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SAMEVATTING 

Geologiese verkenning van 'n gebied van 1 500 km? ten suide van Vioolsdrif in noordelike Namakwaland het 
aan die lig gebring dat hierdie streek die grens tussen die boonste Richtersveld-korsgebied en die laer geleé 
Namakwalandse Metamorfe Kompleks oordek. 

Die Vioolsdrif-batoliet wat onder die grootste deel van die Richtersveld lë, is 'n saamgestelde liggaam, in wese 
granodiorities, wat gedurende Bosveldtye in 'n aantal episonale magmatiese pulse binne-in 'n oorheenliggende 
ko-magmatiese gewelf van intermediese- tot felsiese lawas en piroklaste ingeplaas is. Dit is onwaarskynlik dat hierdie 
harde vulkaniese oppervlakkors meer as 9 km dik was. 

Gedurende of na konsolidering in ongeveer 1800 Ma, is die suidelike rand van die batoliet deur 'n 
termotektoniese voorval vcn streekomvang beinvloed waartydens die gesteente vin die stollingskompleks gelyktydig 
met die oorheersende tektoniese maaksel van die aangrensende metamorfe kompleks gefoliecr en gestreep is. 
Metamorfe minerale paragenese toon dat gesteentas al langs die suidelike rand van die batoliet gedurende die 
hoogtepunt van hierdie dinamotermiese voorval aan temperature van 620 - 670 ° C en drukke van 0,4 — 0,5 MPa 
onderwerp was. Tydens hierdie vervormingsvoorval het die batoliet as 'n tektoniese weerstand opgetree wat voorkom 
het dat die oorheenliggende vulkaniese rotse by die metamorfe kompleks ingelyf is. 

Min of meer samevallend met die grens tussen die metamorfe kompleks en die Vioolsdrif-batoliet is 'n sone, 
ongeveer 10 km breed, wat deur die ontwikkeling van oorvloedige pegmatiete gekenmerk word. 

ABSTRACT 

Geological reconnaissance of an area of 1 500 km? to the south of Vioolsdrif in northern Namaqualand has 
revealed that this region straddles the boundary between the upper crustal Richtersveld domain and the subjacent 
Namaqualand Metamorphic Complex. 

The Vioolsdrif batholith, which underlies much of the Richtersveld, is a composite body, essentially 
granodioritic, which was emplaced in a number of epizonal magmatic pulses into an overlying comagmatic canopy of 
intermediate to felsic lavas and pyroclastics during Bushveld times. It is unlikely that this volcanic carapace exceeded 
9 km in thickness. 

During or following consolidation at about 1800 Ma, th? southern margin of t ie batholith was affected by a 
thermotectonic episode of regional extent during which the rocks of the igneous complex were foliated and lineated 
in sympathy with the dominant tectonic fabric of the contiguous metamorphic complex. Metamorphic mineral 
pangeneses indicate that during the climax of this dynamothermal episoda, rocks along the southern margin of the 
batholith were subjected to temperatures of 620 - 670 °C and pressures of 0,4 - 0,5 MPa ( 4 - 5 kbar)*. During 
this deformational episode the batholith acted as a tectonic resister which preserved the overlying volcanics from 
incorporation into the metamorphic complex. 

More or less coincident with the boundary between the metamorphic complex and the Vioolsdrif batholith is a 
zone about 10 km in width which is characterised by the development of abundant pegmatites. 

*t kPa-0,1 mbar 
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1. INTRODUCTION 

1.1 Physiography 

The rocks examined during this survey underlie an area of approximately 1 500 km^, measuring some 50 km 
from west to east and about 40 km from north to south. On all sides the area is defined by natural physiographic 
boundaries and is encompassed by the Stelnkopf plateau to the south, the Neint Nababeep plateau to the west, the 
gorge of the Orange River to the north, and the sands of the Koa River valley to the east. 

The topography of the area ranges in altitude from 850 m above sea level in the vicinity of Kokerboomrand to 
some 150 m along the banks of the Orange River at Vioolsdri . The highest point in the ^rea is exceeded by the top 
of the Stemkopf Plateau where the elevation is about 1 060 m, and by the southern end of the Neint Nababeep 
Plateau where the altitude is in excess of 1 000 m. 

Although the climate is arid, the Orange River, which rises in the Drakensberg, is perennial and, within the 
Vioolsdri f area, it is fed by a number of ephemeral streams of which the Koubank and Kosies Rivers which join the 
Orange at Vioolsdrif, and the Koa River which joins the Orange at Henkries, are the most prominent. Within the 
dissected country bordering the Orange between Vioolsdrif and Henkries, there are a number of smaller ephemeral 
tributaries of which the Nous and Oernoep Rivers are noteworthy for their deeply incised meanders. The local 
streams flow nfrequently because the rainfall averages less than 100 mm in a year. 

Vegetation is sparse and comprises, in the main, low scrub and succulent growth, aloes and seasonal grasses. 
Mabbutt (1955) recognised two principal erosion surfaces in "L i t t le Namaqualand". The first he termed the 

Namaqua Highland surface which, at an elevation of about 1 180 m, caps the Een Riet hills some 10 km south of the 
present area and is correlated by Mabbutt with the Kaap Peneplain of Du Toit ; the Namaqua Highland surface 
developed during the Cretaceous. The second or Bushmanland surface was developed at a lower altitude of about 
970 m during Tertiary times and is correlated by Mabbutt with King's African Cycle, whereas the Highland surface is 
correlated with King's Gondwana surface. 

Mabbutt noted that the Bushmanland cycle of erosion was succeeded by a number of sub-cycles of which the 
790 m plane is represented by accordant summits in the dissected tract bordering the Orange River between 
Vioolsdrif and Henkries, and the 600 m sub cycle can be observed on the Neint Nababeep Plateau near Vioolsdrif. 

Subsequent rejuvenation of the Orange River initiated the incision of the lower reaches of tributaries and 
Mabbutt suggested that the meanders followed by the course of the Nous and Oernoep streams were inherited from 
the 790 m erosion surface. In other words, the surface of the area examined has been affected by rejuvenation 
during a series of post-Tertiary erosion sub-cycles so that the surfaces preserved all lie below the Bushmanland 
surface of the African cycle of erosion, and, within approximately 12 km of the Orange River, the topography is 
dominated by the regional incision of ephemeral streams tributary to the Orange. 

It has been suggested that the Orange River, where it flows past Vioolsdrif, occupies a pre Dwyka trough 
(Haughton & Frommurze, 1936; Gevers et al, 1937) that has been affected by subsequent irping so that one now 
finds the base of the Kuibis Formation of the Nama Group rising from less than 150 m at- : sea level at Vioolsdrif 
to some 1 000 m along the northern edge of the Steinkopf Plateau; similarly, the base of the Dwyka Formation of 
the Karroo Supergroup rises f rom about 150 m at Vioolsdrif to some 900 m and more to the northeast of the river. 
This regional warp was first described by Rogers (1915 b, p.81) when he suggested that it was probably post-Karroo 
in age. These palaeo-erosion surfaces decline towards the Orange River at a gradient of about 1 in 20. 

1.2 Geological Examination 

1.2.1 Reports 

Historically, by virtue of accessibility and proximity to the O'okiep copper area in northern Namaqualand, the 
portion of the northern Cape pegmatite belt which parallels the Orange River Detween Vioolsdrif and Goodhouse has 
long been of interest to prospectors. 

Following geological work of a reconnaissance nature, Rogers (1915) first described aspects of the geology in 
the vicinity of Vioolsdrif. A much more detailed investigation of the area was undertaken by Gevers during the 
winter of 1934 (Gevers et al, op. cit), and this was succeeded by the work of de Villiers and others at the end of 
World War II (von Backstrom and de Villiers, 1972). These comprehensive reports give a good description of the 
regional geology of this comparatively small area, while the Memoir by Gevers et al contains a section elaborating the 
geology and mineralogy of the more important of the many pegmatites underlying the area. Their work on the 
pegmatites was followed up by the work of de Jager, Hugo and Rouffaer during the sixties (Schutte, 1972). 

This study, the most recent geological investigation of the Orange River pegmatite area, was initiated at the 
beginning of 1970 under the aegis of the Atomic Energy Board. Initially the project was designed to undertake a 
detailed examination of the pegmatites in the area, and, to this end, the Atomic Energy Board was to arrange for 
some exploratory diamond drill ing to be done. This fell through, however, and the project developed info a regional 
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examination of the geological setting of the pegmatites in this area. The work was undertaken on a part-time basis 
while the writer was employed as a iecturer at the University of Cape Town, and, as a result, has suffered from lack 
of continuity in both field and laboratory work. 

1.2.2 MAPS 

The Geological Survey has published two maps which include the geology underlying the area covered by the 
present report. The first, published in 1937 at a scale of 1 : 100 000 was the result of the work of Gevers, and the 
second, published in 1972 at a scale of 1 : 125 000 was the combined result of the mapping of a number of Survey 
geologists. Both these maps emphasise the division of the geology underlying the Vioolsdrif area into three principal 
parts: (1) the volcanics exposed along the Orange River, (2) the members of the Vioolsdrif plutonic complex, and 
(3) the gneisses of the IMamaqnaiand metamorphic complex. While recognisable, these divisions were not identified 
by this nomenclature but were described in terms of plutonic rocks and members of the Kheis System represented 
by the Wilgenhoutdrif Series and the Kaiing Series. 

The map accompanying this report, which has been printed at a scale of 1 : 165 000, exhibits two major errors 
of interpretation which should be rectified by anyone using the map. In the first instance the Basic Intrusives are 
older than the Vioolsdrif plutonic complex and their position in the legend should be adjusted accordingly. In the 
second case, the Vioolsdrif Granite, the Nous Granite and the Aplogranite should be combined in the legend and 
described as Undifferentiated Vioolsdrif Plutonic Complex; the Nous Granite, re-named Porphyritic Adamellite, is 
more widely exposed than shown on this map, especially along the southern banks of the Orange River, and the 
Vioolsdrif plutonic complex contains three principal members: Older Granodiorite, Porphyritic Adamellite, and 
Aplogranite. More detailed work will be required to define the areas of exposure of these three units. 

In addition to these corrections, the status of the lithological unit depicted as KhH (hornblende gneiss, leptite, 
flaser gneiss) is open to ^interpretation and should perhaps be included with the Vioolsdrif plutonic complex of 
which the hornblende flaser gneiss is a foliated and metamorphosed derivative now forming part of the Namaqualand 
metamorphic complex. Likewise the body of amphibolite shown in the southwestern corner of the map is nothing 
more than an amphibole-rich gneiss derived, by metamorphism, from the Older Granodiorite along the southern 
margin of the Vioolsdrif batholith.. 

2. NAMAQUALAND MET AMORPHIC COMPLEX 

2.1 Quartzite 

Joubert (1971, p.22) commented that these rocks are " the most useful marker beds in the area and assist 
greatly in the deciphering of the succession and structure". Unfortunately, apart from a few minor intercalations, 
quartzite horizons in the present area are confined to the southern boundary; beyond this, in the Een Riet and 
Kabinas hills, some 8 to 10 km further sc j th , Gevers ef al (1937) mapped and described the extensive development 
of quartzite which resembles "the quartzose rocks intercalated in granite and gneiss in the Springbok area". 

In the Vioolsdrif area, the occurrence mapped to the south of Garamoes, although depicted on the map as a 
single unit, actually consists of three parallel bands of quartzite, each less than 10 m thick, with intercalated 
aluminous schist and gneiss. The outcrop to the west northwest of Groothoek comprises two parallel horizons of 
quartzite of the same order of thickness. Elsewhere, about 4 km northwest of Safnek, narrow intercalations of 
magnetic quartzite were observed in the cordierite schists, and in the gneisses near Oiepknik, a very narrow band of 
quartzite was followed along strike for 2 km without showing the repetition characteristic of isoclinal folding. 

In outcrop these quartzites are pale greyish-white in colour and in handspecimen they display a milky 
appearance. In thin section they were found to be remarkably pure and they comprise heteroblastic quartz 
exhibiting sutured grain boundaries and strain shadows, together with minor amounts of muscovite and iron oxide. 
No primary sedimentary structures were observed in these rocks. 

Gevers et al (op. cit) suggested that the quartzites are probably "highly recrystallised representatives of the 
Kaaien quartzites", and they may well be northerly equivalents of the Namaqualand quartzites (Joubert, op. cit.). 

2.2 Amphibolite 

It has already been noted that the large exposure of amphibolite depicted on the accompanying map as 
occurring to the southeast of Grashoek is largely hornblende gneiss derived by metamorphism from the marginal 
portion of the Vioolsdrif batholith. However, associated in space with this hornblende gneiss are a number of 
outcrops of well-foliated fine-grained amphibolite. 

These fine-grained amphibolites occur as intercalations within the peliuc and psammitic gneisses and schists 
throughout the area and are especially well developed in the area to the southeast of Safnek. 
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Sometimes these minor occurrences of amphibolite are finely banded, but generally they are homogeneous 
rocks predominantly composed of >nidll huinLilende iiieldCiysts with subordinate plagioclase. In handspecimen these 
rocks ftie black in colour and exhibit a pronounced lineation resulting from the alignment of acicular crystals of 
hornblende which rarely exceed 3 mm in length. Under the microscope the texture is seen to be granoblastic, with 
amphibole metacrysts showing the blue-green pleochroism which is typical of the lower amphibolite facies. The 
associated plagioclase is intermediate in composition and usually in the andesine range, while minor quartz and 
epidote is commonly present. 

Minor exposures of amphibolite, generally finegrained, typically are found within the hornblende gneiss, 
especially east of the national road, and volcanics of the Haib Subgroup have been altered to foliated amphibolites in 
the general vicinity of Nous. 

2.3 Cordierite-Anthophyliite Rock 

In the vicinity of Diepknik and some 2,5 km due west of this locality occur small outcrops of coarsely 
porphyroblastic cordierite-anthophyllite rock in association with cordierite- and anthophyilite-bearing biotite gneiss 
Within the gneisses the anthophyliite occurs as scattered rosettes of acicular metacrysts, while occasional 
porphyr«blasts of cordierite measure up to 10 cm in length and 3 to 4 cm in diameter. 

The dark-coloured highly weathered exposures of cordierite-anthophyllite rock are chaiactensed by megablasts 
of cordierite measuring up to 40 cm in length and in excess of 10 cm in diameter - occasionally they exhibit a 
pseudohexagonal cross section. The Oiepknik exposures display radiating aggregates of anthophyliite measuring 4 to 
5 cm across which are identical in appearance to the anthophyllite "suns" depicted by Eskola (1950, Fig. 4) from 
the Orijárvi region of Finland. 

These rocks are weakly foliated in sympathy with the regional tectonic fabric and, where they are less 
coarsegrained, the anthophyliite metacrysts are aligned parallel to the regional lineation. The porphyroblasts of 
cordie ite and anthophyllite are contained within a biotite rich quartzo-felspathic gneiss or migmatite composed of 
quartz and microcline, together with subordinate sodic plagioclase. 

Jnder the microscope, thin sections of these porphyroblastic aggregates exhibit an abundance of partially 
pinitisid cordierite containing inclusions of plagioclase, quartz and an opaque iron oxide. Sepia-coloured biotite is 
prevalunt and much of this has been retrogressively altered to chlorite. The anthophyllite nematoblasts are often 
idiobliistic and exhibit a delicate dove-grey to dun pleochroism. 

Cordierite-anthophyllite rocks from the Namaqualand metamorphic complex, have not been described 
previously and their occurrence in the Vioolsdrif area is restricted to the southern margin of the Vioolsdrif bathohth. 
However, Joubert (1974a, p.26) has described outcrops of this peculiar rock from the grey gneiss in Bushmanland. 

2.4 Biotite Gneiss and Migmatite 

Much of the area to the south of Groothoek and Safnek, and to the south of Du-pknik, is underlain by 
leucocratic gneiss and migmatite which weathers to a pale-ochre colour. A characteristic feature of thf weathering of 
these rocks is that they develop erosional features on tectonic scarp slopes ranjing from small caves to honeycomb 
weathering. 

The outcrops are often prominently rodded with elongated segregations of quartz following the trend of the 
regional mineral lineation, and slickensides are sometimes developed which indicate overthrusting from the 
northeast. The highly weathered and friable nature of these gneisses renders the collecting of fresh handspecimens 
extremely difficult. The type of mica present in these rocks varies between biotite and muscovite, but the former 
predominates. 

In outcrop these gneisses are rarely banded, but they are always well foliated and sometimes so rmxh so that 
they are more correctly termed schists. In one exposure, about 2 km south of Safnek, one may observe that during 
the deformational episode which developed the pronounced mineral lineation in these rocks there was also partial 
mobilisation of the quartzo-felspathic constituents, resulting in localised migmatisation and concentration of 
biotite-rich portions. 

Under the microscope the principal constituents exhibit a granoblastic texture and comprise heteroblastic 
grains of quartz displaying undulose extinction, granoblastic microcline-micropeuhite and subordinate amounts of 
sodic plagioclase. Biotite or muscovite exhibits the lepidoblastic arrangement which defines the foliation of the rock 
and sometimes the biotite has been retrogressively altered to chlorite. 

Further to the east, and especially along the southern margin of the porphyroblastic granodiorite to the south 
of Garamoes, these biotite gneisses are \ÍSS prominent and much of the outcrop is obscured by alluvium. However, 
horizons of biotite gneiss and even biotit»! schist can be seen in this vicinity together with outcrops of migmatite and 
of granodiorite and minor intercalations of amphibolite. 
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Correlation of these biotite gneisses with known members of the Namaqualand metamorphic complex is not 
easy, and it may be that they are peculiar to the locality. Were it not for the marked biotite content, the general 
quartzofelspathic nature of these rocks and their tendency to weather to an ochre hue would suggest a correlation 
with the pink gneiss (Poldervaart & von Backstróm, 1949; Joubert, 1971), and it may be that this gneiss represents a 
local variety of the pink gneiss which is richer in ferromagnesian constituent. 

2.5 Cordierite-siilimanite schists and migmatite 

Close to the southern margin of the Vioolsdrif batholith, and especially to the northeast of Grashoek, these 
schists and migmatites become coarsely porphyroblastic, whereas further south this blastesis is generally absent. 

Giant porphyroblasts of cordierite the size of a man's head are to be found spatially associated with the 
southern margin of the batholith about 3 km southwest of Safnek. Apart from spheroidal porphyroblasts, this 
exposure contains abundant logs of cordierite which measure more than 30 cm in length and up to 15 cm across; one 
of these was found to show rotational texture, indicating the syntectonic nature of this megablastesis. 

Further north, about 3 km north-northeast of Grashoek, mullion-like porphyroblasts of cordierite measuring 
up to 18 cm in length, occur >n the migmatites near the margin of the batholith. The oval metacrysts are elongated 
parallel to the regional lineation. East of this locality occur numerous exposures of porphyroblastic 
cordierite-siilimanite schist which weather to a reddish-brown colour and display numerous ovoid metacrysts of 
cordierite which measure up to 8 cm in length. These exposures are identical in appearance to the cordierite-bearing 
"nondular stones" described by Eskola (1914) from the aureole of the Orijarvi batholith in Finland. Adjacent to the 
margin of the batholith to the south of Safnek, prismatic sillimanite measuring up to 2,5 cm in length was observed 
and, in a nearby locality, pinkish-coloured andalusite occurs in association with fibrolite. 

The schists themselves, when examined in thin section, are found to be composed of pinitised cordierite 
porphyroblasts contained in a granoblastic matrix composed of varying proportions of quartz, biotite, f ibrolite, 
chlorite, ilmenite, microcline microperthite, some garnet and abundant sericite. 

South of the margins of the batholith these schists contain more biotite. Sometimes they contain abundant 
cordierite, as in th'j exposure northeast of Groothoek, but more often sillimanite is the dominant metamorphic 
index mineral. Schists underlying the area 4,5 km northwest of Groothoek exhibit glomero-porphyroblasts of quartz 
and sillimanite which are contained within the foliation planes and measure up to 4 cm by 2 cm in size. In outcrop 
these clots of quartz and sillimanite are not usually pronounced, but the presence of sillimanite may be detected by 
recognition of the slightly nacreous lustre imparted to these aggregates by the development of abundant acicules of 
fibrolite within the quartz. Abundant garnet was noted in the schists in this vicinity. 

Eluvial siilimanite was recovered from the biotite schists underlying the uppermost of the three narrow 
quartzite horizons which are exposed about 5,5 km south of Garamoes. In this locality both fibrolite and prismatic 
sillimanite may be found in the schists. 

Mineralogically these rocks are composed of biotite and some muscovite, together with quartz, and with 
plagioclase which is generally highly saussuritised. In thin section two phenomena of interest were noted; firstly, 
petrographic evidence indicates that some of the muscovite is a metamorphic derivative of biotite, with attendant 
liberation if ilmenite or haematite, and secondly, most of the fibrolite appears to have developed as a result of the 
alteration of both biotite and muscovite. 

Von Backstróm and de Villiers (1972) commented on the occurrence of nodular cordierite schists in the 
Vioolsdrif area, but Joubert (1971, p.26), while noting the occurrence of cordierite-sillimanite paragneisses as 
forming a recognisable unit in the Namaqualand metamorphic complex, made no mention of schists similar to the 
nodular schists or megablastic cordierite porphyroblasts found in the Vioolsdrif area; it would seem that these 
unusual rocks are peculiar to the southern margin of the Vioolsdrif batholith. 

2.6 Biotite-cordierite-garnet-staurolite-andalusite-sillimanite Rock 

These peculiar mineral segregations occur as lenses within the porphyroblastic cordierite schist and the 
structurally overlying leptites. They weather to a dark-brown colour and their exposure is characterised by heaped 
boulders and slabs of this mineral aggregate which rarely exceed an area of about 10 m in diameter but, in one 
instance, in the granodiorite some 3 km to the south of Kaalknie, these boulders cover an area of about 80 m in 
diameter. 

The boulders are difficult to break and generally fracture conchoidally to reveal abundant blue-grey-coloured 
cordierite, dark-brown biotite and red garnet Orthorhombic prisms of andalusite measuring up to 4 cm by 1,5 cm 
were seen in one outcrop and, in others, small porphyroblasts of flesh-coloured andalusite weather proud from the 
surface. 

In thin section these rocks always contain abundant cordierite, which is generally pinitised and which often 
displays twinning and pleochroic haloes. The development of incipient pinitisation along fractures in the cordierite is 
a useful diagnostic aid when the straw-coloured haloes are not evident. Additionally these segregations usually 
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contain fibrolite, biotite, andalusite, garnet, quartz, chlorite and muscovite, and some specimens were found to 
contain minor staurolite. 

