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ABSTRACT
The Kruidfontein Carbonatite Complex (1243 + 171 Ma) is an example of an intracontinental caldera

system which is related to carbonatite activity and mineralisation. It had a two-stage history, beginning with
a cone-building period of predominantly nephelinitic pyroclastics and ignimbrites followed by cauldron
subsidence. The second stage was carbonatitic in nature, and was also followed by cauldron subsidence.
Today, the eroded volcano comprises an approximately circular carbonatitic inner zone, surrounded by
an outer zone of silicate pyroclastics. The cauldron subsidence contributed to the preservation of the inner
zone carbonatite sequence. Structures related to the caldera formation are radial and ring faults, along
with several mineral occurrences and potential ore deposits.

The soil geochemistry, together with the high-resolution radiometric survey, depict several positive
anomalies throughout the inner and outer zones. Of these the following are important: (a) the ferruginous
lapilli tuff unit in the eastern and northeastern part of the inner zone; (b) the northern part of the inner zone
associated with vents (characterised by vent breccia and proximal debris flow deposits, carbonatite dykes,
plugs and faults), and (c) an area towards the southern boundary of the inner zone, characterised by
dykes, vents and associated breccia and debris flow deposits. The anomalous Au, Pb and Zn levels are
mainly associated with vent breccia and secondary ferruginisation. The strong Ba anomaly occurs in
zones of fenitisation and displays a degree of structural control. Also notable is the correlation between
high Ba values and the presence of calcite-carbonatite and fluorite-calcite-carbonatite dykes and barite-
fluorite veins.

No Bouguer high is present on the Complex, suggesting that no buried high-density body is present in
depth. The structure of the Complex, however, is clearly delineated by the high-resolution magnetic
survey. A pronounced magnetic anomaly is situated along the northern boundary of the inner zone, the
extent of which is limited to the assumed position of the caldera-collapse fault. In addition a north-south
section derived from magnetic data across the Complex indicates gently-dipping rocks in the south,
whereas in the north the magnetic zone is almost vertical. Anomalously high fluorite contents are present
along the southern boundary of the inner zone. Here, the inward dipping altered carbonatite rocks are
replaced by fluorite mineralisation.

Core from the KD01 borehole, drilled in the NE part of the inner zone has revealed great detail about the
carbonatitic pyroclastic sequence. The sequence is dominated by ash fall and ash flow tuffs. With the
exception of a unit 32 m below the top of the borehole, the sequence has been replaced by a fine-grained
intergrowth of potassium feldspar, ankerite and chlorite. This was followed by a period of veining
characterised by intergrown, very fine-grained chlorite, apatite, anatase and pyrite. The earlier feldspar-
ankerite-chlorite assemblage has been overprinted by apatite, followed by fluorite crystallisation. Both
minerals occur either as euhedral crystals or as small, scattered grains. The latest alteration to affect the
rock was the introduction of calcite, which has caused some fine-scale brecciation and some replacement
of the pre-existing mineral assemblage. One unit of the borehole core contains ash grains with
exceptionally well-preserved primary textures, including quench microphenocrysts, and less abundant
vesicles and larger phenocrysts. There are also groups, or “clots” of tiny microphenocrysts, which have
not previously been observed in carbonatite lavas. These ash grains have erupted as droplets of lava of
calcite-carbonatite and silicate, and formed an ash deposit containing some altered silicate lava
fragments. The primary mineralogy of the droplets has been completely masked by late Sr-bearing calcite,
chlorite and apatite. The latest stage of mineralisation is represented by anatase, apatite, chlorite and
pyrite.
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Carbon and oxygen isotope patterns point to three major stages of development of the inner zone of the
Complex:

o

Stage one involves carbonatite magma with a H,0-CO, vapour phase which originated by
fractionation at 700°C in a closed system with a H,O0/CO, molar ratio of 0.5.

The second stage of the development is recorded by a shift to higher 5'®0 values without major
changes in the 5'°C values in the intrusive carbonatitic dykes and in part of the carbonatitic ash
flow tuffs. This second stage is the cause of secondary alteration at an estimated temperature
of approximately 150°C. The isotopic characteristics of the alteration fluid could be determined
as 5'°0y, o = 1.2%0 and 8"°Cco, = -3.8%,, and its possible origin is thought to be a hydrothermal
fluid which introduced isotopically light C from the deep subvolcanic source and mixed with high
5'%0 ground water that had equilibrated at about 150°C.

The third stage is characterised by siderite mineralisation, with the concomitant precipitation of
fluorite. Siderite appears to be younger than the other carbonates and can thus be assumed to
have formed at or below 150°C. The late nature of the siderite mineralisation is substantiated by
a negative correlation between the whole-rock carbonate 5'°0 values and the modal siderite
content. By applying the siderite/water and siderite/CO, fractionation factors of Carothers et al.
(1988), the C and O isotope composition of the siderite-precipitating fluid was found to be
approximately 8"*Co, = -8.0%0 and &' Oto = -1.4%o. From these findings it is concluded that side-
rite in the Kruidfontein Complex is likely to have been precipitated by a late-stage Fe-bearing
hydrothermal fluid, depleted in *®0 and "*C. Carbon was probably provided by a deep-seated
source within the subvolcanic region, whereas Fe was leached from rocks through which the
hydrothermal fluid passed. The siderite mineralisation and concomitant fluorite formation most
probably took place during progressive cooling of the Kruidfontein Carbonatite Complex, as can
be deduced from the positive correlation between the 5'®0 and 5'*C values of siderite.
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UITTREKSEL

Die Kruidfontein Karbonatiet Kompleks (1243 + 171 Ma) is ‘n voorbeeld van ‘n intrakontinentale kaldeira-
stelsel wat verband hou met karbonatietaktiwiteit en mineralisasie. Die geskiedenis daarvan het in twee
stappe verloop, en het begin met ‘n periode waartydens ‘n keé&l opgebou is, hoofsaaklik uit nefelinitiese
piroklastika en ignimbriete, en wat toe gevolg is deur kuilvormige insakking. The tweede stap was
karbonatities van aard en kuilvormige insakking het weereens daarop gevolg. Vandag bestaan the ge-
erodeerde vulkaan uit ‘n naastenby sirkelvormige karbonatitiese binnesone, omring deur 'n buitesone van
silikaatpiroklastika. The kaldeira-vorming het bygedra tot die bewaring van die karbonatiet-opeenvolging
van die binnesone. Strukture wat in verband staan met die vorming van die kaldeira is radiale en
ringverskuiwings, saam met verskeie mineraalvoorkomste en potensiéle ertsafsettings.

Die grondgeochemie, saam met die hoé resolusie radiometriese opname bring verskeie positiewe ano-
malieé in the binne- en buitesones aan die dag. Hiervan is die volgende van belang: (a) die
ysterbevattende lapillitufeenheid in the oostelike en noordoostelike deel van die binnesone; (b) die
noordelike deel van die binnesone wat geassosieer in met vroeére vulkaanpype (gekenmerk deur
pypbreksie en proksimale puinvioei-afsettings, karbonatietgange, -proppe en verskuiwings) en (c) ‘n
gebied in die rigting van die suidelike grens van die binnesone wat gekenmerk word deur gange, pype en
geassosieerde breksie en puinvloei-afsettings. Die anomale viakke van Au, Pb en Zn is hoofsaaklik met
breksie en sekondére verystering geassosieer. Die sterk Ba-anomalie kom in sones van fenitisasie voor
en vertoon ‘n mate van struktuurbeheer. Opmerklik is ook die korrelasie tussen hoé& Ba-waardes en die
teenwoordigheid van kalsiet-karbonatiet- en fluoriet-kalsiet-karbonatietgange en bariet-fluorietare.

