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The observer, when he seems to himself to be observingi;
a stone, is really, if physics is to be believed, observing |

the effects of the stone upon himself, g

Bertrand Russell



ABSTRACT

This study resulted in the subdivision of the former Makwassie Formation of
S.A.C.S. (1980) into the lower Goedgenoeg Formation, characterised by feldspar
porphyries, and the overlying quartz-feldspar porphyries of the Makwassie
Formation proper (Meeting of the Ventersdorp Task Group, Feb. 1994). Non-
porphyritic mafic lavas are interbedded with the porphyries of both the formations,
while minor sedimentary rocks occur at the base and top of the Goedgenoeg
Formation. The Garfield Member (Winter, 1976) is a unit of feldspar porphyries
and mafic lavas which proved to occur locally within the Makwassie Formation
and which is restricted to a limited area within the Bothaville area only.

The Goedgenoeg and Makwassie igneous rocks are of extrusive origin and both
the feldspar and quartz-feldspar porphyries were emplaced subaerially as
pyroclastic ash-flows, in most cases as extremely welded and recrystallised high-
temperature ash-flows. Normal welded ash-flows and rheomorphic ash-flows also
do occur. The non-porphyritic lavas and some of the less porphyritic feldspar
porphyries represent normal liquid lava flows. These volcanic rocks must have
originated from calderas, but none could be identified as yet.

The volcanic rocks are subalkaline, metaluminous to peraluminous and generally
high in potassium.- The tholeiitic Goedgenoeg rocks range from high-andesitic o
dacitic in composition and four geochemical facies are recognised in the
Bothaville area. The Makwassie porphyries are calk-alkaline in composition and
classify as dacites to rhyodacites, with two geochemical facies being identified in
the Bothaville area.

The Goedgenoeg and Makwassie Formations occur widespread throughout the
Ventersdorp Supergroup depository and are preserved in deep graben structures,
which developed during a rifting phase over a broad area of the western
Kaapvaal Craton. Extremely thick successions of over 3 000 m accumulated in
some areas, possibly representing intra-caldera successions, while the general
outflow sheets reach an accumulated thickness of up to a 1 000 m. The overall
volume of extruded magma must be in excess of 100 000 km*. The geochemical

facies or magma types which were identified in the Bothaville area are also



represented in other Platberg grabens throughout the depository, though not all
the facies are necessarily developed at any specific locality.

Neither the Goedgenoeg nor the Makwassie volcanics have a direct genetic link
to any of the Klipriviersberg Group magmas. These volcanics originated from an
enriched source and evolved through processes such as fractional crystallisation
with periodic replenishment, assimilation and magma mixing, with the rhyodacitic
Makwassie rocks being from a separate source.
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1. INTRODUCTION

1.1 REVIEW OF THE VENTERSDORP SUPERGROUP

1.1.1 General Background

The Ventersdorp Supergroup represents a late Archaean volcano-sedimentary
supracrustal sequence on the Kaapvaal Craton. Subsequent to the stabilization
of the Kaapvaal Craton between 3.2 and 3 Ga (Anhaeusser, 1973; Hunter and
Pretorius, 1981), four epicratonic basins developed on the craton between 3 and
2.1 Ga, namely the Pongola, Witwatersrand, Ventersdorp and Transvaal Basins
(Hunter and Pretorius, 1981). Of these, the Ventersdorp Supergroup exemplifies
the largest and most widespread volcanic sequence. The combined thickness of
maximum intersections of the Ventersdorp Supergroup is 8 000 m and it extends
over a roughly elliptical area with dimensions of 750 km by 350 km (Winter,
1976).

Knowledge of this largely volcanic succession is important as an aid in
exploration for extensions of Witwatersrand Supergroup gold deposits outside
the known Witwatersrand Basin. The Ventersdorp Supergroup largely
suboutcrops in the Witwatersrand Basin and numerous exploration boreholes
therefore have penetrated the Ventersdorp succession. Access to this borehole
data is restricted due to its confidential nature and, as a result, research on the
Ventersdorp Supergroup has been limited and many aspects still have to be
clarified.

During the seventies and eighties, much attention was given to the lithostratigra-
phy and geochemistry of the Klipriviersberg Group (Wyatt, 1976; M.P. Bowen,
1984; T.B. Bowen, 1984; Schweitzer and Kréner, 1985: Crow and Condie, 1988:
R.E. Myers ef al., 1990; Winter, 1995). The lithostratigraphy, petrography and
geochemistry of the Platberg Group, however, received little attention and the
lithostratigraphy of the Makwassie Formation is still based on mesoscopic
descriptions of borehole core (Winter, 1976).

1.1.2 History

The first mention of rocks that are today regarded as part of the Ventersdorp
Supergroup, is found in a report by Wyley (1859) on a journey into the interior
from 1857 to 1858. Since then, numerous publications on rocks that are now
classified as belonging to the Ventersdorp Supergroup have been printed. A
comprehensive bibliography of early literature on the Ventersdorp System, other




pre-Bushveld extrusives and associated sedimentary rocks was compiled by
Simpson (1964). Haughton (1969) compiled a literature review of the geology of
South Africa, including the Ventersdorp Supergroup. An exhaustive historical
assessment of the investigation of the Witwatersrand triad lavas can be found in
an unpublished thesis by T.B. Bowen (1984). (The Witwatersrand triad lavas
comprise extrusives of the Dominion Group, Witwatersrand Supergroup and
Ventersdorp Supergroup). A paper by Van der Westhuizen ef al. (1991)
presents an overview of the Ventersdorp Supergroup and also contains a
thorough bibliography of literature on the Supergroup.

1.1.3 Distribution

The Ventersdorp rocks extend for about 750 km from Sodium in the Northern
Cape Province (Grobler and Emslie, 1975-76) to Derdepoort in the North West
Province (Tyler, 1979a). This roughly elliptical area is in excess of 200 000 km?
(Fig. 1.2), encompassing most of the distribution of the Dominion, West Rand
and Central Rand Groups (Tankard et al., 1982). The Ventersdorp sequence is
best exposed in the southern and western regions of the North West Province
and the northern region of the Northern Cape Province. Determination of the
true extent of the Ventersdorp Supergroup is hampered by poor exposure; it is
extensively covered by especially the Transvaal and Karoo Supergroups.
Denudation prior to the deposition of the above mentioned overlying formations
may also have had an influence on the present distribution of the Ventersdorp
Supergroup, especially since the Karoo Supergroup is only of Phanerozoic age
while the Ventersdorp 'Supergroup is of Late Archaean age.

The Klipriviersberg Group is confined to the northermn and northwestern regions
of the Ventersdorp Supergroup depository and has an average thickness of
between 1 500 m and 2 000 m (R.E. Myers et al., 1990). The Platberg Group is
mostly absent from the northeastern region of the Ventersdorp depository and
outcrops inconsistently over the rest of the area, where large thickness
variations occur. The succession between Welkom and Klerksdorp is described
by Winter (1976) and in the Klerksdorp area by Myers (1990). Recent driiling in
the vicinity of Witpoort near Leeudoringstad revealed a Platberg thickness in
excess of 3 600 m (Borehole LLE1, this study), with no evidence of duplication.

The southern and western regions of the Ventersdorp depository are composed
of Platberg and Pniel Group rocks. These are the Sodium, Zoetlief, Amalia, and
Hartswater Groups, also the Ritchie, Hereford, Bosch Kop, and Zeekoebaart
Formations (SACS, 1980).
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FIGURE 1.1: The distribution of the Ventersdorp Supergroup. The main study area,
designated the Bothaville area, is indicated by hatching.

(NOTE: Although the “Pniel Group”, as termed by Winter (1976) and being
composed of the Bothaville and Allanridge Formations, is not acknowledged by
SACS (1980), the term has become widely accepted and will be used in this
thesis to describe the upper volcanic-sedimentary succession of the
Ventersdorp Supergroup).

The arenaceous sedimentary rocks of the Bothaville Formation are more mature
than the other Ventersdorp sediments. It tends to have a regional distribution,
whereas the Platberg sedimentary rocks have a localized setting. Allanridge
Formation lavas cover the underlying rocks over large areas in the Northern
Cape, North West and Free State Provinces, and the lavas are in turn
extensively covered by Phanerozoic rocks of the Karoo Supergroup.



1.1.4 Stratigraphy

The Ventersdorp Supergroup is positioned between the underlying
Witwatersrand Supergroup and the overlying Transvaal Supergroup. An angular
unconformity separates the Ventersdorp and Witwatersrand rocks in the
western region of the Witwatersrand Basin (Tankard et al., 1982), but these
successions are apparently conformable in the Central Rand, East Rand,
Heidelberg and Welkom areas (Nel and Jansen, 1957; Coetzee, 1960; Tankard
et al., 1982). Where the lower volcanics are absent, younger Ventersdorp
farmations onlap pre-Ventersdorp rocks (Winter, 1976).

The stratigraphic subdivision of the Ventersdorp succession remained uncertain
until sufficient data became available through exploration boreholes. The low
relief, poor exposure, low dip, repeated rock types and alteration of the rocks
hampered the stratigraphic efforts of earlier workers like Nel (1935), Beetz
(1936), Jacobsen (1940; 1943), Matthysen (1953), Pienaar (1956) and Coetzee
(1960). Through information obtained from 200 exploration boreholes between
the Klerksdorp and Free State goldfields, Winter (1965) modified previous
stratigraphic subdivisions by Matthysen (1953) and Pienaar (1956), thereby
presenting a new stratigraphic subdivision for the Ventersdorp Supergroup in
1976 (Winter, 1876), which is still in use at present.

The Ventersdorp Supergroup is subdivided into a lower, middle and upper
succession, viz the basal Klipriviersberg Group (mafic volcanics), Platberg
Group (rudites, maﬁc,' intermediate and felsic volcanics) and the upper Pniel
Group (arenites and mafic volcanics). Pronounced unconformities separate the
3 subdivisions. The lithostratigraphy of the Ventersdorp Supergroup is
summarized on Figure 1.2.

The Pniel Group is composed of the Bothaville and Allanridge Formations with
no common lithology between the two Formations (Winter; 1976). Even though
there is structural concordance between the two formations, the age
concordance between the Pniel Group and Platberg Group is still uncertain. The
unconformity at the base of Pniel is proposed as the Archaean-Proterozoic
boundary in the Kaapvaal Province by Cheney et al. (1990).

It must be stressed that Winter's lithostratigraphic subdivision of the
Ventersdorp Supergroup is based on lithological criteria; petrographic and
geochemical characteristics were not incorporated. The type area of the
Ventersdorp Supergroup (Winter, 1976) centers around Bothaville, between the
Klerksdorp and Free State Goldfields. Significant outcrops of the Ventersdorp
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FIGURE 1.2: The lithostratigraphy and tectonic evolution of the Ventersdorp

Supergroup (after Winter, 1976; modified after Grobler er al., 1989).



Supergroup are absent in this area, but complete stratigraphic intersections
were obtained from boreholes drilled in the area. As exploration efforts were
extended to areas outside the Central Rand Basin, a more complete picture of
the stratigraphic variation and deviation from the type area became apparent.
Modifications of the standard stratigraphic subdivision (SACS, 1980) are
therefore envisaged. '

The geochemical stratigraphy of Ventersdorp volcanics has become increasingly
useful as an aid in exploration. Geochemical profiles for the Klipriviersberg
volcanics have been published by R.E. Myers ef al. (1990). Linton et al. (1990)
have demonstrated that formational recognition in the Klipriviersberg Group
based solely on lithological characteristics is inadequate, but can be enhanced
by the use of geochemistry.

1.1.5 Geochronology

The Witwatersrand Supergroup is difficult to date by any direct means
(Armstrong et al., 1986), but by dating the Ventersdorp Supergroup a minimum
age can be obtained for the former. Numerous age determinations have been
made on Ventersdorp Supergroup rocks, as summarized in Table 1.1. The most
recent age determination, based on single zircon analyses, indicated an age of
2714 + 8 Ma for the Klipriviersberg lavas and 2708 + 5 Ma for the Makwassie
quartz-feldspar porphyry (Armstrong ef al., 1992).

TABLE 1.1: Rb-Sr, Pb-Pb and U-Pb ages for the Ventersdorp Supergroup.

ROCK UNIT ' AGE - REFERENCE
Acid lava, Zoetlief Formation i 2310+50 | Burger and Coertze, 1973/4
Makwassie quartz porphyry _ 2142 + 213 Armstrong et af., 1986
Plantation Porphyry, Botswana : 2154 + 210 Harding et al., 1974
Derdepoort Acid Volcanics 2150 | Crampton, 1973
T'Kuip Quartz Porphyry Formation 1920+ 100 | Cornell, 1978
Makwassie quartz porphyry | 2286 +40/-41 | Van Niekerk and Burger, 1964
Makwassie quartz porphyry 12351 +411/-576 ‘ Armstrong ef al., 1986
Klipriviersberg 2370+70 | Armstrong ef al., 1986
Makwassie quartz porphyry ; 2238 +110 | Burger and Coertze, 1973/4
Makwassie quartz porphyry ' 2245+90 | Burger and Coertze, 1973/4
Ritchie Farmation quartz porphyry | 2602 + 8 Van Niekerk and Burger, 1978
Makwassie quartz porphyry 2699 +50 | Retief, In: Walraven et al,

'_ 1990

Makwassie quartz porphyry 5 2708+ 5 Armstrong et al., 1992

Klipriviersberg 5 2714+ 8 Armstrong et al., 1992




1.1.6 Geochemistry

The Ventersdorp volcanics are extensively altered and mobile element concen-
trations are adversely affected (SiO,, K,O, Na,O and Ca0). It is widely accepted
that the Ventersdorp Supergroup was altered by greenschist facies metamor-
phism (Comell, 1978; Tyler, 1979a; Schweitzer and Kréner, 1985; Crow and
Condie, 1988; Grobler et al., 1989).

The Ventersdorp Supergroup volcanics have been described as a weakly
bimodal, tholeiitic, basic-acid volcanic suite of subalkaline, tholeiitic character
(T.B. Bowen et al., 1986). Schweitzer and Kréner (1985) portrayed the volcanics
as bimodal alkali-rich, tholeiitic basaltic andesites, andesites and rhyolites with a
slight alkaline affinity. Crow and Condie (1988) stated that the Edenville and
Loraine Formations (Klipriviersberg Group) fall in the calc-alkaline field while
samples from more evolved units (mostly Platberg and Pniel samples) plot in the
tholeiitic field. They concluded that the Ventersdorp volcanics are tholeiitic with a
mild calc-alkaline affinity, especially in the more mafic samples.

Komatiitic affinities have been recognized at the base of the Klipriviersberg
Group (Meredale Member; Wyatt, 1976; Mclver et al., 1982) and at the base of
the Allanridge Formation (Grobler et al., 1986; Van der Westhuizen et al., in

prep.).

Geochemical stratigraphy has become increasingly useful as an aid in explo-
ration. Studies by M.P. Bowen (1984) and T.B. Bowen (1984) on the Wit-
watersrand triad volcanics indicated a clear geochemical stratigraphy in the
Ventersdorp Supergroup volcanics. A discrimination diagram (involving Ti, P
and Zr) was devised to distinguish between the Witwatersrand triad volcanics.

Klipriviersberg geochemical stratigraphy was first reported by Wyatt (1976) and
later by Palmer et al. (1986). R.E. Myers et al. (1990) presented geochemical
stratigraphic profiles for the Klipriviersberg lavas in different localities in the
Klipriviersberg depository.

1.1.7 Tectonic Setting

The diverse nature of the opinions advanced by different authors illustrate the
complexity of the tectonism associated with the Ventersdorp Supergroup. There
is consequently still controversy as to the tectonic setting for the Ventersdorp
Supergroup. Burke et al. (1985) see the Ventersdorp Supergroup as a rift
system which is related to collision between the Kaapvaal and Zimbabwe



cratons. Winter (1986; 1987) describes the Ventersdorp as a cratonic foreland in
a back-arc plate tectonic setting, while Clendenin et al. (1988a) relates it to roll-
back of a subducted slab following collision, with resuiting intraplate
deformation. Clendenin et al. (1988b) further view the Ventersdorp as part of a
fully evolved rift system, with the Klipriviersberg volcanics part of a pre-graben
stage whilst the Platberg - Pniel represents the graben stage.

Roering et al. (1990) perceive a single pre- to syn-Klipriviersberg contractional
deformational event, during which folding and thrusting prevailed which
influenced upper Witwatersrand sedimentation along the western margin of the
Witwatersrand Basin. Middle-Ventersdorp (Platberg) times experienced exten-
sional tectonics, while pre-late Ventersdorp (Pniel) times experienced thrust
faulting.

Hartnady and Stowe (1991) relate extensional deformation during the Platberg
era to retro-arc tectonics behind an active Andean-type continental margin along
the northwestern leading edge of the combined Kaapvaal - Zimbabwe
continental plate.

1.2 AIM OF THE STUDY

The aim of the study was to define stratigraphic and geochemical variation of
the Makwassie Formation in the Bothaville area and compare it with Makwassie
Formation occurrences in the rest of the Ventersdorp depository. During
exploration programmes some boreholes intersected unusually thick
successions of Makwassie Formation, while other boreholes encountered facies
unfamiliar to the Makwassie Formation. The question arose as to whether these
boreholes may have penetrated volcanic feeder dikes or very thick sills, in which
case the timeous cessation of the boreholes will save costs. The Makwassie
Formation porphyries may represent high-temperature ash-flow deposits
(Winter, 1976; Van der Westhuizen et al., 1988; Twist et al., 1989), or in some
cases, shallow subvolcanic intrusives (Jacobsen, 1943).

A stratigraphic description and study of the lithological and geochemical
variation of the Makwassie Formation would therefore be beneficial to
exploration, especially if a technique could be devised to differentiate between
various facies of the Makwassie Formation.



1.3 THE STUDY AREA

The Makwassie Formation was studied in detail in the Bothaville area,
designated as the area between Allanridge and Klerksdorp (Fig. 1.1), which
largely coincides with the area on which Winter (1976) based his subdivision of
the Ventersdorp Supergroup. It was subsequently compared with other
occurrences as well.

The Makwassie Formation only suboutcrops in the Bothaville area and the use
of borehole data is therefore imperative. QOutcrops in the vicinity of Klerksdorp
were not investigated during this study, as it was already being investigated by
another researcher (Myers, 1990). The outcrop at Makwassie Hills near
Wolmaransstad was, however, included in this study.

A limited number of Makwassie Formation outcrops and boreholes intersections
outside the Bothaville area were also investigated. The specific localities of
these occurrences are discussed in Chapter 6. The Makwassie Formation as
exposed in the Wesselton Mine at Kimberley was also studied.

1.4 STUDY METHODS

Since a stratigraphic model for the Makwassie Formation does not exist,
analysis of the lithogeochemistry would only be realistic after a proper basis for
the stratigraphy had been established. Genetic modelling is a final stage in the
investigation.

Research on the Bothaville area was conducted on borehole core supplied by
Anglo American Corporation, which included some of the boreholes that were
used by Winter (1965; 1976) in his study of the lithostratigraphy of the Venters-
dorp Supergroup. Additional borehole information (borehole ST2) was made
available by African Selection Trust. A total of £ 25 000 m of Makwassie core,
which represents Makwassie intersections of 23 boreholes in the Bothaville area
and 3 boreholes outside this area, were logged on a scale of 1:200. The
boreholes were sampled for petrographic and geochemical analyses. The draft
logs were reduced to a scale of 1:2500 to enable representation (Appendix A).

Sampling for geochemical and petrographic studies was done on a controlled
basis, with the aim of representing the complete Makwassie succession of each
borehole. Zones with abnormal alteration or atypical rock types were avoided,
except when the nature of the alteration or lithology was to be investigated.

Sampling was done on the most homogeneous parts of recognized subunits.



Subunits in boreholes OT1, SYF1, WS3, WS4 and YYS1 were sampled in more
detail to establish within-flow compositional variations. Nine hundred thin
sections were petrographically investigated. Thin sections of samples selected
for geochemical analyses were used to explain anomalous geochemical results.

Geochemical analyses of major and trace elements were conducted on 586
samples, of which 447 originated from the Makwassie Formation in boreholes in
the Bothaville area and the remainder from localities outside this area. Data of
an additional set of 63 samples, from previous research for Anglo American
Prospecting Services, were also included in this study.

An initial non-genetic approach to the Makwassie Formation was attempted.
Application of genetic terminology was a final step after lithological
characteristics had been evaluated. Such a study would be of more value to
future researchers on the same rocks since the non-genetic descriptions and
terminology can easily be reinterpreted. Cas and Wright (1988; p349-350)
stressed the need for a cautious approach to studies of ancient volcanic
successions, as follows:

“It should always be clear that genetic terminology cannot always

be immediately applied, especially to ancient volcaniclastic rocks,

because of the problems caused by poor exposure, lack of

exposure of contact relationships, weathering, alteration,

metamorphism and deformation.”

Cas and Wright (1988; p355) further stated that:
"The approach (to metamorphosed voicaniclastic rocks) therefore
initially has to be more objective and less genetic, with the overall
context, extent and characteristics of the lithological unit(s) having
to be established.

Other factors which complicate the genetic interpretation
and classification of lithified volcaniclastics include: devitrification,
recrystallization, new mineral growth during diagenesis and low
grade metamorphism, and deformation, all of which lead to modifi-
cation of original textures and mineralogy to varying degrees. ...1t
is then a brave person who walks up to an outcrop and applies a
genetic classification or terminology.”
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1.5 DEFINITION OF NOMENCLATURE

The main study area between Klerksdorp and Allanridge, and westwards to
Witpoort is designated the Bothaville area.

Quartz porphyries of igneous origin always contain feldspar phenocrysts, but
the term quartz-feldspar porphyry is preferred in this dissertation.

The terms basic, mafic, felsic and acidic will be used in the same context
used by Cas and Wright (1988):

Basic - igneous rocks with low SiO, contents (<52% SiO,)
Mafic -  igneous rocks with high modal ferromagnesian mineral contents
Acidic -  igneous rocks with high SiO, contents, also called silicic
(>63% SiO,)
Felsic -  igneous rocks with high modal contents of light coloured

minerals, such as quartz and feldspar

Although the feldspar porphyry succession which forms the lower part of the
Makwassie Formation is unofficially known as the Goedgenoeg Formation, this
is as yet an unofficial subdivision and will not be regarded as a separate
formation. The Platberg Group subdivision as defined by SACS (1980) is
accepted.

Volcanological terms and concepts (from Cas and Wright (1988), unless
otherwise indicated):
Lava flows: The effusive eruption of magma as coherent lava. The exsolved
volatile content of the magma chamber immediately before eruption, and of the
magma during eruption, must be sufficiently low to prevent the build-up of gas
pressure which could cause explosive fragmentation. Basic magmas, such as
basalt, mostly erupt as lava flows.
Pahoehoe and aa lava flows: These Hawaiian names denote the end
members of lava flows. Pahoehoe lavas are characterized by smooth,
billowy and ropy surfaces, while aa lavas have exceedingly rough spinose
and fragmented surfaces. Block lavas are less spinase, consisting of
lava blocks with more regular fragments than aa lavas. Pahoehoe and aa
lavas, with all transitional forms, may form in the same lava flow. The
transition of pahoehoe to aa lava is regarded to be the result of viscosity
increase caused by cooling, gas loss and greater crystallinity with time. A
single lava flow may have pahoehoe at the base and aa at the top, e€.g.
lavas of the Roque Nublo Group, Gran Canaria.



Pyroclastic deposits: Pyroclastic deposits form directly from the fragmentation

of magma and rock by explosive volcanic activity. These deposits are grouped

into three generic types according to their mode of transport and deposition:
Pyroclastic fall deposits: Such a deposit forms through gravitational
fall-back of lithics from an eruptive column after the material has been
explosively ejected from a vent. The size of the lithic fall-back can range
from ash (ash-fall) to blocks (ballistic clasts). Pyroclastic fall deposits
form mantle bedding.
Pyroclastic flow deposits: These deposits are emplaced by surface
flows of pyroclastic debris which travel as a high particle concentration
gas-solid dispersion. These flows are hot and are controlled by gravity
and topography, except for some high-velocity flows which may also
show mantle bedding. Pyroclastic flow deposits may be termed ash-flow
deposits if more than 50 volume percent of the deposit is of ash-size
(11, mm) or less (Fisher and Schmincke, 1984). The term ignimbrite is
used in many different contexts in the literature, but will be used here in a
lithological sense, referring to successive pyroclastic flow deposits which
form a coherent succession, possibly through cooling of these flows as a
single unit after rapid emplacement.
Pyroclastic surge deposits: These deposits originate through a
pyroclastic flow of expanded, turbulent, low particle concentration gas-
solid dispersion along the surface. Such deposits show unidirectional
sedimentary bedforms such as low-angle cross stratification, climbing
dune forms, and chute and swell structures. Pyroclastic surges differ from
pyroclastic flows by being low particle flows, while the latter are high
particle flows. The deposits of the two types of flows differ markedly.

Tuff: The lithified equivalent of an ash deposit, deposited through any pyroclas-
tic process in which the grain size was less than 2 mm. With increasing propor-
tions of lapilli (pyroclastic clasts between 4 and 64 mm) and blocks (clasts larger
than 64 mm), the terms lapilli-tuff and block-tuff can be introduced. Similarly,
terms such as ash-flow tuff, ash-fall tuff and pyroclastic-flow tuff can be used.

Spherulitic texture: Spherulites are spherulitic bodies in a rock, which are
composed of an aggregate of fibrous crystals of one or more minerals radiating
from a nucleus, with glass or other crystals in between (MacKenzie et a/., 1982).



Axiolitic texture: This texture is similar to spherulites, but differs in that
radiating fibres extend from either end of a linear nucleus, rather than from a
point (MacKenzie et al., 1982).

Variolitic texture: This is a fan-like arrangement of diverging, often branching,
fibres which form conical bundles of acicular crystals (MacKenzie et al., 1982).
This texture differs from spherulites in that no discrete spherical bodies are
identifiable.

Amygdales: This term is commonly used for gas vesicles in ancient volcanic
successions which have become filled with minerals. (Originally the term
referred to the almond shape (L. amygdala; Gr. amygdalé) of the vesicles).

Facies: The term facies is used for distinctive intervals or associations of rock
types that are distinguishable from other such associations and will therefore not
denote lateral gradation of one rock type into another, as it is often used in
sedimentology. Cas and Wright (1988) stated that this enables identifying,
describing and interpreting distinctive intervals and/or associations of rock(s)
which recur many times in a stratigraphic succession.



2. REVIEW OF THE GOEDGENOEG AND MAKWASSIE
FORMATIONS

2.1 INTRODUCTION

The Makwassie Formation consists of quartz-feldspar porphyries, also "quariz-
free porphyritic and non-porphyritic volcanic rocks and minor bodies of
sediments” (Winter, 1976; p.42). The name Makwassie Formation was
proposed by Winter (1965), after a town in the North West Province where a
major outcrop of this formation occurs. "

The formational status of the Goedgenoeg Formation was only recently
approved (Meeting of the Ventersdorp Task Group, S.A.C.S., 1990). It is
defined as the feldspar porphyry succession underlying the quartz-feldspar
porphyries of the Makwassie Formation proper. Previously it formed part of the
Makwassie Formation. As a result of this recent division, few references to the
Goedgenoeg Formation are found in the literature and previous studies of the
Makwassie volcanics included that of the Goedgenoeg Formation.

2.2 PREVIOUS DESCRIPTIONS

Numerous descriptions of quartz-porphyry occurrences appear in early publica-
tions on the Ventersdorp “System” and most of these quartz porphyries are
currently correlated with the Makwassie Formation. Quartz porphyries of the
Ventersdorp System at the Makwassie Hills and in the Kimberley mines were
- described by Hatch and Corstorphine (1905). They mentioned that these
occurrences were also noted by Dahms (1881) and Hatch (1898; 1903).

Du Toit (1908) described the geology in the Vryburg and Mafikeng areas and
named an assemblage of volcanics and sedimentary rocks the "Zoetlief Beds"
(now correlated with the Platberg Group), which form part of the Ventersdorp
System. The middlemost unit of this assemblage is composed of quartz
porphyries. Du Toit (1907) also described quartz porphyries at the confluence of
the Riet and Modder Rivers south of Kimberley (the Ritchie locality; Potgieter
and Lock, 1978), and in the diamond mines at Kimberley which he correlated
with the Zoetlief Beds at Vryburg. Du Toit (1907) mentioned that the Kimberley
quartz porphyries ".. show the same corrosion of the quartz-phenocrysts, the
pseudomorphs after enstatite, the alteration of the feldspar, and the extensive
silicification of the whole rock ...” as the Vryburg quartz porphyries. Du Toit
(1907) further mentioned that some specimens from £ 420 m below surface in



the De Beers Mine and from £ 660 m below surface in the Kimberley Mine are
"orthoclase-porphyries”, which possibly correlate with the Goedgenoeg
Formation (this study).

Rogers and Du Toit (1909) described rocks of the northern Cape Colony and
mentioned the Zoetlief, "Kuip" and the Pniel series. The present correlatives of
these series are the Kameeldoorns, Makwassie, Rietgat, Bothaville and
Allanridge Formations.

Williams' (1932) account of the geology in the Kimberfey diamond mines is
largely similar to that of Du Toit (1907). Williams, however, cited 3 chemical
analyses of the quartz porphyry, which were probably the earliest analyses of
the Makwassie quartz porphyries. The averages of Williams' quartz porphyry
analyses are listed in Table 2.1. (Note that an analysis published by Horwood in
1911 was of the Klipriviersberg "amygdaloidal diabase").

TABLE 2.1: Average of 3 chemical analyses of the Makwassie quartz porphyry in the
Kimberley diamond mines (Williams, 1932).

Si0, 65.21 ~ MnO 0.13 | CO, 3.21 |
AlyO, 5.67 - N0 nil P,Os 0.29 |
Cralhs : ~ Ca0 6.66 H,0" 0.09 |
Fe,05 396 - MgO 0.36 H,O* 2.18

FeO 5.41 L K0 3.31 ‘
TiO, 1.37 | | Na,0 1.61 i

Holmes (1907) described the geology of south-western Transvaal, including the
quartz-feldspar porphyry outcrop at "Makuassiberg” close to the town of
Makwassie. He mentioned that quartz porphyries in the centre of the "structure”
appeared akin to granites. To the edges of the "structure”, the quartz porphyry
had characteristics " corresponding to fine-grained felsite with smaller
phenocrysts than in the central part. The weathered parts of the outcrop had a
reddish colour. Holmes (1907) also mentioned a quartz porphyry outcrop at
Kareelaagte to the west of Schweizer-Reneke, 32 km north of Mafikeng and
also at Crocodile Pools "in the extreme north-western part of Transvaal”. Van
Eeden (1946) later reported on the correlation of the quartz porphyries in the
Schweizer-Reneke area and correlated part of the Zoetlief in this area with the
Dominion Reef series at Ottosdal.

In his description of the geology of the Klerksdorp-Ventersdorp area, Nel (1935)
described the quartz porphyry outcrops and their petrography in great detail.
The geology of the Klerksdorp District was investigated by Beetz (1936), whose



account was based on outcrop and exploration boreholes. The large variation in
thickness of the Ventersdorp succession led him to speculate on the role of
faulting and tectonics in the area. He further postulated that the quartz
porphyries are lava sheets rather than intrusive dykes.

Truter and Strauss (1942) reported on the pre-Transvaal rocks at "Taungs” in
the North Cape and accounted for Pniel and Zoetlief rocks in the area, while
Jacobsen (1943) gave a detailed account of the Platberg succession in the
Buffelsdoorn area, Klerksdorp Townlands and inner area of Klerksdorp town.

The Ventersdorp System in the Taungs area was subdivided into the Zoetlief
and Pniel Series by Matthysen (1953), while only the Pniel Series occur in the
Christiana area. Matthysen further described the Ventersdorp System in the
Free State and he subdivided the System into three Series, viz the Upper
Ventersdorp or Pniel Series, the Middle Ventersdorp or Zoetlief Series and the
Lower Ventersdorp or Klipriviersberg Amygdaloid Series.

Pienaar (1956) presented a detailed stratigraphic and preliminary structural
study of the Ventersdorp rocks in the Free State Goldfield. He proposed a
subdivision of the Ventersdorp System into the Lower Lava, Upper Sediments
and Upper Lava. In a description of the geology of the Free State Goldfield,
Coetzee (1960) gave only a brief description of the Upper Volcanic Stage of the
Ventersdorp System, which is today correlated with the Makwassie, Rietgat,
Bothaville and Alla_nridge Formations.

Quartz porphyries were also noted by Von Backstrém (1962) in the vicinity of
Ottosdal, whilst Nel and Verster (1962) described it in boreholes between
Bothaville and Vredefort. Subsequently the stratigraphy of the Ventersdorp
System was finalised by Winter (1965; 1976) and since then the stratigraphic
position and correlation of the Makwassie quartz porphyries are Dbetter
understood.

Whiteside (1970) gave an account of the volcanic rocks of the Ventersdorp
Supergroup and he also presented the stratigraphy of a number of boreholes
from the Bothaville-Klerksdorp area. These boreholes intersected intermediate
lavas underlying the quartz porphyries, which are now recognized as the
Goedgenoeg Formation (this study).



During the period 1970-1980 a number of theses on the geology of the Northern
Cape, North West and western Free State Provinces were produced at the
University of the Free State. Quartz porphyry outcrops in these areas were
described by Emslie (1972), Joubert (1973), Potgieter (1973), Potgieter (1974),
Lemmer (1977), Liebenberg (1977), Kleynhans (1879) and Behounek (1980).
This research resulted in a number of publications, i.e. Visser et al. (1975-76),
Grobler and Emslie (1975-76), Potgieter and Visser (1976) and Potgieter and
Lock (1978), wherein the quartz porphyry outcrops were described.

In the Lobatse and Ramotswa areas of south-eastern Botswana, quariz
porphyries of the Plantation Porphyry were correlated with the Ventersdorp
Supergroup (Crockett, 1871). Nearby quariz porphyries of the Tshwene-
Tshwene, Seokangwana and Derdepoort belts in North West Province were
also correlated with the Makwassie Formation (Tyler, 1979a), but those of the
Buffalo Springs Group near Thabazimbi were assigned to the Wolkberg Group
by Tyler (1979b).

M.P. Bowen (1984) and T.B. Bowen (1984) greatly contributed to the knowledge
of the geochemistry and genesis of the Makwassie volcanics. They presented
analyses of Makwassie samples from boreholes in the Bothaville area and
devised geochemical discrimination diagrams to distinguish between the
Witwatersrand triad lavas (M.P. Bowen, 1984; T.B. Bowen, 1984; M.P. Bowen
et al., 1986).

The eruptive style of the Platberg volcanics in the Hartbeesfontein Basin was
discussed by Karpeta (1990). Quartz-feldspar porphyries are absent in this area,
but feldspar porphyries of the Goedgenoeg Formation are present. The most
recent research on the Platberg Group volcanics, with detail on the Goedgenoeg
and Makwassie Formations, was completed by Myers (1980). This research was
presented by Booth (1987), Myers et al. (1988) and J.M. Myers et al. (1990).

2.3 STRATIGRAPHY

The Makwassie Formation is represented by the type section of borehole DF1,
south-west of Orkney (SACS, 1980). The lithostratigraphy of the Makwassie and
Rietgat Formation stratotypes are depicted in Fig. 2.1. Winter (1976) stated that
the Makwassie quartz-feldspar porphyries occur together with quartz-free
porphyritic and non-porphyritic volcanic rocks and minor bodies of sediment
(now part of the Goedgenoeg Formation). Winter (1976) commented that such a
subdivision of the Makwassie Formation may be possible.
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FIGURE 2.1: The lithostratigraphy of the Makwassie and Rietgat Formaiton!
stratotypes, according to Winter (1976).




The Garfield Member (type section borehole LL1, east of Bothaville: SACS,
1980) was identified as green-grey, porphyritic lavas which are distinguished
from the Makwassie quartz-feldspar porphyries by their more mafic character.
Winter (1976) states that the Garfield Member generally occurs within the lower
portion of the Rietgat Formation, but it may "locally become a member of the
Makwassie Formation”, as in borehole KRF1. Elsewhere, it can contain minor
intercalations of sediments and non-porphyritic lavas.

The Goedgenoeg Formation overlies the sedimentary Kameeldoorns Formation,
or where it is absent, the Klipriviersberg Group or older units. The Goedgenoeg
Formation is overlain by the Makwassie Formation. The Rietgat Formation
covers the Makwassie porphyries over large areas, but where the Rietgat lavas
are absent, the Bothaville Formation truncates the porphyries. (There is a major
unconformity between the Platberg Group and Pniel Group; Winter, 1976).

A succession of "shales, tuffs, quartzites, conglomerates, andesitic lavas,
pyroclastics and feldspar and quartz-feldspar porphyries” that underlies the
Klipriviersberg Group west and south-west of Klerksdorp, was described by
Whiteside (1970) in collaboration with P.M. Strydom. They proposed the name
Vaal Bend unit for this succession. The stratigraphic position of this unit was not
clear (Winter, 1976; SACS, 1980). Further borehole information, however,
indicate that the Vaal Bend unit is a basal member of the Goedgenoeg
Formation and that the overlying “Klipriviersberg Group' lavas are in fact
intermediate and mafic lavas of the Goedgenceg Formation (personal
communication; P.M. Strydom, 1988).

2.4 DISTRIBUTION

The Goedgenoeg and Makwassie Formations occur inconsistently over aimost
the entire Ventersdorp depository and are largely restricted to suboutcrop only
(Fig. 2.2). Outcrops are limited and the stratigraphy is poorly exposed, so that
the true extent and full stratigraphy are only revealed by exploration boreholes.
Outcrops of the Goedgenoeg Formation are even more limited and largely
undocumented compared to the Makwassie Formation. Detailed accounts of
particular Makwassie Formation occurrences as depicted in Fig. 2.2 are
presented in Chapter 6.
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FIGURE 2.2: The distribution of the Makwassie Formation (detailed accounts of
occurrences are presented in Chapter 6). The numbers represent the following localities:
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2.5 AGE

The most recent age determination is by Armstrong et al. (1992), who reported an
age of 2708 + 8 Ma on single zircons with U-Pb methods on an ion microprobe.
Zircon xenocrysts in the Makwassie Formation are reported by Armstrong et al.
(1992), which indicate that assimilation took place during genesis of Makwassie
magma. The age of the Goedgenoeg Formation is still unknown, but is not
expected to be significantly older than the Makwassie Formation.

2.6 GEOCHEMISTRY AND PETROGENESIS

Even though the first chemical analyses of the Makwassie porphyry was
published by Williams (1932), it was only during the last decade that the petrology
of the Makwassie Formation received attention. Liebenberg (1977) and
Kleynhans (1979) presented analyses of the Makwassie Formation in the
Northern Cape Province. Kleynhans (1979) concluded that the Makwassie
porphyries are rhyodacitic in composition and that a possible differentiation series
exists between the Makwassie and Rietgat volcanics.

Recent petrological investigations of the Goedgenoeg and Makwassie volcanics
were mostly concerned with the geochemical stratigraphy of the Witwatersrand
triad. De Bruiyn et al. (1984) demonstrated the use of lithogeochemistry and
multivariate statistics as aids in the stratigraphic characterization of the
Ventersdorp Supergroup. Research by M.P. Bowen (1984) and T.B. Bowen
(1984) further proved that a distinctive geochemical stratigraphy exists in the
Ventersdorp Supergroup (T.B. Bowen et al., 1986; M.P. Bowen et al., 1986).

The geochemical composition of the Makwassie Formation in the Bothaville area
(T.B. Bowen et al., 1986) differs from that in the T'Kuip and North West Province
areas (De Bruiyn et al., 1984). This discrepancy emphasized the need to
investigate the lithostratigraphy of the Makwassie Formation in the Ventersdorp
depository.

Schweitzer and Kroner (1985) stated that the Ventersdorp volcanics have only
one primary source and that the Makwassie volcanics evolved through fractional
crystallization from this source. According to Crow and Condie (1988) the
Makwassie porphyries are the product of fractional crystallization of a mantle
source, separate from the Klipriviersberg mantie source. Crow and Condie (1988)
further state that the Makwassie magma was derived through partial melting
induced by the rising plume of the Klipriviersberg magma source.
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A study of the Platberg volcanics in the Klerksdorp area by Myers et al. (1988)
and Myers (1990) indicated that the lower intermediate volcanics of the
Makwassie Formation (the Goedgenoeg volcanics; see page 23), the quartz-
feldspar porphyries of the Makwassie Formation and the Rietgat volcanics are
related by differentiation to the same parental basic magma. Myers (1990) found
that the Makwassie quartz-feldspar porphyries were derived from the intermediate
Goedgenoeg volcanics magma, through ponding and rapid differentiation in the
crust to an acidic composition. Increased eruption rates resulted in an upwards
basic trend in the Makwassie succession in the Klerksdorp area, eventually
ending in direct eruption without ponding and differentiation in the crust (Rietgat
facies).



3. THE STRATIGRAPHY AND LITHOLOGY OF THE GOEDGE-
NOEG AND MAKWASSIE FORMATIONS IN THE BOTHAVILLE |
AREA |

3.1 INTRODUCTION

The Goedgenoeg and Makwassie Formations suboutcrop in the Bothaville area
and the observations from this study are limited to borehole cores. The positions
of the relevant boreholes are indicated in Fig. 3.1, which includes the type
section of the Makwassie Formation (borehole DF1: S.A.C.S., 1980). In the
Bothaville area the Goedgenceg Formation overlies the sedimentary
Kameeldoorns Formation or, where the Kameeldoorns Formation is not
developed, the Klipriviersherg Group. The Makwassie Formation overlies the
Goedgenoeg Formation. Outside the Klipriviersberg Group depository these
formation onlap onto progressively older formations (e.g. the Witwatersrand
Supergroup), until it directly overlies Basement Igneous Complex. Where
developed, mafic lavas of the Rietgat Formation overlies the Makwassie
Formation, otherwise it is overlain by the Pniel Group or younger formations.

3.2 STRATIGRAPHY

As described in Chapter 2, the Makwassie Formation as it was defined by
S.A.C.S. (1980), is now divided into a lower feldspar porphyry unit (the
Goedgenoeg Formation) and an upper quartz-feldspar porphyry unit (the
Makwassie Formation 'proper (Meeting of the Ventersdorp Supergroup Task
Group of SACS, Fe'bruary 1994; see Fig. 3.2).

3.2.1 The Goedgenoeg Formation

The Goedgenoeg Formation is composed of feldspar porphyries and less promi-
nent non-porphyritic mafic lavas. The mafic lavas are interbedded with the
feldspar porphyries and become more prominent towards the top of the succes-
sion. Subordinate tuffaceous rocks are infrequently interbedded with the
porphyries and mafic lavas, while epiclastic sedimentary rocks are rare. The
Goedgenoeg Formation is generally thicker than the Makwassie Formation and,
in the Bothaville area, reaches a maximum thickness of 1777 m in borehole
KRF1 (Appendix A).
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FIGURE 3.1: Map of the Bothaville area which indicates the distribution of quartz-
feldspar porphyry outcrop, the position of boreholes and the subsurface distribution of
the Makwassie Formation, including the Goedgenoeg Formation.
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FIGURE 3.2: The general lithostratigraphy of the Goedgenoeg and Makwassie
Formations in the Bothaville area.



Minor sedimentary rock units are associated with the lower and upper contacts
of the Goedgenoeg Formation (Fig. 3.2). In the most prominent Platberg
grabens (i.e. where the Goedgenoeg Formation attains its greatest thickness),
clastic sedimentary rocks are interbedded with feldspar porphyries in the basal
part of the Goedgenoeg Formation. This particular succession was described as
the "Vaal Bend formation' by Whiteside (1970). Some of these clastic beds have
unusual textures and seem to be intermingled sediment and juvenile lava, which
may indicate that the Kameeldoorns Formation sedimentation was still active at
the onset of Goedgenoeg volcanism.

3.2.2 The Makwassie Formation

The Makwassie Formation consists predominantly of quartz-feldspar porphyries,
but thin tuffaceous rock units are frequently interbedded with the porphyries.
Minor mafic lava flows interbedded with quartz-feldspar porphyries occur locally
in the lower part of the Makwassie Formation whilst epiclastic sedimentary rocks
are rare. A prominent feldspar porphyry and mafic lava unit occur, however, in
the upper part of the Makwassie Formation and this unit is known as the
Garfield Member (Winter, 1876). A maximum thickness of 421 m for the Garfield
Member was observed in borehole KRF1 (Appendix A). The Garfield Member is
unique to the Bothaville area and its distribution can be accurately delineated
(Chapter 4). In the eastern part of the Bothaville area the Garfield Member is
directly overlain by the Rietgat Formation, whereas it is overlain by Makwassie
Formation quartz-feldspar porphyries further to the west.

