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ABSTRACT

In the western Transvaal the Veekraal granite
(the Lebowa Granite Suite) and the basic rocks (the
Rustenburg Layered Suite) of the Bushveld Complex are
separated by a thickness of acid rocks here called
the transition 2zone. The transition zone consists
predominantly of two rock rypes:

the Beestkraal granophyre, and
the Zwartbank pseudogranophyre.

In addition to these rocks, microgranite, Vee-
kraal granite in the form of downward offshoots from
the overlying granite and xenoliths of sedimentary
rocks are also found in the transition zone.

The Zwartbank pseudogranophyre is a transformed
rock type, the parent rocks being the uppermost por-
tion of the Pretoria Group. Two textural varieties
of the Zwartbank rocks are recognized, the pseudo-
granophyre and the poikilogranite. These are regar-—
ded as transformation products of coarse- and fine--
grained parent rocks respectively. The transforma-
tion took place during, and as a consequence of, the
emplacement of the layered sequence.

On the other hand, available evidence indicates
that the Beestkraal granophyre is a magmatic rock
formed by COtectic crystallization from a melt. This
melt formed and intruded after the emplacement of the
layered sequence and the formation of the Zwartbank
pseudogranophyre. No certainty exists concerning
the derivation of the granophyre melt.

Intrusion of the Veekraal granite appears to be
the final event in the igneous history.of the western

Bushveld Complex.

TectoniSMeee s
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Tectonism occurred during and after the intru-
sion of the western Bushveld Complex and is taken to
be responsible for controlling the intrusive events.
Tectonism has also resulted in a structure consisting
of a series of folds having northwest-southeast strik-
ing fold axes. An anticline was formed in the cen-
tre of the Veekraal granite along the crest of which
rocks of the transition zone are exposed. Basic
rocks of the layered sequence here underlie the tran-
sition zone at a relatively shallow depth (about 500 m

or less).
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SAMEVATTENDE OORSIG

In Wes-Transvaal word die Veekraalgraniet (die
Granietreeks Lebowa) van die basiese gesteentes (die
Gelaagde Reeks Rustenburg) van die Bosveldkompleks
geskeil deur m laag suurgesteentes wat hier die oor-
ganggsone genoem word. Die gesteentes waaruit die
oorganggsone hoofsaaklik bestaan is:

die Beestkraalgranofier en
die Zwartbankpseudogranofier,

Buiten die bogenoemde gesteentes word daar ook
nog mikrograniet, afwaartse tonge van die oorliggen-
de Veekraalgraniet en xenoliete van sedimentére ge-
steentes in die oorganggsone gevind.

Die Zwartbankpseudogranofier is m veranderde ge-
steentetipe, wat oorspronklik deel van die heel boon-
ste gedeelte van die Pretoriagroep was, Daar word
twee telksturele varigteite van die Zwartbankgesteentes
herken, nl. die pseudogranofier en die poikilogra-
niet, wat beskou word as omsettingsprodukte van grof-
en fynkorrelrige gesteentes respektiewelik. Die om~
setting het plaasgevind gedurende en as gevolg van
die indringing van die basiese gesteentes.

Alle beskikbare gegewens dui dazrop dat die
Beestkraalgranofier m magmatiese gesteente is wat ko-
tekties uit m smeltsel gekristalliseer het. Die
ontstaan en indringing van die smeltsel het eers na
die ontstaan van die Zwartbankpseudogranofier en die
indringing van die gelaagde reeks plaasgevind. Dit
is nie moontlik om met sekerheid die oorsprong van
die smeltsel vas te stel nie.

Dit wil voorkom asof die indringing van die Vee-
kraslgraniet die finale episode in die stollingsge-
skiedenis van die westelike Bosveldkompleks was.

Tektonies€.eess
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Tektoniese aktiwiteit het sowel gedurende as na
die indringing van die westelike Bosveldkompleks
plaasgevind en het die periodes van indringing beheer.
As gevolg van die tektoniese aktiwiteit het daar ook
n struktuur ontwikkel van plooie met noordwes-suidoos
gerigte plooiasse. m Antiklien het in die middel
van die Veekraalgraniet gevorm en gesteentes van die
oorganggsone dagsoom gevolglik langs die kruin van
die antiklien. Basiese gesteentes van die gelaagde
reeks kan gevolglik op m redelike klein diepte verwag
word (ongeveer 500 m of minder).
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1 INTRODUCTION

This thesis deals with the acid rocks of the
western Bushveld Complex in the area north of Rust-
enburg and Brits and in particular with those acid
rocks which separate the layered sequence from the
Bushveld granite. These rocks form a zone here cal-
led the transition zone, the word transition being
used in a spatial sense to indicate the physical
separation of the layered sequence from the granite.

The field work in this area formed part of a
mapping program of the Geological Survey of South
Africa and the area covers parts of the Saulspoort
2527A and Beestekraal 2527B sheets. The mapping
was mainly concentrated on the acid rocks of the
Bushveld Complex since most of the remaining area
of the two sheets had previously been mappéd by var-
ious workers (¥.J. Coertze, 1964-65; W.J. Verwoerd,
1962; E.A. Retief, 1963). G.F. Andrew of the Sur-
vey also mapped a portion of the acid rocks in the
area at the same time as the author. The portions
mapped by various workers are shown in Fig. 1.

The rocks of the transition gzone consist pre-
dominantly of granophyre and granophyric rocks. A
great deal of attention was given to these rocks
during the field work and they were the focal point of
subsequent studies, as they provide some insight in-
to the history and genesis of the Bushveld Complex.

In addition to the field work a considerable
amount of detailed information coﬁcerning the tran-
sition zone has been obtained from a bore-hole dril-
led for the Geological Survey by the Department of
Water Affairs. This bore-hole, BKl, is the first in

aoooo.
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a series intended to provide a complete stratigraphic
record of the layered sequence in the western part
of the Bushveld Complex. About 400 m of transition
zone is intersected by the bore-hole.
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2 PHYSIOGRAPHY

The mapped area forms part of the central Trans-
vaal or Bushveld geomorphological province (King,
1963, p.231). The climate of the area is typical of
the Bushveld end is characterized by an annual rain-
fall ranging between 350 and 650 mm which falls most-
ly during the summer months. Temperatures range be-
tween 21 and 2700 in summer and between 10 and 1500
in winter. The vegetation is typically savanna,

The average elevation of the area is about 1100
m above sea-~level and five main physiographic regions,
related to areas underlain by specific rock types,
can be recognized. These are (1) the granite of the
Bushveld Complex, (2) the layered sequence of the
same Complex, (3) the Pilanesberg Complex, (4) the
rocks of the Transvaal sequence forming the Croco-
dile River Fragment, and (5) the Karoo sequence.

The area underlain by the Bushveld granite has a
rather flat, gently undulating topography. Over
large areas the granite is covered by a thickness of
between 5 and 10 m of coarse, sandy soil in which
detrital quartz grains predominate. The quartz is
poorly rounded, has rough surfaces and is accompanied
by clay minerals formed by weathering of the feld-
spar. Generally the soil has formed in situ although
slight soil movement has taken place locally, resul-
ting in the obscuring of small features such as
narrow diabase dykes which do not crop out and which
can be recognized only 2s lines of trees or by mag-
netic methods.

Granite outcrops are found on river and creek

embankmentSeees o
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embankments, as low, flat rock surfaces and as gran-
ite "koppies". In a number of the latter the granite
appears to have become more resistant to weathering
due to the intrusion of either carbonatite or dia-
base and syenite dykes. Bulkop and Spitskop (Folder
1, D4) are examples of the former and Moordkop (Fol-
der 1, C6) is an example of the latter.

On and about the farm Veekraal 221JQ (Folder 1,
G6) a large circular area of granite is more resis-
tant to weathering and stands out above the surroun-
ding area. The granite outcrop is about 5 km in dia-
meter and there is no visible difference between the
granite here and elsewhere, No reason has been found
for the difference in the topographic character
of this granite and that of the remaining Bushveld
granite. v

The generélly smooth topography of the granite
is also disrupted by small prominent hills of quart-
zite. These quartzite bodies are present as xeno-
liths scattered in two elongated belts within the
granite. Examples of xenoliths can be seen on the
farms Beestkraal 199JQ and Leeuwfontein 35JQ (Fol-
der 1, E5 and B3).

The second physiographic region in this area
is formed by the rocks of the layered sequence of
the Bushveld Complex. This region adjoins the gran-—
ite region to the west and although the topography
is very subdued, there is a slight but consistent
fall in elevation when passing from the granite to
the basic rocks. The ferrogabbro of the Upper Zone
~does not crop out at all in this area and only some
of the magnetitite layersare seen. The soil overlying

theeeoeo
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the ferrogabbro is fine-grained and has a distinc-—
tive red-brown colour, in conirast to the black soil
overlying the gabbro of the Kain Zone. -
The Pilanesberg Alkaline Complex is located at
the western margin of the granite and forms another
topographically distinct area. It is circular in
shape with a diameter of about 20 km . It consists
of cone sheets and ring dykes intruded into both the
granite and the rocks of the layered sequence. The
alkaline intrusives form & series of discontinuous
arcuate hills, These have been segmented by a cen-
trifugal drainage system in which the rivers emerge
to form "poortjies" at the outer margin of the Com-

plex. /

To the northeast of the granite region the

the Transvaal sequence of which the quartzite and
banded ironstone are relatively more resistant to
weathering than the other sediments and consequently
form prominent, long ridges. Valleys and low-lying
areas have formed on the less resistant sediments
and on the carbonatite complexes which have intruded
into the fragment between these ridges.

The eastern part of the area is underlain by
fiat-lying sediments of the Xarco sequence which
outerop poorly and which form a flat topography.

The area is occupied by numerous cultivated lands.

Little physiographic expression, apart from a
slight rise in elevation, is associated with the
carbonatite complex located on and near the farm
Tweerivier 197JQ (Folder 1, E4).

| Drainage in the area consisis of three main rivers,
The Elands and Hex Rivers flow east and north respec-

tively and meet 2t the Vaalkop Dam. The Crocodile

Rivereecees
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River flows northward from the Hartebeestpoort Dam
and is an important source of irrigation water.
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3 STRATIGRAPHY AND AGE RELATIONS

Although the acid igneous rocks of the western
Bushveld Complex are the subject of this thesis it is
also necessary to briefly consider the other rocks in
this area, both those younger and older. The geology
of the area north of Rustenburg and Brits involves
rocks ranging from the Transvaal sequence to ‘che

Karoo sequence.

At the time of writing the South African Com-
mittee for Stratigraphy (SACS) was still engaged in
determining an acceptable formal nomenclature for the
major lithostratigraphic units of South Africa and
South vWest Africa. ©SACS had received proposals for
formal lithostratigraphic subdivisions from the work-
ing groups for the Transvaal sequence, the Rooiberg
Group, the Bushveld Complex and the Karoo sequence.
These proposals are adhered to as far as possible.

A synthesiged stratigraphic succession of the
rock units in the western Bushveld Complex is set out
in Table 1. Formal names submitted to SACS are shown
capitalized; informal names are shown with lower
case letters.

The oldest rocks in the area are those of the
Pretoria Group (Transvaal sequence) which consists
predominantly of sedimentary rocks. The Rayton For-
mation is shown as forming the upper part of the
Pretoria Group, although Stear (1976) proposes the
name Leeuwpoort Formation for quartzite and shale
occupying a stratigraphically similar position in the
Rooiberg area. The Leeuwpoort Formation is overlain

by the Smelterskop Formation which Stear redefines

aSn..oo
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as consisting of interbedded lava flows and sediments
together with the basal white quartzite which forms
the lowest part of this formation. ,

TABLE 1
STRATIGRAPHIC SUCCESSION IN THE WESTERN BUSHVELD COMPLEX

Recent surface deposits
Karoo sequence
Diabase dykes
Alkaline and carbonatite intrusions
) BUSHVELD COMPLEX
LEBOWA GRANITE SUITE
NEBO GRANITE (Veekraal granite) - Coarse-grained pink to grey granite

RASHOOP GRANOPHYRE SUITE

Beestkraal granophyre - Coarse-grained red to purplish-red granophyre

Zwartbank pseudogranophyre - Medium to coarse-grained granophyric rocks of

various colours,characterized by pseudographic and poikilitic textures

RUSTENBURG LAYERED SUITE

UPPER ZONE - Ferrogabbro, ferrodiorite, magnetitite layers

MAIN ZONE - Gabbro

CRITICAL ZONE - Pyroxenite, porphyritic pyroxenite, anorthosite

LOWER ZONE - Norite, pyroxenite

MARGINAL ZONE - Fine-grained marginal portions of the above rock types

) ROOIBERG GROUP .
Acid lava flows, agglomerate, ash-flow tuff ca. 1000m

Transvaal sequence
PRETORIA GROUP

RAYTON FORMATION - Quartzite alternating with shale, minor andesite 1200m
MAGALIESBERG QUARTZITE FORMATION - Orthoquartzite 300m
SILVERTON SHALE FORMATION - Silty and graphitic shale with thin inter- 600m
bedded limestone
DASPOORT QUARTZITE FORMATION - Orthoquartzite 80-95m
STRUBENKOP SHALE FORMATION - Iron-rich shale 105-120m
HEKPOORT ANDESITE FORMATION - Andesitic lava flows, agglomerate, 340-550m
tuf f
TIMEBALL HILL FORMATION - Shale, quartzite, minor diamictite 270-660m

The Pretoria Group is overlain by the Rooiberg
Group, a succession of acid volcanic rocks which
were extruded prior to the intrusion of the Bushveld
Complex. The Rooiberg Group formed a part of the
roof rocks of the Bushveld Complex and has been inter-
preted as an initial volcanic phasebpreceding the in-
trusive phase of the Complex (Willemse, 1964).

A number of radiometric age determinations are
available both on rock samples collected within the

area-...-
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area mapped and on samples from outside the area.
The most accurately determined age is that of the
granite of the Bushveld Complex. A large number of
granite samples from various parts of the Bushveld
Complex have been dated for the Geological Survey by
Dr, A.J. Burger of the National Physical Research
Laborgtory, C.S.I.R., using the uranium-lead method.
Disicordia diagrams of the results provide a reliable
age of 1920 m.y. for the granite, This age agrees
with other ages reported by Burger and Coertze (1973,
p.12).

Uranium-lead age determinations of rocks of the
Rashoop Granophyre Suite have also been carried out by
Dr. Burger using samples from both the western and
eastern Transvaal. These indicate an age of 2048 m.y.
(Coertze et al, 1977).

A rubidium-strontium age obtained for felsite
samples from the Rooiberg Group in the Loskop Dam

area (analysis by the Bernard Price Institute, Univer-
sity of the Witwatersrand, for the Geological Survey)
indicates 2030 m.y. as being a minimum age for these
rocks, probably reflecting "resetting" by the intru-
sion of the Bushveld Complex (Burger and Coertze,
1975, p.137). This age corresponds closely to another
rubidium-strontium age of 2050 m.y. obtained on bio-
tite from the Merensky Reef from the Rustenburg Plat-
inum Mine (Burger and Coertze, 1973, p.12).

An argon 39/40 age determination carried out on
gabbro of the Bushveld Complex from north of Pretoria
resulted in an age of 1907 m.y. (analysis by F.M. Con-
sultants of Herne Bay, England). This is almost certain-
ly a minimum age only and the emplacement of the gab-
bro must have taken place before this date, especially

WheN.eeoo
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when seen in the light of another argon 39/40 deter-
mination on ferrogabbro of the Upper Zone which gave
an age of 2096 m.y. (F.M. Consultants).!

A rubidium-strontium isochron age obtained on
bore-hole samples of the Hekpoort Andesite Formation
by the Bernard Price Institute indicates an age of
2224 m.y. for the consolidation of the lava which
took place during the deposition of the rocks of the
Transvaal sequence (Burger and Coertze, 1975, p.137).

Intrusion of diabase dykes, carbonatite complex-
es and the Pilanesberg Complex took place after the
emplacement of the Bushveld Complex. Subsequent to
this the deposition of the sediments of the Karoo se-
quence and the intrusion of dolerite dykes took place,
representing the final episode of the observable geo-
An argon 39/40 age of
174 m.y. was obtained by F.M. Consultants on a doler-

logical history of the area.

ite dyke crossing the area from east to west (Burger
and Coertze, 1977).

A summary of the available age determinations is
presented in the following table,

TABLE 2
SUMMARY OF AGE DETERMINATIONS
ROCK DATED LOCALITY METHOD USED AGE
Karoo dolerite dyke Leeuwfontein 35JQ Ar 39/40 17443 m.y.
Nebo Granite Various localities in U/Pb 1920430 m.y.

Granophyre from the Various localities in U/Pb 2048+30 m.y.
Rashoop Granophyre the eastern and west- discordiagram

Suite ern Bushveld Complex

Ferrogabbro from the Bore-hole BK1 Ar 39740 2096412 m.y.
Upper Zone

Gabbro from the Main Bushveld Complex Ar 39/40 1907+24 m.y.
Zone

Biotite from the Meren-  Rustenburg Platinum Rb/Sr 2050350 m.y.
sky Reef, Critical Zone Mine

Hekpoort Andesite Bore-hole on Kalbas- Rb/Sr. 2224421 m.y.

Formation
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4  GENERAL GEOLOGY
4.1  PRE-BUSHVELD ROCKS
4.1.1 THE TRANSVAAL SEQUENCE

Within and surrounding the mapped area rocks of
the Transvaal sequence are found in three geological
settings. They are:

(1) the floor of the Bushveld Complex underlying
the layered sequence;

(2) the Crocodile River Fragment adjoining the
area to the northeast;

(3) . sedimentary xenoliths within the Bushveld
granite and at the contact between the granite and the
layered sequence,

The floor of the Bushveld Complex in this area
consists of rocks of the Silverton Shale and the
Magaliesberg Quartzite Formations. These formations
correspond to what was formerly known as the Magalies-
berg Stage. Prior to the intrusion of the Complex
these sediments were undoubtedly overlain by the
Rayton Formation. The lithology and thicknesses of
these formations according to Visser (1969, p.1l0) are
shown in Tables 1 and 3. The thicknesses are esti-
mated and are complicated by small-scale folding and
the presence of diabase sills in the shale. These
sills appear to have contributed to the metamorphism
of the shale which has in addition been altered to
hornfels near the top (in the upper 300 to 500 m)
suggesting further metamorphism resulting from the
intrusion of the Bushveld Complex.

The Nagaliesberg Quartzite is predominantly or-
thoquartzite, contains abundant cross-bedding and
ripple marks and is purple-pink to white in coclour.

Extensive.e.s..
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Extensive recrystallization has taken place due to the
intrusion of the layered sequence of the Bushveld Com-
plex and the quartzite is now characterized by coarse,
glassy, interlocking grains measuring up to 5 mm in
diameter.