Geen Bouguer-hoog is op die Kompleks nie, wat daarop dui dat geen liggaam met ‘n hoé digtheid in
diepte aanwesig is nie. Die struktuur van die Kompleks word egter duidelik deur die hoé-resolusie
magnetiese opname omlyn. ‘n Duidelike magnetiese anomalie kom langs die noordelike grens van die
binnesone voor. Die verbreiding van die anomalie is beperk tot die veronderstelde posisie van die kaldeira
se instortingsverskuiwing. Verder dui ‘n noord-suid profiel, afgelei van magnetiese data oor die Kompleks,
op lae wat effens na die noorde hel in die suide, terwyl in die noorde die magnetiese sones feitlik vertikaal
is. Anomaal-hoé fluorietinhoude is langs die suidelike grens van die binnesone teenwoordig. Hier word
die binnewaarts-hellende, veranderde karbonatietgesteentes vervang deur fluorietmineralisasie.

Boorkern uit die KD01 boorgat in die noordoostelike deel van die binnesone het baie besonderhede
aangaande die karbonatitiese piroklastiese opeenvolging aan die lig gebring. Die opeenvolging word
oorheers deur asréen- en asvloeituwwe. Met die uitsondering van ‘n eenheid wat 32 m onder the bokant
van die boorgat is, is die opeenvolging vervang deur ‘n baie fynkorrelrige vergroeiing van chloriet, apatiet,
anataas en piriet. Die vroeére veldspaat-ankeriet-chloriet-versameling is deur apatietvervanging gewysig,
wat weer gevolg is deur fluorietkristallisasie. Beide minerale kom as of euédriese kristalle of klein,
verspreide korrels voor. Die laaste verandering van die gesteente was die toevoeging van kalsiet wat ‘n
mate van kleinskaalse breksiéring veroorsaak het asook ‘n mate van vervanging van die reeds bestaande
mineraalversameling. Een eenheid van die boorkern bevat askorrels met buitengewoon goed bewaarde
primére teksture, insluitende mikrofenokriste en meer seldsame gasblasies en groter fenokriste. Daar is
ook groepe of segregasieklonte van klein mikrofenokriste wat nog nie voorheen in karbonatietlawas
opgemerk is nie. Hierdie askorrels het uitgebars as druppeltjies lawa van kalsiet-karbonatiet en silikaat,
en het ‘n asneerslag met veranderde silikaatlawafragmente gevorm. Die primére mineralogie van die
druppels is geheel en al verdoesel deur laat-gevormde Sr-bevattende kalsiet, chloriet en apatiet. Die
laaste stadium van mineralisasie word verteenwoordig deur anataas, apatiet, chloriet en piriet.
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Koolstof- en suurstof-isotoopgegewens wys op drie belangrike ontwikkelingstadiums van die binnesone
van die Kompleks:

0

die eerste stadium behels karbonatietmagma met ‘n H,0-CO, gasfase wat deur fraksionering by
700°C ontstaan het in ‘n geslote sisteem met ‘n H,0/CO, molére verhouding van 0.5.

die tweede stadium van die ontwikkeling word verteenwoordig deur ‘n verskuiwing na hoér §'0-
waardes sonder opmerklike veranderings in die 5'*C-waardes van die intrusiewe karbonatitiese
gange en gedeeltelike verandering van die karbonatitiese asvloeituwwe. Hierdie stadium is die
oorsaak van die sekondére verandering by ‘n beraamde temperatuur van benaderd 150°C. Die
isotoopkenmerke van die veranderingsvioeistof kon bepaal word as 8'°Oy, o = 1.2%0 en 5'°C¢,
= -3.8%o en die moontlike oorsprong daarvan is waarskynlik dié van ‘n hidrotermale vloeistof wat
isotopies ligte C vanuit die diep subvulkaniese bron ingevoer het en met hoé-5'°0 grondwater wat
by ongeveer 150°C ge-ekwilibreer het, vermeng het.

die derde stadium word gekenmerk deur siderietmineralisasie met gepaardgaande presipitering
van fluoriet. Dit kom voor asof die sideriet jonger is as die ander karbonate en dus kan
aangeneem word dat dit by of onderkant 150°C gevorm het. Die gedagte van die laat-vorming van
die siderietmineralisasie word verstewig deur ‘n negatiewe korrelasie tussen die heelgesteente-
waardes vir karbonaat-8'®0 en die modale siderietinhoud. Deur die fraksioneringsfaktore van
Carothers et al. (1988) vir sideriet/water en sideriet/CO, toe te pas, is bevind dat die koolstof- en
suurstof-isotoopsamestelling van die siderietpresipiterende vloeistof benaderd 6‘3Ccoz = -8.0%o
en 5'°0y, o = -1.4%. was. Uit hierdie bevindings word tot die slotsom gekom dat sideriet in die
Kruidfontein Kompleks heelwaarskynlik deur ‘n laatstadium, Fe-bevattende hidrotermale vloeistof
verarm in ®0 en °C, gepresipiteer is. Koolstof is moontlik verskaf deur ‘n diepliggende bron binne
die subvulkaniese gebied, terwyl Fe uit die rotse waardeur die hidrotermale vloeistof beweeg het
geloog is. Die siderietmineralisasie en gepaardgaande fluorietvorming het waarskynlik tydens
progressiewe afkoeling van die Kruidfontein Kompleks plaasgevind, soos afgelei kan word uit die
positiewe korrelasie tussen 5'®0- and 5'°C-waardes van sideriet.
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FIGURES
Figure 1.1 Localities of Palaeo- and Mesoproterozoic carbonatites, South Africa. 2

Figure 1.2 Regional geology of the Crocodile River fragment (modified after Hartzer, 4
1994), showing the localities of the Kruidfontein and Nooitgedacht
Carbonatite Complexes.

Figure 5.1 Map depicting farm boundaries, hexagonal base line system, divided by a 10
north-south bisecting line. A square grid pattern is superimposed on the
study area for the purpose of detailed mapping. Note that the blocks are
labelled alpha numerically for easy reference.

Figure 5.2 Locality map showing (a) the north-south magnetic profile 1; (b) borehole 16
positions (KD01, KD02 and KD03); (c) sections (A - B and C - D); and (d)
Area 1 (the principle area of fluorite mineralisation).

Figure 7.1 Geology of the Kruidfontein Carbonatite Complex (see folder).

Figure 7.2 Fine-grained, light to dark brown, massive ash tuff. Large clasts are absent. 31

Figure 7.3 A rounded, elongated volcanic bomb (approximately 100 mm in diameter)
imbedded in brown, massive ash tuff. 31

Figure 7.4 Bedded ash tuff units (approximately 1 to 2 metres thick) characterised by
very fine layering. The rock has a composition similar to that of the massive | 33
ash fall tuff units.

Figure 7.5 Parallel and cross-stratified beds with varying bed thicknesses in an ash tuff | 35
deposit. Note the yellow to white lichens.

Figure 7.6 Disruption and contortion of the bedding of a bedded ash fall tuff unit due to

post-depositional processes such as slumping, dewatering or loading. 34
Figure 7.7 Mud-volcano, due to compaction and dewatering, disturbing the fine-scale

bedding in an ash tuff unit. 34
Figure 7.8 Small scale, irregular dewatering ripples (1mm in height) in the bedded ash

tuff, indicating subaqueous deposition and subsequent dewatering. 35
Figure 7.9 Asymmetrical ripples (ripple units varying from 1.5 to 5 cm in width) in

massive tuff, suggesting deposition in shallow water. Grey mottles on the top | 35
portion of the outcrop are lichens.

Figure 7.10 Rounded to deformed lapilli (up to 20 mm in diameter), brown to reddish in 36
colour, in irregular beds of less than 1 metre thick.

Figure 7.11 Pyroclastic breccia characterised by an average clast size of greater that 64 35
mm.
Figure 7.12 Large clasts in pyroclastic breccia (below the pen) consisting mainly of 37

metasomatised material.
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Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16

Figure 7.17

Figure 7.18

Figure 7.19

Figure 7.20

Figure 7.21

Figure 7.22
Figure 7.23

Figure 7.24

Figure 7.25

Figure 7.26

Figure 7.27

Figure 8.1

Figure 8.2

Figure 8.3

Layered and massive angular clasts (approximately 10 to 60 mm in
diameter) in a clast-supported lapilli tuff.

