones 

covered a large part of the reef limestones end resulted in t he formation 

of a thick sequence of basinal limestone . 

In response to further crustal extension and basin subsidence, the 

southern area developed into a deep eugeosynclinal trough which eventually 

became t he site of intense deformation and metamorphism during the 

Hercynian Orogeny at the end of the Carboniferous. The Irish platform 

occurs to the north of the Hercynian Front, which marks t he extent of 

deformation and metamorphism during the Hercynian Orogeny (:28omy). This 

front also defines the transition from Devonian continental sandstones in 

the north to Devonian merine deposits in the South end in addition the 

front marks a similar change from Carboniferous peralic to marine 

sediments in the north, to predominantly deep basinal sedim ents. The 

Hercynian Front therefore remained an important t ectonic feature during 

the development of the geosyncline and its subsequent collapse . The 
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Irish base metal deposits ere therefore in a miogeosynclinal environment. 

The dominant fault pattern is a series of north-easterly t rending normel 

faults, that are commonly dow nfaulted to the north-east. These feults 

often bring lower Carboniferous cerbonates in direct contact with the 

Devonien sandstones and the earlier basement rocks of Caledonian-age. 

Locally stratigraphic sections tend to be thicker to the north of these 

faults .while individual formations tend to thin out as well as steepen in 

dip towards the faults. This suggests that faulting occured 

contemporeneously with the deposition of the sediments (Derry, Clark end 

Gillatt, 1965). 

Lower Carboniferous volcanic centres are developed in some areas and 

there is a broad coincidence between major ore fields and Carboniferous 

volcanisity, although i n only a few instances is there a direct 

association between volcanism and .mineralization, notably at Strontian, 

Gortdrum, Tynagh and Silvermines (Fig. 9D and Fig. 92) (Russell,1976). 

The most prominant volcanic centre is developed in the Pallas Hills where 

trachy-andesitic and trachytic lavas end tuffs with some alkali olivine 

basalt flows are interstratified with the basinal limestones. Locally 

thin tuff beds are i nterstratified with the carbonates (Derry, Clark and 

Gillatt, 1965). Minor stocks and dykes of basic to intermediate 

compOSition are spatially associated with the volcanic activity . 

The lead-zinc mineralization is best developed in the Lower Carboniferous 

carbonates but is also found in the Devonian sandstones underlying the 

carbonates . Numerous epigenetic vein-type deposits are scattered 

throughout the area in rocks of various ages (Fig. 92). These mi neral 

occurrences are often localized in brecciated zones along faul ts . 

Uneconomic lead and copper mineralization i s also associated with the plugs 

in the Pallas Green volcanic centre ( Evans , 1976). A number of minor red­

bed copper deposits are also developed in the Lower Devonian sandstones 

and mudstones. 

The Keel deposit consists predominantly of mineralized breccias and 

fracture fillings in the Devonian sandstones and conglomerates. The 

intensity of mineralization decreases away from the fault zones and grades 

lateraly int o disseminated mineralization. The disseminated sulphides 

are confined to the matrix of conglomerates and the pore spaces in the 

sandstones indicating that the mineralization is epigenetiC. Replacement 
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FIGJRE 92: The dist ribut ion of lead-zinc-copper mineralization in Irele.nd (from 
Russell, 1976) . 

textures are also commonly observed in car bonate-hosted deposit s . 

Dolomitization is the only important wall rock alterat ion adjacent to 

the Navan ore deposit. The alteration forms a halo that thicke ns and 

thins in sympathy with the ore body (Evans, 1976). 

The upper G-Ore Zone at Silvermines is a fine-grained concordant 

strati f orm deposit in cont rast to the disconcordant coarser-grained 

fracture filling and replacement ore in the lower ore body. A large 

stratabound barite deposit occurs marginal to the upper ore body, which 

is also overlain by a thick chert horizon (Moressey, et aI, 1971). The 

stratiform lead-zinc mi neralization at Tynagh is localized by the 
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intersection of the Tynagh Fault with the contact between the reef facies 

and basinal facies l imestones. The ore deposit interfingers lateraly 

with a laminated green tuff which in turn interfingers with banded iro n 

formation (Fig. 93). The banded iron formation appears to have been 

deposited in a restricted basin which was elongated parallel to the 

Tynagh Fault (Derry, et aI, 1965). Thin banded iron formation lenses 

are also found within the reef facies limestones. The sulphide 

mineral.ization occurs as conformable layers and lenses, as well 85 in low-

grade disseminated zones. Fine-grained galena and sphalerite are often 

found in alternating layers and bands in which colli form textures are 

common. Bended lenses are also developed i n the more porous portions of 

the reef facies. The ore zones are developed as wedges that thicken 

towards the fault zone (Fig. 93). Copper tends to be concentrated in the 

lower parts of the main ore body adjacent to the main fault. Zinc shows 

a wider lateral distribution than lead and grades leteraly into pyritic 

banded iron formation. This in turn grades laterally into a hematitic 

chert. A syngenetic manganese halo extends for up to 7km away f rom the 

Tynagh ore deposit (Russ"ell, 1976). 
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FIGURE 93: Cross-se~tion through the Tynegh Ore Deposit showing the stratigraphic 
rel~tions~ip of sulphide ore to tuff end banded iron formation (from Derry, at aI, 
'965). 

The lead-zinc-rich and copper-rich mineralization both show a close spatial 

relationship with north-easterly trending faults. There also apppars to 

be a strong northerly alignment of most of the deposits which led Russell 

to postulate the presenoe of north-south geofractures spaced at fairly 

regular 45-65km intervals. This is an important structural direction 

which controls to some extent the coastline of Ireland and also controlled 

the formation of Rockall Trough during the opening up of the North Atlantic 

in the Mesozoic (Fig. 90) (Russell, 1976). The presence of banded iron 
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formation and chert as well as interbedded tuff horizons with some of the 

larger stratiform deposits indicate that the metals were derived from a 

magmatic source. In both the Tynagh and Silvermines ore deposits the 

depositional temperatures of the sulphides decrease away from the fault. 

The silver content of the galena in the Tynagh deposit also decreases 

away from the fault. These two features indicate that the stratiform 

sulphide deposits were formed by the deposition of the sulphid8s from 

metalliferous brines that were exhaled from the faults (Moressey, et aI, 

1971) . The metal zonation, with high copper closest to the fault end 

lead, zinc and iron progressively away illustrate the different 

solubilities of the different metel complexes. Hematitic cherts were 

deposited under oxidizing conditions furthest away from the fault. The 

Lower Carboniferous Carbonetes were deposited during a stable miosynclinal 

stage following the initial period of proto-basin formation. The limited 

volcanic activity associated with the carbonate deposition and 

differentiated nature of some of the volcanics suggests that the magmatism 

was confined below the platform. This enabled fractional crystallization 

to proceed and caused the development of metelliferous brines, which then 

preferentially migrated along the major fault zones. These solutions 

were either confined at depth to form s tructurally controlled vein-type 

deposits or were exhaled onto the see floor as relatively low temperatu re 

brines where the metals were precipitated under reducing conditions to 

form stratiform volcano-sedimentary deposits. In most instances, 

however, replacement-type deposits developed i n the carbonates due to 

reaction with the solutions. The replacement-type deposits are 

surrounded by low temperature elteration haloes, typicelly dolomitization 

(Moressey, et al, 1971). 