TABLE 3

STRATIGRAPHY OF THE UPPER PART OF THE PRETORIA GROUP
{after Visser, 1969 and Stear, 1976)

ROOIBERG AREA:

PRETORIA GROUP
SMELTERSKOP FORMATION - Amygdaloidal lava flows with interbedded thin ca. 200m
layers of feldspathic quartzite and tuffaceous shale;
white quartzite at base with conglomerate, pebble beds,
grit and agglomerate
LEEUWPOORT FORMATION
Blaauwbank Shale Member

A Thinly bedded siltstone and shale, locally micaceous 90-250m
Alternating arkose, quartz sandstone, siltstone and shale 100-200m
Boshoffsberg Quartzite Member - Feldspathic quartzite, arkosite, minor 1400m

conglomerate, pebble-beds and grit

PRETORIA AREA:

PRETORIA GROUP
RAYTON FORMATION

Beynespoort Quartzite Member - Feldspathic quartzite with silty shale, 350m
andesitic lava and minor interbedded limestone and chert
Dark-coloured shale 170m
Doornpoort Quartzite Member - Coarse-grained orthoquartzite 160m
Subgreywacke and shale 187m
Baviaanspoort Quartzite Member - Feldspathic quartzite and arkosite 223m
Dark-coloured shale, cross-bedded quartzite, minor dolomite 141 m

Details of the strata overlying the Magalies-
berg Quartzite are available from the area to the
northeast of the Crocodile River Fragment, the Rooi-
berg area as well as from the area northeast of Pre-
toria. A synthesis of this information is shown in
Table 3. In each of these areas the lagaliesberg
Quartzite is succeeded by a sequence of quartzite,
crossbedded feldspathic quartzite, subgreywacke and
subarkose together with hornfels, shale and gritty
quartzite with pebble intercalations., Several thin
layers of andesitic lava are found near the top of

t}le.‘..'
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the sequence as well as intercalated chert, dolomite
and limestone layers.

The sedimentary xenoliths are found in two belts,
one located along the contact between the layered se-
quence and the granite extending from Potgietershoog-
te 134JQ (Folder 1, D6) in the south to Varkfontein
13JQ (Folder 1, B1) in the north and the other, which
is located more or less centrally in the granite, ex-
tending from Klipkop 411JQ (Folder 1, G6) in the south-
east to Koedoesspruit 33JQ (Folder 1, B2) in the
northeast. These are named the contact and central
belts respectively.

Although sedimentary xenoliths are quite abun-
dant, they include only a limited variety of rock
types. Most xenoliths consist of quartzite and a
smaller number consist of feldspathic quartzite.

There is a noticeable lack of xenoliths of other

rock types. The quartzite is commonly massive, thick-
bedded, recrystallized to various degrees and contains
crossbedding and ripple marks. The xenoliths of
feldspathic quartzite are also recrystallized and
display traces of the original sedimentary bedding in
the form of alternating layers of varying feldspar
content.

A wide range of deformation can be seen in the
sedimentary xenoliths., In some cases, e.g. the large
xenoliths on Beestkraal 199JQ (Folder 1, E5), only
slight tilting and warping has taken place. In other
cases, like the xenolith on Bierkrasl 120JQ (Folder 1,
B6 and C6) however, folding, brecciation and evidence
of plastic deformation are seen, Figure 2 shows
rheomorphic structures similar to those described by
Strauss (1943, p.41) from the Potgietersrus area.

RheomorphiCeeeee
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FIG. 2. Rheomorphic structure in(:metasedimentara xenolith., Leeuwfontein 35JQ.

<N

Klipkop 411JQ.

o . ¢ \ i o P ‘i.
Beestkraal granophyre.
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Rheomorphic structures can also be seen in outcrops
of sedimentary xenoliths in the bed of the Hex River
on Kafferskraal 133JQ (Folder 1, C6).

An example of a xenolithnot consisting of quartzite
is found immediately south of the area mapped, on the farm
Potgietershoogte 134JQ. This xenolith, which forms part
of the contact belt, measures 1,5 km in length and contains
thins beds of chert alternating with thicker beds of impure
metamorphosed limestone (now mostly wollastonite). The
xenolith has been tilted and the dip of the bedding is north-~
ward at 30 degrees.

4.2 THE BUSHVELD COMPLEX

In the past the Bushveld Complex as a whole was regar-
ded as consisting of three phases: the sill phase; the phase
of basic igneous intrusion of the layered sequence; and the
acid intrusive phase of the Bushveld granite (Hall, 1932).
The granophyric rocks of the transition zone do not obvi-
ously belong to any of these three phases but rather appear
to fit between the second and third phases, In the proposed
subdivision of the Bushveld Complex (Bushveld Working
Group, SACS) the granophyric rocks are grouped apart
from the layered segquence and the granite, and form
part of the Rashoop Granophyre Suite.

4.2.1 THE RUSTENBURG LAYERED SUITE

The Rustenburg Layered Suite consists of the
basic rocks forming the layered sequence. They are
found to the northwest and southwest of the area
mapped, adjoining the Bushveld granite and the tran-
sition zone. In Table 4 the subdivision proposed by

the‘.'.l
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the Bushveld Working Group is shown in comparison
with the classifications of Willemse (1964) and
Coertze (1974). This classification is similar to
that of Willemse (1964, p.1l0l) and is a subdivision
into zones which is based in part on the appearance
of certain mineral phases.

TABLE 4

COMPARISON OF SUBDIVISIONS OF THE LAYERED SEQUENCE
OF THE BUSHVELD COMPLEX

Coertze, 1974 Willemse, 1964 SACS, 1976
Ferrogabbro Unit Upper Zone Upper Zone
Main Magnetitite Layer
Gabbro Unit Main Zone Main Zone
Porphyritic Pyroxenite Unit Merensky Reef
Norite Unit Critical Zone Critical Zone
Anorthosite Unit
Pyroxenite Unit Main_Chromitite Layer
(incl. Harzburgite Unit)
Basal Norite Unit Basal Zone
X . X . Lower Zone
{incl. Marginal Norite Subunit
Quartz Norite Subunit) Chill Zone Marginal Zone

The alternative classification proposed by
Coertze is closely related to his model of the for-
mation of the layered sequence (Coertze, 1974, p.18).
Eight units are distinguished on the basis of the in-
trusive relationships observed between the units,
and each unit represents an individual intrusion or
closely related set of intrusions of basic magma.

In order of emplacement the units recognized by
Coertze are (1) the basal norite unit, (2) the harz-
burgite unit, (3) the pyroxenite unit, (4) the an-
orthosite unit, (5) the norite unit, (6) the por-
phyritic pyroxenite unit, (7) the gabbro unit and (8)

tlle;..;.
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the ferrogabbro unit.

In the area mapped the rocks of the lzyered se-~
quence are generally poorly exposed. The ferrogabbroh
of the Upper Zone is normally covered by between 30
and 40 m of so0il and outcrops are usually found on-
ly in creek beds or road cuttings.

The individual intrusions cf the layered sequen-
ce are sheetlike and generally conformable to each
other and the underlying strata of the floor. Ilinor
discordancies are found locally (Feringa, 1959) and
a major discordancy exists north of the Pilanesberg
where two transgressive lobes of ferrogabbro of the
Upper Zone have cut across the previously empla-
ced parts of the sequence as far down as the floor
of the Complex. The southernmost of these is shown
in Fig. 29 and attention is drawn to the parallelism
between the contact of the ferrcgabbro with the older
rocks and the strike of the magnetitite layers in the
ferrogabbro.

LANDSAT images of the area show the transgressive
lobes of ferrogebbro quite clearly. They can be rec-
ognized because the soil on the ferrogabbro shows
up drab green, compared with the bright blue colour
of the gabbro. The imagery in addition shows the
existence of a third, smaller transgressive lobe lo-
cated to the northeast of the large lobes, alongside
the Crocodile River.

4,2,2 THE TRANSITION ZONE
The transition zone is defined here . as the
assemblage of acid rocks separating the layered se-

gquence and the granite of the western Bushveld

CompleXeessos
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Complex. The rock types of this association are
granophyre, pseudogranophyre and poikilogranite to-
gether with sedimentary xenoliths and minor micro-
granite.

On the geological map the individual outcrops
of granophyre, pseudogranophyre and poikilogranite
are not indicated separately, but are shown collect-
ively as granophyric rocks. The reason for this is
that the differences between these rock types are not
always visible in hand specimen, and that these rocks
are often intimately mixed and single bodies are too
small to be shown at the scale used for the map. The
same applies to certain areas where granite and gran-
ophyre are also intimately associated; these cases
are shown on the map as mixed granite and granophyre.

Rocks of the transition zone are confined to the
two belts where sedimentary xenoliths are found, i.e.
the central and contact belts. The contact between
the granite and the rocks of the transition zone is
not a sharp one, but very irregular and many off-
shoots of the granite have intruded into the rocks
of the transition zone.

There is very little regularity in the distri-
bution of rock types within the transition zone.

The sedimentary xenoliths are randomly distributed
and may be found near the base, middle or top of the
zone. Similarly the vertical distribution of the
granophyre, pseudogranophyre and poikilogranite is
random. A lateral trend can, however, be observed
in the distribution of granophyre, pseudogranophyre
and poikilogranite. In the southeastern part of the
transition zone granophyre is more abundant than the
other rock types. Towards the west and north

pseudogranophyre.cc..
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pseudogranophyre and poikilogranite increase in ab-
undance until they become predominant in the vicin-
ity of the Pilanesberg (Folder 1, B5, A4 and A2).

Names proposed for the predominant rock types
of the transition zone are Beestkraal for the gran-
ophyre and Zwartbank for the pseudogranophyre and
the poikilogranite together.

4.,2.2.1 THE BEESTKRAAL GRANOPHYRE

The name Beestkraal is used for the granophyre
sensu stricto of the transition zone. It is named
after the farm Beestkraal 199JQ (Folder 1, E5) on
which good outcrops of the rock canbe seen., In the

field the granophyre is characterized by relatively
smooth, flat outcrops (Fig. 3) that contrast strongly
with the rough surfaces and large boulders which char-
acterize the outcrops of granite. On weathered sur-
faces the granophyre has a pale yellow-brown colour,
but fresh surfaces are red to purplish-red. kore
rarely the fresh rock is dark grey to almost black
in colour.
A Characteristic features of the granophyre are
also the micrographic texture, consisting of inter-
growths of quartz and alkali feldspar which are nor-
mally sufficiently coarse to allow recognition by
means of a hand lens, as well as its irregular dis-
tribution of mafic minerals, which tend to aggregate
to form clusters.

Jointing in the granophyre is usually prominent
and sharply defined, a feature which may be related
to its outcrop pattern. Where the granophyre is .

observed.cees
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observed in contact with granite the joints in the
granophyre are both more strongly developed and grea-
ter in number than in the granite. It is believed
that this difference is the result of a greater de-
gree of intergranular bonding in the granophyre than
in the granite, which results in the former breaking
- across grains rather than along grain boundaries.
This difference is also noted when the granophyre

is broken with a hammer.

Contacts of the Beestkraal granophyre with the
other rock types of the transition zone, observed in
the field as well as in core from bore-hole BKl, are
usually sharp and well-defined. At contacts with
the granite the change from the one rock type to the
other is complete within a distance of 10 mm. Grain
size variations at the contacts are not significant
in the granophyre and very slight in the granite. A
greater degree of grain size variation is in fact
seen in the granite on a regional scale when central
and marginal portions of the granite sheet are com-
pared.

Individual bodies of granophyre vary in size
from small blocks surrounded by granite to large
masses of granophyre which in places are penetrated by
veins and apophyses of grgl?ite (F_ig. 4). ~_The field rela-
‘%ioﬁgﬁigé'qui%;mgéﬁgiﬁ;ively indicate that the gran-
ophyre predates and has been intruded by the granite.

4.2.2.2 . THE ZWARTBANK PSEUDOGRANOPHYRE

The rock types making up this formation are

pseudogranophyre and poikilogranite. These rocks

are...-o
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FIG. 4. Intrusive vein of Veekraal granite (under lenscap) in Beestkraal granophyre.
Klipkop 411JQ.

N e e, PG e S SR
FIG.5. Sharp contact of quartzite inclusion in Zwartbank pseudogranophyre. Zwart-
bank 121JQ.
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are similar in most respects but differ significant-
ly in terms of their texture. The two names are in-
dicative of their essential texture, but in order to
point out their basic similarity as well as to reduce
the number of names used, they are collectively re-
ferred to as the Zwartbank pseudogranophyre. Good
exposures of both rock types are to be found on
Zwartbank 121JQ (Folder 1, BS5) where they form out-
crops similar to those of the granophyre. They are
smooth, flat and also consist of small jointed blocks.

The pseudogranophyre and poikilogranite are both
characterized by fine intergrowths of quartz and
feldspar. In the former the characteristic texture
resembles micrographic intergrowth (Fig. 100), while
in the latter it is poikilitic (Fig. 11). In hand
specimen these rocks are often indistinguishable from
the Beestkraal granophyre, although the former dis-
play a greater range of colour on fresh surfaces
(white, grey, pale brown and pink to red) and their
intergrowths are normally less regular than those of
the granophyre.

Contact relations between the pseudogranophyre
and the poikilogranite are gradational and 2 complete
range of rocks containing varying proportions of both
characteristic textures can be found. Contacts of
these rocks with the granophyre are usually sharp al-
though in the core from bore-hole BKl an example of
a gradational contact between the Zwartbank pseudo-
granophyre and granophyre is present.

Good examples of contact relationships between
the pseudogranophyre and inclusions of sedimentary
rocks are found on Zwartbank 121JQ (Fig. 5). Both
rounded and angular fragments of quartzite are

/
enveloped.eeoe
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envéloped in pseudogranophyre. Their contacts are
extremely sharp and well-defined. The majority of
fragments consist of orthoquartzite; some are found
to contain over 95% quartz, the other constituents
being a colourless to pale green amphibole, potassium
feldspar and sphene.

imbayments in the quartzite fragments suggest
that resorption by the surrounding pseudogranophyre
has taken place to some extent. This can also be
seen in the texture of some of the fragments them-
selves in which coarse quartz grains are embayed by
feldspar (very weathered but probably potassium feld-
spar) which is in optical continuity over distances
including two to three of the quartz grains.

Quartzite xenoliths rarely have gradational con-
tacts with the surrounding pseudogranophyre, the on-
ly exceptions being those in which the quartzite is
impure,

In this study granitic rocks with a grain size
of less than about one millimetre are grouped under
the term microgranite. The majority of rocks in the
area that fall into this category are clearly of sedi-
mentary origin, since they display current lamination
and cross-bedding on their weathered surfaces. An
example can be seen 2 km south of Wevedene, just
west of the Hex River on Kafferskraal 133JQ (Folder
1, C6).

A small outcrop of fine-grained rock intruded
by granite was temporarily exposed during railway
excavations on the farm Hartebeestpoort 419JQ. This
rock is reddish brown in colour, has the macroscopic
appearance of a rather fine-grained granite and con-
tains blebs and dendrites of a mafic mineral. It is

an..".
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an albite-bearing quartzite containing poikiloblasts
of hornblende. Its contact with the granite is sharp
and well-defined (Fig. 6). Albite-bearing quartzite,
similar to the above but lacking the hornblende poi-
kiloblasts, is found as fragments in the pseudograno-—
phyre on Zwartbank 121JQ.

By volume the microgranite constitutes a relati-
vely small portion of the rocks of the transition
zone. It is not believed that any significant amount
of the microgranite formed as a fine-grained marginal
phase of the Bushveld granite because the chilled
margin of the latter, as seen in the vicinity of
Bierkraal 120JQ (Folder 1, B6), is actuzlly coarser
grained than the microgranite.

4,2,3 THE BUSHVELD GRANITE

The granite of the Bushveld Complex, formally
known as the Mebo Granite, is referred to as the Vee-
kragl granite in the western Bushveld. This name has
previously been used by de ¥Waal (1973) to indicate
the Bushveld granite in the western Transvaal. The
name in its present usage has been taken from the
farm Veekraal 221JQ (Folder 1, G6) where excellent,
fresh exposures of the granite are found in a quarry.
A specimen for age determination was obtained from
this locality and it yielded a reliable radiometric
age of 1940 n.y. (Burger and Coertze, 1975).

By far the largest part of the area mapped is
occupied by the Veeckraal granite. It adjoins the
Crocodile River Fragment and from there extends west
and south up to the rocks of the transition zone.

It is accepted that the shape of the Veekraal granite

iSo.'QO
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FIG. 6. Sharp contact of Veekraal granite (centre and right) intruded into fine-grained,
albite-bearing quartzite in railway excavation. Hartebeestpoort 419JQ.
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"BAVENO TWIN
RLANE

FIG. 7. Continuation of a Baveno twin plane from the core of a micrographic grain into

the mantle in Beestkraal granophyre. Sample no. FW22, Welgevonden 202J0,
transmitted light, crossed polars, x34.
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is sheet-like and that it more or less conformably
overlies the rocks of the transition zone which sep-
arate it from the layered sequence (e.g. Hall, 1932;
Willemse, 1964). The sheet has a general dip to the
east and has the shape of a large basin which is open
to the east. The granite intruded between a floor
~consisting of rocks of the transition zone and roof
rocks formed by the Rayton Formation and the Rooiberg
Group. A chilled margin consisting of slightly fi-
ner grained granite 1s found at the base of the gran-
ite sheet and the upper margin consists of a porphy-
ritic phase of the'granite. The latter has been ob-
served to the northeast of the Crocodile River Frag-
ment, outside the area covered in this thesis (Wal-
raven, 1974a).

As mentioned in the foregoing sections, the con-
tacts of the Veekraal granite with the other rock
types are sharp. Near the base of the granite sheet
irregular tongues and offshoots of the granite in the
underlying rocks of the transition zone can be seen.
Further evidence of tongue-like granite intrusions
extending downward from the base of the granite sheet
can be seen in bore-hole BKl (see Appendix 1). Here
the tongues are seen to occur as low as the base of
the transition zone. In the bore-hole the granite is
not in direct contact with the ferrogabbro of the
layered sequence but is separated from it by eight me-
tres of quartzite which seems to be a down-dip exten-
sion of the sedimentary xenolith forming the hills
on Bierkraal 120JQ. Irregular intrusions of granite
are found in the ferrogabbro on the farm Hartebeest-
spruit 88JQ (outside the area included in Folder 1).

4e3ceeee
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4.3 POST-BUSHVELD ROCKS

A number of rocks younger than the Bushveld
Complex are found in the area mapped. These include
diabase dykes, dolerite dykes and carbonatite intru-
sions as well as the Pilanesberg Alkaline Complex.