Large (120 mm in diameter), chloritised clasts (greenish-blue) with
characteristic red rims.

Clast-supported lapilli tuff with subangular clasts generally less than 40 mm
in diameter.

Matrix-supported tuff, thought to be a debris flow deposit (lahar). The clasts
are mostly angular and display poor sorting.

Poorly defined layering in a distal debris flow displaying angular, matrix-
supported clasts.

The sharp contact between an underlying ash tuff layer and a 1.20 m thick,
faintly bedded debris flow deposit.

Sections A-B and C-D drilled across the ferruginous lapilli tuff unit,
northeastern part of the inner zone (see Fig. 5.2 for section localities).

Anastomosing stringers (10 to 120 mm in thickness) of fine-grained
carbonatite (greyish white) in fine-grained ash tuff (yellowish-brown).

Irregular carbonatite dyke (in places more than 2 m thick) intruded into
brecciated ash tuff.

Irregular fluorite stringers in lapilli tuff.
Anastomosing calcite veins in an ash tuff.

Composite dykelet (approximately 10 cm wide) of fluorite-bearing
carbonatite, cut by a calcite vein with abundant fragments of ash tuff.

Sections showing the fluorite mineralisation across Area 1 (see Fig. 5.2) as
estimated from percussion drilling results (Southern Sphere data, after
Clarke, 1989).

Detailed description of borehole KD01 drilled in the northeastern part of the
inner zone (see Fig. 5.2 for the borehole localities).

KD02-KD01-KDO03 section across the ferruginous lapilli tuff unit in the
northeastern part of the inner zone (see Fig. 5.2 for the borehole localities).

Correlation between eK,0 (wt%), eThO, (ppm) and eU,04 (ppm) (gamma
ray spectrometer determination) and K,O (wt%), ThO, and U;Og (ppm)
content.

Frequency histograms (a) Au (ppb) and (b) Pb (ppm) for the Kruidfontein
Complex soil sample set.

Frequency histograms (a) Zn (ppm) and (b) Mn (ppm) for the Kruidfontein
Complex soil sample set.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021

37

39

39

40

40

41

43

44

44

a7

47

48

49

53

56

59

60

61




xi

Figure 8.4 Frequency histogram of Ba (ppm) for the Kruidfontein Complex soil sample 6
set.

Figure 8.5 Gold distribution in soil samples of the inner and outer zones of the
Kruidfontein Carbonatite Complex. 65

Figure 8.6 Lead distribution in soil samples of the inner and outer zones of the
Kruidfontein Carbonatite Complex. 67

Figure 8.7 Zinc distribution in soil samples of the inner and outer zones of the 69
Kruidfontein Carbonatite Complex.

Figure 8.8 Manganese distribution in soil samples of the inner and outer zones of the
Kruidfontein Carbonatite Complex. 70

Figure 8.9 Barium distribution in soil samples of the inner and outer zones of the 71
Kruidfontein Carbonatite Complex.

Figure 8.10 Ground radiometric map of the Kruidfontein Carbonatite Complex (total 74
counts).

Figure 8.11 Ground radiometric map of the Kruidfontein Carbonatite Complex (thorium

75
channel).

Figure 9.1 The inner (dark shaded) and outer (light shaded) zones of the Kruidfontein
Carbonatite Complex superimposed on the Bouguer anomaly map of the
area. L1 = Bouguer gravity low; H1 = Bouguer gravity high (Bouguer
anomaly values in mgal).

77

Figure 9.2 Ground magnetic data of the Kruidfontein Carbonatite Complex. 78

Figure 9.3 North-south magnetic profile 1 across the Kruidfontein Carbonatite Complex | 8o
(see Figs. 5.2 and 9.2 for the profile locality and orientation).

Figure 10.1 Semi-quantitative proportions of the major mineral phases in KD01, as 83
determined by XRD.

Figure 10.2 Fine-grained tuff with rounded ash grains (500 ym to 1 mm in diameter) 86
(upper left and right and bottom left) in a matrix of volcanic dust (largely
replaced by ankerite and fluorite). Dark brown to black material represents
pyrite and anatase (Plane polarised light, x50; width of view: 2 mm across;
sample KD012, KPPL17-27).

Figure 10.3 Cathodoluminescence image of the field in Fig. 10.2. The ash grains consist
largely of K-feldspar (green luminescence), ankerite, pyrite, anatase (non- 86
luminescent), and apatite (light-blue luminescence). The volcanic dust in the
central portions (the matrix) consists of non-lumines-cent ankerite and
fluorite (dark blue luminescense) (Cathodoluminescence; x50; width of view:
2 mm across; film: 1600 ASA Fuji Provia; exposure time: 2 minute 14
seconds; sample KD012, KCL17-28).

Figure 10.4 Paragenesis of samples KD012, KD015 and KD016. 88
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Figure 10.5 The interior of an ash grain with small phenocrysts and amygdales now
represented by polycrystalline calcite. The ash grains themselves are
embedded in a matrix of volcanic dust, now replaced by calcite, chlorite and
K-feldspar (top lefthand corner). The mesostasis of the ash grain is
composed of chlorite with subordinate anatase and pyrite (Crossed
polarisers, x50; width of view: 2 mm across; sample KD016, KPPL4-17).

90

Figure 10.6 Cathodoluminescence image of the field of view shown in Figure 10.5. Note
the two-stage infilling of the amygdales. The early, bright luminescent 90
equant grains were followed by dull luminescing calcite which completed the
infilling. Phenocrysts, together with smaller phenocrysts are set in a non-
luminescent mesostasis consisting of chlorite, anatase and pyrite
(Cathodoluminescence; x100; width of view: 1 mm across; film: 1600 ASA
Fuji Provia; exposure time: 1 minute 14 seconds; sample KD016, KCL4-19).

Figure 10.7 An ash grain containing phenocrysts, amygdales and microphenocrysts,
replaced by calcite, in a chlorite-rich mesostasis. The boundary of the ash 91
grain with the matrix is sharp (lower right corner) (Crossed polarisers: x100;
width of view: 1 mm across; sample KD016, KCL4-15).

Figure 10.8 Cathodoluminescence image of an ash grain containing microphenocrysts
and amygdales largely pseudomorphosed by calcite, in a non-luminescent o
chlorite meso-stasis. The upper right-hand part of the image contains
acicular phenocrysts arranged in rosettes, while the bottom part displays
clusters (“clots”) of small acicular microphenocrysts. Note the deeper orange
luminescence of the calcite in the microphenocrysts compared to that in the
amygdales and cement (top right hand corner), and the zoned nature of the
calcite in places (Cathodoluminescence; x100; width of view: 1 mm across;
film: 400 ASA Fuji Provia; exposure time: 7 minutes; sample KD016, KCL4-
14).

Figure 10.9 Cathodoluminescence image of “clots” of microphenocrysts within an ash
grain. Note the zoned calcite cement (left- and right-hand sides of the 92
image), and the random orientation of microphenocrysts within “clots”. At
the bottom edge, towards the right, is an example of an elongate amygdale
(Cathodoluminescence; x80; width of view: 1.2 mm across; film: 400 ASA
Fuji Provia; exposure time: 1 minutes 20 seconds; sample KD016, KCL4-
28).

Figure 10.10  High magnification cathodoluminescence image of the microphenocrysts
within one “clot”, surrounded by chlorite (Cathodoluminescence; x400; width | 92
of view: 0.25mm across; film: 1600 ASA Fuiji Provia; exposure time: 12
minutes; sample KD016, KCL4-15).

