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Abstract-The structures in Archaean quartzites of the Assegaai greenstone belt in the Transvaal of South Africa 
can be interpreted in terms of three major deformation events. Earliest D, involved thrusting along brittle ramp 
and flat crush zones. Rising temperatures then led to the mobilization of SiO, and the development of syn-D, 
stylolites and omnidirectional quartz veins in the quartzites. Increasingly ductile behaviour results in some of the 
early D, crush zones being overprinted by late D, mylonitic shear zones while eastward-verging recumbent folds 
formed about N-S axes in the layered quartzites. 

The Assegaai supracrustals were then separated from a contiguous basement of Ancient Gneiss Complex 
(AGC) by the intrusion of a granitoid sheet about 3 km thick along their sheared subhorizontal contact either late 
in D, or in the interval between D, and D?. The supracrustals were then refolded about steep NNE-trending axial 
surfaces by concentric F2 folds on a variety of scales. Such folds were the second major structures to affect the 
supracrustals but the first to deform the granitoid sheet. 

The older of two suites of quartzo-feldspathic veins in the AGC were probably generated penecontemporane- 
ously with the syn-D, quartz veins in ther Assegaai quartzites. This interpretation can be tested by removing the 
intense D, constriction (and 30% volume increask) recorded by a later network of syn-granitoid qua;tzo- 
feldspathic veins in the AGC from the D, + 0, flattening recorded bv the older veins. This orocedure can be _ I 
carried out by geometric vector subtraction on a Hsii &gram. The result reveals that the D, strains in the 
Assegaai supracrustals and the then contiguous AGC were identical penetrative subhorizontal flows prior to the 
intrusion of the intervening granitoid. The last significant strain in the region is represented by a brittle 
NNE-trending strike-slip fault and, locally in the quartzites, disharmonic conjugate folds. 

INTRODUCTION 

LIKE many Archaean greenstone belts elsewhere, the 
Assegaai supracrustal sequence (Fig. 1) is separated 
from orthogneisses nearby by a screen of post- 
greenstone intrusive granitoids (Hunter etal. 1983). The 

deformation of veins in the orthogneisses and quartzites 
in the Assegaai supracrustals is used here to establish the 
disposition of these two major rock suites when the 
granitoids were first intruded. 

The orthogneisses, the two generations of veins found 
within them, and the intrusive granitoids are briefly 
described. The tectonic history is then reconstructed for 
those quartzites of the Assegaai supracrustal sequence 
exposed in the area shown in Fig. 2. Despite limited 
outcrop, the structural-metamorphic relations in the 
metamorphosed volcanics, pelites, banded iron forma- 
tion and talc-silicates of the Assegaai supracrustal 
sequence further north are consistent with the same 
three deformation phases and two metamorphic events 

* Present address: University College, Cork, Eire. 

identified here (Hunter et al. 1983). The Assegaai supra- 
crustals may be a dismembered extension of the southern 
portion of the Barberton greenstone belt exposed in the 
Motjane valley 75 km further north. The structural 
history interpreted here is similar to that reported in the 
Motjane valley by Jackson & Robertson (1983). 

The intrusion of thin but extensive sheets of granitoid 
magmas along what were subhorizontal contacts be- 
tween deformed or deforming covers and older sialic 
basements is becoming well established in the Archaean 
of southern Africa (Hunter 1957,1968,1973, Urie 1965, 
Jackson & Robertson 1983). A final discussion considers 
the role played by these granitoids during the develop- 
ment of the steep regional fabric considered characteris- 
tic of granite-greenstone belt terrains. 

THE ANCIENT GNEISS COMPLEX 

The gneisses at locality 3 (Fig. lb) are bimodal in 
nature. Layered, medium-grained, leucotonalites to 
dark grey tonalites are interlayered with thin (c. 25 cm) 
plagioclase amphibolites with a pronounced foliation 
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Fig. 1. The Assegaai ‘greenstone belt’ and its setting: (a) locality map; 
(b) simplified geological sketch map of the Assegaai supracrustal 
sequence showing locations discussed in the text; (c) simplified cross- 

section A-B. 

subparallel to the lithological layering. These geisses are 
interpreted to be lateral equivalents of the bimodal suite 
of the Ancient Gneiss Complex (AGC) exposed over 
large areas to the northeast in nearby Swaziland (Hunter 
1970, Jackson 1979,1984). 

The AGC in Swaziland is dominated by a bimodal 
gneiss suite comprising tonalite-leucotonalite and 
metabasite dikes. Both these components were appar- 
ently derived directly from the mantle at least 3.5 Ga ago 
and emplaced at hypabyssal or extrusive levels (Hunter 
et al. 1978). Between about 3.4 and 3.0 Ga ago they were 
strained repeatedly at depths ranging from about 20 km 
to within a few kilometres of the surface (Jackson 1984). 
We made no attempt to analyse the long and complex 

strain history within the AGC for it is sufficient for our 
limited purpose here to consider only those strains which 
affected the older of the two generations of quartzo- 
feldspathic veins within it. 