The latter is located at the western margin of the
area, more a less at the contact between the Vee-
kraal granite and the layered sequence, and from it
syenite dykes extend for large distances to the south-
east and northwest. Dolerite dykes of late-Karoo age
traverse the area in an east-west direction.

4.3.1 DIABASE DYEES

Numerous diabase dykes traverse the Veekraal
granite in the western part of the area mapped. The
dykes are usually narrow, ranging between 10 and 30
m in width, and display a strong preferred orienta-
tion. Their strike direction averages 120 degrees.
The majority of the dykes are restricted to a zone,
approximately 30 km wide, trending 135 degrees. An
en echelon pattern results from the discrepancy be-

tween the orientations of the dykes and that of the
zone., The zone of dykes traverses the area from the
southern mergin (Folder 1, F6), past the northeastern
edge of the Pilanesberg Complex, to the western mar-
gin of the area (Folder 1, A2). There is a reasonably
good correspondence between the location of the zone
of dykes and that of the central belt of transition
zone rocks.

Within the Veekraal granite the dykes outcrop in
creek beds and occasionally also on higher ground.

rd
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Good examples of outcropping diabase dykes can be
found near Heysteckrand and on the farm Olivenboom
62JQ (Folder 1, A4 and B4). However, the majority
of the diabase dykes do not crop out and their pre-
sence is mainly inferred from lines of denser growth
of trees.

The diabase is a medium-grained rock of gabbroic
composition. It consists of labradorite, augite and
magnetite together with accessory minerals. The pla-
gloclase forms lath-like crystals which are 2zoned
from labradorite (An62) to andesine (An42) and are
twinned according to the albite and Carlsbad laws.
The clinopyroxene 1s interstitial with respect to
the plagioclase and the paragenetic sequence is pla-

gioclase-pyroxene-magnetite.
4.3.2 CARBONATITE INTRUSIONS

A considerable number of carbonatite intrusions
are found in the area mapped, especially in the
vicinity of the Vaalkop Dam. They vary in size and
the majority of the intrusions are quite small.
Verwoerd (1967, p.1l4) notes that there appears to be
a tendency for dolomitic carbonatites (beforsite)
to occur as dykes and for calcitic carbonatites
(sBvite) to form large masses. These observations
are borne out quite well in the area mapped. HMany
small veins and dykelets of beforsite with stringers
of magnetite are found in the area, e.g. Bulkop and
Spitskop on Bulhoek 75JQ (Folder 1, D4). Despite the
small size of the veins and dykelets, they are sur-
rounded by a considerablé aureole of fenitized gran-—
ite. The latter is more resisivant to weathering than

theo.OOU
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the surrounding granite and consequently forms pro-
minent hills around the carbonatite. Sbvite, on

the other hand, is found only in the larger carbona-
tite intrusions of which the Tweerivier Carbonatite
Complex is the only one in the area mapped (Folder 1,
E4). According to Verwoerd (1967, p.75) it consists
of two parts of which the northern one appears to be
older and to consist of carbonatite in which arcuate
tremolite-bearing zones and inward dipping arcuate
beforsite dykes are developed. The southern part
cuts across the northern one and consists entirely of
fragments of gabbro and anorthositic gabbro (possibly
of Bushveld origin) surrounded by and enclosed in

veins of sOvite.
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5 PETROGRAPHY OF THE ACID ROCKS

Because of the varied terminology found in the
literature relating to granophyre, a statement concer-
ning the rock names used in this thesis is considered
advisable., In the American Geological Institute Glos-
sary of Geology (Howell, 1957, p.128) the rock grano-
phyre is defined as a quartz porphyry or a fine-grain-
ed porphyritic granite characterized by a groundmass
with micrographic texture.

The 1974 edition of the Glossary (Gary et al,
1974, p.308) defines granophyric as a term applied to
the texture of a porphyritic igneous rock in which the
phenocrysts and groundmass mutually penetrate each
other, having crystallized simultaneously. The term
micrographic (Howell, 1957, pp.129 and 184; Gary et al,
1974, p.450) is applied to a microscopic texture re-
sulting from the regular intergrowth of quartz and
feldspar (or, less commonly, other pairs of minerals).

Coﬁforming to the aboveAdefiﬁitioné;wfﬂgwpredom—
inant texture found in the Beestkraal granophyre is
always micrographic and sufficient phenocrysts of
perthite are present to justify the use of the term
granophyre.

The names pseudogfanophyre (pseudographic tex-
ture) and poikilogranite (poikilitic texture), as pre-
viously referred to on p.21 and illustrated in Figs.
10a, b, c and 11, are not commonly encountered but are
considered useful descriptive names for the rock ty-
pes involved. Pseudogranophyre has previously been
used by Strauss (1955, p.l6) for rocks encounterd in
the Potgietersrust area. The term granophyric is al-

so used in a rather loose sense in this thesis to

indicateeeeee
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indicate collectively the Beestkraal granophyre and
the Zwartbank rocks.

5.1 - BEESTKRAAL GRANOPHYRE

The Beestkraal granophyre is a granophyre in
the strict sense of the word in that it consists
almost exclusively of micrographically intergrown
quartz and feldspar. It is very probably equivalent
to the rock described as Bushveld granophyre in oth-
er areas (e.g. Strauss and Truter, 1944, p.52). In
addition to the textural implication, the nzame gran-
ophyre is used here also to indicate that these rocks
are magmatic in origin and have formed by crystalli-
zation from a liquid. As will be demonstrated in the
following section, it is believed that the micro-
graphic textures found in magmatic granophyre are
recognizable and distinct from similar textures for-
med in other granophyric rocks. T T

The modal composition of the Beestkraal granophy-
re is shown in Table 5. Only a small proportion of
the quartz occurs as free, single grains; the majori-
ty is found forming micrographic intergrowths with
the potassium feldspar. Such free quartz grains as
are found in the granophyre are interstitial to the
other grains. Perthite is the predominant feldspar
in the Beestkraal granophyre. It forms the euhedral
cores of intergrown grains, as well as the feldspar
phase intergrown with the guartz in the micrographic
portions of the crystals. The perthite is either of
the string or braided type and is usually rather fine
in texture. A smal;‘proportion of the cores of in-
tergrown grains consist of orthoclase. The cores are

then.....
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then zoned with an inner portion that is heavily seri-
citized., The origin of the orthoclase is uncertain
although they could possibly have been incorporated as
xenocrysts.

TABLE 5

MODAL ANALYSES OF VEEKRAAL GRANITE, BEESTKRAAL
GRANOPHYRE AND ZWARTBANK PSEUDOGRANOPHYRE

Mean s Mean s Mean s

Quartz 33,2 4,2 37,2 2,0 37.8 3.1
fAlk. feldspar: Perthite 52,6 4,6 55,6 2,1 43,6 6,6
Orthoclase 10,1 4,5

Plagioclase 76 4.2 2,1 2,0 3,3 1.8
Hornblende and biotite 6,0 2,1 4,7 1,9 2,0 1,7
Pyroxene and olivine 1.1 1,0
Others (incl. magnetite, 0,7 0.3 0,5 0.3 27 1,9

apatite, zircon, sphene)

I Veekraal granite (12 samples)

" Beestkraal granophyre (7 samples)

1 Zwartbank pseudogranophyre and poikilogranite (9 samples)

s Standard deviation .

2000 points were counted per specimen. .In the case of coarse-grained rocks more
than one section was used for counting. The areas covered and the IC numbers for

the specimens involved result in a maximum major mineral analytical error of less
than 2,45 (Chayes, 1956, p.83 ).

Sodic plagioclase is a relative minor component
of the granophyre. It never forms micrographic in-
tergrowths with the quartz, but instead is found as
small, interstitial crystals between the larger feld-
spar grains.

lafic minerals include amphibole (blue-green to
brown pleochroic hornblende) and red-brown biotite.
Small amounts of opaque mineral (magnetite) and
accessory zircon together with apatite and occasional
fluorite account for the remainder of the rock. Al-
teration is very pronounced in some of the surface
samples and has resulted in the chloritization of
the biotite and the sericitization of the potassium
feldspar.

Micrographic intergrowths in the Beestkraal

granophyre.....
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granophyre are confined to individual feldspar grains
which range up to 5 mm in diameter. The micrographi-
cally intergrown grains commonly have a euhedral core
of potassium feldspar which is surrounded by a mantle
of intergrown quartz and feldspar. In the normal
case the feldspar of the core and the mantle are in
optical continuity throughout the whole grain. Where
twinning is seen in the alkali - feldspar core, the
twinning continues with no change in its attitude in-
to the feldspar of the mantle (Fig. 7).
. Optical continuity is also a characteristic of
the intergrown quartz in the micrographic mantle,
but the continuity is confined to domains of limited
size. The number of these domains varies in different
feldspar grains (ranging between 2 and 6 normally)
and appears to be related to the size of the feld-
spar grains.

At the innermost part of the grains the gquartz-
feldspar intergrowth is rather finej; towards the
outside of the grain it becomes distinctly coarser.
Despite the coars=ning of the intergrowth the pro-
portion of quartz and feldspar is remarkably constant.
Ieasurements made from enlargements of photomicrographs
of a numver of micrographic grains from several sam-
ples result in an average quartz:feldspar ratio of
45:55. In a number of cases a narrow margin can be
seen separating the core and the mantle of the micro-
graphic grains (Fig. 8). In this margin the quartz:
feldspar ratio is noticeably higher ¢han in the mantle
of the same grain. Illeasurements heve indicated ratios
in the order of 72:28 for a number of such margins.
This high ratio suggests supersaturation of the lig-
uid in 8102 just prior to the onset of cotectic

crystallization.....
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FIG. 8. Quartz-rich rim separating the core and the mantle of a micrographic grain in
Beestkraal granophyre. Sample no. FW22, Welgevonden 202JQ, transmitted
light, crossed polars, x67. ‘
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FIG. 9. Micrographic intergrowth of quartz and feldspar in one half of a Carlsbad twir

only. Sample no. FWT87, bore-hole BK1, transmitted light, crossed
polars, x64. :
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crystallization of quartz and potassium feldspar.
Unusual forms of micrographic intergrowth can

be seen in some micrographic grains, for example

in Figure 9, where the micrographic intergrowth of

quartz and feldspar is confined to one half of a

. twinned potassium feldspar grain (Carlsbad law).

5.2 ZNARTBANK PSEUDOGRANOPHYRE

As mentioned in section 4.2.2.2 the name Zwart-
bank pseudogranophyre is used collectively for
pseudogranophyre and poikilogranite, two rock types
which are texturally different but which are miner-
alogically similar. Although the chemical composi-
tion of both rock types is granitic, they show rather
large variations (see Appendix 2).

The same minerals are to be found in both rock
types but, as can be seen from Table 5, relatively
large variations in the mineral percentages, especial-
ly perthite and orthoclase, are characteristic.

Perthitic feldspar is usually the most important
mineral in the Zwartbank rocks. It is usually of the
braided type and has a medium to fine texture. Ortho-
clase 1is usually less abundant than both quartz and
perthite, and is followed by plagioclase and other
minerals (Table 5). Hornblende and red-brown biotite
are the most important mafic mineral, accompanied
by acessory zircon, apatite and magnetite.

In a number of samples, particularly in those
collected from bore-hole BKl, the mafic minerals in-
clude clinopyroxene and olivine (see Table 5). These
minerals are almost invariably surrounded by a halo
of bright green amphibole which appears to have

resulted.....
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FIG. 10. Replacement of quartz by feldspar in Zwartbank pseudogranophyre, (a) initial embayment of the quartz grains, .(b) inter-
mediate stage, (c) advanced stage. Samples no. FWT30, FWT38 and FWT40 resp., bore-hole BK1, transmitted light,
crossed polars, x43.
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resulted from the alteration of the olivine and py-
roxene.,

The texture of the Zwartbank pseudogranophyre
is significantly different from that of the Beest-
kraal granophyre. As in the granophyre, the texture
consists of intergrowths of quartz and feldspar, but
it is normally coarser and less regular than the
micrographic intergrowth of the granophyre. Often
the same quartz grain may be intergrown with more
than one feldspar grain and the intergrowths may al-
so involve any one of the feldspars present in the
rock, i.e. perthite, orthoclase or plagioclase. The
quartz-feldspar intergrowths vary widely in the de-
gree of their development and range from embayments
in the quartz to textures very similar to the micro-
graphic intergrowths in granophyre sensu stricto.

Various degrees of development of pseudographic tex-
ture are illustrated in Figures 10a,b and c. Crite-
ria which can be used to distinguish between the
texture of pseudogranophyre and granophyre are listed
in Table 6.

In zddition to the intergrown quartz and feld-
spar the rock also contains equant grains of gquartsz
and feldspar. Junction points with 120° angles are
observed between adjoining quartz grains.

As noted in section 4.2.2.2 poikilogranite is
sometimes characterised by a texture which consists
of small, equant, rounded grains of guartz poikili-
tically enclosed in large feldspar grains (Fig. 11).
Although in hand specimen the poikilogranite resem-
bles the pseudogranophyre and the granophyre, it can
be immediately recognized in thin section. The small
quartz greins are not optically continuous and the

e
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s _ x|
FIG. 11. Characteristic texture of Zwartbank poikilogranite. Sample no. FW349, trans-
mitted light, crossed polars, x42,
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quartz grains are about an order of magnifude smaller

than the feldspar grains. The enclosing féldspar is

usually perthite, but may also be orthoclase. Plagio-

clase, mafic minerals and also some quartz occur in-
terstitially to the large feldspar grains.

TABLE 6 -

DISTINCTION BETWEEN THE CHARACTERISTIC TEXTURES OF
GRANOPHYRE AND PSEUDOGRANOPHYRE

Replacement texture

1. Quartz units commonly extend from one
feldspar crystal into another.  Such ex-
tension may also occur from one kind of
feldspar into another (e.g. perthite - p/a-
gioclasej.

Micrographic texture

1. Quartz units are confined to single
feldspar crystals and do not penetrate
adjacent feldspar crystals to any signi-
ficant extent. =~ More than one unit of
quartz may occur in a single feldspar
crystal,

2. Micrographic intergrowths often form
the mantle surrounding a euhedral non-
intergrown core.

3. Micrographic intergrowths tend to

2. No examples of cores and mantles are
observed,

3. Intergrown quartz often coarsens out-

¢-

coarsen from centre to margin of the feld-
spar crystal.

4. Quartz-feldspar contacts show persis-
tent preference for a limited number of
orientations (usually three) which are ap-
parently related to crystallographic direc-
tions in the quartz.

5. The quartz:feldspar ratio in the inter-

growths is more or less constant
(about 45:55).

5.3

VEEKRAAL GRANITE

ward and can coallesce into a solid mass
with slightly embayed margins.

4. Quartz-feldspar contacts display some
degree of orientation, especially at the
margins.

5. There is a wide range in the quartz:
feldspar ratio in the intergrowths.

The Veekraal granite is a coarse-grained, equi-

granular rock which has a grey to pink colour on

fresh surfaces and which becomes more reddish when

weathered.

forms grains measuring over 5 mm in diameter and which
Its perthitic texture is usually

tend to be euhedral.

Perthite is the predominant mineral and

coarse and is either of the braided or of the patch

type.

patch.....
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patch perthite., Quartz is less abundant than perth-
ite and forms smzller grains, averaging between 3
and 4 mm in diameter. Occasionally a small number
of quartz grains are found clusteriné together, but
normally they are separated. IYlagioclase is a fair-
1y minor constituent of the grenite and has an aver-
age composition of Anl2. It is interstitial to the
perthite and quartz grains.

Pleochroic brown to olive-green hornblende is
the most important mafic mineral in the Veekraal
granite in this area. Green-brown biotite is found
in small quantities in most samples but is important
in only some of the samples., A tendency is noticed
for the biotite content to increase towards the top
of the granite sheet. Other minerals include opaque
minerals (magnetite), zircon and, in some samples,
fluorite. The modal composition of the Veekraal gra-
nite 1s shown in Table 5.

The Veekraal granite intersected in bore-hole
BK1l is generally indistinguishable from the Veekraal
granite on the surface. !However, in the section be-
tween 358 and 400m from the surface, (see Appendix
1) the composition of the granite changes rapidly as
the rocks of the layered sequence are approached. Be-
sides chemical differences (see next section) this
change involves a gradual increase in the anorthite
content of the plagioclase (Fig. 19), and the appear-
ance of olivine and clinopyroxene'which increase in
gbundance towards the base of the granite.

Both the clinopyroxene (Wo42En5Fs53) and the
olivine (Fa98) are very iron-rich and in this respect
resemble the clinopyroxene and olivine of the ferro-
gabbro of the underlying layered sequence. Halos of

bright.....
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bright green amphibole surround both minerals. The
texture of the granite is equigranular and is slight-
ly finer grained than the Veekraal granite elsewhere.

Inclusions of sedimentary rock as well as ferro-
diorite are found in the Veekraal granite, especial-
ly in the lowermost intersection in the bore-hole.
The sedimentary inclusions show a considerable degree
of metamorphism. The inclusions of ferrodiorite have
the appearance of rmottles in the granite. They have
a slightly diffuse contact with the granite which is
marked by a concentration of hornblende surrounding
the inclusion. The mineralogy of a typical inclu-
sion of ferrodiorite is as follows: clinopyroxene,
olivine and plagioclase (about An38) together with
magnetite, apatite and interstitial brown-green horn-
blende. Patches of alteration products are seen
within and surrounding the clinopyroxene and olivine
and small amounts of interstitial quartz are also
seen., .

The mineralogy of the inclusions closely resem-
bles that of the ferrodiorite from the uppermost

portion of the Upper Zone.
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6 CHENISTRY OF THE ACID ROCKS

Chemical analyses have been carried out on a
number of different rock types collected in the field
as well as from bore-hole BKl., The analyses were per—
formed by the National Institute for Netallurgy on
behalf of the Geological Survey. Elements determined
include the major elements in the case of all the sam-
ples and, in addition, the trace elements Ba, Rb, Sr,
Zr, Sn, Zn, Co and ¥ in the case of the surface sam-
ples.

CIPW norms and mesonorms have been calculated
from the chemical data according to the methods de-
scribed by Kelsey (1965) and Barth (1959) respective-
ly. Chemical analyses and norms are listed in Appen-—
dix 2.

The chemical data have been plotted on a number
of phase diagrams snd variation diagrams (Figs. 12
to 21) and statistical examinations of the dats, us-
ing cluster, factor and discriminant analyses, have

been carried out.

6.1 VARIATIONS IN CHEMICAL AND HORNATIVE
COIPOSBITION

Figures 12 to 15 are quartz-albite-orthoclase
phase diagrams (Winkler, 1967, p.204) on which the nor-
mative compositions of the analysed samples are plot-
ted. Figurés 12 and 13 show the position of all the
samples using the CIPW norm. Since a large number of
the samples plot within the shaded triangle of Figure
12, this area is reproduced in an enlarged version as
Figure 13. Although the position of the boundary is

subjecteseso
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1

subject to criticism in an enlarged diazgram of this

nature, possibly as a result of the effects of analy-

tical error, this diagram does serve to illustrate

that the bulk of the granite samples do occupy an area
separate from the granophyre samples.