Figure 10.11  Secondary calcite cement surrounding and replacing the matrix. The dark
areas (in the centre, and left- and right and corners of the image) are ash
grains which consist of calcite, chlorite, apatite, anatase and pyrite (Plane
polarised light: x40; width of view: 2.5 mm across; sample KD016, KPPL4-
33).

93
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Figure 10.12  Same field as Figure 10.11. The cathodoluminescence image shows
impregnated ash grains partly replaced by bright orange luminescent calcite,
forming a crust. Dull luminescing calcite later filled in all remaining void
space (Cathodoluminescence; x40; width of view: 2.5 mm across; film: 400
ASA Fuji Provia; exposure time: 32 seconds; sample KD016, KCL4-32).

93

Figure 10.13  An early, dark coloured vein consisting of anatase, chlorite, sulphides (non-
luminescing) and fluorite (luminescing dark blue) cut by a younger vein of 94
calcite (dark orange luminescence). The first generation calcite in the matrix
luminesces yellow-orange (Cathodoluminescence; x40; width of view: 2.5
mm across; film: 400 ASA Fuji Provia; exposure time: 50 seconds; sample
KD016, KCL21-10).

Figure 10.14  Non-luminescing carbonates and feldspar (grey luminescent) being replaced
by extremely fine-grained light to deep blue-luminescing fluorite. Note the 94
fine-grained, pale blue to grey-luminescing apatite (Cathodoluminescence;
x40; width of view: 2.5 mm across; film: 400 ASA Fuji Provia; exposure time:
55 seconds; sample KD019, KCL18-24).

Figure 10.15 A typical cathodoluminescence image of the top section of sample KD019.
Bright greenish-yellow to brown and dull-grey-luminescent feldspar grains
(some apparently zoned) and light-blue-luminescent apatite associated with
a dark, non-luminescent intergrowth of chlorite, opaque and carbonate
minerals (Cathodoluminescence; x40; width of view: 2.5 mm across; film:
400 ASA Fuji Provia; exposure time: 37 seconds; sample KD019, KCL18-
20).

98

Figure 10.16  Paragenesis of samples KD019, KD111 and KD113. 100

Figure 10.17  Rounded ash grains consisting of K-feldspar, chlorite and opaque minerals
(centre of the image), the interior of which has been replaced by ankerite,
fluorite and apatite. These minerals have also replaced the original matrix of | 102
volcanic dust (Plane polarised light; x40; width of view: 2.5 mm across;
sample KD111, KPPL17-33).

Figure 10.18  Rounded ash grains with rims of feldspar (greyish green to yellow
luminescence), and interiors of ankerite, chlorite, apatite and small opaque 102
minerals (fluorite dark blue, apatite light pink; ankerite and chlorite non-
luminescent) (Cathodoluminescence; x40; width of view: 2.5 mm across;
film: 400 ASA Fuji Provia; exposure time: 34 seconds; sample KD111,
KCL17-34).

Figure 10.19  Portion of the field shown in Fig. 10.18. Feldspar in the rim of the ash grains
vary from dull grey-green to brighter yellow-green and even red-brown, while | ;44
fine-grained apatite displays grey to pink luminescence. Fluorite (light to
dark blue) intergrown with the feldspar and also within the cores commonly
has growth zoning and may occupy a significant proportion of the core, or
may be small, scattered areas (Cathodo-luminescence; x100; width of view:
1mm across; film: 1600 ASA Fuji Provia; exposure time: 4 minutes 34
seconds; sample KD111, KCL17-2).
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Figure 10.20  An ash grain consisting of red-brown-luminescing feldspar, which contains
yellowish-green zones and is rimmed by the duller grey-green luminescent
feldspar, set in a matrix of finer-grained feldspar (grey-green luminescence),
chlorite and ankerite (non-luminescent), apatite (grey-white to pink
luminescence) and fluorite (blue luminescence) (Cathodoluminescence;
x100; width of view: 1mm across; film: 1600 ASA Fuji Provia; exposure
time: 4 minutes 37 seconds; sample KD111, KCL17-7).

103

Figure 10.21  Intimately associated non-luminescent chlorite and ankerite in an ash grain-
rich layer (vertical orientation). K-feldspar is present as sparsely scattered,
greenish to yellow luminescent grains (dark centre and right-hand side of
image), while the layer on the lefthand side of the image displays an
increase in feldspar. Fluorite is present as zoned euhedra, either at the
margin of the feldspar-rich layer (left hand side of the image) or scattered
throughout the section (Cathodoluminescence; x40; width of view: 2.5 mm
across; film: 400 ASA Fuji Provia; exposure time: 37 seconds; sample
KD111, KCL17-9).

104

Figure 10.22 A fluorite-rich layer with subhedral to euhedral, zoned fluorite (varying 104
shades of blue luminescence) in a matrix of non-luminescent chlorite and
ankerite (Cathodo-luminescence; x100; width of view: 1 mm across; film:
1600 ASA Fuji Provia; exposure time: 4 minutes 40 seconds; sample
KD111, KCL2-25).

Figure 10.23  The sample consists mainly of fluorite, with minor amounts of carbonate and | ;.4
fine-grained anatase and pyrite (Plane polarised light, x40; width of view: 2.5
mm across; sample KD113, KPPL5-5).

Figure 10.24  Cathodoluminescence image of Figure 10.23. An extensive degree of 106
fluorite (medium blue luminescence) replacement has occurred. Irregular
zones (sky-blue areas) are prominent, while areas of dull to non-
luminescence represent K-feldspar, ankerite, anatase and pyrite
(Cathodoluminescence; x40; width of view: 2.5 mm across; film: 400 ASA
Fuji Provia; exposure time: 57 seconds; sample KD113, KCL5-6).

Figure 10.25  Paragenesis of samples KD115, KD117, KD121 and KD124 of the 107
ferruginous lapilli tuff unit.

Figure 10.26  Intergrown ankerite (non-luminescent) and K-feldspar (grey-greenish to
brown-yellow luminescence), being replaced by irregularly zoned fluorite
(blue to pinkish luminescence) and calcite (bright orange luminescence)
(Cathodoluminescence; x40; width of view: 2.5 mm across; film: 400 ASA
Fuji Provia; exposure time: 38 seconds; sample KD121, KCL19-8).

110

Figure 10.27  Two growth stages of fluorite, the earlier one represented by subhedral to
euhedral (medium blue luminescence) fluorite and the later one by a light 110
blue luminescent type displaying concentric zonation. Fluorite is replacing K-
feldspar (grey-brown to dark orange luminescence) and non-luminescent
ankerite. Apatite (bright pinkish lumines-cence) is scattered throughout
(Cathodoluminescence; x40; width of view: 2.5 mm across; film: 400 ASA
Fuji Provia; exposure time: 35 seconds; sample KD121, KCL19-18).
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Figure 10.28 Late stage fluorite (darker blue-luminescence) occurs as smalil anhedral
grains and aggregates, and as overgrowths on some of the earlier fluorite
grains. The K-feldspar (dark to dull luminescence) and non-luminescent
carbonates are being replaced by the fluorite and apatite (pinkish
luminescence) (Cathodoluminescence; x50; field of view: 2 mm across;
film: 400 ASA Fuiji Provia; exposure time: 57 seconds; sample KD121,
KCL19-2).

112

Figure 10.29  Dark-blue luminescing fluorite as irregular void filling and as larger irregular
patches (light to medium blue, and concentrically zoned). Note the light-blue
lath-shaped, late-stage fluorite within the zoned fluorite, and calcite (yellow
luminescence) rimmed by fine-grained pink apatite (right hand top corner)
(Cathodoluminescence; x50; width of view: 2 mm across; film: 400 ASA Fuiji
Provia; exposure time: 60 seconds; sample KD121, KCL19-15).