Two generations of deformed quartzo-feldspathic 
veins are present in the AGC at locality 3 (Fig. lb). 
Veins of the older generation are mainly of quartz but 
contain some microcline and albite and are characteristi- 
cally a few centimetres thick. 

The second generation of veins have a granodioritic 
composition and are composed of quartz, microcline- 
microperthite, plagioclase (An,,_,,,) and biotite. These 
veins range from a few centimetres up to ten metres in 
thickness and form an irregular network superimposed 
on both the lithological layering in the AGC and the 
older generation of thinner quartzo-feldspathic veins. 
The younger veins appear to represent a basal facies of 
the granitoid sheet immediately overlying the AGC in 
the west, but age relationships are not clear in the field. 
A casual inspection suggests that many are undeformed. 
However, a systematic study finds that folded examples 
cross-cut and post-date what appear to be thin straight 
‘undeformed’ veins of similar composition. Close exami- 
nation of such ‘undeformed’ veins disclose a crude folia- 
tion swinging around disaggregated feldspar megacrysts 
demonstrating that they have in fact been extended in 
subhorizontal sections (see later). 

INTRUSIVE GRANITOIDS 

A 3 km wide zone of granitoids intervenes between 
the easternmost Assegaai supracrustals and the AGC 
exposed still further east (Fig. lb). A 2.5 km wide zone 
of similar granitoids occurs within the Assegaai supra- 
crustals and a further zone, with a minimum outcrop 
width of 10.5 km, separates the Assegaai supracrustals 
from those of the Brereton Park area further west (Fig. 
lb). These areas of granitoids are interpreted as anti- 
forms of the same deformed sheet lying between the 
Assegaai supracrustals and the AGC. The geometry of 
this sheet is poorly known but probably had an original 
thickness of about 3 km (Fig. lc). 

Apart from the complex network of irregular cross- 
cutting veins of ‘quartzo-feldspathic’ granodiorite thin- 
ning downwards into the AGC from its base at locality 3 
(Fig. lb), this granitoid sheet is generally a medium- to 
coarse-grained leucotonalite (trondhjemite) composed 
of quartz, plagioclase and biotite, with minor amounts of 
microcline-microperthite. At locality 2 in Fig. l(b), the 
upper part of the intrusion can be seen to have fed 
conformable sill-like sheets l-5 m thick into the base of 
the supracrustals. 

The granitoids, the Assegaai supracrustals and their 
mutual sheeted contact all share the same pronounced 
foliation and have obviously been deformed together. 
The foliation dips 75” ESE and is axial planar to subsimi- 
lar folds in layers of slightly more mafic mineralogy and 
a few quartzo-feldspathic veins in the leucotonalite 
within a few metres of its contact. The penetrative 
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Fig. 2. Geological map, cross-sections and stereograms of location 1 outlined in Fig. l(b). 

foliation and the style of folding in the veins strongly 
suggest high-temperature solid-state flow after the 
leucotonalite intruded as a magma. Thin section exami- 
nation confirms this interpretation but emphasizes that 
mylonitic deformation was superimposed later. The 
leucotonalite has a geometry similar to that of the sheet- 
like 3.0 Ga-old Lochiel granite exposed over large areas 
to the northeast. 

Small bodies of pegmatitic granite within the Assegaai 
supracrustals are thought to be related to nearby peg- 
matites containing beryl, monazite and other exotic 
minerals (Hunter et al. 1983). If so, a minimum age for 
the leucotonalite is set by the date of 2.96 Ga obtained 
on a monazite from one such pegmatite (Burger & 
Coertze 1973). 

DEFORMATION HISTORY OF THE 
SUPRACRUSTALS 

Field and microscopic evidence indicate that the 
quartzites in the area illustrated in Fig. 2 underwent a 
deformation history involving two phases of cataclasis, 
faulting and SiOZ mobilization (during early D1 and D3) 
with two intervening episodes of ductile strain (during 
late D1 and Oz). These in turn were punctuated by the 
intrusion of the granitoid sheet (during late D1 and/or 
02). Notice that the numbering of the deformations 
used here starts with the earliest deformation recognized 
in the supracrustals and neglects any preceding events in 

the AGC. Notice also that three phases of D, are 
distinguished (as early D, , D1 and late Dl) because they 
are considered to be separable phases of essentially the 
same progressive strain. 

Early D,: ramp andflat crush zones in the quartzites? 