Von Backstrom and de Villiers {op. cit.) commented on the presence of these rocks in the Vioolsdrif area, and 
von Backstrom (1964) reported on similar "kinzigites" from the Keimces-Kakamas area. However, their paragenesis 
is unusual and presumably represents a metastable mineral assemblage. The ocurrence of these segregations in spatial 
association with the margin of the Vioolsdrif batholith suggests a genetic association related, perhaps, to 
metamorphic segregation during the emplacement of this igneous body. 

2.7 Calc silicate Rocks 

Lenses of rock of this nature have been described from a vicinity to the southeast of Goodhouse (Gevers et al. 
1937) and from the Goodhouse-Pella area (Coetzee, 1941c, 1942; Joubert, in prep.). In the latter case these rocks 
consist of anorthite-epidote-garnet (Coetzee, op. cit.) or varying proportions of pyroxene, hornblende, garnet, 
epidote, and plagioclase (Joubert, op. cit). 

Minor occurrences of calc-silicate rocks were seen in the vicinity of Baviaanskop and approximately 7 km 
south-southwest of N'guroebees, although their mineralogy indicates a much lower grade of metamorphism than of 
those occurrences further east. 

The specimens from the Vioolsdrif area contain tremolite, blue-green hornblende, epidote, intermediate 
plagioclase (A1148) and some quartz. In thin section the texture is found to be granoblastic and is readily 
recognisable in weathered outcrop by their characteristic red-brown colour and differentially eroded surface. 

2.8 Leptite 

Fine-grained, well-foliated quartzo-felspathic rocks underlie the area in the vicinity and to the southeast of 
Kaalknie, and occur as large remnants in the Vioolsdrif batholith to the east of Bleskop and underlying the area east 
of the national road in the general vicinity of Kokerboomrand, Abiam and Groenhoekies. In broad geographical 
terms this rock type occurs close to the southern margin of the batholith and appears to correlate with the 'gray 
granulite' described by de Villiers and Sohnge from the southern Richtersveld (1959), and these authors commented 
on the difficulty of distinguishing between this rock type and metavolcanics of the 'Wilgenhoutdrif Series'. The 
generalised name leptite (Sederholm, 1967) is preferred to granulite for this rock, as the latter term entails both 
genetic and textural criteria which are lacking in the Vioolsdrif area. Von Backstrom and de Villiers lop. cit., p.27) 
noted the occurrence of quartz-felspar leptite in the Vioolsdrif area to the east of the Neint Nababeep Plateau in 
areas that they considered to have been occupied by lavas of the 'Wilgenhoutdrif Series' prior to the intrusion of the 
batholith. 

On a weathered surface the leptite is dun to rust-coloured, with some exposures exhibiting desert varnish. The 
fresh rock is grey-green in colour and the general surface appearance is saccharoidal. On a sawn surface felspar 
crystals measuiing up to 3 mm across are often evident; such porphyritic texture is typical of some Scandinavian 
leptites (Eskola, 1950, p.95) which have been interpreted as metamorphosed acid volcanics. In the vicinity of 
Animub, peculiar discoid aggregates of biotite measuring up to 3 cm across occur within tha leptite and may 
represent pumiceous inclusions, while, underlying the area some 3 km southeast of Kaalknie, the volcanogenic origin 
of this rock is confirmed by the presence of agglomeratic texture with fragments which have been tectonically 
stretched parallel to the regional lineation, reaching 10 cm in length. This leptite is often found in close spatial 
association with amphibolite and feather amphibolite and, in several localities, for example the area south of 
Oernoep, 30 to 40 m thick horizons of leptite and amphibolite occur as intercalations in the hornblende gneiss. 

In thin section the constituent minerals are seen to comprise quartz, felspar and biotite, with minor amounts 
of chlorite, epidote, sphene, apatite, sulphides and muscovite. Only one specimen, collected from the area 3,5 km 
due east of Oernoep, contained hornblende which is largely altered to chlorite. Commonly the rock is well foliated 
and this is expressed by the lepidoblastic alignment of biotite, however the quartzo-felspathic groundmass is 
granoblastic to granoblastic-polygonal and the grain-size ranges from 0,1 to 0,4 mm. The felspar consists of 
approximately equal proportions of microcline-microperthite and saussuritised plagioclase. 

From field observation it is apparent that these rocks represent recrystallised acid volcanics and, as such, it is 
likely that they are marginal correlatives of the Haib Subgroup. 

2.9 Hornblende Gneiss 

The marginal and well-foliated portion of the Vioolsdrif batholith comprises hornblende gneiss and hornblende 
flaser gneiss. Northwards these gneisses grade into less-foliated granodiorite containing xenoliths of felsic and mafic 
material, and commonly the xenoliths are randomly orientated; however, in the hornblende gneisses they become 
elongated parallel to the trend of the regional lineation. 
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Texturally the hornolende qneisses are most distinctive and they exhibit amphibole porphyroblasts which vary 
in length from a few millimetres to 4 cm or more, set in an epidote-rich quartzo-felspathic groundmass. The 
dark-coloured hornblende metdcrysts are arranged parallel to the fol iation, but are randomly oriented within the 
foliation planes so that, in coarse-grained varieties, these rocks resemble hornblende garbenschiefer. In considering 
this texture. Turner and Verhoogen (1960, p.649) commented that the " . . . commonest type of growth fabric 
found in metamorphic rocks i* that which is controlled by a plane of maximum east of growth afforded by a 
pre-existing schistosity (foliation!, as tor example in Garbenschiefer". Spry (1969, p.269) drew attention to both the 
compositional and textural significar.ee of feather amphibolites by noting that they " . . . are not only derived f rom 
impure calcareous sediments but also from tuffs or from intermediate to basic igneous rocks", and that the texture 
" . . . . is due to pronounced post tectonic mimetic crystallisation of the amphibole". 

Evidence for localised metamorphic segregation of mineral phases is strikingly demonstrated within these 
hornblende gneisses by the occurrence of mineral zoning whereby a foliation-bounded slab of gneiss wil l exhibit, in a 
direction nurmal to the foliation, amphibole-rich margins and an epidote-andesine-rich core free of hornblende. 
Similar zonation was noted in biotite gneiss to the south of Diepknik where ovoid boudins measuring up to 70 cm in 
length are composed of an outer shell of hornblende and clacic plagioclase containing a core of andesine, epidote, 
haematite, sphene, apatite and quart?. 

Under the microscope the amphibole porphyroblasts in the hornblende gneiss are seen to be markedly 
poikiloblastic. The metacrysts display distinctive cobalt-green pleochroism and are set in a granoblastic-hypolygonal 
groundmass of plagicciase and quanz. The former is sometimes antiperthitic and varies in composition from 
andesine (An34) to labradorite (An62)- Epidote and sphene were noted in all the thin sections examined, and the 
former mineral is generally so abundant that its presence is indicated in handspecimens by their pistachio-green 
colour. Minor amounts of biotite, microcline-microperthite, ilmenite, haematite and apatite were seen in most of the 
thin sections, while, in some chlorite is relatively abundant. 

The distinction between the hornblende gneisses and the older granudiorite phase of the Vioolsdrif plutonic 
complex is more one of deqiee than anything else, for the hornblende gneisses are more foliated and have 
experienced a greater degree of metamorphic segregation than the parent granodiorite. However, within this category 
are included some hornblende gneisses that are clearly not derived from the granodiorite and probably result from 
the metamorphism ot intermediate volcanics of the Haib Subgroup. The best exposures of these gneisses are to be 
found to the north of Safriek and their recognition as something distinct from the foliated granodiorite is based on 
the absence of xenoliths and the presence of more chlorite and biotite. 

3. ORANGE RIVER GROUP 

3.1 Haib Subgroup 

The nomenclature proposed by de Villiers (Blignault, 1974) for the volcanics underlying the Richtersveld 
Province has been adopted for the purpose of this report. Within the Haib Subgroup, Blignault (in preparation) has 
recognised an upper mafic volcanic formation, the Nous Formation, and a lower felsic volcanic formation, the Tsams 
Formation, and these terms of identificatioo wil l likewise be adopted. The rocks comprising the Haib Subgroup were 
formerly identified as members of the Wilgenhoutdrif Series of the Kheis System (de Villiers and Sóhnge, op. cit.; 
von Backstróm and de Villiers, op. cit.). 

3.1.1 NOUS FORMATION 

These rocks are depicted on the accompanying map as dacite, andesite porphyry and agglomerate. In the main 
they comprise pyroclastics of intermediate to felsic composition and intercalated volcanogenic sediments. 

Recognition of the occurence of metamorphosed volcanics in the vicinity of Vioolsdrif goes back to a brief 
mention by Rogers (1915, p.78). Haughton and Frommurze (1936, p. 12) commented that at "Viol 's Drift on the 
Orange River are large beds of green sheared volcanic rocks in the gneisses", and, in a subsequent report by Gevers et 
al (1937, p.27), these rocks were described under the heading of "Amygdaloidal and highly altered associated lavas". 
Oe Villiers and Sohnge (op. cit., p.42) described the occurrence of volcanics outcropping on either side of the Neint 
Nababeep plateau in the vicinity of the Orange River and noted the presence of felsitic lavas and agglomerates 
together with mafic volcanics of which one specimen was identified as trachyandesite. A subsequent report by von 
Backstróm and de Villiers [op. cit., p. 19) gives a more detailed description of these volcanics in the vicinity of 
Vioolsdrif, together with the result of the chemical analysis of a specimen collected from the Vioolsdrif outcrop 
which revealed a dacitic composition. 

In a detailed consideration of the geochemistry of v ilcanics belonging to the Haib Subgroup in general, Reid 
(1974, 1975) has noted that these rocks range in composition from basaltic ande^ite to rhyolitn, that all of them are 
quartz-normative and that they adhere to the calcalkaline differentiation trend. 

http://significar.ee
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One of the best exposures of the volcanics of the Nous Formation is in Vyfmylpoort where the Koubank River 
course is incised some 2 km east of Viooisdrif. Here one may observe individual pyroclastic flows measuring up to 
2 m in thickness which exhibit abundant felsitic clasts of angular shape measuring up to 4 cm across. Although these 
flows have subsequently been recrystallised by low-grade metamorphism one may still see evidence for the welding 
of the core of each flow, which is markedly more compact than the less recrystallised periphery. In thin section 
these flows exhibit phenocrysts of plagioclase measuring up to 2 mm across, together with aggregates of chlorite, 
green biotite and epidote which are set in a fine-grained granoblastic groundmass of felspar, chlorite, biotite and 
some quartz. 

The original nature of the ferromagnesian mineral now represented by chlorite, may be seen in the volcanics 
which are exposed some 0,5 km southwest of the Namma Keinam weir. These fine-grained greenish-black-coloured 
rocks, which weather to a reddish-brown surface, exhibit phenocrysts of amphibole measuring up to 5 mm in length. 
In thin section these crystals may be seen to comprise idiomorphic to hypidiomorphic phenocrysts of twinned 
hornblende displaying pale-green pleochroism. Many of the phenocrysts have been retrogressively altered to chlorite. 
Subhedral to ovoid crystals of plagioclase, now saussuritised, occur in the same rock and these phenocrysts are set in 
a groundmass of fine-grained felspar, chlorite, biotite, epidote and quartz, the whole sometimes displaying pilotaxitic 
texture. 

Some 8 km northwest of Bergadder Kop the volcanics include agglomerates comprising lapilli which are 
particularly well displayed on a weathered surface. In thin section these lapilli are found to be composed of 
granoblastic aggregates of quartz and tremolite-actinolite laths set in a fine-grained matrix of quartz, plagioclase and 
epidote. In the Oernoep River gorge, some 4 km west-northwest of N'guroebees, agglomeratic rocks contain volcanic 
bombs measuring up to 20 cm by 8 cm. Elsewhere, and especially where the Nous River has cut a course through 
these volcanics, one may observe amygdaloidal texture. In thin section, these amygdales, which vary in size from 1 
to 10 mm across, are filled with granoblastic quartz and some calcite. In other localities in the general vicinity of 
Bergadder Kop the ovoid amygdales are much larger and measure up to 3 cm across. 

Gevers et al (op. cit., p.28) noted that narrow intercalations of acid lava occur within these amygdaloidal 
volcanics, and one such specimen, collected from the area 3 km northwest of Bergadder Kop, exhibits compositional 
banding. In surface outcrop these felsic horizons weather to a pale honey-yellow colour and on such a surface may 
be seen a myriad of tiny angular pits which are suggestive of palimpsest shards. In thin section the acid intercalations 
are found to be rhyolitic in composition and they may represent recrystallised tuffs. 

The abundance of primary textures in the metamorphosed volcanics indicate that they range from 
amygdaloidal andesitic lavas to pyroclastics of intermediate to felsic composition. Reid (1975) has drawn attention 
to the geochemical similarity between these volcanics and those from the type area for andesites. 

3.1.2 TSAMS FORMATION 

These mixed rocks, in the gross sense, are depicted on the accompanying map as recrystallised porphyrites and 
underlie large portions of the region north of Nous and the area between Nous and Bontkop and from N'guroebees 
to Xociasib on the Orange River. They are especially well exposed along the course of the Oernoep River and are to 
be found in association with the Viooisdrif batholith for some distance to the south of Jacobsleer and in the vicinity 
of Kaalbeen. 

Discrimination between the annealed felsic volcanics and intrusive members of the Viooisdrif plutonic 
complex was not attempted, due to the fact that the mountain tops along the Orange River are usually capped by 
metavolcanics, whereas along river gorges the underlying and intrusive plutonic rocks are exposed and the contact 
between the two is usually obscured by scree. 

Gevers et al (op. cit.) described these rocks as "microgranite, microgianodiorite etc., grading into granite 
porphyry, granodiorite porphyry etc.", and they noted the frequent occurrence of saussuritised felspar phenocrysts 
and the fact that the most abundant rock type is a "very uniform greyish microcrystalline rock . . . encrusted with 
brownish-black iron oxides". Von Backstróm and de Villiers [op. cit.) discerned the true nature of the rocks when 
they described them in terms of "ultrametamorphosed lava" and "hybrid rocks, migmatite, injection gneisses". 

The criteria by which these felsic metaporphyries may be identified in the field are the occurrence of a 
ferro-manganiferous drsrt varnish which contrasts with the pale-grey freshly broken surface, the conchoidal nature 
of fracture, and the fact that these annealed rocks usually ring when struck with a hammer. The desert varnish is 
particularly useful for recognition on aerial photographs where conical peaks underlain by metaporphyry resemble 
mafic plugs mantled by runnels of dark scree. Additionally, where exposed as remnants in the Viooisdrif batholith, 
these outcrops display a nigger-brown surface and exhibit an angular or blocky appearance in contrast to the 
rounded boulders of plutonic rock. 

In handspecimen a porphyritic texture is often in evidence and amygdales are sometimes to be seen. Randomly 
oriented felspar phenocrysts may measure up to 10 mm across, but are generally less than 3 mm in size and when 
these have been highly saussuritised, the weathered surface is often extensively pitted where the altered plagioclase 
has been differentially eroded. Depending on the degree of recrystallisation, these phenocrysts either retain their 
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euhedral or subhedral prismatic habit or they exhibit '.utured boundaries in thin section and, in cases of extreme 

recrystallisation, the reck is characterised by a mosaic texture including palimpsest phenocrysts represented by 

granoblastic felspar. Commonly the less altered phenocrysts are zoned and sometirrts exhibit albite twinning which 

indicates an anorthite content of between 38 — 48 %. 

The porphyries contain abundant epidote, some zircon and quartz. Microcline or microcline-microperthite is a 

common accessory and the texture of the groundmass of the rocks varies from heteroblastic through granoblastic to 

granoblastic-polygonal. 

Biotite is an abundant constituent and varies in pleochroism from an olive-green to dun-coloured variety to a 

variety displaying sepia to pale-umber colours. The brownish-coloured biotite is sometimes accompanied by the 

development of poikiloblastic hornblende exhibiting blue-green pleochroism and sections containing this amphibole 

were cut from specimens of the porphyries collected from the area south of Nous, the area in the Oernoep gorge 

4 km west-northwest of N'guroebees and the area 2,5 km east southeast of Omdraai. Despite the development of 

secondary or metamorphic hornblende in these rocks, on»; may still detect their blasto-porphyritic nature, and it 

would appear that the occurrence of this secondary amphibole in these porphyritic volcanics is restricted to those 

rocks underlying the area south of a line between Nous, Omdraai and Henkriesmond. 

Gevers ef al (op. tit. I commented on the occurrence of microdiorites of problematical origin within these 

metavolcanics. Intercalated amphibolites were noted in the general vicinity of *he area 5,5 km southeast of 

Bergadder Kop, 3 km northeast of N'guroebees and 2 km east-southeast of Omdraai. These vary f rom fine to 

medium grained and, in the latter case, the plagioclase was found to be labradorite. The calcic nature of the 

plagioclase, together with the abundant development of amphibole, suggests that these rocks may represent basaltic 

intercalations within the volcanic pile. 

Evidence that the porphyritic volcanics extended well to the south and southwest of their present demarcation 

is obtained from the presence of isolated remnants within the Vioolsdrif plutonic complex, and it is probable that 

southeriy correlatives of these rocks are to be found in the leptite and hornblende gneiss exposed along the southern 

margin of the batholith. 

Included within the Tsams Formation, but depicted as quartz porphyry on the accompanying map, is the 

occurrence of a body of quartz porphyry underlying Bergadder Kop; von Backstrom and de Viliiers equated this 

body with the comparatively young Richtersveld Igneous Complex, but noted that "what appear to be flow layers 

have been etched out on the weathered surface". The presence of primary-flow banding in this body was confirmed 

during the present survey and, although contacts with the surrounding metavolcanics are obscured by shearing, it is 

probable that this body of quartz porphyry forms part of the Tsams Formation. 

In general, fresh outcrops of the porphyry are magenta-coloured and weather to £ pale cream-coloured surface 

from which stand proud phenocrysts of quartz measuring up to 5 mm across. Occasionally zones of the body are 

grey in colour and weather to a nigger-brown surface. This colour difference appears to result from the presence or 

absence of haematite which produces the magenta hue. Thin sections of this rock reveal that the most abundant 

phenocrystic mineral is quartz and. very often, in handspecimen the quartz is blue in co'our, but this is not apparent 

under the microscope. Other phenocrysts are microcline and highly saussuritised plagioclase. The fine-grained 

groundmass, which is essentially mosaic textured, comprises quartz and felspar together with sericite, chlorite, 

epidote, sphene and haematite or magnetite. 

4. MAFIC INTRUSIVES 

Plug-like bodies of intrusive rock of mafic to ultramafic composition and in varying degree of retrogressive 

alteration, have been described from the Richtersveld (de Villiers and Sóhnge, 1959; Middlemost, 1965), the 

Vioolsdrif area (Gevers ef al, 1937; von Backstrom and de Villiers, 1972), and the IMamaqualand Metamorphic 

Complex underlying Namaqualand (Joubert, 1971), Bushmanland (Joubert, in prep.) and southern South West 

Africa (Haughton and Frommurze, 1936; Blignaultef al, 1974), 

Joubert lop. cit.) has commented on the spatial association of these intrusive plugs with rocks of the upper 

mafic unit of the Namaqualand gneissic sequence and with the corresponding upper Nousees mafic gneiss, commonly 

called the grey gneiss, in the Bushmanland sequence. In the Vioolsdrif area and the southeastern Richtersveld these 

plugs, which range in size from less than 20 m to nearly 2 000 m in diameter, are closely associated wi th 

intermediate and felsic colcanics of the Haib Subgroup. This association is not exclusive, however, and one finds 

mafic rocks intrusive into gneisses of the Namaqualand Metamorphic Complex in the Vioolsdrif area. 

The plugs are definitely younger than the volcanics of the Haib Formation, which they intrude, yet they are, 

in turn, invaded by the members of the Vioolsdrif plutonic complex. Exposed contacts clearly indicate that these 

plugs have been intruded by granodiorite magma, and this is particularly well displayed on the northwestern flank of 

Swartkop where a gradation may be followed from olivine gabbro through arnphibolite and coarse-grained 

plagioclase amphibolite to graiiodiorite containing many mafic xenoliths. Similar exposures may be observed 6 km 

east of Nous, near the mouth of 'he Oernoep River, and at Henkriesmond. 
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Considering the age of intrusion of these mafic plugs in relation to the principal episode of deformation which 
resulted in the foliation of the rocks of the Namaqualmd Metamorphic Complex, attention should be focussed on 
the small intrusive which is exposed some 1,5 km southeast of Safnek. This body, comprising tremolite and 
serpentine, exhibits a coarsely crystalline and unfoliated core of low-grade alteration which is surrounded by a zone 
of plagioclase amphibolite giving way to well-foliated amphibolite. The marginal foliation indicates that the plug was 
emplaced prior to the detormational phase which gave rise to the development of this foliation, and the giade of 
metamorphism accompanying this period of foliation resulted in the development of amphibolites. 

Elaborating on the description by Gevers et al (op. cit), von Backstróm and de Villiers noted that in the 
Vioolsdrif area "the original intrusives varied in composition from gabbro through olivine norite to peridotite", and 
commented that the weathered outcrop of these plugs reflects their mineralogy, whereby the serpentinites form 
red-brown coloured hills of low relief, while the metagabbros form prominent koppies which are nigger-brown in 
colour. During the present survey, specimens of metagabbro were collected from the plug west of Daberas and frct i 
the one exposed 5 km south-southeast of Nous. In thin section these rocks were found to be composed of a plexus 
of actinolite metacrysts, together with chlorite and epidote, or varying proportions of hornblende and augite with 
minor epidote and plagioclase. Swartkop is composed of rocks which represent the retrogressive alteration of ol'vine 
gabbro comprising olivine, clinopyroxene, calcic plagioclase, and lesser amounts of tremolite-actinolite and epidote. 
The prominent mafic plug at Henkriesmond contains schillerised hypersthene as well as olivine, clinopyroxene and 
calcic plagioclase and represents an olivine norite. Samples of serpentinite were collected from the koppies near 
Witkop and adjacent to Groenhoekles. Remnant olivine was found in thin sections of specimens from both these 
localities, together with varying amounts of serpentine, tremolite-actinolite, chlorite and magnetite. 