112

Figure 10.30  Cathodoluminescence image showing K-feldspar euhedra (grey-greenish to
red-brown), intergrown K-feldspar and ankerite (dull to non-luminescent), 113
with partial overgrowths of fluorite (blue), and apatite (grey-pink
luminescence); also scattered pyrite and anatase grains. Note the relatively
bright yellowish-green feldspar cores, and irregular rims of dull green
luminescent feldspar (Cathodoluminescence; x40; width of view: 2.5 mm
across; film: 400 ASA Fuji Provia; exposure time: 32 seconds; sample
KD124, KCL19-22).

Figure 10.31 Paragenesis of samples KD139, KD133, KD134, KD138 and KD146 of the 116
lower ash flow unit.

Figure 10.32 A cathodoluminescence image of ovoid ash grains composed of intergrown
calcite (bright orange to dull luminescence) and fluorite (blue luminescence).
The fluorite occurs as small grains within the calcite. The dark areas along
the right hand boundary consist of non-luminescent carbonates and chlorite
(Cathodoluminescence; x40; width of view: 2.5 mm across; film: 400 ASA
Fuji Provia; exposure time: 45 seconds; sample KD133).

117

Figure 10.33  Plane polarised light image of ill-defined ovoid ash grains. The dark rims
consist of K-feldspar, ankerite, fluorite, apatite and anatase, while the cores | 118
are predominantly calcite (Plane polarised light; x40; width of view: 2.5 mm
across; film: 400 ASA Fuji Provia; exposure time: 44 seconds; sample
KD133, KPPL6-28).

Figure 10.34  Cathodoluminescence image of Figure 10.33. The cores of the relic particles
are composed of orange-luminescent calcite and are surrounded by rims 118
and matrix of intergrown, non-luminescent K-feldspar, ankerite and chlorite,
which is overgrown by fluorite (blue luminescence) and by apatite (white-
grey luminescence). (Cathodo-luminescence; x40; width of view: 2.5 mm
across; film: 400 ASA Fuji Provia; exposure time: 54 seconds; sample
KD133, KCL6-29).

Figure 10.35  Photomicrograph of well-defined spheroidal apatite structures (the dark to
black round grains) in a matrix of ankerite (high relief), calcite (lower relief)
and fluorite (low relief with a brownish tint) (Plane polarised light; x50; width
of view: 2 mm across; sample KD134, KPPL2-2).

120
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Figure 10.36  Cathodoluminescence image of the field in Fig. 10.35. The spheroidal
structures are distinctive. The rims have light violet-blue luminescence
compared to the violet-blue of the interior. Note the radial orientation of
small anatase inclusions within the structures. The matrix consists of calcite
(orange luminescence) and fluorite (blue luminescence) replacing non-
luminescent ankerite and chlorite (Cathodoluminescence; x40; width of view:
2.5 mm across; film: 400 ASA Fuji Provia; exposure time: 57 seconds;
sample KD134, KCL2-6).

120

Figure 10.37  Cathodoluminescence image of spheroidal apatite in a matrix of non-
luminescent carbonates and chlorite. Several types of apatite can be seen 121
(greenish to pinkish blue luminescence). Calcite (bright orange
luminescence) is scattered within and around the apatite grains, and also
occurs as fracture filling (Cathodoluminescence; x40; width of view: 2.5 mm
across; film: 400 ASA Fuji Provia; exposure time: 57 seconds; sample
KD134, KCL2-11).

Figure 10.38  Cathodoluminescence image of pink to grey-green luminescent K-feldspar in
a non-luminescent, microcrystalline carbonate matrix. Fine-grained fluorite
replaces K-feldspar, while calcite (orange luminescence) is found throughout
the sample (Cathodo-luminescence; x40; width of view: 2.5 mm across; film:
400 ASA Fuji Provia; exposure time: 1 minute 57 seconds; sample KD138,
KCL6-19).

121

Figure 11.1 Variation of Si against Fe/(Fe+Mg) for (A) the upper ash flow and lapilli tuff
units, and (B) the ferruginous lapilli tuff and lower ash flow units, based on
the structural formulae of chlorite.

125

Figure 11.2 Mg/(Mg+Fe) against Al/(Al+Mg+Fe) of chiorite for (A) the upper ash flow and
lapilli tuff units, and (B) for the ferruginous lapilli tuff and lower ash flow units,
and mineralised zones.

127

Figure 11.3 Atomic ratios Mg/(Mg+Fe) and Al/(Al+Mg+Fe) of chlorite related to the
stratigraphic height for the KDO1 sequence. Inferred temperature of
formation of the chlorite samples is shown in parenthesis.

128

Figure 11.4 Variation in the atomic proportion of aluminium in four-fold coordination
(AI™) versus Fe/(Fe+Mg) in the structural formulae of chlorite for (A) the
upper ash flow and lapilli tuff units, and (B) the ferruginous lapilli tuff and
lower ash flow units, and mineralised zones of the KD01 sequence.

129

Figure 11.5 Composition (mol%) of carbonates from the upper ash flow, lapilli tuff, and 132
upper part of the ferruginous lapilli tuff units of the KDO1 sequence.

Figure 11.6 Composition (mol%) of carbonates from the ferruginous lapilli tuff and upper 133
part of the lower ash flow units of the KDO1 sequence.
Figure 11.7 Composition (mol%) of carbonates from the lower part of the lower ash flow

unit of the KDO1 sequence. 134
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Figure 11.13

Figure 11.14

Figure 11.15

Figure 11.16

Figure 11.17

Figure 11.18

Figure 11.19

Figure 11.20
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SrO content of carbonates against stratigraphic height. Figures in brackets
indicate the normative calcite content and those on the right the average
SrO content based on 100% normative calcite for relatively calcite-rich
samples.

MnO content of carbonates against stratigraphic height. Average percentage
of normative siderite shown in brackets. Figures on the right are the MnO
content based on 100% normative siderite for siderite-rich samples.

SrCO;, CaCO,;, MnCO,, FeCO, and Ce,(CO;), content and MnCO, /FeCO,
ratio of dif-ferent textural varieties of calcite in sample KD016 (1 = pheno-
crysts; 2 = micropheno-crysts; 3 = amygdales; 4 = cement and as 5 = veins).
Each square represents one analysis.

SrO against MnO contents of apatite from samples KD012, KD019 and
KD134. The MnO-SrO field for carbonatites compiled by Hogarth (1989) is
also shown.

Na,O, MgO, SrO, SiO, and Ce,O, contents (wt%) for apatite from samples
KD012, KD016, KD019 and KD111, in order of increasing depth.

SiO, against P,O; (wt%) of apatite for samples (A) KD012, (B) KD016, (C)
KD019 and KD111.

Na,O against Ce,0, (Wt%) of apatite for samples (A) KD012, (B) KD016, (C)
KD019 and KD111, and (D) KD134.

MgO, SrO, Ce,0, and SiO, (wt%) contents of different textural types of
apatite in sample KD012 (1 = euhedral; 2 = resorbed; 3 and 4 = apatite on
grain rims).

Na,O, MgO, SiO,, Ca0, SrO and Ce,0, (wt%) contents of different apatite
textural types in sample KD016 (1 = vein; 2 = ash grain mesostasis; 3 =
apatite euhedra).

FeO, SrO and Ce,O, (wt%) contents of different luminescence types seen in
apatite in sample KD134 (1= turquoise luminescence; 2 = blue
luminescence).

Fe, Ce and Sr contents (wt%) for fluorite from samples KD111, KD121 and
KD130 taken from the KDO1 sequence.

Ca against Sr (wt%) of fluorite of samples (A) KD111, (B) KD121 and (C)
KD130, taken from the KDO1 sequence.

Anhedral fluorite (back-scatter images 510051 and 510054) displaying
zoning, set within a dark matrix of carbonate and chlorite. The irregular,
brighter zones possibly correspond to higher Sr, Fe and Ce contents
(sample KD111).