The earliest structures recognizable in the quartzites 
are localized zones of brecciation which reduced some of 
the thinly layered quartzites to the cataclastic precursor 
of the massive cream quartzites. Such early cataclasites 
are relatively easily distinguishable within the disor- 
ganized metre-sized blocks forming part of a much later 
zone of brecciation along a NE-trending fault (e.g. just 
SW of locality Y in Fig. 3). 

Although the layering in the least broken rocks is now 
refolded by recumbent folds (Figs. 2 and 5)) it is inferred 
to have been subhorizontal when parts of the sequence 
underwent early D, cataclasis. The early cataclasis 
occurred along mappable zones which may be either 
conformable or disconformable and curved (see the 
ornament for the sheared cream quartzite between the 
locations of sections EF and GH on the map of Fig. 2). 
Such subhorizontal and listric zones of cataclasis suggest 
the activity of early D1 faults with flats and ramps. 

Syn-D, mobilization ofSiOZ 

The effects of early D, cataclasis in the quartzites were 
subsequently overprinted and largely obliterated by 
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Fig. 3. (a) Map showing axial traces and lineations at location 1; (b) stereogram of poles to F3 axial surfaces and fold axes; 
(c) stereogram of L1 lineations, F2 fold axes and poles to F2 axial surfaces. 

more ductile processes. These resulted in a pervasive 
grain shape fabric (S,) and lineation (L,) sub-parallel to 
the layering (bedding? see Fig. 3). The transition from 
early D1 cataclasis and faulting to more ductile flow 
during late D1, was accompanied, perhaps even ushered 
in, by a rise in temperature and a mobilization of SiOZ in 
solution. This is when omnidirectional quartz veins 
developed in the dark ferruginous quartzites. Early 
stylolites in the quartzites indicate that at least some of 
the quartz in these veins was derived from the levels now 
exposed. (Later analysis will indicate that the oldest 
generation of quartzo-feldspathic veins in the then con- 
tiguous AGC developed slightly earlier.) 

Late D,: recumbent folds and shear zones 

Late in D1, the layering, S1 and L1, were all folded in 
some of the thinly layered quartzites by similar-type 
folds on a variety of scales. However, in other outcrops 
of the same rocks, L1 can be seen to be axial to minor 
non-cylindrical F, folds even where these curve through 
80” in a distance of a metre. L, from the whole of the area 
shown on the map (Fig. 2) clusters in the SSW quadrant 
but also lies in a partial great circle girdle trending N-S 
because of refolding by D2 (Fig. 3~). 

Minor isoclinal Fl folds (Fig. 5) are refolded in several 

of the F2 hinges exposed close to where the line of section 
CD is drawn in Fig. 2. A thin section perpendicular to 
the axis of such an Fl fold shows quartz grains previously 
elongated parallel to the layering intensely buckled 
about the axial plane in the Fl hinge (Fig. 4~). 

The major F, folds interpreted in the thinly layered 
quartzites in sections A-H in Fig. 2 are confirmed by 
reversals of both SI/layering and minor Fl fold ver- 
gences. The major folds have limb lengths of at least 
200 m even after the E-W shortening due to F2. They 
therefore represent a major deformation involving large 
E-verging Fl recumbent folds (section EF, Fig. 2). 

The main expression of the late ductile phase of D1 in 
the dark quartzites is the deformation of the quartz veins 
(e.g. Fig. 4b). S1 in the dark quartzites is locally mylonitic 
where it overprints parts of the early D1 zones of cata- 
clasis (not illustrated). Such local mylonites indicate 
ductile shear zones which, during late D1, acted as more 
penetrative versions of the preceding D1 flat and ramp 
crush zones. 

D2 in the quartzites 

F, folds ranging in wavelength from about 1 to 300 m 
are very obvious in the thinly layered quartzites. The 
axial surfaces of F2 dip between 10 and 90”, mainly W 
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and NW (Fig. 3~). The style of the F2 folds in the thinly 
banded quartzites is concentric without any develop- 
ment of an axial-planar foliation. Instead, F2 buckling of 
the thinly layered quartzites resulted in slip along the 
layering and the local development of slickensides sub- 
parallel to Sr containing L, (e.g. stereogram 1, Fig. 2). 

F2 fold hinges lie in a broad girdle trending NNE 
(stereogram c in Fig. 3). This wide variety of plunges 
results from variations in the attitudes of the layering 
and S, due to the earlier effects of Dr. LI is folded about 
F2 fold hinges (Figs. 3 and 6); stereogram 1 in Fig. 2 
illustrates a particular example where L1 lies in a partial 
cone with a 48” apical angle about the F2 fold axis. 

No minor F2 folds were observed in either the massive 
cream quartzites or the dark quartzites. However, mac- 
roscopic F2 fold closures (Fig. 2) and the localized 
development of a spaced (pressure solution?) cleavage 
in the former, and the deformation of the quartz veins in 
the latter (see below), illustrate that these lithologies 
were also deformed during D2. 