STRATABOUND DEPOSITS IN CONTINENTAL YOKED-BASINS 

The White Pine Copper Deposit 

Mid-Proterozoic continental clastic sediments and associated sub­

aerial tholeiitic volcanics, which accumulated in rift~bounded basins, are 

hosts to a number of important stratabound copper deposits on the North 

American Craton, of which the White Pine, Coppermine and Seal Lake 

deposits are the most important. The copper deposits are preferentially 

hosted by carbonaceous shale horizons developed above thick tholeiitic 

volcanic piles. 
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The 1400-1000my Seal Lake Group consists of a sequence of coarse-grained 

clastics and shales and tholeiitic basalts with intrusive gabbro sills, 

that reach a maximum thickness of 7000km. The Seal Lake Group is bounded 

on the east by the Pocket Knife Lake Fault which probably also controlled 

the distribution of the sub-aerial volcanism and sedimentation. 

Uneconomic native copper and copper sulphide occurrences occur within the 

basalts and associated grey shales. Economic copper sulphide 

mineral ization is confined to the carbonaceous shales of the Adeline 

Island Formation, which di r ectly overlies the lower tholeiitic volcanic 

sequence. The grey carbonaceous and reddish shales are interbeddpd with 

thin basaltic flow s and hematitic quartzite units. The Adeline Island 

Formation is overlain by a thick sequence of coarse-grained continental 

clastics (Gandhi and Brown, 1975). The copper sulphides deposits are 

restricted to beds stratigraphically nearest to the underlying native 

copper bearing volcanics. Mineralogical studies indicate that the 

iron-rich sulphides are progressively replaced by copper-rich sulphides. 

A number of minor stratabound copper deposits are confined to reduced 

shales in the Belt and Purcell Supergroups (1450my-B50my) on the west 

coast, of North America (Thompson and Panteleyev, 1976) . 

The White Pine Copper deposit occurs within the Keweenawan Rift System 

in the central part of the North American Craton . The rift is 

characterized by a series of 4O-B5km wide fault-bounded en-echelon 

segments separated by major cross fractures that were also ect i ve during 

sedimentation (Fig. 94). The continuation of the rift under PalReozoic 

cover to the south is marked by a 1300km linear group of Bouguer gravity 

anomalies and associated magnetic anomalies (Chase and Glimer, 1973). 

The Keweenawan Rift is filled mainly by a 1600km thick succession of 

thol eiitic flood basalts, minor rhyolites and cogenetic irtrusive gabbro 

sills, interbedded with continental sandstones and shales. The Ouluth 

and Mellen Intrusive Complexes, which are contemporaneous with the 

extrusi on of the older of the two lava sequences, were emplaced along the 

unconformity at the base of the Keweenawan Group (Sims, 1976). The 

Keweenawan Group consists of two separate volcanic sequences that are 

locally separated and overlain by continental sediments . The sediments 

occupy synclines developed over the basaltic flows along the axis of the 

rift and form thick sedimentary wedges on the flanks of the rift system. 

The White Pine copper deposit occurs on the south-eastern margin of the 

Keweenawan Rift adjacent to the White Pine Fault, a major north-wpsterly 

trending strike slip fault that transects the rift. The White Pine 
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FIG..RE ga: Aegionel setting of the Mid-Proterozoic White Pine Copper Deposit on 
the margin of the Keweenawan Aift (fran Raybould, 1978.). 

copper deposit . is hosted by the Nonesuch Shale which overlies the 

conglomerates. The deposit occurs a few kilometers to the east of a 

major rhyolitic volcanic pile (~1075my), which is up to 1200m t hick and 

24km across and formed a topographic high before and during the 

deposition of the coarse-grained clastic sediments (Gandhi and Brown, 

1975) . These coarse-grained clastic sediments also contain local lava 

flows up to 100m thick indicating the volcanic activity still continued, 

although at a much reduced rate, during deposition. Nati ve copper 

deposits occur in amygdaloidal tops of lava flows and in conglomerate 

beds in the Keweenawan Peninsula. The Nonesuch Shale is a realtively 

thin, 2:180m thick unit that extends up to 321<m away from the mine until 

it interfingers to the east and west with reddish sandstones. Locally 

the shale lenses out onto paleo-topographic in the underlying sandstones 

(Fig. 95). The Nonesuch Shale consists of interbedded reddish, greenish 

and carbonaceous shales and siltstones that were probably deposi t ed in a 

confined playa-lake environment. 

Economic copper mineralization is confined to five stratigraphic horizons 

in the Nonesuch Shale (Fig. 9~ (White and Wrigh t , 1964). Although the 

copper mineralization is concentrated in specific carbonaceous horizons 
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FIGJRE 9::: Contour map of the "fringe-surface" in the White Pine Mine illustrating 
the decrease in the height away from the intersection of the sandstone paleo- high 
wit., the White Pine Fault (fran Brown, 1971) . 

the copper mineralogy shows a broad scale vertical and lateral zonation 

(Fig. 97). Native copper is concentrated in the underlying sandstones. 

This zone grades abruptly upwards into a chalcoci t e - native copppr zone 

in the Nonesuch 5hele followed by a chalcocite subzone that is in tu rn 

overlain by an extensive pyritic zone (Brown, 1979). The t op of the 

cupri ferous zone or "frillge-surface ll is found to vary laterally across 

the ore deposit. This fringe-surface reaches a maximum height of 10m at 

the intersection of the White Pine Fault with a sandstone paleohigh and 

gradually decreases away (Fig. 95). There is a strong inversp 

relationship between the height of the "fringe-surface" and the 

concent ration of copper i n the mineralized zone (B rown, 1971). The 

copper grades also tend to decrease away from the White Pine Fault, 

suggesti ng that the fault acted as on aquifer for the mineralizing 

solutions . The copper in solut ion was preferentially precipitated i~ 

the reduced carbonaceous shales. 

The major Mid-Proterozoic stratabound copper deposits are preferenti ally 

hosted by reduced carbonaceous shales that occur directly above major 
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tholeiitic volcanic sequence (Seal Lake) or are separated from the 

volcanics by coarse-grained continental sandstones (White Pine). 