The mesonormative compositions of the Veekrasl
granite and the other rock types are shown in Figures
14 and 15 respectively. The granite samples have
been plotted separately for clarity (Fig. 14) and the
field occupied by the granite in Figure 14 has also
been outlined in Figure 15.

It can be seen from both Figures 12 and 14 that
the samples of Veekraal granite occupy a relatively
small field only. This field lies to the right of the
ternary minimum melting point at a water pressure of
2 kb and an Ab/An ratio of 7,8 (Winkler, 1967, p.204).
A small number of the granite samples fall outside
the field; in each case these are samples collected from
positions near to younger intrusions such as carbona-
tite plugs.

Samples of the Beestkraal granophyre and the
Zwartbank pseudogranophyre plot within the field of
the Veekrazl granite (Fig. 15). The Beestkraal gran-
ophyre and the Veekraal granite both predominantly
plot towards the orthoclase apex of the minimum mel-
ting point. Von Gruenewaldt (1972, p.l125) noted a
similar relationship between the ternary minimum mel-—
ting point and the composition of the granophyre from
the eastern Transvazl, which he attributed to a sig-
nificant partial pressure of fluorine in the vapour
phase.

The samples of metasedimentary rocks plot in wi-
dely scattered positions und extend towards all three

COXNEeYrSe s ees
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corners of the diagrams (Figs. 12 and 15). None of
the metasediment samples plot within the field contain-
ring the granite or the granophyre.

Plots of the sample positions on AFL diagrams
are shown in Figures 16 and 17. As is to be expected
the granite, granophyre and pseudogranophyre plot in
the alkali corner of the diagrams and ferrogabbro
samples from bore-hole BKl plot closer to the iron
corner. Figure 16 clearly illustrates that the lower-
most samples of granite in the bore-hole hazve compo-
sitions intermediate between the granite higher up
and the ferrogabbro.

In the alkali corner of the diagram (Fig. 16), a
separate field can be delineated for the granophyric
rocks. In Figure 17, which represents an enlargement
of the alkali corner of the AFM diagram, this line is
seen 1o separate granite samples obtained from near
the base of the granite sheet, from samples located
higher in the sheet.

Figure 18 shows the variation in the K-Na-Ca
contents of the bore-hole samples. The granite and
granophyre samples form a relatively small field and
the samples from the lowermost intersection of granite
can again be seen to have conpositions intermediate
between the granite higher up and the ferrogabbro.
Within the field occupied by the acid rocks a sepa-
ration of the granite and granophyre samples can
again be seen, the granite samples being slightly rich-
er in calcium than the granophyre samples,

A fairly consistent difference in the major ele-
ment chemistry is found between the Veekraal granite
and the other acid rocks in bore-hole BKl. Higher
contents of TiO2, A1203, Cal and Fe-total distinguish

the.oo.o
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the granite, while the granophyric rocks have a slight-
ly higher 8102 content. Variations of the A1203, Ca0
and KZO contents in the bore-hole are shown in Figure
19 to illustrate these relationships. Figure 19 also
serves to illustrate the changes in the chemical com-
position across the contact between tre acid rocks and
the ferrogabbro of the Upper Zone. The actual con-
tact at 400 m is marked by 8 m of quartzite. The
most rapid variations are shown by the contents of
K20 and Ca0., 3Both of these have extremely steep gra-
dients across the contact and thereby clearly and ac-
curately define the contact. The shape of the curves
across the contact zone furthermore indicates that
the lowermost granite intersected is genetically re-
lated to the Veekraal granite. In each case the cur-
ves show a gradual steepening downward but kink sharp-
ly at the contact with the ferrogabbro. IMore gradual
variations are found in the contents of Fe-total and
SiOQ.
A number of the elements in the Veekraal granite
and Beestkraal granophyre show a high degree of cor-
relation with the Larsen Index (calculated as 1/38102
+K20-CaO-HgO~FeO(total)). Some of these are shown in
Figure 20. The Beestkraal granophyre appears to have
a smaller spread than the Veekraal granite and in ad-
dition the mean of the granophyre does not coincide
with that of the granite. 4 test of the significance
of this difference has been made using an F-approxi-
mation of Hotelling's T2 statistic (Davis, 1973, b.
450). The results are shown in Table 7 where values
significant for the number of sampies are shown and
indicate dissimilarity between the groups of samples

being compared at a confidence level of 95 percent.

Lenthall.....
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TABLE 7
F-VALUES FROM MULTIVARIATE T2
L " m v
Granite Granophyre Pseudo- Metasediment
granophyre

! 0,0 8,254 4,338 18,173
] 0,0 N.S. N.S.
i 0,0 N.S.
v 0,0

N.S.  Not significant; sample size too small

Lenthall (1975) and Hunter (1973) have studied
the relations between the major and trace element
contents of the Sekhukhune granite and the granites
of the Kaapvaal craton respectively. The mean K/Rb,
Ba/Sr and K/Sr ratios (200, 15 and 25 respectively)
of the Veekraal granite are similar to those of Lent-
hall's Groups I and II Sekhulkhune granite, which are
located within or near the mesocratic border (base)
of the granite sheet in the eastern Transveal. One
possible interpretation of this similarity could be
that the Veekraal granite in the area mapped repre-
sents the lower portion of the granite sheet.

Figure 21 shows the variation in the K/Rb ratio
with K content of the anaelysed granite samples. For
comparison the fields of a number of other granite ty-
pes are included (Hunter, 1973, Fig.12). The major-
ity of Veekraal granite szmples plot in a field which
only partly overlaps that of the Sekhukhune granite,
thereby suggesting slight chemical differences between
the Veekraal and Sekhukhune granite.

Many samples of Veekraal granite have a higher
K/Rb ratio than the Sekhukhune granite, (Fig. 21) as
has already been noted by Hunter (1973, p.2). The
higher K/Rb ratio for the Veekraal grznite implies
that magmao from which this granite crystallized was
less fractionated thaen the Sekhukhune granite, and

therefore.....
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therefore seems to corroborate the above findings
that the granite exposed in this area represents a
lower part of the intrusion.

Alternatively the difference in the K/Rb ratios
between these two granites could also indicate a
slightly higher melting temperature during generation
of the Veekraal granite magma.

Variations in other trace element parameters,
e.g. Ca vs., Ca/Ro; log K vs. log Ba; log K vs. log
Rb; log Ba vs. log Sr (not shown as graphs), tend to
show a similar offset between the positions of the
granite and the granophyre sanuples. The granophyre
samples tend to have slightly higher contents of X
but similar contents of Rb. Ca, Ba, lig and Fe-total
are slightly lower in the granophyre than in the Vee-
krazl granite.

6.2 STATISTICAL ANALYSIS OF CHEIICAL DATA

Statistical methods are available whereby it is
possible to examine relatively large amounts of data
and to obtain indications of the relationships and/or
variations that exist in these data (Harbaugh and
Merriam, 1968; ¥rumbein and Graybill, 1965; Davis,
.1973). Different statistical techniques have been
applied to the chemical data of the acid rocks. They
are cluster analysis, factor analysis and discriminant
analysis. It is beyond the scope of this thesis to go
into details concerning the mathematical theory of
the statistical background to these procedures and
only brief outlines are given before the results are

presented.
Cluster analysis is a technique whereby complex

interrelationships.....
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interrelationships between objects (samples) with
many variables (contents of different elements) may
be effectively displuyed in a two-dimensional diagram.
The process involves the calculation of some measure
of the similarity or difference between the objects,
after which the objects are grouped together to form
a hierarcnical branching structure, the dendrogream,
in which objects that are most similar to each other
are joilned to form clusters at high levels of simi-
larity and less similar objects are joined at lower
levels of similerity.

Most commonly the measure of similarity used in
cluster analysis is either the correlation coeffic-
ient or the distance function (Parks, 1966;

Davis, 1973). In this case use is made of the dis-
tance function. The distance function is the multi-
dimensional equivalent of the geometric distance be-
tween two points in space. Low values of the dis-
tance function mean greater similarity between the
objects being compared and high values mean lower
similarity.

The dendrogram'shown in Figure 22 shows the re-
sults of a cluster analysis carried out on the ana-
lysed surface samples., Correlation between the or-
ignal nmatrix of distance functions and the matrix of
cophenetic values is r=0,896 which means that the
clusters found by this analysis are significant.

As might be expected the samples of metasedi-
mentary rocks differ rather widely from the other
rock types. They cluster with the other rocks at ra-
ther low levels of similarity (i.e. at large values
of the distance function). High levels of similarity
are seen in a fairly coherent cluster, marked A in

Figure.....
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Figure 22, which consists almost exclusively of Vee-
kraal granite. The majority of the samples that make
up this cluster have been collected from near the
base of the granite sheet, near to the lower contact
of the granite with the rocks of the transition zone.

Cluster A joins with a number of other granite
samples to form a larger cluster (marked B on Figure
22) which contains 22 out of 29 of the analysed gran-
ite samples and 5 samples of other rock types.

Factor analysis has data reduction as its gene-
ral objective., It attempts to discern simplifying
relationships in large collections of raw data and
in addition to provide indications of the nature of
these relationships. The technique may be used to
examine relationships between samples as well as be-
tween variables.

In the present case factor analysis was carried
out on all the analysed samples. However, the re-
sults proved to be inferior to those obtained from
the discriminant analysis as far as relationships be-
tween groups of samples is concerned, and the results
of the factor analysis are consequently not further
discussed.

-In the case of discriminant analysis the object
is to find a linear combination of the variables
which produces the maximum difference between previous-
ly defined groups, (Davis,1973, p.443). If a function
is found which produces a significant difference, 1t
can be used to allocate new samples of unknown origin
to one or other of the original groups using Bayes'
decision rule (Pearce, 1976). In this case the de-
fined groups consist of Veekrazl granite (29 samples),
Beestkraal granophyre (5'samples), Zwartbank

pseudogranophyre.....

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

éﬁ
<

62

pseudogranophyre (6 samples) and metasediment (8 samp-
les). The results of the discriminant analysis are
shown in Figure 23 which 1is a territorial map of dis-
criminant function 1 versus discriminant function 2

(% of variance: Fi1=76%, F2=22%). The high percen-
tages of variance indicates that two functions are in
this case a reliable means of classification. Table

8 lists the predicted group membership and the percen-
tage of "grouped" cases correctly classified by the
discriminant functions is 96 percent. A slight de-
gree of overlap exists between the granite and pseudo-
granophyre (3,4%) and between granophyre and pseudo-
granophyre (17%). These results support the conclu-
sion that there exist significant differences between
the Veekraal granite and metasediments and the other
rock types (Hotelling's 2 statistic, see p.53) and
furthermore also suggests significant chemical dif-
ferences between the granophyre and pseudogranophyre.

TABLE 8 ,
DISCRIMINANT ANALYSIS - PREDICTION RESULTS

PREDICTED GROUP MEMBERSHIP

GROUP 1 GROUP 2 GROUP 3 GROUP 4
GROUP 1 (29) 28 0 1 0
VEEKRAAL GRANITE 96,6% 0,0% 3,4% 0,0%
GROUP 2 (6) 0 5 1 0
GRANOPHYRE 0,0% 83,3% 16,7% 0,0%
GROUP 3 (5) 0 0 5 0
PSEUDOGRANOPH YRE 0,0% 0,0% 100% 0,0%
GROUP 4 (8) 0 0 0 8
METASEDIMENT 0,0% 0,0% 0,0% 100%

Percent of " grouped”cases correctly classified: 95,8%
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7 STRUCTURE

Various hypotheses are put forward in existing
literature to explain the structure of the Bushveld
Complex. The Complex consists of three main lobes
which were at various times thought to be part of a
lopolith (Hall, 1932, p.459); a series of intrusions
along an east-west axis (Truter, 1955, p.8l); a set
of deep, curved troughs filled with basic rocks
(Cousins, 1959, p.182) and more recently a succession
of funnel-shaped cone-sheet intrusions (Willemse,
1964, p.113; Wilson, 1956, p.290 and Coertze, 1974,
p.51, Hunter, 1975, p.3).

In each of these hypotheses the structure of the
western Bushveld Complex north of Rustenburg and
Brits is considered to be relatively simple and uncom-
plicated. It is thought to have the shape of a gentle
basin, open at the eastern end, in which the layers
dip inward towards the centre. Discordancies in the
layered sequence are recognized both on a small scale
(as in the Union Section, Feringa, 1959) and on a
large scale (as in the major discordancies of the Up-

per Zone, Coertze, 1974).
7.1 FOLDING

During the mapping and subsequent investigations
of the western Bushveld Complex it became evident that
a simple basin shape could not account for the obser-
ved distribution of rock types, especially the rocks
forming the transition zone. These rocks are found
not only along the contact of the layered sequence
and the Veckraal granite, but also within the

Veekraal.....
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Veekraal granite, where they form the centrzl belt of
granophyric rocks. It is suggested that the rocks in
these two areas form part of the transition zone and
that its exposure in the central belt is the result
of folding along a northwest striking fold axis.
The central belt is interpreted as the crest of an
anticline along which rocks of the transition zone
are exposed (Fig. 24).

Both geological and geophysical evidence having
a bearing on the structure of the western Bushveld
Complex are examined in the light of the proposed
model of the structure. This evidence includes the
distribution of rock types, aeromagnetic evidence,

gravimetric evidence and structural data.
7T.1.1 THE DISTRIBUTION OF ROCK TYPES

The complement of rock types in both the contact
and central belts 1s exceedingly similar., All five
main rock types (granophyre, pseudogranophyre, poi-
kilogranite, microgranite and sedimentary xenoliths)
are found in both belts. Similar relationships are
found between these rock types end furthermore the
sedimentary xenoliths include the same lithologies
and exhibit the same range of deformation.

At first sight the granophyre and pseudograno-
phyre of the central belt present an apparently ano-
malous situation. Granophyre is found in many parts
of the Bushveld Complex and Lenthall (1973, p.76)
proposed a classification of the known types of gran-
ophyre in the Complex. It is significant that every
proposed class of granophyre is associated with a
contact of some sort or another and no granophyre is

describedece e
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described as occurring in the central part of a gran-
ite body, away from intrusive contacts with other
rocks. On this basis the granophyric rocks of the
central belt either constitute yet a different type
of granophyre, previously unknown, or these rocks are
indeed located near a contact. The second alterna-
tive suggests that the proposed structural model is
correct and that the contact between the acid rocks
and the layered sequence could be located at shallow
depth underneath the rocks of the central belt. This
configuration, together with the other possible al-
ternatives, is illustrated in Fig. 25. In this fig-
ure three schematic cross-sections across the western
Bushveld Complex are presented. The first possibi-
lity (a) is that no folding has taken place and that
the central belt represents granophyric rocks at the
contact of two sheets of granite. This possibility
is discarded for lack of any supporting evidence.
Possibilities (b) and (c) involve a folded struc-—
ture whereby either graanophyric rocks located at the
roof or at the floor of the granite sheet are folded
into the position of the central belt. The similar-
ity of the rocks in the central and contact belts,
both in terms of the rock types and their relation-
ships, suggests that the folded structure in confi-
guration (c¢) is the most likely one and that the cen-
tral belt is thnerefore located at the crest of an

anticline.
7.1.2 AERONMAGNETIC OBSERVATIONS

Published aeromagnetic maps of the area (Aero-

magnetic survey of area 7/69, Rustenburg), show good

correlationN.eeee.
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correlation between the magnetic anomslies and known
geological features, such as for instances the Pila-
nesberg Alkaline Complex and the ferrogabbro of the
Upper Zone of the layered sequence.

The Upper Zone is characterized by high magnetic
gradients and numerous maxima and minima. This con-
trasts with the gabbro of the lain Zone which shows
lower gradients and has fewer maxima and minima per
unit area than the ferrogabbro. The area underlain
by the Veekraal granite does not appear homogeneous
on the aeromagnetic maps, but instead is seen to con-
sist of two bands of gentle magnetic gradients sep-
arated by a band of high gradients and many maxima
and minima (Fig. 26). The pattern of the latter band
is rather similar to that of the ferrogabbro of the
Upper Zone, but the amplitude of the maxima and mi-
nima 1s smaller. The bends have a northwest orien-
tation; there is moderately good agreement between
the position of the band of high gradients and the
central belt of granophyre as well as between the
positions of the bands of low gradients and the Vee-
kraal granite on either side of the central belt.

These observations are consistent with the pro-
posed structural model. If the central belt is loca-
ted on the crest of an anticline, the ferrogabbro of
the Upper Zone would be found at relatively shallow
depths below the acid rocks. This would result in an
aeromagnetic pattern similar to that observed over
the Upper Zone, but with reduced amplitude of the an-
omalies due to the masking effect of the overlying
acid rocks, which do not produce any strong anomalies
of their own.

Away from the central belt, in the areas

underlain. ...
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underlain by granite, the anomalies produced by the
ferrogabbro would be much more severely attenuated
by the increased thickness of acid rocks (transition
zone plus Veekraal granite) and the pattern observed
would be largely that of the granite itself.

T.1.3 GRAVIMETRIC EVIDENCE

Gravimetric evidence of the Bushveld Complex
has led previous authors to suggest that the granite
in the western Bushveld Complex may be relatively
thin. This is concluded by Verwoerd (1967, p.97) and
before him this view was expressed by P.J. Smit of
the Geological Survey (unpublished manuscript), whose
profiles across the Complex show the granite as a
thin, flat sheet overlying the basic rocks of the
Complex. '

A qualitative interpretation of the available gra-
vity data of the western Bushveld Complex was made
and at a later stage, with the help of Dr. B.W. Darracott,
then of the Geological Survey, a quantitative inter-
pretation was made of the same data (Walraven and
Darracott, 1976).