South of the area underlain by the Vioolsdrif batholith, a number of ultramafic intrusive plugs were found. In 
thin section these were seen to be similar in composition, comprising serpentine, tremolite, chlorite and magnetite. 
The most prominent of these is the serpentinite plug underlying the summit of the hill of porphyroblastic cordierite 
schist some 3,75 km northwest of Safnek. In the same locality another small plug was found to be zoned from the 
margin to the core; this zonation varies from a periphery of biotite, through an intermediate zone of talc and mica to 
a core zone of abundant schillerised tremolite, serpentine pseudomorphs replacing olivine, and chlorite. 

5. VIOOLSDRIF PLUTONIC COMPLEX 

5.1 Introduction 

On a regional basis the Vioolsdrif Granite snnsu la to has been variously termed 'ancient gneiss' (Rogers, 1915), 
pre-Namaqualand granite-gneiss' (Gevers et al, 1937), 'older granite' (Mathias, 1940), 'older granodiorite' and 'older 
basement granite' (Coetzee, 1941a), 'gray gneissic granite' (de Villiers and Sohnge, 1959; von Backstróm and de 
Villiers, 1972), and adamellitic gneiss' (Middlemost, 1964). Rogers (op. cit.) made no distinction between the 
Namaq'ialand gneisses to the south and tne Vioolsdrif granite, although he noted that in the vicinity of "Viol's 
Drift" the 'ancient gneiss' penetrates metamorphosed lavas. De Villiers and Burger (1967) published the result of a 
geochronometric study of a specimen of plutonic rock collected from a canai cutting on the southern bank of tne 
Orange River, about 5 km upstream from Vioolsdrif, named the rock Vioolsdrif Granite and assigned an age of 
1850+40 Ma to this intrusive. 

Blignault (1974) has suggested that the bulk of the plutonic rocks underlying the Richtersveld Province be 
identified as the Vioolsdrif Suite and, as members of this suite, he recognised intrusives ranging in composition from 
ultramafic to felsic. Reid (1974) presented the preliminary results of a geochemical examination of the members of 
the Vioolsdrif Suite. 

For the purpose of this report, the Vioolsdrif plutonic complex will be described in terms of the three 
principal varieties of intermediate to felsic plutonic rock underlying the Vioolsdrif area: (1) older granodiorite, 
including porphyroblastic granite-gneiss and hornblende gneiss in part, (2) porphyrinic adamellite, and (3) 
aplogranite. The mafic and ultramafic intrusives have been described separately for they are plug-like in form and do 
not resemble the plutons of the Vioolsdrif batholith; this does not mean to exclude a possible genetic relationship 
between the intrusion of these plugs and the generation of the batholith. 

5.2 Granodiorite 

The distinction between granodiorite, porphyrobiastic granite-gneiss and hornblende gneiss in the marginal 
zone of the Vioolsdrif batholith is somewhat subjective and is largely dependent on the degree of foliation which has 
been impressed on the periphery of the batholith. Where the granodiorite is intensely foliated, a hornblende flasar 
gneiss is developed and the reader is referred to the earlier section on this rock type. For some reason which is not 
understood, the margin of the batholith underlying the area between Diepknik and Jakkalswater is represented by an 
intermediate plutonic rock which is readily identified in the field by the development of ovoid porphyroblasts of 
potash felspar which tend to weather proud of the surface of the rock. 
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The Vioolsdrif qranodiorite may be either foliated or unfoliated, with the degree of the former increasing 
towards the margin of the batholith. Concomitant with this southerly increase in the development of planar fabric 
within the rock is an increase in the hornblende content of the rock. The most distinctive characteristic of the 
granodiorite is the occurrence within it of abundant randomly oriented autoliths of mafic material which, under the 
microscope, are seen to comprise segregations of biotite and epidote together with a lesser amount of quartz, 
plagioclase and, occasionally, cordierite. As one approaches the margin of the batholith the autoliths tend to lose 
their randomness and become elongated and aligned parallel to the regional lineation; likewise their mineralogy 
changes to include a proportion ot hornblende. Apart from these autoliths, the granodiorite also cor.tains inclusions 
of leptite and cord: rite schists and, about 7 km west-southwest of Swartebbehoutkop, the granodiorite contains a 
large xenolith of cordierite-andalusite-garnet biotite rock. 

Weathered outcrops of granodiorite appear as rounded boulders or planar slabs, depending on the degree of 
foliation, which are a dull grey-brown in colour. On a freshly broken surface the rock is greenish-grey in hue, and the 
green tinge is imparted by the plagioclase. Under the microscope the plagioclase is seen to be highly saussuritised 
and, where polysynthetic twinning is evident, was found to range in composition from An35 to An44. Mathias 
(1940) commented on the basicity of the plagioclase when she determined an average composition of An34,i for a 
number of specimens of 'older granite' from the Jakkalswater area. Plagioclase predominates over potash felspar in 
the granodiorite; the latter is represented by perthite and microcline microperthite, and the perthite is commonly 
twinned according to the Carlsbad law. Alkali felspar generally encloses sericitised and epidotised plagioclase in 
poikiloblastic fashion, and myrmekite intergrowths are frequently associated with the margins of potash felspar 
crystals. 

Hornblende, when present in the granodiorite, invariably displays cobalt-green pleochroism, and crystals 
always exhibit embayed margins and siove texture. Both Mathias (1940) and Coetzee (1941) commented on these 
characteristics of hornblende in specimens of 'older granite' and 'older granodiorite' and suggested that the presence 
of amphibole might result from the assimilation of mafic country rock. However, the evidence from the margin of 
the Vioolsdrif batholith clearly points to a metamorphic origin for the majority of these porphyroblasts. 
Occasionally these amphibole metacrysts show evidence of retrogressive metamorphisrh to biotite. 

Biotite, which displays a distinctive sepia to pale-umber pleochroism, is the dominant ferromagnesian mineral 
in the granodiorite and is frequently partially or completely altered to an iridescent chlorite. Typically, in unfoliated 
granodiorite, biotite occurs in decussate aggregates and is sometimes sagenitic, whereas the lepidoblastic alignment of 
biotite in other exposures defines the foliation in the rock. 

Under the microscope, quartz exhibits strain shadows and sutured or granoblastic-polygonal grain boundaries 
and is sometimes sagenit c. Xenomorphic epidote is ubiquitous and often displays a vivid lemon-yellow colour. 
Subhedral to anhedral sphene is characteristically present in all specimens of granodiorite, and crystals of apatite are 
often to be seen. Texturally the marginal portion of the granodiorite may be described as heterobiastic to 
granoblastic, whereas the unfoliated portion of the body exhibits a hypidiomorphic-granular texture. 

Southeast of Bleskop the granodiorite grades into porphyroblastic granite-gneiss which is well foliated and 
prominently lineated in sympathy with the regional trend of mineral lineation. Porphyroblasts constitute up to 
twenty-five per cent of the volume of the rock and, under the microscope, are seen to be composed of xenoblastic 
perthite or microcline-rnicroperthite and glomeroporphyroblasts of quartz. The perthite often exhibits twinning 
according to the Carlsbad law and this may be recognised in handspecimen in which the felspar is either white or 
pink in colour. The quartz porphyroblasts display strain shadows when examined between crossed-polars, and the 
grain boundaries are either sutured or granoblastic-hypolygonal. The inclusion within potash felspar of highly 
saussuritised plagioclase in poikiloblastic fashion is characteristic. Often these inclusions exhibit pellucid margins 
adjacent to the host mineral, and myrmekitic intergrowths are frequently associated with the outer margin of the 
porphyroblasts. 

Apart from the presence of quartz, potash felspar and plagioclase in the groundmass of this rock, biotite and 
sphene were noted <n all the sections examined, and hornblende was noted in a few samples. Chlorite, epidote and 
iron oxide are frequently present in accessory amounts. 

In assessing the true nature of this well-foliated porphyroblastic plutonic rock, attention should be paid to an 
exposure in a road cutting approximately 2 km north of Garamoes where one may observe the phenomenon of a 
xenolith contained within a xenolith. Here one can see a fine-grained mafic xenolith, some 5 cm across, contained 
within an ovoid xenolith of biotite granodiorite measuring about 1,5 m across, which is, in turn, contained within 
porphyroblastic granite-gneiss. The latter, from modal determinations, is close to the porphyritic adamellite in 
composition and it may be that this rock type represents the adamellite in the marginal zone of the Vioolsdrif 
batholith. The biotite granodiorite constituting this xenolith has been provisionally dated at 1767 Ma (Burger, 
1973). For information it is reported that a small exposure of orbicular granodiorite may be seen near the margin of 
the mafic body which outcrops about 3 km northeast of Swartebbehoutkop. The origin of this peculiar texture is 
unknown (e.g. Leveson, 1966; Pitcher & Berger, 1971; Moore & Lockwood, 1973). 
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5.3 Porphyritic Adamellite 

The Vioolsdrif Granite sensu stricto Ide Villiers and Burger, 1967) is exposed along the southern bank of the 
Orange River some 5 km east of Vioolsdrif. Examination of this locality reveals that this rock varies in composition 
from a porphyritic adamellite, which exhibits plagioclase of a greenish hue in handspecimen as well as flesh-coloured 
potash felspar, to a coarsely porphyritic granite exhibiting pink-coloured phenocrysts of microcline-microperthite 
which measure up to 2 cm in length. In handspecimen the quartz in this rock often displays a blue colour which is 
not apparent in thin section. Under the microscope the rock is seen to be composed of phenocrysts of potash felspar 
which are set in a groundmass of microcline, plagioclase and quartz. The plagioclase is extensively altered to an 
aggregate of sericite and epidote, and it is the latter mineral which gives a pistachio-green colour to the plagioclase in 
handspecimen. Chlorite, derived from biotite, is abundant, and the rock contains accessory amounts of sphene, 
zircon, apatite and iron oxide. 

Sometimes the potash felspar phenocrysts in this intrusive are markedly zoned, and examination of a specimen 
exhibiting this characteristic, collected from the type locality of the Vioolsdrif granite, revealed that the core of the 
crystal is composed of microcline surrounded by a periphery of replacement perthite which, in handspecimen, gives 
the impression of rapakivi-like zonation. The origin of the perthite was apparently the result of decalcification of 
plagioclase during epidotisation, resulting in the release of a mobilisate consisting of perthite which either veins or 
mantles neighbouring microcline crystals. Similar rapakivi-like texture was described by Gevers et al (1937) in a 
specimen collected from the lowe gorge of the Nous River, and Coetzee (1941, p. 173) commented on sim lar 
texture in the 'younger Namaqualand granite-gneiss'. 

The bulk of the plutonic rock which is intrusive into the Haib Subgroup in the vicinity of the lower portion of 
the Nous River, and in the vicinity of Nous wells and northeast of this locality, is porphyritic adamellite. In the 
vicinity of the Nous wells and some 6 km to the southeast of this area occur exposures of a coarse-grained pink 
granite which is correlated with the porphyritic adamellite. The largest exposure of this rock underlies the hill 
known as Kruiskop, about 1 km southeast of Nous, and on the northern flank of this hill one may observe a diffuse 
contact that is some 30 m in width between the porphyritic adamellite and older granodiorite. The precise nature of 
this contact is better displayed in the immediate vicinity of the wells at Nous. Here one may observe a sharp contact 
between the two which clearly demonstrates that the porphyritic adamellite and associated granite is younger than 
the older granodiorite intrusion because a narrow apophysis of adamellite intrudes the granodiorite. 

The southernmost exposures of porphyritic adamellite was found about 4 km west of Bleskop, but the 
relationship between this exposure and the surrounding granodiorite is obscured by sand. 

Examination of exposures in the type locality of the Vioolsdrif granite demonstrate beyond doubt that the 
porphyritic adamellite is intrusive into the overlying calc-alkaline volcanics of the Haib Subgroup. These contacts are 
typically sharp, with little evidence of contact metamorphism, but one may observe that small portions of the 
volcanics measuring less than 1 cm across have been stoped-off and partially assimilated by the intrusive. This partial 
assimilation was apparently quite extensive and may have resulted in the modification of the granitic composition of 
the intrusive to that of an intermediate adamellite by incorporation of plagioclase from volcanics. Certainly sections 
through the contact between the two suggest that this process of calcification of the magma was locally important. 
Although there is little or no contact metamorphism evident in the type locality, approximately 2 km south of 
Nous, there are many exposures of narrow assimilation contacts between contaminated pink granite and 
intermediate volcanics, and the latter reveal the development of abundant decussate amphibole porphyroblasts for 
about 2 m from the contact. However, further north, at the end of the sand-filled fracture zone which o.iects the 
dry course of the N'ougaaseep River, is an excellent exposure illustrating the intrusion of the porphyritic adamellite 
into intermediate volcanics where there is no contact development of amphibole, but many xenoliths are to be seen 
within the intrusive. 

5.4 Aplogranite 

Much of the volcanic sequence referred to as the Haib Subgroup has been invaded by numerous ramifying 
veinlets of aplite which weather to a pink colour. Gevers etal (1937, p.33) referred to these minor intrusives as red 
aplitic granite and aplite and quartz-felspar granulite. Von Backstróm (1964a, p. 124) wrote, concerning the 
occurrence of molybdenite in one of these aplite veins at Xochasib, that the "age of molybdenite recovered from the 
aplite vein was determined as ±1820 Ma". In the area due east of Swartebbehoutkop and in the general vicinity of 
Bleskop and further south, one may observe that the more intermediate plutonic rocks of the Vioolsdrif batholith 
have been extensively veined by this fine-grained aplogranite. 

The largest exposure of this aplogranite underlies the hill known as Bontkop, which is located some 6 km west 
of Henkries, where veins of the intrusive are characterised by the presence of abundant microcline and, frequently 
by rounded phenocrysts of blue-coloured qut»tz so that they often exhibit a porphyritic texture- Blue-coloured 
quartz is also evident in the aplogranite veining the porphyritic adamellite in the type locality of the Vioolsdrif 
granite. 
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Similar lamifying veirlefs ot pinkish-coloured aplite and aplogranite have been described from the Richtersveld 
(de Vilhers and Sohnge. H)59, p. 109), the Goodhouse and Pella area tCoetzee, 1SK1, p.173) and the Kakamas area 
(von Backstrom, 1964, p. 113) 

The fact that those minor bodies ot aplogranite intiude the qranodiorite and porphyritic adamellite of the 
Vioolsdrif plutonic complex place 'hem as the youngest member of this magmatic sequence, and it is possible that 
they correlate with the aplogramtic gneiss and pink granitic gneiss round in the Namaqualand metamorphic complex. 

6. APLOGRANITIC GNEIGS 

6.1 Aplogranitic Gneiss 

As defined on the map, this lithological unit occurs underlying the southwestern portion of the area. Generally 
the rock is well foliated and intrusive contacts have been obscured by this tectonism; however, in the area some 
5 km northwest of Groothoek this potash rich rock can be seen to have permeated the biotite gneiss and 
cordierite-sillimanite schist in a permissive rather than a transgressive fashion and the deduction is warranted that 
this rock was intrusive in nature. The heatt-shaped outcrop to the east of Grashoek is only marginally foliated and 
the bulk is massive; it is problematical whether this massive pluton acted as a tectonic resister during the regional 
foliation, or whether it was emplaced as a post-kinematic body or was recrystallised following the regional 
tectonism. 

In handspecimen the aplogranitic gneiss is a leucocratic rock containing abundant muscovite and some small 
garnets less than 2 mm in size. In thin section the rock consists of approximately equal proportions of quartz and 
microchne, with subordinate sodic plagioclase and some muscovite. Apatite is an ubiquitous accessory, and one 
specimen contained a small amount of chlorite. Generally the rock is foliated and heteroblastic; however, the 
massive variety is granoblastic. Thise rocks are grey in colour on a freshly broken surface but weather to a pale 
ochre. 

6.2 Pink Granitic Gneiss 

This variety ot apiogiaiiite underlies the area between Groenhoekies and Witkop in the eastern portion of the 
map. Gevers (op. cit.) depicted this rock as 'red leucocratic granite' and correlated it with the ramifying veinlets of 
aplogranite found in the volcanics to the north. Von Backstróm and de Villiers (op. cit.) gave the same exposure the 
classification of AG3 'red granite grading into pink gneiss in the east' and correlated the intrusive with the so-cailed 
Hoogoor granite f iom the Pella area. 

In outcrop this rock is sometimes extremely foliated and much of the potash felspar has been cataclastically 
altered to muscovite. In one exposure, spindle shaped inclusions of garnet measuring up to 10 cm in length were seen 
to be elongated parallel to the regional northeasterly trend of mineral lineation. At another exposure, some 3,5 km 
northeast of Groenhoekies, the intrusive nature of this rock is cleariy displayed in a dry water course where one can 
see agmatitic xenoliths of granodionte within aplogranite. 

In thin section this rock is indistinguishable from the aplogranitic gneiss, and is composed of quartz, 
microcline and muscovite, with subordinate amounts of garnet and sodic plagioclase. 

On the basis of the general appearance ?nd mineralogy and the pre-kinematic nature of these intrusives, a 
correlation between the aplogranitic gneiss and the pink granitic gneiss can be suggested. It is a logical inference that 
these rocks, in turn, may be foliated coi relatives of the veinlets of aplogranite which occur throughout the Haib 
volcanics and which form the youngest member of th.? Vioolsdrif plutonic complex. 

7. PEGMATITES 

Much has been written about the northern Cape pejmatite belt which underlies an arcuate zone some 15 km in 
width and over 350 km in length from the Richtersveld in the west through Pella to Putsonderwater in the east. 
Aspects of the occurrence, zonation, mineralisation and genesis of these bodies have been dealt with at length over a 
considerable period (Rogers, 1913, 1915a, 1915b; Gevers, 1936; Haughton and Frommurze, 1936; Gevers et al, 
1937; Mathias, )940; Coetzee, 1941; Ahrens, 1945; Sóhnge and de Villiers, 1946; Poldervaart and von Backstróm, 
1949; de Villiers and Sohnge, 1959; von Backstróm, 1953a, 1964b, 1965, 1966, 1967, 1968, 1973; Hugo, 1970; 
Joubert, 1971; Schutte, 1972). 

Where it underlies the Vioolsdrif area this pegmatite bel ' coincides in a general wry with the contact between 
the Namaqualand mntamorphic complex and the southern margin of the Vioolsdrif batholith. Reference to the 
accompanying map wiil reveal that the majority of the pegmatites in this area strike in a northwesterly direction 
when the host rock is granodiorite, porphyroblastic granite gneiss, hornblende gneiss or leptite, and incline towards a 
westerly strike when the host rock is cordierite schist or biotite gneiss, and this variation may be due to nothing 
more than the differential competence of these hosts. 
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Pegmatites are commonly classified in terms of whether, with respect to the host rock, they are concordant or 
discordant, whether they are of intrusive or replacement nature, and whether they are homogeneous and 
mineralogically simple or whether they are heterogeneous and mineralogically complex. Heterogeneous bodies are 
often zoned from the margin to the core and in describing such bodies it is usual to fol'ow the classification scheme 
of Cameron et al (1949), whereby border, wall, intermediate, and core zones are recognized. 

The majority of the pegmatites underlying the Vioolsdrif area are markedly discordant with regard to the 
regional foliation developed in the country rock, and this discordance was first noted by Rogers (1915a) in the 
vicinity of "Jakal's Water". When the host rock is cordierite schist or biotite gneiss, then concordant to 
peneconcordant bodies are the rule. 

Both the discordant and peneconcordant bodies are clearly intrusive in nature, and some of the larger 
pegmatites contain partially assimilated xenoliths of host rock, while the concordant bodies do not display restite 
margins (Mehnert, 1968), which indicates that they were emplaced rather than generated in situ by metamorphic 
segregation. 

Most of the pegmatites are of the simple variety; that is to say, they are generally uniform in composition and 
are composed oi quartz, felspar and subordinate muscovite. A few of the discordant bodies are zoned and complex 
and are recognised by their lack of uniformity which is expressed by the development of a number of 
mineralogically distinct zones . ' id by the presence of large crystals of quartz, felspar, spodumene and beryl. Gevers 
(1936, p.342) commented on the importance of the recognition of the effect of this zonation and the concentration 
of large crystals of quartz in the core zone of mineralised pegmatites when he wrote that "it is practically useless in 
this region to look for a concentration of minerals in pegmatites that do not show outcrops of white, pinkish or 
smokey quartz or a liberal covering of quartz scree". 

The largest bodies of pegmatite in the area are those discordant, simple, unmineralised pegmatites found in the 
vicinity of Oernoep, and the huge peneconcordant bodies found in the micaceous gneiss to the south of Grashoek; 
these bodies may exceed 1 000 m in length and 300 m in thickness. Of the complex and mineralised pegmatites, the 
largest is exposed at Noumas on the western flank of Bleskop and measures at least 1 000 m in length and reaches up 
to 42 m in thickness. The complexity of this body is such that, in general terms, muscovite and beryl are 
concentrated in the wall zone, spodumene in the intermediate zone, and quality felspar in the core zone (Schutte, 
1972). 

Gevers ef al (1937) described the emplacement of these pegmatites in terms of interior (core), marginal 
(hood), and exterior (roof) bodies when they postulated a genetic association between the intrusion of the 
"granite-gneiss batholith of Namaqualand" and the incursion of the pegmatites. This concept, in relation to both the 
pegmatites and the so-called batholith, is no longer tenable because the Namaqualand granite-gneiss does not intrude 
the "older rocks" along the Orange River. On the contrary, the Vioolsdrif batholith intruded the proto-gneisses of 
the Namaqualand metamorphic complex prior to the emplacement of the majority of the pegmatites. 

As far as the pegmatites underlying the Vioolsdrif region are concerned, it is convenient to employ a tectonic 
classification which recognises the occurrence of (1) concordant, pre-tectonic bodies, (2) concordant, syntectonic 
bodies, (3) concordant, post-tectonic bodies, (4) peneconcordant, post-tectonic bodies, and (5) discordant, 
post-tectonic bodies; and it is the latter which may be further subdivided in terms of whether they are 
mineralogically homogeneous or heterogeneous, simple or complex. The syn-tectonic pegmatites (examples may be 
found within the biotite gneisses and migmatites underlying the southwestern corner of the area) are readily 
distinguishable on the basis of their foliated nature, while the post-tectonic bodies are all massive and are 
distinguished by this characteristic and by their attitude with respect to the foliation developed in the country rock. 

Nicolaysen and Burger (1965) reported the result of a radiometric age determination on muscovite collected 
from a pegmatite at Jackalswater, which suggests an age of emplacement of 956 Ma. Similar ages have been reported 
by these authors for other discordant pegmatites outcropping further east and, from this evidence, one must 
conclude that the post-tectonic, discordant bodies were emplaced between 900 and 1000 Ma, and shortly before the 
Gannakouriep-type dykes which transgress them. 