D3 in the quartzites 

Minor disharmonic folds or kinks are developed in 
small areas of the thinly layered quartzites (indicated on 
the map of Fig. 3). Some such folds are small individual 
buckles confined to only a metre or so of the sequence; 
these have axial surfaces perpendicular to the unfolded 
layering nearby. In other cases the axial surfaces of such 
buckles were nucleated in one layer, extend a few 
decimetres perpendicular to the layering and then curl in 
to parallelism with the layering a few metres away. 
Locally, pairs of axial surfaces to S and Z folds or kinks 
curve from the same point to define disharmonic box 
folds (see sketch insert by stereogram b in Fig. 3). 

Stereogram b in Fig. 3 illustrates the range of orienta- 
tion of F3 axial surfaces. By analogy to laboratory experi- 
ments (Paterson & Weiss 1966), such folds relate to the 
principal stress field as shown in the diagram beside 
stereogram b in Fig. 3. Accepting this picture allows the 
definition of the principal stress field (a, b I+ a Us) 
when the F3 conjugate folds developed. F3 fold axes lie in 
the layering and, as this varied in orientation because of 
the combined effects of F, and F2, the few F3 fold axes 
measured lie in a broad partial girdle centred on the a2a3 
plane (Fig. 3b). 

The most significant structure attributed here to D3 is 
the NE-trending fault exposed for at least 1 km of its 
length and bisecting the area shown in Fig. 2. Where 
they are exposed, the traces of this fault and its splays are 
marked by late quartz-cemented breccias in which the 
chaotic blocks consist of early D1 cataclasites in the 
cream quartzites and late D1 mylonites in the dark 
quartzites. The main displacement surface appears to be 
parallel to the axial surfaces of F2 folds and the splays 
tend to coincide with F2 hinges in the massive dark 
quartzites. However, because the stress field interpreted 
from the late conjugate folds (Fig. 3b) could also account 
for this brittle fault, we believe these two categories of 
structure developed essentially synchronously. Bearing 

in mind that none of the rocks exposed on either side of 
the fault match within the area shown in Fig. 2, the stress 
field in Fig. 3(b) suggests that this fault involved a 
sinistral strike-slip displacement of its rigid walls in 
excess of 1000 m. 

METAMORPHISM IN THE SUPRACRUSTALS 

Mineral assemblages in the Assegaai supracrustals a 
few kilometres north of the area shown in Fig. 2 indicate 
that temperatures increased from greenschist to 
amphibolite facies during D, (Hunter et al. 1983). Thus 
Sr is defined in the pelitic schists by aligned laths of white 
mica, chlorite and/or biotite, and staurolite appears to 
have grown late in D1. Garnet, staurolite and andalusite 
all grew synkinematically with D2 and temperatures and 
pressures reached a post-D2 peak of 550-6OO”C at 4 kb. 

D, was accompanied by retrogression in lower 
greenschist facies. Staurolite, garnet, andalusite, biotite 
and tremolite all reacted to form chlorite, white mica, 
chloritoid and serpentine (Hunter et al. 1983). Late 
stylolites in some of the quartzites probably record the 
source of the quartz cement in the fault breccia. 

DEFORMATION OF THE VEINS IN THE 
QUARTZITES AND AGC 

The quartz veins in the dark quartzites and the two 
generations of quartzo-feldspathic veins in the AGC 
(early D1 and pre-Dz) were all deformed as competent 
single layers when their country rocks were deformed. 
Those in attitudes such that they were shortened are 
folded; those in orientations such that they were 
extended are either straightened or necked. This allows 
separate study of the bulk strain ellipsoids recorded by 
each generation of veins using the approach advocated 
by Talbot (1970). 

Field work suggested that the early generation of 
quartzo-feldspathic veins in the AGC (locality 3, Fig. 
lb) were contemporaneous with the single set of quartz 
veins in the supracrustals (locality 1, Fig. lb), and that 
both these vein sets predate the intrusion of the granitoid 
sheet. For this to be so, the two sets of veins, now 7 km 
apart, must have been in proximity prior to the intrusion 
of the intervening granitoid sheet. They could be 
expected, therefore, to record similar strain histories 
when the effects of the strains that followed the intrusion 
of the granitoid sheet were removed. This test of our 
working hypothesis assumes that the post-granitoid 
strains recorded in the AGC at locality 3 (Fig. lb) also 
affected the supracrustals at locality X (in Fig. 3), 7 km 
to the southwest. 