3.3 LITHOLOGY AND PETROGRAPHY

3.3.1 Comments On Alteration

Alteration of the Makwassie Formation rocks as a result of metamorphism
affected the original mineral composition as well as emplacement textures. The
Ventersdorp Supergrbup was subjected to lower greenschist facies
metamorphism (Cornell, 1978; Tyler, 1979a; Schweitzer and Kroner, 1985; Crow
and Condie, 1988; Grobler et al.,, 1989). A metamorphic paragenesis of quartz-
chlorite-albite-clinozoisite-actinolite prevails in the Makwassie quartz-feldspar
porphyries. Extensive silicification, chloritization and epidotization (Fig. 3.3)
destroyed primary flow textures.

Deuvitrification of the originally glassy Makwassie quartz-feldspar porphyry was
accompanied by extensive hydrothermal alteration, as is often the case with
ignimbrites (Cas and Wright, 1988). Hydrothermal aiteration can take many



FIGURE 3.3: Highly epidotized quartz-feldspar porphyry in the lower part of the
middle layver of a flow unit. Note the altered feldspars and almost totally obscured|
quartz phenocrysts. The white specs are leucoxene. Sample FVM750; borehole LLET.
(Top to the right and scale in mm). '

forms and the resultant minerals can include amorphous silica, quartz, K-
feldspar, albite, calcite, montmorillonite, illite, kaolinite, chlorite, zeolite and a
host of other low-grade metamorphic minerals. Patchy alteration, transgressing
over original textures and mineralogy, may produce an apparent clastic texture.
The superimposed textures appear as clasts in a differently coloured and
mineralogically different matrix (R. Allen, 1990, personal communication; Cas
and Wright, 1988). Hydrothermal alteration is especially visible in the quartz-
feldspar porphyry of borehole ZH1 (Zonderhout). Gradational to sharp contacts
exist between zones of chlorite-quartz-sericite alteration (Figs. 3.4 and 3.5).
Gibson et al. (1983) attribute mottled silicification of the Amulet Rhyolite
Formation in Quebec to water-rock interaction, related to the circulation of sea
water. Although the Makwassie Formation volcanics are not envisaged to have
been inundated by seawater, interaction of groundwater with the porphyries
could have attributed to the mottled silicification.

3.3.2 Quartz-feldspar Porphyry

3.3.2.1 Macroscopic Description

The quartz-feldspar porphyries are lighter-coloured than the feldspar porphyries
and other mafic volcanic facies of the Ventersdorp Supergroup. They are
predominantly light green in colour, although variations from grey-green, light
yellow, grey-blue to purple-blue also occur. Red-coloured quartz-feldspar
porphyry, associated with oxidation zones, Is also present.
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FIGURE 3.3: Highly epidotized quartz-feldspar porphyry in the lower part of the
middle layer of a flow unit. Note the altered feldspars and almost totally obscured|
quartz phenocrysts. The white specs are leucoxene. Sample FVM750; borehole LLE.
(Top to the right and scale in mm). '

forms and the resultant minerals can include amorphous silica, quartz, K-
feldspar, albite, calcite, montmorillonite, illite, kaolinite, chlorite, zeolite and a
host of other low-grade metamorphic minerals. Patchy alteration, transgressing
over original textures and mineralogy, may produce an apparent clastic texture.
The superimposed textures appear as clasts in a differently coloured and
mineralogically different matrix (R. Allen, 1990, personal communication; Cas
and Wright, 1988). Hydrothermal alteration is especially visible in the quartz-
feldspar porphyry of borehole ZH1 (Zonderhout). Gradational to sharp contacts
exist between zones of chlorite-quartz-sericite alteration (Figs. 3.4 and 3.5).
Gibson et al. (1983) attribute mottled silicification of the Amulet Rhyolite
Formation in Quebec to water-rock interaction, related to the circulation of sea
water. Although the Makwassie Formation volcanics are not envisaged to have
been inundated by seawater, interaction of groundwater with the porphyries
could have attributed to the mottled silicification.

3.3.2 Quartz-feldspar Porphyry

3.3.2.1 Macroscopic Description

The quartz-feldspar porphyries are lighter-coloured than the feldspar porphyries
and other mafic volcanic facies of the Ventersdorp Supergroup. They are
predominantly light green in colour, although variations from grey-green, light
yellow, grey-blue to purple-blue also occur. Red-coloured quartz-feldspar
porphyry, associated with oxidation zones, is also present.
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FIGURE 3.4: Irregular alteration of the Makwassie Formation quartz-feldspar
porphyry, resulting in an apparent clastic texture (R. Allen, personal communication,
1991). Sample FVM788: borehole ZH1. (Top to the right and scale in mm). |

FIGURE 3.5: Colour-banded texture of the Makwassie Formation quartz—feldspaf
porphyry, attributed to inconsistent alteration. Sample FVM820; borehole DF1. (Top to

the right and scale in mm).
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Both quartz and feldspar phenocrysts are recognizable in hand specimen (Fig.
3.6). The quartz phenocrysts are round to oval in shape with a diameter from
microscopic up to 8 mm and with a mean of 2 mm. Fragmented quartz
phenocrysts are also present.

In contrast, the shape of the feldspar phenocrysts are rectangular with rounded
edges. They are generally fractured and although small phenocryst fragments
are frequently observed, the phenocrysts’ size range from microscopic up to 12
mm, with an average of 5 mm. Composite grains of up to 30 mm were also
noted. The phenocryst colour varies from white to green and reddish potassic
feldspar were frequently observed. The red colour originates as a result of iron
exsolution which leads to clouding of the crystals (Poldervaart and Gilkey,
1854). Zonation of some of the feldspar phenocrysts are macroscopically visible
and is manifest by a green-coloured chioritic core, surrounded by white feldspar
(Fig. 3.7). This phenomenon is often present in altered plagioclase feldspars
(Cox et al., 1979). The phenocrysts constitute about 35 volume per egnt of the
rock and can be divided into 30% feldspar, 10% quartz and 5% composite
glomerular phenocrysts.

The porphyry matrix is aphanitic, very dense and has a cherty appearance. The
red-coloured quartz-feldspar porphyries are often weakly magnetic.

FIGURE 3.6: Typical Makwassie Formation quartz-feldspar porphyry in borehole core.
I'eldspar phenocrysts are visible as fragmented white crystals, often with skeletal forms.
Subrounded quartz phenocrysts appear as grey-coloured crystals. The khaki-green
colour of the matrix is attributed to epidotization. Sample FVM728: borehole WS4,

(Top to the right and scale in mm). N
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fiFIGURE 3.7: Quartz-feldspar porphyry with chloritic laminae. Feldspar phenocrysts,
ishow zonation, often with chlorite alteration of the core. Quartz phenocrysts are unclear
\in this sample. Sample FVM149; borehole LLE1. (Top to the right and scalexn’'mm).

3.3.2.2 Petrographic Description

The prevalent porphyritic texture is conspicuous. Feldspar phenocrysts predomi-
nate over quartz, with accessory microphenocrysts of apatite, zircon, sphene,
spinel and titaniferous magnetite. The total phenocryst content rarely exceeds
35%. Myers (1990), however, reports total phenocryst proportions from 10% to
65% for Makwassie rocks in the Buffelsdoorn graben, Makwassie Townlands
and Platberg, near Klerksdorp.

Quartz Phenocrysts

Rounded to oval, embayed and fractured quartz phenocrysts occur in varying
concentrations and size in the quartz-feldspar porphyry (Fig. 3.8). The
phenocrysts are monocrystalline, but undulatory extinction is often visible.
Embayments cut into the crystals and are filled by amorphous minerals of the
surrounding matrix. Some phenocrysts are fractured, with segregation of the
fragments, especially in the top layer of flow units.

Dark-coloured rims of amorphous minerals surround the quartz phenocrysts.
Very fine-crystalline, spindly actinolite is often associated with these rims,
penetrating the perimeter of the quartz phenocrysts. The extent of quartz
replacement is variable; in some flow units the quartz phenocrysts are aimost
completely replaced and clouded by an abundance of submicroscopic minerals.
Inclusions of apatite and other accessory minerals were observed and bubble
trails of very small fluid inclusions are common.
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FIGURE 3.8: Rounded, embayved and fractured quartz phenocrysts (white crystals)|
with dark reaction rims, typical of the Makwassie quartz-feldspar porphyry. Note the|

altered feldspar phenocrysts and the spherulites (dark blots) in the matrix. Samp[ei

FVMO096; borehole YYSI. (Plane polarized light. Width of field is 14 mm). i

Feldspar Phenocrysts

Feldspar phenocrysts occur as fragmented, subhedral crystals with subrounded
edges, while larger crystals may be well rounded (Fig. 3.9). None of the
phenocrysts appear intact. The phenocrysts are furthermore intensely affected
by saussuritic alteration and in some cases can hardly be distinguished from the
groundmass. Although rhythmic zonation is rare, phenocrysts with a core and
secondary overgrowth are common.

Plagioclase phenocrysts predominate over alkali-feldspar phenocrysts.
Jacobsen (1943) reports albite, oligoclase, orthoclase and microperthite, while
M.P. Bowen (1984) and J.M. Myers et al. (1990) report plagioclase of oligoclase
composition.  Electron microprobe analyses performed during this study
indicated albitization of the feldspars (Appendix E;). Albitic (Abg;.gsAn,,0r,)
compositions predominate, with minor oligoclase/andesine (An,AbsgOr,,). The
alkali-feldspars are represented by orthoclase (OrggAb,An,) and anorthoclase
(Ora4Ab1g).
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FIGURE 3.9: An altered plagioclase phenocryst mantled by later-stage growth. The
primary central part is altered to chlorite, indicating compositional differences between
the growth stages. Note the embayed quartz phenocrysts and aphanitic matrix. Sample
FVM220; borehole ZH1. (Crossed nicols. Width of field is 11 mm).

Plagioclase phenocrysts exhibit Carlsbad and polysynthetic Albite twinning.
Apart from the single-crystal phenocrysts, glomerular phenocrysts also occur.
Some plagioclase and especially alkali-feldspar phenocrysts display complex
skeletal crystals (Fig. 3.10), which were described as honeycomb-textured
feldspars by M.P. Bowen (1984).

Other Phenocrysts

Relict phenocrysts, totally altered to or replaced by chlorite and actinolite, are
also present in the quartz-feldspar porphyry, but appear more frequently in the
feldspar porphyry. These relict phenocrysts were also reported by previous
researchers (Jacobsen, 1943; M.P. Bowen 1984), which Jacobsen (1943)
considered to be relicts of hornblende. These subhedral relict phenocrysts are
stubby in shape and comprise a mass of secondary chloritic material, often with
aligned, fibrous actinolite and opaque oxides. The relict phenocrysts are often
associated with aggregates of accessory and secondary minerals. The original
composition of these phenocrysts could not be determined. The molecular




FIGURE 3.10: Complex skeletal feldspar phenocryst with groundmass filling the
openings. Sample FVM288; borehole DF 1. (Crossed niccols. Width of field is 6 mm).

proportions of Al,O,, CaO and Na,O + K,O determine which mafic minerals will
be present in granites and rhyolites (Barker, 1983). The Makwassie felsics are
metaluminous (Chapter 5) and it can be expected that amphibole (hornblende?)
and/or biotite will be present as a phenocryst phase instead of pyroxene.

Accessory Minerals

Small euhedral crystals of apatite, zircon, sphene and spinel are common in the
Makwassie quartz-feldspar porphyry, often occurring as aggregated masses
together with titaniferous magnetite (Fig. 3.11) and feldspar. The above
accessory minerals are widespread in granites and rhyolites (Barker, 1983).
Zircon is relatively rare in the quartz-feldspar porphyry. Discreet apatite laths in
the matrix often display quench textures (Fig. 3.12).

Titanomagnetite occurs prevalently as a sandwich or trellis intergrowth of
lImenite and magnetite (Fig. 3.11). The original titanomagnetite (Fe,04-Fe,TiO, -
magnetite/ulvospinel) has been oxidized to ilmenite, magnetite and maghemite
(Fe;0, + FeTiO, = Fe,0,), with the ilmenite exsolved within the magnetite as
trellis or sandwich patterns (Elsdon, 1975), similar to that described by
Buddington and Lindsley (1964). limenite is altered to leucoxene and appears as

E
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l*l(r[ RL 3.11: An aggregate of euhedral apatite, spinel, sphene and zircon crystals
(not visible), which surrounds an altered titanomagnetite crystal. The dark lamellae are

maghemite and the greenish patches are leucoxene. Sample FVMO18: borehole WS3.|
(Plane polarued light. Width of field is 1 mm).
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FIGURE 3.12: A quench- texturcd apatlte cnqtdi (hollow centre of the crystal) in the

|quartz- feldspar porphyry. Sample FVM285; borehole DFI. {Crossed nicols. Width of]
[field 1s 1 mm).

white specks in hand specimen, while the magnetite is partially altered to an
opaque brownish mass of maghemite. Excess Fe,0, in the magnetite will be
present as maghemite (Buddington and Lindsley, 1964).

B




Matrix

The matrix of the quartz porphyry consists of a fine-crystalline mass of quartz,
albite, K-feldspar, chlorite, epidote, calcite, sericite and opaque minerals.
Phenocryst fragments or single accessory minerals are interspersed in the
matrix. Matrix mineral proportions are variable, especially in the case of quartz,
epidote, and chlorite, e.g. some layers are silicified, epidotized, or chloritized. In
flow units of the quartz-feldspar porphyry the matrix in the flow-unit base tends
to be highly epidotized, while the flow-unit top is mostly silicified. Makwassie
quartz-feldspar porphyries with a red-coloured matrix have very finely-dispersed
opaque oxides (maghemite?) in the matrix. -

The matrix invariably displays a felsitic texture (Fig. 3.13), particularly in the

basal and middle parts of flow units (petrographic analysis, Appendix F). A

microprobe scan across a very fine-grained example revealed lamellar inter-

growths of quartz and K-feldspar, with subordinate albite. The albite is possibly 3
of secondary origin. With a beam diameter of 1 um, the microprobe was utilized

to determine the widths of the intergrown minerals. Quartz lamellae measured

less than 30 um, K-feldspar less than 20 um, and albite less than 4 um.
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FIGURE 3.13: Felsitic texture of the quartz-feldspar porphyry matrix, composed of a
very fine intergrowth of quartz and feldspar. Sample FVMO18; borehole WS3. (Crossed
nicols. Width of field is 4 mm).




3.3.3 Feldspar Porphyry

3.3.3.1 Macroscopic Description

The most distinctive lithological difference between the feldspar porphyry and
quartz-feldspar porphyry is the absence of quartz phenocrysts in the former (Fig.
3.14). The feldspar porphyry is dark green in colour due to a high chlorite
content. Phenocryst concentrations vary; some flow units contain only scattered
feldspar phenocrysts while others may be very phenocryst-rich. Some feldspar
porphyry flow units host rare quartz phenocrysts, which are only recognized in
thin section.

Euhedral, intact feldspar phenocrysts occur in phenocryst-poor flows, while
phenocrysts are commonly rounded and fragmented in phenocryst-rich flows
and also smaller (u3 mm) than the feldspar phenocrysts in the quartz-feldspar
porphyry. The colour of the feldspar phenocrysts varies from white to shades of
green.

Relict phenocrysts, similar to those recognized in the quartz-feldspar porphyries,
were frequently observed. Due to alteration, their original composition could not
be determined. The matrix of the feldspar porphyry is aphanitic and very dense
with a dark-green colour which is attributed to a high chlorite content. The
feldspar porphyry can easily be distinguished from the quartz-feldspar porphyry
due to its mafic appearance and the absence of quartz phenocrysts.

.

FIGURE 3.14: Goedgenoeg Formation feldspar porphyry with fractured, subrounded
feldspar phenocrysts which are smaller than those of the Makwassie quartz-feldspar
iporphyry. Sample FVM129; borehole LLE]. (Top to the right and scale in mm).




3.3.3.2 Petrographic Description

The petrography of the feldspar porphyries is generally similar to that of the
quartz-feldspar porphyry, except for the absence of quartz phenocrysts.
Completely chloritized relict phenocrysts are prevalent in the feldspar porphyry
while the matrix is also more chlorite-rich than for the quartz-feldspar porphyries.

The feldspar phenocrysts are often euhedral, in contrast to those of the quartz-
feldspar porphyry. Skeletal feldspar phenocrysts are rare. Phenocryst-rich flow
units, however, have broken feldspars and matrix with felsitic textures similar to
the quartz-feldspar porphyry. Less phenocryst-rich flow units display a fine-
crystalline matrix.

An electron microprobe analyses (Appendix E) indicated alkali-feldspar
phenocrysts of albite (Abg; ¢6ANn,s0r;,) and sanidine (Or;,Ab,sAn, and Ab,.
76003.08AN ) composition. Apart from albite, a plagioclase composition of
labradorite (AnsgAb,oANn,) was also obtained.

3.3.4 Non-porphyritic Lava

3.3.4.1 Macroscopic Description

Non-porphyritic lava is subordinate to feldspar porphyry in the Goedgenoeg
Formation and is only rarely interbedded with the quartz-feldspar porphyries of
the Makwassie Formation. The mafic lava has a physical appearance similar to
lava from the Rietgat Formation, i.e. it is dark-green in colour, fine to medium-
crystalline and amygdaloidal at the base and top of flows. Lava breccias occur
rarely.

3.3.4.2 Petrographic Description

These rocks display a fine-crystalline texture of altered feldspar laths with
interstitial spaces filled by amorphous chlorite, epidote, quartz, calcite and
sericite. Feldspar microphenocrysts also occur.

3.3.5 Tuffaceous Rocks

3.3.5.1 Macroscopic Description

The tuffaceous rocks, which occur as thin interbedded layers in the Makwassie
quartz-feldspar porphyries, are fine-grained and laminated. Interbedded tuffa-
ceous rocks in the Makwassie Formation often have embedded fragments and
clasts of scoriaceous quartz-feldspar porphyry, in which case these clasts indent
the laminae. The tuffaceous beds are poorly graded, but an upwards-fining
sequence can be defined in some cases. Cross-bedding is absent.



3.3.5.2 Petrographic Description

The fine-grained, tuffaceous beds that separate individual flow units in the
quartz-feldspar porphyry are composed of quartz and altered mineral fragments,
embedded in an amorphous matrix. Mica flakes and unidentified lithic fragments
were also observed. Layering is defined under the microscope by variable
crystal-fragment concentrations and although the fine-grained beds are
upwards-fining, individual laminae can be either upward-fining or upward-
coarsening. Relict unwelded glass-shard textures (Figs. 3.15 and 3.16) were
often recognized in the less crystal-rich laminae. Vesicular porphyritic clasts with
irregular shapes and a large size range (4-150 mm) are often embedded in
these tuff beds and laminae drape over them. Cherty layers also occur, often

with bedded accretionary lapilli composed of cherty outer laminae and grained
cores.

3.3.6 Epiclastic Sedimentary Rocks

Clastic sedimentary rocks associated with the basal part of the Goedgenoeg
Formation consist of chaoctic lava breccia in an immature sedimentary matrix.
Intermingled lava, clastic and shaley sedimentary material are also present in
this stratigraphic position. Similar material is reported by Winter (1976). Poorly
sorted, matrix-supported conglomerate with clasts consisting of mafic lava
separates the Goedgenoeg and Makwassie Formations in some areas (e.g.
boreholes JWS6, JWS7 and JWS8; Appendix A). Silicified, calcareous mudrock
was also observed in borehole LLE1 (Appendix A).

3.4 FLOW MORPHOLOGY

3.4.1 Description

Flow units can be distinguished in the feldspar porphyries of the Goedgenoeg
Formation, but are difficult to delineate in some intersections. In the feldspar
porphyries the flow units are recognized by contrast in phenocryst concentra-
tions, amygdaloidal flow tops and the presence of scoriaceous breccias. In the
associated mafic lavas flow units are readily distinguished by amygdaloidal top
sections, scoriaceous breccias and sharp flow contacts as well as a decrease in
crystallinity towards the contacts.

Superficially the quartz-feldspar porphyries of the Makwassie Formation appears
to be massive. On close scrutiny, however, flow units can often be recognized,
which consist of a basal, middle and top layer (Fig. 3.17). Individual flow units
have sharp contacts and are often separated by a thin layer of tuff. The basal,
middle and top layers of the flow units in the quartz-feldspar porphyry are
distinguished as described in the following paragraphs.



[FIGURE 3.15a: Unwelded glass-shard textures in a tuffaceous sedimentary bed.
Sample FVYM772; borehole LLE1. (Plane polarized light. Width of field is 4 mm).
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nﬂlas% shard textures in the lower and upper part of the picture. The glass shards in the
|middle part are replaced by silica. (Width of ficld is 4 mm).

FIGURE 3.15b: View of fig. 3.15a under crossed nicols. Calcification destroyed lheI

e e




40

FIGURE 3.16a: Partially-welded glass textures in a tuffaceous bed. Note the draping

of shards over lithic and crystal fragments. Sample FVM842; borehole OT1. (Plain
olarized light. Width of field is 4 mm).
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FIGURE 3.16b: View of fig. 3.16a under crossed nicols. The partially-welded texture
was partially destroyed by silicification and chloritization. (Width of field is 4 mm).
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FIGURE 3.17: Generalized flow unit of the quartz-feldspar porphyry.

Basal Layer (Layer 1, Fig. 3.17)

This layer is distinctly darker than the rest of the flow unit and contains poorly
visible phenocrysts, which are smaller than those in the overlying middle layer.
The matrix appears glassy. The basal layer is seldom thicker than 2 m and the
lower contact is sharp. The upper contact is gradational, but nevertheless forms
a rapid transition into the overlying middie layer. The basal layer is not always
developed, in which case the middle layer forms the base of the flow unit.



Middle Layer (Layer 2, Fig. 3.17)

The lower part of the middle layer is particularly phenocryst-rich, often with
phenocrysts larger than 5 mm. Inclusions of quartz-feldspar porphyry and non-
porphyritic lava are often present. These inclusions are mostly smaller than 80
mm. The lower part of the middle layer is frequently epidotized (Figs. 3.3 and
3.6). Jacobsen (1943) also reports epidotization near the base of flow-units in
the Makwassie porphyries at Klerksdorp.

The rest of the middle layer is also phenocryst-rich, although less so than in the
lower part. Infrequent laminae, depicted by very thin (mm scale) parallel chloritic
streaks, occur in some flow units (Fig. 3.7). The laminae are spaced far apart
and sometimes cut through fractured phenocrysts. Broader (cm scale) colour-
banding occurs frequently (Fig. 3.5). Irregular, patchy colour variations are
present and form an apparent clastic or brecciated texture in places (Fig. 3.9).

In some flow units numerous non-porphyritic lava inclusions (Fig. 3.18) are
present in the middle layer. Their size range from microscopic to + 100 mm and
most are subspherical in shape. Some have a sharply defined outline, while
others blend with the matrix of the host quartz-feldspar porphyry and only rarely
do they contain amygdaloidal textures. The inclusions are fine-crystalline and
sometimes also contain discrete, small feldspar or quartz phenocrysts.

Quartz-feldspar porphyry inclusions, although rarely observed, have the same
lithology as the host porphyry, but the phenocryst size and colour may differ
somewhat between inclusion and matrix. The inclusions are further delineated
by a surrounding chloritic zone. Rounded inclusions of quartzite (<20 mm) were
observed infrequently. Towards the top of the middle layer small. rounded
amygdales mark the gradation into the top layer.

Top Layer (Layer 3, Fig. 3.17)

This layer is a continuation of the middle layer and contains progressively more
amygdales towards the top. The amygdales are very small (<6 mm) and did not
develop the typical amygdaloidal texture of more mafic lavas. The amygdales
consist of quartz, calcite, chlorite and epidote, but large (up to 100 mm) quartz
or calcite-filled vesicles also occur. Towards the upper part of the top layer, the
amygdales become elongated and subhorizontally aligned (Fig. 3.19).



i

FIGURE 3.18: Non-porphvritic inclusion, hosted in quartz-feldspar porphyry. Note the
well-defined, irregular outline and spherulitic feldspar. Sample FVM451; borehole
UTKI1. (Plane polarized light. Width of field is 12 mm).
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FIGURE 3.19: Parallel, clongated amygdales, filled by secondary chlorite and quartz,
in the top layer of a flow unit. Sample FVYM891; borehole SHS1. (Top to the right and

scale in mm).
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The phenocrysts in the top fayer are mostly fractured and therefore smaller than
those in the middle layer. In some flow units, the upper part of the top layer
appears weathered and has a gravelly texture. These textures are clearly visible
in flow units at the top of the Makwassie Formation, e.g. at the contact of the
Makwassie and Rietgat Formations, indicating a hiatus. The upper contact of
the top layer is very uneven and breccia may predominate in some cases,
appearing as monolithological, chaotic assemblages. Fine-grained tuffaceous
material often fills interstitial openings.

In most cases, the flow units are separated by a thin layer (up to 2 m) of fine-
grained, tuffaceous rock (Fig. 3.17). The tuff beds are layered, with the laminae
draping over protrusions of the uneven top of the underlying quartz-feldspar
porphyry flow unit. Larger, very irregularly shaped, vesicular quartz-feldspar
porphyry clasts are often embedded in the fine-grained material with the clasts
indenting the layering. The tuffaceous material may penetrate metres down into
breccia of the top layer of an underlying flow unit, filling interstitial spaces of the
breccia. Where the fine-grained tuffaceous beds are absent, the quartz-feldspar
porphyry flow units overlie each other directly with unit thickness varying from 30
m to 250 m (average of 80 m). In very thick flow units, the basal layer is about 2
m thick, whereas the top layer may be as thick as 30 m.

3.4.2 Interpretation

The flow units in the quartz-feldspar porphyries are interpreted as ash-flow units.
Their lithology corresponds well with flow units produced by ignimbrite eruptions,
as described by 'S'parks et al. (1973) and will be discussed using idealized
sections of three main pyroclastic flow deposit types (Fig. 3.20).

The fine-grained basal layer (layer 1, Fig. 3.17) is typical of pyroclastic flows and
correlates with the fine-grained basal layer of pumice-flow deposits (column (c)
in Fig. 3.20 Sparks et al., 1973; Cas and Wright, 1988). A fine-grained layer at
the base of pyroclastic flows is attributed to the flow bottom being a zone of high
shear. The shearing induces dispersing pressures on grains which act away
from the flow bottom, so that larger grains (e.g. clasts and crystals) will drift
away from this zone of maximum shear (Sparks, 1976).

Some of the flow units in the Makwassie porphyries have a cherty and
featureless basal layer, interpreted originally to have been vitrophyric through
rapid cooling of the flow base during deposition. Basal vitrophyres are typical of
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FIGURE 3.20: Idealized sections of the three main types of pyroclastic flow deposits. |
(a) Block and ash-flow deposit: (b) scoria-flow deposit; (¢) pumice-flow deposit or ash-|
flow deposit. Layer 1 represents the ground surge deposit, laver 2 the pyroclastic flow-|
unit, layer 3a an ash-cloud surge deposit and layer 3b an air-fall ash deposit. (After Cas|
and Wright, 1988). ) |

pyroclastic flows and rhyolite lava flows (Ekren et al, 1984). These vitrophyric
basal layers are not extensively developed in the Makwassie porphyries,
probably due to retention of heat after rapid deposition of successive flows. in
which case the flows would cool as a single ignimbrite.

Flow units without distinctive basal layers were also observed in the Makwassie
Formation. Pyroclastic flows are high particle concentration, poorly expanded,
partially fluidized flows (Sparks, 1976). Wilson (1980) classified pyroclastic flows
according to fluidization behaviour into non-expanded, expanded, and segrega-
ting types. Pyroclastic flow units without distinctive basal layers can be related to
those with only a marginally expanded matrix during the original movement of
the flow. Such flows will have high shear-strain rates and shear-induced grading
may affect the whole flow, inhibiting the formation of a fine-grained basal layer
(Cas and Wright, 1988).

The middle layer (layer 2, Fig. 3.17) forms the main body of the flow units and
corresponds with layer 2b (Fig. 3.20) of Sparks et al. (1973). Quartz-feldspar
porphyry clasts that occur in the lower part of this layer represent material of
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higher density than the expanded matrix of the moving pyroclastic flow. This
higher density material would settle at the flow base through gravitation (Cas
and Wright, 1988), thus accounting for the concentration of larger size
phenocrysts in the lower part of the middle layer. Preferential concentration of
phenocrysts was also observed in ash-flows of the Sleeping Lion Formation in
the Davis Mountains, USA, by Franklin et al. (1987) and by Henry et al. (1989).
The chloritic laminae in some of the Makwassie Formation units (Fig. 3.7) could
represent shear partings (now demarcated by chlorite) that developed due to
high viscosity during the final settling of the flow unit (Fisher and Schminke,
1984). '

The top layer (layer 3, Fig. 3.17) contains abundant gas vesicles which are often
elongated and flattened (Fig. 3.19). Their elongated shape is attributed to shear
strain during the final settling of the flow. The elongated amygdales f&nher
indicate that the porphyry matrix was in a liquid state during degassing,

llustrated by the flattening of amygdales against overlying feldspar phenocrysts
(Fig. 3.21).

FIGURE 3.21: Gas vesicles that coalesced, flattened against, and flowed around a
feldspar phenocryst when the porphyry was still in a liquid stage. The vesicles were
progressively filled by very fine-crystalline quartz (narrow, white outer rim ), followed
by chlorite (irregular, grey rim), and crystalline quartz (white centre). Sample FVM293:
borehole DF1. (Plane polarized light. Width of field is 12 mm). N
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The higher proportion of broken phenocrysts in the top layer of the flow unit
reflects the smaller mass and slower settling rate of these fragments. Amygda-
loidal-rich clasts were rarely encountered, but numerous small lithic fragments of
quartz-feldspar porphyry were observed as breccia in the top layers of flow
units.

The tuffaceous beds that separate the individual ash-flow units are interpreted
as co-ignimbrite air-fall tuffs. Such ash-falls are an essential component of
pyroclastic-flow deposits (Cas and Wright, 1988).

3.5 DISCUSSION

The contact between the Goedgenoeg and overlying Makwassie Formation
marks the transition between a lower intermediate and an upper felsic volcanic
succession. Interbedded mafic lava occurs throughout the succession, but is far
more prevalent in the Goedgenoeg Formation than in the Makwassie Formation.

Lithological and petrographical textures indicate that both the Goedgenoceg and
Makwassie Formation rocks are of extrusive origin. Original lava flow units can
still be recognized in the mafic lavas and some of the feldspar porphyries, while
ash-flow units are discernable in the quartz porphyries and some of the feldspar
porphyries.

The phenocryst-rich feldspar-porphyry flow units are considered to be ash-flows,
similar to the quartz-feldspar porphyries, as substantiated by the presence of
fragmented phenocrysts. Less porphyritic flow units are regarded as lava flows
which are recognized by amygdaloidal tops and bases, fine-crystalline matrix
and intact phenocrysts. Primary textures were destroyed by secondary
chlortization. Alteration had a more pronounced effect on the feldspar
porphyries than on the quartz-feldspar porphyries; feldspar phenocrysts are
altered to the extent that they are microscopically barely recognizable. Similar
alteration on dacites was illustrated by Cas and Wright (1988; Fig. 14.3, p. 417).
The intense alteration of the feidspar porphyries, compared to the quartz-
feldspar porphyries, may be related to their more mafic compaosition.

The volcanic origin of the quartz-feldspar porphyries is apparent in thin sections.
The round shape and embayments of the quartz phenocrysts are attributed to
resorption, while fragmentation and the separation of these fragments indicate
high strain during emplacement of the porphyry. The undulating extinction of
some of the quartz phenocrysts is, however, attributed to tectonic deformation.
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Dark amorphous rims around the qguartz phenocrysts indicate reaction due to
disequilibrium between the quartz and matrix.

Lower-grade greenschist metamorphism affected the original composition of the
plagioclase and alkali-feldspar phenocrysts and resulted in the albitization of
feldspars. Feldspar crystal embayments are attributed to resorption by the liquid
matrix in igneous melts (Cox et al., 1979), while skeletal forms are the result of
moderate undercooling (Donaldson, 1976; MacKenzie et al., 1982). For plagio-
clase, skeletal crystals form at undercooling rates of more or less 100° to 200° C
(Fig. 3.22). Moderate to strong undercooling will occur particularly in extrusive or
very near-surface intrusive rocks. The skeletal growth is induced by irregularities
on the crystal surface which protrude into more undercooled liquid than the rest
of the crystal surface, leading to rapid growth of these protuberances
(Kirkpatrick, 1975; Barker, 1983; Fig. 3.23). If the crystal does not have the
same composition as the melt, a compositional effect (constitutional
supercooling) additional to the above thermal effect, can further accelerate the
growth rate of protuberances (Kirkpatrick, 1974, 1975).
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FIGURE 3.22: Growth habit of plagioclase grown from synthetic liquids, as a tunction|
of composition and undercooling. (Barker, 1983; Lofgren, 1974). '
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The complex feldspar phenocryst assemblage (skeletal, subrounded and broken
crystals, and glomerular phenocrysts) reflects the complex evolution of the
Makwassie quartz-feldspar porphyry. The quench textures of apatite further
signify rapid cooling of the porphyries. Apatite is capable of forming guench
prisms with length to breadth ratios of 100:1, but still retaining an axial cavity for
the length of the crystal (Cox et al., 1979).

The felsitic textures in the porphyry matrix imply rapid and simultaneous crystal-
lization of quartz and feldspar from undercooled liquid, vapour, or devitrifying
glass in a near-surface environment (Smith, 1974; Barker, 1983). Granophyric
devitrification is common in old, devitrified glassy rocks (Cas and Wright, 1988).
Evidence for the secondary development of granophyric textures in the
Makwassie porphyries as a result of devitrification, is found in the coexistence of
granophyric textures and relict perlitic-crack textures (Fig. 3.24 petrographic
analysis, Appendix F), and in the presence of relict spherulites. The quartz-
feldspar porphyry matrix often displays poorly-visible chioritic spherulites (Fig.
3.8), which are remnants of the spherulitic devitrification stage before the
granophyric devitrification stage was reached. The perlitic crack textures
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FIGURE 3.24: Perlitic-grack textures in devitrified glass which form the matrix of the
quartz-feldspar porphyry in the top laver of a flow unit. The textures are accentuated by
chlornte-filling of the original fractures. Sample FVM224: borehole ZHI. (Plane
polarized light. Width of field is 6 mm).

developed as a result of volume change by hydration during devitrification of
metastable glass (Barker, 1983). The textures were preserved by the original
glass being devitrified to hydrous chlorite.

The contrasting presence of large crystals (phenocrysts) in an amorphous
groundmass can be explained by the nucleation and growth rate of crystals
during cooling of a magma below the liquidus temperature. The nucleation and
crystal growth rate reach maxima at specific degrees of undercooling for a
specific liquid, but the individual maxima of nucleation and growth rate are not
necessarily at the same temperature (Fenn, 1977; Fig. 3.25). If cooling is slow
enough, a high crystal growth rate and a low nucleation rate will prevail, leading
to the formation of only a few, large-sized crystals (Barker, 1983). A greater
cooling rate will produce more but smaller crystals. Progressive cooling rates will
reach a point where the maximum growth rate is exceeded before the maximum
nucleation rate is achieved, leading to the formation of only small crystals (e.g.
the fine-crystalline texture of mafic lavas). If the temperature decreases very
rapidly, both nucleation and growth rates will drop to zero and the disordered,
although polymeric structure of the liquid will persist metastably in glass.




Devitrification (recrystallization) of the glass can then proceed. Therefore, the
phenocrysts form part of the intratelluric (magma chamber) assemblage, while
the groundmass represents the quenching stage of the volcanics.

It is important to notice that the presence of small phenocrysts, such as apatite
and zircon, are just as significant as the presence of large phenocrysts such as
feldspar. Minor phases such as apatite and zircon form smail crystals even with
slow cooling, but hold important clues as to the geochemical evolution of the
magma. Large quantities of elements such as P and Zr are contained by these
minerals, which will be reflected in fractionation trends.

The tuffaceous layers that separate the quartz-feldspar porphyry flow-units
represent co-ignimbrite air-fall deposits. Lapilli and accretionary lapilli are

present in some of these layers, while other layers may have been water-
reworked.
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[FIGURE 3.25: The influence of temperature on nucleation rate, crystal growth rate
\and resultant crystal size. T, is the liquidus temperature (Barker, 1983).




f

' 4. DISTRIBUTION AND STRUCTURE OF THE GOEDGENOEG
| AND MAKWASSIE FORMATIONS IN THE BOTHAVILLE AREA

4.1 INTRODUCTION

The core of 23 boreholes drilled in the Bothaville area were available for this
study (Appendix A). Published borehole information was reinterpreted (Appendix
B) to enable construction of correlation diagrams and isopach maps. The collar
positions of these boreholes and the distribution limits of the
Goedgenoeg/Makwassie Formation are illustrated in Fig. 4.1. The depicted
distribution limits coincide with those proposed by Winter (1965), except in the
southern region where better definition was achieved through data published by
Marshall (1986) on the Wesselsbron Dome.

The LO-27 grid system was used to compile the maps. The isopach and
subtopographical maps in this chapter illustrate the area between 2 970 000 m
and 3 070 000 m south of the equator on the X-axis, and between 10 000 m and
80 000 m west of 27° longitude on the Y-axis.

4.2 THICKNESS

The top contact of the Makwassie Formation is well constrained and so is the
basal contact of the Goedgenoeg Formation. The contact between the
Goedgenoeg and Makwassie Formations, however, is only known from the
porehole cores that were examined during this study and was interpreted for the
published borehole data. The constructed isopach trends for the combined
Goedgenoeg and Makwassie Formation thickness are therefore more accurate
than the isopachs for each Formation individually.

4.2.1 The Goedgenoeg and Makwassie Formations Combined

The combined thickness of the Makwassie and Goedgenoeg Formations
increases steadily from the margins of the depository to a maximum in excess of
3 000 m in the vicinity of borehole KRF1 (Fig. 4.2). It thins over the Ontario Arch
and southwards towards the Waterpan and Concord Arches, until it discontinues
further southeastwards. There is, however, a thickening of about 200 m
between the Ontario and Concord Arches, which forms an extension of the
South Bothaville Basin. North of the Ontario Arch the Makwassie/Goedgenoeg
Formation thickens substantially into the Vierfontein Basin, which appears to be
connected to the Harrisburg Basin. It continues northeastwards from the
Vierfontein Basin under the cover of Transvaal Supergroup. The northern



distribution limit in this area is defined by the Orkney Arch, forming the Orkney
and Klerksdorp Goldfields, where only a thin sequence of Klipriviersberg Group
lava overlies the Witwatersrand Supergroup.

The thickening of the Goedgenoeg/Makwassie Formation in the Western Border
Trough can be followed northwards into the South Bothaville and Harrisburg
Basins. Dramatic thinning in the region of the Zandfontein Arch is indicated by
borehole EL1, which intersected rocks of the Lower Witwatersrand Supergroup
underlying Bothaville Formation (Winter, 1965). The original stratigraphy of this
area is disrupted by a major structural feature of post Platberg or possibly of
post Ventersdorp age. This anomalous configuration is also evident in borehole
ZN1, which intersected possible West Rand Group rocks underlying the
Makwassie Formation. This situation has been reflected in the isopach and
subtopography maps (Figs. 4.2-4.4; Figs. 4.6-4.8), but not in the small scale
sections (Fig. 4.9d; 4.9i).

Westwards from the Harrisburg Basin the Goedgenoeg/Makwassie Formation
gradually thins towards the Makwassie Hills area, where it outcrops (outside the
area depicted by Fig. 4.2). Borehole LLE1 was collared in this outcrop and
although it was drilled to a depth of 3659 m, failed to penetrate the base of the
Goedgenoeg Formation (Chapter 6). A major fault with more or less north-south
strike is therefore inferred, which forms the western margin of the Bothaville
depository. The southwestern limit of the Goedgenoeg/Makwassie Formation is
constrained by the Wesselisbron Dome, while outcrop of Basement lgneous
Complex defines the northwestern limit.

4.2.2 The Goedgenoeg Formation

The Goedgenoeg Formation is largely confined to the Western Border Trough,
South Bothaville and Harrisburg Basins (Fig. 4.3). It gradually thins towards the
Ontario, Concord and Waterpan Arches, while dramatic thinning occurs at the
Zandfontein Arch. The Goedgenoeg Formation does not occur in the western
parts of the Bothaville area, ie. in the vicinity of borehole Zonderhout. The
Goedgenoeg Formation is also absent from the northern parts of the Vierfontein
Basin.

Winter (1965) described the ‘Langgeleven-type' facies of the Makwassie
Formation (equivalent to the Goedgenoeg Formation?), which occurs “towards
the base' of the Makwassie Formation, as occurring only in the northwestern
part of the Bothaville area (i.e. in the Harrisburg Basin).
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Interbedded sedimentary rocks and lava in the basal part of the Goedgenoeg
Formation have been intersected in boreholes KRF1 and HB, indicating that this
facies is possibly restricted to the Harrisburg Basin. The occurrence of this
facies in the South Bothaville Basin could not be established since the
boreholes in this area have failed to penetrate the base of the Goedgenoeg
Formation.

Note that the absence of the Goedgenoeg Formation from the Zandfontein Arch
is due to a major structural feature of post Platberg or possible post Ventersdorp
age.

4.2.3 The Makwassie Formation

This Formation thickens gradually westward from the Waterpan and Concord
Arches until it reaches more than 1000 m in the western part of the Harrisburg
Basin (Fig. 4.4). The Makwassie Formation thickness increases in the eastern
part of the Vierfontein Basin. Dramatic thinning on the Zandfontein Arch is
conspicuous, but it is apparently a post-depositional structural feature.

Note that the thinning and absence of the Makwassie Formation from the
Zandfontein Arch is due to a major structural feature of post Platberg or possible
post Ventersdorp age. Originally the Platberg volcanic succession in this area
was probably of substantial thickness.

4.2.4 The Garfield Member

Lack of data hampers construction of a detailed isopach map of the Garfield
Member. In addition to the thickness indicated in Fig. 4.5, Winter (1965) also
reports the occurrence of the Garfield Member in boreholes GR2, TEA1, JY4
and GF1 in the Vierfontein Basin. It therefore appears that the Garfield Member
is largely confined only to the Harrisburg and Vierfontein Basins. The interpreted
occurrence of this Member in the unlogged boreholes (Appendix B) is probably
overoptimistic, which is also reflected in the sections depicted in Figure 4.9.
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FIGURE 4.1: Collar positions of the boreholes in the Bothaville area which were used
to construct the isopach maps. The distribution limits of the Goedgenoeg/Makwassie
Formation are indicated by hatched areas. Note that the following isopach maps cover
the area between 15 000 m and 85 000 m west of the 27° parallel, and between 2970
000 m and 3070 000 m south of the equator.
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4.3 SUBTOPOGRAPHY |

The subtopographical maps illustrate the contact between two lithostratigraphic
units, e.g. between the Goedgenoeg and Makwassie Formations, thereby
depicting the suboutcrop "surface” of the top of the lowermost unit. Where a unit
is not developed, the chronological equivalent of the subtopography under
discussion is depicted. The subtopographical maps highlight similarities or
discrepancies between the thickness and elevation of specific units. This enables
recognition of pre- and post-depositional faulting.

The  subtopographical maps, however, cannot "be regarded as
palaeotopographical maps since the palaeotopography has been changed by
post-depositional faulting. It must also be kept in mind that the isopach and
subtopographical maps depict the current distribution of the Makwassie
Formation; the original distribution was also affected by post-depositional erosion.

4.3.1 Base of the Goedgenoeg Formation

The subtopography of the Makwassie Formation base defines the depressions of
the South Bothaville and Harrisburg Basins (Fig. 4.6). This low area continues
along the Western Border Trough and also branches off from the Harrisburg
Basin into the Vierfontein Basin. Subtopographical highs are defined by the
Concord, Waterpan, Ontario and Zandfontein Arches. Further high-lying areas
are associated with the Wesselsbron Dome in the south and with the Orkney
Arch in the northeast. The basal subtopography of the Makwassie Formation
slowly rises towards the outcrop of Basement Igneous Complex in the northwest.