The emplacement of the majority of pegmatites underlying the Vioolsdrif area along fractures which strike in a 
northwesterly direction is not unique to this region and has been reported from the eastern sector of the pegmatite 
belt in the Kakamas (von Backstróm, 1964) and the Kenhardt and Gordonia districts (Hugo, 1970); however, in the 
latter case the strike is west-northwest. Drag-folding associated with these fractures was observed at one locality in 
the Vioolsdrif area to the southeast of Kaalknie, and Joubert (1971) concluded that most of the pegmatites in the 
area surveyed by him were intruded along lines of structural weakness which strike in a northwesterly direction. He 
suggested that these fractures developed during the fourth episode of deformation and that the pegmatites were 
emplaced as a result of the attendant metamorphism. 



8. DYKES 

8.1 Mafic Dykes 

A notable swarm of mafic dykes trends across the area in a broad north-northeasterly striking zone of 
fracturing and shearing which extends from the southwestern corner of the area through Swartebbehoutkop and 
Kaalbeen to the Orange River and beyond. F jither east, in the vicinity of Garamoes and Groenhoekies, isolated 
mafic dykes follow the same trend. From Groothoek northwards there are a few mafic dykes which do not 
correspond to the strike direction of this swarm and which trends meridionally. 

Specimens of these mafic dykes, when examined in thin section, exhibit an ophitic texture comprising laths of 
saussuritised intermediate plagioclase and clinopyroxene which is often partially uralitised, together with minor 
amounts of quartz, chlorite, epidote and ilmenite. One specimen, collected from the area 3,5 km north of 
Groothoek, displays large phenocrysts of plagioclase measuring up to 3 by 1,5 cm; however, in the main these rocks 
are medium-grained dolerites reaching widths of 15 m or so, but they are much finer grained when intruded in 
narrow bodies of about 1 m in width such as are exposed in the national-road cutting near Garamoes. 

These mafic dykes are older than the sediments of the Nama Group which overlie them unconformably, but 
appear to be of at least two ages of emplacement. The younger mafic dykes are comparatively fresh dolerites in 
which original igneous texture survives, while the older dykes (and these were seen to the south-southeast of 
Kaalknie and 2,5 km southeast of Witkop) comprise plagioclase amphibolite and tremolite-phlogopite rocks, 
indicating that they have undergone metamorphic recrystallisation and that, in the case of the latter variety, some 
were ultramafic ir. composition. 

The younger pre-Nama Group dykes transgress discordant pegmatites in the area, which indicates that they are 
younger than about 1000 Ma; it is reasonable to assign them to the Gannakouriep-type swarm in the Richtersveld of 
which a specimen has been datid at 878±41 Ma (de Villiers and Sohnge, 1959; de Villiers, 1968). 

8.2 Felsic Dykes 

In the general vicinity of the area about 8 km north-northwest of Bleskop may be seen a number of shear 
zones, which transgress the pluïonic rocks of the Vioolsdri£ batholith, and strike in a north-northeasterly direction. 
Many of these shears contain felsic dykes of aplite or quartz porphyry. At a distance of 2,5 km southeast of 
Grashoek these aplite dykes may be seen transgressing discordant pegmatites, while northwest of Bleskop and 6 km 
north of Swartkop similar aplite dykes are intruded by dolerite emplaced along the same fracture zone. At least 
some of these leucocratic bodies were emplaced after the 1000 Ma pegmatites, but before the Gannakouriep-type 
dykes. 

Gevers et al (1937, p.35) reported the isolated occurrence of felsic dykes of syenite and bostonite in the 
Vioolsdrif area. 

9. THERMOTECTONIC HISTORY 

9.1 Introduction 

Observations and comments on the structure and metamorphism of the rocks underlying the Vioolsdrif area 
have been made by several geologists, including Rogers (1915), Gevers et al (1937), Mathias (1940), de Villiers and 
Sohnge (1959), Schutte (1972) and von Backstróm andde Villiers (1972). 

Joubert (1971a, 1971b, 1974, in preparation) has described and interpreted his observations on the 
deformation and metamorphism exhibited by the rocks of the Namaqualand Metamorphic Complex of 
Namaqualand and Rushmanland. 

According t< Joubert's model the first recognisable episode of deformation (F^) was essentially translative in 
nature and resulted in the transposition of previous structures and textures, whether igneous, sedimentary or 
metamorphic, into a new fabric expressed by the extensive development of penetrative foliation (sj) parallel to the 
lithological banding and related to the formation of intrafolial folds exhibiting acute hinge zones. 

This episode of regional transposition was succeeded by a second episode of deformation characterised by the 
development of isoclinal folds (F2) exhibiting rounded hinge zones and measuring up to 5 km in amplitude and 
1 km or more in wavelength. Joubert (1971) has pointed out that the limbs of these F2 folds are parallel to the 
lithological banding, and therefore, parallel to s-i, and it is only in the hinge zones of F2 folds that the penetrative 
fabric related to this episode of deformation (s2) can be recognised distinctly; in other words s) and $2 are 
commonly parallel. 

A characteristic feature of F2 folds of any size is the pronounced development of a mineral lineation ( 12) 
parallel to the plunge of the fold axes, and Joubert (1974) has stated that this lineation can be used as a criterion for 
the positive identification of F2 folds. What Joubert does not say is whether S2 can be distinguished from si on the 
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basis of the presence or absence of this lineation and. presumably, such a distinction cannot be made, for, on 
theoretical grounds, there is no reason why 12 should not be impressed on $1 where the older foliation planes have 
been affected by the F2 deformational episode. The essential point here is that one cannot distinguish between si 
and *2 in the field except in the axial region of F2 folds or where one can positively identify intrafolial folds of the 
F1 generation. 

The first two episodes of deformation were succeeded, according to Joubert's model, by two episodes of 
ftexural-slip deformation identified as F3 and F4. Folds of the third deformational episode are large open structures 
with a wavelength of the order of 1S km (Joubert, 1971) which are generally approximately coaxial to F2 folds. The 
axes of these F3 folds commonly plunge at a shallow angle in an east-northeasterly direction and Joubert has 
interpreted the basin-and-dome structures typical of the Namaqualand Metamorphic Complex as having resulted 
from the superimposition of F3 folds on the structures formed during the two earlier episodes of deformation. 
Joubert identified the localised development of steep dipping foliation planes ($3) associated with this third 
deformational episode and also reported the occurrence of tectonic sliding parallel to the regional foliation (si and 
S2) which took place during F3; this recognition further complicates the interpretation of the genesis of foliation in 
the rocks of the Namaqualand Metamorphic Complex, for not only are the planes identified as si and S2 parallel, but 
so are those resulting from the refoliation developed by tectonic sliding during F3. Joubert (1974b) has related the 
development of his F3 folds to wrench-fault tectonics involving dextral movement along the Pofadder shear zone. 

Flexural-slip folds created during the fourth episode of deformation (F4) exhibit axial planes which commonly 
strike in a northwesterly direction. These folds affect the gneisses and schists of the Namaqualand Metamorphic 
Complex underlying Namaqualand but are poorly developed in the rocks underlying Bushmanland (Joubert, 1971). 

This definitive tectonic classification has been widely adopted by workers studying areas of the Namaqualand 
Metamorphic Complex underlying Namaqualand, Bushmanland, the northern Cape and southern South West Africa 
(e.g. Blignault, 1972; Jackson, 1974; Toogood, 1974; Vajner, 1974). In the case of the Vioolsdrif area the 
tectonic-fabric elements have been assigned the prefix V for Vioolsdrif to avoid automatic correlation with elements 
of Joubert's model. 

9.2 Tectonic Province* in Namaqualand 

By historical precedent dating back at least to the early part of the Nineteenth Century the Richtersveld has 
bean recognised as a geographical entity distinct from Namaqualand. The recognition of the Richtersveld as a 
geological entity developed over the years, and Wyley (1857), reported in Rogers (1915, p.77), recognised that 
geological "conditions in the Richtersveld were extremely complicated". This work was followed up by that of 
Gevers et a/, (1937) and d* Villiers & Sohnge (1958). The formal definition of the Richtersveld as a tectonic 
province distinct from the contiguous Namaqua Province occurred recently (Blignault, 1974; Blignault tt êl, 1974). 

The Richtersveld Province, comprising the Vioolsdrif batholith and other rocks which have experienced 
comparatively low-grade metamorphism, underlies an area of mora than 13 000 km 2 in northern Namaqualand and 
southern South West Africa and is surrounded to the north, east and south by extensively deformed and regionally 
metamorphosed rocks ranging from amphibolite to granulite facias which underlie an area in excess of 100 000 km 2; 
to the watt the Rtehterv «Id Province is obscured by rocks of the Gariep Group. 

The rocks underlying the Richtersveld represent an upper crustal domain (Ward, 1974a) and they have been 
interpreted as a facias of the deeper crustal Namequa domain (Bertrand, 1976} or at a younger series of rocks which 
overlie the Namaqualand Metamorphic Complex (Joubert, 1976). Whatever the truth of the matter, the recognition 
of the Richtersveld a* a tectonic and metamorphic province which is distinguished from the surrounding 
metamorphic complexes on the basis of the lower degree of alteration and deformation prevailing in the Richtersveld 
appears to be valid. 

The southeastern boundary of the Richtersveld Province passes through the Vioolsdrif area and approximates 
to a linear zone extending from Kealknie in the west past Beviaenskop to Hsnkriesmond in the cast. South of this 
demarcation can be found gneisses and schists of the Namaqualand Province. By definition these Provinces are 
distinguished on tectonic grounds and the boundary between them, in the Vioolsdrif area, corresponds to the 
remarkably abrupt termination of the regional foliation which characterises the rocks of the Namaqualand 
Metamorphic Complex; the distinction between the two Provinces on tectonic grounds is reinforced by a 
consideration of the metamorphic end radiometric evidence. 

It is now evident that the Vioolsdrif irtê straddles the boundary between the Richtersveld and Namaqua 
Provinces, with the former being characterised by limited tectonism and thermal metamorphism and the latter by 
extensive regional dynamothermal metamorphism. 
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9.3 Structure 

9.3.1 INTRODUCTION 

The tectonic fabric of the rocks aiong the southern margin of the Vioolsdrif batholith is dominated by a planar 
structure which is developed on a regional scale. Traversing northwards frcm the Steinkopf Plateau towards Blesberg 
and beyond, one is struck by the regularity of the attitude of the planar fabric exhibited by the schists and gneisses 
of the Namaqualand Metamorphic Complex and by the marginal gneisses of the Vioolsdrif batholith. The 
sympathetic nature of this fabric is magnificently displayed along the eastern slopes of the Neint Nababeep Plateau 
where structural planes of discontinuity may be seen to dip with monotonous regularity in a northerly to 
northeasterly direction at about 30 <••, regardless of whether the rocks belong to the batholith or the Complex. 

In describing the structure of these rocks, attention will be focused on the evidence for the development and 
attitude of planar and linear fabric 

9.3.2 PRIMARY TECTONIC FABRIC 

(a) Banding 

This term is used to denote the occurrence of layers which differ in mineral composition or texture, and 
exposures in the Vioolsdrif area demonstrate that the rocks were banded prior to the imposition of the tectonic 
fabric which affects the margin of the Vioolsdrif batholith. The nature of this banding is defined by lithological 
layers consisting of differing mineralogy, felsic and mafic, which is of indeterminate origin. The banding may be the 
result of primary sedimentary or volcanic inhomogeneity, or it may have resulted from metamorphic differentiation 
prior to the intrusion of the batholith; it has been assigned the symbol VSi . 

(b) Foliation (Fig.la) 

The adoption of the term foliation to describe the planar arrangement of textural or structural features in 
rocks underlying the Vioolsdrif area is preferred to the use of the more specific terms of schistosity or gneissic 
structure which are variably developed in the rocks concerned as a result of contrasts in competence. Foliation 
includes the parallel surfaces of discontinuity, defined by planar-fabric elements, which are referred to as S surfaces 
or S-planes. 

The dominant textural fabric affecting schists and gneisses of the Namaqualand Metamorphic Complex 
adjacent to the southern margin of the Vioolsdrif bathoiith is defined by an S-surface which is penetratively 
developed on a regional scale and which is defined by the planar arrangement of prismatic sillimanite, fibrolite, 
cordierite, biotite, hornblende, magnetite, ilmenite or chlorite replacing biotite, depending on the composition of 
the rock. The occurrence of these metamorphfr index minerals within and defining the regional foliation indicate 
that this tectonic fabric was impressed under conditions of amphibolite facies dynamothermal metamorphism. 

The possibility that this S-surface is a composite-fabric element is very real- For the purpose of this report the 
compositional discontinuity which defines the banding in the rocks of the Namaqualand Metamorphic Complex is 
assigned the symbol VSi as it is the earliest fabric recognised. This fabric was reinforced during a subsequent episode 
of dynamothermal metamorphism when the banding was deformed by minor folds within the closures of which the 
foliation is axial-planar and transgressive to the deformed banding but along the limbs of which the foliation is 
parallel to the banding. Accordingly this superimposed fabric is assigned the symbol VS2 and it is noted that VSt 
and VS2 are essentially parallel and can be distinguished only in exposures where the banding is contorted by small, 
tight to isoclinal folds which are often intrafolial in nature. Further movement along this composite-fabric element is 
defined by the retrogressive degradation of feldspar to muscovite, by the development of slickensioes, by the 
occurrence of flaser texture in rocks of appropriate competence and by the sericitisation of porphyroblastic 
cordierite migmatites. This later retrograde movement along the V S i - VS2 foliation planes is assigned the symbol 
VS3. The composite nature of the foliation exhibited by rocks underlying the Vioolsdrif area complicates 
interpretation of the tectogenetic history, especially in the case of homogeneous or unhanded rocks such as those of 
the Vioolsdrif batnolith, within which a foliation is developed. 

Gneisses constituting the southern margin of the Vioolsdrif batholith are tectonically defined by the 
lepidoblastic arrangement of biotite. Weathering has emphasised the penetrative nature of this fabric which is 
revealed by the slabby feature of outcrops of these foliated plutonic rocks. In addition to biotite, the fabric is also 
defined by the planar arrangement of hornblende metacrysts and by epidote, sphene and chlorite after biotite. 
Examination of thin sections of these gneisses shows that the primary igneous texture exhibited by unfoliated 
specimens of the Vioolsdrif plutonic complex, in which the constituent minerals are arranged in an allotriomorphic 
or hypidiomorphic granular fashion, has been replaced by a metamorphic texture. This secondary texture is 
characterised by the lepidoblastic arrangement of biotite, the planar disposition of hornblende poikiloblasts and by 
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the grarobiastic polygonal re-texturing of quartz. It is clear from ti.is evidence that part of the gneissification of the 
southern margin of the Vioolsdrif batholith took place under conditions of amphibolite-facies metamorphism. 
However, much of the foliation effecting the southern margin of the batholith was impressed under a lower degree 
of metamorphism, as evidenced by the development of flaser gneisses exhibiting abundant chlorite. 

Von Backstróm and de Villiirs (1972, p.41) commented on the enigmatic nature of the foliation developed 
within the marginal portion of the Vioolsdrif batholith when they noted that "• - - it is almost certain that the 
foliation of part of the granite has resulted from regional deformation" and in a subsequent paragraph they drew 
attention to the fact that " . . . although the major portion of the granite is unsheared, shearing is common". They 
observed that both the foliation and the shearing planes are ". • • sub-parallel to the strike of the intruded or 
included strata". Earlier comments on these tectonic features were made by Gevers eta/ (1937) and Mathias (1940). 

In summary, then, field and petrographic evidence combine to demonstrate that the regional foliation 
impressed on rocks of the Namaqualand Metamorphic Complex underlying the southwestern portion of the 
Vioolsdrif area is a composite .'abric, genetically defined in terms of three distinct episodes of formation. Field 
evidence indicates that the banding or VSi was developed prior to the intrusion of the Vioolsdrif batholith which 
was affected by the episode of regional dynamothermal metamorphism during which VS2 was generated, and this 
fabric was reinforced by subsequent retrograde movement along the VS2 fabric element, which has been designated 
VS3. 

(c) Lineation (Fig.1,b&c) 

This descriptive term, free of genetic connotation, is used to describe any linear feature affecting the rocks in 
the Vioolsdrif area and as such it includes a variety of fabrics ranging from striae to .millions, from porphyroblasts to 
fold axes. 

(i) Mineral streaking 
The dominant linear fabric exhibited by foliated rocks in the area is defined by elongated planar aggregates of 

biotite, muscovite or quartz. Wherever penetrative regional foliation is developed, this mineral streaking it in 
evidence, plunging gently towards the north and northeast with a maximum at about OEiOo/150. Occasionally 
shallow plunges to the southwest are recorded and this variation in general orientation is due to folding of the 
S-surfaces about northwesterly axes. 

Mineral streaking of this nature may be seen on the foliation surfaces exhibited by schists and gneisses of the 
Namaqualand Metamorphic Complex and the foliated southern margin of the Vioolsdrif batholith. 

(ii) Mineral elongation 
Amphibolitic horizons intercalated within the rocks of the Namaqualand Metamorphic Complex exhibit 

acicular porphyroblasts of hornblende which are aligned in sympathy with the mineral streaking in surrounding 
schisu and gneisses. According to their composition, rocks of the Complex sometimes contain aligned needles of 
fibrolite, and adjacent to the southern margin of the Vioolsdrif batholith, northeast of Grashoek, occur a multitude 
of cylindroidal porphyroblasts of cordierite measuring up to 12 cm in length, which plunge at shallow angles towards 
the north-northeast. 

Within the foliated margins of the batholith, hornblende metacrysts are aligned and plunge in sympathy with 
the regionally developed mineral streaking, although further to the north similar porphyroblasts are decussate. 

Rodding of quartz segregations occurs in psammitic rocks of the Complex and within pink granitic gneiss some 
2,5 km north-northwest of Abiam occur spindle-shaped segregations of almandine which are also aligned in 
sympathy with the mineral streaking. Feldspar clots within porphyroblastic portions of the foliated batholith are 
also rodded in a northeasterly direction. 

(iii) Xenoliths and autoliths 
The foliar margins of the Vioolsdrif batholith exhibit stretched and elongated xenoliths and aligned 

segregations of biotite which may be autolithic in origin. Again, the plunge of these linear structures is in sympathy 
with the mineral streaking. 

(iv) Zoned (millions 
To the southeast of Oiepknik occur exposures containing zoned mullions which are up to 70 cm in length and 

comprise an epidote-rich core surrounded by hornblendic mantle. The axis of elongation of the mullions and the 
alignment of the peripheral amphibole metacrysts plunges gently tc wards the northeast in sympathy with the 
mineral streaking in the surrounding rocks, 
(v) Slickensides 

In psammitic gneisses south of the Vioolsdrif batholith some exposures reveal the development of striae which 
plunge in a northeasterly direction and indicate minor overthrusting along the foliation planes from northeast to 
southwest. 
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(vi) Fold axes 
The lineation defined by fold axes in deformed rocks marginal to the Vioolsdrif batholith will be considered in 

terms of three categories: 
(a) the axes of tight to isoclinal intrafolial folds; 
(b) the axes of tlexural slip folds; 
(c) the axes of minor crenulations. 

(a) The axes of tight to isoclinal intrafolial folds 
The oldest folds observed in banded rocks of the Namaqualand Metamorphic Complex adjacent to the 

southern margin of the Vioolsdrif batholith are small intrafolial folds, generally less than 0,5 m in amplitude, which 
vary in degree of compression from monoclinal through tight to isoclinal. They are intrafolial in nature, and the 
surrounding associated Ssurfaces commonly reveal minor sympathetic monoclinal plications; the development of 
mineral streaking as a strong linear-fabric element in the foliated rocks of the area derives from this deformational 
episode and the association between such mineral alignment and minor plications developed during the episode of 
intrafolial folding is unequivocally demonstrated by an exposure of deformed biotite gneiss which occurs some 
3.5 km southwest of Safnek. 

Folds of this generation clearly deform the banding which is therefore an older fabric and has been assigned 
the symbol VSj and the regional foliation as now seen is developed parallel to the axial plane of these folds but is 
not a pervasive axial-planar foliation in the zones exhibiting intrafolial folds. This secondary foliation is assigned the 
symbol VS2; the genetically related intrafolial folds are assigned the symbol VF2 and their axes are assigned the 
symbol VI2. 

VF2 folds cannot be seen in the marginally foliated and lineated portion of the Vioolsdrif batholith. 'n part 
the reason for this is that the gneissic granodiorite is not a banded rock and so could not be expected to provide 
illustrations of this episode of deformation. 

(b) The axes of flexural-slip folds 
Minor flexural-slip folds, having a wavelength of less than 1 5 m and an amplitude of less than 2 m, are quite 

common in rocks of the Namaqualand Metamorphic Complex adjacent to the batholith but were not observed 
within the granodiontic gneisses of the batholith itself. Most of these folds are small enough for the azimuth and 
plunge of the axes to be measured directly and these details are plotted on the accompanying stereogram. From this 
it can be concluded that the orientation of these flexural-slip folds is highly variable but there is a tendency for their 
axes to plunge at shallow angles towards either the northwest or the northeast. That these folds post-date the 
generation of the VF2 intrafolial folds and the associated widespread VI2 mineral lineation is demonstrated by an 
examination of the accompanying stereograms which illustrate that the northeasterly plunging mineral lineation is 
also repeated in the southwest quadrant, and the latter demonstrates that the axes of the intrafolial folds are also 
repeated in the southwest quadran»: taken together with the orientation of the flexural slip folds, these data 
demonstrate that the early VF2 fold* and the associated VI2 mineral lineation were subsequently folded about 
northwesterly axes. 

Apart from the recognition that the early intrafoliaf folds have been deformed by the later flexural-slip folds, 
there is no field evidence to substantiate any time differential in the formation of flexural slip folds of differing 
orientation and these have been assigned the symbol VF3. Sometimes the mutual interference between 
northwesterly and northeasterly oriented flexural-slip folds produces small-scale basin and dome patterns of the 
foliation surface and this is well illustrated in the vicinity of Diepknik. 

In no case was any evidence found for the generation of axial-planar foliation in exposures of these folds, but 
in one instance it was found that some of these flexural-slip folds grade into slip folds in their cores. 