The bulk Dr + D2 strain ellipsoid 

Figures 7(a)-(c) are plots on lower hemisphere equal 
angle projections of the poles to planar elements of veins 
in the dark quartzite (at locality X in Fig. 3) and in the 
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Fig. 7. Lower hemisphere, equal angle stereograms of strain data from locations 1, 2 and 3 indicated in Fig. l(b). I,&, I& 
and I& are the angular dimensions of the extension fields in the principal planes indicated (from Z, or, in the case of(c), Y, 
to the boundary). The axial ratios a = X/Y, b = Y/Z and k = (In a)@ b) are listed at bottom left of each stereogram 
assuming no volume change (using Talbot 1970, fig. 5). Values for the natural strain ES and Lode factor Y (defined in the 

caption to Fig. 8) are listed bottom right of each diagram. 

AGC (at locality 3 in Fig. 1). Such planar elements are 
parallel to the local fold- or boudin-envelope of any 
structures in the veins (Talbot 1970). Planar elements 
were distinguished as (clearly) folded, slightly folded, 
straight or necked in the field and are identified as such 
in Fig. 7. Talbot (1970) defined the area containing the 
poles to straight and necked competent veins on a 
stereogram as the field of overall extension. He showed 
that, for domains in which the bulk strain has been 
homogeneous, this field is elliptical, centred on 2 and 
elongate in the 2X principal plane (where the axes of 
principal strain are X 3 Y 3 2). All three sets of data 
in Fig. 7 are consistent with the picture that the veins 
were strained and rotated inhomogeneously on scales of 
centimetres or decimetres, but that these deformations 
can be integrated to allow the description of the ellip- 
soids of homogeneous bulk strain of the domains from 
which the data were collected (Talbot 1970). The 
approximate dimensions of the domains are 5 X 3 x 1 
m in the dark quartzites (Fig. 7a) and 30 x 6 x 2 m in 
the AGC (Figs. 7b & c). 

The elliptical fields of overall extension in Figs. 7(a) 
and (b) indicate that both the dark quartzites and the 
AGC are triaxially flattened, the dark quartzites rather 
more than the AGC. Poles to the ‘straight’ vein elements 
in Fig. 7c fall in an extension field wider than 105”. This 
is wider than theoretically possible in a homogeneously 
flattened rock complex (which would be a maximum of 
90” without a volume increase larger than indicated). 
The data in Fig. 7(c) are therefore interpreted as an 
incomplete sample from a constricted rock complex. 

The short but tightly constrained parts of the bound- 
aries to the extension field (solid in Fig. 7c) were found 
empirically to extrapolate over the rest of the diagram as 
two great circles (dotted in Fig. 7~). These were first 
assumed to indicate a plane strain described by an 
extension field bound by circular sections intersecting at 
Z. However, if this were so, the extension field would 
have been a ZX line centred on Z (see Talbot 1970, fig. 
4), but available data in Fig. 7(c) are more consistent 
with an intense and slightly triaxial prolate ellipsoid. In 
this case, the poles to ‘straight’ vein elements in Fig. 7(c) 
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should lie in a YZ girdle narrowest in ZX and widest in 
YZ (Talbot 1970). The two intersecting great circles 
were therefore modified as much as the data allowed to 
fit a pattern expected of a rock complex constricted 
homogeneously after the emplacement of the syn- 
granitoid veins. The result is an extension field which is 
constrained to within about 5” in the XY plane and 
poorly constrained in XZ (I& could be <lo” but not 
much more), but is entirely consistent with what data 
there are in Fig. 7(c). Taking the dimensions of the 
extension field shown (I+& = 24” and +xr,, = 10’) implies 
an intense constriction with a = 34.6, b = 2.3 and 
k = In a/In b = 4.25,usingformulaeinTalbot (1970,~. 
60) and assuming no volume change during the strain. 
Varying the values of I,& and I/J*, between the maximum 
ranges still consistent with the data makes surprisingly 
little change to the later manipulation. In fact it only 
decreases the volume change towards the values esti- 
mated in the field. 

Removal ofDl from D, + Dz 

Strain data like those in Fig. 7 describe only minimum 
finite strain ellipsoids and, like all finite strain ellipsoids, 
are incapable by themselves of recording any informa- 
tion about their deformation paths. Thus the veins in the 
dark quartzites presumably strained differently during 
D, and D,, but show no obvious signs of such a multi- 
phase history on either the outcrop or Fig. 7(a). This is 
because both strains must have been homogeneous on 
outcrop scale and the product of superimposing any 
number of ellipsoids is still merely another ellipsoid. 
However, the effect of D2 is exclusively recorded by the 
second (syn-granitoid) generation of veins in the AGC 
(on Fig. 7c) and can be removed from the D, + D2 strain 
ellipsoid recorded by the first generation of (pre- 
granitoid) veins in the AGC at the same locality (Fig. 
7b). The data collection for Fig. 7(c) was deliberately 
restricted to the same rocks sampled in Fig. 7(b) for this 
purpose. The same Dz strain can also be removed from 
the D, + D2 strains recorded by the quartz veins in the 
dark quartzites about 7 km to the southwest (Fig. 7a). 