When the subtopography of the Goedgenoeg Formation basal contact (Fig. 4.6)
Is compared with the isopachs of the combined Goedgenoeg and Makwassie
Formations (Fig. 4.2), it appears that the thickness and floor subtopography
largely conform, except in the South Bothaville Basin. The thickness of the
Goedgenceg Formation (Fig. 4.3) and thickness of the Makwassie Formation
(Fig. 4.4) also do not conform with the South Bothaville Basin depression.

4.3.2 Contact of the Goedgenoeg and Makwassie Formations

The subtopographical expression of the contact between the Goedgenoeg and

Makwassie Formations differs somewhat from that of the Goedgenoeg Formation
base (Fig. 4.7 compared to Fig. 4.6). Depressions are still defined by the South
Bothaville Basin and Western Border Trough, the western part of the Harrisburg
Basin and the eastern part of the Vierfontein Basin. The Ontario and Zandfontein
Arches have now become more prominent. The situation along the Orkney Arch,
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Wesselsbron Dome and outcrop of Basement Igneous Complex is still
unchanged.

The thickness of the Makwassie Formation (Fig. 4.4) compares well with the
present subtopography of the Makwassie Formation base (Fig. 4.7), except in the
South Bothaville Basin area.

4.3.3 The Makwassie Formation Top

The present subtopography of the Makwassie Formation top shows a consistent
slope from west to east, except for a depression formed by the South Bothaville
Basin and Western Border Trough (Fig. 4.8). The eastern part of the Vierfontein
Basin forms the lowest-lying area. Most of the topographical features discernible
in the previous subtopographical maps are now obliterated, e.g. the Harrisburg
Basin and Zandfontein Arch.
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4.4 CORRELATION DIAGRAMS

Various sections are illustrated in Fig. 4.9, depicting stratigraphic correlation
between boreholes in the Bothaville area. Correlation was not restricted to just
the Goedgenoeg and Makwassie Formations; all available stratigraphic data were
utilized. Only major faults with a throw of over a thousand metres are depicted on
these diagrams. Smaller faults which affected the Platberg Group and their throw
are indicated at the top of each diagram. The presence of these smaller faults are
deduced from correlation discrepancies between boreholes.

The eastern distribution limit of the Goedgenoeg and Makwassie Formations is
controlled by a major fault zone, which may be an extension of the De Bron Fault
(Fig. 4.9a-c; the fault zone is depicted as a single fault line on the large scale
diagram of Fig. 4.9¢c). The Goedgenoeg and Makwassie Formations thin towards
this fault zone and are absent on the Waterpan and Concord Arches to the east
of the fault. The western limit is also influenced by a major fault zone, but to the
west of this fault the thickness of the Goedgenoeg and Makwassie Formations
increases dramatically (Fig. 4.9¢), as intersected in borehole LLE1 (Appendix A).
The situation further to the south of borehole LLE1 is not known due to lack of
data, but it can be expected that the Wesselsbron Dome will have an influence in
this extreme southwestern Bothaville area.

Borehole KRF1 (section A; Fig. 4.9c) was drilled into the South Bothaville/
Harrisburg Basin between boreholes DHK1 (east) and Zonderhout (west).
Between boreholes BES1 (west) and VE1 (east) post-Makwassie subsidence is
evident, as a result of information from borehole SCT1. This graben structure was
filled by Rietgat Formation lavas. The Goedgenoeg and Makwassie Formations
thin towards the eastern fault-controlied limit, where it was partially eroded during
Bothaville Formation times.

The Wesselsbron Dome is depicted in sections B and C (Figs. 4.9d and e).
Between the Wesselsbron Dome and the eastern distribution limit, a post-
Makwassie graben structure is again evident in Fig. 4.9d, forming the Western
Border Trough which is filled by Rietgat Formation lavas and Bothaville Formation
sediments. The Goedgenoeg and Makwassie Formations initially thicken to the
west of the Wesselsbron Dome, but the Goedgenoeg Formation disappears
westwards towards borehole Zonderhout so that only the Makwassie Formation is
developed in this area.



Further south from section B a narrow valley cuts into the Wesselsbron Dome
(section C; Fig. 4.e) and is filled by sediments of the Witwatersrand Supergroup
and Kameeldoorns Formation. Although this valley could represent a
Witwatersrand erosional feature, the thickness of the Goedgenoeg and
Makwassie Formation volcanics also increases into this valley, possibly indicating
subsidence. The Kameeldoorns and Makwassie Formations are still present on
the central part of the Wesselsbron Dome, but are expected to thin out and
disappear further south (higher up on the northwards-sloping dome).

The Orkney Arch is represented in section D (Fig. 4.9f). The Goedgenoeg and
Makwassie Formations thin from the west towards this Arch, but in the Vierfontein
Basin towards the east, boreholes JY4 and GR2 failed to penetrate the base of
the Makwassie Formation while the Goedgenoeg Formation is apparently absent
from this area. To the west of the Orkney Arch the Goedgenoeg and Makwassie
Formations gradually thin towards the western margin fault zone. West of this
fault zone, there is a dramatic increase in thickness. To the south of section D,
the Makwassie Formation drapes over a Klipriviersberg Group high (section E;
Fig. 4.9g), which forms an extension of the Orkney Arch. This indicates that uplift
of this Arch continued after Makwassie Formation times.

Section F (Fig. 4.9h) illustrates that the Makwassie Formation is poorly developed
in places and the Garfield Member, which occurs as an interbedded unit in the
Makwassie Formation, directly overlies the Goedgenoeg Formation. The Rietgat
Formation, Garfield Member and Goedgenoeg Formation now follow directly onto
one another. Since these formations have similar lithological characteristics, this
stratigraphic sequence may be difficult to recognize.

A section from north to south through the western part of the Bothaville area
(section G; Fig. 4.9i) illustrates that the thickness of the Goedgenoeg Formation
increases from the Orkney Arch to the Harrisburg and South Bothaville Basins,
but discontinues against the Wesselsbron Dome. The thickness increase of the
Makwassie Formation is less dramatic. The presence of the Garfield Member was
confirmed in boreholes ULT1 and DHKA1, but it continues possibly as far south as
borehole Hendrik Theron.

Section H (Fig. 4.9j), from north to south through the central part of the Bothaville
area, highlights the Vierfontein Basin (boreholes KF1 and FS4), the Ontario Arch
(borehole BES1) and the South Bothaville Basin and Western Border Trough
(boreholes UC73, RG1 and SB1). In this section the northern limit of the
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Goedgenoeg and Makwassie Formations are formed by the Orkney Arch and the
southern limit by a fault zone. Note that the South Bothaville Basin and Western
Border Trough are largely filled by post-Makwassie formations and therefore
underwent subsidence after deposition of the Makwassie Formation.

The relationship between the Orkney Arch, Vierfontein Basin, Ontario Arch and
Concord Arch is further illustrated by section | (Fig. 4.9k), which depicts the
eastern part of the study area. Note that post Makwassie subsidence of the the
Vierfontein is indicated by the thick Rietgat succession in the Basin.

The northwestern margin of the Bothaville area is bordered by Basement Igneous
Complex. The Makwassie Formation discontinues against this horst, but the
Goedgenoeg Formation does occur in the Hartbeesfontein Basin to the north
(sections J and K; Fig. 4.91 and m).

4.5 DISCUSSION AND STRUCTURE

The distribution and thickness of the Makwassie Formation are fault controlled
and the volcanics accumulated in graben structures (Clendenin et al,, 1988c).
The Bothaville area is demarcated by an eastern fault zone, possibly an
extension of the De Bron Fault, and apparently by a western fault zone, situated
just east of borehole LLE1. Another prominent feature is an extension of the
Border Fault of the Free State Goldfields (Fig. 4.9d and 4.9j). The southern and
northern borders of the Bothaville area are delimited by horst structures, forming
the northern part of the Free State Goldfield in the south and the southern part of
the Klerksdorp Goldfield in the north (Fig. 4.10). To the west of both these horst
structures, high-lying areas of Basement Igneous Complex occur.

The Goedgenoeg Formation is largely limited to the South Bothaville and
Harrisburg Basins, indicating areas of earliest subsidence during deposition of the
Platberg Group. Furthermore, the "Vaal Bend formation" of Whiteside (1970),
consisting of intermingled lava and sediment related to the onset of volcanism
towards the close of Kameeldoorns Formation deposition, occurs at the base of
the Goedgenoeg Formation in this area. Deposition of the Goedgenoceg
Formation was controlled by north to south trending structures (Figs. 4.10 and
4 3). Prominent faulting and major graben structures apparently only formed after
deposition of the Goedgenoeg Formation, as is evident from uplift of the formation
along, for example, the Border Fault.
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During deposition of the Makwassie Formation the South Bothaville and
Harrisburg Basins were still prominent and subsided further, but northeast to
southwest trending structures also became prominent. Grabens with this trend
started to form the Vierfontein Basin, while associated uplift formed the Ontario
and Zandfontein Arches. The Orkney, Concord and Waterpan Arches appear to
have been older features which have been reactivated during this period (e.g. the
Goedgenoeg Formation truncates against the southern part of the Orkney Arch,
but the Makwassie Formation drapes over it and is now uplifted; Fig. 4.9g). The
Wesselsbron Dome indicates similar movements (Fig. 4.9e).

Subsidence in the Vierfontein Basin and Western Border Trough continued after
deposition of the Makwassie Formation, as is evident by the fill of Rietgat

Formation. The thickness of the Allanridge Formation also increases in the
Vierfontein Basin.

The absence of Makwassie Formation in borehole EL1 is enigmatic, but could be
related to thrusting, as suggested by Winter (1965). If so, this could be a tectonic

extension of the Ontario Arch, or it might be related to uplift of the Wesselsbron
Dome.

FIGURE 4.9: Correlation diagrams of the Ventersdorp Supergroup Formations between
boreholes in the study area. Figures (a) and (b) depict the location of the various sections
and (¢) to (m) the correlation diagrams. Borehole collar elevations are referenced to sea
level and the diagrams therefore show the true elevation. Sohid lines indicate known
formational positions in the boreholes and dotted lines indicate estimated positions. The
approximate position of smaller faults which affected the Platberg Group are indicated at
the top of the diagrams. All the correlation diagrams have a horizontal scale 10 times that
of the vertical, but all the diagrams are not to the same scale.
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depicted.
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'5. GEOCHEMICAL COMPOSITION OF THE GOEDGENOEG AND|
! MAKWASSIE FORMATIONS IN THE BOTHAVILLE AREA

5.1 INTRODUCTION

Major and trace element analyses of 447 whole rock samples of the
Goedgenoeg and Makwassie Formations in the Bothaville area are listed in
Appendix C, where the sampling procedures and analytical techniques are also
discussed. In this discussion the major elements are presented in weight
percent (normalized to a 100% volatile free) and the trace elements in parts per
million.

The samples are divided into groups as listed in Table 5.1. Samples from
anomalously altered zones (Ga and Ma) and from the inclusion-rich zone of the
Makwassie Formation (Mx) are excluded from this discussion. This inclusion-
rich zone forms the lower part of the Makwassie quartz-feldspar porphyry in
some boreholes and contains abundant mafic inclusions, /.e. in boreholes WS3,
WS4, YYS1 and SYF1 (Chapter 3). Although samples with macroscopic
inclusions were avoided during geochemical analyses, petrographic
investigation of the analysed samples revealed that some contain abundant
microscopic mafic inclusions. The whole rock geochemical compositions of
these inclusion-rich samples vary greatly and they were therefore rejected.

TABLE 5.1: Sample groups for 447 samples of the Goedgenoeg and Makwassie
Formations in the Bothaville area. (As listed in Appendix C).

| SAMPLE GROUP CODE N |
. Goedgenoeg Formation ' Gm, Gi, Gs, Gz 126 |
Makwassie Formation | Md, Mr 193 |
Garfield Member GF 43
Interbedded mafic lava in the Makwassie Formation | Mm 10
Anomalously altered (Goedgenoeg Formation) Ga 8 |
Anomalously altered (Makwassie Formation) Ma 16 |
| Inclusion-rich zone (Makwassie Formation) Mx 51

5.2 DOWNHOLE GEOCHEMICAL PLOTS (Appendix D)

Downhole geochemical plots of the sampled boreholes demonstrate the
geochemical variation with stratigraphy (Appendix D). The Goedgenoeg
Formation and Garfield Member (feldspar porphyries and non-porphyritic lavas)
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are more basic than the Makwassie Formation (quartz-feldspar porphyries).
While the SiO, concentrations in the Goedgenoeg Formation and Garfield
Member are comparable, it is higher in the Makwassie Formation but for an
overlap between 66% and 68%. A well defined break can be observed in the
SiO,, TiO,, Fe,0,, MnO, Cal, P,Os, Zr, Y, Nb, V and Co trends between the
Goedgenoeg and Makwassie Formations, and between the Garfield Member
and the Makwassie Formation. These elements also define a break between the
lower and upper part of the Makwassie Formation in boreholes LLE1, ZH1 and
DHK1; in these boreholes the upper part of the Makwassie Formation is more
acidic than the lower part. The geochemical compositions of the Goedgenoeg
Formation and Garfield Member are, however, comparable.

The trends of Na,O, K,0, Zn, Ba, Rb, CaO and Sr are fairly erratic (Appendix
D), especially near lithological contacts. Erratic geochemical concentrations also
become prominent near lava flow contacts, noticeable in boreholes WS3 and
WS4 (Appendix D) which were more intensively sampled than the other
boreholes. This variation is also reflected in downhole plots of LOI (Loss On
Ignition). It is concluded that preferential alteration took place along formational
and flow contacts and these zones should be avoided when determining the
bulk composition of the rocks. These ancmalously altered sampies were
discarded as discussed above (Table 5.1).

Mafic non-porphyritic flow-units, which are interbedded with the feldspar
porphyries of the Goedgenoeg Formation, are manifested in the downhole
geochemical plots by their basic composition (e.g. DHK1). The inclusion-rich
zone in the lower part of the Makwassie Formation is reflected by erratic
element concentrations, e.g. boreholes WS3, WS4, SYF1 and YYS1.

The overall geochemical parameters of the succession can be determined at a
glance from the downhole geochemical plots. They also aid detection of major
alteration zones, such as flow contacts and fault zones, as well as alteration
associated with lithological contacts. Aberrant samples in the data base can be
timeously detected, while inclusion-rich zones (representing mixed magmas?)
can also be distinguished.

5.3 ALTERATION

The Goedgenoeg and Makwassie Formations were subjected to pervasive
alteration and various stages can be identified. The first stage is characterized

by devitrification and hydrothermal alteration (Chapter 3), which starts
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immediately after deposition of volcanic rocks (Cas and Wright, 1988). The
second stage represents burial metamorphism during which the mineral
assemblage was altered to that of lower greenschist facies, while late stage
alteration is represented by saussuritization of feldspars.

Elements considered to be mobile during low-grade alteration are particularly the
major elements Ca, Na, K and the trace elements Ba, Rb and Sr (Wilson, 1989).
Less mobile major and trace elements are Ti, P, Cr, V, Co, Ni, Nb, Zr and Y
(Cann, 1970). Many ancient volcanic suites display metamorphic assemblages
associated with burial metamorphism, which has reached the greenschist facies
(Kuniyoshi and Liou, 1976). Numerous authors have demonstrated that ancient
(Viereck et al., 1982; Kranidiotis and Maclean, 1987) as well as more recently
erupted volcanic rocks (Hart, 1969; Hart et al., 1974) commonly display redistri-
bution of chemical elements. Volcanic rocks are in extreme chemical
disequilibrium with the atmospheric environment at the earth's surface (Cas and
Wright, 1988) and due to the glassy nature and physical inhomogeneous make-
up of these rocks, they undergo chemical alteration easily and relatively rapidly.
Regional greenschist-facies metamorphism of the Ventersdorp Supergroup
volcanics, attributed to burial metamorphism, has been demonstrated by Cornell
(1978), Tyler (1979a), Schweitzer and Kroner (1985) and Crow and Condie
(1988). Grobler et al. (1989) demonstrated through the technique of Beswick
and Soucie (1978) that depletion of Na and Ca and enrichment in K and Si took
place in the T'Kuip mafic and felsic volcanics, while Meintjes (1988)
demonstrated the same for the Klipriviersberg Group lavas in the Welkom area.
Geochemical classification of the Makwassie volcanics involving these mobile
elements must therefore be treated with circumspection. Schweitzer and Kroner
(1985) and T.B. Bowen et al. (1986) have reported that the elements Ti, P, Zr,
Nb, Y, V, Al and Mg were the least mobilized in the case of the Ventersdorp
Supergroup.

Most geochemical classification diagrams for volcanic and igneous rocks utilize
elements such as silica and the alkalis (i.e. Irvine and Barager, 1971; Cox et al.,
1979: De La Roche et al., 1980; Wilkinson, 1988), so that these classification
schemes are ill-suited for the Ventersdorp Supergroup. Classification diagrams
such as Jensen's (1976), which use Fe, Ti, Mg and Al, are considered to be
more suitable for low-grade metamorphic assemblages.

As mentioned in the first paragraph, 25 of the 447 Goedgenoeg and Makwassie
Formation samples were considered to be anomalously altered (Ga, Gma and



Ma in Appendix C). Most of these samples were taken close to highly altered
zones such as lithological contacts and faults. Some also have very high LOI
values during analysis, which render them suspect. These 31 samples are
excluded from geochemical diagrams in this chapter.

5.4 ANALYTICAL RESULTS

The volcanic rocks of the Goedgenoeg and Makwassie Formations have a wide
range in geochemical composition (Table 5.2; Fig. 5.1), which display a weakly
bimodal distribution (Fig. 5.2). SiO, concentrations in the Goedgenoeg
Formation vary between 56% to 69% and between 65% and 80% for the
Makwassie Formation. With silica increase there is a decrease in TiO,, Fe,0,,
MnO, MgO, Ca0, P,0s, Sr, Zn, Ni, V, Cr and Co, while K,O and Rb increase.
Al,O, decreases slightly with an increase in silica. In the case of the
Goedgenoeg Formation there is an increase in Zr, Y and Nb with a
corresponding increase in silica, but a decrease for the Makwassie Formation.
Na,O possibly has the same trend, but it is less clearly discernable due to
redistribution during alteration. The Al,O,, MgO, Ca0O, Na,O, K,0, Sr, Rb, Cu,
Zn and Ba concentrations show erratic variations, possibly also due to
redistribution.

TABLE 5.2: The geochemical compositions of the Goedgenoeg and Makwassie
Formations in the Bothaville area. The Goedgenoeg Formation consists of feldspar
porphyries and non-porphyritic lavas, while the Makwassie Formation consists of
quartz-feldspar porphyries.

GOEDGENOEG Fm. (G) MAKWASSIE Fm. (M)
| (126 samples) (193 samples)

ELEMENT Min. Max. ' Avg. | S | Min. Max. = Avg. | S |
Sio, 5598 | 6884  63.30 339 6515 7963 @ 70.78 3.30
TiO, 1.05 154 | 130, 009 | 024 1.25 0.84 0.29
Al,O4 1241 | 1611 | 1368 0.62 9.95 . 1611 12.98 0.77!
Fe,04 549 1095 8.08 g 139 | 911 | 475 1.86|
MnO 0.01 0.23 0.12 0.03 0.00 0.18 0.07 0.03
MgO . 078 695 248 165 | 000 429 | 1.18 089
Ca0 2.30 8.01 464 | 132 026 727 2.46 1.46,
Na,O 1.18 5.23 297 | 072| 004 6.77 2.59 1.29|

‘ K,0 . 031, 496 291 1.04 009 861 4.05 1.73|
'. P,Ox 040 | 067 052 005 0.02 0.52 0.31 0.16
-’ Zr 208 695 492 137 221 563 415 70!
Y | 36| 8| 57 9 32 84 | 53 10|
Sr 77 809 376 148 26 2919 358 497|
Rb | 6 163 79 33 | o 278 119 53‘
Cu 2 | 62 15 12 0 56 7 7|
Zn | 55 | 248 126 | 32 24 297 88 34|
. Ni 121 218 49 46 5 22 14 4|
| Ba | 79 | 4975 | 1277 | 543 73 | 3961 1313 573
. Nb ' 1 | 24 19 3 14 25 20 3|
Y L9923 151 34 | 71 123| 74 33|
Cr 14 607 114 139 7 47 24 71

i Co 4 43 21 g 2 21 10 |




FIGURE 5.1: (Continued)
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FIGURE 5.1: Harker diagrams of 319 samples from the Goedgenoeg (green) and Makwassie
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FIGURE 5.1: (Continued)
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FIGURE 5.1: (Continued)
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FIGURE 5.2: Selected histograms of the element distribution in the Goedgenoeg and
Makwassie Formations, demonstrating the weakly bimodal composition.
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5.5 GEOCHEMICAL CLASSIFICATION

The Goedgenoeg and Makwassie volcanics are predominantly metaluminous (Fig. 5.3),
whereas some of the Makwassie Formation samples are peraluminous. Metaluminous
rhyolites are by far the most common type when compared to peraluminous and peralkaline

rhyolites (Barker, 1983). In continental settings, however, a peraluminous compaosition can
be expected (Clarke, 1992).

The subalkaline (tholeiitic) character of the Ventersdorp Supergroup volcanics has been
well established (Wyatt, 1976; Grobler et al,, 1982; Schweitzer and Kréner, 1985, T.B.
Bowen, 1986; Fig. 5.4). The Al,O, contents of the Goedgenoeg and Makwassie Formation
samples of this study are <16% (Table 5.2), indicating a tholeiitic composition according to
the classification scheme of Irvine and Barager (1971). The Ventersdorp Supergroup
volcanics, however, also have a slight calc-alkaline affinity (Schweitzer and Kroner, 1985;
M.P. Bowen et al., 1986; Crow and Condie, 1988). On the ternary AFM-diagram of Irvine
and Barager (1971), the Goedgenoeg and Makwassie Formation samples plot in the calc-
alkaline field (Fig. 5.5a) and display a calc-alkaline trend. This is also evident on the
diagram of Miyashiro (1974; Fig. 5.5b). Since these diagrams make use of mobile elements,
Schweitzer and Kréner (1985) have attributed a similar calc-alkaline trend they found for the
Ventersdorp volcanics to secondary alteration. On the ternary diagram of Jensen (1976),
however, the Goedgenoeg and Makwassie samples plot in the tholeiitic and in the calc-
alkaline fields when immobile elements are used (Fig. 5.6). Similar results for the
Ventersdorp Supergroup were reported by Crow and Condie (1988), Grobler et al. (1989)
and Nelson et al. (1992). The Jensen diagram (Fig. 5.6) classifies the Goedgenoeg
Formation samples as tholeiitic dacites and some of the samples as calc-alkaline andesites
and high-Fe tholeiitic basalts. The Makwassie Formation samples are mainly classified as
calc-alkaline dacites and rhyolites, while some samples classify as tholeiitic dacites and
rhyolites.

The total alkali-silica diagram (Fig. 5.7) of Le Bas et al. (1986) classify the Goedgenoeg and
Makwassie rocks as oversaturated andesites, dacites and rhyolites, while the potassium-
silica diagram (Fig. 5.8; Le Maitre, 1989) indicates medium to high potassium for the
Goedgenoeg Formation (calc-alkaline and high-K calc-alkaline; Rickwood, 1989) and
mostly high potassium for the Makwassie Formation. Potassium mobility could possibly
account for the high variation. Note that Rickwood (1989) pointed out that slightly different
boundary lines were implicated by the classification parameters of various previous authors
for both the TAS and potassium-silica diagrams.

On a Nb/Y vs Zr/TiO, diagram of Winchester and Floyd (1977) the Goedgenoeg and
Makwassie Formation samples plot as rhyodacite, dacite and andesite (Fig. 5.9a), while
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some samples plot as rhyolites and trachy-andesites on a diagram of Zr/TiO,, vs SiO, (Fig.
5.9b). Therefore, mobility of SiO, is indicated, as was also reported by Schweitzer and
Kréner (1985) for the Ventersdorp Supergroup volcanics.
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FIGURE 5.4: Subalkaline
classification of the Goed-
genoeg (green) and Ma-
kwassie (black) Formation
samples (after Irvine and
Baragar, 1971).
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FIGURE 5.5a: Classification of the Goedgenoeg (green) and Makwassie (black) Formation
samples as predominantly calc-alkaline (after Irvine and Baragar, 1971).
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FIGURE 5.38: The
volcanic rtocks of the
Goedgenoeg (green) and
Makwassie (black) For-
mations are mostly high
in potassium (after Le
Maitre, 1989). (Note that
K mobility during altera-
tion influenced the con-
centrations and that
some samples plot off
the scale at the top).

FIGURE 5.9a: Classifi-
cation of the Goedge-
noeg (green) and Ma-
kwassie (black) Forma-
tion volcanics as high
andesites, dacites and
rhyodacites (after Floyd
and Winchester, 1975).

FIGURE 59b: Classi-
fication of the Goedge-
noeg (green) and Ma-
kwassie (black) Forma-
tion volcanics (after Floyd
and Winchester, 1975).
Secondary mobility of
810, during alteration has
influenced the SiO, con-
centrations.



5.6 THE GOEDGENOEG FORMATION

The average geochemical composition of the Goedgenoeg Formation of this
study (Table 5.2) corresponds with compositions cited by Crow and Condie
(1988), except for lower SiO, concentrations reported by them (54.30 weight %
after recalculation to a 100% volatile free). The average composition reported by
M.P. Bowen (1986) is more basic and so are compositions published by Nelson
et. al (1992). The geochemical composition of the Goedgenoeg Formation,
however, varies considerably and M.P. Bowen (1984) also found "incoherent"
compositional variation in the Goedgenoeg and Rietgat Formations. An average
composition is therefore misleading. Furthermore, published geochemical data on
the Goedgenoeg Formation are limited and only represent restricted borehole
intersections, mostly only from the Klerksdorp area (i.e. M.P. Bowen, 1984: T.B.
Bowen, 1984; Schweitzer and Kréner, 1985; Crow and Condie, 1988; Myers,
1990). It can thus be expected that the published data do not reflect the total
geochemical variation of the Goedgenoeg Formation and discrepancies with the
present study, which database covers a wider area, may occur.

This study delineates four geochemical facies in the Goedgenoeg Formation,
which can be correlated with the lithostratigraphy. The SiO, concentration in the
basic facies (Gm) varies between 56% and 64% and in the intermediate facies
(Gi) it is well-constrained between 63% and 68% (Table 5.3). The Gm facies has
lower incompatible and higher compatible element concentrations than the Gi
facies (Fig. 5.10). The high-Zr facies (Gz) and the low-Zr facies (Gs) differ only
slightly from the Gi facies; relative to the Gi facies the Gz facies is enriched in Zr
and the Gs facies depleted in Zr (Table 5.3).

The Gm facies comprises mafic, non-porphyritic to slightly porphyritic lava flows
interbedded with feldspar porphyries of the Gi facies. The Gm facies occurs
interbedded throughout the Goedgenoeg Formation, but becomes predominant
towards the top of the succession. Geochemically the facies classifies as high
andesites and low dacites, but the major and trace element concentrations are
erratic. With SiO, increase, however, there is a strong increase in the
incompatible elements Zr, Y and Nb, and a strong decrease in compatible
elements Ni, Cr and Co (Zr, Y and Cr shown in Fig. 5.10).

The Gi, Gz and Gs facies consist of feldspar porphyries with a dacitic
geochemical composition (Table 5.3). The Gz facies occurs interbedded with the
Gm facies in the lower part of the Goedgenoeg Formation, while the Gi facies
occurs at a higher level. The Gs facies was only detected in borehole DHK1 and
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TABLE 5.3: The geochemical composition of the individual geochemical facies of the
Goedgenoeg Formation in the Bothaville area.

BASIC FACIES (Gm)

INTERMED. FACIES (Gi) |

(44 samples) (16 samples)

ELEMENT | Min. Max. | Avg. S Min. Max. Avg. S

Sio, 55.98 6382 | 5912 184 6284 6761 6518 1.44/
TiO, 1051 154 131 012 | 113 1.80 4 124 0.05
Al O, 13.34 | 1611 © 1429 | 053 | 1248 | 1394 1347 036
Fe,0, 746 1085 954 086 549 | 802 721 0.75|
MnO 010 023 014 002 006 012 . 0.10 0.02/
MgO 218 ! 695! 435| 110 1.39 254 | 200 025
Ca0 3.30 8.01 5.98 111 | 343! 602 ' 4860 069
Na,O s g 3.62 2.65 0.42 263} 425 3.10 0.37
K,0 031 431 206 0.84 1.33 438 262 0.79
PO, 046 067 | 056 0.05 040 051 © 048 003
Zr 208 | 490 350 64 474 583 522 26
Y 3 5| 48 5 48 61 57 3
Sr 245 1 809 | 466 | 152 | 241 719 422 118
Rb 6| 113 56 | 26 | 30 102 66 22
Cu 6 62 26 12 5 . 47 17 10
Zn 100 | 237 | 137 | 29 66 126 | 101 17]
Ni 42 218 | 105 | 35 20 42 31 6
Ba 79 . 4975 1069 @ 763 585 1669 | 1153 265
Nb 11 20 16 2 17 | 21 19 1]
Y% 155 231 192 17 114 159 143 12|
Gr 95 ' 607 | 279 115 | 43 85 57 14
Co 21 43 32 5 15 25 19 3

HIGH-Zr FACIES (Gz) LOW-Zr FACIES (Gs)
(42 samples) (24 samples)

ELEMENT - Min. | Max. Avg. S Min. Max. Avg. s |
Si0, 63.30 = 6884 6565 | 115 6358 6774 6558 1.03]
Tio, 1225 | 1471 1235| pos| 116 1.40 127 = 0.07
AlLO, 1241 | 1435 | 1338 | 036 | 1272 | 138 1322 | 026
Fe,0, 568 8.41 7.29 0.57 6.39 8.09 7.38 0.43
MnO 0.08 0.18 0.11 0.02 0.01 012 . 0.09 0.02]
MgO 0.88 201 1.36 | 026 . 0.78 2.41 1.32 0.32
Ca0 230 | 557 | 385 | 067 2.38 4.39 3.57 0.49
Na,0 1.18 419 ¢ 280 075 | 249 5.23 37t 0.70)
K,O 202 1 49 | 371, 072, 165 477 3.29 0.87
P,0s 046 | 053 049 | 002| 045| 059, 053 0.04
Zr 598 695 659 18 | 392 | 502 440 31
Y 55 | 85 66 4 52 | 66 | 60 3]
Sr 77 503 | 263 107 232 488 | 380 65
Rb 49 | 151 | 99 | 27 | 9 163 96 | 28
Cu 2 | 31 | 7 5 | 5 | 9 8 1
Zn 55 248 130 | 41 | 105 187 | 447 8|
Ni 13 | 24 | 16 2 12 2 15 12|
Ba 736 2269 1444 284 875 | 2673 | 1448 358
Nb 19 24 | 22 | 1 16 21 19 1
% 106 181 {129 14 | 99 162 122 13|
Cr 14 22 | 19 | 1 14 21 18 2
Co 4 | 17| 12 | 3 18 4 20 16 2



95

LLE1, where it occurs in the middle and upper part of the Goedgenoeg
succession. The geochemical compositions of the Gi, Gz and Gs facies are
largely similar, except for the incompatible elements Zr, Y and Nb and the
compatible elements Ni, Cr and Co. The Gz facies is strongly enriched in Zr
(100 ppm above the concentrations in the Gs and Gi facies). Schweitzer and
Kréner (1985) reported Goedgenoeg samples with similar high Zr
concentrations, but considered these samples to be altered. M.P. Bowen (1984)
also observed a large variation in Zr-concentration in the Goedgenoeg and
Rietgat lavas, which he stated to be unrelated to alteration and metamorphism.

The distribution of the four facies of the Goedgenoeg Formation is reflected by
the sampled boreholes (Table 5.4). The Gz facies, which is restricted to the
basal part of the Goedgenoeg Formation, occurs only in the central part of the
Bothaville area where the Formation reaches maximum thickness. The Gi and

Gm facies are present wherever the Goedgenoeg Formation is developed in this
area.

TABLE 5.4: The projected intersections of the geochemical facies of the Goedgenoeg
Formation in the sampled boreholes in the Bothaville area. Depths are in metres below
surface. The boreholes marked by an asterisk either did not penetrate the base of the
Goedgenoeg Formation, or samples from only a limited section of the stratigraphy were
available.

GOEDGENOEG FORMATION
| Borehole Depth (m) Basic (Gm)' Interm. (Gi) = High-Zr (Gz) Low-Zr (Gs) |
DHK1 1128 - 1295 X | !
1295 - 1310 X !
1310-1350 X !
1350 - 1410 ; X
1433-1933 : X
1433-1912 X
1912 - 1996 X i
FS4* 2629(F) - 2645 | X
2645 - 2688 | _ X
Jws7r 545 -555 | X ; ;
KRF1* | 2765-2831 | : ; X
. 3091-3106 | X
LLE1* | 2604-3648 | X |
| 3648-3659 X ‘
OT1 1261-1392 | ' X ;,
SHS1* | 1603 - 1878 | X | *
} 1878 -2181 | | X
|uLT1* 1504 - 1683 | . X
| VET : 1076 -1366 | X ! ,
| ws3* 923-960 | X i
WS4* 744-750 | X
| eS| 988 - 1030 | X |
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5.7 THE MAKWASSIE FORMATION

Geochemically the quartz-feldspar porphyries of the Makwassie Formation
consist of dacites, rhyodacites and rhyolites. Two geochemical facies can be
recognized: the dacitic facies (Md) comprises the lower part of the Makwassie
Formation and the rhyolitic facies (Mr) the upper part. The Mr facies is present
only in boreholes LLE1, ZH1, DHK1 and VE1, while the Md facies occurs more
widespread (Table 5.5).

The SiO, concentration in the Md facies varies between 65% and 74% and in
the Mr facies between 70% and 80% (Table 5.6; Fig. 5.11). Secondary addition
or loss of silica could possibly account for the overlap in silica composition. The
two facies are better discriminated by immobile elements, such as titanium (TiO,
between 0.80% and 1.25% for the Md facies and between about 0.25 and 0.80
% for the Mr facies; Fig. 5.8) and phosphorous (P,O. between about 0.3% and
0.5% for the Md facies and between 0.02% and 0.3% for the Mr facies; Fig. 5.8).
The concentrations of the trace elements Zr, Y, Nb, Ni, Cr and Co, however,
overlaps (Table 5.6; Fig. 5.8). Fe,0,, CaO and Sr are higher in the Md facies
than in the Mr facies. In general compatible elements have higher
concentrations in the Md facies, while incompatible elements are higher in the
more acidic Mr facies with the exception of Zr, Y and Nb.

An average composition for the Makwassie Formation published by T.B. Bowen
et al. (1986) compares well with the Md facies of this study, while that of Crow
and Condie (1988) falls between the Md and Mr facies. The geochemical data of
J.M. Myers (1990) reflect both these facies, while the compositions cited by
Nelson et al. (1992) correlate with only the Md facies.

The Mr facies hosts the Garfield Member, which consists of a minor succession
of feldspar porphyry and non-porphyritic lava. The Garfield Member is correlated
over a large part of the Bothaville area and can be used as a marker horizon.
The geochemical composition of the Mr facies underlying the Garfield Member,
and the Mr facies overlying the Garfield Member are remarkably similar.

Subdivision of the Mr facies s, however, possible through the
incompatible/compatible element ratio, e.g. TiO,, P,O5 or Zr vs V, Cr or Ni (Fig.
5.11). In boreholes LLE1 and ZH1 the upper part of the Mr facies has a low
incompatible/compatible element ratio and the lower part of the facies a high
ratio. In borehole DHK1 and VE1 the sequence is inverted in the sense that the
upper part of the Mr facies has a high ratio and the lower part a low ratio (Table
5.6). In boreholes ZH1 and VE1 the high/low incompatible/compatible element
ratio break coincides with the stratigraphic position of the Garfield Member and
in borehole LLE1 the break is associated with a major interbedded mafic
sequence in the Mr facies, which apparently does not correlate with the Garfield
Member. It therefore appears that the incompatible/compatible element ratio can
be used as a local stratigraphic marker in the Mr facies.
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TABLE 3.5: The depths at which the geochemical facies of the Makwassie Formation
were intersected by boreholes in the Bothaville area. The rhyolitic facies can be
subdivided into low and high ratios of incompatible/compatible elements. Note that in
borehole VEI the upper part of the Mr facies has a low ratio, in contrast to the other
boreholes. Depths are in metres. (The first 700 m of borehole LLE] was percussion
drilled and samples were not available; between 1299 m and 1687 m mafic lava was

intersected).
| Borehole Intersected Depths Of Geochemical Facies |
Dacitic Rhyolitic ' Garfield M.
Low Ratio | High Ratio

DF1 T 279 -641 -
DHK1 | 1091 -1128 700 - 1091 573 - 700 855 - 866
JWss i 279 - 504 e;
JWS7 | 365-530 %
JWS8 | 390 -589
LLE1 | 2404 - 2604 848 - 1753 1753 - 2387 636 - 848
SHS1 | 1346 - 1603

SYF1 387-639

| UTK1 980 -1214

* VE1 absent . 896-1076 728 - 874 874 - 896
WS3 451-923
WS4 375-743 |
YYS1 708 - 971 5
ZH1 1467-1583 |  427-836 896 - 1467 836 - 896

TABLE 5.6: The geochemical composition of the individual geochemical facies of the

Makwassie Formation in the Bothaville area.

DACITIC FACIES (Md) RHYOLITIC (Mr)
(104 samples) (89 samples)
ELEMENT ~Min. | Max. | Avg. | S Min. Max. = Avg. S
SiO, 6515 | 7394 | 6820 | 144 6984 7963 | 7380 208
TiO, 080 | 125| 109 008 024 0.81 054 014
AlLO, 9.95 | 15.23‘ 13.24 0.70 | 1099 | 1611 | 12.71 0.76
Fe,0, 445\ 911 627 | 08 139 559 297 089
MnO 000 | 018 010 | 002 ' 002 | 009 005 002
MgO 035 429 | 154 | 089 | 000 343 075 066
Ca0 128 | 727 | 337 | 136| 026 | 288 | 139 061
| Nay,0 029 | 677 | 271 118 | 004 668 244  1.40|
| K0 009 725 307 156 | 283 861 | 520 1.11f
P,0s 029 | 052! 044 004| 002 031 014 006
Zr 357 | 563! 466 | 33| 221 | 480 | 356 54
Y | 4 74 61| 51 &2 84 45 6
Sr 96 | 2019 | 5511 613| 26| 299 133 60
Rb 0/ 18| 8| 40| 77| 278 158 38
Cu 0. 56 10 8 | 0 | 17 | 3 3
Zn 49| 22ri M 25 24| 173 62 23
Ni 8 22 17 | 3 | 5 | 18 | 11 4
Ba 73 | 3961 | 1287 | 734, 621 | 2445 | 1343 284
Nb 17 25 | 22 | 2 ] 14 | 21 18 1
v 68 | 123 | 101 | 12 il 97 | 43 20
Cr 14| 47 | 27 6 7 | 2| 20 6
Co 4 21 12 3 2 11 6 2]
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5.8 THE GARFIELD MEMBER AND INTERBEDDED MAFIC LAVA IN THE
MAKWASSIE FORMATION

Although the Garfield Member was described as long ago as 1965 (Winter,
19695), geochemical analyses of it have not yet been published. Apart from the
Garfield Member, other minor mafic lava flows also occur interbedded with the
Makwassie quartz-feldspar porphyries. The geochemical compositions of the
Garfield Member and of these mafic lava flows reflect the composition of the
basic facies (Gm) of the Goedgenoeg Formation (Table 5.7; Fig. 5.12). The
Garfield Member and interbedded mafic lava are somewhat enriched in TiO,
and P,0g compared to the Gm facies, while some samples approach the
composition of the Gi facies (Fig. 5.12).

TABLE 5.7: The geochemical compositions of the Garfield Member and interbedded
matfic lava flows hosted by the Makwassie Formation in the Bothaville area.

| Garfield Member Interbedded Mafic Lava |
: (43 samples) (10 samples) '
. ELEMENT | Min Max.  Avg. S Min. = Max.  Avg. = S
. Sio, 5512 6586 5975 282 4909 6589 5678 3.84
| TiO, . 1.10 1.73 134 016 098 1.78 140 025
i AlLO, | T2.63 | 1552 | 1429 073 9.91 1560 | 1345 1.63]
| Fe,0, 593 1298 944 165 | 697 | 1513 | 1122 | 213
| MnO 0.0 020 014 003 001 0.33 0.14 007
MgO 23 695 445 124 | 220 | 1328 629 287
CaO | 1.85 821 524 1.51 3.83 8.71 6.32 1.38
Na,O 141 382 253 065 1.08 3.38 2.41 0.73
K,O | 079 | 370| 225| 087! 014 3.24 1.31 0.78
PO, 046 08 057 009 043 . 094 068 017!
& . 260 542 365 76 164 559 298 107 |
Y 34 59 47 7 27 84 50 14|
Sr | 86 1083 379 247 96 787 418 201
Rb ! 23 175 63 36 19 | 230 49 54|
Cu 2| 4 21 14 24 92 37 17|
Zn . 104 | 333 151 53| 113| 225| 137 28|
Ni ; 37 | 182 106 39 89 431 188 98|
Ba 179 | 1821 | 912 | 426 56 = 1488 705 423
Nb 12| 22 16 3 7 17 14 3
\Y | 137 | 260 197 26 163 251 212 26
Cr 97 | 510 | 273 | 118 | 209 | 1442 490 376
Co 13 45 31 8 29 60 45 9|
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FIGURE 5.12: Selected Harker diagrams of the Garfield Member (green) and interbedded

mafic lava flows hosted by the Makwassie Formation (blue). The composition of most of these

rocks corresponds to that of the Gm facies of the Goedgenoeg Formation, while some of the
Garfield Member rocks compare with the Gs facies (compare with Fig. 5.7).



5.9 DISCUSSION

Pervasive alteration of the Ventersdorp Supergroup has affected the mobile
elements, such as the alkalis, so that geochemical classification of these rocks
through use of these elements are suspect. Even so, a subalkaline (tholeiitic) to
calc-alkaline composition can be recognised. Classification schemes utilizing
immobile elements, however, indicate an andesitic to predominant dacitic
composition for the Goedgenoeg Formation, while the Makwassie Formation is
dacitic to rhyolitic. The Goedgenoeg and Makwassie Formations comprise
weakly bimodal volcanics with metaluminous, subalkaline composition. The
predominantly tholeitic Goedgenoeg Formation is contrasted by the
predominantly calc-alkaline Makwassie Formation. These rock types match the
continental setting of the Goedgenoeg and Makwassie volcanics.

The lithostratigraphy is complimented by chemostratigraphy, which manifests
into four geochemical facies (Gm, Gz, Gi and Gs) in the case of the
Goedgenoeg Formation. The non-porphyritic to slightly porphyritic Gm facies
and the porphyritic Gi facies are prevalent wherever the Goedgenoeg Formation
occurs in the Bothaville area, while the other two facies are typically porphyritic
and have limited distribution. The Gm facies is interbedded with the other three
Goedgenoeg facies and also with the overlying acidic Makwassie Formation,
indicating co-eruption of this Gm magma with magmas of more evolved
composition. The Makwassie Formation comprises two geochemical facies; the
dacitic Md facies at the base and the rhyodacitic Mr facies overlying it. Although
both facies occur extensively in the Bothaville area, the Mr facies was possibly
eliminated in places by erosion.

The above geochemical facies are reflected in the geochemical data of previous
workers, i.e. Schweitzer and Kréner (1985), M.P. Bowen ef al. (1986), T.B.
Bowen et al. (1986), Crow and Condie (1988) and Grobler et al. (1983). None of
these data bases, however, comprises all of the above six geochemical facies.