Ic) The axes of minor crenulations 
Minor crenulation folds on the scale of a centimetre or two were observed affecting both rocks of the Complex 

and the foliated margin of the batholith. Field exposures demonstrate that this episode(s) of deformation was 
younger than the VF3 episode, and those knowing a north-northeasterly strike parallel the minor shear zones along 
which the mafic dykes of Gannakouriep-type were emplaced. 
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(a) Local shearing 
Reference to the accompanying map will serve to show that the Haib volcanics exhibit an abundance of shear 

zones, fractures and lineaments. In addition it should be recalled that most of the contacts between these volcanics 
and the intrusive members of the Vioolsdrif plutonic complex have been tectonised and are now represented by 
minor mylonite zones It is suggested that much of this deformation occurred during the emplacement of the 
Vioolsdrif batholith and that these minor shear zones represent fractures along which blocks of the overlying 
volcanics moved while foundering in the invading batholith. 

Following the development of the re ,ional foliation, the Haib volcanics were extensively sheared along a zone 
up to 1 km in width which extends from Vyfmylpoort in the west to Xochasib in the east, a distance of at least 
15 km. This zone of cataclastic deformation and retrogressive metamorphism strikes approximately east-west and 
dips towards the north at a high angle- By observation one can place this episode of shearing as younger than the 
regional foliation and its reactivation during VF2, and by inference one can assign the development of the shear zone 
to Joubert's third episode of deformation. 

This VS3 shear <:cne is offset by a fracture zone which extends through the Haib volcanics in the vicinity of 
the Nous River and which strikes in a noithwesterly direction. This steeply inclined fracture zone changes strike to 
the south of Nous and swings to a west-northwesterly trend, upon which the inclination of the zone declines to 
about 40 ° , with a northerly dip, and the zone trifurcates into three anastomosing shear zones which are 
characterised by the development of chlorite, epidote and decussate hornblende. 

About 5 km northeast of Abiam these anastomosing shear zones are offset by a younger zone of shearing 
which strikes in a northeasterly direction and dips towards the northwest at about 30 o. This younger zone of 
cataclastic deformation can be followed for at least 10 km from Jakkalswater to Gaams and was described by Gevers 
et al (1937, p.39). Specimens from this zone are sometimes characterised by the presence of piedmontite. Another 
major shear zone extends from Baviaanskop in a west-northwesterly d'rection to Kaalbeen and beyond for a strike 
length of at least 8 km. This zone dips towards the northeast at about 40 0 and is very evident in the metavolcanics 
around Kaalbeen. The precise age of this episode of shearing in relation to those already described is not clear, 
although it is definitely older than the zones which are known to be younger than the Jakkalswater shear zone. 

Conformable pegmatites occur in all the shear zones so far described, except the major VS3 zone which affects 
the Haib volcanics. Discordant pegmatites transgress the Jakkalswater shear zone and these discordant pegmatites 
occur within fracture zones which strike in a northwesterly direction and which Joubert (1971) has correlated with 
his fourth episode of deformation. These bodies form part of the 900 - 1000 Ma pegmatite swarm. 

Subsequent localised shearing occurred along steeply dipping fracture zones which trend conjugately in a 
north-northwesterly direction and a north northeasterly direction. The former are often filled by aplite dykes and 
are older than the latter which are filled by both aplite dykes and metadolerites. Later movement along the same 
directions has sheared the intrusives and the dolerites emplaced along the north-northeasterly fractures have been 
described by Rogers (1915), Gevers et al (1937), de Villiers and Sohnge (1959), vo.i Eackstrom and de Villiers 
(1972), and Joubert (1971, p.65— 69). The general consensus is that these dykes form part of the Gannakouriep 
swarm and were emplaced over a period of time from 878 to 850 Ma. On a regional sc.ile the most prominent of 
these north-northeasterly shear zones in the one which has been eroded along the Nougaaseep gorge and which 
passes under the Orange River into South West Africa about 2 km northwest of Xochasib. This shear zone is well 
displayed at the northern end of the Nougaaseep gorge where it is some 30 km in width and of vertical dip. The 
whole zone shows up very prominently on ERTS imagery of the area as a regional lineament. 

In addition to these five principal categories of shearing, numerous small shear zones may be observed 
affecting the Vioolsdrif batholith. These range in size from 10 cm in width to more than 10 m across and are of 
variable persistence along strike. All are characterised by a similar mineral assemblage and in the interpretation of the 
regional foliation affecting the southern margin of the batholith, the recognition of the nature of shearing affecting 
these rocks is important. Without exception minor shear zones in the batholith are characterised by the development 
of abundant hornblende and epidote, with minor chlorite, set in a matrix of quartz and feldspar. Not only the 
mineralogy is distinctively different from unsheared granodiorite, but the texture of these shear zones is very 
distinctive in that the hornblende is decussate in the manner typical of garbenschiefer and the groundmass exhibit* 
flaser texture. Accordingly, when one observes similar mineral and textural features along the deformed southern 
margin of the Vioolsdrif batholith one is justified in assigning the development of this cataclastic fabric to regional 
shearing. 

(b) Faulting 
There is a major fault zone which extends in a northerly direction from the southern boundary of the area to 

the vicinity of Swartebbehoutkop. This zone is vertical and contains considerable vein quartz often containing 
schorl. Further west a fault of similar strike extends northwards from Kaalknie and veers to a northwesterly strike. 
These faults are post-Nama in age and the Nama rr-;ks are downthrown to the east, as can be seen in the river valley 
north of Kaalknie where Schwar/kalk beds arc down'aulted to the level of the Kuibis quartzite. 
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Apparently younger than this faulting along a northerly trend, are a series of parallel faults which strike in a 
northwesterly direction. The most northerly of these may be seen in Vyfmylpoort where Dwyka shale is 
downtaulted to the southwest, and from this locality southwards to Kaalbeen there are some half a dozen faults of 
similar orientation. From Kaalbeen and extending to the southeast of Armbank, one of these faults is rendered more 
distinctive by the fact that it contains a considerable body of vein quartz. Of similar strike is a major fault zone of 
post-Nama age which trends from the northwest of Kaalknie in a southeasterly direction for ai least 7 km. It is 
probable that this latter fault is the continuation of the prominent Steinkopf fault which forms the eastern margin 
of the Steinkopf plateau and can be followed from there in a sinuous manner to the Springbok dome. 

9.3.4 METAMORPHISM 

(a) Regional banding 
The origin of this fabric cannot be determined from the evidence available in the Vioolsdrif area. Nowhere was 

the fabric seen to be related to earlier structures or textures and the only definitive statement that can be made is 
that the banding and the associated S) foliation were extant prior to the intrusion of the Vioolsdrif batholith and 
the subsequent F2 episode of intrafolial folding. The banding may represent primary sedimentary or volcanogenic 
layering, or it may represent a metamorphic fabric that was developed as a result of regional metamorphism prior to 
the intrusion of the batholith. 

(b) Vioolsdrf batholith 
Field evidence indicates that the ultramafic and mafic plugs that were the deep-seated plutonic precursors of 

the main body of the batholith were intruded into the Haib volcanics. Although there is no evidence in support of 
this contention, it is a logical inference that these high-temperature intrusives developed a thermal aureole of limited 
extent around their contacts with the invaded unreactive host rocks. 

There is little obvious evidence for thermal alteration of the Haib volcanics during the emplacement of 
intermediate to felsic plutons of the Vioolsdrif batholith. This is in large measure due to the unreactive n-'Mre of 
these host rocks but can also be ascribed to the comparatively low temperature of these high-level epizonal 
intrusives. Contacts between plutons of adamellite and intermediate volcanics, which are exposed along the Orange 
River gorge, are knife-sharp and indicate some assimilation of the volcanics in the form of xenoliths, but the 
recrystallisation of these xenoliths and the country rock adjacent to the contact is minimal. Such exposures are to be 
found to the west of the Namma Keinam weir and at the northern end of the Nougaaseep gorge. 

South of Jacobsleer and in the vicinity of Kaalbeen there are minor intercalations of mafic material in the 
volcanics. Adjacent to intrusive bodies of granodiorite, these rocks have been locally recrystallised to spotted 
hornfels containing small glomeroporphyroblasts of blue-green hornblende measuring up to 0,5 cm across. From this 
evidence one may conclude that peripheral to such granodiorite plutons the country rock was metamorphosed to the 
hornblende hornfels facies. South of Daberas and in the vicinity of Nous and further east, felsic volcanics are 
extensively recrystallised with the development of a granoblastic polygonal texture although this thermal 
metamorphism has not been so severe as to obscure their original porphyritic nature. 

(c) Namaqualand metamorphic complex 

(i) Introduction 
Is the banding in the rocks marginal to the Vioolsdrif batholith primary or secondary? There is no ready 

answer to this question but what is certain is that the Vioolsdrif batholith intrudes these banded rocks; this intrusive 
relationship is unequivocal and may be seen at the contact southwest of Swartebbehoutkop or southwest of 
Garamoes where, in both cases, xenoliths of rocks of the Namaqualand Metamorphic Complex may be observed 
within the batholith. The foliation in these xenoliths coincides with their banding and with the foliation exhibited 
by the intrusive granodiorite. Evidence in the vicinity of Safnek shows that these xenoliths were foliated and 
lineated and metamorphosed subsequent to their inclusion in the intrusive where they are now seen as elongated 
inclusions exhibiting porphyroblasts of blue-green hornblende; the orientation of their axis of elongation parallels 
the orientation of the VI2 mineral streaking which is developed on a regional scale in the schists and gneisses of the 
Complex. 

The schists and migmatites of the Namaqualand Metamorphic Complex adjacent to the Vioolsdrif batholith 
include a number of very interesting and rather puzzling metamorphic parageneses. These include the development 
of segregations of biotite-cordierite-staurolite-garnet-andalusite-sillimanite rock, of cordierite-anthophyllite rock and 
of migmatites containing abundant pcrphyroblasts of cordierite which sometimes reach unusually large dimensions, 
measuring up to 30 cm in length and 15 cm across. Further south and away from the margin of the batholith, 
sillimanite and cordierite are abundantly developed in rocks of the Complex. 

It is therefore appropriate to consider the paragenesis and stability of the following metamorphic index 
minerals in an endeavour to determine the nature of the metamorphism which affected the Namaqualand 
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Metamorphic Complex in the N'ioolsdrif area: aluminium silicate polymorphs, cordierite, cordiente anthophyllite, 
staurolite and garnet. 

l i i) Aluminium-silicate poiymorphs 
Because of the frequent though by no means exclusive occurrence of andalusite, kvanite ur siliimanite in rocks 

of pelitic nature which have undergone regional metamorphism under conditions of the amphibolite facies, and 
because of the solid-state nature of their polymorphism which precludes the necessity for considering the effect on 
the system of variables such as the presence or absence of a vapour phase, many experimental investigations have 
been undertaken with a view to establishing the field of stability of these polymorphs. The general character of their 
stability fields, taking the form of an inverted Y, was postulated on the basis of field evidence (Miyashiro, 1949), 
and during the last twenty years has been verified by experimental results. There is vet little precision in the 
quantitative establishment of the invariant curves separating the polymorphs, and determination of the physical 
position of the invariant or " t r ip le" point have ranged from about 600 - 900 oc and from approximately 0,2 -
0,9 MPa (Zen, 1969). As Winkler (1974) has pointed out, the determinations which place the invariant point at 
about 600 o c and 0,6 MPa (Richardson ef al, 1969, Althaus, 1967) appear be^t to fit field parageneses when these 
are interpreted in the light of our empirical knowledge of the stability of coexisting phases sucii as cordierite and 
staurolite. 

In considering the occurrence of the aluminium-silicate polymorphs in metapelites underlying the Vioolsdrif 
area, one should note at the outset that no kyanite was found in these rocks; this is of significance from the aspect 
of geopiezometry (Chinner, 1966) in that the absence of kyanite demonstrates that these rocks were 
metamorphosed under conditions of lower pressure than the kyanite stability field. However, sillimarvte especially in 
the form of fibrolite, is ubiquitous in these metapelites, and andalusite is to be found adjacent to the southern 
margin of the Vioolsdrif batholith to the west and northwest of Safnek. 

Andalusite occurs in podiform bodies of biotite-cord'erite-staurolitegarnet-andalusite-sillimanite rocks which 
are found within cordierite schists and migmatites and within icptites adjacent <-o the Viooisdrif granodiorite, and in 
one exposure which occurs as a xenolith within the granodiorite itself. The andalusite occurs as equant idioblasts 
which commonly weather proud from the surface of these lensoid ma:ses. Although, generally speaking, there is no 
petrographic evidence for a polymorphous genetic association between andalusite metacrysts and the associated 
fibrolite, an andalusite porphyroblast from the area about 8 km west of Swartebbehoutkop was found to be 
peripherally armoured by fibroiite when examined in thin section. This kind of association is usually interpreted as 
the result of fibrolite growth under changed conditions during the same episode of metamorphism rather than the 
result of polymetamorphism (Chinner, 1966, p.121). Within the core of this selfsame andalusite porphyroblast 
occurs a small segregation of sapphire which may have crystallised as a result of a deficiency of silica in the system; 
although rare, the association of blue corundum wi th andalusite has been reported elsewhere (Wilson, 1975) 

Andalusite is not common in metapelites of the Namaqualand Metarnorphic Complex; however, it has been 
reported as occurring in the Upington district (Mathias, 1952) and in the Vioolsdrif area (von Backstróm & de 
Villiers, 1973). 

Fibrolite, in the form of faserkiesel or quartz sillimanitise, is ubiquitously developed in the aluminous schists 
and gneisses underlying the southwestern portion of the area examined. Petrographic evidence indicates that fibrolite 
developed at the expense of biotite, and this manner of formation has been reported from a great number of 
localities including the D^ndian of Scotland (e.g. Read, 1956; Francis, 1956; Chinr.er, 1961), the aureole of the 
Donegal granites (Pitcher, 1953; Iyengar etal 1954; Akaad, 1956; Pitcher & Sinha, 1958; Pitcher & Read, 1963), the 
Trondheim region (Roberts, 1968) and the Halls Creek Mobile zone in Austialia (Dow& Gemuts, 1969). Pitcher and 
Read (op. cit, p.293) concluded that the reaction involving the formation of fibrolite from biotite ". . must form 
the most common paragenesis of siliimanite in metamorpnic rocks". 

Thin-section examination shows that fibrolitised biotite in metapelites from the Vioolsdrif area is generally 
bleached with attendant liberation of ferro-titanium oxides. Such decolonization of biotite is commonly associated 
with the formation of siliimanite from this phyllosilicate (e.g. Pitcher, 1953; Pitcher & Sinha, 1958; Pitcher & Read, 
1963; Roberts, 1968), and possible reactions have been considered by Francis (1956) and Shelly (1968) involving 
the formation of K-feldspar and siliimanite from the breakdown of biotite in the presence of Si02 and AI2O3. The 
Vioolsdrif specimens show no evidence for the formation of K-feldspar as a result of the fibrolitisation of biotite, 
and the following reaction, which involves the breakdown of aluminous biotite (siderophyllite), is preferred. 

K20.5FeO.2Al2O3.5SiO2.2H2O + 2AI2O3 f 2Si02 -
biotite 

K2O.3AI2O3.6SiO2.2H2O -t AI2SÍO5 f 5FeO 

muscovite siliimanite 

It is possible that the alumina required for this reaction was contained in the biotite lattice in excess of 

http://K20.5FeO.2Al2O3.5SiO2.2H2O
http://K2O.3AI2O3.6SiO2.2H2O
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stoichiometric requirements, for there is no indication of corundum in these rocks; the reaction then is simply a 
combination of aluminous biotite with quartz to form muscovite and fibrolite. 

Both Gevers etal, (1937) and von Backstrom & de Viliters (1973) reported the occurrence of sillimanite in the 
rocks of the Vioolsdrif area. In describing the pelitic gneisses and schists in the Namaqualand succession, Joubert 
(1971) noted that sillimanite occurs as ". . . equant idioblasts or as acicular crystals, usually enclosed in cordierite", 
and he commented on the close association between sillimanite and biotite but did not record the fibrolitisation of 
biotite. The occurrence of sillimanite in the schists and gneisses of southern South West Africa, northern 
Namaqualand, Bushmanland and further east along the Orange River has been reported by Haughton & Frommurze 
(1936), Coetzee (1940, 1941, 1958), Poldervaart & von Backstrom (1949), von Backstrom (1964), Benedict etal, 
(1964), Vajner (1974), Jackson (1976) and Toogood (1976). 

Commonly, clots of quartz and sillimanite occur as discoid aggregates within the foliation planes of the 
metapelites in the Vioolsdrif area and are similar in appearance to the quartz sillimanitisé or faserkiesel described by 
Barrow (1893) from the southern highlands of Scotland. It has been questioned whether the occurrence of fibrolite, 
in association with biotite, is stable or metastable and Chinner (1966, p.122) commented that the replacement of 
kyanite or andalusite by sillimanite suggests that sillimanite was stable relative to the other polymorph. The evident 
replacement of andalusite by fibrolite in the Vioolsdrif area suggests that, in this region, conditions entered the 
stability field of sillimanite and that the extensive fibrolitisation of biotite is likewise indicative of the sillimanite 
field of stability; the occurrence of prismatic sillimanite in some specimens of metapelite from the Vioolsdrif area 
serves to confirm this conclusion. 

(iii) Cordierite 
Geological literature abounds with references to the occurrence of this orthorhombic (pseudohexagonal) 

low-temperature polymorph in metamorphic rocks, ranging from its appearance in thermal aureoles to the 
widespread development of cordierite in rocks of suitable composition which have undergone regional 
metamorphism under conditions of comparatively low pressure in the amphibolite or granulite facies. Because of its 
widespread crystallisation in metamorphic rocks, cordierite ((Fe, Mg, Mn) 2Al4Si50i8-nH20) has been the subject 
of much interest and investigation in an endeavour to determine the thermochemical stability of this mineral. 

Empirical determination of the stability of synthetic cordierite has been undertaken by a number of scientists 
(e.g. Schreyer & Schairer, 1961; Schreyer & Yoder, 1964; Hirschberg & Winkler, 1968; Hensen & Green, 1968, 
1971, 1972, 1973; Schreyer & Seiffert, 1969; Seifert & Schreyer, 1970; Newton, 1972; Green & Vernon, 1974; 
Holdaway, 1976) and the results have served to confirm the conclusion derived from field associations and 
petrographical experience that cordierite crystallises over a wide range of temperature under conditions of low 
pressure; cordierite in regionally metamorphosed rocks is diagnostic of Miyashiro's low-pressure facies series. 

It has been proposed that the commonest reaction leading to the formation of cordierite in metapelites is 
probably the following: 

chlorite + muscovite + quartz ^ cordierite + biotite + A^SiOs^i-Q 

and experimental determination of this reaction shows that the univariant curve ranges from 505* 10 °C at 
0,05 MPa PH2O to 555 1 10 °C at 0,4 MPa P ^ O (Hirschberg & Winkler, 1968). In another approach, Hess (1969) 
constructed a petrogenetic grid based on the chemographic relations determined by thermodynamic calculations for 
cordierite and related minerals typically found in metapelites, and he demonstrated that, in theory, cordierite 
becomes stable in rocks with very low Fe2 + /Mg ratios at about 450 - 500 ° C under conditions of low pressure. 

The isomorphous series that is cordierite varies in composition between iron and magnesium end-members. 
Thus, in nature, the Mg/Fe ratio of cordierite varies according to the composition of the host rock and under 
conditions of low pressure the value of this ratio has little effect on the stability of cordterite (Hirschberg & Winkler, 
1968); however, at high pressures only the magnesium end-member is stable. 

Examination of the results of twenty electron microprobe analyses of cordierite from the Vioolsdrif area 
shows the FeO + MnO / FeO + MnO + MgO ratio ranges from 0,369 - 0,442, the arithmetic average being 0,407. 
Determination of the same parameter for nine analyses of cordierite from granulite-facies terrain to the south of 
Springbok yielded a range from 0,349 - 0,595 and an arithmetical average of 0,489. 

Cordierite has been described in the schists and gneisses underlying Namaqualand and Bushmanland from 
Nuwerus to Prieska (Rogers, 1904, 1911; Rogers & du Toit, 1910; Brink, 1950; Mathias, 1952; von Backstrom, 
1964; Joubert, 1971; Vajner 1974). Joubert {op. cit.) noted the common occurrence of cordierite in metapelitic 
gneisses and schists of the Namaqualand Metamorphic Complex east of the sillimanite isograd in both amphibolite 
and granulite-facies terrain. Across the Orange River, in the rocks underlying southern South West Africa, cordierite 
has been described from Onseepkans to Aus (Beukes, 1973; Blignault etal, 1974;Jackson, 1976;Toogood, 1976). 

The occurrence of cordierite in the Vioolsdr f area was recorded by von Backstrom & de Villiers (1972) and 
follow-up work during the present investigation has demonstrated that this mineral is to be found in four distinct 
modes of occurrence in rocks of the Namaqualand Metamorphic Complex underlying the southwestern portion of 
the Vioolsdrif area, and cordierite is especially prominently developed adjacent to the southern margin of the 
batholith. The four modes of occurrence in the Vioolsdrif area are: 
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(a) As seg;;:,.. ;oi;. sr..; !.-.,•< : ; i ;- j o.,-. i-. •J^-LIL schists, often defining the folia 10=1 aiong with biotite and 
SlH i l f i d r iL r : . 

(b) As evo'd po >.' •/:obi.i*-- biotite n^j"aute-> i.f.j as giant poiphyroblasts in biotite gneiss, 
(c) As the principal sihccn' 1.1 «nse^ of bioiite cordierite stautolite gamet-andslusite-silHmcriite rock and, 
(d) In association with -nithoi ; iyl i ire 
The lost t i ' i . •; .routs ot ov-Ciiitiice are t .:irai onlv in prox'rr.ity to the Vioolsdrif bathoiith. 

Coi^ie.'i.c 'S raielv stable in the p-ijsence of kyanite in nature (Miyashiro, 1973, Winkler, 1974) and although 
magnesium-rich cordierite has 'we:1, synthesized at pressures up to 1 MPa (Seifert & Schreyer, 1970), natural 
pangeneses indicate that eo i t i t . i re is ra'eh stable above the invariant point of the aluminium silicate polymorphs, 
whereas at lower pressure- it is r common mt-tamorphic index mineral (e.g. Francis, 1956; Miyashiro, 1973). 