For the sake of simplicity, the actual differences in the 
orientations of the principal axes of strain on Figs. 
7(a)-(c) will be neglected and all three finite strain 
ellipsoids will be taken to be co-axial. This simplifying 
assumption allows the data to be shown and manipulated 
on the Hsu deformation diagram shown in Fig. 8 (Owens 
1974). This diagram has the advantage over various 
adaptations of the Flinn plot (e.g. Flinn 1978, Talbot 
1982) of showing the shapes, degree of distortion and 
orientation of co-axial ellipsoids in each of three poten- 
tial orientations. 

Owens (1974) has shown that volume change can be 
taken into account on a Hsti diagram by moving the 
central point (but see Flinn 1978). Only anisotropic 
volume changes can be accounted for with ease, but that 
is acceptable here when taking into account the 15-20% 
volume increase estimated in the field as a result of the 
emplacement of the second generation of quartzo- 

Fig. 8. Ellipsoids represented in Fig. 7 shown on a Hsti diagram 
appropriate for showing co-axial homogeneous ductile strains (Owens 
1974, Hossack 1968). The orthogonal spatial axes (schematically 
related to the dominant deformation fabric of the Assegaai quartzites 
in the insert) are labelled H, L and V as proposed by Harland & Bayly 
(1958) when they suggested integrating contemporaneous minor struc- 
tures and fabrics to assign the bulk strain of particular localities to one 
of thirteen potential tectonic regimes. In effect their suggestion is 
being followed here although not on the triangular diagram they 
advocated. This is because the simplest strain paths (when constant 
irrotational stress results in steady state co-axial irrotational strain, 
Ramsay 1967) have complex curved trajectories on the triangular plot 
but are straight radials on the Hsu diagram. The natural strain, d,, is a 
measure of the distortion and increases linearly from the central point 
(representing a sphere). 

& = (2/3)“‘((ln a)’ + (In b)’ + In n.111 b)“tFlinn 1978). 

The Lode factor, v, measures the shape of the ellipsoid, 

In b - In a 
v= 

In b + In a 
(Flinn 1978) 

and varies from 0 to +l for oblate ellipsoids, and from 0 to -1 for 
prolate ellipsoids (which plot in the shaded segments); v = 0 for plane 
strains. Each of the six 60” segments bound by heavy radials (solid for 
-H, -V and -Land dashed for +H, +V and +L) are the equivalent 
of a simple Flinn diagram in that all possible ellipsoid shapes may be 
shown uniquely within each 60” segment if they have appropriate 
orientations (indicated by peripheral sketches). The D2 vector to the 
ellipsoid represented by Fig. 7(c) has been removed from the D, + D, 
ellipsoids represented by Figs. 7(a) and (b) to reveal the D, vector. The 
D2 vector removed from Fig. 7(b) includes a prolate volume increase 
of c. 30% due to the emplacement of the second generation of 

quartzo-feldspathic veins. 

feldspathic veins into the AGC at locality 3 (Fig. lb). 
This is because most of the second generation of veins (in 
Fig. 7c) now strike approximately NE (parallel to HL) so 
that the original volume increase they record can be 
assumed to have been essentially uniaxial prolate with X 
parallel to V (Fig. 8). 

As a Hsii diagram defines a vector space, the effects of 
one strain superimposed on another can be removed by 
geometrical vector subtraction. Thus, in Fig. 8 the ellip- 
soid recording D2 alone (Fig. 7c) has been removed from 
the two finite strain ellipsoids recording the combined 
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effects of D1 + D2 (Figs. 7a & b). This was done by 
removing the apparent strain path to the point represent- 
ing D2 in the AGC (Fig. 7c) from the point representing 
D, + D2 in the dark quartzites (Fig. 7a) without any 
volume change, and from the point representing 
D, + D, in the AGC (Fig. 7b) taking into account a 
uniaxial prolate volume increase with X = V (see Fig. 
8). The result demonstrates that, before D,, the strains 
in the quartzites at locality X (on Fig. 3) and in the AGC 
at locality 3 (on Fig. 1) were identical in degree of 
distortion, shape and orientation if it is assumed that the 
proportional volume increase along X due to the em- 
placement of the second generation of quartzo- 
feldspathic veins in the AGC was about 30%. 

The analysis illustrated on Fig. 8 demonstrates that, 
before the introduction of the syn-granitoid veins in the 
AGC, and before D,, the earlier veins in both the 
supracrustals and the AGC recorded intense but almost 
plane strains (8, = 2.9 and Y = -0.1) with XY planes 
parallel to S, and HL, and X parallel to L. This is 
consistent with the earlier interpretation that the ductile 
phase of D, resulted in recumbent F, folds with Lr 
statistically close to south-southwest trends in the supra- 
crustals (Fig. 3~). 