Fig. 27 depicts three gravity profiles construct-
ed from the available gravity data together with a
sketch map showing the location of the profiles. The
data for the profiles were obtained from measurements
made by Smit et al (1962) and the profiles are drawn
along lines trending slightly east of north, more or
less normal to the strike of the postulated fold axes.
All three profiles show similar features. Approaching
the granite from the southwest the values of the Bou-

guer anomalies increase steadily. The increase

continueS..e..
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continues to a point beyond the contact of the layer-
ed sequence and the acid rocks before reaching a mex-
imum. A minimum is then reached by the Bouguer an-—
omalies while still over the granite and the anomaly
values increase again as the central belt is approach-
ed. A second maximum is reached more or less over
the central belt, and tlie Bouguer anomalies drop off
again over the granite northeast of the central belt.
The Bouguer anomaly maximum observed over the
central belt of granophyric rocks can be interpreted
'as being the result of either the presence of more dense
rocks (basic rocks) closer to the surface, or a marked in-
crease in the thickness of the more dense rocks at greater
depth. Gravimetric considerations alone donot allowa
distinction to be made between these alternatives, but the
first is entirely consistent with the structural model.
The continued increase in the value of the Bou-
guer anomely past the contact of the acid rocks and
the layered sequence suggests a rapid increase in the
thickness of the denser basic rocks at this point.
This feature can also be explained by a sudden flat-
tening of the dip of the layering, so that the basic
rocks are shallower than expected, but this alterna-
tive is ruled out from geological observations. The
increased thickness of basic rocks is probably zlso a
structural feature and probably results from a steep-
er attitude of the layering, especially that of the
Upper Zone which may have a discordant relationship
with the underlying liain Zone. The increased thick-
ness and discordance of the Upper YZone has a parallel
in the suggested location of feeder pipes or feeder
dykes of the Upper Zone close to the southwestern mar-
gin of the Bushveld granite (Coertze, 1974, p.45 and

Plate..e.w
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Plate XIII).

In making a quantitative examination of the gra-
vity data a simplified physical model based on the
available geological data and the postulated struc-
tural model, was constructed along one of the profile
lines shown in Fig. 27. The residual Bouguer anome-
lies along this profile were calculated by subtract-
ing the estimated regional anomaly from the Bouguer
anomalies. Ixpected residual anomalies were calcula-
ted from the simplified physicel model and compared
with the observed residuzl anomalies. The shape and
dimensions of the physical model were then repeatedly
modified until its computed gravity anomalies no long-
er differed significantly from the observed anomzlies.

The profile line used for the quantitative inter-
pretation corresponds to line 2 in Fig. 27. This line
is sufficiently close to normal to the strike of the
outcrops, and the laterzl extent of the units is large
enough in comparison to their depth extent, to allow
the physical model to be regarded as a two-dimensio-
nal one. Fig. 28(a) shows the observed gravity ano-
melies along the profile line together with the assu-
med regional anomaly based on an average density of
2,7 g cm™3 of the rocks of the Transvaal sequence,
which produce a gravity high relative to the older
basement rocks. The main units used for the physical
model are the acid rocks, the ferrogabbro of the Upper
Zone and the remaining rocks of the layered sequence,
The densities assigned to these units are based on
values obtained from Smit and Naree (1966) and are as

follows:

Acid roCKSeesee
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Acid rocks: 2,65 g cm™3

Upper Zone: 3,00 ¢ em™3

Rest of Layered Sequence: 2,90 g cm™3
In Fig. 28 (a) the final shape and dimensions of the
physical model are shown together with the gravity
anomalies that were computed from it and, for compa-
rison,the observed residual anomalies. In Fig. 28(Db)
the proposed structural model has been included for
comparison with the available geological data. The
peak in the observed Bouguer anomaly at the northern
end of the profile is believed to be related to the
rocks of the Crocodile River Fragment, but since it
does not affect the structural interpretation, no at-
tempt is made to include it in the physical model.

The quantitative interpretation confirms the qual-
itative interpretation and in addition also suggests
the following features: (1) the thickness of the lay-
ered sequence south of the contact with the acid rocks
appears to be less than would be expected from the
projection of the attitude of the layering at the
southern extremity of the sequence, and (2) the at-
titude of the layered sequence near the contact with
the acid rocks is possibly steeper than elsewhere.
Both these features can be accounted for in the pro-
posed structural model by an extension of the folding
to the southwest, i.e. by adjoining another snticline
and syncline to the southwestern syncline in the gran-

ite area (Fig. 24). The steeper attitude of the lay-

ering corresponds to the northern limb of the anti-
cline and the flatter portion of the layered sequence

would correspond to the northern limb of the syncline.

7-1-4«..;0
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T.1.4 STRUCTURAL OBSERVATIONS

Evidence of possible tectonic activity during
and after the intrusion of the layered seqguence can
be seen in the basic rocks of the Bushveld Complex
north of Pilanesberg. As previously described in the
section on the layered sequence, there are a number
of transgressive lobes of ferrogabbro of the Upper
Zone in this area. These are illustreted in Fig. 24
(see also Coertze, 1974, map in folder). 4 third
transgressive lobe can be recognized by means of
LANDSAT inagery, further north near the Crocodile
River (Richards and Walraven, 1975).

Coertze (1974, p.97) interprets the relationship
of the ferrogabbro to the older rocks to be the result
of discordant intrusion to form two trough-like ba-
sins. The magnetitite layers in the Upper Zone are
concordant with the outlines of the troughs and there-
fore support such a conclusion. The basinal shapes
described by the magnetitite layers become shallower
with increasing height in the Upper Zone. At the top
of the Upper Zone, at the contact with the acid rocks,
the basinal shape is very subdued.

Located between the two troughs of ferrogabbro
is a remnant of the layered sequence which has not
been transgressed and wnhich shows the normal succes-
sion of basic rocks. At the southeastern end of this
remant, located at the southeast corner of the farm
Syferkuil 9JQ (Fig.29), a large irregular outcrop of
magnetitite is located within an arcuete layer of
megnetitite which outlines the remmsnt of the older
rocks. The shape of this outcrop is such that it
could possibly have formed by the overturned minor

foldingee...
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(A) OUTCROPS OF MAGNETITITE LAYERS

Gabbro

Middelkuit 8JQ

(B) STRUCTURAL INTERPRETATION

Major
Anticline

FIG. 29. DETAIL OF THE STRUCTURE IN THE MAGNETITITE LAYERS OF THE
UPPER ZONE NORTH OF PILANESBERG AND THEIR- INTERPRETATION
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folding of two magnetitite layers at the nose of an
anticline. The magnetitite layers located to the
north and west of this outcrop have also been deform-
ed in a manner consistent with minor folding develop-
ed in a large fold structure, viz., the development
of moderately folded S-shaped drag folds on the south-
western limb of the anticline and the development of
Z-shaped drag folds on the northeastern limb (Fig.29).
The shape of the magnetitite layers could there-
fore have resulted through folding to form an anti-
cline located over the remnant of layered sequence
rocks. The basinal shape of the magnetitite layers
in the ferrogabbro in the transgressive lobes could
similarly have resulted in part from the folding

if synclinal axes were developed over the lobes.

TeleD CONCLUSIONS REGARDING THE STRUCTU-
RAT: NODEL

The structural model proposed for the western
Bushveld Complex consists of northwest trending fold
axes (Fig.24). The folds are located so that an an-
ticline is situated over the central belt of grano-
phyre and extends to the northwest to coincide with
the remnant of layered sequence rocks between the
transgressive lobes of ferrogabbro. Adjoining syn-—
clines are located over the transgressive lobes and
over the Veekraal granite northeast and southwest of
the central belt. Further fold axes are located to
the southwest.

This model provides a unique solution for the ob-
served distribution of rock types, especially the cen-
tral and contact belts which are very similar to each

other. ...

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02:&

81

other and are believed to form part of the same

stratigraphic horizon (Walraven, 1974b). The model
also provides an acceptable explanation of the ob-
served patterns on aeromagnetic maps of the area and
is also perfectly consistent with the observed gra-
vity anomalies., Although similar gravity anomelies
would result from an elongated deep trough of basic
rocks located at depth underneath the central belt of
granophyric rocks, as might be expected if a feeder
dyke of the Bushveld Complex were located here, such
a trough would not be consistent with the aeromagne-—
tic observations, nor could the distribution of rock
types be explzined as easily as in the proposed model,
Finally some degree of support for the model is found
also in the outcrop pattern of the magnetitite layers
north of the Pilanesberg, which could represent minor

fold structures.
T.2 JOINTING AND PFAULTING

During the field work routine measurement of
joint plane orientations was carried out. At each
outcrop where joint planes were visible all the joint
sets present were examined and a representative mea-
surement made for each of the joint sets present in
the outcrop. In this manner up to three sets of
joints were normally recorded at most outcrops. The
field data were subsequently plotted on orientation
diagrams and grouped into subareas in an attempt to
observe areal variations of the orientation of the
joint planes. The results are illustrated in Fig. 30
where rose diagrams of the joint directions in each

of the subareas are siown.

In..-.o
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In the area as a whole there appear to be three
joint systems. These are referred to as systems A, B
and C. Two of the systems, A and B, are probably
related to the same tectonic event. Joint system A
consists of near-vertical joints having an average
strike of 300 degrees. This direction is parallel to
that of the diabase dykes which were probably intruded
in the joints of this direction. '

The second system, B, 1s made up of joints strik-
ing between 010 and 050 degrees. Their distribution
in the western Bushveld Complex does not appear to
relate to other features but the orientation of this
system and of system A suggests that they formed du-
ring periods of north-northeast directed stress which
resulted in stress joints of system A and release
joints of system B.

The distribution of the Jjoints belonging to sys-
tem C is very irregular. The joints are oriented be-
tween 072 and 083 degrees and approximate the strike
of prominent aeromagnetic anomalies which can be seen
on aeromagnetic maps of the area and which traverse
the whole of Transvazl. The anomalies are related to
basic dykes of Karoo age and the Elands River follows
one of these dykes for a short distance from south of
the Pilanesberg to the Vaalkop Dam. There seems
little doubt that these dykes and the joints of system
C are related. '

Major faulting in the area has a strike of about
30 degrees west of north. The faults bounding the
Crocodile River Fragment have this orientation as
well as the faults forming the Brits graben. The
latter can be traced as lineuments on serial photo-
graphs for a considerable distunce northward into the

Veekraal.....
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Veekraal granite. The presence and orientation of
quartz-filled tension gashes associated with the
faults suggests that they were active after the in-
trusion of the granite and that they were caused by

a stress pattern having a major stress component or-
iented between north and northeast. This is in agree-
ment with the stress patterns suggested by the joint
systems A and B and also with the direction of the

ma jor stress required to produce the northwest fold

structures.
Te3 INTERPRETATION OF TIIE STRUCTURE

Geological, geophysical and structural observa-
tions 1n the western Bushveld Complex provide evi-
dence for a structural model consisting of northwest
striking enticlines and synclines. This evidence
suggests that the approximate orientation of the ma-
jor stress direction was northeast to southwest and
the majority of the structural features observed in
the western Bushveld appear to relate to this stress
pattern.

Coertze, (1974, p.1l08) mentions alternating pha-
ses of stress and relaxation of stress which took pla-
ce during and which partly controlled the intrusion
of the layered sequence. Successive additions of mag-
ma to the Complex would nave taken place during the
phases of stress relaxation.

The joint systems in the Veekraal grenite relate
to this stress pattern; +this indicates that these
stresses were still active until after the intrusion
of the granite. Therefore the cycle of tectonic act-
ivity to which these stresses belong took place over

a.....
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a rather protracted time, i.e. at least from before
the intrusion of the basic rocks of the Bushveld
Complex until after tlhe intrusion of the Veekraal
granite, a period estimated to be at least 170
million years on the basis of aveilable age dating.
Because the diabase dykes also follow joints produced
during this cycle of tectonism, it must be considered
possible that the cycle was not yet finalized before

their intrusion.
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8 PETROGENESIS

A number of hypotheses have been presented in
the past to explain the origin of the granophyric
rock types. Von Gruenewaldt (1968, p.l63; 1972, p.
126) considers the granophyre in the Tauteshoogte and
Paardekop area and in the area north of Kiddelburg to
be the result of melting of the roof rocks which con-
sisted of acid lava of the Rooiberg Group. The magma
thus formed would have intruded and crystallized as
granophyre at a slightly higher level.

Such a mechanism is considered to be unlikely to
have taken place in the western Bushveld Conmplex. In
the eastern Transvaal the layered sequence intruded
at the very top of the Pretoria Group, immediately be-
low the Rooiberg Group. In the western Bushveld the
lavas of the Rooiberg Group and the basic intrusives
of the layered sequence were separated by the sedimen-
tary rocks of the Rayton, Smelterskop and Leeuwpoort
Formations. These intervening rocks would have pre-
vented any melting of the acid lavas of the Rooiberg
Group taking place so that the latter cannot be in-
voked as a source of granophyre magma in the western
- Bushveld Complex.

Published literature does not present a picture
of universal agreement concerning the formation of
granophyre and the development of its characteristic
texture. Iuch of the confusion in the literature is
probably caused by inconsistencies in the nomencla-
ture, but even for those rocks which can be regarded
as granophyre in the strict sense of the name, a
number of different opinions have been advanced.

Mehnert (1968, p.194) notes that the origin of

graphicC.....
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graphic intergrowths (and of micrographic inter-
growths) is as yet rather disputed and has been ex-
plained in various ways in the past. The classical
interpretation is that it is an eutectic fabric re-
sulting from the simultaneous crystallization of
quartz and feldspar. Bygden (1904) arrived at this
conclusion on the basis of the percentages of quartz
and feldspar in graphic granite. Fersman (1915) de-
scribed regular relationships between the crystallo-
graphic orientations of the quartz and feldspar of
the intergrowths and consluded that 1t is a result

of eutectic crystallization. Simpson (1962) suggests
simultaneous crystallization from a vapour phase for
the graphic granite from the Ramona district, Cali-
fornia, whereas Leighton (1954) suggests non-eutectic
crystallization from a granitic melt for the grano-
phyre of a basic complex in northern Wisconsin.

Other suggestions for the formation of granophyre
sensu stricto include the replacemnent of feldspar by
quartz which grows along specific crystallographic
directions within the feldspar (Drescher-Kaden, 1948)
or metasomatic replacement of feldspar under a variety
of petrogenetic conditions (Augustithis, 1973, p.35).
Krokstrdm (1932) considers that the granophyre asso-
ciated with the Breven dolerite dyke did not form so-
lely by eutectic crystallization, but may partly have
formed by replacement and also by undercooling.

FProm the variety of opinions concerning the for-

mation of granophyre it can only be concluded that
there nust be a number of ways iﬁfghch micrographic
textures can develop. In the case of the Beestkrazl
granophyre contact relationships indicate that it

intruded the transition zone after the formation of

t}le.-...
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the Zwartbank pseudogranophyre. The texture of the
granophyre suggests that tiis rock formed by crystal-
lization from a magma. The composition of the micro-
graphic crystals from the centre outward is consis-
tent with crystallization from a melt which lies in
the feldspar field of the quartz-albite-orthoclase
phase diagram. In Figure 31 a diagrammatic repres-—
entation is given of the path which the melt is be-
lieved to have followed during crystallization of the
granophyre, The first crystals to form from the melt
are perthite. As these grow the melt becomes enrich-
ed in silica and its composition moves towards the
quartz field of the diagram. Jhen the cotectic line -
is reached, however, quartz does not immediately
start to crystallize. Before crystallization of any
phase can proceed, conditions must be reached under
which the solid can exist stably (Stanton, 1972, p.
203). When the phase boundary is first reached any
nuclei of quartz that might form would be small and
therefore have a very high free energy per unit volume.
Consequently there is a very strong tendency for such
nuclel to go into solution again.

The only way in which the nuclei can avoid solu-
tion is by rapid growth to a size where the surface
energy of the crystal is a much smaller proportion
of its total energy and the free energy of the crys-
tal is less than the free energy of the silica atoms
in the melt. Such rapid growth wili take place only
under increased concentration gradients and crystalli-
zation of the quartz will therefore be delayed until
such conditions are achieved, i.e., uatil the compo-
sition of the melt has moved some distance into the
quartz field of the quartz-albite-orthoclase system

v

(Fige 31l)eee..
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(Fig. 31). This means that the melt has in fact be-
come supersaturated with respect to Si02.

As a consequence of the supersaturation, the
stage at which the melt crosses the cotectic line is
represented in the micrographic crystals by a line
located a small distance inside the boundary of the
core and the mantle (Fig. 8). When the quartz does
finally start to crystallize it does so rapidly and
the ratio of quartz to feldspar is consequently high-
er until the excess SiO2 has been used and the compo-
sition of the melt has moved back to a position on
the cotectic line. From then on the quartz and feld-
spar crystallize simultaneously in the cotectic ratio
of approximately 45 to 55, and the composition of the
melt then changes towards the ternary minimum of the
system.

Other investigations of granophyre and graphic
granite (e.g. Simpson, 1962) have revealed that the
quartz rods in the intergrowths are quite continuous.
Although the rods become coarser away from the core,
new ones are rarely started, confirming that nuclea-
tion of a new crystal is relatively difficult compa-—
red with further growth of an existing crystal.

Investigations of igneous complexes such as the
Skaergaard (Wager and Brown, 1968) suggest that ex-
treme differentiation of tholeiitic magma may result
in the formation of an acid residue, rich in iron,
sodium and potassium, from which granophyre could crys-
tallize. In the western Bushveld both the lack of gra-
dational contacts between the basic rocks and the gra-
nophyre as well as the relative proportions of these
rocks suggest that such a mechanism was not operative

in this case.

TWOeeeooe

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

5%
<
91

Two alternative methods can be considered for
the derivation of the granophyre magma. The first
is that the magma was formed at shellow depths by
melting of suitable materizl by means of the heat
energy provided by the layered sequence. As noted at
the start of this section, the lava of the Rooiberg
Group cannot be considered as a suitable parent rock.
Feldspathic sediments of the appropriate composition
were almost certainly present in the roof rocks of
the complex and the granophyre magma migcht have been
derived from these.

The second alternative is that the granophyre
magna was derived from a greater depth. No evidence
is available to suggest at what depth the magma might
have formed or by what method it was formed. Certain
aspects of other basic rock-granophyre associations
are of interest (Wager and Brown, 1968, pp.1l37, 515
and 518, licLeod, 1959, p.34). In many cases the acid
rocks associated with the basic intrusions appear to
have discordant relationships with the basic rocks
and are not considered to have formed in situ, but to
have derived at depth by fractional crystallization,
e.g. the Somerset Dam layered intrusion (IicLeod, 1959,
p.34; Mathison, 1967, p.79).

Evidence abounds to suggest that the Beestkrasl
granophyre is not a marginal phase of the Veekraal gra-
nite. Intrusive contacts between the granophyre and
the granite indicate that the granite intruded later.
This is corroborated by the age determinations and
is further supported by the chemical dissimilarity of
the two rock types and by the existence of granophyre
in the absence of granite in other localities in the

Bushveld Complex (Von Gruenewaldt, 1972, p.l1l21).

ThEseeos
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The textures of the Zwartbank pseudogranophyre
and poikilogranite provide strong evidence that re-
placement of quartz by feldspar has taken place in
these rocks (Fig. 10a, b and c¢). It is believed that
the replacement reletes to the formation of these rocks
which are thought to have formed by a process of trans-
formetion from the roof rocks of the layered sequence
by the heat from the basic intrusives.