Interbedded thin volcanic units illustrate that the volcanic activity 

continued contemporaneously with the sedimentation. The sediments and 

volcanics are confined to narrow rift-bounded grabens, which are also 

hosts for major differentiated mafic plutonic complexes. The ~1200my 

Duluth Complex occurs within the Keweenawan Rift in the vicinity of the 

White Pine deposit, which illustrates that the area was a zone of 

increased magmatic activity. The ~120Dmy Muskox Intrusion occurs in 

the vicinity of the Coppermine copper deposits in North-West Canada, 

while thick gabbro sills occur within the volcanic pile underlying the 

Seal Lake copper occurrances. The White Pine deposit has an almost 

direct spatial association with a major rhyolitic volcanic centre. This 

suggests the mineralizing solutions were derived by magmatic differentiation 

and then migrated up the permeable White Pine Fault. Reduced carbonaceous 

shale horizons, conditioned during sedimentation, acted as preferential 

hosts for the copper sulphide deposits. The mineralizetion at White 

Pine has a similar tect8nic setting as 8esshi-type volcanogenic deposits 

in that they are associated with bimodal tholeiitic basalt-rhyolite 

volcanism and the mineralization is directly associated with the rhyolitic 

volcanics. In the continental setting the magmatic metalliferous brines 

do not form stable brine plumes in response to temperature and dRnsity 

differences between the brines and sea water, but rather permeate porous 

sedimentary horizons. The metals i n the brines are preferentially 

precipitated by reduced carbonaceous horizons, which illustrates that ore 

deposits are localized by the conditioning of the sediments during 

deposition. As 8 result the ore deposits have an apparent direct 

relationship with the sediments and not with the volcanics as in the cese 

with the volcanogenic deposits. It would appear that sediment-hosted 

stratabound copper deposits developed in rift-bounded basins during 

t ectonic conditions that allowed differentiation of tholeiitic magmes to 

form siliceous rhyolites and associated metalliferous brines. 

The Zambian Copperbelt 

Stratiform copper deposits are well developed in Late Proterozoic 

(1DDD-900my) platform sediments in Africa and South America. Most of the 

deposits occur in the basin margins adjacent to Archean Cratonic nuclei 

(Jacobsen, 1975). The initial stages of basin development are 

characterized by deposition of coarse-grained continental red-bed clastic 
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sediments in local rift-controlled basins. This early stage of 

sedimentation and associated volcanisity marked the beginning of the 

Pen-African Orogenic Cycle that closely followed the extensive ~1ooomy 

Grenville-age Orogenic Cycle. The initial continental sedimentation 

in small proto-basins was f ollowed by stabilization of the platform, 

slow subsidence and the deposition of thick carbonate shelf sequences. 

The most important copper deposits formed during this period occur in 

the 190km Zambian Copperbelt. 

Lower Roan Group (Fig. 98) 

The mineralization is confined to the 

(oamley, 1960) . The Lower Roan Group, 

which reaches a maximum thickness of 1100m~was deposited on a irregular 

basement paleo-topography that had vertical di fferences generelly of the 

order of 300m, but reaching up to 1000m (Mendelson, 1961). The 

paleo-topography exerted considerable influence on the distribution of 

the sediments. Sedimentation was confined to two, probably rift-b~unded, 

troughs on either side of the Kafue Anticline . The Kafue Anticline , 

which was a structural high during sedimentation, is probably a 

structural manifestation of an original host block . The basement 

valleys which extend into the Kafue Anticline were filled by locally 

derived boulder beds and coarse-grained clastic sediments deposited on 
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FIGJ~ 98: ~h8 regional distribution of the Late Proterozoic stratiform copper 
dep:5~ts.in ~he Zambian Copperbelt with particular emphasis on the dual linearity 
of ~"e d~str:!.bution on either side of the Kafue Anticline (from Reybould, 1978). 
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Ellluvial fans. Local unconformaUes and slumping adjacent to the 

basement highs suggests periodic reactivation of the boundary faults. 

The coarse-grained red-bed sandstones grade upwards in~o poorly sorted 

carbonaceous siltstones and sandstones with lenticular gypsum deposits. 

These clastic sediments have bimodal paleo-currents and contain evidence 

of periodic exposure suggesting that they were deposited in a tidal flat 

envirorrnent. 

The Ore Shale is confined to the western side of the Kafue Anticline. 

Locally the Ore Shale lenses out along strike into thick stramatolitic 

bioherms that preferentially developed on basement highs. The Ore 

Shale grades upwards into the overlying dolomites of the Upper Roan 

Group. Sedimentation to the east of the Kafue Anticline is characterized 

by three repetitive cycles of coarse-grained clastics to fine-grained 

argillaceous sandstones with significant carbon contents . Although the 

sediments are identical in nature to those to the west of the Kafue 

Anticline, they cannot be correlated across the anticli ne suggesting 

that sedimentation was confinad to small proto-basins (Mendelson, 1961). 

The raptitive cycles to the east indicate periodic reactivation of the 

adjacent source areas. This proto-basin was probably not sufficienr ly 

stable for any length of time to enable deposition of the equivalent of 

the Ore Shales at the end of each sedimentary cycle. The clastic 

sediments to the east are abruptly overlain by dolomites and shal es of 

the Upper Roan Group suggesting that the depositional basin broadpned 

with the onset of the deposition of extensive carbonates on a stable 

platform or miogeosynclinal environment. 

There i s some evidence of magmatic activity during the deposition of the 

Lower Roan. A significant number of scapolitized gabbro sills are 

intrusive into the sediments above the Chibuluma ore body while thin 

possible amygdaloidal lamprophyres oGa.lr' at Ndola East (Oarnley, 1960) . 

It is possible that the Ore Shale itsel f is in part tuffaceous as it is 

overlain by s ome quite definite tuffaceous units (R. Mason,pers com). 

Volcaniclastic sediments are associated with the Shituru deposit of 

Zaire (Raybould, 1978). Outside the Copperbelt in the Mumbwa district 

there is also evidence of contemporaneous ignaous activi t y by the 

development of quartz-syenite and quart-orthoclase porphyry plugs which 

show a strong enrichment in boron and copper (Oarnley, 1960). At the 

present, sulphurous thermal springs within and near some of the mi nes ere 

evidence of continued geothermal activity (Oarnley, 1960), possibly along 
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the original faults that controlled basin development and which are no 

longer recognizable due to the subsequent deformation. The major ore 

bodies in the Zambian Copperbelt are concent rated along two linear zones 

either side of the Kafue Anticline (Fig. 98). The copper mineralization 

is preferentially hosted by certain stratigraphic horizons, although in 

detail the copper mineralization transgresses the bedding (Fig . 99). 

To the west of the Kafue Anticline the ore bodies are preferentially 

hosted by the Ore Shale. The mineralization is particularly high-grade 

on the lower contact of the shale and decreases in grade upwards. The 

shale-hosted ore bodies are more elongate than the arenite-hosted ore 

bodies east of the Kafue Anticline at the Mufulira Mine. The copper 

sulphides in the arenite-hosted ore bodies occur intersitial to the 

coarser-grained detrital quartz and fel dspar grains. In the high-grade 

ore zones the detrital feldspara are completely altered to sericite 

(Oarnley, 1960). Tourmaline (up to 4,~) and scapolite are typically 

associated with the copper mineralizat ion. In the pyritic fringes of 

the ore zones albite is commonly found replacing detrital K-feldspar 

grains. Alteration is often concentrated in channels beneath the 

Ore Shale horizon suggesting that the mineralizing solutions t ravellBd 

hori zontally below the more impervious sheles. Petrographic evidence 

indicates that the Lower Roan sediments underwent considBrable alteration 

with the introduction of Mg, CO2.Na, 8 end Cu prior to low-grede regional 

metamorphism (Oarnley, 1960). The overlying dolomites are often 

siliceous with irregular replecement cherts and manganese-wad replacPffient 

deposits. 