In the Vioolsdrif area, t jd, tlie occurence of cordierite n association with andalusite or sillimanite, and the 
exclusion of kyanite, swgyes.s that these rocks were metamorphosed at temperatures in excess of 500 ° C and at 
pressures less than 0,6 MPj, wr.ich are the values commonly assigned to the stability of the AI2SÍO5 invariant point. 
While there is no doubt that much of the cordierite in the rocks underlying the Vioolsdrif area crystallised during 
regional metamorphism. the occurrence of cordierite adjacent to the southern margin of the Vioolsdrif bathoiith in 
porphyroblasts which ranye in .ize from that of a hen's egg to that of a man's head, suggests that the conditions of 
metamorphism were unusual. Similar "nodule"- stones" from the Orijárvi region (Eskola, 1914) are ascribed to the 
effect of thermal metamorphi>m and certainly the Vioolsdrif setting, in proximity to the margin of a bathoiith, 
points to a similar origin. However, some of the giant porphyroblasts are foliated and exhibit rotation of the 
foliation, suggesting that this blastesis was syntectonic in nature, and field evidence indicates that the development 
of this VS2 foliation succeeded the intrusion of the Vioolsdrif bathoiith, so the blastesis can hardly be the result of 
contact metamorphism. Structural evidence indicates that the Vioolsdrif bathoiith acted as a tectonic resister, and it 
seems reasonable to assume that this same body acted as a thermal resister during the episode of superimposed 
regional metamorphism; if this was the case, then it may be valid to postulate as a further assumption that there was 
an increase in temperature and pressure adjacent to the margin of this resistant body which promoted migmatisation 
and extensive blastesis in rocks of suitable composition. Finally one may consider the possibility that this blastesis 
was the result of poiymetamorphism of both thermal and regional character. 

(iv) Cordierite-anihophyllite 
Although the orthorhombic amphibolc a.ithophyllite may form during the metamorphism of ultramafic rocks 

or siliceous dolomites (e.g. Greenwood, 1973, Winkler, 1974), perhaps it is better known as a principal constituent 
of that enigmatic rock which is composed of the rather curious paragenesis cordierite-anthophyllite. 

Investigation of the stability of pure magnesium anthophyllite (Greenwood, 1963) has indicated a lower 
stability l imit of S&l^- 8 °C at a pressure of 0,1 MPa, and it seems reasonable to assume that ferro-anthophyllite 
would be stable at a lower temperature than this. Winkler (1974) has summarized the experimental evidence for the 
stability of anthophyllite developed as a result of the metamorphism of ultramafic rocks and has emphasized the 
importance of the mole fraction of carbon dioxide in lowering the temperature of formation of anthophyllite in 
reactions such as 

9 talc + 4 forsterite ^ 5 anthophyllite + 4 H2O 

2 talc 4- 1 magnesite ^ 1 anthophyllite 4- H2O f CO2 

The reaction in which chlorite plus quartz combine to form cordierite and anthophyllite has been investigated by 
several scientists (Akella & Winkler, 1966; Grieve & Fawcett, 1974; James et al, 1976; Fleming & Fawcett, in 
preparation) and the most recent determination of this reaction has established that (Fleming & Fawcett, op. cit.): 

chlorite 4- quartz ** anthophyllite 4- cordierite 4- talc 4- magnetite 

proceeds t o the right above about 600 °C at a pressure of 0,2 MPa and that the assemblage chlorite plus quartz is 
stable up to about 590 °C. 

Consideration of the problem of the origin of rocks containing cordierite and anthophyllite as principal 
constituents dates back to 1914 when Eskola published the results of his work in the Orijarvi region of Finland. 
Chemical analyses of rocks composed largely of these two minerals (e.g. Eskola, 1914; Gable & Sims, 1969; Lai & 
Moorhouse, 1969;4Harme & Perttunen, 1971) reveal that this assemblage contains too much magnesia, at about eight 
per cent, to have been formed directly from any known sedimentary rock, and too litt le lime, at about two per cent, 
to have been formed directly from any known mafic igneous rock. 

It has been the fashion to ascribe the origin of these rocks to metasomatism accompanying either regional or 
thermal metamorphism and as such the rocks have been regarded as forming by processes similar to those advocated 
for the development of "basic fronts" (Reynolds, 1944) or "basic behinds" (Read, 1957). Thus, in the simplest 
terms, most scientists have ascribed the formation of such rocks either to metamorphism, with or without the 
metasomatic subtraction of lime, of ul'tramafic or mafic intrusions, lavas or pyroclasitcs (Tilley, 1930; Br^gger, 
1934; Prider, 1940; Bugge, 1943; Sorbye, 1964; Floyd, 1965; Vallance, 1967; Joplin, 1968;Stowe, 1968; Harme & 
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Perttunen, 1971; MacRae, 1974; Chinner & Fox, 1974; Irving & Ashley, 1976), or to the metamorphism, with or 
without the metasomatic addition of magnesia, of sediments or felsic volcanics (Eskola, 1940, 1950; Eckelmann & 
Poldervaart, 1957; Sdrbye, 1964; Wilson, 1964; Joplin, 1968; Ramsay & Davidson, 1974). Other processes which 
have been invoked to explain the development of this paragenesis include the metamorphism of rocks which had 
been subjected to an uncommon weathering process (Gable & Sims, 1969), partial melting and filter pressing of 
especially, greywackes (Gr^nt, 1968), or the structural concentration and metamorphism of chlorite (Tuominen & 
Mikkola. 1950). 

The recognition that base-metal sulphide mineralisation is sometimes spatially associated with 
cordierite-anthophyllite rocks goes back some time (Eskola, 1914), but the postulation that there is a genetic 
relationship between such rocks and the associated mineralisation is fairly recent (Froese, 1969; de Rosen Spence, 
1969; Kanehira & Tatsumi, 1970; Sangster, 1972; Upadhyay & Smitheringale, 1972; Izawa & Mukaiyama, 1972; Lai 
& Shukla, !975a, 1975b; Bachinski, 1976). This stems from the evidence that a pipe-like chloritic alteration zone is 
usually associated with volcanogenic massive base-metal sulphide ores and that metamorphism, either thermal or 
regional, of this alteration zone commonly results in the development of cordierite-anthophyllite host rocks. 

The combination of field and experimental evidence suggests that cordierite-anthophyllite rocks are formed as 
the result of the thermal or regional metamorphism of siliceous chloritic rocks which, in turn, were derived from 
igneous or sedimentary parents as a result of some pre-metamorphic process such as fumarolic or hydrothermal 
activity or retrogressive metamorphism. 

Cordierite-anthophyllite rocks in the Vioolsdrif area occur adjacent to the southern margin of the Vioolsdrif 
batholith in the vicinity of Diepknik, and this was the first occurrence cf these peculiar rocks to be reported from 
the Namaqualand Metamorphic Complex, althoucii mineralised hypersthene-cordierite-anthophyllite dykes had been 
described from the O'okiep copper district (Benedict et at, 1964). Subsequent field work in the Pofadder district 
(Joubert, 1974) has located further exposures of cordierite-anthophyllite rocks in the so-called "grey gneiss". 

The occurrence of this rock in the Vioolsdrif area, apart from posing the usual genetic questions, helps to 
define the physical constraints experienced by these rocks during the post-magmatic episode of regional 
metamorphism. The development of rosettes of anthophyllite within the regional foliation planes and the 
orientation of anthophyllite metacrysts parallel to the VI2 regional lineation serve to confirm that this mineral 
crystallised during the principal metamorphic episode which must, therefore, have reached a grade within the 
cordierite-anthophyllite stability field. 

Regarding the origin of this paragenesis in the Vioolsdrif area, attention must be drawn to the association of 
small plug-like bodies of ultramafic and mafic rock, probably related to the early-mafic magmatic phase of the 
Vioolsdrif batholith, which occur within the schists and gneisses of the Namaqualand Metamorphic Complex 
adjacent to the southern margin of the batholith. One can speculate that these early mafic bodies experienced 
extensive retrogressive metamorphism during the high-level intrusion of the younger Vioolsdrif granodiorite and 
adamellite, and that the chloritic assemblages so developed were converted by the post-batholithic amphibolite fades 
metamorphism into the prograde assemblage of cordierite and anthophyllite. 

(v) Staurolite 
Staurolite is one of the recognised index minerals of the medium-pressure Barrovian facies series, and the 

association of staurolite and cordierite is characteristically developed in rocks which have undergone regional 
metamorphism of the low-pressure intermediate group or Buchantype (Read, 1952; Miyashiro, 1961; Johnson, 
1962). Following the use of staurolite as a metamorphic index mineral in the Dal radian of Scotland (e.g. Harker, 
1932), its occurrence in metapelites has been found to be stable over a wide range of temperature and pressure 
within a comparatively restricted range of rock composition in which the Mg/Fe ratio is critical (Hoschek, 1967; 
Winkler, 1974). Staurolite may occur in rocks which have undergone amphibolite-facies or, more rarely, 
granulite-facies (Ashworth, 1975) metamorphism and it has been reported as a stable mineral in pressure 
environments ranging from contact metamorphic aureoles to the high-pressure terrain of the Alps. 

Reactions leading to the formation of staurolite in metapelites have been used by Winkler (1970) to define the 
boundary between low-grade and medium-grade metamorphism. Like those leading to the formation of cordierite, 
these reactions involve the breakdown of chlorite or chloritoid in mineralogical combinations such as 

chlorite + muscovite *= staurolite + biotite + H2O 

chloritoid + pyrophyllite ** staurolite + quartz + H2O 

Experimental and theoretical considerations of the stability of staurolite have been published by Ganguly 
(1972) who deduced that this mineral, in the presence of cordierite, " • . • is restricted, almost entirely within the 
field of andalusite, between 500 - 700 ° C and 2 - 6 kbar (0,2 - 0,6 MPa). . ." . Concerning the coexistence of 
staurolite and almandine, Ganguly concluded that the phase relations suggest that, relative to cordierite, almandine is 
stable in the presence of staurolite and sillimanite but becomes unstable when the aluminium silicate polymorph is 
andalusite; thus the paragenesis andalusite, staurolite, almandine is either metastable or stable within a very narrow 
pressure interval (Ganguly, op. cit). Staurolite has not been reported previously from the Vioolsdrif area, however it 
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is well known to occur in other regions of the Namaqualand Metamorphic Complex. Rogers (1911, p.98) recorded 
staurolite in association with cordierite and siilimanite from the vicinity of Prieska and Kenhardt, as did Vajner 
(1974). Von Backstróm (1964) noted the occurrence of staurolite-bearing kinzigites in the Keimoes area. In western 
Namaqualand, Rogers (1915, p.75) reported that exposures of staurolite schists are to be found in the Port Nolloth 
and Buffels River areas, and Joubert (1971) described schists containing staurolite to the west of the siilimanite 
isograd, defined by him in the western sector of the Complex. 

I n t h e V i o o l s d r i f a r e a , s t a u r o l i t e is c o n f i n e d to segregat ion o f 
biotite-cordierite-garnet-staurolite-andalusite-sillimanite rock within which the staurolite metacrysts are completely 
enclosed in cordierite, and the absence of reaction textures suggest that the mineral is stable. In the absence of 
petrographic evidence for reactions between these mineral phases, deductions as to their relative stability can be 
made only vicariously by means of published information concerning this pangenesis; and this leads to the 
conclusion that the mineral assemblage which includes staurolite in the Vioolsdrif area is metastable or that it 
formed under extremely restricted conditions of pressure (Ganguly, op. cit.). 

(vi) Almandine-rich garnet 
Almandine-rich garnet occurs in wide variety of metamorphic environments ranging from thermal aureoles to 

greenschist, amphibolite or granulite facies terrain (Chinner, 1962; Turner. 1968; Miyashiro, 1973) or from 
low-grade through medium- to high-grade rocks (Winkler, 1974). Pressure as a constraint apparently has little effect 
on the development of almandine and the principal factors affecting the stability of this mineral are host-rock 
composition, temperature of metamorphism, the nature of the vapour phase and the redox potential of the 
environment of crystallisation where reducing conditions favour the development of almandine (Hsu, 1968). There is 
considerable chemical variation in the composition of almandine-rich garnet which is a solid solution consisting 
predominantly of iron garnet with minor amounts of the pyrope or magnesium garnet, grossular or lime garnet and 
spessartine or manganese garnet molecules; in other words, in nature almandine (Fe3Al2Si30i2) contains an 
appreciable amount of magnesium, lime and manganese, depending on the composition of the host-rock and the 
physicochemical constraints of the metamorphic episode during which the mineral formed. 

In the classical Barrovian sequence (e.g. Harker, 1932) the occurrence of almandine-rich garnet in pelitic rocks 
subjected to regional dynamothermal metamorphism marked the beginning of the amphibolite facies. The formation 
of this "garnet zone" is thought to involve the breakdown of chlorite or chloritoid (e.g. Winkler, 1974) in reactions 
with associated minerals such as 

chlorite + quartz ^ almandine + H2O 
chlorite + biotite + quartz «* almandine + biotite + H2O 
chloritoid + chlorite + quartz ** almandine + H2O 
chlorite + muscovite + quar'r ** almandine + biotite + AI2SÍO5 + H2O 

It will be noted that although the product is different, the reactants are those invoked as a result of petrographic and 
experimental evidence for the formation of both cordierite and staurolite. 

In the rocks underlying the Vioolsdrif area, almandine-rich garnet occurs in three definite associations, viz.: 
(i) as elongated porphyrobasts in pink granitic gneiss 
(ii) as small metacrysts in the porphyroblastic cordierite migmatites, and 
(iii) as p o r p h y r o b l a s t s measuring up to 0 ,5 cm across in s e g r e g a t i o n s o f 

biotite-ccrdierite-garnet-staurolite-andalusite-silliminate rock. 
From a petrogenetic viewpoint it is the latter association which is of particular interest in any attempt to define the 
degree of metamorphism to which these rocks were subjected. The association of cordierite with almandine in 
granulite facies terrain is well known (Wynne-Edwards & Hay, 1963), and the same paragenesis can occur in 
amphibolite-facies terrain where cordierite and almandine may be in equilibrium with staurolite and siilimanite or, 
rarely, andalusite. Winkler (1974, p.219) has recognised a zone of (cordierite-almandine)-medium grade which " . . . 
occurs invariably in some higher temperature part of medium-grade metamorphism". Thus, this paragenesis may 
occur in the upper part of the amphibolite facies at comparatively low pressure. 

Almandine-rich garnet is a common mineral in the metapelites of the Namaqualand Metamorphic Complex 
and, in the western portion of Namaqualand, Joubert (1971, p.26 et seq.,) found garnet in pelitic gneisses and 
schists, in semi-pelitic gneisses, in muscovite-quartz schists and in garnet granulites; the mineral occurs in rocks 
underlying the area from the coast to Springbok, from amphibolite facies to granulite facies. In the lower grade 
rocks, Joubert {op. cit) found garnet coexisting with staurolite and kyanite, and at higher grade with cordierite or 
cordr itfi and sillimanitp. 

«\A5 CONCLUSIONS 

The Vioolsdrif area straddles the boundary between the upper crustal domain which is the Richtersveld 
Province and the subjacent highly metamorphosed and polydeformational lower crustal domain which is the 
Namaqua Province. 
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Interpretation of the deformational history of the southern margin of the Richtersveld Province is complicated 
by the knowledge that during the tectogenesis of rocks underlying the Namaqua Province, foliation and re-foliation 
along the same S-surfaces occurred at least three times, during F-j, F2 and F3, and that differentiation between the 
elements comprising this composite fabric requires the presence of major regional structures which are not developed 
in the Vioolsdrif area. 

Accordingly, no firm conclusion can be drawn as to the nature of the VS2 foliation, which is impressed on the 
southern margin of the Vioolsdrif batholith, in relation to the three episode of deformation which led to the 
development of composite foliation in rocks underlying the Namaqua Province. What can be stated with certainty is 
that the granitoids of the 1850 Ma Vioolsdrif batholith invaded banded rocks of the Namaqua Province which were 
afterwards subjected to a thermotectonic episode that affected alike the southern margin of the batholith and the 
invaded rocks of the Namaqua Province so that, in the boundary between them, these rocks are in tectonic and 
metamorphic conformity. Expressed in another way, in relation to Joubert's (1971) tectogenetic*model for the 
Namaqualand Metamorphic Complex, it is not certain whether the banded rocks of the Complex which were 
intruded by the Vioolsdrif bathoiith owed this banding to primary sedimentary or volcanogenic layering or to an 
episode of regional metamorphism which had created the Complex prior to the invasion of the batholith. 

Hence it may be that the rocks underlying the Richtersveld Province are a facies of the rocks of the Namaqua 
Province (Bertrand, 1976) or they may be younger than the rocks of the Namaqualand Metamorphic Complex 
(Joubert, 1976); in any event, the 2000 Ma age of the Haib volcanics (Reid, 1976) places a minimum age on the 
parent rocks of the Namaqualand Metamorphic Complex which these volcanics overlie. 

The earliest indication of the polymetamorphism affecting rocks underlying the Richtersveld and Namaqua 
Provinces in the Vioolsdrif area goes back to the formation of the regional banding (Vs-|) in the Namaqua domain 
which may be «scribed tentatively to an episode of dynamothermal metamorphism, assigned the symbol VRM1 
(Vioolsdrif Regional Metamorphism), which preceded the magmatism of the Vioolsdrif batholith. Following the 
extrusion of andesites, dacites and rhyolites of the Orange River Group, these were penetrated by comparatively 
small intrusive bodies of ultramafic to mafic composition around which, theoretically, thermal aureoles were 
developed during this episode of contact metamorphism which has been assigned the symbol VTMi (Vioolsdrif 
Thermal Metamorphism). During the subsequent incursion of granitoids of the Vioolsdrif batholith, the overlying 
comagmatic volcanics and pyroclastics were thermally metamorphosed to the albite-epidote hornfels facies (VTM2) 
and, locally, the hornblende-homfels facies. Following the creation of the Vioolsdrif batholith at between 2000 — 
1800 Ma, both the southern margin of these magmatic rocks and their host rocks were subjected to a thermotectonic 
event of regional extent (VRM2) when parageneses such as cordierite-siilimanite, cordierite-almandine, 
cordierite-anthophyllite and cordierite-almandine-staurolite-andalusite-sillimanite were developed during a period of 
incipient migmatisation and regional foliation (Vs2>; the mineralogical evidence indicates that this metamorphic 
episode took place under upper amphibolite facies conditions at moderate pressures, within a temperature interval of 
620 - 670 °C at a pressure of 0,4 - 0,5 MPa. Later flexural-slip deformation (VF3), attended by retrogressive 
refoliation along the existing S-surfaces, resulted in the development of localised retrograde metamorphism (VRM3) 
with the formation of flaser gneiss, the degradation of biotite to chlorite, and the sericitisation of cordierite 
migmatites. The emplacement of discordant pegmatites at between 1000 - 900 Ma resulted in restricted thermal 
metamorphism of the host rocks (VTM3). 

For clarity, the thermotectonic history of the rocks underlying the Vioolsdrif area is expressed in the 
following table: 

Radiometric data: 
Reid (1976) 
Burger & Coertze (1973) 

Thermotectonic episode Metamorphism Deformation Age 

Banding developed in rocks 
of the Namaqua Province VRM1 ? 'VFi? >2000 Ma 

Orange River Magmatic Arc 
Extrusion of volcanics and 

pyroclastics 
Intrusion of mafic plugs 

Intrusion of granodiorite, 
adamellite, aplogranite 

VTMi 

VTM2 

201 

181 

OMa 

)0Ma 

Regional metamorphism 
(amphibolite facies) VRM9 VF2 

Refoliation and retrograde 
metamorphism VRM3 VF3 

Intrusion of pegmatites VTM3 VF4 950 Ma 
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10. THE VIOOLSDRIF BATHOLITH 

10.1 Introduction 

Batholiths are enormous composite bodies of piutonic magma that are essentially intermediate in composition, 
but which range from plutons composed of ultramaf ic and mafic material through granodioritic bodies to intrusives 
which are essentially felsic in nature. Batholiths may be emplaced at varying depths in the crust ranging from 
deep-seated zones of migmatisation to near-surface subvolcanic complexes, and they vary in age from Archaean to 
Cainozoic. Temporally they are confined to recognised episodes of magmatism in continental crust, and spatially 
they are largely restricted to zones of the crust which have undergone mobilisation or orogeny; this association is 
strikingly demonstrated by the often-quoted examples of batholithic magmatism from the Mesozoic of the American 
Cordillera. Batholiths vary considerably in size and usually they are elongate bodies which measure tens of 
kilometres across and hundreds of kilometres in length. 

Batholiths which have been emplaced near the surface of the crust are commonly associated in space and time 
with ejecta of similar composition (Hamilton and Myers, 1967). By the yardstick of uniformitarianism, this 
correlation is a typical expression of the magmatism associated with Pacific-type continental margins, as witnessed 
by the Cretaceous batholiths of the Andes and the Mesozoic batholiths of the North American Cordillera and their 
comagmatic calcalkaline lavas and pyroclastics. 

Following the interpretation of the magmatic complex underlying the Vioolsdrif area as a batholith roofed by 
a canopy of comagmatic effusives (Ward, 1973, 1974), further field and laboratory investigations have served to 
confirm this identification (Blignault, 1974, 1975; Reid, 1976, 1976, in prep.). The Vioolsdrif batholith and its 
associated petrologically and isotopically compatible volcanics (Reid, op. cit.) underlies much of the area known as 
the Richtersveld and extends eastwards along the Orange River to Goodhouse and beyond. East of Henkries this 
comagmatic suite has experienced deformation and regional metamorphism so that the original texture of the 
effusives has been lost and in areas of amphibolite-facies metamorphism, the felsic volcanics are represented by 
muscovite-bearing quartzo-feldspathic gneisses, while the volcanics of intermediate composition are represented by 
biotite gneisses that are often hornblendic. Joubert (1976) has made a clear distinction on the basis of field 
relationships between rocks belonging to the older NamaqualarHl Metamorphic Complex and those belonging to the 
younger Kheis-Vioolsdrif Group. In Joubert's opinion, the contact between these two lithological groups trends 
eastwards from the Richtersveld to Keimoes whence it swings southeastwards towards Prieska; this contact rudely 
approximates the present course of the Orange River. 

It is apparent from field evidence in the Richtersveld (de Villiers and Sohnge, 1959), Vioolsdrif (Geverset a/ 
1937; von Backstrom and de Villiers, 1972; Ward, 1973, 1974a, 1974L; Reid, 1974, 1976), Haib (Blignault, 1974; 
Reid, op cit), Onseepkans (Toogood, 1976), Upington (Vajner, 1974), and Marydale area (Cornell, 1975), that 
many of the rocks comprising the Kheis-Vioolsdrif Group are of plutonic or volcanogenic origin. This zone of 
extensive magmatism of Middle Proterozoic age, which extends from the Vioolsdrif batholith in the west to the 
Copperton volcanic pile in the east, has been called the Orange River Magmatic Arc (Ward, 1974a). 