Daly (1905, pp.1l95 and 209), in a review of some
layered igneous bodies with granophyric and granitic
portions, mentions several features similar to those
observed in the Bushveld Complex. These include the
presence of partly digested sedimentery xenoliths
which are changed to "rocks similar to granophyre-
granite", and the asymmetry of the arrangement in
which the granophyric rocks occur only near the top
of the basic body. Daly suggests the following con-
tributory causes: (1) extensive assimilation at the
the upper surface only, and (2) asymmetry due to dens-
ity stratification of the magma composed of gabbro
and digested sediment.

Examination of samples of the uppermost portion
of the ferrogabbro of the Upper Zone (from bore-hole
BK1) shows that these rocks contain an appreciable
amount of hornblende as well as interstitial quartz
‘which are not found in the remainder of the ferrogab-
bro. This may be the result of either assimilation
of acid roof rocks or differentiation within the lay-
ered rock or by a combination of both. (Wager and
Brown, 1968, p.240; Coertze, 1974, p.97).

In order to be able to produce the Zwartbank
pseudogranophyre and poikilogranite, suitable parent
rocks must have been available. Subgreywacke and

sSubarkoS€ecoeee
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subarkose form a large proportion of the strata in
the upper part of the Pretoria Group (Visser, 1969,
p.88) and their chemical composition is such that
minor additions of sodium, potassium and iron would
result in compositions similar to that of the Zwart-
bank rocks. These are therefore quite suitable roof
rocks from which the pseudogranophyre and poikilo-
granite might have formed. )

In the Zwartbank rocks the quartz has been re-
placed by perthite and orthoclase as well as by plagio-
clase., The replacerient appears to have taken place
by growth of the feldspar around as well as into the
quartz grains. Therefore, although it is probably
small, the process must involve a change in the bulk
composition of the parent material.

There are three alternative processes that can
account for the 8102 which has been replaced: (1) it
could be removed from the rock, possibly by upward
migration into the overlying strata or by lateral mi-
gration into less siliceous parts of the roof rocks,
(2) it could form overgrowths on other, smaller quartz
grains in the rock, or (3) it could combine with in-
troduced material to form feldspar.

Of these possibilities the second one is discar-
ded because no overgrowths have been observed on the
quartz grains in either the pseudogranophyre or the
poikilogranite. The first alternative, if operating
alone, would result in a bulk decreasse in the volume
of the parent rocks; similarly the third alternative
would result in a bulk increase in volume. Table 9
shows the average composition of the Zwartbank rocks
compared to that of some possible parent materials

from which they might have formed. rfeldspathic

quartzite.....
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quartzite from the roof rocks to the northeast of the
Crocodile River Fragment (column II) has a composi-
tion rather similar to the average Zwartbank rocks,
although the A1203
average composition shown in column III has been ob-

content is slightly high. The

tained by combining the composition of subgreywacke,
subarkose and arkose from the Rayton Formation (Visser,
1969, p.100) with that of the average shale (Pettijohn,
1957, p.344) in a ratio representing the relative pro-
portions of these rock types in the succession.

TABLE 9

CHEMICAL COMPOSITION OF SEVERAL ALTERNATIVE PARENT
MATERIALS FOR THE ZWARTBANK ROCKS

[ " i v
Si0p 74,09 73,08 74,14 72,83
TiOy 0,24 0,48 . 0,44 0,34
Al03 11,66 14,29 12,48 11,14
Fep03 1,61 0,82 2,68 1,18
FeO 1,54 0,28 1,64 2,36
MgO 0,13 0,30 1,50 2,18
Ca0 0,93 0,60 1,82 1,94
Nap0 3,36 3,46 1,24 2,74
K20 4,91 5,73 3,80 3,48

| Average composition of Zwartbank pseudogranophyre and poikilogranite
{analyses in Appendix 2)

I Feldspathic quartzite, northeast of the Crocodile River Fragment (Visser,
1964, p.203)

Il Average composition of Pretoria Group sediments from the Magaliesberg
Quartzite Formation upwards (excluding orthoquartzite, feldspathic
quartzite and non-clastic sediments; see text for further details)

IV Average composition of analysed sedimentary xenoliths in area mapped
(Appendix 2)

Orthoquartzite and feldspathic quartzite are the
rock types forming the majority of the sedimentary
xenoliths and have been left out of consideration.
Non-clastic sediments and lava have also been left
out since they are volumetrically unimportant; the
non-clastic xenolith on Potgietersnoogte 134JQ

SUZEEStSeaeee
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suggests that these rocks were also not involved in
the transformation process.

The average composition thus obtained is lower
in NaZO and slightly higher in lMg0 and Fe-total con-
tent than the composition of the Zwartbank rocks.
Although considerable uncertainty must exist in these
comparisons, they do confirm the presence of suitable
parent rocks forming the roof of the layered sequence
from which the Zwartbank rocks may gave been formed
and furthermore they suggest that little or no change
in the 8102 and A1203 contents was needed to form the
Zwartbank rocks.

Discrepancies in the Na20 content of parent rocks
and products suggest some addition of Na20 during the
transformation, probably in the form of an acid, alka-
li-rich liquid derived from the basic rocks. Since
there are no indications of a consequent increase in
the 8102 content of the transformed rocks, it would
appear tnet some SiO2 was also lost from these rocks
during the transformation process.

Simple recrystallization of the parent rocks to
form the pseudogranophyre and poikilogranite 1s not
thought to have taken place. Such a possibility is
precluded firstly by the limited availability of pa-
rent rocks of the same chemicegl composition as the
product rocks and secondly because the quartz-feld-
spar intergrowths in the pseudogranophyre represent a
higher—-energy étate than the texture of the parent
rocks.,

A close relationship betwecn sedimentary rocks
and the Zwartbank pseuvdogranophyre is indicated by
the inclusion of partly assimilated quartzite pebbles

in the pseudogranophyre. These are interpreted as

being.ee..
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being the remmants of strongly deformed sedimentary
strata (brecciated, as seen in some of the sedimen-—
tary xenoliths) in which all but the very quartz-rich
sediments have been transformed.

Chemical data also provide indications of a rela-
tionship between the Zwartbank rocks and the sedimen-—
tary rocks. Cluster analysis shows that these rocks
resemble each other by not grouping together at low
values of the distance function, i.e., both are more
variable in their chemical composition than either
the Veekraal granite or the Beestkraal granophyre.

Van Rooyen (1950) has ascribed a metamorphic or-
igin to pseudogranophyre in the area north of Pot-
gietersrus. He considers the rock, which closely re-
sembles the"Rooiberg pseudogranophyre' described by
Strauss and Truter (1944, p.70), to represent zn al-
tered feldspathic quartzite of the Pretoria Group.

Both the pseudogranophyre as well as the poiki-
logranite are believed to have formed by a similar
transformation process. The different textures seen
in these rocks are thought to reflect differences in
the grain size of the parent rocks. Figure 32 is a
diagrammatic representation of the transformation pro-
cess acting on fine- and coarse-grained parent rocks.
Growth of feldspar crystals A to D has, in the coarse-
grained rock, resulted in the production of a pseudo-
graphic texture while in the fine-grained rock a poi-
kilitic texture is formed.

Grain size measurement of the Zwartbank rocks
suggests that half a millimetre is the approximate
size above which quartz grains tend to be embayed and
penetrated by the growing feldspar crystals. Quartz
grains below this size tend to be only slightly

roundedeeeee
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rounded during the feldspar growth. As noted in
section 4.2.2.2 the pseudogranophyre and poikilogra-
nite are completely gradational and various propor-
tions of both textures are found in individual rocks.
~As shown by the statistical analyses as well as by
the quartz-albite-orthoclase and AFK diagrams, the
metasedimentary rocks of the xenoliths are chemically
distinct from the other rock types of the transition
zone., The source of the sedimentary rocks was very
probably the upper part of the Pretoria Group which
formed a part of the roof during the intrusion of the
layered sequence of the Bushveld Complex. In the wes-
tern Transvaal the rocks that form the floor of the
Bushveld Complex are predominantly the strata of the
llagaliesberg Quartzite Formation. Furthermore the
layering of the Complex is generally conformable to
the underlying sedimentary strata and no evidence of
any major transgression of the floor rocks is seen.
It is therefore reasonable to suppose that the laga-
liesberg Formation also forms the floor of the Bush-
veld Complex in the area under consideration. Conse-
quently the roof rocks of the Complex consisted of
those strata of the Pretoria Group that were overlying
the Magaliesberg Formation: the equivalents of the
Rayton Formation east of Pretoria and the Leeuwpoort
and'Smelterskop formations in the Rooiberg area.

As shown in Table 2 (section 4.1.1), suitable
quartzite beds from which the sedimentary xenoliths
could have been derived are present in these forma-
tions. The xenolith on Potgietershoogte 134JQ, which
contains non-clastic strata, provides additional sup-
port for this choice of parent formations for the

xenoliths because similar non-clastic sediments

CoNsSisStingeesee
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consisting of alternating chert and limestone beds are
found in the Rayton Formation (Table 2 and Visser,
1969, p.94).
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9 SUMIARY AND CONCLUSIONS

Field work in the area north of Rustenburg and
Brits has demonstrated the existence of a transition
zone separating the rocks of the layered sequence be-
low from the Veekraal granite above. Age determina-
tions and contact relationships indicate that the Vee-
kraal granite 1is younger than and intrusive into the
rocks of the transition zone. Consequently an upper
portion of the transition zone, separating the Vee-
kraal granite and the roof of the Bushveld Complex,
must have existed at the top of the Veekrazl granite
prior to its removal by erosion.

A number of rock types make up the transition
zone. Quantitatively the most important of these rock
types are the Beestkraal granophyre and the Zwartbank
pseudogranophyre and poikilogranite. IMicrogranite
and metasedimentary rocks make up the remainder of
the transition zone. Intrusive lobes of Veekraal gra-
nite are also found within the transition zone. These
represent downward offshoots from the main body of
Veekraal granite overlying the transition zone.

Field and contact relstionships, age determina-
tions and major as well as trace element chemistry
provide conclusive evidence that there is no genetic
relationship between the granite and the rocks of the
transition zone. The Veekraal granite is younger than,
has sharp intrusive contacts with, and differs consid-
erably chemically from the other rock types. Signi-
ficant chemical differences exist between the Veekraal
granite, the granophyric rocks and the metasediments
(e.g. statistical analyses, section 6.2),

Chemical differences also exist between the

Veekrasl.eeeo
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Veekraal granite in the lower part of the granite
sheet and the granophyric rocks as well as between
the lower and upper parts of the granite sheet. Sam-
ples from the lower part of the granite sheet form a
separate cluster in the cluster analysis and also oc-
cupy the same area on the AFN diagram as the granite
samples from bore-hole BKl, which are very near to

the base of the granite sheet. This area on the AFM

diagram is separate from the area occupied by the gra-

nite samples from the upper part of the granite sheet
and samples of the granophyric rocks. Plots of chemi-~
cal content versus depth of the bore-hole samples

show consistent differences between the major ele-

ment chemistry of the granite and the other rock ty-

pes.

There can be little doubt that the lowermost gra-
nite intersection in bore-hole BK1l has been contami-
nated by material incorporated from the ferrogabbro
of the Upper Zone. ‘As was shown in Figure 19, a num-
ber of major elements and the anorthite content of
the plagioclase in the granite exhibit gradual chan-
ges towards the contact with the ferrogabbro, but
have sudden, sharp changes at the contact itself. In
addition, support for this conclusion is found in the
presence of inclusions of partly assimilated "mottles”
of ferrogabbro within the lowermost granite intersec-
tion.

A summary of the geological history is illustra-
ted in Figure 33. The events are as follows:

A. Before the intrusion of the Bushveld Complex the
Pretoria Group was overlain by acid lavas of the
Rooiberg Group.

B. Intrusion of the basic magma of the layered

SEQUENCE s s e

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

102

TIME SCHEMATIC GEOLOGICAL PROFILES

A
Before emplacement of the layered ROOIBERG GROUP

sequence, ca. 2150 m.y.

PRETORIA GROUP

B

Emplacement of the layered sequence
from ca. 2150 to ca. 2100 m.y.
Formation of the Zwartbank rocks at SIS »
the roof of the intrusion (w/7.) % PRETORIA GROUP,

ROOIBERG GROUP

<«—  LAYERED SEQUENCE

PRETORIA\ T ( GROULP

ROOIBERG GROUP

C

Intrusion of the Beestkraal grano-
phyre at 2050 m.y.

S, ./ -
L PRETORIA GROUP
% %

<— BEESTKRAAL GRANOPHYRE —> |

LAYERED SEQUENCE
PRETORIAW GROUP
D
Intrusion of Veekraal granite at ROOIBERG GROUP
1920 m.y. .
////l.. .
) N JPRETGRIA GROUBS
<—  VEEKRAAL GRANITE — 2.
BEESTKRAAL / GRANOPHYRE |
LAYERED SEQUENCE
PRETORIA ] GROUP
|
FIG. 33. SCHEMATIC GEOLOGICAL HISTORY OF THE WESTERN I
BUSHVELD COMPLEX '
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sequence took place at a stratigraphic level cor-
responding to the top of the lMagaliesberg Quart-
zite Formation. The final basic intrusion (fer-
rogabbro of the Upper Zone) took place at about
2100 m.y.

During the emplacement of the basic magma vary-
ing degrees of transformation of the roof rocks
occurred. Relatively pure quartzites were main-
ly recrystallized but many of the rocks of the
Rayton Formation, including subgreywacke, subar-
kose and other rock types were affected to the
extent that they were transformed into the Zwart-
bank pseudogranophyre and poikilogranite. The
original grain size of the transformed rocks
played a part in the texture produced during the
transformation process.

The transformzation process involved replacement
of quartz by feldspar, and took place under the
influence of the heat energy and was aided by
volatiles provided by the basic rocks. During
the transformation process a limited amount of
material, mainly in the form of alkalies, was
added to the roof rocks which probably also lost
relatively small amounts of Si02.

C. After the intrusion of the basic rocks and the
formation of the Zwartoank rocks, intrusion of
an zcid magma took place at about 2050 m.y.

This magma crystallized to form the Beestkraal
granophyre the characteristic itexture of which
is the result of cotectic crystallization of
gquartz and feldspar. The origin of the grano-
phyre magma cannot be determined with certainty.

D. Intrusion of the Veekraal granite took place at

aboutesooe
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about 1920 m.y. The granite intruded into the

transition zone and consequently another, stra-

tigraphically higher part of this zone must have
overlain the granite prior to its removal by
erosion.

E. Intrusion of diabase dykes took place some time
after the consolidation of the Bushveld rocks.
Subsequent to this the intrusion of wvarious car-
bonatite veins and dykelets and of east-west
trending dolerite dykes took place.

Tectonic activity was evidenced at various sta-
ges during the intrusion of the Bushveld Complex and
probably to some extent controlled the intrusive pha-
ses of the Complex. The predominant structural ele-
ments are oriented in a northwest-southeast direction
and the resulting sitructure consists of northwest
oriented fold axes. An anticlinal fold axis underlies
the central belt of the transition zone. The rocks
of the central belt are regarded as a lateral conti-
nuation of the contact belt which has been folded in-
to its present position and is exposed on the crest
of an enticline. If this structural model is correct,
the basic rocks of the layered sequence are situated
at a comparatively shallow depth below the central
belt.
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APPENDIX 1. LOG OF BORE-HOLE BK1.

L ocation: Bierkraal 120 JQ, 25°27,5°S 27°20,0°E
Drillers: . Department of Water Affairs

Total depth: 1680 m

Inclination: Vertical

NOTE T his log covers only the upper portion of thebore-hole, from
zero to 450 m, which is the portion of interest to this thesis.
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Bore-hole BK1.  Detail log of section fr;.,n 403 to 423 m.
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APPENDIX 2.  RESULTS OF CHEMICAL ANALYSES

Analysts:  National Institute for Metallurgy.

Methods: X-ray fluorescence:
Si09, Aly03, Feo0 , MgO, Ca0, K90, Ti0y, Po0g, MnO, BaO,
Zr02, Sn, R 20 and SrO

Atomic absorbtion spectroscopy:
Co and Zn

Volumetric:
' FeO

Gravimetric:

C02, Ho0+, and HyO--
Colorimetric:

F
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LOCALITY AND MAP REFERENCE OF ANALYSED SPECIMENS

PART 1.

Specimen
number

A75
AT77
A79
A81
A87
A112
A132
A133
A147
FW173A
FW190
FW199A
A231
A232
A233
FW2438A
FW215
A250
A252
A255
A256
FW256
FW261
A310
FW317
FW347
FW350
FW354
Fwa33
FW470

PART 2.

FW22
FW31
FWes8
FW144
FW196
FW313

PART 3.

Fw72
FW73
FW297
FW388
FW416

PART 4.

FW143
FW258
FW283
FW295
FW391
FW422
FW459A
FW508

Veekraal granite.