If the granitoid sheet intruded in the time interval 
between D1 and D,, then it can be expected to have had 
an isotropic fabric before D, and now to have a steep 
L > S fabric as a consequence of the subsequent D2 
constriction. However, this is only consistent with initial 
reports (Hunter etal. 1983) that some of these granitoids 
have isotropic fabrics (on subhorizontal outcrops) if 
these are actually steep L > S fabrics in three dimen- 
sions . 

However, neither the Assegaai supracrustals, nor 
even the AGC at locality 3 (Fig. lb), are characterized 
by L > S fabrics. This is presumably because the D2 
constriction of these rocks was superimposed on already 
existing fabrics. An obvious inference is that more than 
just the top few metres of the granitoid sheet had a 
pre-exising late S, fabric. Further field work will be 
necessary to clarify whether the fabric in the granitoids 
involved constriction along or constriction superim- 
posed on a pre-existing fabric. 

The original vein patterns 

Perhaps the most intriguing difference between Fig. 
7(a) & (b) has not yet been alluded to. The poles to the 
veins cluster around the ZY plane in one, but the ZX 
plane in the other. The original attitudes of the veins in 
the AGC and the Assegaai quartzites must have been 
different. This presumably reflects different stress fields 
acting in these rocks when the veins developed. 

The quartz veins in the dark quartzites (and the first 
generation of quartzo-feldspathic veins in the AGC) 
were irregular and branching, and had a wide range of 
initial orientations. The solutions responsible for both 
these veins and the contemporaneous early D, stylolites 
are therefore inferred to have dilated hydraulic brittle 
fractures in both extension and shear. Such a situation is 

layered 
quartzm 

gw 
quartzlte 

AGC 

Fig. 9. Block diagram interpreting the pattern of quartz veins in the 
Assegaai quartzites and the pre-granitoid quartzo-feldspathic veins in 
the AGC in terms of different stress fields when they formed. The 
block is shown in its late-D, orientation. The stereogram illustrates 
what was probably the original disposition of the veins in the massive 
grey quartzites (with crosses being poles to veins infilling extension 

fractures and dots being poles to infilled shears). 

only likely at depths deeper than a few kilometres 
(Roberts 1970). Poles to veins interpreted as dilating 
both shear and extensional fractures presumably clus- 
tered about a3 in the ala3 plane (stereogram in Fig. 9). 
Taking account of the orientation of the vein patterns 
when they developed early in D1 (Fig. S), this assump- 
tion implies that uI was subparallel to the subhorizontal 
contact between the AGC and the supracrustals as well 
as the fault flats in the supracrustals (Fig. 9). However, 
a, trended NE in the supracrustals but NW in the deeper 
AGC (Fig. 9). A NE-trending cl in the supracrustals, at 
a high angle to the ramps, suggests that the early D1 
crush zones in these rocks developed as a consequence 
of thrusting rather than extension (Fig. 9). Although it is 
not impossible, it seems unlikely that the subhorizontal 
WNW (+r implied by the original vein pattern in the AGC 
was contemporaneous with the ENE rr inferred from 
the vein pattern in the cover (Fig. 9). Perhaps the first 
generation of veins in the basement slightly predated 
those in the cover. 

In what could be the structurally highest quartzites 
(east of the late fault shown in Fig. 2), numerous thin 
quartz veins developed parallel to the layering while 
fewer and thicker (decimetre) examples originated per- 
pendicular to the layering. These veins dilated only 
extension fractures suggesting that they developed in 
less deeply buried rocks extending in a SSW direction 
during early D1 (Fig. 9). 

DISCUSSION 

Figure 10 summarizes in cartoon form on WNW-ESE 
sections a tectonic history consistent with the field obser- 
vations, thin section studies and strain analyses pre- 
sented here. 

A similar tectonic historv to the one interoreted here 
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Fig. 10. Cartoon summary of the structural evolution of the Assegaai 
belt (not to scale). (a) Assegaai supracrustals (dots, clear and ruled) 
deposited on crystalline basement of AGC (crosses); (b) early D1 local 
brittle deformation along ramp and flat crush zones (in black). Mobili- 
zation of SiOr indicated by stylolites and quartz veins in the cover and 
quartzo-feldspathic veins in the basement (short lines); (c) with 
increasing temperature, ductile deformation led to St foliation in most 
of the supracrustals. Early crush zones were locally overprinted by 
mylonites (black) as E-verging folds resulted in recumbent nappes 
with N-S axes. Similar deformation of veins in both the dark quartzites 
and their basement indicates subhorizontal flow; (d) intrusion of 
granitoid sheet (random dashes with St along top sheeted contact) 
along the sheared unconformity between the supracrustals and their 
basement. Top contact involved sills or apophyses of leucotonalite 
intruding the supracrustals while bottom contact was a network of 
granodioritic (quartzo-feldspathic) veins thinning downwards into the 
AGC; (e) D, refolding about NNE-trending axial surfaces in amphibo- 
lite facies. An S, fabric developed in the granitoid sheet (hatching) 
while S1 was refolded by concentric folds in the quartzites. During later 
retrogression in the greenschist facies, a steep NNE-trending wrench 
fault (f) segmented the area while small disharmonic conjugate folds 