10.2 T h e Origin of Batholiths 

Batholiths are calc-alkaline in composition, and the association between calcalkaline plutonism and 
volcanicity is as old as the crust. Miyashiro (1974), following consideration of the published geochemical data for 
volcanic rocks of Archaean age from the Canadian shield, commented on the probability that island arc volcanism 
has existed since early Precambrian times. Evidence from the Phanerozoic record is that calc-alkaline volcanicity is 
typical of orogenic zones and is particularly associated with island arcs and continental margins of the Pacific. 
Volcanicity in these areas shows one of two trends, either it is tholeiitic and predominantly basaltic in nature, or it is 
calc-alkaline and predominantly andesitic, dacitic and rhyolitic in nature. Miyashiro {op. cit.) has suggested that the 
calc-alkaline series is typically associated with continental margins and may be related to the thicker crust prevailing 
in this situation, whereas the tholeiitic series is characteristic of primitive island arcs. Hamilton (1969) mad* the 
point that "the only modern volcanic fields that appear analogous to major ancient batholithic complexes that occur 
in great belts of silicic rocks are those associated with continental margin Benioff zones" such as the central Andes. 
These associations hay been emphasized by Jakes and White (1971). 

Batholiths have been emplaced in the crust from the Archaean to the Cainozoic, from the catazone to the 
epizone, from shield areas to island arcs, and from comparatively small bodies to enormous composite masses of 
magma; they are ubiquitous in both time and space in areas of the earth's continental crust that have experienced 
mobilisation. 

So many batholiths exhibit an association of intrusion in order of increasing silica content, from early 
ultramafic and mafic to later intermediate and finally felsic magma, that it is reasonable to conclude that the series is 
comagmatic and that there is a genetic relationship between the mafic bodies and the succeeding plutonism of an 
increasingly siliceous nature (Joplin, 1959; Pitcher and Berger, 1972; Cobbing and Pitcher, 1972). None would argue 
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that the early peridotitic to gabbroic magmatism is not of mantle origin. Therefore, the enormous comagmatic 
bodies of granodioritic composition, both intrusive and extrusive, are likely to bear a cogenetic relationship to the 
earlier-derived mantle magma, although this does not mean to say that batholiths are necessarily of mantle origin in 
their entirety. 

Earth scientists have presented two fundamentally different hypotheses for the generation of granitic magmas 
{sensu lato). Either (a) they are formed as the products of partial melting or anatexis of sialic crust in zones of 
crustal thickening such as geosynclines or epeirogenic troughs, or (b) they result from the fractional crystallisation or 
differentiation of gabbroic magma. 

Modern views, based on field relationships, petrology and the evidence from experimental petrology and 
isotope geochemistry, incline towards the conclusion that batholith magmas result from the combination of both 
mantle and crustal source materials (Hamilton and Myers, 1967; Piwinskii and Wyllie, 1968; Dickinson, 1970; 
Gilluly, 1971; Kistler et al, 1971; Pitcher and Berger, 1972; Piwinskii. 1973; Gastil, 1975; Younker and Vogel, 
1976), although Fyfe (1973) adheres to the concept that granitic magmas result from the partial fusion of high-grade 
metamorphic rocks, and Boettcher (1973) discussed the various proposals that have been put forward for the origin 
of andesitic or calc-alkaline volcanism and commented that the evidence from isotope geochemistry does not 
support an origin for these rocks by contamination of basic magmas or by anatexis of sialic crust, the two most 
common hypotheses for the origin of batholiths. Boettcher concluded that it is reasonable to consider that andesites 
are derived from basaltic magma by fractional crystallisation, especially of amphibole, or that they are formed by 
processes involving the partial melting of wet peridotite; both these hypotheses are strongly influenced by the 
supposition that oceanic lithosphere is subducted along Benioff zones. 

The reason for the periodic generation of batholithic magmas in the lower crust or upper mantle is conjectural. 
Partial melting in the lower crust has been ascribed to radiogenic heating, to the thermal effect of the penetrative 
convection of mantle material (e.g. Hodge, 1974; Ward, 1974b), to fusion of lower crust along a belt of andesitic 
volcanicity (e.g. Bateman and Dodge, 1970; Presnall and Bateman, 1973; Younker and Vogel, 1976), to fusion of 
the crust at divergent plate boundaries (Kistler et al. 1971), or to the partial fusion of subducted oceanic crust (e.g. 
Dickinson, 1970; Gilluly, 1971; Wyllie, 1973; Presnall and Bateman, 1973). Indeed, due to the extensive 
development of batholiths of Mesozoic age along the American Cordillera, it is fashionable to associate batholith 
generation with the hypothetical process of subduction at convergent plate boundaries. But Gilluly (1971, p.2383) 
noted that " . . . many tectonic and magmatic features are so situated that any connection with plate tectonics is so 
tenuous as to be visible only to the eye of faith", and McBirney (1976, p.245) commented that " . . . geologists seem 
to have agreed to accept a paradigm for convergent plate boundaries that is little more than a set of simplistic rules 
of thumb". However intellectually attractive it may be, we must beware of correlating the evidence for batholithic 
phenomena with the hypothesis of plate tectonics, especially in the Precambrian. 

In the case or the Vioolsdrif batholith, the field evidence of associated calc-alkaline volcanics, the plutonic 
suite which ranges from peridotite to granite, and the evidence from petrology and isotope geochemistry (Reid, op. 
cit.) combine to suggest that the batholith resulted from a fusion combination of mantle and crustal material, and 
that such fusion probably originated as a result of diapirism or penetrative convction of mantle magma into 
continental crust during Bushveld times (Ward, 1974b). The fundamental cause of such penetrative convection 
remains speculative, and, despite the obvious similarity between the Vioolsdrif batholith and epizonal plutons 
associated with the Pacific "ring of fire", it would be foolhardy to assign the generation of this ensialic Proterozoic 
magmatic complex to nothing but continental margin subduction. Other speculative possibilities include the 
formation of the batholithic complex as a result of ensialic downbuckling along a geothermal welt formation in 
association with ensialic thrusting, or formation along the site of ensialic transcurrent faulting. 

10.3 The Emplacement of Batholiths 

10.3.1 DEPTH OF EMPLACEMENT 

Buddington (1959), in a review of granite emplacement, found it expedient to classify plutons on the basis of 
their apparent depth of crystallisation as epizonal, mesozonal or catazonal, and noted that concordance increases 
with depth of emplacement. 1 he classification terms used by Buddington are highly subjective and were coined by 
Grubenmann (1914) in an aitrmpt to define depth-zones in the crust; their use in metamorphic petrology has largely 
been discontinued; however, following the lead of Buddington, the terms are descriptively applied to batholiths and 
serve a useful conceptual purpose, as well as being less clumsy than the terms proposed by Read (1957) for his 
Granite Series. 

In considering the Vioolsdrif batholith in terms of Buddington's classification we may confine ourselves to the 
characteristics of plutons of the epizone, that is bodies of magma which were emplaced at a high-level in the crust, 
which are characteristically discordant and which exhibit a limited thermal aureole. Typically, pfutons of the 
epizone exhibit "community of origin with lavas of similar composition directly associated in time and space" 
(Buddington, op. cit, p.671). A distinction between epizonal plutons and those of the adjacent deeper crustal zone, 
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the mesozone, is that the formei 0 i e associated with genetically related volcanics and are essentially anorogenic in 
nature, whereas the latter are commonly associated in space and time with iow-grade regional metamorphism and 
generally do no* 'iavt a volcanic carapace. However, these are not hard and fast rules and there are several batholiths 
which exhibit . . aeria of both epizona! and mesozonal emplacement, for example the Sierra Nevada batholith 
{Kerrick, 1970; Kistler, ef al, 1971). 

A variation of this depth-zone classification has been proposed by Stephansson (1975) who considered the 
possibility that granitic rocks in the Svecofennides were emplaced by a process of polydiapirism. In terms of this 
concept, such magmatic bodies have been classified as epitectonic, mesotectonic and catatectonic diapirs. The 
plutons which are associated with volcanism are those that were emplaced at a high-level in the crust, classified as 
epitectonic diapirs, which exhibit all the criteria for epizonal plutons and which are thought to have been emplaced 
post-orogenically. 

The actual depth of emplacement of plutons in the epizone must vary according to the number of variables 
such as the temperature of the magma, the composition of the magma, and especially the water content of the 
magma (Cann, 1970). Estimates of the cover overlying epizonal batholiths vary from 2 km to 10 km or more, 
encompassing hydrostatic pressures of up to 0,4 MPa. In enunciating the concept of shallow batholiths, Hamilton 
and Myers (1967) cited the example of the Boulder batholith which they visualised as having crystallised under a 
cover of its own ejecta about 2 km thick. The thickness of Cretaceous and lower Tertiary volcanics which overlie the 
Coastal batholith of Peru has been estimated at between 2 and 3 km (Myers, 1975), and more than 6,5 km (Cobbing 
and Pitcher, 1972) at the time of the intrusion. Kistler ef al, (1971) suggested that the Sierra Nevada batholith 
crystallised at a depth of 4 km or less, whereas Badham (1973) estimated that the Proterozoic Great Bear batholith 
congealed beneath a canopy of volcanics and sediments which were about 10 km thick. 

Any estimate of the depth of emplacement of the Vioolsdrif batholith must take into account its antiquity 
and subsequent thermotectonic history. Evidence from the restricted nature of the thermal aureole and the sharp 
contacts between intrusive plutons and the overlying volcanoes, evidence of the geochemical compatability between 
the plutonic and vo' mic suites and the apparent comagmatic association between them, evidence of the outcrop 
area of the volcanics which extends from oafnek in the south to Haib and beyond, a distance across the strike of 
50 km or more, evidence of the gently dipping to horizontal nature of the volcanics along the Orange River, and 
evidence of post-IMama synclinal warping of the crust about an axis which corresponds to the course of the Orange 
River, all combine to demonstrate the epizonal nature of this batholith. Taking into account the warping effect of 
the Orange River syncline at Vioolsdrif, the area of exposyje of the volcanics and the shallow dip of these intrusives, 
one is compelled to the conclusion that the total thickness of these volcanics did not exceed 9 km, or a maximum 
hydrostatic pressure at the base of about 0,3 MPa, and that plutons of the batholith penetrated the overlying 
volcanic pile nearly to the surface; this high level emplacement is especially true of the plutons of adamellite exposed 
along the core of the Orange River syncline where they exhibit little or no thermal aureole. 

10.3.2 DURATION OF EMPLACEMENT 

The length of time occupied by the episodic magmatism which results in the formation of composite 
batholiths is open to conjecture, but some constraints can be placed on such cycles of magmatism by a consideration 
of radiometric evidence. Pitcher (1975) considered that the construction of the Coastal batholith of Peru took some 
5 0 - 7 0 Ma, while Kistler et al, (1971) deduced, from field relationships and age determinations, that the Sierra 
Nevada plutonic cycle was "accomplished during five major epochs of intrusion at approximately 30 My intervals, 
each epoch taking 10 to 20 My to complete". 

Reid (1976) concluded, from radiometric evidence, that the magmatic cycle during which the plutons of the 
Vioolsdrif batholith were emplaced into apparently comagmatic volcanics took place over a period of 200 Ma. It 
would seem that an estimate of time of this order for the formation of a composite batholith of the Vioolsdrif or 
Sierra Nevada type is reasonable, and it may be significant, from a uniformitarian viewpoint, that a similar period of 
magmatism has been determined for batholiths of such markedly different ages; the former having been emplaced 
during the middle Proterozoic and the latter during the Cretaceous, a differential of some 1800 Ma. 

t 

10.4 Metamorphism Associated with Batholiths 

The recognition and interpretation of the metamorphism experienced by the volcanic piles which are spatially 
associated with batholiths is complicated by a variety of factors; these include the unreactive nature of the andesitic 
rocks involved, and the possible involvement of autometamorphism, burial metamorphism, thermal mttamorphism, 
dynamothermal metamorphism, or a combination of these varieties of alteration. 
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10.4.1 AUTOMETAMORPHISM 

Included under this general heading are those processes of metamorphism occasioned by what are loosely 
termed deuteric, pneumatolytic or hydrothermal alteration resulting from fumarolic activity and other phenomena 
associated with waning volcanicity, or the metamorphism effected by the intrinsic heat of the volcanic pile. 
Widespread saussuritisation of plagioclase and the retrogression of mafic minerals to chlorite and epidote may be 
ascribed to autometamorphism (Smedes, 1966). 

10.4.2 BURIAL METAMORPHISM 

Depending on the total thickness of the volcanic pile, low-grade burial metamorphism is a very real possibility 
and would be evidenced by the occurrence of zeolites in the affected rocks. Such alteration has been reported f rom 
the 2,8 km thickness of volcanics and volcaniclastic sediments in a portion of the Andean geosyncline (Levi, 1970). 

10.4.3 THERMAL METAMORPHISM 

Estimates of the extent of the thermal aureole surrounding plutons of composite batholiths emplaced into a 
carapace of comagmatic volcanic rocks are complicated by the relatively unreactive nature of the host rocks. 
Buddington (1959) suggested that thermal aureoles should be characteristically associated with plutons of the 
epizone rather than with intrusives emplaced at deeper levels in the crust. Examples of plutons emplaced into 
volcanic and volcanoclastic rocks at high levels in the crust are to be found in the huge batholiths of Mesozoic and 
Cainozoic age described from the Cordillera of North and South America. Estimations of the width of thermal 
aureoles generated during the incursion of these batholiths range from 300 m for the Boulder batholith and the 
Coastal batholith of Central Peru (Klepper etal, 1957; Ruppel, 1963; Smedes, 1966; Myers, 1975) to 1,6 km for the 
Sierra Nevada batholith (kerrick, 1970), and 5 km for portions of the Coastal batholith of Central Peru (Atherton 
and Brenchley, 1972). The Palaeozoic granodiorites of Donegal, which were emplaced into polymetamorphosed 
rocks of Caledonian age, exhibit a thermal aureole of up to 3,5 km in width (Pitcher and Berger, 1972). 

The intermediate and felsic volcanics which are spatially associated with high-level batholiths display l itt le 
obvious evidence of metamorphism, and determination of the extent of thermal aureoles has been achieved by an 
examination of the mineralogy of intercalated pelitic and calcareous rocks (Harker and Marr, 1891; Klepper et al, 
1957; Ehrreich, 1965; Kerrick, 1970, Atht r ton and Brenchley, 1972). Within these reactive hosts the recognition of 
parageneses typical of the hornblende-hor lfels facies has been facilitated by the development of coexisting 
andalusite and sillimanite (Kerrick, 1970), coexisting cordierite and andalusite (Ehrreich, 1965), or coexisting 
garnet, diopside, wollastonite and scapolite (Atherton and Brenchley, 1972). Mafic bodies emplaced in the volcanic 
pile during the initial phase of plutonism are characteristically altered by uralitization and amphibolitization 
(Cobbing and Pitcher, 1972). 

10.4.4 DYNAMOTHERMAL METAMORPHISM 

Plutons of the epizone are characteristically discordant whereas those of the mesozone are either discordant or 
concordant and plutons emplaced or generated in the catazone are entirely concordant (Buddington, 1959). The 
Cordilleran batholiths are commonly discordant, although migmatitic borders occur adjacent to a few plutons of the 
Sierra Nevada batholith (Kerrick, 1970), and regional deformation both preceded and accompanied the 
emplacement of this batholith (Kistler era/, 1971). 

During the emplacement of the Main Donegal granite "sheeting, metamorphism and deformation form one 
series of overlapping events" with the production of schists containing kyanite, staurolite and sillimanite (McCall, 
1954; Pitcher and Read, 1959; Pitcher and Berger, 1972). The concordant "gregarious batholiths" of Rhodesia 
(MacGregor, 1951) are commonly bordered by schists and gneisses of the amphibolite facies, and the same is true of 
the Orijárvi aureole in Finland (Eskola, 1914), 

From reported field evidence it is apparent that batholithic emplacement can be accompanied by regional 
metamorphism, in the case of synkinematic plutons, or that thermal metamorphism accompanied by lateral 
magmatic wedging (Pitcher and Read, 1959), or similar distensional phenomena occasioned by the room problem, 
can produce schists in the aureole which are indistinguishable from those developed by regional metamorphism. 

10.4.5 EVIDENCE FROM THE VIOOLSDRIF BATHOLITH 

Generally the plagioclase in the volcanics underlying the Orange River area is extensively saussuritised and the 
mafic minerals are retrogressed to chlorite and actinolite, although biotite is a stable constituent. In the absence of 
any evidence to the contrary this alteration may be ascribed to autometamorphism or to hydrothermal alteration 
accompanying the emplacement of the batholith; the latter effect is particularly noticeable in the vicinity of the 
Haib porphyry copper prospect where the volcanics are extensively propylitized. 
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Thermal aureoles are not developed aiound plutons of jdamellite which are exposed along the Orange River 
and these Intrusive bodies display knifê-shaip contacts with a limited amount of («crystallisation and assimilation of 
the volcanic hosts. In the vicinity of Kaalbeen and further to the east, field exposures demonstrate that the 
emplacement of the granodiorite was accompanied by considerable recrystallisation of the overlying volcanic canopy 
with the development of granoblastic-polygonal texture in the felsic volcanics and the formation of spotted hornfels 
containing glomeroporphyroblasts of blue-green hornblande in more mafic rocks, the whole being indicative of the 
hornblende-hornfels faces of thermal metamorphism. In the absence of reactive rocks, such as pelitic or calcareous 
intercalations, evidence for thermal metamorphism by the plutons of the Vioolsdrif batholith is far from striking and 
this is no doubt due to the unreactive nature of the invaded intermediate to felsic lavas and pyroclastics; however, 
one may conclude that these have been extensively recrystallised under conditions of the albite-epidote hornfels 
fades with the development of granoblastic-polygonal fabric and adjacent to plutons of granodiorite; the rocks were 
metamorphosed under conditions appropriate to the hornblende-hornfels facies. 

The early plutonic mafic plugs, about which there must have been developed a restricted thermal aureole, are 
extensively invaded by plutons younger in the batholithic series and have been retrogressively converted to 
hornblendites and plagioclase amphibolites adjacent to the invading granitoids. 

Reactive host rocks do occur along the southern margin of the Vioolsdrif batholith, especially to the 
southwest of Swartebbehoutkop where migmatitic biotite schists and gneisses exhibit the abundant development of 
cordierite porphyroblasts. Blastesis of this nature has not been reported from other areas of the Namaqualand 
Metamorphic Complex and would seem to be peculiar to this setting. Field evidence shows that the batholith is 
definitely intrusive into these reactive rocks but there is no evidence for a thermal aureole adjacent to such intrusive 
contacts which are commonly pervasive in nature. Evidence from porphyroblasts is that these developed 
syntectonically and evidence from the foliation indicates that this was impressed upon the batholith following its 
consolidation; thus, by this reasoning, the blastesis succeeded the crystallisation of the batholith. A caveat to this is 
imposed by the fie! J relations displayed by the Donegal granites which demonstrate that these epizonal intrusives 
were emplaced in three principal modes, reactive, forceful or permitted, which "result in as many widely different 
metamorphisms" (Pitcher and Read, 1963, p.295). 

Further evidence in favour of a post batholithic origin for this migmatisation and blastesis may be derived 
from ar, examination of the cordierite anthophyllite rocks which clearly demonstrates that the anthophyllite 
metacrysts developed within the regional foliation planes as rosettes or "suns" (Eskola, 1914), and from a 
consideration of the biotite-cordierite-garnet-andalusite-sillimanite segregations which occur within leptites and 
cordierite schists adjacent to the margin of the batholith and, in one instance, as a xenolith within the granodiorite; 
the origin of these peculiar rocks is enigmatic, but developing field and experimental evidence supports the 
conclusion that they may have been derived from ultramafic or mafic intrusives (e.g. Irving and Ashley, 1976), and 
therefore probably represent the early mafic phase of the batholith. 

On balance, then, it would be prudent to conclude that the extensive cordierite blastesis associated with the 
southern margin of the Vioolsdrif batholith is not indicative of thermal metamorphism associated with the 
emplacement of this batholith, but was the result of subsequent regional dynamothermal metamorphism during 
which the margin of the batholith was foliated and metamorphosed, resulting in the development of a granoblastic 
to granoblastic-polygonal metamorphic texture in place of the original allotriomorphic-granular igneous texture 
evidenced by the unmetamorphosed rocks in the core of the batholith. Another possibility, which cannot be 
excluded on the field evidence from this polydeformational terrain, is that the emplacement of the Vioolsdrif 
batholith was essentially syntectonic; the resolution of this problem will require sophisticated radiometric work to 
be undertaken on selected specimens from the southern margin of the batholith and the adjacent host rocks of the 
Namaqualand Metamorphic Complex. 

10.5 Conclusions 

The Vioolsdrif batholith is a composite body, essentially granodioritic in nature but ranging from ultramafic to 
felsic, which was emplaced in a number of magmatic pulses into an overlying comagmatic canopy of intermediate to 
felsic lavas and pyroclastics. It is unlikely that this volcanic carapace exceeded 9 km in thickness, and evidence from 
the restricted thermal aureoles around the transgressive plutons indicates that they were emplaced near the surface as 
a subvolcanic complex and are essentially epizonal. This magmatism took place during an interval of about 200 Ma 
from 2000 to 1800 Ma and is therefore Middle Proterozoic in age. 

Global evidence for a period of abnormal heat flow at about 2000 Ma (Gastil, 1960; Runcorn, 1962; Sutton, 
1963, 1971; Clifford, 1968, 1970; Stockwell etal, 1970; Ward, 1974b) includes the recognition of the development 
of the Vioolsdrif calc-alkaline magmatic complex as a result of geothermal surge during Svecofennid or Eburnean 
times. The origin of the batholith is problematical but it is likely that this body developed in lower continental crust 
as a result of the contamination of mantle magma during a period of penetrative convection or mantle diapirism 
which coincided with the emplacement of the Bushveld complex. 

The Vioolsdrif batholith comprises the western extremity of the Orange River Magmatic Arc (Ward, 1974a) 
which extends from the Richtersveld eastwards along the Orange River to Keimoes and thence southeast to the 
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Copperton volcanic pile. This zone has been identified by Joubert (1976) as the Kheis-Vioolsdrif Group and he has 
suggested that these rocks are younger than the subjacent Namaqualand Metamorphic Complex. 