Recognition of the six geochemical facies are facilitated by a simple scattergram
of P,O4/Cr vs Zr/Cr (Fig. 5.13). The Gi facies field of the Goedgenoeg Formation
overlaps somewhat with the Md facies field of the Makwassie Formation. The Gi
facies, however, comprises feldspar porphyries while the Md facies consists of
quartz-feldspar porphyries. The same argument also holds for the overlap of Md
and Gz facies. Subdivision of the Mr facies into a high incompatible/compatible
element ratio (Mr+) and low incompatible/compatible element ratio (Mr-) is also
possible through this scattergram. It is of interest to note that the felsic porhyries
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of the Dominion Group plot outside the depicted field in Fig. 5.13, as their Zr/Cr
ratio is higher than 50 (not shown), so that this diagram can also be used to
discriminate chemically between Dominion and Makwassie porphyries. This is
not adequately performed on the P/Ti vs Zr/P scattergram of T.B. Bowen
(1984), as the rhyolitic Makwassie rocks plot in the Dominion porphyry field of
this diagram. (T.B. Bowen's database only incorporated Makwassie Formation
rocks of the Md facies; Mr facies rocks were lacking).
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FIGURE 5.13: Scattergram of P/Cr vs Zr/Cr to facilitate discrimination of the
Goedgenoeg and Makwassie Formation geochemical facies, Minor overlap occurs
between the Gi and Md facies, and between the Md and Gz facies. The Gi and Gz facies
consist, however, of feldspar porphyries and the Md facies of quartz-feldspar
porphyries. The geochemical facies are Gm (green), Gi (red), Gs (blue), Gz (vellow),
Md (magenta) and Mr (turquoise blue).



6. THE STRATIGRAPHY, PETROGRAPHY AND ]
GEOCHEMISTRY OF THE GOEDGENOEG AND MAKWASSIE ;
FORMATIONS OUTSIDE THE BOTHAVILLE AREA |

6.1 INTRODUCTION

The Makwassie and Goedgenoeg Formations outcrop sporadically throughout
the Ventersdorp Supergroup depository (Fig. 6.1). Some of the outcrops were
investigated during this study whilst others are described from reports by
previous researchers. The Goedgenoceg/Makwassie Formation at Wesselton
Mine in Kimberley and outcrops at Makwassie Hills and Vryburg were sampled
and analysed geochemically.

FIGURE 6.1: Outcrops of the Makwassie and Goedgenoeg Formations and
correlatives in the Ventersdorp Supergroup depository. The occurrences marked by an
asterisk are possible correlatives. The numbers represent the following localities

1 - T'Kuip Quartz Porphyry Formation, Sodium Group.
2 - Hereford Formation.
3 - Ritchie Quartz Parphyry Formation.
4 - Suboutcrop in the Kimberley Mines.
5 - Outcrop southwest of Warrenton.
6 - Outcrop on Honiglaagte 1234, Honigkop 1002 and Goudkop 1496, north of Boshoff.
7 - Qutcrop on Sweet Home 280 and Wildebeestfontein 471, between Bultfontein and
Dealesville.
8 - Outcrop on Vaalkoppies 8, between Welkom and Buitfontein.
3 - Kareefontein Formation, Zoetlief Group.
10 - Kareefontein Formation, Zosetlief Group.
11 - Outcrop on Vaarwel 683 and Schatkist 716, east of Vryburg.
12 - Kareefontein Formation, Zoetlief Group.
13 - Makwassie Hills.
14 - Klerksdorp Townlands.
16 - The Buffelsdoorn Graben.
16 - Platberg.
17 - Possible outcrop at the Vredefort Dome.
18" - Outcrop north of Mafikeng.
19" - Outcrop in south-eastern Botswana.
20" - The Seokangwana Belt.
217 - The Derdepoort Belt.
22" - Witfontein Formation, Buffelsfontein Group.
23 - Outcrop at the Johannesburg Dome.
24 - Phokwane Formation, Hartswater Group near Taung.

25 - Paardefontein Quartz Porphyry Formation, Amalia Group.
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SECTION A - OUTCROPS EXAMINED DURING THIS STUDY

6.2 THE MAKWASSIE HILLS OUTCROP (Locality 13, Fig. 6.1)

The Makwassie Formation outcrops over a large area to the east, south and
north of Wolmaransstad in the North West Province, while outcrop of the
Goedgenoeg Formation is limited and still poorly mapped. The description of this
occurrence by Dahms (1891) was possibly the first of Makwassie Formation
rocks. The outcrop forms north-south striking, low-lying hills which protrude
above the surrounding plains, with good exposures along the Wolmaransstad -
Leeudoringstad road. Large boulders of relatively fresh porphyry lie next to the
road between Witpoort and Wolmaransstad, where a trench was excavated for
a water pipeline.
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6.2.1 Quartz-Feldspar Porphyry

The Makwassie Hills consist predominantly of light-coloured, massive quartz-
feldspar porphyries. The outcrops in the vicinity of Witpoort are conspicuously
brownish-red in colour (Fig. 6.2). Holmes (1907) attributed this red colouration to
weathering, while Cas and Wright (1988) relate red colouration of volcanic rocks
to the remobilization of exsolved iron to form hematite, resulting from
recrystallization during devitrification. It may also be due to oxidization of
disseminated magnetite to form hematite (Cas and Wright, 1988). These
reddish quartz-feldspar porphyry outcrops near Witpoort are very phenocryst-
rich (x45% by volume). The feldspar phenocrysts are up to 15 mm in length and
vary from white to greenish (plagioclase) and reddish (K-feldspar) in hand
specimen. Quartz phenocrysts are also abundant and reach sizes up to 8 mm.

The quartz-feldspar porphyries weather positively to form ridges, while the
negative topographic areas consist of subordinate lithic, layered porphyritic rock
units and finer-grained, bedded, tuffaceous rocks. Contorted bedding is
apparent in some of the bedded rocks (Fig. 6.3). Good exposures of the above
rock types appear on Bezuidenhoutskraal 64, to the south of the
Wolmaransstad - Witpoort road and Von Backstrom (1962) also reported
bedding structures on Doornfontein 313, further to the north.
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RY. 6.2: Red-coloured quartz-feldspar porphyry of the Makwassic Formation

inear Witpoort. Phenocrysts of K-feldspar appear red and plagioclase are white. (Scale in|

fmm).




FIGURE 6.3: Clastic beds with contorted bedding, Makwassie Formation on Bezui-
denhoutskraal 64. (Succession top to the right. Scale in cm).

The massive porphyries often grade into units with breccia textures (Fig. 6.4),
well exposed next to the road between Wolmaransstad and Klerksdorp, close to
the Palmietfontein turn-off. Although both the breccia fragments and host matrix
are similarly porphyritic, thin sections indicate that the matrix is largely silicified,
contains fragmented phenocrysts, microscopic devitrified lithics and perlitic-
crack textures. These breccias are interpreted as autobreccias, which develop
at flow tops of either rhyolite lava flows or rheomorphic ash-flow deposits.

Flow units in the porphyries consist of a dominant middle part of massive quartz-
feldspar porphyry which grades upwards into bedded, lithic beds, often with
contorted bedding, or into autobreccias. Individual flow units are separated by
layered, tuffaceous units. The flow units are interpreted as high-temperature
ash-flow units similar to those recognized in the Bothaville area and compares
lithologically to the high-temperature ash-flow units of the Jozini rhyoiites,
described by Bristow (1989b).

6.2.2 Feldspar Porphyry

An outcrop of feldspar porphyry occurs in a low-lying area along the Makwassie
Spruit to the northeast of Wolmaransstad. This outcrop is indicated as Rietgat
Formation on the Geological Map of South Africa (Geological Survey of South
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FIGURE 6.4: Makwassic Formation quartz-feldspar porphyry breccia near Wolma-

Africa, 1984) and on the 1:250 000 geological map of the West Rand
(Geological Survey of South Africa, 1986). In hand specimen the feldspar
porphyry is dark green-coloured and contains scattered feldspar phenocrysts. In
thin section, rare fragments of quartz phenocrysts were identified, while the
feldspar phenocrysts display fractured features. The porphyry matrix is
cryptocrystalline, but in places display microscopic grandphyric textures which
are unattached to phenocrysts. The granophyric textures are ascribed to rapid
crystal growth from devitrification of glass (Barker, 1970: Lofgren, 1971a), or

from rapid crystallization from a melt (Barker, 1970 Lofgren 1971b; Lofgren
1980).

Another feldspar-porphyry is exposed on Palmietfontein 312 next to the
Makwassie Spruit. The top is highly amygdaloidal and contains abundant tuffa-
ceous, lithic and devitrified chloritic fragments. Although the complete unit is not

exposed, it appears to be a partially-welded pyroclastic-flow unit with well-
preserved flow-textures.

As described above, the lithological and petrographic features of these feldspar
porphyry outcrops are unlike that of the Rietgat lavas. Since it is overlain by

ransstad. (Scale in cm). |

o R e et
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quartz-feldspar porphyry similar to the Makwassie Formation of the Bothaville

area, the feldspar porphyry may be a correlative of the Goedgenoeg Formation,
alternatively of the Garfield Member.

6.2.3 Borehole LLE1

Although this borehole was included in the discussion of the Bothaville area
(Chapters 3 to 5), some comments are appropriate in this chapter as this
borehole was drilled in the quartz-feldspar porhyry outcrop at Makwassie Hills,
on the farm Leeuwfontein 29, close to Witpoort. The borehole was drilled
through a succession of quartz-feldspar and feldspar porhyries, but failed to
penetrate the base of the Goedgenoeg Formation (Fig. 6.5).
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FIGURE 6.5: Litho- and chemostratigraphy of borehole LLE1. (Depth in metres below
collar. Not to scale).
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6.2.3.1 The Goedgenoeg Formation (2604 m to 3659 m)

Although the Goedgenoeg Formation in the central part of the Bothaville area
consists of interbedded basic and intermediate volcanics, the succession is less
complicated in borehole LLE1. The succession below 2604 m is correlated with
the Goedgenoeg Formation (Figs. 6.5; 6.6) and consists of feldspar porphyry
and subordinate quartz-feldspar porphyry with an intermediate geochemical
composition (Table 6.1). Almost the complete succession below 2604 m
correlates with the Gs facies of the Goedgenoeg Formation, while the
succession below 3648 m correlates with the Gm facies (Fig. 6.6). The Gi and
Gz facies are not represented in this borehole. Since the Gz facies occurs at the
base of the Goedgenoeg Formation and borehole LLE1 failed to penetrate the

base of the Formation, there is a possibility that the Gz facies may be present
deeper down.

6.2.3.2 The Makwassie Formation (surface to 2604 m)

Lithostratigraphically the succession from surface to 2604 m is correlated with
the Makwassie Formation (Figs. 6.5; 6.6). Geochemically the lowermost part of
the succession (between 2404 m and 2604 m) correlates with the Md facies and
the succession from surface to 2404 m with the Mr facies (Fig. 6.6). From just
below the mafic unit to the top of the Md facies (1753 m to 2404 m) the Mr
facies has a high incompatible/compatible element ratio, while the flow-unit just
below the mafic unit (1687 m to 1753 m) and the succession between the
Garfield Member and the mafic unit (848 m to 1299 m) have a low ratio. Since
the borehole was percussion drilled to approximately 700 m and samples were
not available, an 'outcrop sample was geochemically analysed. The rhyolitic
composition of this sample (Table 6.1) correlates with the Mr facies (Fig. 6.6)
and has a low incompatible/compatible element ratio, similar to the succession
between the Garfield Member and the mafic unit.

6.2.3.3 The Garfield Member (+600 m to 848 m) and Interbedded Mafic Unit
(1299 m to 1687 m)

The Garfield Member (636 m to 848 m) and the interbedded mafic unit (1299 m
to 1687 m) have a similar composition as the Gm facies of the Goedgenoeg
Formation (Fig. 6.6). These two mafic successions, however, differ significantly
in TiO,, P,Os, Zr, Ni and Cr contents (Table 6.1) which rules out the possibility
of duplication of the succession in the borehole.

6.2.3.4 Discussion

The anomaious combined Goedgenoeg/Makwassie thickness of 3 600 m
intersected by this borehole is problematic, as the maximum thickness of this
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succession in the Bothaville area is just over 2 000 m. The borehole is situated
to the west of a projected fault which separates the Bothaville area from the
Makwassie Hills outcrop. Evidence for stratigraphic duplication by faulting or
thrusting was not found. Characteristics of intrusive facies (i.e. intrusive
contacts, cross-cutting units and chill contacts) or caldera facies (i.e. steep-
dipping units, intra-caldera volcanic facies and excessive hydrothermal
alteration) are also absent. It is significant that the Goedgenoeg Formation in
borehole LLE1 consists predominantly of the Gs facies, which was only
represented in borehole DHK1 in the Bothaville area. The Makwassie Formation
in borehole LLE1 hosts a major mafic unit which apparently does not correlate
with the Garfield Member.

It is concluded that the Makwassie Hills area represents a separate Platberg rift,
separated from the adjacent Bothaville rift by a major north-south striking fault.
The style of volcanism, major characteristics and geochemical composition of
the erupted material are similar, but the volcanic sequences differ somewhat.
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FIGURE 6.6: (a) P,Os/Cr vs Zt/Cr plot of borehole LLEl's samples. The symbols
represent the following intersections with the correlation in brackets: green - 3648 m to
3659 m (Gm); blue - 2604 m to 3648 m (Gs); magenta - 2404 m to 2604 m (Md);
turquoise - 848 m to 1299 m (Mr-low) and 1687 m to 2404 m (Mr-high); green - 636 m
to 848 m (Gm) and 1299 m to 1687 m (Gm). (b) A similar diagram for the Goedgenoeg
and Makwassie Formations in the Bothaville area. The geochemical facies are indicated
by the coloured symbols: green - Gm; red - Gi; blue - Gs; yellow - Gz; magenta - Md;
turquoise - Mr.
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TABLE 6.1:

Average geochemical compositions of Goedgenoeg and Makwassie
Formations in borehole LLEI. The interbedded unit of mafic lavas in the Makwassie
Formation 1s listed as Mafic. The borehole did not penetrate the base of the Goedgenoeg

Formation.
UNIT ' GOEDGENOEG | MAKWASSIE . GAR- . OUT-|
! _FIELD . CROP
FACIES Gm | Gs Md | Mr-High Mafic  Mr-Low Gm  Mr-Low
N 2 24 | B | %7 5 | 13 4 1

Depth From 3659 2604 2404 | 1687 | 1299 = 848 636

Depth To 3648 3659 2604 2404 1687 | 1299 | 848
Si0, 57.57 = 6558 @ 6972 | 7500 5645 ' 7290 5601 | 70.73
TiO, 1.07 1.27 0.89 0.43 1.20 060 @ 187 0.71
Al,O4 1427 | 1322  13.08 | 1254 1241 1275 1380 12.89
Fe,0, 1050 | 738 48 | 216 11.09 342 | 1112 | 397
MnO 013 | 009 007 004 | 011 005 016 005
MgO 6.01 | 132: 063 | 005| 865| 049 544 073
Ca0 538 | 357 276 1.21 631 | 164 | 697 1.96
Na,O, 310 | 377 | 346 | 403 | 194 352 | 207 433
K,0 149 | 329 . 422 444 132 | 445 199 443
P,Os 048 053 032 010 054 018 078 020
Zr 212 | 440 470 = 339 220 | 367 388 417|
7 3F| 60| 51 43 38| 45 56 47|
Sr 413 = 380 308 174 546 | 196 705 144
RD 38 9% | 14 130 3t | 125 43 113
Cu 52 8 | 5 | 2| 31| 6 35
Zn 124 117 | 83 51| 124 59 132 "
Ni 124 | 13 9 7| 262| 12 126 3
Ba 1115 | 1405 1411 1311 | 755 1421 1102 1499
Nb 11! 19 18 181 11 18 19 21
Vv 195 | 422 72 22 | 200 52 205 59
Cr 325, 18 16 16 | 784 25 299 24
Co 38 16 9 71 47 8 41 5

6.3 SUBOUTCROP IN THE KIMBERLEY MINES (Locality 4, Fig. 6.1)
In the Kimberley Mines the Ventersdorp Supergroup overlies the Basement
lgneous Complex and is in turn overlain by rocks from the Karoo Supergroup.
During this study the Goedgenoeg and Makwassie Formations could only be
accessed in Wesselton Mine, as the other Kimberley Mines have already
progressed below the base of the Ventersdorp Supergroup. Du Toit (1907)
described the Ventersdorp System in the Kimberley Mines, but at that time the
full Ventersdorp succession had only been penetrated in the De Beers Mine.
Joubert (1973) gave further descriptions of the Ventersdorp rocks in a number
of the Kimberley Mines.



6.3.1 Stratigraphy

The stratigraphy of the Ventersdorp Supergroup in the Kimberley area is
iustrated by a section from the Kimberley Mine to Wesselton Mine (Fig. 6.7).
The Ventersdorp succession consists of the complete Platberg and Pniel
sequences. A topographic high of Archaean Basement Igneous Complex is
present in the vicinity of the Bultfontein and Du Toitspan Mines with the
Makwassie Formation abutting against this horst. A thick succession of Rietgat
Formation lavas and sedimentary rocks of the Bothaville Formation is preserved
on this horst. The horst is of pre-Goedgenoeg age and was being eroded during
deposition of the Kameeldoorns Formation.

In Wesselton Mine, the Goedgenoeg and Makwassie Formations were
Intersected between 550 m and + 995 m below surface. The levels below 904 m
were still being developed at the time of this investigation. The succession
consists of five distinctive units, interpreted as ash-flow units, which occur from
550mtox650m, £650mto 760 m, 760 mto 820 m, 820 mto + 920 m, and +
920 m to 995 m respectively (Fig. 6.8). The thicknesses of the individual ash-
flow units are 100 m, 110 m, 60 m, 100 m and 75 m respectively.
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FIGURE 6.7: Stratigraphic section of the Kimberley Mines. Note the abuttment of the
Goedgenoeg/Makwassie Formation against the Archaean Basement high.




Forma. . g Chemical
tign Depth ‘ Log | Lithological Description Fadtas
i IraravEvEy,

e UAREAYEY
Qe v
— v vy
uwl EVEVEVEY fMafic, amygdalowdal lava flows Mot
o N {rot observed) Sampled
550 m |
CQuartz-feldspar porphyry Nat
inot observed) Sampled
2 =
o 650 m (=
o
=<
=
14
) Elow 1 Quanz-feidspar porphyry Mot
- ki ! and fl
(1 ight colourad oW Sampled
banded
W T60 m
g s
Flow 2 Quartz-feldspar perphyty Wi Tacias
g - lightcoloured and flow MATRS
banded
= -
=L Flow 3 Y4 -
= 820 m |4 Complex unit with lapitli e Hioies
. \ and blocks
Flow 4 | Quartz{eldspar porphyry
3 - massive, green to red in Md facies
coleur
920 m [
w £ {
8 ) Flow 5 7 Quartz-feldspar porphyry o
W w - massive, green-coloured Gt
o Q
o =2 -
995 m |
Zw
Matagranites (not abserved)
i o
T 2 =
o
(&}
<

FIGURE 6.8: Litho- and chemostratigraphy of the Goedgenoeg and Makwassie
Formations, as exposed in Wesselton Mine. (Depths in metres below surface. Not to
scale).

During the first visit to the mine, the section from 660 m to 785 m was
investigated. The existence of the uppermost unit (from 550 m to 650 m) was
verified by T. McGhee of De Beers in Kimberley. During a second visit to collect
samples, the only accessible exposure was between 785 m and 904 m. The
individual flow-units between 760 m and 995 m were sampled for geochemical
analyses, with resuits as listed in Tabie 6.2.

6.3.2 Detail of Examined Ash-Flow Units
Units 1and 2 (+ 650 m - 760 m and 760 m - 820 m): These two units both have

a reddish colour and are lithologically similar. The upper parts are amygdaloidal




with the amygdales changing downwards from elongated to spherical in shape.
The middle parts of both units are cryptocrystalline with very small (1 to 2 mm)
fragmented phenocrysts of quartz and feldspar. Lamination is visible (Fig. 6.9)
and small, ash-sized (less than 4 mm) inclusions occur, increasing to lapilli-size
(4 mm to 16 mm) in the lower parts (Fig. 6.10). The lamination is better
developed or preserved in the lowermost part of the units and is often locally
contorted with tight flow-folds (Fig. 6.10 and 6.11). It drapes over lapilli and
rotation of some lapilli is evident. A very fine-grained, light-coloured layer of less
than 200 mm thick occurs at the base of the upper unit at 760 m. This layer is
contorted and in places has a complex relationship to the underlying unit. It is
interpreted as a basal vitrophyre, a common feature in pyroclastic-flow deposits
(Cas and Wright, 1988). The lower flow has a thin, slightly discoloured zone
(Figs. 6.10 and 6.12) at its base (at 820 m). In thin section the lamination is
poorly defined by variation in the chiorite content in the matrix and preferential
concentration of secondary minerals along parallel zones. Opaque oxides,
secondary sericite and calcite are ubiquitous. The feldspar phenocrysts are
totally altered to secondary amorphous minerals, while quartz phenocrysts are
clouded and have reaction rims. The matrix displays granophyric textures,
ascribed to rapid crystallization during devitrification of the matrix.

e Bty ROV - s e S SR 5 oy
FIGURE 6.9: Upper Makwassie ash-flow unit (760 - 820 m) in Wesselton Mine. Note
the flow lamination. When compared with the Makwassie Formation in the Bothaville
area, the quartz and feldspar phenocrysts are smaller and less abundant. A minor fault is
visible in the left part of the photograph. The dark areas in the middle of the photograph
are chloritic shear partings. (The pen is 12 ¢m in length).
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FIGURE 6.10: Contorted lamination and tight flow-folds in the porphyry at the base of]
the 760 - 820 m flow-unit. Note the quartz-feldspar porphyry lapilli in the centre of the“
picture. The contact with the dark-coloured underlying flow-unit is visible. A thin,|
discolouration zone at the base of the light-coloured flow-unit can be discerned and isl
interpreted as a vitrophyre. (The pen is 13 cm in length). |

FIGURE 6.11: Contorted lamination in the basal part of the 760 - 820 m flow-unit |
(The chisel is 30 cm in length).




116

1
- !
FIGURE 6.12: The dark-coloured 820 m flow-unit with abundant inclusions. Note the |
distortion of some of the inclusions. The discolouration zone at the base of the upper
light-coloured flow-unit is interpreted as a vitrophyre. (The pen is 14 cm in length).

Unit 3 (820 m): A unit of £ 5 m in thickness occurs at the 820 m level and is
markably different from the other flow-units. The unit is dark-coloured and
contains abundant lapilli- and block-size inclusions of quartz-feldspar porphyry,
as well as sedimentary rock (Fig. 6.12). Some of these inclusions are deformed

and flattened. The unit is composed of muiltiple layers with complex
relationships, as is illustrated by the overlying flow-unit dragging part of the dark-
coloured unit into its base (Fig. 6.13). In thin section cryptocrystalline material
defines fine lamination. Larger lithic fragments indent the underlying laminae
while overlying laminae drape over it. The lapiili display perlitic-crack textures
and abundant amygdales.

Unit 4 (820 m - + 920 m): The top of this unit is highly amygdaloidal and
brecciated. It is green-coloured and contains abundant quartz and feldspar
phenocrysts, all with conspicuous reaction rims. Silicified spherulites, which
appear as white specs in hand specimen, are hosted in the matrix.

Unit 5 (below 920 m): Drill drives from the 920 m level have established the
existence of another unit (75 m thick) below this level. Borehole-core samples of
the upper part of this unit have a dark-green colour and are highly amygdaloidal.
Thin sections show occasional large quartz phenocrysts and abundant, altered
feldspar phenocrysts in a granophyric matrix.

2 T



IFIGURE 6.13: Part of the 820 m flow-unit (dark-coloured rock) which was dragged|

linto the base of the overlying, light-coloured flow-unit during emplacement. This

émdicates the unconsolidated state of the 820 m unit at the time of deposition of the
(upper unit. (The pen is 14 cm in length).

6.3.3 Geochemical Composition

Each flow-unit has a distinctive geochemical composition (Table 6.2). Unit 5
correlates with the Gs facies of the Goedgenoeg Formation, unit 4 with the Md
facies and units 2 and 3 with the Mr facies of the Makwassie Formation (Fig.
6.14). Unit 2 has a high incompatible/compatible element ratio and unit 3 a low
incompatible/compatible element ratio. The geochemical stratigraphy of the
Goedgenoeg and- Makwassie Formations at Wesselton exhibits a trend from
basic (unit 5) at the base to acidic at the top (unit 2), similar to that in the
Bothaville area.

6.3.4 Discussion

The ash-flow units display a weli-defined or well-preserved flow lamination and
are interpreted as high-temperature ash-flows rather than rhyolite lava flows on
the basis of fragmented phenocryts and lack of autobreccia. The 820 m flow-unit
is interpreted as a partially welded to welded pyroclastic flow, emplaced at a

lower temperature than the underlying and overlying flows. The Goedgenoeg

and Makwassie Formations at Wesselton correlate lithologically and
geochemically with the occurrence in the Bothaville area and similar
geochemical facies are present at both localities. The Makwassie rocks in
Wesselton Mine have slightly lower concentrations of incompatible elements
such as zirconium and phosphorous, possibly due to magmatic fractionation
involving zircon and apatite.
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FIGURE 6.14: (a) P,O,/Cr vs Z1r/Cr plot of porphyry samples from Wesselton Mine.
The symbol colours are as follows: unit 2 - red; unit 3 - turquoise; unit 4 - magenta;
unit 5 - dark blue. (b) A similar diagram for the Goedgenoeg and Makwassie
Formations in the Bothaville area. The geochemical facies are indicated by the coloured
symbols: green - Gm; red - Gi; blue - Gs; yellow - Gz; magenta - Md; turquoise - Mr.

TABLE 6.2:

Average geochemical compositions of the individual flow-units in

Wesselton Mine, Kimberley. The Ritchie Formation analyses are from Potgieter and
Lock (1978). N = number of samples. Normalized data. Major elements in weight %
volatile free and trace elements in parts per million.

FLOW-UNIT | 2 3 ; 4 5 RITCHIE

Depth (m) 760-820 | 820 820-920 920-995

FACIES Mr-High | Mr-Low Md Gs Mr-High

N 1 | 3 4 2 | 4

SiO, 76.40 | 72.97 65.82 56.87 | 77.37
TiO, 42 0.38 1.13 .97 0.13
AlLO, 11.45 13.53 13.58 13.53 | 11.85
Fe,0, 2.89 3.70 7.68 10.74 | 1.14
MnO - 0.04 0.04 | 0.11 023 | 0.02
MgO g 0.90 242 | 1.80 2 | 1.45
Ca0 i 0.96 160 | 4.56 1094 0.02
Na,0; 1.74 074 2.09 1.82 0.07
K0 5.13 455 2.84 2.02 8.94
P05 0.07 006 | 0.38 0.45 0.01
Zr 316 288 | 297 253 152
Y 26 24 37 41 34
Sr 62 | 45 125 313 47
Rb 128 | 119 78 64 324
Ba 1078 | 519 661 852 642
Nb i 11 | 11 12 12 15
v e 27 35 135 203 -
Cr 13 16 16 15 -
Co | ) 6 15 17 -




The geochemical consistency of the Goedgenoeg and Makwassie volcanics at
widespread localities in the Ventersdorp depository is remarkable. The presence
of the Goedgenoeg Formation at Wesselton indicates that this formation is
widespread in the Ventersdorp Supergroup depository. The absence of an
interbedded mafic unit in the Makwassie Formation substantiates that such
units, e.g. the Garfield Member, are localized and of limited lateral extent.

6.3.5 Note on the Ritchie Formation (Locality 3, Fig. 6.1)

The Ritchie Formation occurs near the confluence of the Modder and Riet
Rivers, approximately 40 km south of Kimberley. It is composed of quartz-
feldspar porphyry, separated into eutaxitic ignimbrites and rheoignimbrites by
Potgieter and Lock (1978). The eutaxitic ignimbrites are the most widespread
and appear similar to the porphyries of the T'Kuip Quartz Porphyry Formation
(Potgieter and Lock, 1978). They mention that the rheoignimbrites resemble
rhyolite lava flows, as almost all original pyroclastic textures are destroyed
through flow deformation. The rheoignimbrites display prominent, complex flow
folding, which are "..contorted, sharply folded and often knotted” (Du Toilt,
1807). Potgieter (1974) also described "melanocratic” quartz-feldspar porphyry
in the basal part of the Ritchie outcrop, and mingled dark and light-coloured
rheoignimbrite in other parts of the outcrop.

Potgieter (1974) and Potgieter and Lock (1978) correlated the Ritchie Formation
with the Makwassie Formation and are supported by S.A.C.S. (1980). The
present study correlates the Ritchie Formation with the Makwassie porphyry
intersected in Wesselton Mine. The basal parts of the Makwassie flow-units
above the 820 m level in Wesselton Mine are laminated, and resemble the
rheomorphic ignimbrites of Ritchie. The "melanocratic” Ritchie ignimbrite of
Potgieter (1974) may correlate with the Wesselton flow-units below the 820 m
level, while the intermingled dark and light-coloured Ritchie ignimbrite (Potgieter,
1974) may be equivalent to the subordinate, dark-coloured unit at the 820 m
level in Wesselton Mine.

The geochemical composition of the Ritchie Formation (Potgieter and Lock,
1978) is listed in Table 6.2. The composition compares with the Mr facies of the
Makwassie Formation and has a high incompatible/compatible element ratio.
Considering the stratigraphic position of the 760-820 m flow-unit (with high ratio)
at Wesselton Mine, an equivalent of the 820-995 m flow-unit may therefore be
present, but not exposed, at the Ritchie locality.
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6.4 OUTCROP ON VAALKOPPIES 8, BETWEEN WELKOM AND BULT-
FONTEIN (Locality 8, Fig. 6.1)

This outcrop consists of two small hills situated on the flood plain of the Vet
River, to the northwest of the farmhouse on Vaalkoppies 8. This occurrence is
indicated on the Geological Map of South Africa (Geological Survey of South
Africa, 1984). The outcrop is highly sheared and altered; thin sections show
mostly cryptocrystalline material with quartz and feldspar phenocrysts almost
obliterated. Behounek (1980) distinguished two flow-units on the basis of colour
difference and reported rare quartz phenocrysts of between 0.5 mm and 3 mm,
and highly altered feldspar phenocrysts.

On Goudkoppies 461 to the east of Vaalkoppies 8, the Makwassie porphyries
are overlain by immature conglomerate and quartzite. The conglomerate was
quarried for road-building material and large blocks are exposed. Behounek
(1980) assigned this outcrop to the Rietgat Formation and not the Bothaville
Formation, the reason being the immature lithology and the statement by Winter
(1965) that the Bothaville Formation pinches out against the Wesselsbron Arch.
In this area the Makwassie Formation probably abuts against the Wesselsbron
Arch. Granite of the Wesselsbron Arch is exposed in a gravel pit on Geduld 37
to the north of Vaalkoppies 8, north of the Sand River. The granite is extensively
weathered and is overlain by Rietgat Formation lava, tuff and arkose. Behounek
(1980) described this outcrop in detail.

6.5 OUTCROPS ON SWEET HOME 280 AND WILDEBEESTFONTEIN 471,
BETWEEN BULTFONTEIN AND DEALESVILLE (Locality 7, Fig. 6.1)

To the west of Bultfontein the Makwassie Formation is poorly exposed on a
small rise next to a large pan and is overlain by Rietgat Formation lava and
Bothaville Formation arkose. This occurrence is shown on the Geological Map
of South Africa (Geological Survey of South Africa, 1984). The outcrop consists
of massive quartz-feldspar porphyry with abundant, large phenocrysts of up to 4
mm. Flow-units could not be distinguished and the contact with overlying rock
types is covered by sail.

6.6 OUTCROPS ON HONIGLAAGTE 1234, HONIGKOP 1002 AND
GOUDKOP 1496, NORTH OF BOSHOFF (Locality 6, Fig. 6.1)

A low-lying northwest striking ridge, composed of quartz-feldspar porphyry,
occurs to the east of the Boshoff - Christiana gravel road. The occurrence is
indicated on the Geological Map of South Africa (Geological Survey of South
Africa, 1984). The outcrop appears massive, with abundant quartz veins and



jasper. It contains numerous large (up to 20 mm) feldspar phenocrysts, the
largest observed during this study. Although plentiful, quartz phenocrysts are
small (+ 2 mm). The quartz-feldspar porphyry is extensively altered and
brownish in colour. In thin section the feldspar phenocrysts reveal alteration to
cryptocrystalline, opaque oxides. Using colour differences Behounek (1980)
recognized 3 flow-units in the outcrop. Behounek also reported another, even
more altered, outcrop to the west of the road. This outcrop has conspicuous
green, chloritic spots which can possibly be attributed to devitrification
spherulites. These outcrops are surrounded by alluvium, calcrete and dolerite
and their relationship to other Ventersdorp Supergroup formations could not be
established. Behounek (1980) inferred the presence of Rietgat lava under the
alluvium and calcrete.

6.7 THE VRYBURG AREA (Localities 9, 10, 11 and 12, Fig. 6.1)

6.7.1 Qutcrop on Vaarwel 683 and Schatkist 716 (Locality 11, Fig. 6.1)

This single outcrop is situated to the east of Vryburg, south of the Vryburg -
Delareyville road and is indicated as Kraaipan Group on the Geological Map of
South Africa (Geological Survey of South Africa, 1984). This small outcrop
consists of phenocryst-rich quartz-feldspar porphyry with numerous quartz
veins, jasper and chert. The large phenocrysts are up to 8 mm in length and thin
sections show the feldspar to be highly altered and hosted in an epidotized
matrix. The porphyry is overlain by tuffaceous sediments, possibly of the Rietgat
Formation; the contact relationships are obscured by soil cover. The quartz-
feldspar porphyry is lithologically similar to the massive middle zones of flow-
units in the Bothaville area and is considered to be a Makwassie Formation
correlative.

6.7.2 Kareefontein Formation, NW of Vryburg (Localities 9 and 10, Fig. 6.1)
This is the type area of the Zoetlief Group as described by Du Toit (1906), which
is subdivided into the QOasis Formation (conglomerates and arkoses), the
Kareefontein Formation (quartz-feldspar porphyry) and the Vogelvlei Formation
(tuff, arenaceous tuffaceous sediments and lava) (S.A.C.S., 1980). S A.C.S.
(Ventersdorp Task Group Mesting, 1995) accepted that the Oasis, Kareefontein
and Vogelviei Formations are correlated with the Kameeldoorns, Makwassie and
Rietgat Formations respectively.

The Kareefontein quartz-feldspar porphyry on Manchester 593, along the
Vryburg - Tosca road, is intersected by quartz veins, but otherwise appears
massive and phenocryst-rich. At Karee Fontein 454 the porphyry is dark blue-
grey in colour, with conspicuous glassy, purplish-coloured bands (Figs. 6.15 and
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6.16). These parallel bands weather positively and some bands terminate
abruptly, while others display folds. The glassy bands appear similarly
porphyritic as the host porphyry, with some phenocrysts continuing across the
contact between the band and host porphyry. In thin sections it is evident that
these bands and globules are silicification fronts, similar to siliceous nodular
devitrification structures at Benambra, southeastern Australia (Personal
communication, R. Allen; Allen, 1988). Comparable textures were also observed
in borehole DF1 in the Bothaville area.

On Vogel Vlei 450 massive feldspar porphyry underlies the Kareefontein quartz-
feldspar porphyries. The top of the feldspar porphyry is amygdaloidal, has a
grey-green colour and contains scattered, broken feldspar phenocrysts.
Microscopically, granophyric textures are visible in the matrix. This porphyry is
considered to be equivalent to the Goedgenoeg Formation in the Bothaville
area.

FIGURE 6.15: Silicification front, visible as a purplish-coloured band in quartz-
feldspar porphyry outcrop near Vryburg. Note unconnected globules of similar material|
in the host porphyry. Sample LNV014; Kareefontein Formation, Zoetlief Group. (Scale|
nmmj.
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IFIGURE 6.16: Detail of the silicification front in Fig. 6.15. Note that fcldspar!
phenocrysts straddle the contact between silicified band and host porphyry. (Scale in|
mm). |

6.7.3 Geochemical Composition

The geochemical compositions of samples from the above outcrops are listed in
Table 6.3. The samples from Schatkist, Vaarwel and Manchester correlate with
the Mr facies of the Makwassie Formation and have a high
incompatible/compatible element ratio (Table 6.3). The banded porphyry at
Karee Fontein possibly correlates with the Md facies of the Makwassie
Formation (Fig. 6.17); the rocks suffered excessive alteration as indicated by
silicification. The glassy bands contain more silica than the haost porphyry (Table
6.3), confirming that they are silicification fronts. The host porphyry in the
immediate area next to the glassy bands are depleted in the major elements
SIO, and K, O, but are enriched in most of the other major elements (Table 6.3).
The feldspar porphyry on Vogel Viei 450 correlates with the Gm facies of the
Goedgenoeg Formation (Fig. 6.17). This outcrop further demonstrates the
extensive occurrence of the Goedgenoceg Formation over the area of Venters-
dorp Supergroup depository.
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FIGURE 6.17: (a) P,0O,/Cr - Zt/Cr plot of porphyry samples from the Vryburg area.
The symbols represent samples from the following localities: turquoise - Schatkist and
Vaarwel, red - Manchester; magenta - Karee Fontein; green - feldspar-porhyry at Vogel
Vlei. (b) A similar diagram for the Goedgenoeg and Makwassie Formations in the
Bothaville area. The geochemical facies are indicated by: green - Gm; red - Gi; blue -
Gs; yellow - Gz; magenta - Md; turquoise - Mr.

TABLE 6.3: Average geochemical compositions of samples from the Vryburg area.
The sample from Vogel Vlei is a feldspar porphyry; the others are quartz-feldspar
porphyries. The first Karee Fontein sample is of the host porphyry, while the second
sample is of a glassy band (silicification fronts). N = number of samples.

Farm | SCHATKIST MANCHESTER KAREEF. | KAREEF. iVOGEL VLEI
Facies Mr-High | MrHigh | Md? | ! Gm

N 2 1 1 : 1 * 1
Si0, 77.01 75.44 67.99 | 73.97 | 61.46
TiO, | 0.44 | 0.47 0.74 | 0.63 1.11
Al,O4 11.73 | 11.69 | 13.50 | 12.37 | 13.93
Fe,0, 1.61 2.89 5.96 | 218 7.38
MnO 0.02 0.03 0.10 | 0.04 0.11
MgO 0.43 0.76 | 1.50 | 022 2.87
Ca0 0.74 129 1.07 | 0.76 | 4.61
Na,0, 026 | 1.87 | 412 | 3.88 | 5.45
K,0 7.66 5.48 4.79 6.35 | 2.62
P,0s 0.11 0.09 0.22 | 0.19 0.45
Zr 308 | 390 433 387 | 392
Y 32 | 38 | 51 40 | 45
Sr 68 | 53 | 151 | 291 \ 408
Rb 147 | 112 | 102 | 144 | 61
Ba 1187 | 985 | 1803 | 2380 1422
Nb i 16 | 16 | 19 17 | 17
Vv : 32 | 32 | 66 43 | 136
Cr 14 | 12 | 13 | 13 | 152
Co 6 | 5 9 | 4 25

50



iSECTION B - MAKWASSIE FORMATION CORRELATIVES NOT E)ZAM!NED |
‘.DUR!NG THIS STUDY

6.8 THE T'KUIP QUARTZ PORPHYRY FORMATION, SODIUM GROUP
(Locality 1, Fig. 6.1)

The T'Kuip Quartz Porphyry Formation originated as high-temperature ash-flows
(Grobler et al., 1989). It consists of massive, phenocryst-rich quartz-feldspar
porphyry, with minor laterally impersistent tuff and arkose interbeds (S A.C.S.,
1980). Colour differences, phenocryst size, ratio of quartz to feldspar
phenocrysts, and variation in weathering style are indicative of various flows
(S.A.C.S., 1980). The quartz-feldspar porphyry is overlain by mafic lava of the
Omdraaivlei Formation, which is correlated with the Rietgat Formation.

Du Toit (1908) gave a thorough description of the felsic volcanics, stating that
the feldspar phenocrysts consist of orthoclase and predominant plagioclase,
altered to a mixture of quartz, mica and chlorite. The common occurrence of
plagioclase indicates a dacitic composition, while quartz-free varieties towards
the top of the succession can be termed felsites or trachytes (Du Toit, 1908).
The ferromagnesian constituents of the volcanics are represented by alteration
products such as chlorite while pseudomorphs after enstatite were also
recognized (Du Toit, 1908). The groundmass is altered by silicification, but
colourless to brownish glass and perlitic textures were also noted (Du Toit,
1908). In some samples, quartz phenocrysts have been shattered and the
broken portions separated from one another (Du Toit, 1908), which was
attributed to primary brecciation.

Grobler and Emslie (1975-76) reinterpreted Emslie's (1972) map of the T'Kuip
Hills and correlated the T'Kuip Quartz Feldspar Porphyry Formation with the
Makwassie Formation of the Ventersdorp Supergroup. Grobler et al. (1989)
quotes 328 m as the thickness of the T'Kuip Quartz Porphyry Formation, but
mentioned that duplication through faulting may be possible. The felsic volcanics
range from quartz porphyry at the base to dacitic rocks without primary free
quartz near the top (Grobler and Emslie, 1975-76). A total of 11 flow-units were
recognized by Van der Westhuizen and Grobler (1987). They mentioned that the
quartz-feldspar porphyry displays flow textures and banding, which is sometimes
contorted, in the lower part of the succession. Upwards the porphyry becomes
massive (Grobler and Emslie, 1975-76; Grobler et al., 1989). On Vilets Kuil 198
to the east of Omdraai Vlei, "agglomerate" occurs at the base of the porphyry,
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consisting of inclusions of unknown composition in the T'Kuip porphyry
(Lemmer, 1977). The T'Kuip Quartz Porphyry Formation is underlain by the
arkose of the Ongers River Arkose Formation, which has an increasingly
tuffaceous component towards the top of the succession. The upper part of the
Ongers River Arkose Formation succession contains units with well preserved

accretionary lapilli, mudrock desiccation cracks and raindrop imprints (Van der
Westhuizen et al., 1989).

Geochemically the T'Kuip quartz-feldspar porphyry correlates with the Mr facies
of the Makwassie Formation and has a high incompatible/compatible element
ratio (Fig. 6.18). (See Appendix C for the geochemical data). An equivalent of
the Goedgenoeg Formation is absent in outcrops of the Sodium Group.
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FIGURE 6.18: (a) P,O,/Cr - Zr/Cr plot of T'Kuip Formation samples (blue). Two
samples from the top of the succession (red) have a slightly different composition from
the rest. (b) The same diagram for the Makwassie Formation in the Botahville area. The
geochemical facies are indicated by: green - Gm; red - Gi; blue - Gs; yellow - Gz;
magenta - Md; turquoise - Mr.

6.9 THE RITCHIE FORMATION (Locality 3, Fig. 6.1; See paragraph 6.3.5)

6.10 THE HEREFORD FORMATION (Locality 2, Fig. 6.1)

On Hereford 202 in the Herbert district, rhyolitic vitric and lithic tuffs,
accretionary lapilli-tuff, volcanic sandstone, tuffaceous silistone and shale attain
a thickness of about 40 m (Potgieter, 1973; Potgieter and Visser, 1976). The
Hereford Formation lies on Basement Igneous Complex and is in turn overlain
by the Bothaville Formation (S.A.C.S., 1980). Ash-flow deposits form the largest
part of the succession, while ash-falls and water-reworked volcanic material are



subordinate. The Hereford Formation is correlated with the Makwassie
Formation of the Ventersdorp Supergroup (S.A.C.S., 1980).

6.11 OUTCROP TO THE SOUTHWEST OF WARRENTON (Locality 5, Fig.
6.1) |

Kleynhans (1979) described an outcrop of quartz-feldspar porphyry with minor
intercalated mafic lava flows and volcaniclastics on the Vaalharts Nedersetting
which he correlated with the Makwassie Formation. Kleynhans (1979) also
reported a small, isolated quartz-feldspar porphyry outcrop on Just In Time 39,
15 km to the northeast of Warrenton, with a minimum thickness of 260 m.
Various flow-units were recognized on the basis of quartz and feldspar
phenocryst proportions, colour differences and weathering characteristics. The
porphyry flows are intercalated with andesitic lava, breccia, tuff and tuffaceous
chert (Kleynhans, 1979). The breccias and tuffs display fluvial textures such as
wave-ripples, indicating that they were reworked or deposited in a shallow
aqueous environment. The tuffs also display well-preserved glass-shard
textures while some of the associated mafic lava contains pillow structures,
again indicating aqueous depositional conditions.