Minor contemporaneous magmatic activity, and the likelihood that some of 

the sediments in the Lower Roan are tuffaceous, suggests that metalliferous 

brines were of magmatic origin . The major ore deposits are co ncentrat ed 

along two linear zones, defined only by the distribution of the deposits 

themselves (Fig. 98). No structural features have been observed, 

although some distance to the south-east of the Copperbelt there is a 

north-west south-east trending shear zone in the basement with a vertical 

displacement of greater than 2500m (Raybould, 1978 and Oarnley, 1960). 

On the western side of the Kafue Anticline the ore bodies are developed 

at the intersection of the linear with the Ore Shale . It is probable 

that the hydrothermal solutions migrated up the boundary faults and 

reacted with, and altered the sediments and preferentially precipitated 

copper in the reduced carbonaceous shales and arenites. 
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illustrating the preferentially minerlUised arenites and the development of "barren 
zones" in the more constricted zones above paleo-11ills (Jacobsen, 1975). 

The Boleo Copper Deposits 

+ 

The Pliocene Boleo stratabocnd copper deposits are hosted by B 

volcano-sedimentary sequence edjecent to the Gulf of California. The 

Pliocene volcaniclastic' sediments and tuffs were deposited on an 

extensive Miocene volcanic t errain. The Miocene volcanism W8S terminated 

by normal faulting and eastward tilting. Subsequent erosion led to the 

development of an irregular paleo-topography. The paleo-valleys were 

slowly invaded by the sea f rom the east duri ng the development of the 

Proto Gulf of California in the Early Pliocene. Locally clastic 

sediments, impure limestones a nd thick gypsum beds were deposited in a 

confined shallow marine environment. 

mentation was derived from the west. 

The initial period of chemical sedi­

Coarse-grained gravels and clastic 

sediments were deposited on braided alluvial fans within the paleo-valleys 

and graded laterally into shallow marine sediments to the east. Normal 

clastic sedimentation was interrupted at least five times by andpstic to 

trachy-andestic volcanic activity. Initial ash fan tuffs are overlain by 

volcaniclastic sediments in response to the erosion and reworking of the 

adjacent ash covered paleo-landscape (Wilson and Rocha, 1955). This 

second period of periodic sub-aerial volcanic activity was probably 
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related to the opening of the Gulf of California bi sea-floor spreading 

which started approximately 4 my ago (Larson, et aI, 1968). 

The copper sulphide mineralization occurs in gently dipping thin tabular 

bodies confined to certain relatively impervious clayey tuff beds within 

the Boleo Formation (Fig. 100). The five main ore bodies are each 

underlain by a conglomerate or down dip equivalent tuffaceous sandstone 

to the east. The main ore deposits are clustered around the Gulfward 

side of the projecting basement hills. The grades of the ore zones 

gradually decrease downdip and eventually the zones become barren towards 

the Gulf of California. The mineralized area varies between half to 

SW.{IH\.ANO) 
Vlrletlon In de2fu of minlfllilltion in ort bed] 

Sloped .!tI, 5 ~r~lnt or more topper uplored but unSloped Iow-If.de 1/1', 1-1 perten! tOPPtl' 

NE. (GUlFWAADJ 

8'n'ell tOM. len 
lhan 1 pcrctnt copper 

(ulcrnhnl., 
UIIIU) 

100, 0 1000 "'clers 
C.~"-~·"-__ -" ____ -" ____ -L ____ -L ____ -" ____ -L ____ -L ____ ~ ____ ~ __ --"' 

FIGJRE 100: Typical cross-section through the Pliocene Boleo Copper Deposits 
illustrating the mineralizatior. mechenism by ascending hydrothermal solutions that 
were pre~er8nti811y trapped by the impervious clsyey-tuff horizons (from Wilson 
and Roche., 1955). 

three kilometers wide over a strike length of eleven kilometers. High-

grade ore is commonly concentrated in elongate zones that are orientated 

downdip with lower-grade zones (Fig.101). There appears to be a 

relationship between the intensity of mineralization of the are bodies in 

the Boleo Formation and the proximity to faults. In e number of inst ances 

the ore horizon is mineralized on one side of the fault, typically dow ndip 

on the gulfward side,and poorly mineralized or barren on the other side. 

The pre-Boleo age faults affecting the Miocene volcanics commonly contain 

quartz veins and stockwork copper mineralization. Locally copper 

mineralization occurs as irregular replacement deposi t s or fracture 

fillings within the clastic sediments, limestones and gypsum horizons. 



V
' 

i , 
i ~ 

EXPLANATION 

Stop'" .r" 1ft "'. bod 3 

Nom,.1 I,un. d • .t>t<I ... ~". 
opp ••• """lel,locll. d,h.ctwrol 
on """,nlh,e.wn .. do 

----- '" 
'" Situ""" cOfl""" •• 1 bM . 01 

Of 0 bOd), d •• ~.d wh.,. 
ap~'.,,_I.ly locot.d. Contou, 
'n' .... I$m.'.' .. O.'.m i' 
m ...... I ..... 

'" , 

- 146 -

FIGJRE 101: Diagram illustrating the distribution of ore shoots in the No.3 ore 
bed and ettitude of the ore horizon in the Amelie end Curuglu mine~ (from Wilson 
and Rocha, 1955). 

The primary ore is a soft dark coloured clayey tuff with a high moisture 

content (2:;"3D"/o) that contains mainly finely disseminated chalcocite. 

The main ganque minerals are montmorillionite with lesser iron and 

manganese oxides and minor amounts of gypsum, calcite and silica. In 

high-grade ores the alteration has generally proceeded to such an extent 

that the original texture of the tuff is destroyed. The mineralized 

zones contain significant halite contents with an average value of 2,~ 

NaCl (max. 6,4"/0). The lower contact of the ore zones at the ba".c. of the 

tuff horizon is typically sharp while the upper contact is graditional. 
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High zinc values occur in the hanging wall of the ore zones (Wilson and 

Rocha, 1955). 

The etratabound copper mineralization is thought to have been dprived from 

magmatic metalliferous brines which migrated along permeable major faults 

and fractures in the underlying Basement volcanics. The solutions 

spread out into the porous horizons in the Boleo Formation and were 

precipitated or impeded by the relatively impervious clayey tuff beds 

that overlie the porous conglomerates and sandstones (Fig. 100). The 

most effective traps occur where the clayey tuff horizons wedge out 

against the Basement paleo-hills and the trapped solutions were backed up 

against underneath the clay, and eventually deflected further down dip so 

that the grade of the ore gradually decreased down dip. Ore grade 

mineralization is not present in the porous coarse-clastic sedim~nts end 

was preferentially precipitated in the tuff bands. Diffusion of the 

solutions through these preferential hosts caused the formation of a sharp 

contact of high grade ore on the base that gradually decreases upwards into 

low-grade zinc-rich pyritic sediments (Wilson and Rocha, 1955). 