Map Farm name
reference

H6 Veekraal 221JQ

G6 Veekraal 221JQ

G5 Klipplaat 217JQ

G4 Syferkuil 208JQ

G5 Waterval 220JQ

G4 Tinnie 218JQ

H5 Rietgat 224JQ

H6 Elba 223JQ

Outside areashown on map

A4 Klipfontein 50JQ

A4 Buffelsfontein 85JQ
A4 . Buffelsfontein 85JQ
Cc2 Rhenosterspruit 28JC
C2 Rhenosterspruit 28JQ
C2 Vygeboomspruit 29.JQ
B5 Zwartbank 121JQ
B5 Rietspruit 83JQ

D3 Legkraal 68JQ

D3 Zandsloot 71JQ

C3 Legkraal 68JQ

C3 Zeekoegat 67JQ

B6 Bierkraal 120JQ

B6 Bierkraal 120JQ

C1 Makayskraal 18JQ
D5 *Schietfontein 130JQ
A4 Klipfontein 60JQ

A4 Klipfontein 60JQ

A4 Klipfontein 604Q

D5 Klipplaat 129JQ

QOutside area shown on map
Beestkraal granophyre

E6 Welgevonden 202JQ

E5 Yzerfontein 31JQ

G6 Hartebeestpoort C 419JQ

E6 Beestkraal 199,Q

A5 Buffeisfontein 85JQ

05 Welgevonden 131JQ
Zwartbank pseudogranophyre

F6 Zanddrift 212JQ

F6 Zanddrift 212JQ

Cb Zandfontein 124JQ

C4 Klipplaat 77JQ

D5 Klipkopspruit 127JQ
Metasediment

B Beestkraal 199JQ

B6 Bierkraal 120J0Q)

Cs Zandfontein 124JQ

C5 Zwartbank 121JQ

D4 Vaalkop 76JQ

D5 Klipplaat 129JQ

C5 Klipkopspruit 127JQ

Cs Kafferskraal 133JQ
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PAPT 1, CETIICAT ANALYSES OF VITWRAAL GRANIZE

A5 ATT A79 1 A37 At12 hi32 A132 L147
¥zior eler~n+s (pareent)
3102 73.61 73,28 7T7.8% 74,02 T2.75 T4.43 73,21 72.39 83.83
'3102 0.28 .34 0.27 0,30 2,24 C.24 0.20 0,27 0.1z i
A1203 12.22 12.54 12,43 12,24 12,33 2.2 12.92 12.67 8.81 |
?e203 0.46 0.68 0.84 0.91 0.99 0.84 .75 ©0.76 0.43
Pe0 2.13  2.61 2.28 2.43  2.49 2.04 2.10 3.20 0.16
¥no 0.04 0,06 .25 0,05 0.04 0.,C4 0,04 0.06 0.00
kg0 0.29 0,30 0,05 0.08 .15 0.20 C.06 0.19 0.03
Ca0 1.30 1.31 1.00 1.05 1.15 0.89 1.04 1.24 0.19
Nazo 3.54 3.3 3.40 3.37 3.89 4.04 3.83  3.25 3.21
KZO 5.06 4,96 4.95 4,72 4.70 4.39 4,95 4,79 2.84
HZO+ 0.38 0.43 C.42 0.45 0.33 0.3z 0.44 0.70 0,25
Hzo- 0.16 0.07 0.12 0.14 0.15 0.15 0.02 0.03 0.02 i
P205 0.04 0.05 0.04 0.05 0.05 0.04 0.05 0.05 0,02 |
CO2 0.33 0.00 0.50 0.08 0.12 2.0 0.10 0.19 0.07 '
Total 99.84 99.84 99.94 99.92 99.%6 99.84 99.94 100.03 99.9%°
Trace elements (ppm)
r 315 351 312 340 356 301 309 356 87 .
Co 18 31 30 30 26 29 31 30 25
Ba 1099 1364 914 931 931 803 999 1308 417 .
Sr 57 118 54 53 49 36 58 79 21
F 410 350 880 800 550 80 350 530 25 !
Rb 42 44 52 46 43 37 49 43 24
Sa 5 5 5 5 S 5 5 5 5
Zn 31 83 49 46 32 19 26 63 12
CIF Yerm (excluding H,0 and others) ‘
Q 29.84 30.42 31.71 32.67 28.76 31.07 28.84 30.29 53.87 ¢
Or 29.97 29.38 29.34 27.97 27.85 2¢.00 29.33 28,38 16.82
Ab 29.95 25.00 26.75 28,51 32.91 34.18 32.40 27.49 27.15
An 2.51 4.76 4,22 4.62 2.30  2.39 3.49 5.89 0.93
Di 3.25 1.43 0.12 0.00 2.63 1.73 1.27 0.00 9,00
Ey 2.21 3.80 3.2 3.51 2.28 2.34 2.30 4.85 0.07
Mt 0.66 0.98 1.21 1.3 1.43 1.21 1.08 1.10 0.17
I1 0.53 0.64 0.51 0.6 0,64 G.45 0,56 0.70 0.22
Total 93.92 99.41 99.07 99,15 98.80 99.37 99.27 98,71 99.23
Mesonorm (3axth
Mt 0.49 0.73 0,90 0.94 .06 0.89 0.80 0.79 0.37
Ti 0.60 0.73 0.56 0.62 0.73 0.51 0.64 0.78 0.25
Ap J.10 0.12 0.09 0.12 0.12 0.10 0.12 0.12 0.05
or 30.58 25,40 26.53 24.65 27.81 24,87 27.59 24.38 16.85
Ay 32,51 32.3% 30.42 30.17 35.7% 36.89 34,99 29.21 29.06
An 3.20 4,60 3.70 3.77  0.43 1.53 7.28 4,48  0.37
Q 23,14 32,77 33.43 34.55 27.45 30.11 28.35 23.38 52.54
Bi 9,00 5.66 4.20 4.55 0,929 2.4 3.47 6.32 0.1
c 0.00 2,00 0.19 0.33 0.00 0.0 0.00 0.54 0.40
Hy e 0.64 0.00 0.00 5,60 2.69 0.76 0.00 0.00
Di .27  0.00 0.00 0.00 0,00 0,00 c.00 0.00 0.00 |
Total 100,01 100,00 99,99 100.01 100,00 100.00 100,00 39.99 100.0% .
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PLZT 1 Continued,

Fi1724 Fu190 FU1934 2221 A232 A2

¥aior elements (psrcent)

FWZ4BA FUV215 12950

e
w

310, T1.91 70.46 72,91 74,91 75.58 63.36 7C.20 T1.97 72.00
710, 0.37 0.48 0,37 0.40 0,17 92.55 .45 0.39 0.3
AL, 12.91 12,88 12.23 17.26 17,29 12.28 12.81 12.37 12.77
Pe,0y 1131032 0,37 0,43 0.48 2,38 113 13T 219
?¢0 2.77 3.72 3,06 0.96 0.22 3.27 2.93 3.11 1,79
Mo 0.12 0.12 0.10 ©.05 0.02 5.8 C.1z2 0.08 0.10
g0 0.16 0.03 0.26 0.32 9,38 0.21 .24 0,28 0.32
ca0 1.16  1.52  1.25 1.17  0.32 1.5 1.50 1.27 0.74
a0 3.20  3.31 3,09 €.35 4.92 3.1 .32 2,93 3.21
K0 5.74  4.75 4,79 1,21 4,05 4,71 5,07 4,95 5,084 i
H,0+ 0.58 0.62 0.52 0.48 0.39 0.77 0.74 0.77 0.77 |
E,0- 0.01 0.04 0.05 0.09 0.01 0,17 0.01 0,07 0.14
2,05 0.05 0,06 ©.05 0.08 0.03 0.11 .05 0.06 0.05 |
co, 0.09 0.14 0,12 0,08 0.07 0.11 C.10 0.05 0.1 |
Total 99.80 99.94 99.92 99.88 99.87 99.91 99.90 99.85 99.99
Trace elements (rpm)
Ir 398 554 398 441 74 515 520 422 375
Co 23 27 19 38 31 18 15 23 29
Ba 1685 2062 1749 513 1272 1949 1408 1644 1283
Sy 125 136 100 51 63 136 79 129 79
P z5 25 530 420 170 150 450 25 230
) 52 43 45 14 36 7 52 48 53
Sn 5 5 5 5 5 5 5 5 5
7n as 98 103 29 22 70 140 108 68
CIPY YNorm (excluding Hy0 and others)
Q 28,45 27.53 31.69 30,38 30.12 27.5C 25.79 30,95 31.44
Or 31.64 28.14 28.38 7.17 24.05 27.%0 30.05 29.33 29.87
Ab 27.07 28.00 26.14 53.72 44.62 26,31 28.09 24.79 27.15
An 5.47 6.36 5.44 4,13 1,68 8.07 5.11 6.07 3.62
Di 0.72 1.30 0.5 $.07 0.00 0.00 1.8 0.33 0.00
By 3.79  4.57 4.75 1.11  0.94 3.64 5.31 4,64 1.9
Mt 1,63 1.91 1.40 0.62 0.29 3.74 1.63 1.92 3.17
I 0.70  0.99 0.70 0.75 0.32 1.04 0.85 0.74 0.64
Total 99.17 98,72 ©9.06 ©98.95 99.02 98,20 98.72 98.77 97.79
Xesonorz (3arth)
Kt 1.18  1.33 1,06 0.44 0,49 2,72 1.22 1,40 2.3%
7L 0.77 1,001 ©.82 ©0.82 0,35 1.15 0.97 0,82 0.7V
Ap 0.12 0.14 0.12 0.18 0.07 0.26 0.12 0,14 0.12
or 28.05 23.87 25.44 5.23 22,62 24.71 26,06 25,39 28.11
Ab 28.66 29,83 24.07 55.64 43.40 28.14 30.70 26.44 29.01
Aa 4,06 5.4 4,76  3.70  0.74  5.54 4,82 4,50 2,12
Q 31.24 31.19 36.46 31.03 30.32 31,02 27.20 34.27 33.08
. BL 5.50  6.84 6,92  2.79 1.42  5.3%  7.67  6.42 3.07
S c 0.41  0.35 0.35 0.13 0.58 1,13 0.00 0,61 1,40
Hy 0,00 0.06 0.0 0.C0 ©.00 0.0 1.24 0.00 0,00
Di 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0,00
Total 69,99 100,02 100,00 100,C0 100,00 100,09 130,00 100.00 100,00
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PART 1 Con+%tirued,

A2%¢ 4255 L256 FuU256 TFi261 A31C FU317 FiZ4T FU250
Fajor elements (percent)

510, 75.31 76.65 75.37 74,00 71.95 67,16 £€8,27 7T2.44 70.80
10, 0.2¢ 0.26 0,26 0,38 0,35 0.56 0.59 0.35 0,43
£2,0, 12.08 12,39 12.16 11,30 12.75 12.94 13,01 12.56 12.52!
Fe,05 1.43 0.4t 0,53 0.96 0.63 2,50 1,63 0.67 2.92 ‘
Fe0 9.7z 0.26 1.60 2,96 3,11 3,04 4.70 2,13 1.74 |
Mn0 0.23 0.02 0.04 0.09 0,10 0.11 0.13 0£.08 0,07 !
¥g0 0.26 0.21 0.25 0.26 0.i8 0.24 0.23 0.65 O0.42
Ca0 0.2& 0.37 0.77 1.27 1,28 2.11 1.87 1.40 1.03
Ka,0 3.19  5.72  3.44 3,24 3.72 3,30 3,26 3.47 1.9
¥,0 5.31  2.57 4.70 4.73 5.20 4.05 4.65 4.76 6,01
H,0+ 0.72 0.29 0.50 0,57 0.5¢ 1.17 0.94 0.55 1.28
H,0- 0.14 0.16 0.11 0.61 0.02 0.2¢ 0.03 0.01 0.05 '
2,05 0.02 0.05 0.03 0.03 0,03 0,10 0.11 0.04 0.04
co, 0.09 ©0.00 0.00 0.00 0.08 2.15 0.36 0.07 0.45
Total 99.80 99.80 99.80 99.80 99.88 101.95 100.16 99.87 100.25 |
Trace elements (ppm)
Zr 288 304 263 458 444 491 534 417 8
Co 21 43 c 26 24 26 24 31 27
Ba 670 605 1085 2038 1524 1965 1565 1829 2279
Sr 22 26 57 1114 79 143 100 122 186
F 1100 25 370 550 500 750 550 350 25
Rb 48 27 46 54 53 37 51 49 59
Sn 5 5 5 5 S 5 5 5 5
Zn 47 47 60 98 106 112 112 88 110
CIPW Norm (excluding H0 and others) i
Q 35,78 32.46 34.37 32.86 27.90 26.78 24.68 29.18 33.44‘
or 31.46 15.23 27.85 28,04 30.82 23.99 27.56 28.21 35.62°
I\ 26.99 48,39 29.10 27.41 28.09 27.92 27.58 29.35 16.07
An 0.44 1.69 3,71 2.34 4.57 8.63 7.19 4.67 5.91
Di 0.00 0.00 0.00 3.3 1,51 1.16 1,35 2,07 0,00
Ry 0.64 0.52 2,77 3.13 4,43 2.80 6.42 3,91 1.25
Mt 1.81  0.16 0.76 1.39 0.98 3.62 2.36 0.97 4.23
I1 0.22 0,29 0.43 0.72 0.65 1.06 1.12 0.66 0.81
Total 37.24 93,74 99.05 99.25 93.95 95.96 98.26 99.02 97.33
ifesonorz (3arth !
Mt 1.56 0.42 0.55 1.03 0.73 2.68 1,71 0.72 3.12
7 0.44 0.53 0.54 0.82 0.75 1.20 1,23 0.75 0.9%
Ap 0.05 0,12 0.07 0.07 90.0T 0.24 0.26 0.10 0.10
or _ 30.88 14.32 26.04 27.71 27.77 21.28 21,76 25.%0 34.67
Ab 28.34 50.42 3C.51' 29,93 30.€0 30.37 29.40 31.99 17.44
An 0.30  0.53 2.65 0.10 4.23 7.93 6.39 3.97 3.58
Q 35,72 32.17 35.41 31,79 23,64 30.77 26.57 29.42 35.70
Bi 1,14 0.95  3.77 1.68 6.04 5.20 9,36 4.77 2.53
o 1,07  0.54 0.46 0,20 0.02 0.33 0.31 0.00 1.75
Ry 0.00 0.00 ©G.00 6.36 1t.1z 0.00 0.00 2.38 0.00
i 0,00 0.00 0,00 0,00 2,00 0.60 0,00 0,00 0.00
Total 100.00 100.00 100,00 99,39 100.00 10C.00 100.00 100,00 99.92
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=~ PART 41 Continued,

FUI54 DU FU470
Hajor elements (percent)
5102 T71.23 72,17 74,48
’1'102 0,29 0.28 0.27
A1203 12.54 12,06 12,17
Fe203 .18 2.80 0.89
Fel 1.45 0.65 2.21
MnO 0.10 0.11 0.04
g0 0.32 0.40 0.00
Ca0 0.99 1.05 0.9
HaZO 2.80 3.12 3.60
K,0 4.92  5.56  4.80
H20+ 0.97 0©0.94 0.41
HZO- 0,22 0.01 0,01
sz)5 0.00 0.07 0.03
COZ 0.00 0.74 0,08
Total 99.2% 99.95 99.29
Trace elezents {ppm)
Zr 0 269 378
Co 25 30 33
Ba 1853 1172 1107
Sr 197 25 58
F 190 25 240
Rb 46 41 61
Sn 5 5 5
Zr 117 38 93
CIPY Norm (excluding H20 and others)
Q 32,53 30.48 32,14
Oor 29,15 32.93 28.47
Ab 23.69 26.39 30.45
in 5.05 2.45 2,88
Di 0.00 1.96 1.50
Ey 0.79 0.10 2,17
Mt 3.87 1.36 1.29
I1 c.7 0.72 0.51
Total 96.82 96,43 99.41
Mesonorz (Barth)
Mt 3.38  1.52 0.9
T4 0.83 0.80 0.58
Ap 0.00 0.16 0.07
Or 28,66 32,05 27.23
4 25.5€ 28.24 33.02
An 3,61 3.26 2,41
Q 35.06 31.50 31.38
Bi 1.45 1.7 2,78
c 1.45 0.95 Q0,0
Ry 0.00 0.00 1.58
D1 0.0C 0.00 0,00
Total 100.00 100,00 1,00 i
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PW22 PW31  PUSE F.144 Fu196 FUIZ

¥ajor elements (percent)

3102 74,05 74,01 73,57 73.84 T75.03 76,07
’l‘iOz 0.22 0.21 0.2 0.21 0.30 0.21
AIZO} 11,77 12.12 11,77 11,93 12.09 10.67
'F*:'ZO3 1.88 1.49  3.07 2.25% .75 2,28
Fe0 1.33 1.40 0.4C 1.3 i.54 0,38
nC C.06 0,08 0.02 0.08 0.03 G.06
}g0 0.04 0.21 0.11 .09 0.114 0.16
Cal 1.02 6.5 0,21 C.64 1.26 0.34
NazO 3.52 3.08 3.5 3.04 5.32 2.43
K,0 5.13  5.21 5,42 5,34 2,30 5,79
Hy0+ 0.15 0.84 0.4 0.82 0.57 0.73
H20- 0.09 0.11 0.09 0.1 0.06 0,07
P205 0.04 0.02 0.04 0.02 0.02 0.21
"302 0.12 0.19 0.22 c.21 0.14 0.10
Total . 99.46 99.65 ©99.68 99.67 99.64 99,60
Trace elements (ppm)
Zr 352 369 335 346 398 330
Co 10 21 16 29 26 34
Ba 1155 1059 1188 112 434 1300
Sr 63 58 42 53 ° 41
F 600 10 10 450 1140 300
Rb 53 48 49 51 17 51
Sn 43 14 20 4 13 18
Zn 73 82 25 77 34 102
CIPY Norm {excluding H,0 and othere)
Q 32,29 3£.04 31,41 34.15 32.87 39,22
Or 30.40 30,87 32.53  31.64 13.62 34.30
Ab 29.78 26,05 29.91 25.72 45.01 20,55
An 1.14 2.84 0,00 2.78 2,32 0.57
Di 1.44 0.00 0.54 0.00 2.74 0.0%
Ry 0,00 1,66 0.00 0.56 0.57 0.39
it 2,72 2.15 0.6 3.26 1.08 0,82
11 0.41 0.39 0.43 0.33 0.56 0.39
Total 98,18 98,00 95.61 98,50 98.57 96.24
Mesonora (Barth)
Mt 2.02 1.57 0.08 2,37 0.80 0.30
Ti 0.47 0.44 0.49 0.44 0.64 0.45
Lp 0.10 ¢.05 0.10 0.0% 0.05  ¢.50
Or 21.09 29,33 30,77 31.14 13.82 34.39
Ad 32.42 27.96 32.84 27.53 48,86 22,22
An 1.20 1,76 0.00 2.30 1.45 0.00
Q 30.66 35.31 31,80 34.72 30.47 39.34
By 0.00 2.47 J.4% 1.10 0.00 0.72
C 2.00 0.86 t.46  0.34 0.0 1.47
Ry 0,00 0.00 0,00 0.C0 2.7 0.00
DL 1.96 0.00 0,00 0.00 1.49  0.00
Total 945,92 100.00 100.0C 10C.0C 100.01 100.00
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PA2T 3, ZVARTRANE. PSUUDOGRANOPHYRE A7) PCIVILOGRAIITE