SiO, and FeO (wt%) contents for feldspars studied in the KDO1 sequence.
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Figure 11.22

Figure 11.23

Figure 11.24

Figure 11.25

Figure 11.26

Figure 11.27

Figure 11.28

Figure 12.1

Figure 12.2

Figure 12.3

Figure 12.4

Figure 12.5
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SiO, against K,0 (wt%) content for (A) samples KD012, KD016 and KD019
of the upper ash flow and pyroclastic breccia units, and (B) samples KD111,
KD117, KD119, KD121, KD124, KD130, KD133, KD139 and KD147 of the
ferruginous lapilli tuff and lower ash flow units of the KD01 sequence.

Plot of composition (mol%) of feldspars from samples (A) KD012, KD016,
KD019, KD111, KD117 and (B) KD119, KD121, KD124, KD130, KD133,
KD139 and KD 147 taken from the KD0O1 sequence.

A rare-earth mineral (bright white) (back-scatter image 510056) is set in a
large patch of chlorite (light grey), surrounded by zoned carbonate (darker to
dark colours). The lower half of the back-scatter image displays smaller,
rare-earth mineral grains. Back-scatter image (510055) is a magnification of
the bright rare-earth mineral grain. The black sparry-like grains set in the
rare-earth mineral grain are K-feldspar inclusions (KD111).

Energy-dispersive analyses of rare earth minerals from sample KD111. The
values have been normalised according to Wakita et al., 1971). The trends
match best with parisite-(Ce), showing a light rare-earth element
enrichment.

Rare-earth minerals in cavities in fluorite. Two intergrown phases are
present (bright white and light grey). The large white grains in the top right
corner are irregular grains of barite, while the isolated black spots in the
rare-earth minerals are quartz (sample KD141).

Energy-dispersive analyses of rare-earth minerals (sample KD141). The
trend of analysis FW70 matches well with synchysite-(Ce), but is unusual
due to a flatter pattern and low La content. The FW71 analysis represents
intergrown bastnaesite.

Summary of the mineral chemistry trends for chlorite, carbonates, apatite
and K-feldspar (M/MF = atomic ratio Mg/(Mg+Fe) of chlorite).

The chemistry of the intrusive dykes and volcaniclastic rocks in terms of
Ca0 - MgO - (FeOq, + MnO).

Correlation of MnO (wt%) with FeOy,,., (Wt%) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between TiO, (wt%) and FeOq,, (Wt%) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D) and the
mineralised zones (M unit) (E).

The variation of Ce, La and Nd concentrations (ppm) of sévite (samples S1
to S11), alvikite (samples A1 to A5) dykes and the mineralised zones
(samples KD126, KD130, KD134, KD141, KD142, KD143).

Correlation between La (ppm) and P,O; (wt %) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).
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Figure 12.6

Figure 12.7

Figure 12.8

Figure 12.9

Figure 12.10

Figure 12.11

Figure 12.12

Figure 12.13

Figure 12.14

Figure 12.15

Figure 12.16
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Correlation between Ce (ppm) and P,O, (wt %) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

The variation of (A) Sr concentrations (ppm) and (B) Sr/Ba ratio of the sévite
(samples S1 to S11), and alvikite dykes (samples A1 to A5), and the
mineralised zones (samples KD126, KD130, KD134, KD141, KD142 and
KD143).

Correlation between La (ppm) and Sr (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between Sr (ppm) and CaO (wt%) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sdvite and alvikite dykes (F).

Correlation between F (wt%) and Sr (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between P,O, (wt%) and Sr (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D), the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between V (ppm) and FeOy, (Wt%) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between Zr (ppm) and Nb (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between SiO, (wt%) and Nb (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Correlation between P,O; (wt%) and Nb (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit)(E); and the sévite and alvikite dykes (F).

Correlation between P,O, (wt%) and Pb (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit)(E); and the sévite and alvikite dykes (F).
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Figure 12.17

Figure 12.18

Figure 12.19

Figure 12.20

Figure 12.21

Figure 12.22

Figure 13.1

Figure 13.2

Figure 13.3

Figure 13.4

Figure 13.5

Figure 14.1
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Correlation between S (wt%) and Pb (ppm) concentrations of all the
volcaniclastic samples (UAF = upper ash flow unit; LT = lapilli tuff unit; FLT =
ferruginous lapilli tuff unit; LAF = lower ash flow unit)(A to D); the
mineralised zones (M unit) (E); and the sévite and alvikite dykes (F).

Major element analyses of the upper ash flow and lapilli tuff units plotted as
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Figure 14.2 Generalised geology and structure of the Crocodile River Fragment
(modified after Hartzer, 1994). The farm boundaries are shown to facilitate
the discussion of the different mineral occurrences and potential deposits
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Figure 14.3 Schematic model depicting the evolution of the Kruidfontein Carbonatite 230
Complex: Stage 1.

Figure 14.4 Schematic model depicting the evolution of the Kruidfontein Carbonatite 231
Complex: Stages 2 and 3.

Figure 14.5 Schematic model depicting the evolution of the Kruidfontein Carbonatite 232
Complex: Stages 4 and 5.
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1. INTRODUCTION

A carbonatite is a magmatic rock composed of more than 50 % carbonate minerals (the most abundant
being calcite and dolomite/ankerite). Carbonatites are temporally and spatially associated with alkaline
rocks such as nepheline syenites, nephelinites, phonolites and ijolites, and thus belong to alkaline rock
provinces (e.g. Pilanesberg Alkaline Province) (Verwoerd, 1964, Heinrich, 1966; Tuttle and Gittins, 1966,
Bailey, 1993). However, carbonatites are not necessarily spatially associated with the alkaline silicate
rocks, and can occur as separate intrusions. Geochemically carbonatites are characterised by high Nb,
Sr, Ba, and rare-earth element contents (Gold, 1963; 1966; Woolley and Kempe, 1989), and by an initial
8Sr/ ®Sr ratio of 0.702 to 0.705 (Barker, 1996). Currently known carbonatite ages range from Precambrian
to Recent, examples being the Phalaborwa Complex dated at 2.06Ma (Reischmann, 1996) and Oldoinyo

Lengai, which is still an active carbonatite volcano.

Carbonatite complexes vary greatly in both shape and size and this variability is assumed to be a function
of the level to which they have been exposed by erosion, regional tectonic activity and the original intrusive
or extrusive form. The majority, however are elliptical to circular in plan. Carbonatite complexes may be
volcanic (consisting of lavas, tuff and agglomerate) such as Oldoinyo Lengai (Tanzania), subvolcanic
(comprising composite carbonatite plugs, cone sheets and radial and ring dykes, agglomerates,
subvolcanic breccias and fenitised country rocks) such as Napak (Kenya) and Chilwa Island (Malawi),or
plutonic (dunite, pyroxenite, gabbro, ijolite, nepheline syenite and composite carbonatite) such as Fen
(Norway), Oka (Canada), Spitskop, Phalaborwa, Nooitgedacht and Glenover (South Africa, Fig. 1.1),
Shawa (Zimbabwe) and Lueshe (Democratic Republic of Congo). A common feature of carbonatite

complexes is the partial or complete envelope of fenite (altered country rocks) along the periphery.

In 1996, Barker described the phenomenon of carbonatite volcanism as “plagued by a lack of examples”,
an observation also mentioned by Church and Woolley (1995). The latter authors referred to the fact that
of approximately 350 documented carbonatite occurrences in the world, only 25 to 30 are regarded as
volcanic or subvolcanic. This is also true in Southern Africa where of 43 occurrences, only four, namely
the Derdepoort, Melkfontein, Goudini and Kruidfontein Carbonatite Complexes, are known to be extrusive

in nature.