6.12 THE PHOKWANE FORMATION OF THE HARTSWATER GROUP NEAR
TAUNG (Locality 24, Fig. 6.1)

Quartz-feldspar porphyry with occasional well-developed flow banding occurs in
the Taung area, where it is overlain by tuff, tuffaceous shale and lenses of
andesitic lava and chert (S.A.C.S., 1980). This succession is assigned to the
Phokwane Formation of the Hartswater Group by S.A.C.S. (1980), who supports
the suggestion by Visser et al. (1975-76) and Liebenberg (1977) that this
succession correlates with the Makwassie Formation. Liebenberg (1977)
reported a maximum thickness of 200 m for the Makwassie Formation in the
area and he regarded the flow-banded felsic volcanics as rheoignimbrites.
Although other Ventersdorp formations crop out between Warrenton and Taung,
quartz-feldspar porphyry is absent in the area around Hartswater.

6.13 THE PAARDEFONTEIN FORMATION OF THE AMALIA GROUP
(Locality 25, Fig. 6.1)

The Paardefontein Formation occurs to the north of Amalia, southeast of
Vryburg. It consists of quartz-feldspar porphyry, feldspar porphyry and banded
rhyolite. Du Toit (1906) and later Van Eeden et al. (1963) correlated this
succession with the Kareefontein Formation of the Zoetlief Series, while
S.A.C.S. (1980) states that it is possibly a Makwassie Formation correlative.



The Paardefontein Formation is overlain by well-bedded tuff, known as the
Marokane Tuff Formation, which is correlated with the Vogelvlei Formation
(Zoetlief Group) and consequently, with the Rietgat Formation (S.A.C.S., 1980).

6.14 OUTCROPS AT KLERKSDORP TOWNLANDS, THE BUFFELSDOORN
GRABEN AND PLATBERG (Localities 14, 15 and 16, Fig. 6.1)

Myers (1990) described the Makwassie Formation in the Klerksdorp area. In the
Buffelsdoorn Graben it consists of minor mafic lava (Goedgenoeg Formation),
chemical sedimentary rocks with stromatolitic textures, and quartz-feldspar
porphyry (J.M. Myers et al., 1990). The porphyritic volcanics are interpreted as
pyroclastic-flow deposits represented by both block and ash-flows, highly-
welded tuffs and lava flows of rhyolite to basaltic-andesite composition from the
base to the top respectively (Myers, 1990). The Klerksdorp Townlands
occurrence consists of a basal pyroclastic block and ash breccia, followed by
massive quartz-feldspar porphyry, possibly with multiple flow-units (Myers,
1990). At Platberg the Makwassie Formation comprises minor mafic lava
(Goedgenoceg Formation) and particularly phenocryst-rich quartz-feldspar
porphyry. The porphyry consists of a well-banded crystal tuff with an increasing
mafic lithic component with stratigraphic height (Myers, 1990).

6.15 OUTCROPS AT THE VREDEFORT DOME (Locality 17, Fig. 6.1)
Although not reported in the literature, quartz-feldspar porphyry of the
Makwassie Formation possibly outcrops at the north-western collar of the
Vredefort Dome (M. Brink, personal communication 1990). No detail of this
alluded Makwassie correlative is, however, available.

6.16 OUTCROPS AT THE JOHANNESBURG DOME (Locality 23, Fig. 6.1)

Stanistreet and McCarthy (1990) reported an outcrop of quartz-feldspar
porphyry on the western side of the Johannesburg Dome, which they correlate
with the Ventersdorp Supergroup. The reported porphyry unit has a maximum
thickness of 160 m and is highly deformed, appearing as cream-coloured quartz-
sericite schist in outcrop, but flow-banding is still apparent on fresh surfaces

(Stanistreet and McCarthy, 1990). This outcrop could be a correlative of the
Makwassie Formation.

6.17 OUTCROPS IN SOUTHEASTERN BOTSWANA AND NORTH OF
MAFIKENG, NORTH CAPE (Localities 18 and 19, Fig. 6.1)

A series of felsic lavas along the eastern border of Botswana, from west of
Zeerust to south of Gaborone, were correlated with the Ventersdorp System by
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Kynaston (1911). These outcrops continue south across the border into the
Republic of South Africa, north of Mafikeng. On the Geological Map of South
Africa (Geological Survey of South Africa, 1997) some of this outcrop within the
borders of the RSA is correlated with the Platberg Group. An outcrop in the
Derdepoort area has been interpreted as Makwassie Formation by Tyler
(1979a), but this correlation is still uncertain even though it is correlated with the
Platberg Group on the Geological Map of South Africa (Geological Survey of
South Africa, 1997).

Across the border in eastern Botswana, Crockett (1971) correlated the
Plantation Porphyry with the Makwassie Formation. The Makwassie Formation
possibly outcrops to a limited extent north of Mafikeng, northwestwards across
the border into Botswana, and then eastwards to the north of the Bushveld
lgneous Complex, where it could be represented in the Seokangwana and
Derdepoort Belts. The possibility that some of these outcrops are Dominion
correlatives cannot, however, be excluded (S.A.C.S., 1980). Most likely both the
Ventersdorp Supergroup and Dominion Group are present in the area.

6.18 THE WITFONTEINRANT FORMATION OF THE BUFFELSFONTEIN
GROUP, THABAZIMBI AREA (Locality 22, Fig. 6.1)

The Witfonteinrant Formation comprises feisic volcanics, viz predominantly
dark-coloured felsites, pink rhyolites, quartz and feldspar porphyries, variolitic
lavas, basalts, various breccias and intercalated sedimentary rocks (Tyler,
1979b). Although the Buffelsfontein succession has previously been correlated
with the Dominion Group (Truter, 1949; Schutte et al, 1960) and the
Ventersdorp System (Kynaston, 1911; Thabazimbi Sheet of the Geological
Survey of South Africa, 1974), Tyler (1978: 1979b) considered it a lithological,
and possible age, correlative of the Wolkberg Group of the Transvaal
Supergroup. This correlation is supported by S.A.C.S. (1980). The possibility
that the Buffelsfontein rocks correlate with the Ventersdorp Supergroup cannot
be excluded and a thorough geochemical study of these rocks is required.

6.19 SUMMARY

There is still uncertainty about the true extent and correlation of the
Goedgenoeg and Makwassie Formations. Although correlatives in the North
Cape and North West Provinces are fairly well established, the occurrence of
these Formations in the far western North West Province and the north of the
western lobe of the Bushveld Complex is still uncertain. The status of the Kanye



Formation as an older volcanic sequence and not a Ventersdorp correlative is
also still in dispute and might well prove not to be the case.

The lithology of most of the established occurrences is analogous to that of the
Goedgenoeg and Makwassie Formations in the Bothaville area and are
interpreted as high-temperature ash-flow deposits (Table 6.4), but less highly-
welded ash-flow tuffs also occur. The Goedgenoeg Formation is less porphyritic
to non-porphyritic towards the western and northwestern parts of the
Ventersdorp Supergroup depository and apparently only the Gm and Gs
geochemical facies are present. The Makwassie Formation is widespread and
the Mr facies predominates in the areas to the west and northwest of the
Bothaville area. The Md facies, although sporadically developed, retains its
stratigraphic position with respect to the Goedgenoeg Formation.

TABLE 6.4: Comparison between the interpreted mode of deposition of the individual
Goedgenoeg and Makwassie Formation occurrences. Interpretation of those occurrences
which were not investigated during this study, were made from lithological descriptions
in the literature. The abbreviations are HTAF - high-temperature ash-flow tuff; WAF -
welded, partially-welded or unwelded ash-flow tuff; RAF - theomorphic ash-flow tuff:
and RLF - rhyolite lava flow.

LOCALITY HTAF WAF RAF RLF |
Bathaville area | X |
Woimaransstad area X |
Kimberley Mines X 4 X
Vaalkoppies X :
Sweet Home/Wildebeestfontein X :
Honiglaagte/Honigkop/Goudkop X .
Vaarwel/Schatkist X
Vryburg (Kareefontein Formation) X :
T'Kuip (T'Kuip Quartz Parphyry Formation) X ! |
Ritchie (Ritchie Formation) X !
Hereford (Hereford Formation) i X i
Southwest of Warrenton X ' X? :
Taung (Phokwane Formation) X? X? X
Amalia | xX? X? X7
Klerksdorp Townlands X X
Buffelsdoorn Graben X X |
Platberg X
Vredefort Dome X?
Pretoria Dome X?

Southeastern Botswana ; X? X?




(7. PETROGENESIS OF THE GOEDGENOEG AND MAKWASSIE |

| FORMATIONS

7.1 INTRODUCTION

A genetic model of the Goedgenoeg and Makwassie Formations has to address
the lithological, petrographical and chemical characteristics of the formation as
described in the previous chapters. Some of the more remarkable features of
the Goedgenoeg and Makwassie Formations are the widespread occurrence
and voluminosity of the felsic volcanics, extreme variation in thickness over
short lateral distances, lateral and vertical lithological and chemical homogeneity
of thick parts of the succession, lack of emplacement textures, virtual absence
of sedimentary rocks in the volcanic pile, and the bimodal chemical composition.

7.2 EMPLACEMENT

7.2.1 Intrusive vs Extrusive Origin

Pyroclastic flows are recognized by textures such as pumice, fiamme, glass-
shards, welding or non-welding of such fragments, vesicles, inclusions that
originated from underlying rock types, flow banding, breccia, gas elutriation
pipes, vitrophyres, and fragmented phenocrysts. Pyroclastic flows also have low
aspect ratios (flow bodies with a large lateral extent relative to flow thickness). In
contrast felsic lava flows display intact phenocrysts, flow lamination, extensively
developed autobreccias, domal flow anatomies and have high aspect ratios
(thick flow bodies with limited lateral extent).

Although the Goedgenoeg and Makwassie Formation porphyries largely lack
emplacement textures, as described in Chapter 3, it does not necessarily point
to an intrusive origin as these textures could also be destroyed by welding.
Welding is the fusion of hot pumice fragments and glass shards under a
compactional load and occurs in most pyroclastic flows, especially in the lower
and middle parts of a flow unit (Ross and Smith, 1961). Rapidly deposited
superimposed flow units may cool as a single unit (a single ignimbrite) and such
an ignimbrite can have zones with different degrees of welding, ranging from
unwelded, partially welded to densely welded. Compactional flattening of lithic
fragments and glass shards are observed in welded zones (Cas and Wright,
1988). Flattened pumice (fliamme) may define lineation which developed during
secondary flowage (rheomorphism) of pyroclastic-flow deposits during welding.
The above features are all readily recognizable, so that pyroclastic flow origins
can be determined with certainty.



Some ash-flows, however, have recently been recognized that lack extensively
developed emplacement textures and display features of both ash-flows and of
rhyolite lava flows (Bristow and Cleverley, 1979; Cleverley and Bristow, 1982;
Saggerson and Bristow, 1983; Bristow, 1989b). These ash-flows have
undergone extreme welding so that lithic fragments and glass shards were
destroyed and the ash-flow appears massive, apart from textures such as flow-
banding preserved in the upper part of the flow. These ash-flows were
interpreted as high-temperature (1100°C for rhyolites), low-volatile ash-flows
(Saggerson and Bristow, 1983) and subsequently various occurrences of such
high-temperature ash-flows have been envisaged (Table 7.1). The Makwassie
quartz-feldspar porphyries in the Bothaville area are interpreted to be such high-
temperature ash-flows (Table 7.2). Evidence for the extrusive origin of the
quartz-feldspar and feldspar porphyries is found in relict glass-shard textures,
perlitic-crack textures, devitrification textures, amygdales, autobreccias and
contact relationships. The Makwassie flow-units compare favourably with those
of the southern Lebombo rhyolite flows described by Saggerson and Bristow
(1983).

Most of the Makwassie ash-flow units are separated by co-pyroclastic flow (co-
ignimbrite) ash-fall deposits, which originally were composed of ash-size
particles, lithic fragments, accretionary lapilli and glass shards. These tuffs are
generally disturbed by the next ash-flow deposit, which demonstrates the violent
emplacement mechanism of the ash-flow deposits. Pyroclastic clasts of lapilli
and block sizes are frequently embedded in the tuff, indenting the tuff layering.
Fluvial processes do not seem to have played a major role in deposition of the
fine-grained rocks.

The high phenocryst content of the Makwassie quartz-feldspar porphyries as
well as the massive thickness of units can be used to argue against an extrusive
origin. The phenocryst content, however, rarely exceeds 35% and flow
thickness (+ 80 m) of the Makwassie porphyries are well within the constraints of
ash-flow deposits. Thickness of individual ash-flow deposits vary greatly and
may be very thick (>300 m) if ponded in depressions (Cas and Wright, 1988).
Ash-flow tuffs with a phenocryst content of <35% by volume are common (Cas
and Wright, 1988), while there are also numerous reports in literature of ash-
flow tuffs with up to 60% phenocrysts (Table 7.3).



TABLE 7.1: Possible high-temperature rhyolitic ash-flow tuff localities (adapted from
Bristow, 1989a).

LOCALITY E REFERENCE
PERALKALINE ASSOCIATIONS
Pantelleria, ltaly Borsi et al., 1963
Monte Amiate, ltaly ' | Rittman, 1962
Nye County, Nevada, USA Noble, 1968
Unnamed ash-flow, North-West Nevada Noble, 1968; Noble et a/., 1964
Kane Springs Wash Caldera, S-E Nevada Noble, 1968
Mogéan Formation, Gran Canaria, | Schmincke and Swanson, 1967
Canary Islands | Schmincke, 1930
Wagontire Mountain Tuff, Oregon, USA . Walker and Swanson, 1968
Belted Range Tuff, Nevada Naoble, 1968; Hoover, 1964
Latir Volcanics, New Mexico ' Johnson and Lipman, 1988
Kap Washington, Greenland | Brownetal, 1987
Bumbeni Complex, South Africa | Wolmarans, 1988
i  Rammes Volcano, Oslo Graben Rutten and Van Everdingen, 1961
OTHER THAN PERALKALINE ASSOCIATIONS
Thirsty Canyon Tuff, Nevada, USA . Noble et al., 1964 i
Timber Mountain Tuff, Nevada, USA Noble et al., 1964; Orkild, 1965
Paroc Sequence, Maine, USA Noble et a/., 1964; Rawkin, 1960 |
Baja California, Mexico Hausback, 1987
Gribbles Run, Colorado, USA - Chapin and Lowell, 1979
Bruneau-Jarbridge, Snake River Plain, USA | Ekren et al., 1984
i ' Bonnichsen and Kauffman, 1987
Trans Pecos, Texas, USA . Henry et al., 1988
Parana, South America ' Mazzoni, personal communication to
. Bristow, 1989a;
Etendeka, Namibia . Milner, 1986
Erongo Complex, Namibia | Pirajno, 1988
Lebombo, South Africa/Mozambique | Bristow and Cleverley, 1979
| Cleverley and Bristow, 1982
Nuanetsi, Zimbabwe . Monkman, 1961; K.G. Cox, personal
: communication to Bristow, 1989a;
Nathins Cove Form., Newfoundland | Lock, 1972
New South Wales, Australia Cas, 1978 {
i Sinclair Formation, Namibia . Watters, 1974: Brown ef al., 1987
Soutpansberg, South Africa Barker, 1978; Bristow, 1986
Rooiberg Felsites, South Africa Clubley-Armstrong, 1977; Twist and i
French, 1983; Twist, 1985/86 i
Springs Well Tuff, Australia Giles, 1982 ‘
Nsuze Group, Mpongoza Inlier, South Africa Preston, 1987a; Preston, 19870
Witfonteinrand Formation, Buffalo Springs | Tyler, 1979b

|___Group, South Africa

MAKWASSIE FORMATION CORRELATIVES (7)

T'Kuip, South Africa | Van der Westhuizen and Grobler, 1987 i
Grobler et al., 1989 |

Hereford Formation, North Cape Province, Potgieter and Visser, 1976; Lock, 1977 '

South Africa i

Ritchie, South Africa . Potgieter and Lock, 1978

Plantation Porphyry, Botswana Crockett, 1971 |

Acid volcanics, Derdepoort Belt, S. Africa |  Tyler, 1979a !

Acid volcanics, Seokangwana Belt, S. Africa | Tyler, 1979a __j




TABLE 7.2: Criteria for distinction between ash-tflows, rhyolite lava flows and high-
temperature ash-flows. (After Saggerson and Bristow, 1983; Bristow, 1989a; Bristow
1989b; Bonnichsen and Kauffman, 1987; Henry er «l., 1988). Characteristics of the
Makwassie quartz-feldspar porphyries in the Bothaville area are indicated by #.

; ASH- FELSIC | HIGH-T
FLOW CHARACTERISTICS : ~ FLOWS LAVA = ASH-
FLOWS = FLOWS
Low aspect ratios (extensive sheets) X rare x(#)
High aspect ratios (domes) X
Columnar-jointed cliffs X X
Eutaxitic textures X
Extensive lithophysal horizons at flow base X(#)
Gas elutriation pipes X
Pumice X
Fiamme % rare
Lithic fragments X rare(#)
Glass shards X rare(#)
Absence of giass shards X i #
Crystalline and/or devitrified X #
Welded and/or devitrified X #
Non-welded tops, bottoms and sides X
Broken phenocrysts predominate X #
Air-fall ash beneath flow #
Contorted flow-banding and folding X x(#) |
I Vertical and lateral zoning X | # 5
Colour banding % X i ,
Amygdales and elongated vesicles # rare |
Vesicularity X | rare |
Subparallel flow marks # .
Autobreccias at flow top, bottom or throughout X{(#)
Vitrophyres at or near top iz
Complex basal vitrophyres X(#)

TABLE 7.3: Examples of ash-flow tuff deposits with high phenocryst content (by
volume).

LOCALITY PHENO- REFERENCE
‘CRYSTS.
| Lake Toba, Sumatra 60% = Ross and Smith, 1961
Ammonia Tanks Member, Timber Mountain Tuff, 50%  Byersetal, 1976

Timber Mountain-Oasis VValley Complex, Nevada

La Jara Canyon Member, Treasure Mountain Tuff, = 50% Lipman, 1975
{  Platoro Caldera Complex, Colorado '

| Fish Canyon Tuff, Nevada 50% | Lipman, 1975

|
| Snobs Creek sequence, Rubicon Rhyolite, Victoria 55% | Birch, 1978;

| Australia | Clemens and Wall, 1984

] |
| Violet Town Volcanics, Victoria, Australia 65% | Birch, 1978;
i | Clemens and Wall, 1984 |
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7.2.2 Eruption Style

Large-volume ignimbrites are envisaged to form either through continuous
gravitational collapse of a plinian eruptive column, or through a "boiling-over'
process (Cas and Wright, 1988). Since ignimbrites formed through plinian
eruptions are frequently underlain by plinian pyroclastic-fall deposits (Cas and
Wright, 1988), which are absent in the Makwassie porphyries, a 'boiling-over'
process (during caldera collapse) is preferred. Bristow (1989a) considers that
the high-temperature ash-flows of the Jozini rhyolites have been emplaced in a
similar way, which enhances heat-retention to produce high-temperature ash-
flows. '

7.2.3 Eruption Source

Ilgnimbrites are often associated with calderas, but voluminous ignimbrites have
previously been coupled with linear fissure eruptions, or continuous ring fissure
eruptions (Cas and Wright, 1988). Only small-volume ignimbrites (and only few
of them) were, however, witnessed in historic times, such as Mt St Helens in
1980 and El Chichén in Mexico in 1982. Cas and Wright (1988) pointed out that
the vent type and eruption mechanism of large ignimbrites are still unresolved.
Some of the model occurrences of fissure, large-volume ignimbrites were
subsequently proved to have originated from calderas, i.e. the Valley of Ten
Thousand Smokes ignimbrite at Katmai in Alaska (Curtis, 1968).

The Fish River Canyon Tuff may suggest a vent system for large-volume
ignimbrites (Self and Wright, 1983), where crustal failure of an entire area takes
place over a shallow magma chamber, possibly in a linear area on a complex
tensional fracture system. A similar situation exists in the western USA in the
Rio Grande rift (Baldridge et al., 1989). The presence of shallow magma
chambers have not yet been proven for the Goedgenoeg or Makwassie
Formation, but crustal failure over a large area would explain the large effusion
rates. Even though ash-flows can travel up to more than 200 km from its source,
i.e. the Morrinsville ignimbrite (Cas and Wright, 1988), distances of more than a
100 km are exceptional. Multiple eruption centres are therefore envisaged for
the widespread occurrence of the Goedgenoeg and Makwassie volcanics.

According to Henry et al. (1989) older calderas are difficult to detect once these
features have been covered by younger deposits. In the case of the Ventersdorp
Supergroup this problem is even greater. Goedgenoeg or Makwassie caldera
structures have not yet been identified, even though numerous seismic
traverses have been made over the Ventersdorp Supergroup depository in



evaluations of the underlying Witwatersrand Supergroup strata. Hence, in the
case of the Goedgenoeg and Makwassie Formations, the problem of the
apparent lack of intracaldera facies and caldera structures still remains.

Production of large volumes of felsic volcanics may indicate immense magma
development that may lead to the formation of granite batholiths (Thurston et al.,
1985). The Ventersdorp Supergroup depository can therefore be expected to
contain Makwassie-age granites, but such granites have not yet been reported.
Since seismic recordings regularly look at depths of up to 10 km and more,
shallow magma chambers should be detected. However, small magma chamber
bodies of less than 2 km in diameter may be difficult to interpret as such on
seismic profiles (personal communication, C. Spencer). Various granite domes
occur in the Ventersdorp Supergroup depository, but are older than the
Makwassie Formation (Robb, 1992) and therefore cannot represent shallow
Makwassie magma chambers. High-temperature ash-flows, such as the
Makwassie porphyries, have possibly erupted from depth without magma
accumulation in a shallow reservoir, thereby enabling the high eruptive
temperatures. Deep magma chambers, however, will prevent the development
of calderas.

Huppert and Sparks (1988) attested that porphyritic silicic volcanism does not
necessarily require large, high-level, long-lived magma chambers where
phenocrysts form. The cyclic occurrence of mafic lavas associated with
increasing volumes of felsic volcanics is common in many volcanic systems.
This results from the progressive heating of the crust by the intrusion of mafic
magma, until the source region is partially molten and basalt can no longer
penetrate (Huppert and Sparks, 1988; Walker, 1989). Every new input of basalt
into the source region will trigger rapid formation of silicic magma. During
melting, crystallization can occur and eruption of porphyritic magmas therefore
do not require a shallow magma chamber (Huppert and Sparks, 1988).

J.M. Myers et al. (1990) demonstrated individual Makwassie volcanic centres in
the Klerksdorp area on the basis of lithological and eruptive style differences,
but the eruptive vents could not be identified. These Makwassie occurrences
are, however, restricted and apparently form outliers outside the main
Makwassie Formation depository.



7.2.4 Eruption And Magma Volumes

Successive ash-flow deposits which form a coherent succession (ignimbrite),
can reach volumes of up to 3 000 kms3, i.e. the Fish Canyon Tuff in the San Juan
volcanic field (Lipman, 1975). The total volume of the Goedgenoeg feldspar
porphyries and the Makwassie quartz-feldspar porphyries are conservatively
calculated to be more than 7 700 km? for the 9 600 km?2 Bothaville area alone
(Table 7.4). Quartz-feldspar porphyries comprise about half of this volume.
Considering that the Makwassie Formation depository covers some 200 000
km? and that the formation reaches a thickness of more than 2 000 m in some of
the grabens to the west of the Bothaville area, a conservative average thickness
of 500 m over the depository calculates a total volume of 100 000 km?3 of acidic
volcanics. This makes the Goedgenoeg and Makwassie Formations probably
one of the largest composite ash-flow deposits in the world. The Rooiberg
Felsite or Rooiberg Group of the Transvaal Supergroup, however, comprises an
estimated volume of 300 000 km? of erupted acidic magma (Twist, 1985).

TABLE 7.4: Volume calculations for the Goedgenoeg and Makwassie Formation
volcanics 1n the Bothaville area. The Bothaville area is defined as the area between 2
960 000 and 3 080 000 metres south of the equator, and between 10 000 and 90 000
metres west of 27° longitude. The volumes were calculated with the SURFER software
programme from the isopach maps depicted in Chapter 4.

STRATIGRAPHIC UNIT VOLUME
Goedgenoeg Formation ' 3100 km®
Makwassie Formation (including 4 700 km®
the Garfield Member) |
TOTAL 7 800 km®
Garfield Member ‘ 800 km’

7.2.5 Lack Of Interbedded Sedimentary Rocks

Epiclastic sedimentary processes are a prominent feature of volcanic provinces
(Cas and Wright, 1988). Individual volcanic eruptions are short-lived in the total
time span of a volcanic episode and during periods of repose between eruptions
degradational epiclastic processes dominate. In active volcanic terrains the
abundance of loose debris, steep slopes and the erodible nature of volcanic
rocks lead to rapid erosion and redeposition. The aggradation rate during active
volcanic periods is, however, much greater than the degradation rate during
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repose periods, so that epiclastic sedimentary deposits represents a minor
constituent of volcanic sequences (Cas and Wright, 1988).

Thin beds of epiclastic volcanoclastic conglomerate and fine-grained
sedimentary rocks at the contact between the Goedgenoeg and Makwassie
Formations, and between the Makwassie Formation and the Garfield Member,
indicate a hiatus, albeit small, between deposition of these units. The virtual
absence of interbedded epiclastic sedimentary rocks, apart from the above, and
the lack of evidence for major erosion within the Goedgenoeg and Makwassie
Formations, indicate that effusion rates were very rapid during deposition of
these formations. However, the lack of exposures and inadequate
representation through borehole cores must be considered; it is possible that
significant syn-Goedgenoeg and Makwassie sedimentary rocks may exist
elsewhere in the Ventersdorp Supergroup depository. By analogy with younger
volcanic provinces, it is clear that in such old volcanic deposits as the
Ventersdorp Supergroup, a very incomplete record of all the cycles of erosion
and volcanism will be preserved.

7.3 TECTONIC SETTING

7.3.1 The Witwatersrand Supergroup

The tectonic setting of the Goedgenoeg and Makwassie Formations is better
understood if regarded in the context of the larger scenario of the Witwatersrand
and Ventersdorp Supergroups.

West Rand Basin and Lower Central Rand

The Witwatersrand Supergroup was deposited in a foreland basin (Burke et al.,
1986; Winter, 1986; Robb et al,, 1991; Stanistreet and McCarthy, 1991). The
epicontinental style of deposition of the early West Rand Group either took
place in response to thermal cooling and subsidence after outpouring of the
voluminous bimodal Dominion volcanics (Clendenin et al., 1988c), or with the
initiation of a foreland basin (Burke et al., 1986). The upper West Rand Group
and Central Rand Group were deposited in a foreland basin, possibly through
convergence initiated by the collision of the Zimbabwe Craton from the north
(Burke et al., 1986; Winter, 1986; Stanistreet and McCarthy, 1991). Granite
emplacement could also have taken place during this stage, although poorly
represented in the present geochronological data base due to lack of research
(Robb et al., 1991).
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Upper Central Rand

Research by Robb et al. (1991) indicates that the foreland basin stage of the
Witwatersrand Basin ended with the deposition of the lower Central Rand.
During upper Central Rand times sediments were deposited in a shrinking basin
under compressional stress, the shrinking brought on by the Witwatersrand
Basin being “squeezed out’ towards the southeast in response to the tectonic
escape of crust from the continental interior during collision of the Kaapvaal and
Zimbabwe Cratons (Stanistreet and McCarthy, 1991). Alluvial fan sedimentation
was controlled by block faulting (R.E. Myers et al., 1990). High-level granite
plutons were emplaced adjacent to the edge of the Central Rand Group basin
(Robb et al., 1991), ie. the Wesselsbron Dome which may have been
responsible for overturning of the upper Central Rand in the Welkom region.

7.3.2 The Ventersdorp Supergroup

The Ventersdorp Supergroup represents a continental rift system (Bickle and
Eriksson, 1982; Tankard et al., 1982; Burke et al., 1985; Clendenin, 1989). The
rift features of the Ventersdorp are not comparable to a narrow continental rift
system such as the African Rift Valley, but compare to the broad rift system
features of the Basin and Range Province in the western United States and to
the Rotliegendes Troughs in central Europe (Clendenin et al., 1988c). The
Platberg Group structures are over 200 km wide, while the characteristic width
of continental rifts (Ramberg and Morgan, 1984) is only 30 to 50 km. Wernicke
(1985) proposed a normal simple-shear tectonic model to explain the features of
the Basin and Range Province and this model was adapted for the Ventersdorp
Supergroup by Clendenin et al. (1988c).

Both the Basin and Range Province and the Rotliegendes basin have been
interpreted as foreland rifts (Jowett and Jarvis, 1984). The process of foreland
rifing can be closely linked to the Ventersdorp Supergroup (Clendenin et al.,
1988c), as follows:
1. An initial period of compressional tectonism caused by subduction of
buoyant oceanic lithosphere; i.e. compressional tectonics during closure of
the Central Rand Basin.
2. Thrusting and folding, with associated foreland basin or clastic wedge
sedimentation; i.e. thrusting, folding and deposition of the Central Rand
Group along the western margin of the Central Rand Basin in the Welkom
area.



3. Lateral extensional forces due to viscous drag of mantle material by the
descending oceanic slab; /.e. extensional tectonics which led to eruption of
the Klipriviersberg Group flood basalts.

4. Stretching and thinning of the foreland lithosphere occur when the
oceanic slab continues to sink after the compressional force, which
countered the extensional force of the viscous drag, is removed by
cessation of subduction; i.e. thinning of the crust towards the end of the
Klipriviersberg Group volcanism.

5. Extensional tectonism due to the above extensional force: i.e. the onset
of the Platberg Group rifting event. '

6. Bimodal igneous activity; i.e. the basaltic, dacitic and rhyolitic volcanics
of the Platberg Group.

7. Regional uplift and rapid sedimentation within subsiding rift basins; i.e.
the graben-style sedimentary rocks of the Kameeldoorns Formation and
the graben-fill volcanics of the Platberg Group.

Broad continental rift zones are characterized by the widespread (hundreds of
Kilometres) occurrence of bimodal volcanics and multiple, localized, structurally
controlled sedimentary basins (Cas, 1983), which is analogous to the
Ventersdorp Supergroup assemblage. Similar to the Ventersdorp Supergroup
both basaltic and acidic volcanics, with additional occurrence of intermediate
rocks, are the major rock types in the Basin and Range Province (Christiansen
and Lipman, 1972).

Klipriviersberg Group

The Klipriviersberg Group lavas represent tholeiitic continental flood basalts
(Tyler, 1979a; Tankard et al., 1982) and the group was earlier thought to be
exclusively confined to the Central Rand Basin. Klipriviersberg rocks are now
known to occur to the northwest of the Central Rand Basin, as indicated on
maps recently published by the Geological Survey. The paucity of sediments
interbedded with the lavas indicate rapid effusion contemporaneous with faulting
(Tyler, 1979a; Clendenin et al., 1988c).

According to R.E. Myers et al. (1990) and McCarthy et al. (1990) the initial
outpouring of Klipriviersberg lavas took place under compressional stress, which
relaxed during the later stages of effusion. Stanistreet and McCarthy (1991)
rationalized, however, that the paradox of the Kiipriviersberg being at once
compressional and extensional is resolved by tectonic escape related extension
during the Kaapvaal-Zimbabwe Craton collision episode.



141

Komatiitic basalts of the Meredale Member at the base of the Klipriviersberg
Group (Mclver et al., 1982) indicate that these lavas were derived directly from
partial melting in the mantle (Burke et al., 1985). The occurrence of komatiite
implies that regional tensional stress was high (Nisbet, 1982).

The Platberg Group

The Platberg Group is developed to the west and north-west of the Central
Rand Basin and indicates a shift to the west in both faulting and deposition
(Clendenin et al., 1988c). The Platberg Group was deposited during major
graben development and represents a failed rift (Clendenin et al,, 1988b). An
idealized section across the Bothaville area demonstrates the relationship
between the Platberg Group, Klipriviersberg Group and Witwatersrand
Supergroup (Fig. 7.1). From this figure it can be seen that the Klipriviersberg
Group is largely confined to the Central Rand Group Basin as far as the area of
this section is concerned. Platberg age faults uplifted the Witwatersrand
Supergroup and Klipriviersberg Group rocks, leading to deposition of the
Kameeldoorns Formation sedimentary rocks during the initial stage of graben
formation. The Goedgenoeg and Makwassie volcanics were deposited
contemporaneously with the formation of the grabens and progressively filled
these structures, while the Rietgat Formation was deposited in reactivated
subsiding areas and newly formed graben structures. Details of the western
edge of the rift structure are not known. Although the eastern area was uplifted
prior to Platberg times, major post-Platberg and post-Ventersdorp uplift led to
complete removal of the Platberg Group and Pniel Sequence in this eastern
area. Granite plutons apparently had a long-standing influence, although some
granite plutons could represent the plutonic phase of Makwassie volcanism.

According to Stanistreet and McCarthy (1991) the Platberg Group represents
the impactogenal rifting stage as end phase of the Kaapvaal and Zimbabwe
Craton collision. The Platberg Group was deposited in a broad extensional rift
system (Clendenin et al., 1988c), which consisted of multiple smaller rifts. The
individual rift zones are separated from each other by granitic terranes, as
delineated in Fig. 7.2. Most of the faulting occurred early in the Platberg graben
development (Burke et al, 1985). J.M. Myers et al. (1990) indicated that

sedimentation and volcanism during deposition of the Platberg Group were



controlled by faulting. Although sedimentation, now represented by the
Kameeldoorns Formation, dominated during the early phase of Platberg rifting,
sedimentary rocks are subordinate in volume to volcanic rocks in the Platberg
Group.

Initial deposition of the Goedgenoeg intermediate volcanics took place in the
most active parts of the rift grabens, i.e. presently at greatest depth. The first
extrusives are interbedded and intermingled with sediments of the
Kameeldooms Formation, e.g. borehole DHK1. The intermingling indicates that
some of the sediments were unconsolidated at the onset of Goedgenoeg
volcanism and interbedded sedimentary rocks at the base of the Goedgenoeg
Formation imply that sedimentation was still active. (This lower part of the
Goedgenoeg Formation was described as the Vaal Bend Formation by
Whiteside (1970), which was erroneously correlated with the Klipriviersberg
Group).

The dacitic and rhyolitic volcanism (quartz-feldspar porphyries) that followed the
intermediate volcanics (feldspar porphyries) further filled the active graben
structures. Minor interbedded sedimentary rocks at, or close to the contact
between the Goedgenoeg and Makwassie Formations suggest that there was at
least @ minor hiatus after the deposition of the Goedgenoeg Formation. The
dacitic and rhyolitic volcanics are more widespread than the underlying
intermediate volcanics, indicating that later volcanic deposits filled and even
spread beyond the deepest graben structures. Rifting was probably already
abating towards the end of Makwassie deposition.

The Rietgat Formation appears to be constricted to within reactivated grabens
and newly formed grabens (Fig. 7.1). The Rietgat lavas have a chemical
composition similar to the Goedgenoeg Formation, but are largely non-
porphyritic, which implies that the graben reactivation resulted in the direct
extrusion of magma without residence time in the crust which would allow
growth of phenocrysts. The Rietgat Formation represents the reactivation stage
after caldera formation, possibly involving andesitic to dacitic doming and rapid
sedimentation in a moat setting.
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FIGURE 7.1: A simplified and idealized east-west cross section of the geology in the
Bothaville area, without structural detail. This section is in agreement with that of

Winter (1976). (Not to scale; the horizontal view is about 70 km, while the vertical is
about 4 km.)

Pniel Sequence

The Platberg rifting ended before deposition of the Pniel Sequence and the
sedimentary Bothaville Formation was deposited during a post-graben tectonic
subsidence stage (Clendenin et al, 1988a) or as a result of gravitational
collapse (Stanistreet and McCarthy, 1991). A major unconformity separates the
Rietgat Formation and the Pniel Sequence, so that erosion of pre-Pniel
formations took place along the flanks of the Platberg grabens.

The Allanridge Formation comprises flood basalts during renewed rifting (Burke
et al., 1985) or early stages of thermal subsidence (Clendenin et al., 1988c).
The presence of localized komatiites at the base of the Allanridge Formation
(Van der Westhuizen et al., in prep.) may, however, hold important implications
for the tectonic development of the Ventersdorp Supergroup (Van der
Westhuizen et al., 1991).
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FIGURE 7.2: Individual rift zones in the Platberg multiple rift system. The rifts are
separated from each other by granitic terraines, as indicated by the shaded areas lines.
The numbered Makwassie Formation outcrops are listed in Figure 6.1.

Post Ventersdorp Supergroup Events

Recent evidence from exploration drilling indicates that the effects of post-
Ventersdorp fault reactivation and subsequent erosion were often
underestimated. Large displacements on faults through the Ventersdorp
Supergroup are commonplace (Figs. 7.1) and the upper Ventersdorp succession
is overturned in the northern Free State Gold Field. Since there is a gap of +2
Ga in the stratigraphic record between the Ventersdorp Supergroup and Karoo
Supergroup over large parts of the Ventersdorp depository, post-Ventersdorp
tectonic movements are difficult to discern and evaluate. The faulting and




erosion of the Ventersdorp Supergroup which are evident today, cannot be
attributed to syndepositional tectonism alone.

7.3.3 Geochemical classification

Most geochemical tectonic discrimination techniques were designed for basaltic
rocks, e.g. Pearce and Cann (1973), Pearce et al. (1977), Shervais (1982),
Meschede (1986), etc. One of the few methods for granitic rocks that utilize
immobile elements is that of Pearce et al. (1984), which makes use of Y and Nb
or Yb and Ta. The Goedgenoeg and Makwassie data of this study plot as Within
Plate Granites (WPG) on the Y-Nb diagram (Fig. 7.3a). Syn-collision granites
(syn-COLG) could plot anywhere on this diagram but not in the Orogenic
Granites (ORG) field. When the data are plotted on the Y+Nb vs Rb diagram of
Pearce et al. (1984), the WPG classification still holds (Fig. 7.3b), even though
Rb must have been remobilised during alteration of the Ventersdorp Supergroup
as is evident in the scatter of Rb.

Following the classification scheme of Manior and Piccoli (1989), which makes
use of mobile elements, the Goedgenoeg and Makwassie samples classify as
rift-related and continental uplift (Fig. 7.4). This conforms with the tectonic
setting of the Platberg Group as discussed earlier.

The R1-R2 diagram of Batchelor and Bowden (1985) indicates pre-plate
collision to syn-collision magmatism (Fig. 7.5), which appears to be in conflict
with the previous classifications. If, however, the Platberg volcanics represent
back-arc rifting the magma may actually still reflect the collision signature of the
foreland orogenic belt.

The metaluminous to peralkaline composition of the volcanics (Chapter 5) also
conforms with a continental setting. The tholeiitic (Goedgenoeg Fm.) to calc-
alkaline (Makwassie Fm.) character is typical of continental rift-related
volcanism, which normally grades from an initial tholeiitic character to a later
calc-alkaline composition.



146

Fearce et al 1984 {fig 3) Pearce et al 1984 (fig 4)
1000 — T SR T R 81 Tt 1999 - & g
] ooa L .
il = o
E =yn-COLG WEG
F
“ WEE . r
" i e | .
o
N e I
g : P 4 g 100 b
", - o
G - Y P 23t £ E .
- e =] ik
VRS + v\v;/ | :
syh=-COLG b :
= . AR e ‘I/ e r I
19 i = 3] L |
|'! 1 r |
I 1 £ |
| RG | t i e
i = [ |
| Rl [ =
oy | ] I | o I T I 53 Y| VTV B v
iq 100 1000898 100 i S
¥ ppm) Y + Nb Bom

(a) (b)

FIGURE 7.3: Within plate (WPG) classification of the Goedgenoeg (green) and
Makwassie (black) Formations on the Y-Nb and (Y+Nb)-Rb diagrams of Pearce et. al
(1984). Other fields are ocean ridge (ORG), volcanic arch (VAG) and syn-collision
(syn-COLG) granites. Note that secondary mobility of Rb account for the scatter of
some of the plots. (Data from the Bothaville area).

Maniar & Piccoli 1989 (fig 10e)
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FIGURE 7.4: (RRG+CEUG) classification of the Goedgenoeg (green) and Makwassie
(black) Formations on the Cao-(FeO+MgO) diagram of Maniar and Piccoli {1989).
Symbols are rift-related (RRG), continental epeirogenic uplift (CEUG), island arc
(IAG), continental arc (CAG), continental collision (CCG) and post-orogenic (POG)
granitoids. (Data from the Bothaville area).
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Batchelor & Bowden 1985 (fig 10)
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FIGURE 7.5: Classification of the geochemical facies of the Goedgenoeg and
Makwassie Formation on the R1-R2 diagram of Batchelor and Bowden (1985). The
Goedgenoeg Formation samples are indicated in green and the Makwassie Formation
samples in black. (Data from the Bothaville area).

7.4 PETROGENESIS

7.4.1 Introduction

The observed compositional range from andesite to rhyolite of the Goedgenoeg
and Makwassie eruptives indicates rudimentary changes in the original magma
composition. Fundamental processes that can lead to this variation are partial
melting, fractional crystallization, assimilation and magma mixing. Partial melting
alone is unlikely to account for the complete variation. The true history of a felsic
magma source is probably very complex, with partial melting, fractional
crystallization, periodic replenishment of the magma chamber with incomplete or
complete mixing of magmas and assimilation of country rock taking place. The
dominant processes, however, should still be reflected in the geochemistry.

7.4.2 Note on Chemical Analysis of Porphyritic Rocks
Whole rock chemical analyses of porphyritic samples do not necessarily yield
the original parent magma composition from which the rock crystallized as the
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individual phenocrysts did not necessarily crystallize from the same magma.
Some of these crystals could be remnants of crustal material that was
assimilated, or they could be crystals that crystallized in an earlier magma that
was subjected to mixing prior to extrusion. The glassy matrix of a porphyritic
volcanic rock should represent the parent magma composition as it is the
quenched phase. Magma modelling on fresh porphyritic volcanics constitutes
separation of phenocrysts from the quenched glassy groundmass. However, in
the case of the Archaean-age Makwassie porphyries it is not possible to
separate the phenocryst and matrix components, especially since the
phenocrysts are highly fragmented. Pervasive metamorphism of the rock further
precludes isolation of possible original magma material. Microprobe analysis of
the phenocryst crystals should reveal different genetic populations, but analyses
are precluded by alteration related to the pervasive metamorphism. Bulk
chemical analyses of the Makwassie porphyries nevertheless still give a broad
indication of the chemical character of the original magma(s) involved in the
genesis of the volcanics. The chemical stratigraphy of the succession also
reflects the chemical evolution that took place during emplacement. This
discussion of the Makwassie magma genesis consequently considers the
broader aspects of the magmatic evolution that took place.

7.4.3 Previous Genetic Models

Few genetic models of the Makwassie volcanics have been presented in the
literature. Most of these studies were conducted as overview studies of the
Ventersdorp or Witwatersrand triad volcanics and then on limited databases tco.
Detailed lithostratigraphic research on the Platberg Group has up to recently
received little attention.

M.P. Bowen (1984) concluded that the Platberg Group lavas are not genetically
related to any other magma type in the Witwatersrand triad. He also proposed
that the Goedgenoeg and Rietgat volcanics represent hybrid magmas which
contain both mantle and crustal components, whereas the Makwassie quartz-
feldspar porphyries represent the crustal-derived acid end member. A basic end
member is not represented in the Ventersdorp volcanics.

The magma mixing or crustal contamination model was opposed by Myers
(1990) who suggested that the lower mafic Goedgenoceg lava is the parent
magma for the overlying acidic Makwassie rocks, as well as for the Rietgat
lavas. The Makwassie Formation in the Klerksdorp area where Myers studied
the formation, has an inverted chemical stratigraphy; the formation becomes
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less differentiated and more basic with stratigraphic height. (The present study
indicates the opposite for the Bothaville area). Myers accounted for the inverted
stratigraphy by envisioning ponding of small volumes of Goedgenoeg magma
within the crust, which differentiated rapidly to the acidic Makwassie composition
and then erupted. Progressively, magma injected into these ponded chambers
had less residential time and erupted as less differentiated lava. Lava eventually
erupted directly from the deep source without differentiation to form the Rietgat
lavas, which have a composition similar to the Goedgenoeg lavas. According to
O'Hara and Mathews (1981), however, the chemical processes in frequently
replenished high-level magma chambers can be very complicated.