The mineralized area is small compared to the total extent of the tuff 

horizons and is confined to narrow elongate zones that are parallel to 

the basement paleo-valleys. It is significant that mineralization is 

commonly only developed in one of the five tuff bands, although t he 

particular unit varies across the mineralized area, suggesting that copper 

present in metalliferous brines was preferentially partitioned into a 

particular host, depending on the proximity of that horizon to the feeder 

faults. The age of the mineralization occured some time after the 

deposition of the Boleo Formation and before the deposition of the Glorie 

Formetion in the Middle Pliocene, as the overlying unconformity cross-cuts 

the mineralization (Wilson end Rocha, 1955). 
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Italian Pleistocene Uranium Deposits 

In Central Italy, uranium mineralization associated with alkaline 

volcanism, is confined to small sediment-filled half grabens. These 

grabens were initiated in response to regional vertical uplift that ,was 

eccompanied by rhyolitic and rhyodactic volcanism. At approximately 

1 my alkaline volcanism began and overlaps the earlier felsic volcanism, 

active between 4 my and 0,6 my, in both time and space. The alkaline 

volcanics are mainly extensive pyroclastic flows, confined to very large 

rift-bounded depressions, which formed as e result of block faulting, 

horizontal extension and crustal thinning. Four separate major volcanic 

centres, each 50km across, outcrop continuously for 160km inside the major 

rift system (Fig. 102) (Locardi, 1977). Hotspring activity and C02 and 

H2S emanations continue to the present day. The Ital ian Rift System shows 

all the characteristic features associated with mantle diapirism, ea,rly 

crustal doming, confined calc-alkaline volcanism and then alkaline 

volcanism in response to the development of penetrative rifts. 

The uranium mineralization is more or less directly linked with t he 

Pleistocene and Quaternary volcanism. The mineralization is 

preferentially hosted by the earlier Pliocene volcanospdimentary deposits 

which consist mainly of reworked volcanic sands, pumices and lacustrine 

deposits that thicken towards the wall s of the rift. Low-grade 

pene-concordant uranium oxide deposits are disseminat ed in kaolinized and 

pyritized sediments. The attjtude of the mineralization is not 

conformable to the bedding but rather follows a pal so-hydrostatic level 

(Locardi, 1977). The uranium mineralization is concentrated near 

transecting fault zones along the margins of the basin. 

Economically significant fluorite deposits are interbedded with the most 

recent volcanosedimentary lacustrine deposits. These are syngenetic 

deposits which are associated with the latest phase of alkaline volcanism. 

Some lead, zinc, copper and mercury deposits are associated with the 

earlier fe l sic volcanic activity. The uranium deposits are associated 

with the Vulsini Volcanic Centre and have a close spatial relationship with 

native su l phur and pyrite deposits. Similar pyrite and nal:ive sulphur 

deposits are associated with the Sabatini Volcanic Centre to the oeou ',: h but 

no uranium deposits are known. This suggests that the uranium 

mineralization is directly associated with the volcanism in the Vulsini 

Volcani c Cent re. The presence of st ratiform fluorite deposits associated 
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FIG!..~E 102: The distribution of Pliocene and Pleistocene felsic and alkaline 
vo12anics, ore deposits, thermal springs and gas exhalations in the Central Italian 
Rir:. C~pper, lead, zinc and mercury depoSits are associated with the Pliocene 
fel~ic volca-ism, while uranium and fluorite deposits are associated with 
Ple~5toce~e elkaline volcanism (from Locardl, 1977) . 

with recent lacustrine sediments suggests that the mineralization in the 

region is associated with magmatic hydrothermal brin~s that were derived 

by the sub-volcanic f r actional crystallization of the alkaline magmas. 

Copper-lead and zinc are associated with the calc-alkal i ne volcanism while 

fluorite and uranium are associated with the differentiated alkaline 

volcanism. The uranium mineralization is probably onl y associated with 

the Vulsini Vol canic Centre due to more pronounced degree of fractional 

crystallization of the magma at depth. The presences of extensive 

alteration zones; kaolinizBtion and silicification)also indicates that 

this centre has been an area of exhalative activity, Uranium is a 

geochemically mobile element and is readily redistributed by grou nd water 
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movements so that it would most probably concentrate along a paleo-water 

table in unconsolidated porous sediments. Uranium mineralization has 

a close spatial relationship with hydrothermally altered areas end native 

sulphur-pyrite deposits. The uranium mineralization is also specifically 

associated with the Vulsini Volcanic Centre suggesting that its 

concentration is due to magmatic fractionation and that the mineralization 

is associated with magmatic metalliferous fluids. 

The Athabasca Vein-type Uranium Deposits 

The Canadian vein-type or unconformity-type uranium deposits show a 

definite spatial relationship to the Lower-Middle Proterozoic unconformity 

in both the Athebasca and older Beaverlodge Basins developed on the North­

western Canadian Cretan (Fig .103). Continental "red-bed" sedimentary 

deposits with similar lithologies, geometry and structural settings and 

age occupy intra-cratonic basins in widely separated parts of the north-

western Candadian Craton. Most of these sedimentary deposits are 

intercalated with variable emounts of alkaline, tholeiitic end calc­

alkaline volcanics. The isolated fault-bounded basins were filled by 

immature continental clastic sediments characterized by local anguler 

unconfonnities. This cycle of proto-basin development wes then followed 

by westward tilting of the craton, slow subsidence and the deposi t ion of 

mature sandstones and shallow marine carbonates on an extensive stable 

platform in the Late Proterozoic. The sandstones and carbonat es thicken 

to the west and contain increasingly more interbedded shales, and grade 

laterally into BJgeosynclinal sediments deposited further to the west in a 

more rapidly subsiding trough (Fraser, et al, 1970). 

The Athabasca basin was filled by 1600m sequence of cyclic fluvial 

sandstones that have no obvious large-scale lateral and vertical 

lithological variation, implying that basin subsidence and marginal 

basement uplift occured at a relatively constant rate. 

Amygdaloidal basaltic to andesitic lava flows and gabbro sills occur only 

in the basal, coarse clastics of the older Martin in the Beaverlodge Basin 

just to the north of the Athabasca Lake area . Centripetal paleo-currents 

in the Athabasca Basin suggest that the preserved basin does not differ 

signi ficant l y from it's original extent. The lower sedimentery units 

heve pronounced dips while the upper sediments ere almost flet-lying end 

undeformed suggesting that deposition and deformation occured 

contemporaneously (Fraser, et el, 1970). Seismic refraction studies 
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FlGUR€ 103: The structurel setting of the Athabesca and Beaverlodge Basins , 
Ses~~tchewen , Canada, showing the distribution of vein-t ype or unconformity-type 
urenium ceposits and in particular the dominant north-easterly structural grain of 
the basement (from Dabrowski, 1980). 

suggest that the Athabasca Basin consists of a series of north-easterly 

trending basal depressions and swells which follows the trend of a number 

of major faults in the basement. These north-easterly trending faults 

also control the distribution of the older Martin Formatior, in the 

Beaverlodge area. Conglomerate lenses are best developed in t he eastern 

part of the Athabasca Basin suggesting that this was the most active margin 

of the basin . It is significant that a number of the mejor uranium 

deposits are located close to this boundary (Fig. 103). 

The uranium mineralization occurs in the Early Proterozoic metamorphosed 

sediments below the unconformity as well as within the sediment s of the 

overlying Athabasca Formation. The host rocks are quite variable and 

include quartzo-felspathic gneiss es, quartzites and graphi tic horizons. 