Carbonatites as a group contain the highest concentrations of the rare-earth elements of all igneous rocks
and are particularly enriched in light rare-earth elements (LREE, i.e. La to Sm). The rare-earth elements
can occur as discrete minerals, or can be dispersed in the principal carbonatite carbonates, viz. calcite
and dolomite-ankerite, or in phosphates, viz. apatite. Rare-earth element mineralisation in carbonatites
can be magmatic, hydrothermal or supergene (Mariano, 1989a, 1989b; Schirmann and Harmer, 1998).
Plutonic and subvolcanic carbonatite complexes are characteristically composed of several episodes of

magmatic intrusion with the rare-earth element concentrations increasing progressively and reaching their
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highest levels in the youngest intrusions. Primary rare-earth minerals are rare and are generally only found
in the youngest intrusive carbonatite in such a complex. The Mountain Pass Carbonatite in Colorado,
U.S.A. is the only known example of an economic rare-earth element deposit where bastnaesite and

parisite have been concentrated through primary magmatic processes (Mariano, 1989b).

The principal carbonates in carbonatites are relatively soluble and during hydrothermal activity their
contained rare-earth elements are dissolved, thus leading to the subsequent precipitation of hydrothermal
rare-earth minerals. Apatite, a widespread accessory phase of carbonatites, also contains appreciable
rare-earth elements which are commonly remobilised by hydrothermal fluids. The nature of these
secondary, hydrothermal rare-earth minerals is a function of both the range of accessory minerals present
in the carbonatite and the nature of the volatile species comprising the hydrothermal fluid (Mariano, 1989b
and Jones et al., 1996). Ancylite [(Ce,La,Sr,Ca),(CO,),(OH,H,0)], parisite [Ca(Ce,La,Nd),(CO,);F,], bast-
naesite [(Ce,La)CO,F] and synchysite [Ca(Ce,La,Nd)(CO , ,F] occur in the absence of phosphates, where-
as monazite [(Ce,La,Nd, Th)PO,] or britholite [(Ce,Ca)s(SiO,,PO,),(OH,F)] are present where the P activity
is high. Hydrothermal rare-earth element mineralisation in carbonatites typically occurs as fine-grained
polycrystalline aggregates in veinlets or interstitial fillings, commonly associated with minerals like barite,
fluorite, hematite, strontianite, quartz and sulphides. During chemical weathering of carbonatites,
preferential leaching of Ca and Mg from carbonate minerals leads to the concentration of the less mobile
elements, in particular the rare-earth elements and Sr in the residual soil. In this way laterite enriched in
rare-earth elements, can develop on carbonatites, even where the parent rocks are devoid of primary rare-
earth minerals. The most common supergene rare-earth minerals are members of the crandallite group

[(Ca,Sr)Al,(PO,)(PO,OH)(OH), ], monazite, bastnaesite, parisite and synchysite (Mariano, 1989b).

The Kruidfontein Carbonatite Complex, which is situated 160 km north-northwest of Pretoria (Fig. 1.2),
is a well-preserved Mesoproterozoic caldera structure, located along the northwest striking regional fault
on the western side of the Crocodile River Fragment, an inlier of deformed Transvaal Supergroup rocks
within the acid and mafic rocks of the Bushveld Complex (Hartzer, 1989). The Transvaal Supergroup in
the Crocodile River Fragment consists of a pre-Black Reef sedimentary succession (limestone, shale and
volcanic rocks), shale and quartzite of the Black Reef Formation, limestone, dolomite and banded iron

formation of the Chuniespoort Group and shale and quartzite of the Pretoria Group.

The topography on the farms Kruidfontein 139JQ, Doornkloof 141JQ and Elandsfontein 23JQ is
mountainous and essentially comprises an inner mountain range surrounded by an outer range and this
has resulted in an annular drainage pattern. The area falls within the semi-arid summer rainfall region and
receives an average of 375 mm of rain per annum. Temperatures range from 8 to 32 °C in winter and

between 17 and 44 °C in summer.
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2. AIM OF THIS INVESTIGATION

In 1992 an extensive national study was initiated by the Mineral Resources Division of the South African
Council for Geoscience to determine the economic potential of all carbonatites and alkaline complexes
in South Africa. The more important aims of this national study were to classify these complexes in terms
of their mode of occurrence, structure, mineralisation and genesis, and to investigate the possible

occurrence of high-technology raw materials (especially rare-earth elements and their minerals) in them.

The Kruidfontein Carbonatite Complex was the first to be studied in detail for the following reasons:

Q it was assumed that volcanic carbonatites would be potential targets due to associated late-stage
alteration and possible economic mineralisation;

Q none of the earlier studies of the Kruidfontein Carbonatite Complex had attempted to determine

the overall economic potential of the Complex;

Q none of these studies had focussed on the nature of the alteration and mineralisation processes,
and;
Q the Council for Geoscience had acquired borehole core and basic geophysical and geochemical

data, enabling this detailed study to be undertaken.

The aim of this investigation is to determine the economic potential of the Kruidfontein Complex based

on:

a the geology, structure, geophysical signature and soil geochemistry of the Complex;

a the characterisation of the carbonatite sequence represented in borehole core (holes KDO1, KD02
and KD03);

Q the nature of alteration and mineralisation by applying techniques such as petrography and
cathodoluminescence, and to support this with a mineral chemistry study of related mineral
phases using electron microprobe analysis,

a the characterisation of the geochemistry of the carbonatite sequence with the use of whole rock
major- and trace-elements, including rare-earth elements;

a stable carbon and oxygen isotope systematics for the inner zone sequence of the Complex in an

attempt to provide supporting evidence for the alteration and hydrothermal mineralisation

processes.
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3. PREVIOUS WORK

During the past century a number of investigations have been carried out on the Kruidfontein Complex,
one of three carbonatitic bodies in the Crocodile River Fragment. These investigations include the studies
of Humphrey (1909), Hall (1932), Groeneveld (1948), Fockema (1949), Truter (1949), Verwoerd (1956;
1963; 1967), Clarke (1989), Clarke and Le Bas (1990), Clarke et al. (1991) and Pirajno et al. (1995).

Humphrey (1909) identified the Complex by the presence of red felsite and feldspathic volcanic breccia,
which were not conformable with the surrounding banded ironstone and rocks of the lower Pretoria Group.
This discordant relationship was later confirmed by Fockema (1949), who identified other rock types such
as porphyritic basalt, trachyte, syenite, volcanic breccia and acid lava. The carbonatite was thought to be
a large xenolith of dolomitic limestone. According to Truter (1949), there was doubt that the carbonatite
was a large xenolith of dolomitic limestone, and suggested a "hydrothermal carbonatitic origin” (Verwoerd,
1967).

An initial reconnaissance radiometric survey followed by an airborne scintillometer survey on the
Kruidfontein Carbonatite Complex were carried out in 1955 by Anglo-Transvaal Consolidated Investment
Corporation Ltd. A surface scintillometer survey was also conducted by Verwoerd (1956). In 1967 the
Kruidfontein Carbonatite Complex was described by Verwoerd as having an outer zone consisting of acid

volcanics and subordinate intermediate lavas, and an inner zone consisting of metacarbonatite.

In most of the studies cited above, reference was made to fluorite mineralisation, and some of anomalous
radiometric readings could be related to fluorite mineralisation. This prompted Metaligesellschaft S.A. (Pty)
Ltd., to undertake an exploration program during 1970 and 1971. This program comprised geological
mapping, sampling, trenching and drilling. The aim was to assess the viability of the fluorite veins and
fluorite-bearing sovite bodies in the southern and southwestern portions of the inner zone. They concluded

that the veins were too narrow and that the sévite bodies were too small to be of economic significance.

In 1972 Southern Sphere Mining and Development Company (Pty) Ltd conducted a soil and rock sampling
program in an attempt to delineate additional fluorite and base metal anomalies. Although the fluorite
potential seemed to be promising, that of the base metal potential appeared to be low. Due to an
improvement in the fluorite and rare-earth-element markets during 1979, Southern Sphere Mining and
Development Company (Pty) Ltd recommenced the exploration program. Initial emphasis was placed on
evaluating certain anomalies by drilling and the fluorite mineralisation in the southwestern part of the inner
zone proved better than expected. A large (2.8 Mt) tabular replacement deposit consisting mainly of

fluorite (up to 28% CaF,) was subsequently discovered.