Crow and Condie (1988) favoured batch melting and fractional crystallization of
an enriched source to produce the Goedgenoeg and Rietgat lavas. Fractional
crystallization of this Goedgenoeg/Rietgat magma can then produce the acidic
lavas of the Makwassie.

Observed negative eyy values and LREE (Light Rare Earth Elements)
enrichment of the Ventersdorp lavas indicate crustal assimilation (Nelson et al.,
1990) and although inherited zircons in the Makwassie lavas (Armstrong et al.,
1992) support this observation, their relative low abundance in the Ventersdorp
volcanics is irreconcilable with the extensive amounts of crustal assimilation
which is required to explain the observed gy, and LREE trends (Nelson et al.,
1990). The Sm-Nd isotopic investigation of Nelson et al (1992) led them to
conclude that the Ventersdorp volcanics were derived from enriched mantle
sources. This is supported by the observation of Neumann and Ramberg (1978)
that the source region of continental rift magmas is generally enriched mantle
with marked heterogeneities.

7.4.4 Genetic Modelling

In order to determine the genesis of the different units (Gm, Gi, Gz, Gs, Md and
Mr) that make up the Goedgenoeg and Makwassie Formations of the Platberg
Group, use was made of a spidergram to ascertain enrichment and depletion of
different elements. Data were Primitive Chondrite normalised (Taylor and
McLennan, 1985) and the resulting spidergram is depicted in Figure 7.6. This
figure clearly illustrates the relative enrichment of the different units as regards
K, Rb, Nb, Sr, Zr Ti and Y, while the rocks are severely depleted in V, Zn, Cu,
Ni, and Cr. Depletion of these elements is also evident in analyses of units of
the Klipriviersberg Group (Linton et al., 1990), with the exception that Ni-
depletion is not as striking as Cu enrichment (Fig. 7.6).



When considering the formation of these units, the assumption that they are
derived from Raleigh fractionation was tested. Use was made of the NEWPET
software programme, with additional mineral Kp values from the MODULUS
software (Knoper, 1992). Using any of the formations of the Klipriviersberg
Group as a starting liquid, it was indicated that the Goedgenoeg and Makwassie
Formations could not have formed from simple fractional crystallisation of a
more mafic source. Using the Westonaria, Alberton and Orkney Formations as
possible sources, it transpires that the Gm, Gi and Gz facies are distinctly
enriched in Zr, while depletion in Ni is very evident in all units of the
Goedgenoeg and the Makwassie Formations with the exception of the Gm
facies (Fig. 7.7). The positions of the Gi and Gz facies on a plot of Zr against Ni
(Fig. 7.7) lay between the lines of total equilibrium and surface equilibrium. The
positions of the Gs and Md facies fall almost on the line representing 80%
fractionation (Fig. 7.7).

The position of all these points on the diagram indicates that these rocks cannot
be derived from a system of fractional crystallisation. Taking into account the
distinctly Zr enriched nature of the Gm facies, the source of this unit was
probably highly enriched in Zr. The involvement of an enriched source is well
established by previous researchers (e.g. Schweitzer and Kréner, 1985; Crow
and Condie, 1988). This alsoc accounts for the enrichment in Ba and Y, and if the
source is depleted in Cu, Ni and Cr it will also explain the depletion in these
elements with respect to the Gm facies.

It is therefore likely that the magma responsible for the development of the Gm
facies is from a separate source, or that it is derived from a mixture of
fractionated Kilipriviersberg magma and material from an unknown source. Data
from the Gm facies on a plot of Zr against Ni indicate that for the greater part the
different rocks of this unit are formed by fractional crystallisation (Fig. 7.8).
Internal changes in the ratios are explained by injection of new material into the
magma chamber, which will affect the composition of the extruded material.
Magma chamber(s) that was periodically replenished, mixed, fractionated and
tapped with accompanying assimilation was probably involved to produce lavas
with different compositions as exhibited by the Gm facies.

The development of the Gi and Gz facies was also tested in terms of Raleigh
fractionation (Fig. 7.9) by using Gm as starting material. It is clear from the
diagram that, although less depleted in terms of Zr, Ni depletion is greater with
the data falling outside the region of the calculated fractionation curves. This is
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explained by either progressive injection of new and even more Ni depleted and
Zr enriched material and mixing with existing fractionated Gm material (Fig. 7.9).
Or on the other hand, if Gz is the result of mixing between Gm and another
depleted magma, then mixing between Gm and Gz could result in the formation
of Gi. This model was tested using the MIXER software, written by the
University of Cape Town. The data are presented in Table 7.5.

From the data presented in Table 7.5 it is evident that Gi could have originated
from a combination of 18% Gm and 82% Gz, which results in a cumulative
discrepancy of 1.65%. Major differences between the calculated and observed
values are evident in Na,O and KO, but all others correspond closely. It is
therefore likely that either Gi is a combination of Gm and Gz, or it is a less
evolved combination of Gm and the contaminant responsible for the
development of Gz.

Considering the position of Mr on the diagram of Zr against Ni (Fig. 7.7), it is
apparent that this rock type is not related to any fractional crystallisation of pre-
existing mafic magmas, except if it was contaminated by a source depleted in Ni
and Zr. It is thus regarded as derived from a separate source.

The position of Gs on the diagram of Zr against Ni (Fig. 7.7) attests that it is
more depleted in Ni and Zr than either Gi or Gz. This is further indicative that
this unit was not derived from fractional crystallisation, but rather a mixing of two
individual magmas. This hypothesis was tested by means of the MIXER
programme which indicated that it is a combination of Gi and Mr (Table 7.6). A
similar situation is observed for the data from Md (Fig. 7.7) and therefore a
similar origin is proposed for this unit. This data are also presented in Table 7.6.

It can consequently be concluded that the Gm facies is not the result of
fractional crystallisation of a more mafic source only. Contamination by an
additional source along with periodic injection of additional material as
evidenced by the distribution of Zr against Ni (Fig. 7.7) and the Primitive
Chondrite normalised spidergram (Fig. 7.6) certify to this conclusion. Crow and
Condie (1988) also found that the Platberg volcanics are not derived from
fractional crystallisation of a Klipriviersberg source, but that an enriched mantle
source must be involved. Development of the Gz facies is the result of mixing of
fractionated Gm with another more Zr enriched and Ni depleted source. This, in
different proportions, may also have been responsible for the generation of Gi
magma, or mixing between Gm and Gz in fixed proportions could also have
resulted in the formation of this unit.
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It is envisaged that the Mr represents a separate melt and is not related to any
of the precursors in the Ventersdorp Supergroup by means of fractional
crystallisation alone. The Mr facies is regarded as a crystallisation product from
an enriched mantle source. Mixing of Mr with different combinations of Gi
resulted in the development of both the Gs and Md facies.

TABLE 7.5: Data depicting the mixing of 18.23% Gm and 81.77% Gz to produce the
magma responsible for the development of Gi.

Observed Calculated Difference

SiO; 65.18 64.46 -0.72
TiO2 1.24 1.34 0.10
AlzO5 13.47 13:85 0.08
Fe,O, 7.21 Fas) 0.49
MnO 0.10 0.12 0.02
MgO 2.00 1.91 -0.09
CaO 4.60 4.24 -0.36
Na,O 3.10 277 -0.33
KoO 2.62 3.41 0.79
P20s5 0.48 0.50 0.02
_i % 1.65

TABLE 7.6: Data depicting the mixing of Gi and Mr to produce the magmas

responsible for the development of Gs and Md respectively.

Md Obs. | Md Calc. Diff. Gs Obs. | Gs Calc. Diff.
Si02 68.20 67.66 -0.54 6558 | 66.10 52
TiO- 1.09 1.04 -0.05 127 147 | <0M18
| ALO; 13 .21 13.25 0.04 13.22 13.39 0.17
Fe 04 6.27 5.99 -0.28 7.38 6.76 -0.62
MnO 0.10 0.09 -0.01 0.09 0.09 0.00
| MgO 1.54 1.64 0.10 1.32 1.87 0.55
| Ca0 3.37 3.67 0.30 3.57 4.26 0.69 |
Na,O 273 2.91 0.20 3.77 3.03 -0.74
K:O 3.07 3.36 0.29 3.29 2.90 -0.39
P,0s 0.44 0.38 -0.06 053 | 044 -0.09
| %Gi 71.17 89.32
%Mr 28.83 10.68
> Diff. 0.60 | 2.18
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FIGURE 7.6: Spidergram of Primitive Chondrite normalised data of the Klipriviers-
berg Formations and the geochemical facies of the Goedgenoeg and Makwassie
Formations.
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FIGURE 7.8: Possible fractionation trends for the Gm facies (green). The other
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‘8. SUMMARY

8.1 LITHOSTRATIGRAPHY

The felsic volcanics of the Platberg Group are subdivided into a lower
intermediate feldspar porphyry succession (the Goedgenoeg Formation) and an
upper felsic quartz-porphyry succession (the Makwassie Formation). The lower
feldspar porphyry succession was previously grouped with the Makwassie
Formation (S.A.C.S., 1980). Sedimentary rocks occur only rarely at the top
contact of the Goedgenoeg Formation or are interbedded with the top volcanics
of the Goedgenoeg Formation, indicating a minor unconformity between the two
formations.

The thickness of the Goedgenoeg Formation varies widely, as can be expected
from volcanic succession. The formation is best developed and preserved in the
deepest Platberg grabens, where it reaches a thickness in excess of 2 000 m.
The Makwassie Formation is more widely spread with less dramatic thickness
variation of mostly between 300 m and 800 m, although it too can reach more
than 2 000 m in thickness.

Although the Goedgenoeg Formation is dominated by feldspar porphyries,
interbedded non-porphyritic lavas are also prominent. Apart from the top contact,
sedimentary rocks are locally also interbedded with the volcanics at the base of
the formation, suggesting a gradual ftransition to volcanism from the
sedimentation of the Kameeldoorns Formation.

The phenocryst concentrations of the feldspar porphyries vary from low to very
high and consist of plagioclase (predominant), alkali-feldspar, chloritised
amphibole(?) and biotite(?), apatite, zircon, sphene, spinel and titanomagnetite.
Chloritization is prevalent. Most of the feldspar porphyries were emplaced as sub
aerial pyroclastic ash-flows and the flow units can still be recognised. The non-
porphyritic lavas and the feldspar porphyries with low phenocryst concentrations
criginated as normal liquid lava flows.



The quartz-feldspar porphyries of the Makwassie Formation are interbedded with
minor feldspar porphyries and non-porphyritic lavas, especially toward the base of
the Makwassie succession. Towards the top of the succession thick feldspar-
porphyry units occur locally and one such unit in the Bothaville area was
previously (Winter, 1976) described as the Garfield Member.

The phenocrysts are fragmented, but still of relative large size and concentrations
in the quartz-feldspar porphyries are mostly very high (about 35%), with a similar
population (but for the addition of quartz) as in the feldspar porphyries. The matrix
invariably displays a felsitic texture with pervasive silicification being evident,
rather than chioritization being dominant as in the feldspar porphyries. In the
Bothaville area the lower part of the succession contains numerous macroscopic
and microscopic inclusions of non-porphyritic intermediate lava.

Ash-flow units are discernible in the quartz-feldspar porphyries, often separated
by minor co-ignimbrite air-fall tuffs. The general lack of flow textures, pumice and
other pyroclastic or lava flow features in the bulk of the ash-flow units indicates
that they represent high-temperature ash-flows, as defined by Saggerson and
Bristow (1983), rather than normal welded ash-flows. Normal welded pyroclastic
ash-flows, however, do also occur at various localities, e.g. at the Kimberley
Mines, and in boreholes west of the Welkom Gold Field and near Vryburg.
Rheomorphic flows have also been observed at Ritchie near Kimberley and in a
borehole near Hoopstad.

The Ventersdorp Supergroup rocks underwent burial metamorphism which have
reached the greenschist facies. The Goedgenoeg and Makwassie volcanics are
highly altered and the typical products of greenschist facies metamorphism
predominate the mineralogical composition, such as quartz, chiorite, epidote,
actinolite, calcite and sericite. Differential alteration caused false pyroclastic
textures in places. The feldspar phenocrysts are altered to such a state that the
original compositions could not be determined reliably, not even by the use of the
electron microprobe.

The typical lithological characteristics of the Goedgenoeg and Makwassie
volcanics are listed in Table 8.1.



TABLE 8.1: Macroscopic lithological characteristics of the 3 main rock types of the
Makwassic Formation in the Bothaville area. Predominant lithology is indicated by (P),
subordinate lithology by (S) and minor lithology by (m). QFP = quartz-feldspar porphyry:
FP = feldspar porphyry; and NON-P = non-porphyritic lava.

LITHOLOGY QFP . NON-P
Green-coloured P P
Grey-green to grey-white coloured P S
Non-porphyritic interbeds S P
Sedimentary interbeds P 5
Silicified P S
Chloritized S P P
FLOW-UNITS
Thickness <300 m <200 m <25m
Phenocryst-rich units P P
Quartz phenocrysts P m
Feldspar phenocrysts : P P m
Fragmented phenocrysts P P
Euhedral phenocrysts | S
Amygdales i P P P
Ash-flow units | P P?

8.2 GEOCHEMICAL COMPOSITION

The volcanic rocks of the Goedgenceg and Makwassie Formations are
subalkaline, bimodal and mostly metaluminous in composition. They are clearly
oversaturated in silica, but alteration has, however, effected the original
concentrations of those elements which are mobile under low to medium grade
metamorphism, such as silica, Ca, K, Na, Ba, Rb and Sr. The less mobile
elements, ie. Ti, P, Cr, V, Co, Ni, Nb, Zr and Y were little affected but care must
therefore be taken when interpreting the geochemical data.

Silica concentrations in the Goedgenoeg Formation vary between 56% and 69%,
although secondary alteration could have affected these concentrations. The
Goedgenoeg volcanics are metaluminous and tholeiitic in composition, with
medium to high potassium. These rocks classify as high-andesites to dacites on
discrimination diagrams that utilise immobile elements. Four geochemical facies
are recognised. The high-andesite to low-dacite Gm facies represents the non-
porphyritic to slightly porphyritic rocks, which occur throughout the Goedgenoeg




succession and typically have silica concentrations of 56% to 64%. The Gi facies
has a silica range of 63% to 68% and mostly occurs as feldspar porphyries in the
middle to upper parts of the Goedgenoeg succession. Compared to the Gi facies,
the Gz facies has very high Zr (and Y) concentrations and is only encountered in
the deepest areas of the Platberg grabens, near the base of the Goedgenoeg
succession. Although the Gs facies occurs higher up in the succession, and only
rarely at that, it's composition is similar to that of the Gz facies, except for much
lower Zr (and Y) concentrations. The Gi, Gz and Gs facies are all dacitic feldspar
porphyries, but the Gz and Gs do contain sparse quartz phenocrysts. See Table
8.2 for the average compaosition of these facies for the Bothaville area.

The geochemical composition of the Makwassie Formation ranges from
metaluminous to peraluminous, as can be expected from continental felsic
volcanics. It is further calk-alkaline rather than tholeiitic, mostly high in potassium
and the volcanics classify as dacites to rhyodacites. The lower, dacitic Md facies
(65% - 74% Si0O,) and the upper rhyodacitic Mr facies (70% - 80% SiO;) are
distinguished. The Mr facies could be further subdivided through the use of
incompatible/compatible element ratios (i.e. Cr/Zr). The Md facies represents the
lower part of the Makwassie succession that typically contains numerous mafic
inclusions. See Table 8.2 for the average composition of these facies for the
Bothaville area.

The feldspar porphyries and non-porphyritic lavas of the Garfield Member have
similar composition as the Gm facies, as do other mafic lavas interbedded with
the Makwassie quartz-feldspar porphyries. Magma of Gm facies composition has
therefore co-erupted with other magmas throughout the Goedgenoeg and
Makwassie volcanic event.

8.3 DISTRIBUTION

The felsic volcanics of the Platberg Group are widespread throughout the
Ventersdorp Supergroup depository, but are poorly exposed. The volcanics are
preserved in deep and extensive graben structures developed in a broad
continental rift zone. To the west of the Central Rand Basin the graben structures
have a more or less north-south orientation and most are bounded on their
eastern margin by massive faults with down-to-the-west throw of more than 3 000
m.
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TABLE 8.2: The average compositions of the geochemical facies of the Goedgenoeg
and Makwassie Formations and of the Garfield Member for the Bothaville area only.
(Normalised data in weight % or ppm volatile free).

Goedgenoeg Formation Makwassie Garfield

Formation Member |
Gm Gi Gz Gs Md Mr (Gm)
SiO; 59.12 65.18 65.65 65.58 68.20 73.80 59.75
TiO 1.31 1.24 1.35 127 1.09 0.54 1.34
Al,O4 14.29 13.47 13.38 13.22 1321 12.71 14.29

Fe,0, 9.54 7.21 7.29 7.38 6.27 2.97 944 |
MnQO 0.14 0.10 0.11 0.09 0.10 0.05 0.14

MgO 4.35 2.00 1.36 1.32 1.54 0.75 445
CaO 5.98 4.60 3.85 3.57 3.37 1.39 5.24
Na;O, 2.65 3.10 2.80 37T 2.71 244 | 253
KO 2.06 262 3.71 3.29 3.07 5.20 225
P,0s 0.56 0.48 0.49 0.53 0.44 0.14 0.57

Zr 350 522 659 440 466 356 365 |
i i 48 57 66 60 61 45 47
Sr 466 422 263 380 551 133 | 379
Rb 56 66 99 96 85 158 | 63
Cu 26 17 i 8 10 3 21
Zn 137 101 130 117 111 62 151
Ni 105 31 16 15 17 11 106
Ba 1069 1153 1444 1448 1287 1343 912
Nb 16 19 22 19 22 18 16
Vv 192 143 129 122 101 43 197
Cr 279 57 19 18 27 20 273
Co 32 19 12 16 12 6 31

To the north of the Central Rand Group the orientation is east-west. Late Platberg
stage reactivation and renewed graben formation are evident west of the Central
Rand Group, with northeast-southwest orientation. Post Ventersdorp tectonic
events have reactivated some of the older structures and in places the
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Ventersdorp strata has even been folded, e.g. in the Target Project area of the
Free State Gold Field.

The Goedgenoeg Formation is preserved in the deep grabens, where it can reach
a thickness in excess of 2 000 m. This formation rarely crops out on surface. The
Makwassie Formation is more widespread and appears to ‘overflow’ the graben
structures. This is very much in line with the distribution of rhyolites and dacites in
volcanic terrains, where they tend to drape over previous topography and flatten
out the terrain. Late Platberg and post Platberg erosion has eliminated or
attenuated the Goedgenoeg and Makwassie successions over large areas of its
previous domain. The Goedgenoeg Formation nevertheless occurs not only in the
Bothaville graben, but also in the Kimberley, Vryburg, Hartebeestfontein and
Wolmaransstad areas. Due to limited drilling data and poor correlation outside the
Central Rand Group Basin, the full distribution of the Goedgenoeg Formation is
far from fully established.

The Gm facies of the Goedgenoeg Formation appears to be the most widespread
outside the Bothaville graben, where it typically displays a non-porphyritic,
medium-crystalline texture. This has led to correlation with the Klipriviersberg
Group or classification as a new volcanic succession.

The Mr facies of the Makwassie Formation is prevalent outside the Bothaville
graben, but the Md facies is largely confined to the Bothaville area (please note
that this area stretches up to Klerksdorp, where the Md facies also occurs). The
Md facies does occur locally at the Kimberley Mines and Vryburg areas, where it
appears to be a minor member of the succession. The Mr facies volcanics
commonly display rheomorphic flow textures and autobrecciation, which is not
observed in the Bothaville area. This has again led to confusion and erroneous
correlation during exploration drilling outside the Central Rand Basin.

The small variation and widespread consistency in the geochemical composition
of the Goedgenoeg and Makwassie Formations are really remarkable and can
only indicate continental volcanism of massive scale over a very short period. The
previously described Garfield Member is a locally developed unit, similar to other
localised mafic units in the Makwassie Formation.
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Volume calculations of the preserved volcanics in the closely drilled Bothaville
area give an indication of the massive eruption volumes involved, with ~3 100
km?® for the Goedgenoeg Formation and ~3 900 km® for the Makwassie Formation
being calculated. Considering the small area of the Bothaville graben compared
to the rest of the Ventersdorp depository and the size of some of the other known
Platberg grabens, the total erupted volume for Goedgenoeg and Makwassie
magma could be well in excess of 100 000 km®.

8.4 GENESIS

The Goedgenoeg and Makwassie igneous rocks are of extrusive origin and were
emplaced as pyroclastic ash-flows and liquid lava flows under aerial conditions.
The quartz-feldspar porphyries and most of the feldspar porphyries were
emplaced as high-temperature ash-flows, which indicate high eruption volumes
from deep seated magma chambers. These volcanics must have originated from
calderas, but such structures have not yet been identified. Eruption of large
volume felsic volcanics is invariably from calderas and not from extensive fissures
as with large volumes of basaltic lava. The very thick accumulations of Platberg
volcanics, such as at borehole LLE1 at the Makwassie Hills, most probably
represents the thick intracaldera facies. The Goedgenoeg Formation is largely
restricted to the intracaldera area or immediate surround, while Makwassie of
“normal” thickness (<1 000 m) form the outflow facies. Other very thick
successions of Platberg volcanics, which possibly represents calderas, can be
recognised from aeromagnetic surveys, where these areas tend to form magnetic
low anomalies of 50 - 70 km in diameter, e.g. Makwassie Hills, Hertzogville and
south of Vryburg. If the Rietgat Formation lavas and sediments indeed represent
the resurgent volcanism and moats typically associated with calderas, the

distribution of the Rietgat Formation should then indicate the near presence of a
caldera.

The Gm facies magma has erupted throughout the Goedgenoeg and Makwassie
episode and possibly even formed part of the Rietgat Formation volcanics. The
Gm facies is probably the result of fractional crystallisation of a periodically
replenished magma and does not have any direct correlation with any of the
Klipriviersberg Group magmas. The Gz facies formed through mixing of
fractionated Gm magma with another more compatible element (especially Zr)



enriched and incompatible element (such as Ni) depleted source. Mixing of Gm
and Gz material could have resulted in the formation of the Gi unit.

The Mr facies of the Makwassie Formation represents a separate melt, which
cannot be related to the other Ventersdorp Supergroup magmas through simple
fractionation processes alone. It is regarded as a crystallisation product from an
enriched mantle source and mixing of this Mr magma with different combinations
of the Gi magma resulted in the development of both the Gs and Md facies.

8.5 STRATIGRAPHIC RECOGNITION

The Goedgenoeg and Makwassie Formations are distinguished from the other
Ventersdorp Supergroup volcanic formations by their predominant porphyritic
character and felsic composition. The extreme thickness of the Goedgenoeg and
Makwassie successions at some localities, however, necessitate the identification
of marker horizons to facilitate evaluation during drilling of exploration boreholes.
Specific stratigraphic horizons within the Goedgenoeg or Makwassie Formation
are not readily identified lithologically and geochemical techniques are applied to
differentiate between units.

Quartz-feldspar porphyries characterise the Makwassie Formation and feldspar
porphyries the underlying Goedgenoeg Formation. Interbedded feldspar porphyry
lavas may pose a problem in the Makwassie Formation, especially where such a
unit attains substantial thickness as is the case with the Garfield Member. There
IS no simple solution to this problem, but close observation of the top contact of
such a unit may indicate the presence of a small unconformity, as is the case with
the fop contact of the Goedgenoceg Formation. Furthermore, in the Bothaville area
the distribution of the Garfield Member is fairly well delineated (see Chapter 4)
and in fact the member can be used as a marker horizon in these areas. The
basal part of the Makwassie Formation in the Bothaville area contains numerous
mafic inclusions and geochemically classifies as the Md facies and can again be
used as a marker horizon.

The Goedgenoeg Formation is restricted to the deepest Platberg grabens, where
it surpasses the Makwassie Formation in thickness. In the deepest depositories in
the Bothaville area, the lower part of the Goedgenoeg is interbedded with clastic
sedimentary rocks of the underlying Kameeldoorns Formation and is uniquely



enriched in Zr. Unfortunately there is no consistent lithological or geochemical
stratigraphy evident n the Goedgenoeg Formation. Aeromagnetic surveys,
however, readily show up these deep Platberg grabens and if correct interpre-
tations are made, they can be avoided during exploration drilling.

In areas where the Goedgenoeg Formation consists largely of non-porphyritic
lavas, it may be difficult to recognise as such by the uninitiated and has indeed
been correlated with the Klipriviersberg lavas in the past. The medium-crystalline
texture and light yellowish-green colour of the lavas, however, readily distinguish
it as being Goedgenoeg. The stratigraphic position also prevents confusion with
the Allanridge Formation lavas.

T.B. Bowen (1984) devised a diagram to geochemically discriminate between the
volcanic formations of the Witwatersrand triad. The data of this study, however,
indicate that the Makwassie Formation field of this diagram has to be adjusted as
rhyolitic samples of the Makwassie Formation plot in the Dominion Group
porphyries field. There is little overlap, however, with the actual Dominion Group
plots of T.B. Bowen (1984). Regrettably, this diagram is not effective for
discriminating between the different geochemical facies described earlier, but a
simple plot of the P,Os, Cr and Zr ratios, as described in Chapter 5, will
accomplish that.

8.6 POTENTIAL FOR ECONOMIC MINERAL DEPOSITS

Volcanic successions are ideal hosts for mineral deposits, especially where deep
fault structures and the right volcanic features such as calderas are present. The
root zones of volcanoes are the typical setting for large-scale mineral deposits,
such as Cu-porphyries, while smaller but no less important deposits typically
occur associated with calderas, particularly in the moat areas. Indeed, pyrite
mineralisation is very common in the Rietgat Formation sediments, albeit without
significant base metal concentrations.

Plausible reasons for the lack of known mineral deposits in the Platberg volcanics
is the lack of deep erosion to uncover the root zones of the volcanism and the
lack of interest to explore the Ventersdorp Supergroup systematically. The
erosion level of the Ventersdorp Supergroup progresses deeper in a northern to
north-western direction on the Kaapvaal Craton, consequently the best potential
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for discoverable deposits is in these regions. The unresolved correlation of the
Kanye volcanics and other such rocks in Botswana is also of concern.
Furthermore, the on-craton setting of most of the better known Platberg rocks
(through drilling for Central Rand Group) would be less favourable for
mineralisation and exploration should indeed be focused to the edges of the
Kaapvaal Craton, e.g. south-eastern Botswana.

8.7 RECOMMENDATIONS

This study highlights the lack of knowledge on various aspects of the Ventersdorp
Supergroup, specifically the following:

Analyses of the rare-earth element concentrations will be of tremendous aid to
unravel the magmatic genesis of the Platberg volcanics. It will especially
assist to further explain the origin of the individual geochemical facies and
their possible link to the Klipriviersberg Group. Such a study will also give
insight into the magmatic history of the Kaapvaal Craton.

More detailed age determinations are needed for the Platberg volcanics.
SHRIMP analyses of samples across the Platberg distribution area may
indicate the progressive tectonic evolution of the Platberg rifting event.

The Rietgat Formation is still poorly understood. The stratigraphy,
geochemistry, distribution and genesis need to be studied to understand how
it fits in with the rest of the Platberg volcanics and to determine the relation
with the Goedgenoeg Formation. The structural setting needs to be clarified,
especially the possibility of the Rietgat representing resurgent volcanics after
the voluminous felsic Makwassie event and the formation of moats.

The Allanridge volcanics are still very poorly studied and the genetic and
tectonic relationship with the Platberg and Klipriviersberg Groups need to be
delineated.

There are numerous volcanic formations that occur in the western Kaapvaal
Craton that may correlate with the Ventersdorp Supergroup, such as the
Kanve and Buffelsfontein volcanics. In the light of this study’s findings and the
new geochemical database, these volcanic formations can now be studied in
more detail.

The existence and nature of high-temperature ash-flows are still controversial,
even though there are reports of such pyroclastic deposits from around the
world. The Makwassie Formation presents an ideal opportunity to throw light
on the style of ancient volcanism.



The Platberg volcanics had to have emanated from calderas. These
structures are there and need to be identified.

For Late Archaean rocks, the Ventersdorp Supergroup is relatively
undeformed and it offers an unique opportunity to study the early evolution of

the earth and the style of geological processes during this early history of the
earth.
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APPENDIX A

BOREHOLES LOGGED DURING THIS STUDY

Anglo American Prospecting Services (Pty) Ltd made borehole core available for
logging and sampling for the purposes of this study. Not all these boreholes
penetrated the base of the Goedgenoeg/Makwassie Formation and the core of
others was incomplete or in disorder. Borehole ST2 was made available by
African Selection Trust. However, only short sections, at about 10 metre intervals,

of this borehole's core were preserved so that only an estimated log could be
construed.

The boreholes were logged on a scale of 1:200. Simplified logs were drafted from
these on a scale of 1:2 500, as reproduced in this appendix.

The following legend is valid for the borehole logs:

**31 - Quartz-feldspar porphyry

- Feldspar porphyry

- lgneous inclusions (mostly mafic lava inclusions)
- Quartz-feldspar porphyry inclusions

- Flow banding

- Non-porphyritic lava (mafic lava)

Dolerite

=

- Regoliths (now silicified)

- Clastic sedimentary rock
Fine-grained, dolomitic rock
Shale and mudstone

Fine-grained sedimentary rock (also tuff)

- —
] S
LS
1 et
’ A
; ) 1 1

Archaean Basement (mostly metagranite)
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The abbreviations for the rock types are:

Q - Quartz-feldspar porphyry

FQ - Feldspar porphyry with rare quartz phenocrysts

F - Feldspar porphyry

MF - Mafic lava with only scattered feldspar phenocrysts

M - Mafic, non-porphyritic lava

S - Sedimentary rock (also tuffaceous sedimentary rocks)
T - Tuff

I - Intrusive rock

G - Basement Igneous Complex (mostly granitic)

DEPTHS are in metres, measured from the borehole collar downwards. Estimated
depths are indicated by a + sign and uncertain depths by a question mark.

BOREHOLE CO-ORDINATES are given in the LO-27 grid system (metre-
incremented grid with 27° longitude as Y-axis baseline and the equator as X-axis
baseline). Therefore, positive signs indicate metres south from the equator for the
X direction and metres west from the 27° longitude for the Y direction. Z co-
ordinates are the collar elevation in metres above average mean sea level.

The LITHOLOGICAL descriptions begin with a non-genetic rock name given
during logging of the core, followed by a short lithological description. The
descriptions are concluded with the interpreted genetic rock name in brackets,
given after petrographic and geochemical interpretation of the specific
intersection.

The term "flow units” is used as a non-genetic term to enable description of
recognized sub-units in the volcanic facies. Compared to the typical porphyritic
Makwassie rocks, flow units with only rare and scattered feldspar phenocrysts are
regarded as non-porphyritic and were named as such during logging to enable
distinction from the highly feldspar-phyric rocks typical of the Goedgenoeg
Formation.

Feldspar-phyric rocks with only rare quartz phenocrysts are named feldspar
porphyries to enable distinction from the proper quartz-feldspar porphyries typical
of the Makwassie Formation.
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Fine-grained and clastic units that separate flow units are indubitably recognized
as pyroclastic rocks, but distinction between different types of pyroclastic rocks
(pyroclastic-fall or pyroclastic-surge deposits) and their products, i.e. pyroclastic
breccia, lapilli tuff, lithic tuff, crystal tuff, coarse-grained and fine-grained tuff, is
not always possible due to various reasons, such as the limited diameter of
borehole core. Some of these rocks may also represent water-reworked volcanics
and therefore sensu stricto are sedimentary rocks.

The borehole code names (i.e. BES1) are given, as well as the farm name on
which it was drilled.



BOREHOLE CO-ORDINATES
X = 30236

Y — +40750

Z - 1300

ABBREVIATED BOREHOLE LOG

O - 96 Karoo Sequence

a6 - 404 Allanridge Formation
404 - 508 Bothaville Formation
508 - 625 Rietgat Formation
625 - 920 Makwassie Formation
920 - 953 Garfield Member

953 - 1182 Makwassie Formation

1182 - 2014 Goeddgenoeg Formation
2014 - 2102 Kameeldoorns Formation
2102 - 2428 Klipriviersberg Group
2428 - Witwatersrand Supergroup

LITHOLOGY

NOTE : As this borehole intersects the
complete Ventersdorp Supergroup, it was

‘briefly investigated during the course

of a previous research project done for
Anglo American Corporation, in order to
get acquainted with the stratigraphy of
the Supergroup. Therefore, only limited
information on the Platberg Group is
available.

2014 - 1961 Feldspar porphyry with
mylonite and breccia at the basal
contact

1961 - 1945 Lapilli tuff, siltstone and
lava breccila

1945 - 1899 Amygdaloidal, non-porphyri-
tic lava

1899 - 1500 Feldspar porphyry

1500 - 1453 Numerous amygdaloidal, non-
porphyritic lava flows

1453 - 1348 Amygdaloidal 1lava flows
with scattered feldspar phenocrysts

1348 - 1280 Feldspar porphvry
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BES1 - continued

pyvves 1280 - 1256 Amygdaloidal, non-porphyri-
b tic lava
b \f! ¥

N7E) 1256 - 1182 Feldspar porphyry and thin,
o s interbedded amygdaloidal lava flows. The
paitit top flow unit appears weathered

1182 - 953 Quartz-feldspar porphyry

PATERR 953 - 920 Amygdaloidal, non-porphyritic
KL aT lava flows

by v 920 - 884 Lava breccia and fine-grained
P tuff

Makwassie
z‘g-'(
b
‘1
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TEA 884 - 625 Quartz-feldspar porphyry
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DF1 - Deelfontein 482

BOREHOLE CO-ORDINATES

X =]
£ = |2 o Rock
i o O | w
ool o ¥ Tyee X - +3000582
Y - +40569
AR 1289
w M |
o ABBREYIATED BOREHOLE LOG
&= Seaiis S 0 ~ 202 Allanridge Formation
27gbirai] 202 - 279  Rietgat Formation
Sl 279 - 641 Makwassie Formation
et ] 641 - 1317 Klipriviersberg Group
]gpﬁl 13EF - Witwatersrand Supergroup
‘wii !
Aoy LITHOLOGY
ST
il
e 641 - 630 Quartz-feldspar porphyry:
;gb} Unwelded, poorly-sorted pyroclastic
T deposit overlying weathered mafic lava
7:15: of the Klipriviersberg Group, wilth
iy mylonitic fabric in places. [Base surge
S deposit]
N1
%5:; 630 - 279 Quartz-feldspar porphyry:
o R Ignimbrite, composed of several units
= vy with unit contacts at 632, 630, 567,
a | leed g 554, 519, 464 and 279. [Ash-flow
@ \./ N - - —~ p
2 |464F= depos;ts, some separated by ash-fall
= :’_\7\’_ deposits]
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DHK1 - Driehoek 944

: o BOREHOLE CO-ORDINATES
g |1 £(2 Rock
Ec & g%
S8 &|a | Type X - +3025005
Y - +43150
AN 1304
=
> ABBREVIATED BOREHOLE LOG
o
=
° s 0 — g7 Karoo Sequence
@ 5097 87 - 354 aAllanridge Formation
—— 5625y = 354 - 562 Bothaville Formation
Q{573 562 - 573 Rietgat Formation
& L 573 = 8585 Makwassie Formation
T 855 - 866 Garfield Member
2 866 - 1128 Makwassie Formation
1128 - 1996 Goedgenoeg Formation
1996 - 2064 Kameeldoorns Formation
2064 - 2417 Klipriviersberg Group
2417 - Witwatersrand Supergroup
LITHOLOGY
1996 — 1962 Feldspar porphyry: Feldspar
phenocrysts in a very fine-crystalline
@ matrix. [Ash-flow deposit]
2 &
% 1962 - 1938 Lapilli tuff: Layered units
3 (4xy of lapilli tuff with varilable
- lapilli size for each unit. [Ash-fall
= deposit in the form of lapilli-tuff]
1938 - 1933 Volcanic breccia: Partially
i welded, mafic volcanic breccia. [Lava
Ry flow-breccia]
iy
j:ﬂz 1933 - 1912 Non-porphyritic lava: Very
L2 M fine-crystalline lava. with rare
5pig scattered feldspar phenocrysts. [Lava
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DHK1 - continued

1912 - 1295 Feldspar porphyry: The
10 ?f} matrix is very fine-crystalline in the
2 re syl lower part of this intersection and is
o R silicified higher up with silica spheru-
: RS lites. Flow lamination is also visible
x “03J¢\’ in the lower part. The matrix is reddish
g fﬁrﬁ in colour h}gher up and contains abun-—
128 by dant inclusions of fine-crystalline 1g-
ig%f neous material, some of up to a metre in
AT diameter. The top of the section 15
oY magnetite-rich and amygdaloidal with
SR elongated and flattened amygdales. The
ANTA phenocryst contents is variable and,
PN although no definite contacts were
Wi B observed, the intersection is probably
ﬁiﬁﬁ composed of several feldspar-phyric and
o i less-porphyritic units. [Ash-flow
?ﬁ§§; deposits]
SV A
ﬁﬁﬁﬁ 1295 - 1264 Non-porphyritic lava: Amyg-
j%ﬁﬂ daloidal lava with rare, small feldspar
12645y phenocrysts. [Lava flow]
SNV .
I 1264 - 1128 Feldspar porphyry: scat=
LEy i) tered feldspar phenocrysts 1in a VvVery
Lo 30 fine-crystalline, altered matrix with
LY feldspar spherulites in places. Possible
\E:\ unit contacts at 1210, 1160 and 1128.
F From 1160 the matrix is fine~
LEY crystalline. ([Lava flow or ash-flow
& deposit]
@
2 1128 - 866 guartz-feldspar porphyry:
& Units with relative large gquartz and
+ feldspar phenocrysts with crystalline,
o non-porphyritic inclusions in the lower
O unit. Unit contacts at 1108, 1060 and
1433 866. Altered glass with visible perlitic
cracks occur at the top of the 1108 to
1060 unit. [Ash-flow deposit]
I 866 — 855 MNon-porphyritic lava breccias
Crystalline lava breccia with fine-
grained matrix and capped by layered,
lithie tuff. [Bloek ‘tuff and 1lithic
tuff]
855 - 573 oQuartz-feldspar porphyry: The
top 30 metres of the unit are weathered
and appear dravelly with brecciation.
Thin intrusive diabase dykes occur at
599 and 587. [Ash-[low deposit]
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BOREHOLE CO-ORDINATES
X — +3021170

Y — +36830

4 - 2T

ABBREVIATED BOREHOLE LOG

0 - 80 Karoo Sequence

80 - 376 Allanridge Formation
376 - 494 Bothaville Formation
494 - 786 Rietgat Formation
786 - +1040 Makwassie Formation
+1040 - #1120 Garfield Member

+1120 1560 Makwassie Formation
1560 - +2500 Goedgenoeg Formation
+2500 — 2629(f) Klipriviersberg Group
2629 (f)- 2688 Goedgenoeg Formation
2688 End of hole

Duplicated Goedgenoeg Formation is
estimated to continue to +2850 m.

|

LITHOLOGY

2688 - 2629 Feldspar porphyry: Feldspar
and rare dquartz  phenocrysts in a
silicified matrix. [Ash-flow deposit]
2629 Fault

2629 - 2602 Non-porphyritic lava:
Crystalline lava with scattered feldspar
phenocrysts. [Lava flow]

2602 -  £2550 Non-porphyritic lava:
Crystalline lava flows. [Lava flows]

+2550 - 786 HNot logged (no core).
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BOREHOLE CO-ORDINATES

X — 42994625
¥ — +41617
Z - 1280

ABBREYIATED BOREHOLE LOG

0 =i SR8 Karoo Seguence

23 - 279 Rietgat Formation

279 - 504 Makwassie Formation

504 - 558 volcaniclastic conglomerate
(Goedgenoeg Formation)

558 — 574 Goedgenoeg Formation

674 - 773 Kameeldoorns Formation

773 - 1174 Klipriviersberg Group

1174 - Witwatersrand Superdgroup

LITHOLOGY

674 — 558 Feldspar porphyry: (Mot

logged)

558 — 504 Volcaniclastic conglomerate:

Moderately-sorted, sub-rounded, mafic

lava pebbles, overlain by quartz-

feldspar porphyry. [Epiclastic conglo-
merate ]

504 - 279 Quartz-feldspar porphyry:
Welded ignimbrite, multiple units with
unit contacts at 485, 462, 446, 417,
398, 352, 327 and 279. Mafic Rietgat
lava overlies the top unit. [Ash-flow
deposits]
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BOREHOLE CO-ORDINATES

@ £le ©
Ec| a o 8 Rock
5 ..9_. 0|0 & Type X - +2993004
o=l alm &
= Y - +41761
AR 1276
g M ABBREVIATED BOREHOLE LOG
g 0 Y= L5 Allanridge Formation
157 = 220 Bothaville Formation
220 — 365 Rietgat Formation
365 - 530 Makwassie Formation
530 - 545 volcaniclastic conglomerate
) (Goedgenoeg Formation)
A ZE 545 — 636 Goedgenoeg Formation
[l 636 — 1533 Klipriviersberg Group
& 5{?& 1533 = Witwatersrand Supergroup
z N Q LITHOLOGY
3 Brae
= 46 4= 636 - 555 Feldspar porphyry: Multiple
= 5 flow units with scattered feldspar
phenocrysts, overlying non-porphyritic
mafic Klipriviersberg Ilava. Flow con-
tacts at 624, 591, 584, 578 and 560.
[Lava flows]
o S 555 - 545 Intrusive: Dense, light green-
= I coloured, crystalline intrusive with
2 scattered euhedral feldspar phenocrysts.
T 0 [Feldspar-phyric intrusive — feeder
< dyke?]
O
545 - 530 Volcaniclastic conglomerate:

Poorly sorted, angular to sub-rounded
mafic lava clasts. [Epiclastic breccia]

530 - 365 guartz-feldspar porphyry:
Welded ignimbrite, consisting of several
units separated by fine-grained tutf.
Contacts between units at 464 and 400.
The top unit is overlain by bedded tuff,
followed by mafic Rietgat lava. [Ash-
flow and ash-fall deposits]
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@ & o g BOREHOLE CO-ORDINATES
E_|3|ls 8 Rock
SSialaf} Time X — 42992272
¥ - +42224
= X - 1297
2 M .
g ABBREVIATED BOREHOLE LOG
? - 159 Allanridge Formation
159 - 161 Bothaville Formation
Bigey 161 -~ 390 Rietgat Formation
426527 390 - 589 Makwassie Formation
Lty 589 - 599 Volcaniclastic conglomerate
dqalsi (Goedgenoeg Formation)
G 599 - 852  Goedgenoeg Formation
o | jEi 852 - 854  Kameeldoorns Formation
@ 478 854 - 2030 Klipriviersberg Group
g St Q 2030 - Witwatersrand Supergroup
Y ,—\‘l‘/{\/
= A LITHOLOGY
5240
§5:2 - 599 Feldspar  porphyry: (Mot
Zas T logged)
599 - 589 Vvolcaniclastic conglomerate:
Poorly sorted, sub-rounded mafic lava
: clasts, overlying feldspar porphvry.
gggﬁjﬂ- S [Epiclastic conglomerate]
3 589 - 390 puartz-feldspar porphyry:
o welded ignimbrite, consisting of multi-
@ F ple units with contacts at 540, 524,
o 476, 449, 426 and 390. The top unit
2 appears weathered and is followed by
o mafic Rietgat lava flows. [Ash-flow
deposits] '
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BOREHOLE CO-ORDINATES

X - 43018735
¥ - +60160
a - 1298

ABBREVIATED BOREHOLE LOG

0 - 26 Karoo Sequence

26 - 498 Allanridge Formation
498 - 696 Bothaville Formation
696 - 1091 Makwassie Formation

1091 - 1512 Garfield Member

1512 - 1993 Makwassie Formation

1993 - 3411 Goedgenoedg Formation

3411 End of hole

Goedgenoeq Formation estimated to
continue to +3800 m.

LITHOLOGY

3411 - 3107 Feldspar porphyry: No core
available.

3107 - 3091 Feldspar porphyry: Feldspar
phenocrysts in a green-coloured matrix,
also with scattered quartz phenocrysts.