Fu72 7473 FU23T PUIBE P46

Mzior elerents {vercent)
510, 73.78 74,28 T3.7T 72.21 73,54
710, 0.25 0.22 0.20 0.3 9.22
A1,04 11.59 1%.9z 11.74 11.71 411.8%
Fe,05 2.1z 2z.33 1.28 0,90 2,09
Fel 1.43 0.98 2.19 2,95 0.92
¥n0 0.05 0.04 0.08 0,07 0.05
g0 0.26 0.07 92.12  0.1¢  0.15
Ca0 0.42 0.43 0.95 1,75 0,64
Ha,0 7,28 3,29 3.12 3,41 2.84
KZO 5.31 5.33 5.12 5,17 5,74
H,0+ 0.59 0.43 0.68 0,65 0.84
E,0- 0.23 0.11  0.12 0.08 0.11
2,05 0.05 ©,02 0.02 0,03 0.03
co, .14 ©.10 0.01 0.29 0.47
Total 99.50 99.60 99.51 99,79 99,97
Trace elements (ppm)
ir 347 388 332 318 308
Co 10 8 28 23 26
Ba 1067 1131 1075 1123 1316
Sr 31 54 57 58 62
? 200 850 800 600 450
Rb 44 50 49 44 59
Sn 15 1 4 19 4
Zn 53 105 171 74 58
CIP. Norm (excluding H,0 aad oth ers)
Q 33.10 33.83% 32.99 28,25 33,54
Or 31.45 31.58 30.34 30,63 34,02
A 27.75 27.83 26.39 28.85 24.02
An .23 1.73  2.92 1,36 2,56
Di 0.16 0.00 1.25 6.22 0.40
Hy 1.12 0,17  2.36 1,42  0.2%
Mt 3.07 2.65 2.00 1,20 2.63
I1 0.47 0.41  0.37 0.56 C.41
Total 93,35 98.2C 98,62 98,60 97.79
Kesonormn (3arth
Mt 2.24 2,29 1.49 .97 2.7
Ti 0.53 0.46 0.43  0.65 0.47
Ap 0.12 0.05 0.05 0.07 0.07
Or 30.44 31.50 30.08 31,39 33.94
Ab 29,79 2G.74 28.94 31,45 25.88
An 0.83 1.22 2.03 0.0C 2.20
Q 33.82 33.96 32.15 26.67 34.31
Bi 2.06 0.34 1.8 0.00 0.79
c 0,17 C.43  C.00  0.00  0.18
Hy 0,80 ©.00 2.95 5.22 0.0C
Di 0.00 ©.00 0.00 3.49 0.00
Total 100,00 100.00 100,00 100.00 100,00
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- PAHT 4, METASESIIENTARY ROCKS

PU143 FU253 FU233 PU295 FUI91  PU422 FU4S5%A Fu508
emer.te (vercent)
96.28 §1.19 64.79 63,04 58,325 76,37 90.24 75.31
0,08 0.74 0,13 0.22 0.70 0.39 0.11 0.31
4.84 17.67 10.43 14.€7 15.42 12.72 4,61 11,77
0.04 4.08 1.52 1.43 0.96 C.24 0,02 1.17
0.4 4.10 4,46 3.31 5.78 0.26 0.17 n.653
0.01 0.20 0.%9 0.09 c.08 0.02 C.G2 0.04
0.06 2.61 6.16 2.46 £.04 0.03 0.42 0.60
0.04 1.57 6.61 2,25 2.38 1.19  0.%% 0.89

Na20 0.08 1.07 2.33 2.46 5.59  5.47 1.87 3.1
K20 0.7 3.29 4.95 8.23 2.86 2.37 1.33 3.99
% O+ 0.26 2.82 0.85 1.16 0.93 0.33 0.31 0.79
HZO- 0.01 0.11 0.12 0.16 0.04 0.14 0.08 0.12
P205 0.01 0.13 0.04 0.05 0.02 c.0?% c.C2 c.18
002 0.10 0.08 0.16 0.06 C.4¢ 0.10 Cc.01 0.26
Total 99.74 99.82 99.90 99.80 100.20 99.84 93.75 100,00
Trace elements (ppa)
ir 178 188 201 149 145 315 118 157
Co 29 42 13 16 18 42 29 29
Ba 115 890 674 827 173 207 185 1733
Sr 5 135 39 69 45 133 47 190
? 10 10 1850 400 7500 10 570 10
Rb 12 44 41 78 91 12 9 26
Sn 4 4 4 4 4 12 14 4
Zn 3 108 47 61 119 30 35 41
CIPW Torm (excluding Hy0 and others)
Q 92.55 33.80 9.32 8.01 0.56 33.37 73.14 39.41
Or 4.69 19.51 2G.32 48.77 17.05 14.02 7.87 23.62
Ad 0.67 6,05 19,71 20.81 47.29 46,28 15,82 26.31
An 0.16 7.26 3.35 4,63 6.26 3.16 0.25 .21
Di 0.00 0,00 22,68 5.09 C.00 0.48 1.%9 0,00
dy 0.26 9.81 11.47 8.33 21.36 0.00 0.40 1.49
rt 0.05 5.91 2.20 2,07 1.39 0.900 0.02 1.43
Il 0.15 1.40 0,24 0.43 1.32 0,50 0.20 0.58
Total 98.53 83.74 98,23 98,16 95.23 97.91 99.29 96.65
Mesonorm (Barth)
Nt 0.05 4.42 1.51 1.52 1,60 0.25 0.02 1.24
i 0.18 1.60 C.26 0.49 1.46 0.82 0.24 0.65
Ap 0.03 0.32 0.09 0.12 0.05 0.07 0.05 0.43
Or 4.62 10.63 27.00 47.11 0.00 14,11 8,27 22.25
Ad 0.76 9.96 19,95 22.40 50.00 &9,49 17.52 28,30
An 0.00 4,34 0.C0 0.00 T.91 3.14 0.00 1.95
Q 92,36 41.23 7.93 8.75 9.21 31,08 T1.06 40.72
Bi D.52 15,25 C.00 3.52 28.34 ¢,00 0.00 2.65%
0 0,99 12.24% C.C2 0,00 0.00 3,00 G.C0 1.81
Hy 0.00 0.00 27.83 16.09 1.92 J.14 1.6 0.00
DI 0.00 0.00 14,43 0.00 0,00 0.89 1.20 0.00
Total 100,00 100,00 100.00 100.00 100.00 99,99 100.00 100,00
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PART S5, CHTIICLL MMALYSTS AND NOZM5 O SAU7PLE3 FROM BOMINOLE 3ri
Fi1s5/102 103 104 105 108 107 108
Major elements (pearcent)
510, 73,95 T71.96 74.40 T2.2%3 73.23 T3.92 74.%2
710, 0.24 0.25 o0.21 0.23 .22 0.31  0.z4
A1203 11.8%7 12,62 11,90 12,28 12.22 11.85 12.0%
Fezo3 0.92 0,86 0,62 0.9 0.2z 0.62 0.€5
Fel 2.62  3.75 .82 3.34 3.6% 2.10 2.8
¥nd 0.06 0.08 0.07 0,03 0,08 0.06 0.04
¥go 0.C5 0.08 C.02 0.03 0.6G4 0.05 0.03
Ca0 0.9 1.38 0.98 1.37 1.28 1.14 0.5%
Hazo 3.46 3,32 3,39 3,25 3.37 3.54 3.48
K0 4.71 4.87 4.85 4,63 4.67 4.53 4.29
H,0+ 0.61 0,33 0.43 0,58 0.47 C.52 0.45
H,0- 0.04 0.04 0.03 0.07 0.03 0,05 0.03
P205 0.02 0,03 0,02 0.03 0.03 0.02 0.02
co, 0.00 0.19 0.00 0.19 0,12 0.00 0.18
Total 99,50 99.69 99.50 99.69 99.62 99.50 99.€3
CIPW YNorm {excluding H,0 and otkers)
Q 22.35 28.64 32,40 30.45 30.64 31,89 33.93
Or 27.83 28.78 28.66 27.72 27.60 26,77 25.94
Ab 29.27 28.09 28.68 27.49 28.51 29.95 29.44
Aa 2.84 5.15 2.93 5.34 4.64 3.06 4.23
Di 1,72 1.32  1.60 1.1 1.34  2.12  0.25
Hy 2.97 5.40 3.64 4,48 5.35 3.77 3.52
Mt 1.33 0.5 0.89 1.39 0.46 0,89 0.95
I1 0.45 0.66 0.39 0.72 0.62 0.58 0.45
Total 63,76 98.99 99,12 96.70 99.15 99.03 98.83
Kesonorm (3arth)
Mt 0.99 0.7t 0.66 1.01 0.34 0,67 0,69
Ti 0.52 0.75 0.45 0.80 0.7% 0.66 0.50
Ap 0.05 0.07 0.05 0,07 0.07 0,07 0.05
Oor 27.00 25.02 27.30 23.69 23.95 25.28 22.98
Ab 31.98 30.63 31.20 25.56 31.04 32.62 31,23
An 1.81 5.05 1.94 5.25 4.44 1.34 3.72
Q 31.68 29.75 31.87 33.43 31.50 31.42 35.87
By 2.64 7.28 3.33 6,50 6,97 3.51 4.7?
c 0.C 0.00 0.00 0.04 0.00 0,00 0.23
Hy 3,32  0.74 3.20 0.02 0,99 2.92 Q.00
Di 0.00 0,00 0.0 &.CO0 0,00 0.00 0.00
Total 100.00 100.0C 100,00 102.00 100,01
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72.1%
0.33
12.56
0.67
2.76
0.09
0.05
1.43
3.35
4.59
0.44
6.06
0.03
0.07
99.57

29.66
27.12
28.34
5.68
1.08
S.44
0.97
0.72
93.01

0.70
0.80
0.07
22.36
29.99
5.52
33.02
7.50
0.06
0.00
0.00

110

71,48
0.29]
12,62
0.74;
4.03
0.12;
0.08
1.52
5.38
4.69
0.56,
0.05.
0.03!
0.11!
99.61'

28,09,
27.72
28.59
5.41,
1.7
5.65
1.07
0.74
98.98

0.80
0.84
0.07
23.97
31,21
5.02
29.20
T.25
0.00
1.65
0.C0

99.99 100,00 100.00 10,01
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PART S Contiaued

F.u75/111 112 113 114 115 116 117 118 119
Kajor elements (percent) ‘

510, 74.15 72.19 74,54 74,39 73.54 T1.30 74.42 76.00 73.13
110, 0.23 0.38 0.23 ©.24 0.30 0.43 0.23 0.17 0.3%
A1,0, 11.91 12,31 11.81 11.79 11.86 12.66 11.84 11.77 12.10
Fe,0, 0.62 0.87 0.9 1.06 0.61 0.63 0.21 0.48 0.55
FeO 2.82  3.76 2,03 2.45 3.18 4.18 2,75 2,16 2.61
MnO 0.06 0.10 0,07 0.06 0.08 0.10 0.06 0.05 0.09
11g0 0.02 0.02 0.06 0.05 0.05 0.13 0.29 0.08 0.05
ca0 1,00 1.39  0.92 1.97 1.19 1.42 1.09 0.69 1.20
Na,0 3.57  3.53  3.23  3.45  3.48 3.25 3.15 3,21 3,47
£,0 4.59 4.6z 471 471 4.66  4.76  4.54 4,86 4,63
E,O+ 0.48 0.57 0.48 0.56 0.35 0.64 0.84 0.44 0.43
H,0- 0.04 0.07 0.02 0.06 0.05 0.08 0,05 0.03 0.05
P05 0.02 0.03 0.02 0,02 0.03 0,03 0.02 0.01 0.03
cc, 0.08 0.1 0.15 0.00 0.22 0.09 0.07 0.00 0.15
Total 99.69 99.80 £9.84 99.69 99.91 99.76 99.76 99.69 $9.84

CIP. Norm (excluding H20 and others)

Q 31,78 28.36 33.61 33.02 *1.23 28.19 34.00 35.61 30,51
or 27.72 27.30 27.83 27.83 27.54 28.13 26.83 28.72 27.36
Ab 30.20 29.86 27.32 29.19 29.44 27.40 26.73 27.15 29.35
An 2.62  4.10 3.81 2.77 2.98 5.90 4.71  3.35 3.6
Dt 1.96  2.31 0.54 1,95 z.42 0.88 0.48 0.00 1.76
Hy 2,40 4.52 4,76 2.42 3.82 6.48 4.99 3.58 4.98
Nt 0.89 1.20 0.7 1.53 0.88 0.9% 0.44 0.69 0.79
1 0.43 0.72 0.43 0.45 0.56 0,81 0.43 0.32 0.62
Total 99.00 99.07 99.01 99.16 93.87 98.79 98.61 99.42 99.13

Mesoznora (Barth
Mt 0.66 0.89 9,52 1.14 0.66 0,66 0.32 0.49 0.59 .
i 0.49 0.82 0.48 0.51 0.64 0.90 0.48 0.35 0.7
Ap 0.05 0.07 0.05 0.05 0.07 0.07 0.05 0.02 0.07
or 26.82 25.03 24.00 27.57 26.49 22,66 22.61 25.91 24.46
Ab 32.88 32.55 25.03 31.77 32.13 29,17 28.92 28.75 31.95
An 1,28 2.94 3,61 1.47 1.3  5.36 4.43 2.75 3.05 '
Q 31,00 29.09 36,04 31.79 30.€4 32.22 36.53 37.07 30.95
Bt 2.57 481 6.3 1.56  2.93  B.76  6.55 441 5.6
c 0.00 0.00 0.09 0.00 90.00 C.21 0.1 0.24 0.90
Ay 4.24 3.81 C.00 4.13 5,07 0.00 0.00 0.00 2.46
D1 0.00 0.00 0.C0 0.0C 0.00 0.00 C.00 0.00 0.00
Tosal 99.99 100.01 100.00 99,99 100.01 100.00 100.00 100,00 100,00
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"PART 5 Continue?
PL75/120 121 122 122 124 12¢ 126 127 128

Yajr- elements (percent) i

510, T1.79 74,12 74,27 14,48 56,55 66.34 64,12 €3.44 63,21 |
710, 0.45 0.23 0.24 0.28 5,66 C,77 0.80 0.8% (.97
41,0, 12,67 12.17 12.03 11.98 13,96 12,63 14,03 14.43 15,46
Fe,0q 1,04 9.3 0.85 0.76¢ 1.8 0.70 0.8 0,89 1.13
Fe0 3.48 2.17  2.17 2.28 5.98 4.8 7.85 8,% 9,42
¥no 0.12 0.07 ©.27 0.05 0.15 0.17 0.1 0.20 0.24
Mgd 0.24 0.25 0.22 0.15 0.26 0.05 0.05 0.07 ©.08
Ca0 1,12 0.89 0.90 0.95 2.54 2.76 3.49 3,78 4,50
Fa,0 2.23  3.18 3.18 3.42 3.57 3,76 3.92 4.28 3.84
K,0 4.33  4.72 4.80 4.49 3.88 3.9% 3.42 2,77 2.93 |
H,C+ 0.92 0.8 0.79 0.56 0.89 0.64 0.72 0.51 0.69
Hy0- 0.05 0.03 0.04 0.06 0,03 .05 0,07 0.03 0.03
P,0; 0.04 0,02 0.03 0.02 0.06 ©.08 0.08 0.11 0,12
co, 6.11 0.19 0.18 0,14 0.12 0.08 0.08 0.15 0,10
Total 99,69 99.88 99.87 99.83 99.81 99.77 99.77 99.84 95,79
CIPW Jorm (excluding H20 and others)
Q 30.91 33,93 33.85 33,85 21,41 19.59 16.45 15.16 11,43
or 25.59 27.89 28.37 26.53 22.93 23.1% 20.21 16.37 17.31
Ab 28.17 26,30 26.90 28.33 320.20 31.61 33,16 326.21 32,48
An 5.29 4.28 4.26 4.07 10.66 8.76 10.59 11.98 16.29
Di 0.00 0,00 0.00 0,44 1,36 3.9 5.52 5.38 4.66
By 5.60 3.66 3.56 3.33 9,12 9,22 9.90 10.91 12.93
Mt 1,50  1.17  1.23  1.10 1,71 1,01 1,24 1,29 1.63
11 0.85 0.43 0.25 0.53 1.25 1.3 1.5 1.57 1.84
Total 97.91 98,28 98.62 98.78 98.64 98,79 98.58 98.87 98.57
Mesororm (Barth) .
Ht 1.09 0.85 ©0.90 0.80 !
i 0.94 0.43 0.51 0.58
4p 0.09 0.05 0,07 0.05
or 21,12 24,99 25.55 23.65 i
Ab 30.08 28.68 2B8.65 30.74 |
An 3.70  3.48  3.41  3.59 THE MESCNORM IS NOT SHCWN
Q 34.29 35.03 35.86 35.72 FOR THE SAMPLIS BIYOND
Bi 7.40 4.82 4,66 3.66 Fi75/123, AS THESE ROCKS
¢ 1.27 0.61 0.40 0.2C ARZ BASIC AND THE MESONORM
Hy 0,00 0.00 0.00 0.00 IS NOT USED IN THIS THESIS
D4 0.00 0.06 0.00 0,00
Total 100.00 100.00 100.00 100.00
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XV1ilil

PART % Conti=uszi

FI75/129 120 121 122 133 124 125 126 127

¥Ezior elezents (parcert)

$i0, 57.65 50.22 45,83 45,68 53,35 49.57 46,12 45,97 40.20
110, 1,21 1.58 1.92 2.23 0.64 1.49 1.0 1.97 2.84)
A1,04 14.55 11.51 11,66 11.35 17.14 11.16 12,08 12.46 11,55}
PeyCg 1.51  1.61 1,22 1.7 1.04 1.0 1.64  1.58 3.1oi
FeO 12,57 20.08 21.24 22.11 12.25 21.96 22.11 22.18 22.63!
M0 0.27 0.41 0.40 0.37 0.31 0.45 0.4 C.41 0,26,
rgo 0.08 0.25 0.62 2.26 0.23 0.44 0.64 1,67 4,17
ca0 6.05 8.51 &.59 8.39 7.97 8.97 9.53 8.78 9.13
Na,0 4.33 3,05 2.89 2.89 3,73 2.81 2,86 2.92 2.34
K,0 0.61 1.04 0.84 0.83 1.26 0.78 0,74 0.61 0.39
E,0+ 0.76 6.90 0.69 0.80 1.37 0.90 0.14 0.5t 0.75;
H,0- 0.02 0,05 0.C6 0,03 0.05 0,02 0,05 0.02 o.os!
P,05 0.2 0.37 0.56 0.92 0.19 0,31 0.50 0.60 1.941
co, 0.07 ©.19 0,21 0.22 0.21 0,06 0.0 0.19 0.241
Total 99.86 100.05 100.07 100,08 100.07 99.92 93.85 130.05 130.10
CIPY Form (exeluding H20 and others)
Q 10.15 1.01  2.87 0.00 0.00 0.00 0.00 0.00 0.00
or 3.60 6.14 T7.44 . 4,96 4.90 4.61 4,37 3.60 2.30
Ab 37.14 25.80 31.55 24.45 24.45 23,77 24.19 24.70 19.79
An 18.20 14,64 26,32 15.36 15.54 15.53 20.67 19,09 4$9.86
Di 9.82 22.36 10.64 20,00 17.50 23.90 20.67 18.02 10.97
Hy 15.32 22.45 16.14 25.62 10.5% 25.61 5.48 8.83 5.26
Mt 2.18  2.33  1.50 1.76 2.21 1.56 2,37 2.29 4.49
11 2,29 3.00 1.21 3.64 4,23 2.82 3,60 3.66 5.37
o1 .. 0.00 0.00 0.00 .0.95 16.96 0.39 17.03 17,50 26.12
HAp 0.28 0.87 0.44 1.32 2,17 0.73 1.17  1.41 4,57
Total 98.98 08.60 98.09 99.07 38.55 98.92 99.55 99.10 98.73
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