The mineralization is commonly associated with chloritization, sericitization 

and kaolinization in shear zones and breccia zones. struct ural cont rol 
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or" the mineralization is important in all the deposits, with the 

mineralization being confined to fractures and breccias zones associated 

with major faults and shear zones . 

Although a number of widely different theories have been put forward for 

the genesis of the vein-type uranium deposits it is considered that t hey 

could have had a similar origin to stratabound copper deposits. These 

uranium deposits occur in an identical tectono-sedimentary setting as 

the stratabound copper deposits which also developed during t he same time 

period. Most, if not all of the uranium deposits are located within or 

adjacent to and elongated parallel to major faults . There appears to 

be a crude alignment of the east-north easterly fault that controls the 

Key Lake Deposit and the north-easterly trending fault through the group 

of deposits near Rabbit Lake (Fig . 102) . The mineralization is not 

confined to any specific host rock and is generally associated with wall 

rock alteration and the introduction of anomalous concentration of metals, 

notably nickel, cobalt, arsenic, copper, lead, zinc and gold. These 

high metal concentrations could have been derived from metalliferous 

fluids derived from magmatic sources. Some volcanism was associated 

with the deposition of the older Martin Formation but does no t appear to 

be associated with the deposition of the more extensive Athabasca 

Format ion. The absence of intense volcanism indicates t hat magmatic 

activity, which probably was associated with the initiation of t he two 

basins, was confined. This would have led to the development of 

cauldron-type int rusive complexes and the late-stage development of 

magmatiC hydrothermal fluids . Slow differentiation of t he intrusive 

complexes is probably why the mineralization is of a significantly 

younger age than the host mineralization . The main period of 

mineralization in the Athabasca Basin occured at ~11oomy, (Dabrowski, 

1980) towards the end of the period of sedimentation that stretched from 

1700my to 12oomy, and was then followed by tectonically quiesent 

conditions and the deposition of extensive shallow marine sediments . The 

older mineralization i n the 8eaverlodge Uranium District was associated 

with deposition of the Martin Formation between 1830-165Dmy . 

High uranium concentrations are often associated with highly differentiated 

derivatives of alkali basalt magmatism a nd also late-stage granitic liquids . 

The high nickel, gold and . tellurium concentrations with some of the 

uranium deposits suggests that these fluids were probably derived from 

alkalic magmatism. Vein-type uranium deposits in France show a clos~ 

spatial reletionship with Hercynian Granites (Dabrowski, 1980). The 
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hydrothermal fluids probably migrated along the major faults that 

controlled the development of the sedimentary deposits . Alteration 

associated with the mineralization, as well as some high temperatures 

recorded in fluid inclusions, suggest that the metals were precipitated 

directly from the hydrothemal fluids. The late-stage development of 

the fluids in reletion to the sedimentation and possibly diegenetic 

reduction in the sandstone porosity is probably the main reason why most 

of the deposits are confined to the fault zones. As uranium is 

geochemically mobile, it is probable that some of the uranium was 

redistributed by ground water movement as was indicated for the Italian 

Pleistocene deposits. This is also probably a reason for the extreme 

variation in the ages of the uranium mineralization within a particular 

deposit . 

Although the origi n of the vein-type uranium mineralization is speculative 

these deposits have a common tectono-sedimentary setting with stratabound 

copper deposits. It is argued that while the stratiform copper deposits 

are generally associated with and closely follow tholeiitic flood basalt 

volcanism in continental rift-bounded b~sins, the uranium deposits are 

probably associated with continental sediments in basins that are 

associated with confined differentiated alkaline and granitic magmatism at 

depth. The metal association also suggests a higher degree of 

fractionation in the latter deposits. A lengthy period of magmatic 

differentiation possibly accounts for the larger time gap between 

sedimentation and mineralization in vein-type uranium deposits. 

METAL DEPOSITS IN ACTIVE RIFTS 

Metalli ferous brines and Recent sediments have been discovered in a 

number of act i ve rift systems. 

Recent volcani c activity, 

These are all associated with areas of 

Sulphide deposits and exhalative metalliferous brines are known along the 

East Pacific Rise. The sulphide deposits are localized in a 1,5 km wide 

fault-bounded depression just off the active zone of extrusion of 

tholeiitic pillow lavas. Massive sulphides have built-up columnar 

orifices (hornitoes) that are commonly aligned parallel to structural 

trends (Francheteau, et aI, 1979). The massive sulphide deposits were 

deposited from hot metalliferous brines in response to mixing wi th cold 

seawater. Direct parallels can be drawn between these deposits and 
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Cyprus-type cupreous-pyrite deposits associated with ophiolite complexes. 

Metalliferous sediments and brines pools in the Red Sea are confined t o 

fi fteen known deeps along the axial trough of the Red Sea at depths 

ranging from 1350 t o 2000 metres (Fig.1oa). The deep axial valley in 

the Red Sea has been formed by sea-floor spreading in the last a my, 

following arching and crustal thinning in the Miocene (oegens and Ross, 

1976) . The distribution of the metalliferous deposits are frequently 

associated with changes in direction of the median valley as a result of 

transform faulting. These transform faults are generally an extension 

of Precambrian fractures in the continental margins (Fig. 1oa). The 

strong association between sites of brine discharge and transform 

faulting suggest that these faults may provide permeable zones for the 

migration of the brines. The Atlantis II Deep metalliferous sediments, 

which is the only deposit of economic interest known, contains 15O-2Po 

mill. tons of dry salt-free mud with an averege metal content of ~ Zn 

and 1~ Cu (Bignell, 1975). Some of the highest heat flows along the 

axial valley are centred- on the Atlantis II Deep (Degens and Ross, 1976). 

The Atlantis II Deep brine pool was shown to be heating slowl y over a 

20 month period. However, the abnormally high heat flows charecteristic 

of the region were insufficient to explain the observed temperature rise. 

The Red Sea metalliferous sediments consist predominantly of oxid~s, 

silicates and sulphides rich in iron and manganese with high zinc, copper, 

lead, cadmium and silver concentrations (Bignell, 1975). The associated 

brines have a metal association that cannot be derived from the 

evaporation of seawater . Sulphur isotopes studies have shown that the 

sulphur has a no n-biogenic origin . Most of the evidence seems to be 

consistent with the derivation of the brines from mixing of brines of 

magmatic origin and normal seawater . A magmatic origin wo~ld also explain 

the observed temperature rise in the Atlantis II Deep Brine pool that 

cannot be explained by the abnormal geothermal gradient (Degens and Ross, 

1969) . 

Metalliferous sediments occur in Lake Kivu on the East African Rift 

System. Lake Kivu is fil led with minor sediments consisting mainly of 

reworked volcanic tuffs and soils. Lake Kivu contains stable salinity 

and temperature stratifications that are fed from below by saline hot 

springs. Dense hydrothermal brines are restricted to the deepest parts 

of the basin. Anomalous lead concentrations (up to 6Doppm) are associated 
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with fairly recent sediments. The lead-rich zones are characteristically 

rich in organic carbon and also contain high molybdenum concentrat ions, 

The lead and molybdenum form organo-metallic complexes with the organic 

matter. Zinc is also present as chelatad complexes in buoyant organic 

globules. These globules are less precipitous and as a result carried 

into the neighbouring Leke Tanzania, accounting for the high zinc 

content of all East African Rift sediments (Oegens and Ross, 1976). 