(not shown) developed locally in the thinly layered quartzites. 

for the Assegaai area has recently been proposed for the 
Motjane schist salient of the Barberton greenstone belt 
75 km to the north (Jackson & Robertson 1983). These 
authors interpret the Lochiel granite sheet as having 
been intruded along the contact between Archaean 
supracrustals and a basement of AGC after the supra- 
crustal cover had already been deformed by recumbent 
folds and thrusts. 

Jackson & Robertson (1983) distinguish several 
phases of the Lochiel granitoid sheet, but, despite 
reporting (p. 60) “the absence of D2 folding predating 
the oldest neosomes”, they argue that all phases were 
synkinematic with their D2 event. This conclusion was 
based partly on evidence for progressive D2 strain incre- 
ments on successively younger veins being correlated 
with different phases of the Lochiel granite. Similarly, 
we have not recognized any signs of D, predating the 
granitoid sheet described here, but interpret this to 
indicate that this granitoid predates the whole of D2. 

Jackson & Robertson (1983) use the observation that 
the steep, weak foliation in the Lochiel granite is parallel 
to the foliation and bulk XY plane in the contiguous 

supracrustals as further evidence that the Lochiel 
granitoid sheet was synkinematic with D,. However, the 
analysis of the strains in the Assegaai supracrustals and 
AGC offered here suggests that similar field relation- 
ships involved an early foliation in the siliceous meta- 
sediments (S,) and an Sr foliation in at least the top 
margin of the granitoid sheet as well. This foliation 
originally formed with a subhorizontal attitude and was 
only rotated to its present steep attitudes after intrusion 
of the granitoid sheet. If the magmatic intrusion of this 
leucotonalite sheet under the Assegaai supracrustals 
was synkinematic, it was late D, and not D2. 

The age relationship of the >2.96 Ga-old leucotona- 
lite sheet described here to the 3.0 Ga-old potassic 
Lochiel granite is not clear. Dikes of potassic granite, 
which might be part of the Lochiel intrusive event, 
cross-cut leucotonalite 15 km northwest of the Assegaai 
supracrustal belt. It is therefore possible that the 
leucotonalites are significantly older than the Lochiel 
granite. The subtle differences in interpretation between 
that of Jackson & Robertson (1983) and that made here 
may therefore reflect similar events taking place at 
different times in nearby areas. This difference is worth 
resolving because it concerns whether the original mag- 
matic intrusion or a later remobilization in the solid state 
imposed the steep dips considered characteristic of gra- 
nite-greenstone terrains. 

The 3.0 Ga-old Lochiel granite spread as a subhori- 
zontal sheet less than 3 km thick between supracrustals 
and their gneissic basement over an area greater than 
9000 km* (Hunter 1957, 1968,1973, Urie 1965, Jackson 
& Robertson 1983). A similar but younger (2.7-2.4Ga), 
thinner (c. 500 m) and less extensive (c. 1500 km*) 
granitoid sheet separated the 2.9 Ga-old Pongola Super- 
group from its underlying AGC basement in southern 
Swaziland (Hunter 1968, Jackson 1984). The intrusion 
of sheets of granitoids along the contacts between 
Archaean supracrustals and older gneissic basements is 
therefore well established in this part of southern Africa. 
We agree with the inference of Jackson & Robertson 
(1983) that the emplacement of these sheets as crystalliz- 
ing melts is likely to have induced strains in both the 
granites and their country rocks. However, the vertical 
extension, lateral shortening, and steep D2 foliation 
advocated by Jackson & Robertson (1983) would be 
very local and restricted to facies beside any thick mar- 
gins of the spreading sheet. Lateral extension, subverti- 
cal shortening and a contact-parallel subhorizontal Sr 
foliation would be far more general. The evidence pre- 
sented here suggests that the original magmatic intrusion 
of the leucotonalite was synchronous with (and perhaps 
induced some of) the D, subhorizontal flow of its country 
rocks. Superimposition of the steep D2 fabric was a later, 
separable event when the granitoid sheet was deformed 
in the solid state. 
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