3091 - 3060 Tuff: Dark-coloured, pyritic
tuff without visible layering. [Water-
laid tuff]

3060 - 2831 Mudrock and lava breccia:
Lava and mudrock clasts 1in a mudrock
matrix. [Lahar or debris flow deposit]

2831 - 2765 Feldspar porphyry: Relative-
ly few feldspar phenocrysts and pyritic
in the lower section. High-angle contact
{70°) with the overlying unit. [Ash-flow
deposit]

2765 — 2745 Mudrock and lava breccia:
Lava and mudrock clasts in a feldspar-
porphyry matrix. High-angle contact
(60°) with the overlying unit. [Lahar or
debris flow deposit]

2745 - 2720 Feldspar porphyry: amygda-
loidal unit. [Lava flow]
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KRF1 - continued
<V~ 2720 - 2694 Non-porphyritic lava: Amyg-
1091 kot daloidal lava with inclusions of mudrock
PR F and feldspar-porphyr in: the ‘to 3
AT PAE=POTPUYFLY | o T
1111 metres. [Lava flow with slumped or
Fvyvyy rafted debris on top]

ey vy 2694 — 2658 Mudrock and lava breccia:
frevvvy Angular to sub-rounded lava and mudrock
15 BliLy clasts. [Epiclastic breccia]

diddan 2658 - 2577 Non-porphyritic lava: Amyg-
Eiveve daloidal lava flows (5x). [Lava flows]

1216 o 2577 — 2534 Mudrock and lava breccla:

Heatiad Angular to sub-rounded lava and mudrock
eyl clasts, also with scattered quartz
iyl MF pebbles. [Epiclastic breccia]

bevyvvy NOTE : The core was only logged from
Eevevy 2545 downwards, but the following
Eyvvved information was obtained:

Garfield

1316k 2534 - 2023 Feldspar-porphyry and non-
vahde porphyritic units. Some of the feldspar-
Bl porphyry units contain only scattered
byvved feldspar phenocrysts.

iads 2023 = 1512 Quartz-feldspar porphyry
vy units.

1385t T o i y
13905 1512 - 1091 Non-porphyritic and feld-
by spar-phyric units.

I 1091 - 696 Quartz-feldspar porphyry with
Froyodd feldspar-porphyry units at 946 to 923
b and 904 to 885.

b fonn{ 1512 poie i f e
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BOREHOLE CO-ORDINATES

X - 43036460
Y - +29650
Z - 1301

LL1 - Langgeleven 597
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ABBREVIATED BOREHOLE LOG

0 - 186 Karoo Sequence

186 - 835 Allanridge Formation
835 - 1042 Bothaville Formation
1042 - 1325 Rietgat Formation

1325 - %1475 Garfield Member

+1475 - 1814 GCoedgenoeg Formation
1814 - 1827 Kameeldoorns Formation
1827 - 3360 Klipriviersberg Group

3360

Witwatersrand Supergroup

NOTE 3 Alternatively, the Garfield/
Goedgenoeqg contact can be at 1654 m.

LITHOLOGY

1814 - 1788 Feldspar-porphyry breccia:
Unwelded, poorly sorted pyroclastic
breccia composed of feldspar-phyric
volcanic material and - abundant non-
porphyritic mafic clasts. [Base-surge
deposit]

1788 - 1775 Non-porphyritic lava: Crys-
talline 1lava with =scattered feldspar
phenocrvsts. [Lava flow]

1775 - 1774 shale: Laminated shale.
[Lacustrine deposit]

1774 — -1654 ‘Feldspar porphyry: Scat-
tered feldspar phenocrysts. and rare,
small quartz phenocrysts. [Ash-flow
deposit]

1654 - 1843 Non-porphyritic lava: Crys-
talline lava with scattered feldspar
phenocrysts. [Lava flow]

1643 - 1475 HNon-porphyritic lava: Crys-
talline lava. [Lava flows]
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1475 - 1325 Non-porphyritic lava: Crys-
talline lava with scattered small
feldspar-phenocrysts. The top of the
unit is weathered and capped by a thin

layer of shale. [Lava flow]
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LLE1 - Leeuwfontein 185
E._-, % _3% Rock BOREHOLE CO-ORDINATES
o | Oy 1
E2lales]| YP° | x - 43003050
e Y - +87324
S0y % 1420
ey
e o
:‘\fl ‘] ABBREVIATED BOREHOLE LOG
Z‘:;\/
M 0 - 636 Makwassie Formation
1 636 - 848 GCarfield Member
Bl 848 - 2604 Makwassie Formation
Sy 2604 - 3659 Goedgenoeg Formation
A 3659 End of hole
'}k_‘ Goedgenoeqg Formation estimated to con-
<viv tinue to *4000 m.
o
Dith LITHOLOGY
LT
i r\_ - - .
b NOTE: The positive identification of
}(E: flow units was hampered by previous
ey sampling of the borehole core by AARL,
M during which complete sections of core
J(rc was removed, apparently especially at
AT flow-unit contacts.
F A
"'_\J.
y e 3659 - 3648 Feldspar-porphyry breccia:
NS .
e Angular clasts of feldspar porphyry 1in
-g aﬁlq : fine-crystalline matrix. [Lava flow-top
» N4 - breccia
- :T;’T\f ]
= j}}; 3648 - 3560 Feldspar porphyry; Feldspar
= ‘ﬂn5 phenocrysts and rare, partially re-
o in a sorbed, small quartz phenocrysts in
NN silicified and epidotized matrix.
ik Quartz-filled amygdales occur at the top
AR of the unit. [Ash-flow deposit]
~ T A
Wrna
f:g} 3560 - 3218 Feldspar porphyry: Units,
s consisting of feldspar phenocrysts and
i rare, partially resorbed, small quartz
o phenocrysts 1n silicified and epidotized
GQ}C matrix. Granophyric intergrowths occur
f¢ﬁ1 in the matrix. Mylonitic epidotized
i;i~ zones occur, which may be epidotized
;;ﬂ; tuff-beds. Quartz-filled amygdales occur
= at the tops of units, with contacts at
_i‘,“g\,_ 3543, 3514, 3475, 3338, 3266 and 3218.
_f), [Ash-flow deposits]
S
$3 2
$00 L-El{,:i
f 14
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LLE1 - continued

3218 = 3127 Quartz-feldspar porphyry:
fou Abundant gquartz phenocrysts, also feld-
£ S spar phenocrysts in very fine-crystal-
3j2: line matrix. [Ash-flow deposit]
et
EQ%: 3127 - 2953 Quartz-feldspar porphyry:
o PG Units, mostly the same as the underlying
® %ﬁﬂi unit (3210-3127), but with 1ess‘quartz
© WL Q phenocrysts. Contacts between units at
2 ey 3080, 2992 and 2953. [Ash-flow deposits]
a PR
= ﬁ&?: 2953 - 2876 Feldspar porphyry: Reddish-
e coloured unit with green-coloured
AV epidotized bands. The unit  appears
- tuffaceous or mylonitic and is capped by
36:Uw: a 2 m layer of fine-grained, laminated
pixyeyy tuff. [Ash-flow or ash-fall deposit]
frravid 2876 - 2604 Feldspar porphyry: Units
Fyvieyey with feldspar and rare, partially
veved | resorbed, small quartz phenocrysts in a
frveeed silicified matrix. Unit contacts at 2838
fevsens and 2604. The upper 30 m of the top unit
5 oan M is tuffaceous. [Ash-flow deposits]
e bvvvvvd
E vy 2604 - 2404 Quartz-feldspar porphyry:
g vy Units with quartz and feldspar
sl phenocrysts in silicified matrix. Unit
Frovesy contacts at 2588, 2566, 2420, and 2404.
buvieed From 2566 the porphyry is amygdale-rich
s 0 5 fekik i and less porphyritic, while the top
—— (2420 - 2404) 18 composed of flow-top
00N M/S breccia and tuff. Fluorite velins cut
= through this zone. [Ash-Tlow and
pyroclastic-fall deposits]
2404 - 2020 Quartz-feldspar porphyry:
Possibly two units of porphyry with
T abundant quartz phenocrysts, also
feldspar phenocrysts in highly
silieified matrix (q = ISp <<< matrix)s
. The top is tuffaceous and with fluorite
smg;Q‘F veins. [Ash-flow deposits]
e \.’5"": :
= oy Ay 2020 - 2001 Tuff: Layered, fine to
% 950i;§ﬁ coarse-grained lithic tuff with layers
z P 1 of accretionary lapilli. [Ash-fall depo-
= S sit]
Ve
=l o
U
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2001 - 1809 Quartz-feldspar porphyry:
Units with abundant quartz and feldspar
phenocrysts in silicified matrix. The
matrix displays a streaky texture 1in
places. Unit contacts at 1970, 1911 and
1809. [Ash-flow deposits]

1809 - 1687 Pyroclastic breccia: Multi-
ple units of tuffaceous rock with
angular quartz-feldspar porphyry clasts
of variable size in places and
amygdaloidal tops. Phenocrysts in the
matrix are intensely fragmented. Unit
contacts occur at 1785, 1753, 1747,
1736, 1718, 1693 and 1687. [Ash-flow (7?)
and pyroclastic-fall deposits]

1687 — 1413 Non-porphyritic lava: Nume-
rous fine-crystalline lava flows with
amygdaloidal bases and Tops. [Lava
flows]

1413 - 1410 Tuff: VvVery fine-grained
heat-altered tuff. [Ash-fall deposit]

1410 - 1300 Non-porphyritic lava: Nume-
rous fine-crystalline 1lava flows with
amygdaloidal bases and TOpS. [Lava
flows]

1300 - 1299 Lapilli tuff: Angular lava
clasts in layered, 1lithic tuff. [Alr-
fall deposit]

1299 - 1130 guartz-feldspar porphyry:
Units with abundant quartz phenocrysts,
also feldspar phenocrysts in silicified
matrix. Unit contacts at 1249, 1226,
1188 and 1130. Lapilli tuff occurs

between 1263 and 1249, [Ash-L1low
deposits]
3130 = 1072 Tuff: Fragmented pheno-

crysts in an altered glassy matrix.
[Ash-fall deposits]

1072 = 929 guartz-feldspar porphyry:
Altered porphyry units with contacts at
1036 and 929. [Ash-flow deposits]
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929 - 848 Lapilli tuff: Angular porphy-
ry clasts and fragmented phenocrysts 1in
an altered glass matrix, with perlitic
cracks atill visible under the
microscope. [Pyroclastic-fall deposit]

848 - 845 shale: Dolomitic shale with
pyrite and pyrrhotite laminae. [Water
deposit]

845 - 838 Non-porphyritic lava: Thin
amygdaloidal lava flows with contacts at
843, 841 and 838. The lava flows have
finely brecciated lava at their bases
and a thin shale layer occurs at 841.
[Lava flows, which flowed 1into shallow
vater? |

838 - 824 Shale: Dolomitic shale with
pyrite and pyrrhotite laminae, also with
fenestral fabric in places. [Water
deposit]

824 - 818 Non-porphyritic lava: Highly

amygdaloidal lava. [Lava flow]

818 - 805 Shale: Dolomitic shale with
pyrite and pyrrhotite laminae. [Water
deposit]

805 - 1700 Non-porphyritic lava:
Amygdaloildal lava flows. [Lava flows]

NOTE 3 The borehole was percussion-
drilled from surface to =700 m.
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Rock
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BOREHOLE CO-ORDINATES

X - 43019378
Y - +25840
o = 1211

ABBREVIATED BOREHOLE LOG

0 = 258 Karoo Sequence

258 - 613 Allanridge Formation

613 - 1082 Rietgat Formation

1082 - %1194 Garfield Member

+1194 - 1392 Goedgenoeg Formation
1392 - 1518 Kameeldoorns Formation
1518 - 2390 Klipriviersberg Group
2390 = Witwatersrand Supergroup

NOTE: Alternatively, the contact between
the carfield and Goedgenoeg Formation
can be at 1251 m.

LITHOLOGY

1392 - 1251 Feldspar porphyry: Feldspar
and rare quartz phenocrysts in a
brownish-coloured matrix with amygdales
at the top of the unit. [Ash-flow
deposit]

1251 - 1250 Laminated tuff: Partially
welded lithic and crystal fragments in a
matrix of partially welded, altered
glass. [Partially welded lithic tuff]

1250 - 1194 Non-porphyritic lava: Crys-
talline lava flows with amygdaloidal
tops and contacts at 1224 and 1194.
[Lava flows]

1194 - 1082 Feldspar porphyry: Feldspar
phenocrysts in a brownish-coloured
matrix and amygdales at the top of the
units, with contacts at 1119 and 1082.
[Ash-flow deposits]

1082 - 1081 Laminated shale and chlo-
ritic, argillaceous sandstone [Lacu-
strine sediments - Rietgat Formation|]
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smalfontein 495

BOREHOLE CO-ORDINATES
X - +3045750

Y - +54000

Zz - 1300

ABBREVIATED BOREHOLE LOG

0 - +120 Karoo Sequence

+120 - +660 Allanridge Formation
+660 -~ 877 Bothaville Formation
877 — 1346 Rietgat Formation
1346 - +1603 Makwassie Formation
+1603 - 2181 Goedgenoeg Formation
2181 End of hole

Goedgenoeg Formation estimated to
continue to 2240 m.

LITHOLOGY

2181 - 2106 Feldspar porphyry: Abun-
dant, very fine-crystalline non-porphy-
ritic inclusions in the lower part of
the unit and with an amygdaloidal top.
[Ash-flow deposit]

2106 - 1878 Feldspar porphyry: Unit
with amygdales in the upper 60 metres.
No subunits apparent. [Ash-flow deposit]

1878 - 1842 Laminated tuff: Lithic
fragments of quartz and lava arranged in
laminae are imbedded in an amorphous,
chloritic matrix. The quartz fragments
are angular to subrounded and some are
polycrystalline under the microscope.
orientated glass shards are embedded
with the 1lithic fragments. Upwards-
fining units can be distinguished (<2 cm
thick). [Water-reworked, lithic tuff]

1842 - 1790 HNon-porphyritic lava: Amyg-
daloidal lava with scattered small feld-
spar phenocrysts and contacts Dbetween

flows at 1814, 1797 and 1790. [Lava
flows]

1790 - 1783 Laminated tuff: Laminae of
lithic fragments and glass shards in a
amorphous, chloritic matrix (matrix >>
glass >> lithics). Less quartz fragments
than the previous tuff. Abundant
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SHS1 - continued _
flattened and fractured accretionary

w5y lapilli arranged with the lithics in the
e T laminae. Thin chert layers towards the
R 4424 top of the tuff unit. [Water-deposited
b lithic ‘tuff]
Vv MF
i 1783 - 1728 Non-porphyritic lava: Amyg-
reeey daloidal lava with scattered feldspar
R = phenocrysts and contact between flows at
------- T 1760. The upper flow grades into a flow-
------- top breccia or block-tuff at 1733. [Lava
1878 ¥y flows]
SAShe
SiE 1728 - 1720 Laminated tuff: Cherty tuff
G similar to the 1790 to 1783 tuff unit.
Bﬁéﬁ [Lithic tuff deposited in or reworked by
gﬁiﬁ water |
vxwv o
P vvywy
i ?%Eﬁ 1720 - 1684 Non-porphyritic lava: Amyg-
o PANT, daloidal 1lava flows with scattered
5 Eﬁi%; feldspar phenocrysts with contacts
o Qgﬁg between flows at 1699, 1692 and 1684.
° ﬁﬁkﬁ [Lava flows]
fv:vl
© sy F 1684 - 1678  Lapilli tuff: Laminated
ety lithic tuff with angular vesicular lava
iﬁgﬁ clasts, capped by a 1 metre thick,
Py laminated tuff unit. [Lapilli tuff]
Lo o
b 2 1678 - 1603 HNon-porphyritic lava: Amyg-
UL daloidal lava flows with scattered
’%?? feldspar phenocrysts and contacts
s between flows at 1662, 1650, 1633, 1620
' FYer ) and 1603. The flows are capped by
AN lapilli-tuff or flow-top breccias. [Lava
ﬁ%ﬁ; flows]
b= ﬂiﬁ: 1603 - 1357 Quartz-feldspar porphyry:
z T Units of quartz-feldspar porphyry with
L uilyyg; betdY relative few quartz phenocrysts and an

albitized (?) matrix. Contacts between
units at 1571, 1556 and 1357; the upper
50 metres are brecciated and altered.
[Ash-flow deposits]

1357 = 1346 Quartz-feldspar porphyry:
Weathered and brecciated quartz porphy-
ry. [Ash-flow deposits]

1346 - 1288 Mudrock: Fenestral dolomi-
tic mudrock of the Rietgat Formation,
followed by amygdaloidal lava flows.
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BOREHOLE CO-ORDINATES

X - 42945347
¥ - +65781
Z - 1533

ABBREVIATED BOREHOLE LOG

0 = 100 Bothaville Formation
1000 = 550 Rietgat Formation
550 - 1328 Garfield Member

1328 — 1424 EKameeldoorns Formation

1424 - 1452 Diabase intrusive

1452 - 1462 Kameeldoorns Formation

1462 — 1742 Unknown felsic intrusive,
probably a Dominion Group

correlative
1742 — 1836 Basement
1836 End of hole
LITHOLOGY

1742 - 1462 Felsic, porphyritic igneous
units Abundant unbroken euhedral
feldspar phenocrysts, also quartz and
amphibole in a very fine-crystalline
matrix with extensive secondary silici-
fication. Finer crystallinity apparent
towards the upper and lower contact.
Secondary dranophyric overgrowths of
feldspar phenocrysts. [Felsic intrusive]

1462 — 1452 Feldspatic sandstone and
conglomerate: Fine Lo coarse—-grained
sandstone and pebbly sandstone. [Imma-

ture proximal sedimentary rocks =
Kameeldoorns Formation]

1452 - 1449 Mafic igneous rocks: very
fine-crystalline, glassy rock. [Mafic
intrusive]

1449 - 1424 Mafic igneous rock: Coarse-
crystalline with scattered, large (10
mm) feldspar phenocrysts. [Diabase

intrusive]

1424 - 1328 Sedimentary rock [Kameel-
doorns Formation]



SPP1 - continued

1328 - 1004 HNon-porphyritic and feld-

spar-phyric lava: Amygdaloidal, non-

porphyritic lava flows and porphyritic
units with only small, scattered

Q@ﬁa S feldspar phenocrysts. [Lava flows]

;:-
1424 p—

1004 - 970 Feldspar porphyry: Porphyry
with larger and more abundant feldspar
1452 - phenocrysts, a lighter green colour and
a62 22 flow lamination. [Ash-flow deposit]

Kameeldoorns

970 - 968 Tuff: Fine-grained, laminated
tuff. [Ash-fall deposit]

968 - 951 Non-porphyritic lava: Fine-
crystalline lava. [Lava flow]

951 - 942 Non-porphyritic lava: Lava
with numerous inclusions of feldspar
porphyry. [Lava flow with  porphyry
breccia]

942 - 550 HNon-porphyritic lava: Amygda-
loidal lava flows, some with scattered,
small feldspar phenocrysts. [Lava flows]

NOTE: The 550 - 942 intersection may
alternatively be part of the Rietgat
Formation.

Unknown felsic unit

I+
At
5T
PR
L

Basement
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o =|o 2 BOREHOLE CO—ORDINATES
E = “a ; g ROCK
22| 2{gnl T | % - %2990725
Y - +67881
o
2 M
@ TSR ABBREVIATED BOREHOLE LOG
AR 0 - 232 Allanridge Formation
a8 The 232 - 250 Bothaville Formation
e ) ;
_é&& 250 - 387 Rietgat Formation
4097 387 - 639 Makwassie Formation
QX&— 639 - 995 Goedgenoeg Formation
bl )] 995 - 1212 Kameeldoorns Formation
ﬁ%%ﬁ 1212 - 1440 Witwatersrand Supergroup
459020 1440 - 2727 Dominion Group
i Pued 2727 End of hole
@ NS LITHOLOGY
= 494:1 l:/
i T Q 995 - 639 Feldspar porphyry: NOT logged
\ -~
o “ﬁ\-
= 530j};} 639 - 387 guartz-feldspar porphyry:
U7\ Magnetite-rich units with contacts at
e 592, 580, 552, 530, 494, 459, 409 and
s Tt 387. The unit tops are amygdaloidal.
S [Ash-flow deposits]
580 ==
oA
592~1— t
o
@
o]
e
@ F
o
o]
o
0}
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ULT1 - Ulster 128
] = BOREHOLE CO-ORDINATES
E fﬂ % 8 Rock
S8l 2lg o Type X - +3014630
Y - +45250
. % .~ X285
Apdar M
222225 ABBREVIATED BOREHOLE LOG
o [PFEE
o 75?;§$ﬁ 0 ~ 35 Karoo Sequence ‘
= e 35 - 494 Allanridge Formation
o byvii 494 - 682 Bothaville Formation
byvvvid 682 == 833 Garfield Member
793P MFE 833 - 1250 Makwassie Formation
0% 1250 - 1742 Goedgenoeg Formation
1742 End of hole
13671 LITHOLOGY
1382}
1742 - 1683 Dolerite: Dark grey dole-
: rite; not @significantly affected Dby
1410 %55 greenschist alteration and therefore
' considered as Karoo-age dolerite.
M [Dolerite intrusive]
1461k 1683 - 1607 Quartz-feldspar porphyry:
Feldspar and scattered, resorbed quartz
FQ phenocrysts 1in units with contacts at
1641 and 1607. The tops are
o EO‘R?& amygdaloidal. [Ash-flow deposits]
%) BEWAT
S TN 1607 - 1563 Quartz-feldspar porphyry:
) o Unit with more quartz phenocrysts than
= ESvet in the previous units and with abundant
o ;2(; inclusions of non-porphyritic lava. The
O 1563k unit is capped by lapilli, 1lithic and
%%3% layered tuff and the whole unit may be
. . E -
f@i% FQ pyroclastic. [Ash-flow deposit]
1607] f\’ 1563 - 1504 Quartz-feldspar porphyry:
sy ] Feldspar and scattered, resorbed quartz
’oi‘l‘/, phenocrysts in unit with amygdaloidal
1641—\’—,\!3 top. [Ash-flow deposit]
fafn
L) 1504 - 1499 Non-porphyritic lava: amyg-
T daloidal. [Lava flow]
Vs =
5Ll
1863 o 1499 - 1468 Quartz-feldspar porphyry:
K X Feldspar and scattered resorbed quartz
. K% | phenocrysts in unit capped by laminated
T K XX tuff. The top metre 1is composed of
o KX cross-bedded tuff. [Ash-flow and base
| WX surge deposit]
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ULT1 - continued

1468 - 1461 Quartz-feldspar porphyry: Feldspar and scat-
tered, resorbed quartz phenocrysts in unit with amygdaloidal
top. [Ash-flow deposit]

1461 - 1410 Non-porphyritic lava: aAmygdaloidal lava flows
with flow-top breccias and contacts between flows at 1456,
1440, 1426 and 1410. The uppermost flow 1is heat-altered.
[Lava flows]

1410 - 1382 Dolerite: Dark, grey-coloured dolerite, not
significantly affected by greenschist alteration and
therefore considered as Karoo-age dolerite. [Dolerite
intrusive]

1382 - 1260 Non-porphyritic lava: Amygdaloidal lava flows.
[Lava flows]

1260 - 833 Quartz-feldspar porphyry: Porphyry with scat-
tered quartz and feldspar phenocrysts. [Ash-flow deposits]

833 - 682 Non-porphyritic lava and feldspar porphyry:
amygdaloidal non-porphyritic 1lava flows and interbedded
feldspar-phyric flow units. [Lava f[lows]
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BOREHOLE CO-ORDINATES
X - 43002230

Y - +36800

A v A o o o

ABBREVIATED BOREHOLE LOG

0 = 33 Karoo Sequence

33 - 457 Allanridge Formation
457 - 471 Bothaville Formation
471 - +720 Rietgat Formation
+720 - 980 carfield Member

980 - 1214 Makwassie Formation

1214 - 1255 Kameeldoorns Formation
1255 - 1697 Klipriviersberg Group
1697 - Witwatersrand Supergroup

LITHOLOGY

NOTE: Two dgreen-coloured intrusives were
intersected in the Kameeldoorns Forma-
tion, which may be feeder dykes for the
Platberg or Pniel lavas.

1214 - 980 Quartz-feldspar porphyry:
Units with amygdaloidal tops, containing
abundant non-porphyritic inclusions.

Unit contacts &4t 1173; 1134; 1052 and
980. The upper unit is weathered. [Ash-
flow deposit]

980 - =720 MNon-porphyritic and feldspar-
phyric lava flows: Not logged



VE1l — Vvelshoek 341
: (=]
@ | o
=| = © Ro
EclB|lwwo ck
G ol @ o o Type
welaojln o
—
©
(o]
et
e M
- B
728
=
W
%]
©
3 Q
X AL
p 820:?57‘
= «aay
:?QQ
"‘l\_f\f
-5 =
874
g MF
()
896f
:.I;x[
\"_“_""“
.’f /’\
L. /“-\ ‘~:
bt
[4}] [ <
b O
0 Al
» ~ 17\
g AR, O
- T
o \.r_'\]/"
= \\—‘\,}I;
DAl
= f..\/‘\f
AL
\il\:\
A e -
;\’!\f’\/
1‘;‘;;3
r:a kg7
N \ir\.
1076f sy
LS v 1
SR N
el i
g 110?“'“.-\"\!'
o
c
ok}
o
E MF
o
O]
118 0=+

217

BOREHOLE CO-ORDINATES

X - +3029030
Y = 422330
Z = 1335

ABBREVIATED BOREHOLE LOG

0 =i [ The Karoo Sequence

158 - 604 Allanridge Formation
604 - 653 Bothaville Formation
653 -~ 728 Rietgat Formation
728 - 874 Makwassie Formation
874 - 896 Garfield Member

896 - 1076 Makwassle Formation

1076 - 1366 Goedgenoeg Formation
1366 - 1488 Kameeldoorns Formation
1488 - 2406 Klipriviersberg Group

2406 End of hole
LITHOLOGY
1366 = 1329 Feldspar‘ porphyry: Filne-

crystalline feldspar-phyric 1lava with
amygdales at the top. [Lava flow]

1329 - 1325 volcaniclastic conglome-
rate: Upwards-fining cycles (3x), com-
posed of coarse-grained, poorly sorted
volcanic gravel and pebbles. Some clasts
are porphyritic. [Intraformational
epiclastic conglomerate]

1325 - 1254 Feldspar porphyry: Feld-
spar-porphyry with abundant 1inclusions
of crystalline lava. The top 1s amygda-
loidal and capped by very fine-grained
sedimentary rock. [Lava or ash-flow
deposit, capped by an ash-fall deposit]

1254 - 1107 HNon-porphyritic lava: Fine-
crystalline units with scattered feld-
spar phenocrysts and amygdales at tops,
with unit contacts at 1210, 1180, 1163,
1145, 1136 and 1107. [Lava flows]
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VE1l - continued
—— 1107 -~ 107% Pyroclastic rock: Fine-
1076w crystalline lava blocks and smaller
b 1l . .
AN clasts, embedded in fine-grained,
YT layered sedimentary rock. The top of the
b e unit 1is overlain by a fine-grained,
brveved layered bed a metre thick. [Lava flow,
SRR block and 1lapilli tuff, capped by an
ash-fall deposit]
b MF 1076 - 896 Quartz-feldspar porphyry:
Welded ignimbrite with abundant large
1180 fHRAS :
boveeed quartz phenocrysts. [Ash-flow deposit]
[@)] v vvyvo
< 896 - 874 Non-porphyritic lava: Fine-
= erived crystalline units with scattered small
o e ; o
= T feldspar phenocrysts 1n a chloritic
b bevvivy matrix. Amygdales at the top of units
o Erviiey with contacts at 886 and 874. [Lava
O 254 flows]
874 - 8290 Quartz-feldspar porphyry:
Yellowish-green, glassy quartz-feldspar
porphyry with a streaky and laminated
fabric. In thin section the phenocrysts
show strong resorption and the matrix 1is
cryptocrystalline. [Strongly welded ash-
flow deposit]
: 820 - 728 Not logged: No core avalla-
E ble, but probably a continuation of the
O » above.
2k
K
X o
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WS3 — Wolvehuis 114

BOREHOLE CO-ORDINATES

I
Ec ;E %"8’ g X +2994889
b @ —
8 S |al| Tyee Y - +45823
o %= 1300
E ABBREVIATED BOREHOLE LOG
3 S 0 - 338 Allanridge Formation
451 338 - 451 Bothaville Formation
X 451 - 923 Makwassie Formation
923 .~ 977 Goedgenoeg Formation
977 - 998 Kameeldoorns Formation
998 - +2300 Klipriviersberqg Group
& ﬁ' +2300 - Witwatersrand Supergroup
508
] LITHOLOGY (not logged below 926)
RETer
NS 926 -~ 925 Lapilli tuff: Laminated,
553§?§€ fine-grained tuff with angular porphyry
563 Fm— clasts of variable size. [Pyroclastic
£RTRY fall deposit]
e 925 - 923  Non-porphyritic lava: Very
602S;ﬁi fine-crystalline amygdaloidal lava with
P scattered feldspar phenocrysts. [Lava
e flow]
3,
o oo - 923 - 920 Quartz-feldspar porphyry:
2 e scattered feldspar and quartz pheno-
@ TN crysts in crystalline matrix with
i . L abundant small igneous inclusions. [Ash-
© S flow deposit, intermingled with mafic
= 0% ~ lava flow]
)
éﬁ@; 920 - 873  Quartz-feldspar porphyry:
DINTAPN Porphyry with abundant inclusions of
LA S ] igneous rock. [Ash-flow deposit]
1?3& 873 - 867 Lapilli tuff: Fine-grained
s tuff with lithic fragments and lapilli-
‘f;%% size clasts. [Pyroclastic fall deposit]
795t 867 — 852 Non-porphyritic lava: Amygda-
HOLs loidal crystalline lava. [Lava flow]
AN
AL
852 iy
bk M
867 =y
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852 - 451 guartz-feldspar porphyry:
Flow units with abundant gquartz and
feldspar phenocrysts. Some units display
flow banding and others igneous
inclusions. Contacts between units at
795, 768 OTF:. HO2Z, 563, 553, BHUg and
451. [Ash-flow deposits]
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For-
ation

Depth
Scale

Rock
Type

Rietgat

M

Makwassie

375FF

409

4481

49074

504

560

595

659 I

Goed

743

genoeg

BOREHOLE CO-ORDINATES

X - ++29916456
Y - +44341
Z = 1300

ABBREVIATED BOREHOLE LOG

+0 - 232 Allanridge Formation

232 - 280 Bothaville Formation

280 - 375 Rietgat Formation

375 - 743 Makwassie Formation

743 - 1078 Goedgenoeg Formation

1078 == 1133 Kameeldoorns Formation
1133 - +2340 Klipriviersberg Formation
e dd = Witwatersrand Supergroup
LITHOLOGY

1078 — 743 HNot logged

743 - 375 guartz-feldspar porphyry:
Multiple flow units composed of abundant
guartz and feldspar phenocrysts in
cherty matrix, some with abundant
igneous inclusions. Unit contacts at
659, 595, 560, 504, 490, 478, 448, 409
and 375. The topmost unit appears
weathered. [Ash-flow deposits]
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WS5 -~ Wolvehuils 114
: BOREHOLE CO-ORDINATES
E '43 % § Rock
56| ©| 9 | Type X — 2990318
o) TR - Y - 42149
Z - 1300
& ] ABBREVIATED BOREHOLE LOG
2 | fand |
o privivy M +0 - 147 Allanridge Formation
o 147 - 176 Bothaville Formation
RN mls SR 176 - 564 Rietgat Formation
<<t | Q 564 — 585 Makwassie Formation
e 585 - 927 Goedgenoeg Formation
. T 927 = 963 Kameeldoorns Formation
o 963 — 2400 Klipriviersberg Group
o +2400 - Witwatersrand Supergroup
o 1 F
o foieny LITHOLOGY
o brvvved
0]
927 - 585 Not logged. The topmost 10
metres are composed of feldspar

porphyry, overlain by a thin layer of
fine-grained tuff. [Ash-fall deposit]

585 - 564 puartz-feldspar porphyry:
Highly altered porphyry, composed of
angular porphyry clasts in laminated,
silicified; fine-grained matrix.
[Pyroclastic flow deposit]
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BOREHOLE CO-ORDINATES

X = $2991476
¥ — +47885
w = 1350

ABBREVIATED BOREHOLE LOG

+0 - 380 Allanridge Formation

380 - 430 Bothaville Formation

430 - 708 Rietgat Formation

708 - 988 Makwassie Formation

988 - 1526 Goedgenoeg Formation
1526 - 1821 Kameeldoorns Formation
1821 - 2620 Klipriviersberg Group
2620 - Witwatersrand Supergroup
LITHOLOGY

1526 - 988 HNot logged.

988 — 971 HNon-porphyritic lava: Amygda-
loidal fine-crystalline lava flows with
contacts at 981, 979 and 971. [Lava
flows]

971 - 941 Quartz-feldspar porphyry: POr-
phyry with abundant igneous and porphyry
inclusions. [Mixed ash-flow deposit?]

941 - 917 Non-porphyritic lava: Amygda-
loidal, fine-crystalline flow units with
scattered phenocrysts of Makwassie-type
guartz and feldspar phenocrysts. Unit
contacts at 936, 935, 927, 919 and 917.
[Lava flows]

917 - 708 guartz-feldspar porphyry:
Porphyry units composed of quartz and
feldspar phenocrysts in cherty matrix,
some with igneous and porphyry
inclusions. Unit contacts at 985, 868,
750 and 709. The topmost unit appears
weathered. [Ash-flow deposits]



ZH1 - Zonderhout
& cleo ©
£ Cilia o Rock
5 9|0 2 Type
lf_g olo = YP
-
o
[@)]
1)
2 S
(n s
427
476
D
(%]
7))
)
=
&
1]
= Q
5\
- —h
e
/.-;’__\r:
‘H-—'\/r:‘
L
—
--\:l\\_f
,‘\ /:.\
‘:—/’\\:
',\\{.
b~ P
745,:\.,
o= N
Sl
i
L~
wihe
800}_“ T
Lo,
g s
g
P N
8 3 6 pwrrer
v Y
A
i ver
8 5fE
L
(D F
886——=

224

71

BOREBOLE CO-ORDINATES

X - +30215090
¥ = 473250
e 1300

ABBREVIATED BOREHOLE LOG

0 - 305 Allanridge Formation

305 - 427 Bothaville Formation

427 - 836 Makwassie Formation

836 - 896 Garfield Member

896 — 1583 Makwassie Formation

1583 — +1800 Kameeldoorns Formation
LITHOLOGY

1583 - 1580 Quartz-feldspar porphyry

breccia: Angular gquartz-feldspar por-
phyry lapilli embedded in calcitized
matrix, overlying Kameeldoorns conglo-
merate. [Pyroclastic-fall deposit]

1580 - 1479 Quartz-feldspar porphyry:
welded ignimbrite, consisting of 2
units, separated by layered, fine-

grained tuff at 1567. [Ash-flow and ash-
fall deposits]

1479 - 1475 Tuff: Layered, fine-grained
tuff. [Ash-fall deposit]

1475 - 1467 Volcaniclastic breccia: Two
breccia units of poorly sorted, angular
to sub-rounded quartz-feldspar porphyry,
tuff and strongly-welded tuff clasts in
cherty matrix, underlain by reverse-
graded tuffaceous sandstone. [Lahar oOr
fluvial deposit]

1467 - 896 guartz-feldspar porphyry:
Multiple welded ignimbrite units,
separated by fine-grained tuff. Contacts
between units at 1421, 1260, 1217 and
1136. [Ash-flow units, separated by ash-
fall deposits]

896 - 856 Feldspar porphyry: Mafic lava
with scattered feldspar and rare quartz
phenocrysts. [Lava [low]



ZH1

continued

Makwassie

896

1217

1136

126G

1421

1467

T/8

856 — 836 Felspar porphyry: Banded mafic
lava with scattered feldspar and quartz
phenocrysts, less porphyritic than
“normal"” Makwassie  Quartz Porphyry.
[Strongly welded ash-flow]

836 — 427 Quartz-feldspar porphvry:
Multiple welded ignimbrite units, sepa-
rated by fine-grained tuff with unit
contacts at 800, 745 and 476. The top
unit (476-427) appears weathered and is
overlain by Bothaville conglomerate and
quartzite. [Ash flow units, separated by
ash-fall deposits]

ZH1 - continued
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5T2 - Drooggekraal 27

BOREHOLE CO-ORDINATES

X - 42998000
¥ — +82200
Z - 1400

ABBREVIATED BOREHOLE LOG

0 - 215 Allanridge Formation

215 - 305 Bothaville Formation

305 = 590 Rietgat Formation

590 - 775 Makwassie Formation

775 - 986 Goedgenoeg Formation

986 - 1255 Kameeldoorns Formation

1255 - +1700 Klipriviersberg Formation
LITHOLOGY

2 - 1255 HNon-amygdaloidal lava flows

1255 - 1085 Dolomitic mudrock
1085 - 1076 Amygdaloidal, non-porphyritic lava flow
1076 - 1044 Dolomitic mudrock

1044 — 996 amygdaloidal, non-porphyritic lava flow

996 - 985 Dolomitic mudrock

985 - 775 Feldspar-porphyry and non-porphyritic lavas

775 = 590 Quartz-feldspar porphyry with abundant large
phenocrysts

590 - 305 Rietgat lava with mudrock units

HOTE : The core was obtained from African Selection Trust

Exploration in Klerksdorp. Only short sections of borehole
core at regular intervals of the borehole were kept. A thin
layer of mudrock occurs at 775 m between the Goedgenoeg and
Makwassie Formation, with a normal relation between the
mudrock and the overlying quartz-feldspar porphyry. The
contact between the mudrock and underlying feldspar porphyry
is very irregular, with heat-alteration in the mudrock. The
feldspar-porphyry is very fine-crystalline close To the
contact zone and do not show weathering. The rest of the
Goedgenoeg Formation between 775 and 985 m consists of
feldspar porphyry and non-porphyritic amygdaloidal lavas.
The relationship between the two rock types 1is not
represented in the kept core. In thin section the feldspar
porphyry exhibits unusual coarse-crystallinity and no
extrusive features normally associated with the Goedgenoeg
Formation are visible. The feldspar porphyry between 775 and
985 is therefore intrusive and intruded into mudrock and
non-porphyritic lava flows.

This implies that the intersection from 775 TO 985 metres
may correlate with the non-porphyritic lava and dolomitic
mudrock occurring from 636 to 848 metres in borehole LLE1l;
therefore, it may be Garfield Member and not Goedgenoeg.
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APPENDIX B

ADDITIONAL BOREHOLE DATA

For the purposes of the study, additional borehole data were obtained from
various sources. However, core of these boreholes was not available for logging
and the data had to be interpreted with the logged boreholes in Appendix A as
basis, particularly to delineate the possible occurrence and position of the
Goedgenoeg and Makwassie Formations. The borehole positions are indicated in
Chapter 3 of the dissertation.

The borehole code, farm on which it was drilled, co-ordinates of the borehole
collar and an abbreviated borehole log are given for each borehole. The X and Y
co-ordinates are based on the LO-27 grid system, that is the X co-ordinates are in
metres south of the equator and the Y co-ordinates in metres west of the 27°
parallel. The Z co-ordinate give the collar elevation in metres above average
mean sea level. Most of the borehole co-ordinates are only estimates as the
surveyed co-ordinates are not available. They are however, still fairly accurate as
the farm positions are known. The indicated intersections of the Goedgenoeg and
Makwassie Formations and of the Garfield Member are interpretations done
during this study and the possible occurrence of these units at depths deeper than
the boreholes are also listed (flagged by an asterisk). E.O.H. is an abbreviation
for "End of Borehole'. |



Borehole Farm

Stratigraphy From

To: Thickness

BOREHOLE DATA FROM ANGLO AMERICAN CORPORATION

DPRi  Delporis Rust30  Karoo g Eml a2
X +3094080 _;Bothawl!e 272| 307 35
Y| +38 340 ~ |Rietgat 307 881 554
Z/+1 308 . ‘Makwassie 861 1207, 346
 Kameeldoorns L 1207 '_lﬂt_?_:_ﬁ'__ 279
o Klipriviersberg 1486 1596 110
~ |Basement | 1506 1662 66
ST N————— E.OH 1662

BH1 Hendrik Theron( ) - _Karoo_ ___‘___O"_ 102 E 102
X +3044360 Allanridge | 102 556 454
Y +68 650 ‘Bothaville 556 676 120
Z +1301 Makwassie | 676 1660 984
L— Garfield 840 1000 160
) Goedgenoeg 1660 2086 396
b ‘Basement 2056 2148 ___932_

_EOH. o148
KA1 Karokom 480 Karoo I
X[+3 008 320 iAIianndge 3 - 222 _______73/ ) 515
Yi+20110 'Bothaville 737] 764 27
~ Z1+1 323 ~ Rietgat 764 1310 546
| ;M_akwassae 1310, 2340 1030
|Garfield 1 1420]  1724] 304
- Goedgenoeg ‘ 2340 o 2«‘-1_9_9____ 159
- Kameeldoorns _:' ' 2499_______ 2664 165
= _ Klipriviersberg 2664, 3912 1248
) |E.O.H. | 3912
LRQ1  Ladies Request46 Karoo 0,100 100
X +3056600 'Allanridge 100|444 344
Y +69 160 T Bothaville 444 602 158

Z+1277 _Rietgat 602 796 194

i B ‘Makwassie 796 1023 227
Kameeldoorns 1023 1066; 43
] Basement 1066  1112] 46
- E.OH. T 1112 I
MNT1  Nooitgedach378 ~ Makwassie | 794 832 38
X +3 072 000 (No further data avaliable)

Y +44 000 . : ' T )
| z+1300 il I T -
RH1  Red Hill 484 . 'Karoo g of 113 113

Xi+3 016 020 - Transvaal i 113] 972 859

Y +18360 Allanridge | 972 1304 332

Z +1 347 Bothaville | _1___@45 1312 8

' ) Makwassie | 1312__' 1550 238

Garfield 1312 1400 88

B ‘Goedgenoeg 1550 1928 378

- - ‘Kameeldoorns 1928 ) 19{3@_! 52
. Klipriviersberg 1980 2725 745

T  EOH 2_?2_5: _____

228



[Borehole Farm Stratigraphy | From| To Thickness
BH1  Salisbury 79 Karoo ] 0 116, 116
X +3009 480  [Transvaal 116] 1184 1068
Y +21 210 i __|Allanridge 1184 166_3 —— 479
Z +1 344 ) Makwassie 1663] 1900, 237
] - __ Garfield | 1663 1740 77
- " Goedgenceg | 1900 2109 208
- - K!:prwuersberg 2109E 2457 | 348
|EOH 2109, i

SCT1_ Scott 559 'Karoo 0] 2% 2%
. X +3 026 130 Allanridge 296 881 585
Y +30 050 ~ Bothaville 881 933 52
Z+1318 Rietgat 933 1310, 377
B Makwassie 1310/ 1530 220
~ Garfield 1470 1500, 30
e |Goedgenoeg [l _1_5.’_.%0 1749 - 218
) Klipriviersberg | 1749 2747 998
Witwatersrand | 2747 3962 1215

- E.OH. 3962 - )
BH1 ___ Vergenoeg 325 Karoo | 0 219, 219
X +3 014 130 Transvaal 219 271 52
Y +27 000 Allanridge 271 743 472
Z'+1 341 Bothaville 743 791 48
) Rietgat 791 1320 529
I  Makwassie 1320 1760, 440
Garfield 1450 1593 143
— | Goedgenoeg 1760 2002 242
. B Kameetdooms 2002 2183 181
. “Klipriviersberg | 2183 3554 1371

: IEOH. 3554,
¥ Vzerspruit15 Allanridge 0o 410 410
| X +2991828 ‘Bothaville 410 497 87
o Y +49 983 Rietgat 497 722 225
Z+1326 ) Makwassie 722 1228 506
.Goedgenoeg 1228 ??71 543
Kameeidooms 1?/j 21 339
- “Kiipriviersberg | 2110 2869 759
i ~ Witwatersrand | 2869, 3137 268
|E.OH. 3137

BORE_HOLE DATA FROM WINTER'S Ph. D THESIS (Winter, 1965)

998 ¢

1648

(NOTE: The XY= coordinates of the borehole co!lars were calculated form Wﬂer s map)

90
82z
81

EH1____ Edgar's Hope (?). Karoo . _5_8_
X +3 004 750 Allanridge | 58] 479
] Y +38 500 Rietgat ' 479 672
z +1 329 e Makwassie | 672._ -
] L - |Kameeidoorns ) ___998 1015
N T - K!apnwersberg Rl .
. EOH 1848
EL1 Escol ol 519 _____l Karoo _ @l o
X+3__E§§_500 Allanrldge il 90 412
Y|#60200 ... .. . Bothaville L 412 493
Z +1 250 ‘Witwatersrand | 4937 1334

841
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Borenole Farm __|Stratigraphy |  From|  To Thickness
ST, U JEOH. | 1334]
| | ;
]:733 - Jacoba 878 B - L }(aroo - ! o O_ a _43 _43
X [+3005250 _ |Allanridge | 43 367 324
Y|+43000 Bothaville | 367 389 22
Z +1 31? - i ‘Makwassie 389 863 474
Goedgenoeg | 863 1050 187
|Klipriviersberg 1050 2165______ 1115
o o ~ Witwatersrand | 2165, 2273 108
——— E.O.H. —Pora "_______
| I
FV1 Fairview (?)  Karco 0 141 141
~ X[+3050200 ~ Allanridge 141 836 695
i Y +47 680 Bothaville 836§ 1179, 343
Z +1 298 Rietgat 1479 1690 511
~ iMakwassie 1690! 1914 224
L | EOH. L1 (Y
| i *Makwassie ~1690] 2120 430
GD1 ‘Grootdeel 29 Karoo 0 13 13
X +3001750 ~[Allanridge 13 328 315
Y +45 000 | Makwassie | 328 72_0__ 392
| ZP1a1 Goedgenceg | 720 930 210
- ‘Kameeldoorns . 830 964, 34
) Klipriviersberg 964 1982 1018
[E.O.H. 1982
GF1 Garfield 579 Karoo I -
X +3 000 000 (Allanridge 23 _180; 167
Y +38750 ~ Rietgat 190 389 199
Z+1208 Makwassie | 389 874 485
- Garfield | 389 541, 152
_ 'Kameeldoorns | 874 964 30
- ) ~ Klipriviersberg . 964 1129 165
~ Witwatersrand =~ 1129 1982 853
B 1982 =
GLV1  Gelykviakte 142 Karoo Q’[:_’:_’_'_:' 140 140
X +3005000 Allanridge 140 732 592
| Y +35 500 Bothaville 732 747 15
z +1329 Rietgat 747 986 239
i - ‘Makwassie 986! 13689 383
o Garfield 986 1085 79
[ - 'Kllprrwersberg 1369 1960 591
__,E.O.H. _ 1960] )
GR2 Groenfontein 513 "Karoa | 0 44 44
(R 42992250 Transvaal | 44 504 460
Y +25000 | Allanridge (?) 504 1265 761
] Z +1326 B iMBkW&SS]G i 1285 63 498
__(Garfield 1265 1763] 498
] |E.O.H. | 1763] ... o]
i - “Garfield | 1265 1800 535
N *Makwassie | 1800| 2500 700
JY4 Jersey 145 KafOO o 5 &
X +2 992 500 Transvaal 57| 190 185

230



Borehole Farm |Stratigraphy |  From| ~ To Thickness
Y +28 500 Allanridge (?) | 190 836 646
Z+1305 Makwassie | 836 1712 876

Garfield 83| 14731 637
- - I*Mak_\iv_qs_s__i_e 1473; 2220} 747
i |

KF1 __ Klipfontein 459 _Karco o .81 3

X +3018480 __|Allanridge 3| 374 343
Y +38 800 ‘Bothaville 374 486, 112
Z +1280 Rietgat 486 614 128

- Makwassie 614, 1240, 626

Garfield _ 840 950 110

; (Goedgenoeg | 1240 1594 394

S, N — . E.OH. o 1| N I,
i*Goedgenoeg | 1240, 2300 1060

KPD1  Kiipplaatdrift 87 [Karoo 0 54 54
X' +3 028 000 Allanridge 54 380 326

Y +56250 Bothaville 380, 441 8
Z +1 265 Makwassie 441 1096 655
] Garfield a4 632 191

) ) Goedgenoeg | 1096, 2231 1135
[E.O.H. | 108 T
i *Goedgenceg | 1096 2800 1704

LRP1 LleRouxPan220  [Karoo 0] 125 125

X +3 062250 ~Allanridge | 125 201, 76

Y +33250 ' Bothaville 201 414 213

Tz 292 ~ Rietgat T 414] 682 268

G_E:_edéenoeg ' 682 896 ' 214

|Kameeldoorns 896 1457 561

- Klipriviersberg 1457 1892 435
EOH. 1892

LRP2  Le Roux Pan 220 Karoo __q), 161 161
X +3 067 250 Bothaville 161, 311 150
Y +35 000 Rietgat 31 548 237

~Z+1302 Makwassie | 548 629 81

B Kameeldoorns . 629 1183 554

il W T _ [Klipriviersberg 1183, 1699 516
EOH | 1899 .