The fluorine contents of the sediments vary between 0, 1~ and o,ff/. F, and 

are particularly high in the lead-rich horizons. The metal distribu tion 

through a typical stratigraphic column illustrates the change in the 

metal abundances with time. The lead-rich sediments are associated 

with late-stage hydrothermal and volcanic activity after the main volcanic 

episode charecterized by high A1203 and Mn metal contents in the 

stratigraphic column (Fig.1oS). The various heavy metels in the brines 

are enriched between 10 and 10,000 times the mean concentration of 

seawater, although the salinity is approximately a tenth of the salinity 

of seawater. Stable isotopes in the brines indicate that the hydrothermal 

system is charged by local rainwater (oegens and Ross, 1976) . It has 
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that the high lead peeks follow closely on 1so1ated tuffaceous peaks suggesting 
that the metalliferous brines have a magmatiC source (from Degens and Ross, 197G). 
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been suggested that the hydrothermel activity coincides with pluvial times 

but this does not account for the essocietion of the high metel 

concentrations at the end of e volcenic episode (Fig. 105). It is 

probable that the metals were derived from e megmatic source end diluted 

by meteoric waters to form a low temperature dilute brine that is slowly 

discharged into the lake bottom. Metals are deposited by organo-metallic 

complexing under reducing conditions that exists below a d8pth of 50m t o 

form uneconomic anomalous metal accumulations. 

Geothermal brines are develop8d near the axis of the Salton Trough , a 

sediment-filled graben bounded by tra nsform feul ts in t he San Andreas 

Fault Zone. The Salton Sea Trough occurs on the extension of the Gul f 

of California which is an active zone of t ransform faulting and s ea-floor 

spreading (Fig. 106) (Larson, et al, 1968 ). The felsic volcanic activity 

FIGURE 106: The structuro} sett~ng of the Sa lton Sea as a transform-bounded pull­
ap~r:: besin at the end of the Gulf of Ce.lifornio,which is an ective spree-ding 
certre (fron Moore , 1973). 
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at Cerro Prieto and the Salton Sea is the surface manifestation of confined 

magmatic activity at depth, which with time, will probRbly develop into a 

zone extensive tholeiitic volcanism and eventual sea-floor spreading as 

Baja California moves progressively away from the Mexican mainlend. The 

Salton Sea Trough is a narrow structural basin filled meinly with 

fine-grained deltaic sandstones and is at present the site of deposition 

of argillaceous sediments in a playa lake environment. The zone of 

maximum downwarp, centred on the Salton Sea, was also a n area of 

Quaternary felsic volcanism and present-day anomalous heat flow and 

hotspring activity. The Quaternary volcanism is centred at the intersection 

of two major faults while the hot springs are aligned parallel to one 

of the faults. Geothermal metalliferous brines are confined to porous 

sandstone units below an impervious shale capping that exists at 100m depth . 

Discharges from the surface hotsprings contain fift een times less 

dissolved solids and no base metals and show a marked 0 18 shift compared 

to the geothermal brines which suggests that metalliferous brines at depth 

are in equilibrium with surface dilute meteroic pore waters, probably 

separated by a double diffusive thermal and salinity boundary (Helgeson, 

1968). Isotope studies suggest that at least half the lead in the brines 

was acquired from the sediments (Doe, et aI, 1966). The geothermal brines 

are enriched in iron, silica, manganese, lead, zinc, copper and silver . 

The brine is in equilibrium with greenschist metamorphic reactions at 

depth and is actively precipitating sulphides, chalcopyrite and sphalerite 

in the sandstone pore spaces (Muffler and White, 1969). The bri nes are 

poor in reduced sulphur. During production testing on the geothermal 

wells a siliceous scale, rich in iron, copper and silver, was deposited 

in the discharge pipes. It is significant that even though the brines 

contain significantly higher lead and zinc contents, only copper and iron 

sulphides and native silver were deposited in response to 8 decrease in 

temperature. If, however, the sulphur-poor brines present at dept h were 

exhaled into a reduced sulphur-rich environment an ore body containing 

approximately 20 mill tons at 1~h ln, 2~ Pb, o,1~h Cu and 200g/tAg, would 

be deposted (Skinner, et aI, 1967). 
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THE ASSOCIATION BETWEEN RIFTS AND MINERALIZATION 

Rifting of t he earths crust and magmatism are a direct response to 

mantle advection. Since the development of rifts and the generation of 

magmas are related to the same geodynamic process,it follows that rifts 

will act as major conduits for the transfer of mantle and lower crustal 

deri ved magmas. The extent of the surface manifestation of the 

magmatism depends to a large extent on the state of stress in the crust 

and therefore the permeability of the rifts. Under confined conditions 

the mantle-derived basaltic magmas interact with the sialic crust and 

generate calc-alkaline magmas,while under tensional conditions the rift 

zones act as major channels for the transfer of primary basaltic magmas 

from the mantle to surface. In the early stages of mantle advection 

the crust is relatively brittle and as a result, caulder-type magma 

chambers would develop in the upper levels of the sialic crust. 

Magmatic differentiation under tectonically quiescent conditions would 

leed to good crystal-liquid separation and the concentration of the 

incompatible elements to such a degree that a metalliferous brine coul.d 

be generated. Continued tectonic activity would lead to the disruption 

of fractional crystallization by periodic extrusion and pressure 

quenching of the magma and as a result poor liquid-crystal separation 

that wou l d not lead to the generation of a hydrous phase. Therefore 

the structural setting of the magmatic activity is important to enable 

metalliferous brines to develop. These conditions would typically 

occur in stable platform settings and also during relatively minor periods 

of tectonic inactivity, usually at the end of a major volcanic cycle in 

more active troughs or eugeosynclinal settings. 

Mantle-derived thol eiitic magmas form thick basaltic sequences during 

early stages of rifting and basin development in response to the 

extrusion along permeable rifts. Under relatively confined conditions, 

in the early stages of continental rifting, or incipient rifting in 

troughs, basal tic magmas would be sufficiently confined to produce 

bimodal basalt-rhyolite volcanic suites. This differentiation often 

results in the generation of typically copper-zinc-rich metalliferous 

brines. Fractional crystallization of confined hydrous calc-alkaline 

magmas would lead to the generation of metalliferous brines rich in 

copper, lead, zinc, silver and barium. The composition of the brines 

however, depends to a large extent on the nature of the sialic crust and 

the extent of interaction between basaltic magmas and the sialic crust. 
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The transfer of heat with limited interaction between basaltic magma and 

sialic crust could lead to the generation of anatectic felsic magmas 

enriched in uranium. The increase of radiogenic lead with time is 

thought to be the main reason why younger volcanogenic deposits contain 

signi ficantly higher lead values and illustrates the effect of the 

interaction with the sialic crust has on the trace element characteristics 

of calc-alkaline magmas. 

The permeability of the rifts determines the associetion between 

magmatism and the metalliferous brines. Highly permeable rift zones, 

perticularly well developed on the margins of major troughs Dr 

eugeosynclines and in island arc settings result in a direct association 

between volcanism and the generation of volcanogenic ore deposits. 