11. CONCEPTUAL INTERPRETATION 

11.1 Introduction 

Any appraisal of the state of our knowledge of the tectogenesis of the Namaqualand Metamorphic Complex 
must take into account a consideration of the geo tec tonic factors which are believed to have influenced the 
development of mobile belts during the Proterozoic- Accordingly, in this section, attention will be paid to the 
periodicity of cycles of magmatism in the crust, to the evidence of crustal mobility suggested by the results of 
palaeomagnetic studies, and to the apparent relationship between transcurrent faulting and the development of folds 
in mobile belts. 

11.2 Geothermal Surges 

The formation of mobile belts during the Proterozoic as a result of periodic thermotectonic episodes was a 
widespread crustal effect of uncertain cause. Metamorphism of crustal material on a regional scale results from an 
abnormal rise in geothermal gradient in the affected region which may be caused by the energy from radioactive 
decay in sialic rocks in a thickened portion of the lithosphere, it may be caused by the upward transfer of heat as a 
result of mantle convection, or, at higher levels in the crust, it may be caused by the upward transfer of heat as a 
result of penetrative convection when high-temperature mantle material invades the lower crust. The recognition of 
regions of the crust which have experienced the effects of abnormally high heat flow in the past is facilitated by the 
occurrence of mineral assemblages and rock textures which are characteristic of a particular degree of regional 
metamorphism, and the age of such recrystallisation of the crust may be determined by radiometric techniques. 

Radiometric data for the shield areas of the world were plotted on a histogram by Gastil (1960) and showed 
groupings for the ages of Precambrian rocks into five time intervals. These are 2750 - 2450 Ma, 2200 - 2000 Ma, 
1900 - 1600 Ma, 1500 - 1300 Ma and 1150 - 900 Ma. Similar data for the Canadian shield have permitted the 
recognition of four main episodes of abnormal heat flow which affected Archaean and Proterozoic rocks (Stockwell, 
1968; Stockwell et al. 1970), which have been called orogenies and been indexed according to the mean K — Ar 
mica age in millions of years as the Kenoran (2480 Ma), Hudsonian (1735 Ma), Elsonian (1370 Ma) and Grenvillian 
(955 Ma). 

Sutton (1963) drew attention to the ideas of Wilson, Stockwell and Voitkevich concerning the recognition of 
similar geochronological divisions in the Precambrian of Western Australia, Canada, the Baltic, the Ukraine, Africa 
and India. Sutton noted that Voitkevich distinguished three main orogenic cycles in the Precambrian which were 
named the Shamvaian at 2650 ±150 Ma, the Svecofennid at 1800 ±90 Ma, and the Grenville at 1030 ±50 Ma. To 
these Sutton added a fourth cycle, which he called the Kola, at 3600 - 2900 Ma, and he named these four 
chelogenic or shield-forming cycles. Following the lead of Runcorn (1962) he suggested that these broad structural 
cycles resulted from the periodic disturbance of mantle convection patterns, and Zwart (1969) tacitly supported the 
suggestion that abnormal heat flow in the crust results from the thermal behaviour of the mantle when he inferred 
that folding and deformation of the crust is secondary to and dependent on abnormal heat flow from the mantle. 

If one reasons from the premise that abnormal accessions of heat in the crust are due to geothermal surges in 
the mantle, then it is reasonable to suppose that such surges were expressed by penetrative convection or mantle 
diapirism and that there should be correlation between the ages of intrusion or eruption of ultramafic and mafic 
igneous material, or related rocks, derived from great depth and the ages of periods of crustal mobilisation; put 
another way, at the time that mobile belts were experiencing a thermotectonic episode related to penetrative 
convection from the mantle, it is likely that adjoining shield areas were penetrated by incursions of igneous material 
of deep-seated origin. 

Sutton (1971) has noted that the initiation of new systems of mobile belts occurred at least three times in the 
Precambrian at approximately 3000, 2000, and 1000 Ma. Clifford (1968; 1970) recognised four major orogenic 
episodes in the Precambrian of Africa and defined them as having occurred at ± 3000 Ma, 2800 - 2500 Ma (the 
Shamvaian orogeny), 1850 ±250 Ma (the Eburnean orogeny) and 1100 ±200 Ma (the Kibaran orogeny). This 
recognition of widespread thermotectonic episodes affecting Precambrian rocks underlying the continent of Africa, 
and the contemporaneous mobilisation of Precambrian crustal rocks underlying other continents, suggests a unifying 
mechanism which may be sought for in the behaviour of the mantle. In the shield areas of southern Africa there is 
tentative evidence for at least four and possibly five geothermal surges during the Precambrian; three of these 
involved the intrusion of enormous bodies of ultramafic and mafic material into the crust, the oldest involved the 
extrusion and intrusion of ultramafic rocks, and the youngest was typified by a widespread metamorphic episode. 
The radiometric record of regional metamorphism and intracratonic plutonism in the Precambrian of southern 
Africa indicates that such geothermal surges may be indexed by the irruption of the Onverwacht at about 3500 Ma, 
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the intrusion of the Gieat Dyke at about 2600 Ma, the incursion of the Bushveid Cumpicx at about 1900 Ma, the 
emplacement of the Trompsburg magma 2? about 1300 Ma. and the widespread Namaqua metamorphic episode at 
about 1000 Ma (Burger and Coeitze, 19 /3 ; Nicolaysen and Burger, 1965; Clifford. 1968; Ward, 1974b). 

The grouping ot 478 radiometric age measurements obtained by several methods on rocks from South Africa, 
South West Africa, Swaziland, Botswana and Rhodesia (Burger and Coertze, 19731 has been determined by plotting 
these data on a histogram. Histogram peaks correlate with the Gre.it Dyke, Bushveid and Namaqua episodes while, as 
one might expect, there is little radiometric evidence for a geothermal surge dunnq Onvurwacht times when the sialic 
crust was probably comparatively mobile. It is evident that the Trompsburg episode, which correlates with the 
Elsonian of Canada, is not supported by radiometric evidence in southern Africa although there is some support 
from coeval magmatism as witnessed by the syncronous emplacement of the Pilanesberg complex and the formation 
of the Rehoboth magmatic arc (Watters, 1974). 

During the Bushveid geothermal surge, at about 2000 Ma ago, the lithospheric units of which Gondwanaland 
was comprised were affected by extensive magmatism and regional metamorphism. The rocks of the African 
continent experienced the Eburnean "orogeny" at this time and in southern Africa magmatism was characterise) by 
the emplacement of the Bushveid Complex, the Palabora carbonatite. the Mashonaland dolerites (Compston and 
McElhinny, 1975), the Angola anorthosite, the Fransfontein bathoiith and the creation of the Orange River 
magmatic arc; during this period the Limpopo mobile belt experienced a widespread thermal episode (Van Breemen 
and Dodson, 1972). In South America the crust was experiencing the effects of the Trans-Amazonian 
thermotectonic episode (Priem et al, 1971; Cordani et al, 1973; Fyfe and Leonardos, 1973), and the crust 
underlying India and Australia was also affected (e.g. Aswathanarayana, 1968; Compston and Arriens, 1968). In the 
present Northern Hemisphere, the rocks of which Laurasia was comprised were affected by the Svecofennide and 
Belmoride thermotectonic episodes and by the penecontemporaneous Hudsonian and Penokean "orogenies". A t the 
same time the crust underlying North America, Greenland, Scotland and Scandinavia was riven and invaded by 
swarms of dolerite dykes (Sutton, 1971, 1973) and the Sudbury irruptive was emplaced (Gibbins and MclMutt, 
1975). 

Read and Watson (1975) have referred to the widespread invasion of the crust by mantle derived igneous rocks 
as "basic igneous interludes" and have identified the first interlude at 2300 Í200 Ma and the second interlude at 
1200 +200 Ma. They interpreted these interludes (op. dt., p.177) as " . . .periods during which orogenic activity 
was restricted as a result of widespread stabilisation and extension of craton . . . " and they visualised a 
" . . . .connection with the terminal stages of the long-term Sharnvaian and SvecofennirJe chelogenic cycles of 
Sutton". Another way of interpreting these geothermal sujges or basic igneous interludes is to hypothecate that such 
penetrative convection from the mantle initiated these chelogenic cycles and that in southern Africa, the Bushveid 
geothermal surge was the cause rather than the effect of the Eburnean thermotectonic episode. Likewise one may 
suggest that the K/baran thermotectonic episode was initiated by the Trompsbutg geothe.mal surge. 

The reason for such periodic geothermal surges is unknown although Shaw (1970) has suggested that 
magmatism in the crust may be an expression of the energy generated by earth tides. 

11.3 Palaeomagnetism 

The definition of paths of apparent polar wandering by determining the direction of remnant magnetism in 
rocks of varying age has become standard practice among scientists who concern themselves with the 
palaeomagnetism of the earth. 

Within the body of evidence which supports the concept of continental d i i f t , whatever esoteric process is 
responsible for the movement of continents and whether one considers a plate-tectonic model for the Proterozoic 
(e.g. Burke et al, 1976) or a Gondwanide or Pangaean supercontinental model (e.g. Piper ex at, 1973; McGlynn ecal. 
1975; Piper, 1976), there appears to be considerable palaeomagnetic evidence that, relative to the poles, continents 
of the earth have wandered since Archaean times along a series of tracks which are characterised by periods during 
which radical deflections of the path of movement took place. 

The radical deflections in paths of apparent polar wandering were first defined for the Canadian shield and 
were termed "hairpins" (Irving and Park, 1972). These sharp turning points, which apparently record rapid changes 
in the direction of motion of the Canadian shield relative to the pole, were found to coincide with the development 
of new structural provinces during Hudsonian, Elsonian and Grenvillian times (Irving and Park, op. cit; Donaldson et 
al, 1973). Palaeomagnetic data from the African shield (Piper, 1973; Piper ei al, 1973; Piper, 1974, 1976) reveal 
"hairpins" and closed " loops" which broadly coincide in time with the Bushveid, Trompsburg and Namaqua 
geothermal surges. 

It has been pointed out (Briden, 19/6) that it is only from the Canadian shield that palaeomagnetic data are 
sufficient to provide a reasonable record, although there is still some uncertainty resulting from the difficulty in 
dating the rocks concerned and in establishing pole positions. If, as has been suggested, the "hairpins" and " loops" 
mark radical changes in the direction of movement of continents then the sense of this movement may reflect an 
important kinematic function affecting units of the lithosphere. Biiden {op. nit., p.457) has noted that 
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palaeomagnetic evidence implies that, during Hudsonian times, Laurentia probably experienced anti-clockwise 
rotation (see also Ray and Lapointe, 1976). If this reasoning is extended, one may concede the possibility that 
during Elsonian times the Canadian shield underwent rotation in a clockwise sense and during the Grenvillian the 
rotation was again anti-clockwise. Examination of the palaeomagnetic record for Africa reveals a similar sense of 
rotation during Bushveld times (2160 - 1950 Ma) to that of Laurentia during the Hudsonian; this was succeeded by 
a period of dextral rotation until Namaquan times (± 1000 Ma) when the rotation was again anti-clockwise. 

Bearing in mind the coincidence between the apparent sense of rotation revealed by palaeomagnetic data for 
Laurentia and Africa, which is such that during Hudsonian or Bushveld times the rotation was sinistral, during 
Elsonian or Trompsburg times it was dextral and during Grenvillian or Namaqua times it was again sinistral, one is 
directed to the conclusion that such rotation of lithospheric units during the Proterozoic resulted from disturbances 
in the mantle. Sutton and Watson (1974) have already suggested that the formation of mobile belts during the 
Proterozoic was the result of internal distortion of continental masses which " . . . .accompanied bodily movement 
relative to the poles". 

Runcorn (1962) has related episodic structural cycles to periodic disturbance of mantle convection patterns 
and, in a consideration of the cause of apparent polar wandering (Runcorn, 1973), he suggested that ". . . .it is only 
possible for the lithosphere to obtain angular momentum about an axis in its equatorial plane if toroidal motions in 
the mantle are present"; he concluded that toroidal motion, as distinct from convection or poloidal motion, is a 
theoretically possible mantle motion. 

We have now reached the point where we can relate theoretical toroidal motion in the mantle to the apparent 
episodic rotation of units of the lithosphere during the Proterozoic, and we can suggest that during such episodes of 
rotation the lithosphere was subjected to torsional stress of mantle origin. In examining the palaoemagnetic record 
of "hairpins" and "loops" defined for Africa during the Proterozoic, it seems logical to infer that during Bushveld 
times the lithosphere experienced sinistral torsion, during Trompsburg times the crustal torsion was dextral and 
during Namaquan times it was again sinistral. 

11 .4 Tectonics 

The origin and tectonic significance of fundamental fractures in the earth's crust has been the cause of 
considerable geological comment and speculation. An early attempt to order the shear patterns of the earth's crust 
was undertaken by Vening Meinesz (1947), and in a commentary on these findings, Sonder (1947) proposed that the 
apparent global arrangement of fractures should be termed the regmatic shear pattern. Meinesz (op. cit., p.7) made 
the prescient suggestion that the development of this pattern might have been occasioned by " . , . .a shift of the 
poles with regard to the crust, namely, by a gliding of the crust over the Earth's interior". 

A correlation between major wrench-fault systems and the regmatic shear pattern was proposed by Moody and 
Hill (1956) who postulated that these fractures formed early in geological time. Wrench-faults, which have also been 
termed strike-slip, tear, transcurrent, transform, basculating or torsion faults, are major features in the earth's crust 
in which the fault planes are essentially vertical and the predominant motion along the planes of rupture is 
horizontal. Aspects of wrench-fault tectonics have been discussed by a number of earth scientists (e.g. Moody and 
Hill, op. cit.; Garfunkel, 1972; Moody, 1973; Wilcox etal, 1973), and such ruptures are believed to have formed as a 
resi'lt of the action of horizontal shear couples in the earth's crust based on meridional and equatorial shear systems; 
it is not improbable that such shear-couples were initiated in response to sub-crustal torque. 

The pattern of fracturing affecting the African crustal segment has been described (e.g. Krenkel, 1928; Hall, 
1932; Brock, 1959; Furon, 1963; de Swardt et al, 1965) and, as far as southern Africa is concerned, there has long 
been recognition of the Franspoort (±165 ° ) , Murchison (±075 °) and Great Dyke (±015 ° ) directions (Hall, op. cit., 
p.425). 

Major regional shear zones which deform the rocks of the Namaqualand Metamorphic Complex have been 
described by Joubert (1971, 1974a) and have been interpreted as wrench-faults (Joubert, 1974b). The principal 
wrench-faults strike in a west-northwesterly direction and exhibit dextral or right-lateral movement. The most 
outstanding zone of shearing is the Pofadder lineament which has a strike length of more than 500 km along which 
the dextral slip may have been as much as 85 km (Joubert, 1974b; Blignault et al, 1974; Toogood, 1976), A series of 
parallel wrench-faults may be used to divide the Namaqualand Metamorphic Complex into a number of 
west-northwesterly segments and Joubert (op. cit.) has related the folding in the schists and gneisses of the Complex 
to the dextral forces which ultimately produced these wrench-faults. Thus he noted that the axial planes of the 
isoclinal F2 folds were originally disposed in a west-northwesterly direction and that the folds " . . . .nearly always 
indicate dextral movement and overriding from the north to the south". The style of deformation and the 
accompanying grade of metamorphism of amphibolite to granulite fades indicate that the F2 folds were created at a 
deeper level in the crust than the succeeding F3 flexural-slip folds; Joubert (op. cit.) correlates the formation of the 
broad, open F3 folds directly with the movement along the west-northwesterly wrench-faults which occurred, as 
shown by the style of deformation and lesser degree of regional metamorphism, at a higher level in the crust where 
dextral forces were accommodated by drag-folding and rupture. Joubert (op. cit, p.23) has suggested that this 
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dextr3! wrench-faulting and the oogenetic development of F3 flexural-siip folds. wr>ich generaPy strike in an 
east-northeasterly (Murchison) direction, may have originated as far back as 1360 ±50 Ma, that is, during the 
Trompsburg geothermat surge. 

Wynne-Edwards (1963) has argued that the application of the principles of fluid mechanics to the 
interpretation ot structures in the rocks of mobile belts suggests that deformation, which may range in style from 
flow-folds to flexural-slip folds, is the product of a single protracted period of refolding rather than the result of 
cross-folding produced by the supei imposition of separate episodes of deformation. Joubert (1971) has interpreted 
the textural, structural and metamorphic evidence from the rocks of the Namaqualand Metamorphic Complex as 
indicating that the F2 isoclinal folds were formed under different conditions to the F3 flexural-slip folds which are 
younger in age of formation. Clifford era/ (1975) have argued on radiometric grounds, that the isoclinal or F2 folds 
in the Springbok area were formed at 1213 ±22 Ma at temperatures of 800 - 1 000 ° C under a pressure of between 
0,6 and 0,8 MPa. 

So, in essence, the interpretation of the tectogenesis of the Namaqualand Metamorphic Complex depends on 
whether the facts support the hypothesis of flow-folding or the theory of cross-folding; whether the development of 
the Complex was the result of one protracted thermotectonic episode or whether it developed as a result of several 
different episodes of deformation and regionjl metamo-phism. 

11.5 Conclusions 

In the interpretation of the tectogenesis of the Namaqualand Metamorphic Complex, the field evidence from 
the Vioolsdrif area is a vital but equivocal element. There is no doubt that the plutonic rocks of the Vioolsdrif 
batholith invaded banded rocks of the Namaqua Province but uncertainty arises as to the definition of this intrusive 
episode in relation to th? principal (F2/M2) thermotectonic episode affecting the Complex. Field evidence shows 
that the batholithic plutons invaded rocks which are now foliated migmatites containing pangeneses typically 
developed under conditions of the upper amphibolite facies, wh -eas the sympathetically foliated batholithic rocks 
contain blue-green hornblende which is more characteristic of lower .^mphibolite facies regional metamorphism. 
Additionally, in the core of the batholith the intrusive contacts with overlying lavas and pyroclastics are markedly 
discordant, while along the southern margin of the batholith the intrusive contacts with foliated pyroclastics are 
concordant and reminiscent of lit-par-lit invasion. Was the batholith pre-tectonic, syn-tectonic or post-tectonic in 
relation to the primary development of the Namaqualand Metamorphic Complex? 

Blignault (1972) interpreted the structural features in the area mapped by him as indicating that the Vioolsdrif 
batholith was pre-tectonic and Bertrand (1976), in suggesting that the rocks underlying the Richtersveld Province are 
a facies of those underlying the Namaqua Province, concurred with the interpretation of the batholith as a 
pre-tectonic body. Many of the features exposed in the Vioolsdrif area can be interpreted as indicating that the 
batholith was emplaced syntectonically, and Joubert (1976) has suggested that the Vioolsdrif batholith and the 
associated Orange River group of volcanic rocks are younger than those of the Complex, which would indicate that 
there is a tectonised unconformity between these two groups of rocks. Similar tectonised and palimpsest 
unconformities between lightly metamorphosed supracrustal rocks and high-grade infracrustals have been described 
from northwestern Scotland (Sutton and Watson, 1969) where the supracrustal Lock Maree series is technically 
conformable with older Scourian gneisses and from Greenland (Henricksen, 1969; Windley, 1969) where the 
relations between Ketilidian supracrustals and the older infracrustal basement change from a depositional 
unconformity to a structural and metamorphic conformity with increasing degree of tectonism. 

On equivocal structural grounds and on the basis of radiometric evidence, Vajner (1974) has suggested that the 
main episode of metamorphism affecting Kheis rocks of the Marydale area in the eastern foreland of the 
Namaqualand Metamorphic Complex took place prior to 2900 Ma, which would place the Vioolsdrif batholith as 
post-tectonic. Clifford et al (1975) have produced a weight of radiometric evidence in favour of the argument that 
the batholith is pre-tectonic and the primary (F2/M2) development of the Complex took place at 1213 +22 Ma. 

There is no doubt that the Bushveld geothermal surge, during which the Vioolsdrif batholith and the Orange 
River magmatic arc were created, was an important episode in the overall development of the Namaqualand 
Metamorphic Complex and that the parent rocks of the Complex are older than the overlying 2010 Ma old Orange 
RiVwi volcanics, but a relation between the t iming of this geothermal surge and the primary thermotectonic episode 
which created the Namaqualand Metamorphic Complex is still not proven. Palaeomagnetic evidence suggests that the 
crust underlying southern Africa experienced dextral torsion during Trompsburg times, field evidence indicates that 
the development of the isoclinal (F2) and flexural-slip (F3) folds were the result of dextral forces and that the 
Vioolsdrif batholith was foliated and metamorphosed following final emplacement at about 1800 Ma, while 
radiometric evidence from the Springbok area indicates that a high grade thermotectonic episode affected the rocks 
underlying that region at about 1200 Ma. All this suggests that the Complex formed during a protracted period of 
flow-folding and metamorphism in Kibaran or Trompsburg times. 

On the other hand, evidence from the Sinclair district of South West Africa (Watters, 1974) indicates that the 
"ehoboth magmatic arc was formed at about 1360 Ma and that the plutonic rocks which were emplaced during this 
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episode of magmatism in Trompsburg times invaded the older Marienhof basement, which may correlate with the 
Namaqualand Metamorphic Complex. Joubert (1974b) has noted that Watter's evidence suggests that the 
northwesterly shear zones which generated the F3 flexural-slip folds in Namaqualand may be as old as 1360 Ma. This 
evidence, coupled with the field indication that the Vioolsdrif batholith may have been syntectonic in relation to the 
primary (F2) thermotectonic spisode which created the Complex, suggests that the Complex resulted from two main 
thermotectonic episodes: the first during Bushveld times when the Complex experienced the F2M2 thermotectonic 
episode at a comparatively deep level in the crust, and the second during Trompsburg times when the Complex 
experienced cross-folding at a higher level in the crust during the F3/M3 thermotectonic episode. Subsequently, at 
about 1000 Ma and during Namaqua times, the Complex experienced the F4/M4 thermotectonic episode which was 
distinguished by the emplacement of swarms of pegmatites and the formation of the Orange River pegmatite belt 
(Hugo, 1970), which roughly coincides with the contact between the rocks of the Orange River magmatic arc and 
those of the Namaqua Province. 

The resolution of this problem requires detailed field work, supported by radiometric dating, along the contact 
between the Orange River volcanics and the underlying gneisses of the Namaqualand Metamorphic Complex. 
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