BH1  Middelburg 246 Karoo L o] er 87

_____ X +3068750 Allanridge 67, 221 154
Yi +45 000 Bothaville 221 571 e 350
Z +1295 Rietgat 571 1030 459

] ‘Makwassie 1030 1547 517

Kameeldoorns . 1547 1806 259
thrwlersberg __________*1'8061 2046 240
EOH 2046

MN1 Modderfontein 343 Karoo o 104 104
X +3074750 “Allanridge | 104, 709] 605
Y +48 250 _ Rietgat 709 1003 294

 Zw29 ~ Makwassie 1008 1217 214

|Basement 1277, 1208 21
|E.O.H. 1298,
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Borehole Farm _ o iStratigraphy | From  To Thickness
MOT _ Moddefoniein Oos883  Kaoo 0 45 45
X +3037000 Allanridge | 45 355; 310
Y] +66 250 ~ |Makwassie 355, 1524 1169
Ze1250 "~ Garfield 780 880 100
g N _EOH. B SN { A
o S "Makwassie | 355 1620 1265
) e  *Goedgenoeg | 1620 2200 580
Moira  Moira 119 ) Karco 0| 192, 192
X +3001250 Allanridge 1921 771 579
Y +30500 Rietgat | 771 833 182
 Z+1344 ‘Makwassie | 933 1280 347
[ - ~ Garfield 933 1188 255
- EOH._ 80
—— e Makwassie 933 1780 847
NKR1  Niekerks Rust 298 ~ |Karco 0. 167 167
""""" X +3024600 ~ |Transvaal | 167, 640 473
Y +12.950 . ‘Makwassie 640 990 350
z +1356 _ Garfield 7000 850 150
. Goedgenoeg _ 8__5_@___ 1308 458
] Klipriviersberg 1308 1828 520
i TEOH. ~e2s
OTF1  OneTree Farm84 Karoo I 0 87 87
_ X+3061800  Allanridge 81, 316 289
i Yj:@g__@SD .Bothaw!le [ — ___3?6 893 217
z+1280 Rietgat | 593 634 41
] Makwassie | 634 803 169
] - Kamee]dooms _ 803, 1018 215
Basement 1018] 1059 41
S JEOH. 1059, "
PI\M Paim;efrfc__)ntem 250 B ‘"Kér'cjo ) 0 74: 74
X +3 036 250 Allanridge 74 481 407
Y 55000 Bothavile 481 511 30
Z +1295 ‘Makwassie 511, 1320 809
‘Garfield 1 e80 880, 200
) ~ Goedgenoeg 1320 2001 681
) ) E.O.H. 2001 T
*Goedgenoeg 13200 2720, 1400,
RG1 Rietgat 251 .Karoo 0 136 136
| X[+3053450 | Allanridge 136, 844 708
i Y +44140 ‘Bothaville , 844 1232, 388
7| _ Rietgat | 1238 1738 566
R  Makwassie | 1798, 2159 361
_ |Goedgenoeg 2159 2691 532
; Kameeldoorns | 2691 2852 161
Y __[EOH. | 2882 |
|
SB1  |Kiein Brittanje 76 ~ Karoo o 98, 98
X +3 060 400 ~ Allanridge o8/ 552 454
Y +44 170 ‘Bothaville 552! 978 426
741285 Rietgat 978 1641 663
‘Makwassie 1641 1880 239
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Eiqf_ehoie Farm . Stratigr_ap}_’:y _____From. To Th|ckness
__m_;::;__ ~ Goedgenoceg 1880 1997 117
) EOH, 1___19e7] | |
N _ijoedgeﬂoegm_m__ 1880 2450 570
SB2  GoudKwarts64 ~  Allanridge | 0 351 351
_ X +3065230 _ Bothaville 351 674 323
_ Y +51 430 Makwassie 1 74 1295 621
. Z+1304 ______”.EOH : 1295
S  "Makwassie 674 1400 726
|
sw2 Sam_ara 856 Karoo o 3] 31
X +2 996 500 ) _|Allanridge | 31 587 556
Y +34 000 ~ |Bothavile | 587 610, 23
z) +1___§1Z_., EOH. S =11 B
TEA1 Tenenﬁess'“;;_m:;m______Ka%d"'“”“"T_""_"oi 104 104
X +21994 500 Allanridge 104 656 552
Y +28750 ] _Bothavile 65 688 32
Z+1326 Makwassie 688 1486 798
i ) . |Garfield 683 1036 348
Kameeldoorns __________1___4&6 1083l .. 197
I ~ Klipriviersberg 1593 1981 388
I e EOH _,_Lmﬂ@m_
TF1 TheFknssss _N|Kmno | 0 162 162
X +3055250 |Allanridge | 162 536 374
Y +30 250 o _Bothaville | 536 737 201
Z +1308 ~ Rietgat [ = 927 190
| _Goedgenoeg | 927 1206 279
-  [EoH 1208
L "Goedgenoeg | 927, 1230 303
lUC16  Palmietfontein250 ~ Karoo 0{ 38 28
X +3 032 250 Allanridge 38 471 433
Y +53 250 Bothaville i 471;" 674 203
Z +1265  Makwassie | 674 1330 656
| ‘Garfield . 674 827 153
____________ - Goedgenoeg | 1330 1_530 f 200
e O, 1530
i ‘Goedgenoeg 1330 2800 1570
UC18 ___jSusannaskraal 467 _Ka_roo g -____M_F - _172 - 1?4
X +3038500 Allanridge 174, 760 586
'Y +35 500 ‘Bothaville 780 875 115
Z +1 256 Rietgat 875 906 31
i Makwassie 906, 1529 623
‘Garfield %08l 1 1_50! 244
SV S " [EOH. | 1529 ; _
T Makwassie | 906 2060 1154
UC73  Kiipfontein 598 -~ Karoo ~ [ ol 2s3 253
L X +3 038 500 [ Transvaal - 253 256 3
Y +35 500 ~ Aanridge | 256 1018 762
_ Zi+1256 Bothaville m"_ff:fjb1é"if"¥§587' 240
- ] I}Egggt | 1258 1855| 597
B Makwassse L © 1855 2_134:' 279

EOH T 2134
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[Borehole Farm |Stratigraphy | From|  To|Thickness
“Makwassie 1855  2220] 365

_"Goedgenoeg | 2220 2800, 580

UH1 Ultenhaag 65 "'"T'Karoo i
X +3 065 250 ~ Bothaville l 119, 277, 158
Y 41 750  [Rietgat | 277, 578 301
_ Z +1 208 .Goedgenogg_______ : 578 9_?@____ A
~ Kameeldoorns 999. 1554, 555
- K]|prmersberg _ 1554 2923 1369
I - e [E.O.H. 2023
| |
ZN1  Zandfontein 271 "—@6&{ N . 48
X +3036 500 ~ |Alarridge 49 416 367
Y +57 750 - ‘Bothavile | 416 533 117
_ z.+1 295 Makwassie 533 10866 533
__ e — ~ Garfield 720, 820 100
) _ 1EOH. . 10ee L

g *Makwassie 533 1600, 1067
NOTE_ Wmter (1965) has 1nqh_c_ajc§-_d migﬁge occurence of West Rand Group form 897 m

to the end of the hole at 1 066 m. |
IWS1  Wolvehuis 114 ~ Allanridge | 0 365 35
X+2997000 Makwassie | 365 424 59
Y +43500 Kiipriviersberg 424 1393 969
Z+1289  Witwatersrand | 1393 2417 1024

- [EOH. oMy

The foilowmg boreholes did not intersect the Geedgenoeg or Makwass:e Formatlons but did

intersect oerlying or undelylng formations and is therefore de!meatmg the dz_stribut:_on l|m|ts B
of these f.@r_m@!@nﬁ__ s

B hbopedl Karco 0 30 30
- Kilipriviersberg 30 177 147
Witwatersrand iZ?_____E? 442

EOH | 619

BH1  Tredenham 133 Allanridge o] el o
‘Bothaville | 92 288 177
Klipriviersberg 269 995, 726
'Witwatersrand 995 1779 784
L [EOH. [ N
BH2 Tredenhem 133 Karoo 0 150, 150
Klipriviersberg | 150 1981 1831
. ) Witwatersrand | 1981, 2295 314
_|[EOH. | 2295
BP1 ;B'oveniandspiaats 114 ' fKaroo — 0; ) 1'80_““ 180
m Allanridge 180 559, 379
_Bothavile | 559 727, 168
Rietgat | 727 1201 564
| _ Kameeldoorns | 1291 1380 89
[ i ‘Basement 1380, 1442 62
EOH. 1442

CC1  Concord 392 Karoo 0 282 282
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Borehole Farm

Diamant

E;Eéﬁiéﬁ{é?ff'"”m'"-""--m

| Stratigraphy
Kl|prwtersber_g

Wltwatersrand
E O.H. |

Karoo
Kilprw:ersberg

Fem
282, 36
365

To| Thickness
i 365 — B —
693 328

155
1661

158
1506

2476 815

\Witwatersrand |

146 146

372] 226

456 84

1187, 731

o ~ EOH 2476
DP1 Damplaats 220 ~ Karoo il o
Allanridge B 1 146
I ‘Bothaville 372|
__ Kiipriviersberg 456 |
EOH 187,
DPL1  Damplaats361  Karoo [

186, 186

___ 'Kameeldoorns

186

484 298

K!lpnv;ersberg |

484

1300 816

Witwatersrand

1300

_ Eerste Geluk61

EOH.

2233

2233, 933

‘Karoo

0

105 105

|Bothaville

105

0 117

' .Kameeldooms '_

| Kllprfwersberg__:

" 222|

3%

397
461 :

175
64
180

168
58

700

Fault _
Klipriviersberg

CB1

wﬁgﬂ_

_______ | Witwatersrand _ 46’1 ' 64_‘_i________
i - EE,O.H. i 641
|
EO1  Edom277  Transvaal | 0 168
. R i “ _ Rietgat ==t 26
Klipriviersberg . 226, 926
B \Witwatersrand 926 954)

ff954
- 854]
Witwatersrand | ¢

964/
954,

10
666

"_964
1630,

Karoo ]

~ Gibea 825

GGl Graspan40_

Wstwatersrand |

0,
57|

57
361

=
418

EOH

418,

‘thrmet‘sberg' o

0l

180

180
1451

180
1631

‘Witwatersrand

1631,

2499 868

JY1 ) Jersey145

Kameeidoorns _
|E. O.H.

_E_Karoo
| Kiiprwlersberg

~__[EOH. 2489f 1
GV GrasViei46 Karoo 0] 152
N ___Allanridge 152 _270
s e s B Bothaville ) 270 437
__ |Rietgat 437 466

T 466|

1_739_‘.

o
43

152
70 118
1739, 1273

i
460

@
503

_ Witwatersrand |
EO:H.

503

it

257

760
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|Borehole Farm Stratigraphy | ~_From  To Thickness
i - ! _
KZ1 ' Kromdraai Zuid 187 Karoo I 118
PN S Allanridge _ 118 374 256
""" ~ |Bothaville 374 479 105
o _ _ Rietgat 479|801 322
(S . _Kameeldooms 801 1376 575
_____ Kllpr;wersberg | 1376] 1987] 611
______ E.O.H. | 1987, .
Lekkerl  Lekkerleven 308 IKaroo 0 196 196
All anridge 1__9_6__ 467 271
e ‘Bothaviile 467 | 472, 5
Klipriviersberg 472) 1207 735
Witwatersrand 1207 1799 592
e T E.OH. 1799 N
RB1__ Roodebloem 344 ‘Karoo 0] 134 134
- _ Allanridge 134] 193 59
) Bothaville 193 267 74
Ki!prlwersberg 2_67 T 1501 1234
. - " Witwatersrand | 1501, 1981 480
o E.OH. 1981l
SK1 'Stukpan 435 ~ Karoo 0 199 199
i ‘Witwatersrand | 199 1601, 1402
_ BB, 1601 |
Swi Samara 856 ~ Karoo : el 29 29
S e T |K“Df viersberg | 29) 320 291
'WﬂwaterSfaUﬁ_.__ 320, 1003 683
B IEOH. _ 1003' = -
TE1  Teneriffe33 __Karoo ET"'WOZ. 102
] \Witwatersrand =~ 102 ) ?3?3_;_ ) 12_?1
. _JEQH. 1373, o
UC11 ‘Johannes Rust 529 Klipriviersberg | 0,797, 797
Witwater_srand . . 990 193
IE O.H. 990 -
UC13  Jonkers Kraal 475 'Knpriviersbéfg"“ 0 7iF i
Witwatersrand | 717 855 138
- E.OH. _1855 il
UC15  Boschoek 466. - | Klipriviersberg | 0 573 573
) ’W}twatersrand 575’} 1830 T 1257
~ EOH. 1830| 1
UC22  Taljaards Dam 86 Karoo | 6';;- 231 231
Kllpriwersberg i 231 461 . 230
~ Witwatersrand? 461 10?7 616
[EOH. 1077 '_' )
B i e s el e ot o e NP rR— 1 | 4
UC55  Taljaards Dam 86 _ |Karoo ; 0 187 187
) - Allanridge | 187 207, 20
- Bothaville 207 202, 85
Rietgat? 292! 418 126
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Borehole [Farm

| Stratigraphy

Kameetdoorns 7

From

418] 221;

[Kiipriviersberg

‘Witwatersrand |

ucg

~Jonkers Kraal 475

EOH.

2217

T

863

| Klipriviersberg '

Witwatersrand |

IEO.H.

Vergenoeg Vergenoeg 89

839

743

k|
0

743 839

iKaroo

0 174

= |Transvaa|

Klipriviersberg |

'Witwatersrand |

1355

174

~ To Thickness

1799

551
312

743
%6

174

747

921 1355

434

2465

WE8  Katbosch 583

EOH.

2465

‘Karoo

| Kameeldooms

|Klipriviersberg

O

g 160
160

187
ADeT

W}twatersraﬂd

1027

|EOH

~ Weestevreden 269

Karoo

_1772]

_'1.772.

W:twatersrand

123 907

EOH

07

NOTE: The stratigraphy :s'm"te"rpreted

BOREHOLE DATA FROM VON BACKSTROM (1962)
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Borehole Farm  [Stratigraphy | From To Thickness
________________ 7 +1525 ~_|EOH W
L *Garfield 485 131
VF13 _ Viakfontein 315 _ Makwassie | 35, 35
U +2 976 250 Ba_sement 4 47 12
Y +84 000 |[EOH. T
Il Z[+1 525 B L i
BOREHOLE DATA FROM WHITESIDE (1970) L 1
HB1 Hart van Boomtum (7 )_ ._ __Karoo | o 1_9 10
~  X(+3003000 ) Allanridge | 10 380 370
Y +49000 Bothaville % 380 580 200
z +1 300 ;Makwass:e _ 580 1190 610
Garfield | 1050] 1115, 85
‘Goedgenoeg 1190, 2200 1010
| ____Kameeldoorns | 2200 3085 865
\Witwatersrand | 3065 '

Note that the Kameeldoorns Fm. is mterbedded with Goedgenoeg lavas and tuff and thus tS
actuai!y part of the Goedgenoeg Fm. - this is the "Vaal Bend" unit of Whiteside (1970)
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APPENDIX C

WHOLE-ROCK GEOCHEMICAL DATA

SAMPLING METHODS

Samples were taken from the massive middle zones of recognized flow-units. In
general, all visibly altered areas and zones were avoided, although samples were
taken close to the facies contact zones to enable determination of geochemical
change in these areas. More or less 20 cm of core (diameter 45 mm) were
sampled and the core was split by diamond saw in order to leave a half-core
sample in the core tray. In the light of extensive alteration of the Ventersdorp
Supergroup, a hand specimen was kept of each geochemical sample in order to
have a reference sample in case chemical analysis showed up an anomalous
chemical composition. For the same reason, a thin section was prepared of each
sample so that the influence of secondary alteration can be verified. Some flow
units, e.g. borehole WS3, were sampled thoroughly, i.e. samples were taken from
the welded basal zone, welded middle zone and amygdaloidal top zone, in order
to determine the geochemical variations in a single flow unit. A total of 483

samples were taken from 21 boreholes and all were analyzed for major and trace
elements.

SAMPLE PREPARATION

Due to the phenocryst-rich nature of the porphyries it was not possible to
separate the phenocrysts from the groundmass for separate analyses, especially
since numerous fragments of broken phenocrysts are hosted in the groundmass.
In the case of non-porphyritic rocks, amygdaloidal-rich flow tops were avoided

during sampling, but amygda{es that were still present in samples were not
removed for the same reason as above.

Samples were ground to -300 mesh in 2 rock crushers and a centrifugal crusher.
Two of these crushers are constructed of cobalt-tungsten steel, while the third is

made of carbon steel. Cobalt contamination of the samples may therefore
influence the analyses.



ANALYTICAL TECHNIQUES

Whole rock geochemical analyses were processed on a PHILLIPS PW 1404 X-
ray spectrometer by Dr W.A. van der Westhuizen of the Geochemistry Division at
the Geology Department, University of the O.F.S. Major element analyses were
executed on fused glass discs, using the technique of Norrish and Hutton (1969).
Trace elements and Na were analyzed for on pressed power briquettes.
Corrections were made for different matrices and for the spectral overlap. Loss at
110°C was determined and is reported as H,O". Loss on ignition at 1000°C was
determined and is reported as L.O.I.

DATA PRESENTATION

The geochemical data is reported in this appendix without any corrections for
volatile content, except for the Vryburg data set. In general, the analyses are very
accurate due to low volatile content of the samples, as reflected in H,0O and
L.O.1. (Loss On Ignition). All applications of the geochemical data in the disserta-
tion, however, uses data recalculated to a 100% volatile-free basis.

The legend for each sample is:
BOREHOLE - The borehole from which the sample was taken.
FACIES - The formation and geochemical facies:

Gm - Goedgenoeg Fm., basic facies

Gi - Goedgenoeg Fm., intermediate facies

Gs - Goedgenoeg Fm., low-Zr facies

Gz - Goedgenoeg Fm., high-Zr facies

Md - Makwassie Fm., dacitic facies

Mr - Makwassie Fm., rhyolitic facies

GF - Makwassie Fm., Garfield Member

Mm - Makwassie Fm., interbedded mafic lava

Ga - Goedgenoeg Fm., anomalously altered

Ma - Makwassie Fm., anomalously altered

Mx - Makwassie Fm., inclusion-rich zone (mixed lava)
DEPTH - The depth in metres, measured from the borehole collar or below
surface, at which the sample was taken.
TOTAL - The major element total, including H,O and LOL.
NOTE: Iron was analyzed as total Fe and is listed as Fe,O..
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APPENDIX D

DOWNHOLE GEOCHEMICAL LOGS

Downhole geochemical logs were made for each sampled borehole in the
Bothaville area. The logs are to the same scale as the accompanying borehole
logs, which are described in Appendix A. The original plots were on a scale of
1:2 500 on A3-size paper, which was reduced to A4 size (or by 70.7%).
Therefore, the present scale is + 1:3 500. Data that were utilized in these plots
were normalized by recalculation to 100% volatile free and each borehole is
accompanied by a table of the relevant normalized geochemical data. Trace
elements were normalized by the same factor as for major elements.
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13

DHK1
GOEDG.

1620
326
&£3.089
1.32
13.28
ok
0.11
1.14
I.69
3.40
3.94
Q.47
100.00
&£55

234
HE
14

151

1681
23
120
20

DHK1
GOEDG .

1971

168
155

DHK1
GOEDG.

1794
318
65.21
1.38
13.43
7.63
Q.10
1.47
3.18
3.12
3.98
Q.49
100.00

DHK1
GOEDG.

1400
327
&65.59
1.28
13.17
7.29
0.10
1.24
3.54
3.12
4.18
0.47
100.00
556

DHK1
GOEDG.

DHK1
GOEDG.

bl ¢
319
64.70
1.34
13.30
T2
0.10
1.57
4,06
3.41
3.30
0.49
100.00

DHK1
GOEDG.

1385
328
b&.24
1.28
13.11
Tl L
Q.10
0.88
3.48
I.64
3.70
0.46
100.00
&39
a4
232
82

10
1463

1560
21
118
1B

DHK1
GOEDG.

DHK1
GOEDG.

DHK1
GOEDG.

1572
329
&5.37
1.33
13.06
7.46
12110
Lo19
3.80
3.12
4.035
0.48
100.00
652

YERT
23
132
19
13

DHK1
GOEDG.

1736

DHK1
GOEDG.

1538
330
66.07
1.34
13.16
73l
0.12
1.17
3.33
3.448
3.56
0.48
100.00
&60

DHK1
GOEDG .

1908
313
£5.88
1.39
13.37
7.83
0.10
0.97
3.62
3.86
2.48
.50
100.00
657
&b
386
o7

70

h 74
pEl ]
22
134
27,
10

DHK 1
GOEDG.

1705
322
&&6.37
1.36
13.5%5
&.84
0.11
122
3.95
4.18
2.32
0.49
100.00
LH67

323
49
bl

1463
24

1087
21
123

14

DHK1
GOEDG.

1525
331
&7.73
1035
1299
5.62
Q.10
1.09
2.30
3.47
3.89
0.4%9
100.C0
bb1
&4
190
84

132
-
132&
21
123
21
13

[
Lh
[
S

DHK1
GOEDG.

1864
314
&64.63
1.36
13537
7.87
0.14
.11
3.61
3.86
3.30
0.51

100.00

DHK1
GOEDG.

1684
323
54.79
1.30
13,18
a2
054,
1.34
4,29
333
3.48
C.45
100.00
6549

315
75

159
14
1359
22
119

131

DHK1
GOEDRG.

1510
332
53.3%
1.30
13.38
7.23
0,12
1.26
3.25
2.42
4.9&
Q.47
100.00
&548
[=1-]
1561
118

126

1909
22
124
17

DHK1
GOEDG.

1854

315
&54.24
1 254
13.34
814
0.14

DHK1
GOEDG.

1468
324
&4.94
1
13.27
7.24
0.10
1.28
4.45
3.464
Sarnl:
Q.47
100.00
&544

312
Fi

144
14
1509
21
116

12

DHK1
GOEDG.

1498
333
652D
1.34
L339
7.88
0.15
1.35%9
3.48
2.18
4,26
.49
100.00
655
[=1-]
177
107

145
17
iy B
22
133
19,
14



BOREHOLE
FORMAT ION

DEPTH
SAMPLE No
5i02
Tioz2
Al203
Fe203
MnO
Mg O
Cal
NaZ0
KZ0
P205
TOTAL
Zr

Y

Sr

Rb

Cu

in

Ni

Ba

Nb

v

Cr

Co

BOREHOLE
FORMATION

DEPTH
SAMPLE No
5102
Ti02
Al203
FezZD3
MnO
MgO
Ca0
NaZ0
K20
P2035
TOTAL
ir

Y

Sr

Rb

Cu

in

Ni

Ba

Nb

%

Cr

Co

BOREHOLE
FORMATION

JEPTH
SAMPLE No
5102
TioZ
Al203
Fe203
MO
MgO
Cal
Naz0
K20
P205
TOTAL
ir

¥

Sr

Rb

Cu

In

Ni

Ba

MNb

W

Cr

Co

DHK1
GOEDG.

1497

67 .01

DHK1
GOEDG.

1281
343
59.43
1.35
14.00
F.42
0.14
4.350
713

DHK1
MAKW.

1120
352
68.34
1.11
13.09
&.54
0.09
2.21
2.16
272
3.34
0.39
100.00
494

30

165

80

108

1415
15
134
101
17

DHK1
GOEDG.

DHK1
GOEDG.

1270

DHK1
MAKW .

1107
353
&7 .73
1.13
12.&4
&.52
Q.12
2.04
3.69
2.68
3.02
0.43
100.00
496

178
=]¢]

&
38
1537
19
129

16

DHK1
GOEDG.

1403
336
&3.82
1.24
13.52
7 .62
0.12
2.59
4.80

DHEL
GOEDG.

1262
3495
9&6.14
1.54
15.10
10.44
0.13
5.07
732
2.06

DHK1
MAKW .

1107

65.69
1.L3
13.56
&.82
0.08
1.96
3.34
2.14
4.89
.42
100.00
218

207
155

g0
38
2017

131
88
15

DHK1
GOEDG.

1383
357
&2.772
1.32
14.05
8.69
0.13
T 03

DHIK1
GOEDG.

1241
44
5959
1.48
14.13
.22
0.13

DHK1
MAKW .

1100
3535
565.92
1.13
13.30
4,59
.08
2.24
3.43
2.54
4.35
0.42
100.00
=

249
121

32
143

1&94
22
127
78
2 b

DHK 1
GOEDG.

13468

DHK1
MAKW .

DHK1
GOEDG.

1351
339
65.04
1.25
i3.58
5.74
0.12
2.15
4,34
2.63

DHK1
GOEDG.

1194
348
&1.60
1.42
14.0&
?.35
0.1&6
4.02
3.30
R
2.TL
0.58
100.00
397

340
74
15

177

100

1276

206
254
29

DHK1
MAKW .

1021
357
6£5.48
1.18
13.42
LT
Q.07
2.06
3.49
2,69
4.10
0.42
100.00
5168

273
121

T vl
35
1527

1
1

136
ik
13

DHK1
GOEDG.

1335
340
60.18
1.42
14.17
2.45
0.135
Fimd
5.33
2.58
2 .51
Q.59
100,00
402

=
ol

487
70
L

1359

1032
1&
1986

DHK1
MAKW.

1064
3358
70.33
0.73
14.48
4.51
0.0C&
1.36&
1.52
2.44
4.12
0.23
100.00
4359
51
136

3.75
0.47
100.00
474

48

241

DHKL
GOEDG.

1154
350
&£1.44
128
14.00
10.40
C.1&
5.06
3.96
N
1.02
0.52
L0Q.00
a2

439
31

25T
108
1077
13
203
256
33

DHK1
MAKW .

10358
3359
72.51
.71
12.84
J.F9
0.05
0.8%9
1.50
2.20
o932
0. 21
100.00
415
47
103
147

47
1s
13540

&0
25

DHK1
GOEDG.

1277
342
&7 .61
1.16
L2490
5.49
C.06
1.63
3.43
Z2.88
4.38
0.46
100.00
4972
53
285
102

&b
34
1669
177
125

15

DHK1
MAKW .

1127
351
65.51
1,18
I3S7
T.70
Q.10
2.85
3.43
2,43
3.00
0.42
100.00
516
5&
256
B2

131

1534
20
145
I8
20

DHK1
MAKW .,

1051
360
70.81
0:73
12.88
4,15
0.07
.86
2.469
2.70
507
0.21
100.0Q
445

175
133

43
1&
1359
TS

28



BOREHOLE
FORMATION

DEPTH
SAMPLE No
5102
TiO2
Al203
Fez203
MO
MgO
Cal
NaZ0
K20
P205
TOTAL
ir

Y

Sr

Rb

Cu

Iin

Ni

Ba

MNb

v

Cr

Co

BOREHOLE
FORMATION

DEPTH
SAMPLE No
Si02
Ti02
/1203
Fel203
MO
MgD
CalO
MNa20
K20
F203
TOTAL
ir

Y

Sr

Rb

Cu

n

Mi

Ba

Nb

v

Et

Co

BOREHOLE
FORMATION

DEPTH
SAMPLE No
5102
Tiocz
A1203
Fe203
MnO
mMg0
Cal
Naz0
K20
P205
TOTAL
ir

Y

S
Rb
Cu

in

Ni
Ba
Nb

W

Cr
Co

DHKL
MAKW .,

1044

361
70.97
0.71
12.95
4 .39
0.05

DHEK1
MAKW .

874
370
67.84
0.81
15514
3.54
0.06
0.93
256
3.26
3.82
0.24
100.00
480

DHK1
MAKW,

869
372
74.26
0.60
13.&61
3.20
0.04
1.38

DHK1
MAKW .

1032

72.03
0.&7
12291
3.77
0.03
0.93
1.42
2.491
5.59
0.19
100.00
423

170
152

DHK1
GARF .

B&S
371
99.12
L.48
14.07
12.98
C.16
2.89
7.42
1.48
Q.79
0.40
100.00
298
43
158

333
182
207

238
412
5D

DHK1
MAKW ,

545
380
73.62
0.635
13.81
3.11
0.05
1.31

1449

49
17

DHK1
MAKW .

1016
3&3
Tl.22
0.&69
12.81
4.01
0.0&
0.91
1.83
3.29
4.98
0.19
100.00
410

181
130

DHK1
GARF .

861
372
S7 27
1.53
14.350
12.77
0.15
9.81
.27
L D&
0.82
0.&1
100.00
304
42
116
3&

327
176
215

260
479
35

DHK1
MAKW .

&21
381
74.28
0.60
13.48
3.40
0.03
1.71

1070

48
19

DHKL
MAKW .

997
3&4
70.54
0.69
13.05
4,27
0.0&
0.85
1.99

DHK1
MAKW .

843
373
&6 .34
0.90
153.21
5.23
0.08
1.21
2.10
2.70
4.70
0.32
100.00
429
40
144
137

104

1512
1
100
32
10

DHK1
MAKW.

973
369
71.80
0.70
12.62
4.11
0.046
0.81
1.84

100.00

DHK1
MAKW .

822
374
7Z2.18
0.62
12.77
3.05
0.03
.30
2.34
3.28
5.04
0.17
100.00
375

DHK1
MAKW .

P57
366
71.07
0.70
13.06
3.90
0.0&
0.73
2.36

100.00

DHK1
MAaKW,

730
3735
71.13
0.75
13.03
4,25
0.0&
0.76
1.93
3.35
4.51
0.23
100.00
4035

116
132

70

1355
1B
73
32

DHK1
MAKW .

F41
I&7
72.03
0.&6%
13.20
2571
0.07
.64
2.20
2.49
5.56
0,20
100.00
374
43
144
178

54
o]
1591

54
23

DHK1
MAKW.

762
374
FL.75
Q.67
12.98
3.40
0.08
Q.57
2.20
2.79
5.38
0.18
100.00
3864

115
12%

b

171&
146
57
26

DHK1
MAKW .

27
348
73.13
.70
12.74
2.468
Q.05
Q.55

DHK1
MAKW .

TDD
377
72.54
.54
12.79
3.26
0.07
0.958
1 79
3+17
4,87
0.18
100.00
&87

186
211

117
27
2765
31

42
11

DHK 1
MAKW .

899
369
71.01
0.72
15513
4,15
0.07
0.B7
2.16
2.84
4.84
0.20
100.00
413

119

DHK1
MAKW -

724
378
74.15
0.57
11.67
3.90
0.08
0.98
13772
213
4.64
0.16
100.00
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BOREHOLE
FORMATION

DEPTH
SAMPLE Mo
Si02
TioZ2
Al1203
FeZO3
MnO
Mg
Ca0
NaZ0
K20
P205
TOTAL
Ir

Y

Sr

Rb

Cu

in

Ni

Ba

Nb

%

Cr

Co

BOREHOLE
FORMATION

DEPTH
SAMPLE No
5102
TinZ
Al1203
Fez03
MnO
MgO
Ca0
Naz20
K20
P205
TOTAL
Al

Y-

Sr

Rb

Cu

in

Ni

Ba

Nb

W

Cr

Co

FS4
GOEDG.

2685
382
67 .38
1.26
13.15
&.31
0.08
1.91
4,22
.31
1.99
0.4%9
100.00
528
36
452

Fs4
GOEDG.

2434
391
57.07
1439
13.93
10.52
¢.14
912
L£.91

FS4
GOEDG.

2671

383
&4 .30
1.30
13.74
7.76
0.11
218

Fsa
GOEDG.-

2635
3?2
57.20
1.38
13.864
10.45

Fsa
GOEDG.

2667
384
&4.38
1.29
13.94
7.48

Fsa
GOEDS.

2634
393
56.09
1.40
14.00
10.81
0.16
5.38
7.40
2.38
1.94
0.63
100.00
300

341
&2
3&

117

124

885

204
336
37

FSa
GOEDG .

Fsa
GOEDG.

2655
386
b4.66
128
13.42
731
0.11

Fsa

KLIPR.

26 &
3935
54.88
1.00
14.83
12.02
Q.18
4,74
B8.51
2.75
0.92
0.13
100.00
111
18
330
28
1448
1135
148
390

7

220
57

58

FSa
GOEDG .

2649
387
64 .04
1.30
13.70
Fa7S
0.11
2.54
4.43
323
2.42
0.51
100.00

FS4
KLIPR.

2596
3986
54.85
1.00
14.80
12.44%
0ulE
4,87
8.70
2.7%
0.47
0.13
100.00
111

303

12
120
103
143
241

218
56
54

FS4
GOEDG.

FS4
KLiPR.

2594
397
54.81
0.99
14.76
12.26
LS
4.54
9.29
27k
0.36
0.13
100.00
109
18
334

127

258

FS4
GOEDG.

2641
389
59.50
1.30
13.83
F.43
0.13
4,30
972
2uil2
2.10
0.5&
100.00
359
&7
382
&é&

26
141
103
1022
15
190
369
32

FS4
GOEDG.

2639
370
58.56
1.29
13.895
7.60
o.14
4.,5%
5.79
227
2.34
0.57
100.00
342
20
390
73

123
105
1144
18
1897
333
4
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BOREHOLE JWSE JWSE JWSE JWS& JWSE JWSa JHWSE JWSs JWSa JWSs
FORMATION MAKW . MAKW . MAKW . MAKK . MAKK . MAKW . MAKW. MAKW. MAKW . MAKW .
DEFPTH S01 4864 477 439 424 411 392 344 o 290
SAMPLE No 199 200 '29.1. 202 203 204 205 206 207 20B
5102 6%7.18 &8.01 69.40 &69.30 &8.05 &8.74 52051 L6,.22 a£5.95 65.26
Ti02 Q.98 1.09 1.04 1.08 1307 1 07 1.0& § R 141495 1.25
Al203 172.35 13545 12.28 12.49 13.85 12.84 12.54 14.42 14.046 14.461
FeZ03 5.78 5.84 e T a.148 5.61 a7 2.78 &.21 &.91 B8.00
MO .08 0.06& QL 09 0.10 0.08 0.0% C.11 0.08 o. Lt Q.09
Mgl 1sd 1.07 1.82 1.06 1+ 23 1.70 1.44 1 o et i 4 2.88
Cal 5,40 1.63 5.77 3.66 5.26 5.36 DDl 2.684 201 1.98
Naz20 2.3H 1.44 2518 2RSS 3.46 S39 2.62 &7 7 5.05 S0
K20 L35 7.23 125 .76 Qugs 0.39 [ ] Q.14 .52 Q.37
P2035 0.40 0.44 0.44 Q.44 0.44 Q.44 .44 0.44 Q.47 0.50
TOTAL 100.00 100,00 100.0Q0 100,00 100.00 100.00 100.00 100,00 100.00 100,00
ir 431 499 494 4354 4469 447 4350 484 480 580
Y 58 58 97 &1 &3 61 f=1e] 52 59 LT
Sr 2442 2863 1456 1921 1294 2010 1800 170 324 383
Rb 39 140 44 28 37 14 40 0 1 &
Cu 3 < 12 4 %] 3 4 s 2 2
in 87 I8 78 100 79 B7 83 100 125 £S5
Ni 15 1S 15 16 17 14 15 16 18 23
Ba 730 39461 397 261 252 120 245 73 344 343
Nb 21 24 20 21 2 i 21 20 21 248
v as 86 75 94 112 105 102 87 96 118
Cr 25 26 22 23 25 25 23 25 26 I3

Co 15 i 12 14 12 10 10 kS 17 22
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BOREHOLE
FORMATION

DEPTH
SAMPLE MNo
Si0%
TiOZ
Al1203
FezZ03
MrO
Mg0
Cal0
Naz20
K20
P205
TOTAL
Zr

BOREHOLE
FORMAT ION

DEPTH
SAMPLE No
5102
Ti0Z
Al1203
Fe203
MnO
MgO
Cal
Na20
K20
P205
TATAL
Zr

BOREHOLE
FORMATION

DEPTH
SAMPLE No
5102
Tin2
AL203
Fe203
MnO
MgO
Ca0
NaZ0
K20
P205
TOTAL
ir

.

Sr

Rb

Cu

in

Ni

Ba
Nb

%

Cr

Co

LLEL
GOEDG.

34657
114
57.45
1.05
14.23
10.53
0.12
5.95

LLEL
GOEDG.

3412
123
&3.58
1.31
13.88
8.09
Q.11
1.68
3.24
5.13

LLEL
GOEDG.

3022
132
£3.60
1.21
13.31
7.18
0.08
l.14
.64
4.03
3.29
0.52
100.00

LLEL
GOEDG.

3452

115
537 .69
1.09
14.32
10.46
0.13
5.08

LLEl
GOEDG.

3358
124
86.95
1.18
12.83
7.05
0.0d
1.33
3.19
0.23
1.453
0.48
100.00
374

LLE1l
GOEDG.

2984
133
85.36
129
13.32

LLEL
GOEDG.

3540
116
&7 .74
1.16
12.8%9
&.3%9
C.08
0.78
3.58
3.04
3.84
0.30
100.00
406
&0
488
143

106

1443
Bl
105
19
13

EE
GOEDG.

3323
125
65.14
1.23
13.21
7.31
0.01
120
3.83
3.86
3.69
0.51
100.00
409
59
351
119

111

1515
12
117
21
15

LEEL
GOEDG.

2928
134
9%9.20
1.51
16.38
?.02
0.15
2.37
4.24
4.548
1.95
Q.62
100.00
523
71
468

LLEL
GOEDG.

3637
I 1eF
aé6.49
Lo1lS
13.13
&.75
0.07
Q.95
SakT
4.51
3.24
2.30
100.00
421
&1
351

110

1219
18
109
18
i3

LLEL
GOEDG.

3265
126
&4 .80
L2
13.58
7.44
L0 2555 15
1.27
3,97
3.90
3.18
Q.83
100.00

LLEY
GOEDG.

LLEL
GOEDG.

3428
118
&4 .60
1.19
13.09
65.73
L0, 85 o d
L2
3.33
3.69
3.48
0.48
100.00
419
&1
3469

114

1493
18
113
L
15

LLEYL
GOEDG.

3240

LLEY
GOEDG.

2872
136
65.20
1.3%
13.33
7.51
0.10
L2
3.80
3.82
3.13
0.56
100.00

LLEL
GOEDG.

1388
19
108
13

LB
GOEDG.

3174
128
&l.26
1.38
14.88
8.486&6
0.13
1.79
3.90
5.05
14355
©.58
100.00
445
S8
370
109

LLE1
GOEDG .

3544

LLE1
GOEDG.

3118
129
6£5.88
1.26
13.15
7.46
0.08
p A
.87
R i
3.55
0.32
100.00
502
54
374
&1

110
13
1379
18
119

14

LLE1
GOEDG.

2814
138
64.72
L BT
13.351
7.81
Q.11
.35
4.39
3.51
2.84
0.59
100.00
4863

279

LLEL
GOEDG.

3499
121
&6.03
1.25
1298
7.07
0.09
1okl

EEEL
GOEDG.

30&0
130
65.32
1.26
13.21

LLEL
GOEDG.

2771
139
64,635
1.38
1522
7.88
0.10
Q.95
3.03
4.40
2.82
0.59
100.00
473
&3
a4z
84

119

1387
20
138
15
LT

LLE1
GOEDG.

3436
122
67 .68
1.17
12 .72
5.88
0.11

2.35
4.8956
1.84
Q.45
100.00
392

LLEL
GOEDG.

ZT22
140
&4 .64
1.3%
13.09
Taag
0.11
1.26
4.34
3.45
3.15
0.58
100.00
470
63
428
s

123

1429
20
131
1é
16
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