Semi -permeable rifts, particularly those bounding major aulacogens, 

result in a limited surface expression of volcanism, ge'nerallY as mi,nor 

interbedded tuffs within a sedimentary pile that are commonly associated 

with strati form volcanosedimentary ore deposits. Confined volcanism 

during initial crustal doming,rift i nitiation and the development of 

yoked-basins results in an often enigmatic relationship between ore 

deposits and volcanism. Stratabound copper deposits often show a close 

association with tholeiitic volcanism while uranium deposits generally 

have an indirect association with alkaline or felsic volcanism . 

The mineral association in the different deposit types appears to be 

related to the distance between the origin of the brine and d~positional 

site, which is in affect a function of the intensity of the volcanic 

act ivity. Volcanogenic deposits are the direct result of the 

interaction of hot dense brines with seawater which initiates the early 

precipitation of copper and later lead and zinc. As the 50urce of the 

volcanism and brine becomes more removed the volcanic activity becomes 

significantly reduced and often the metals in t he hydrothermal fluids 

become fractioneted during their migration from the source to the 

deposi tary. A decrease in temperature would cause most of the copper 

to precipitate and as a result lead and zinc can be effectively separated 

from copper. This is often illustrated by the lat eral zonation in some 

volcanosadimentary deposits where copper is deposited in a scinter-type 

setting adjacent to the exhalative centre, while lead and zinc are 

precipitated further away under reducing conditions in restricted basins 

to form stratiform bedded lead-zinc deposits. Epigenetic copper deposits 

in fault zones are often a result of early precipitati on of copper from 
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metalliferous brines and would result in the separation of lead and zinc 

from copper. The extent of separation of the different metals 

depends on the residence time of the brines in the major conduits and 

the associated change in temperature. 

The conditioning of the depositional environment or the host sediments 

is often critical for the formation of deposits that do not show 

intimate relationships with thick volcanic piles . The presence of 

reducing conditions in the depositional environment appears to be a 

~e-requisite for the generation of stratiform volcanosedimentary ore 

deposits. The most important volcanosedimentary ore deposits are 

hosted by basinal carbonaceous shales, generally deposited on the distal 

facies of a submarine fan system within a trough or aulacogen,or are 

associated with reefal carbonates in a platform setting. 

The relationship between sedimentation and brine activity is a critical 

factor in the formation of a volcanosedimentary ore deposit. Black-

shale hosted lead-zinc ore deposits commonly occur as thin units within 

thick s tratigraphic section of poorly mineralized sediments. This is 

a direct result of the rate of sedimentation. A high influx of 

volcaniclastic, epiclastic or shelf-carbonate detritus would result in 

a relat ively thickly bedded sediments with scattered sulphide laminae 

that developed during quiesent periods and the formation of a thick 

poorly mineralized stratigraphic section. Volcanosedimentary ore 

deposits are confined to periods with a limited influx of detritus 

and the formation of thinly laminated carbonaceous shales. As a result 

tectoni c quiesent periods are necessary to reduce the amount of clastic 

influx and allow the formation of volcanosedimentary deposits. 

Porous zones in carbonate breccias zones in reef complexes are often 

important sites of syngenetic precipitation of lead and zinc, under 

reducing conditions associated with decaying algal matter. A few 

deposits in platform carbonates sequences show evidence of volcano­

sedimentary association by the development of interbedded tuff a nd 

banded iron formation horizons in the ore zone. 

The strong zonation between carbonate-hosted lead-zinc deposits i n the 

miogeosyncline and the polymetallic volcanogenic and Cyprus-type deposits in 

the adjacent eugeosyncline of the Appalachian Geosyncline is striking 

(Fig. B1 ) and suggests that there is a tectonic control on the metal 
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distribution . As the mantle diapir is at a greater distance below the 

stable miogeosyncline,associated magmation would most likely be 

confined to relatively deep-seated plutonic complexes along rifts. 

Should metalliferous brines be generated,copper would be effectively 

separated from these brines during their migration to surface along the 

rifts. The metals would the n be preferentially precipitated in porous 

reef facies carbonates as epigenetic or replacement-type deposits in 

anoxige.llic environments at the sediment-seawater interface to fom car-

bonate-hosted volcanos8diment ary deposits. In most cases the lead-zinc-

rich brines would not reach surface but would intersect porous zones in 

the carbonates at depth. The metals would be preferentially deposited 

under redUCing conditions in reefal zones as Mississippi Valley-type 

are deposits. 

The conditioni ng of the sediments is a critical factor in determining 

the preferential concentration of copper sulphide mineralization in a 

continental yoked-basinal setting. St retabound COPP8r deposits are 

hosted by reduced carbonaceous horizons deposited in a playa-lake or 

lagoonal environment. The mineralization generally occurs after any 

volcanic activity because the conditions during tholeiitic volcanism 

do not allow hydrothermal brines to develope. During the tectonic 

quiesent conditions after the main volcanic activity metalliferous brines 

could be developed and exhaled up along rifts. These brines would 

permeate the porous continent al sediments and the metals would be 

preferentially pr ecipitated in previously conditioned reduced horizons. 

The stratabound mineralization therefore has e charac ter that is far 

removed from the associations in a volcanogenic deposit and is controlled 

more by the host sediments. The presence of extensive law-grade 

alteration zones and the introduction of anomalous trace element 

concentrations suggests that the mineralization is associated with 

magma-derived hydrothermal brines. 

Uranium mineralization shows a very variable relationship with the host 

sediments and is often not associated with indications of volcanic 

activity. However, such an association would be expected if the uranium 

is derived from confined anatectic granitic magmas under high crustal 

stresses that did not enable rifts to penetrate to the mantle. Uranium 

derived from differentiated alkaline magmas would, however, have a spatial 

relationship with alkaline volcanism. Uranium mineralization is often 

associated with continental clastic sediments. The porosity of the 



- 163 -

continental sandstones would be part icularly important in determining 

the geometry of the uranium deposits . The development of uraniferous 

brines early in the sedimentary history of a yoked-basin would probably 

allow the redistribution of the geochemicelly mobile uranium by ground 

water movements. The late-stage development of a metalliferous brine 

after diagenetic cementation of the sandstone would, however, confine 

the hydrothermal activity to the major faults. I n the former si t uat ion 

peneconcordant and roll-front-type deposits would develop while in the 

later case the deposits would be typically vein-type or unconformity­

type uranium deposits associeted with alterat ion zones and anomalous 

metal associations. 

Ore deposits develop during periods of tectonic i nactivity at different 

times during the development of rift-bounded yoked-basins, aUlacogens 

troughs and eugeosynclines. These periods of inactivity enable 

fractional crystallization of the magmas and the development of 

metalliferous brines. The metal associations depend to a large extent 

on the magma-type. The rifts act as major conduits for both magmatiC 

activity and hydrothermal activity. The interaction of these brines 

at or close to the surface results in the formation of stratiform or 

stratabound ore deposits. Since rifts are the major conduits for the 

transfer of magmas and brines from depth these ore deposits will have a 

close association with major rifts. 

As rifting, magmatism and basin development are controlled by the same 

geodynamic process major stratiform and stratabound ore deposits will 

have a definite tectonic zonation and will develop preferentially along 

major rifts. 
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