More recent work (1989) was carried out by FOSKOR (Pty) Ltd, who initiated a geological mapping and
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soil sampling program on the inner and outer zones of the Complex. The results revealed a gold anomaly
in the northwestern part of the inner zone. Although some results were encouraging, activities were
terminated. Volcanological, petrological and geochemical studies were carried out by Clarke (1989) and
Clarke and Le Bas (1990) in which they confirmed that the Kruidfontein Complex is a collapsed
carbonatitic caldera structure, filled with silicate pyroclastics (outer zone) and carbonatitic bedded
volcaniclastic rocks (inner zone). Studies carried out on pumice fragments suggest that phonolitic and
carbonatitic magmas were present during the cauldron subsidence stage of evolution of the Complex.
Pirajno et al. (1995), using the work of Clarke (1989), Clarke and Le Bas (1990) and Clarke et al. (1991),
and results from FOSKOR (Pty) Ltd as background information, focused on the gold enrichment in the
northeastern part of the inner zone. Despite the limited data they made the tentative conclusion that the

gold became concentrated within the weathered carbonatitic pyroclastics under oxidising conditions.
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METHODS OF INVESTIGATION

5.1 Mapping

As the inner (and economically interesting) zone of the Kruidfontein Carbonatite Complex is more
or less elliptical in plan, with the major axis east-west, an irregular hexagonal base line system
was used by FOSKOR (Pty) Ltd. for survey purposes. This system is tied in with the south African
Lo system, using 27°E as central meridian. Each side of the hexagon is 1.4 kilometre in length,
the northern one along the boundary between Boschkop 138JQ and Kruidfontein 139JQ (Fig.
5.1). Compass traverses, 100m apart, in both directions perpendicular to these base lines were

used as sampling lines. Samples spacing was 20 metres on each of these lines.

For regional reconnaissance sampling the complex was divided into Area 1 and Area 2 by a
north-south bisecting line of the hexagon (Fig. 5.1). Both these areas were further subdivided by
the east-west bisecting line of the hexagon, so that Area 1 comprised a northern Block 1 and a
southern Block 2. Similarly Area 2 was subdivided into a northern Block 3 and a southern Block
4.

For the purpose of detailed mapping the Council for Geoscience superimposed a square grid
pattern on the regional sampling pattern (Fig. 5.1). Eleven base lines in a north-south orientation
and nine in an east-west orientation (in both cases 500 m apart) were inserted, resulting in
reference blocks numbered A to J in an east-west and 1 to 8 in a north-south direction. These

reference blocks were used for accurate reference.

52 Soil sampling

Before the Kruidfontein geochemical exploration project was initiated, an orientation survey was
carried out to determine what sampling method, sample size, sampling depth and size fraction
would be most suitable to achieve the maximum contrast in the geochemical landscape.
Ultimately the sampling scheme was based on the topography and the known form, size, geology
and structure of the Complex. The orientation survey also included a limited amount of geological
mapping and rock sampling along a traverse intersecting the maximum number of rock types.
Samples were taken of every rock type, zone of alteration, vein and dyke. Three to five samples

of each rock type, varying in mass from 1 to 5 kg were collected.

In order to select the elements to be analysed, all samples were analysed semi-quantitatively by
means of XRF spectrometry for the trace elements Ba, F, Mn, Ag, Cu, Pb, Zn, As, Hg and by fire-
assay for Au. The elements that gave the highest contrast in the different rock types were chosen,

namely Au, Ba, Mn, Pb and Zn.
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On the basis of the orientation survey, the following decisions were made:

a a grid pattern of sampling lines 100 metres apart, with sampling points every 20 metres,
giving a grid 20 x 100 metres would be used,

Q the grid pattern would be laid out radially across the inner and outer zones of the
Complex, based on the hexagonal base line system;

a soil samples would be taken at 25 to 30 cm depth;

Q the -80 mesh sieve fraction (-177um) would be analysed for Au, Ba, Mn, Pb and Zn.

During the soil sampling program a total of 8762 soil samples were taken over the whole project
area of 1779 hectares: 1170 and 2750 samples from Blocks 1 and 2 of Area 1 and 1578 and
3264 samples from Block 3 and 4 of Area 2 respectively. The samples were sieved in the field
and sealed in plastic sample bottles. The possible effect of topography on the nature of the
samples was noted. All samples were analysed by the FOSKOR chemical laboratories. The Au
determinations were carried out by fire assay and subsequent atomic absorption spectroscopy,
giving a detection limit of 10 ppb. The remaining element concentrations were determined using
X-Ray Fluorescence techniques (detection limits for Ba, Mn, Pb and Zn being 0.05 wt%, 0.1 wt%,
20 and 50 ppm respectively).

The results were plotted on 1:25 000 scale field maps after the threshold values had been

determined statistically.

5.3 Geophysical methods

Carbonatite complexes can be identified by means of magnetic and gravity surveys as well as
regional geochemical and radiometric surveys as their physical properties and trace element
content normally differ from those of the surrounding rocks. Magnetic and gravity techniques were
therefore used in the exploration of the Kruidfontein Carbonatite Complex in an attempt to
determine the presence of magnetic and/or more dense rock types in depth, and thus to obtain
an indication of the possible structure. Geochemical results were used to correlate radiometric
eK,0, eThQ, and ed Q values with the known lithology, alteration products and possible

mineralisation.

5.3.1 Regional magnetic and gravity surveys

As part of its national geophysical reconnaissance program, the Council for Geoscience
of South Africa did a series of aeromagnetic surveys at an altitude of 150£50 m with a
flight line spacing of 1 km and an estimated sample spacing of 100 m. The navigation
was carried out by means of radar beacons. The aeromagnetic data were recorded by

means of a Scintrex Cesium Vapor magnetometer.
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The gravity measurements used in this study form part of the regional gravity data base
of the Council for Geoscience. Gravity readings were taken on a rudimentary grid system
at approximately 3 km spacing, based on available roads. Station altitudes were
determined by using drift-coupled barometers, resulting in an elevation reading within 3
m of the true value. Gravimeter drift was kept to a minimum by implementing
thermostatically controlled Lacoste-Romberg instruments, the drift of which were
monitored every 12 hours with respect to a base station. Thus the cumulative error in the
theoretical gravity values due to spatial positioning and gravimeter drift was some 6
milligal. Since the survey area has no substantial topography differences the Bouguer

gravity data have not been corrected for topography.

5.3.2 High-resolution radiometric survey

The Chemtron Model G111A gamma-ray spectrometer was used for the regional
radiometric survey. This spectrometer is capable of counting the rate of gamma ray
emission by potassium and by specific daughter isotopes of uranium and thorium
simultaneously in three separate channels, as well as the total emission in a fourth
channel. The rate of gamma ray emission is a function of the concentration of the
daughter isotopes. Channel drift is electronically corrected using the energy peaks of an

internal source as reference.

As the gamma radiation caused by the disintegration of specific daughter isotopes within
the multiple decay chain of two of the above three elements is measured, constant initial
isotopic ratios of the specific parent elements (e.g. >®U and #*°U) is assumed, as well as
chemical equilibrium between the parent and each element in the decay chain. Since the
various parent and daughter elements have different physical and chemical properties,
disequilibrium could result from selective leaching or similar processes (Basson, 1979).
Consequently spectrometer readings are given as “equivalents” of the parent isotope to

account for possible disequilibrium e.g. eK,0, eU;04 and eThO,.

The spectrometer detects gamma radiation by the fluorescence caused by the interaction
of gamma radiation on specific crystals. The fluorescence is detected by a photocathode
coupled to a photomuiltiplier tube. The magnitude of a pulse caused by a gamma ray is
directly proportional to the energy of the gamma ray absorbed by the crystal. As the
energy of the gamma rays is characteristic of the specific disintegrating nuclide,
differentiating the different energy levels allows identification of the disintegrating nuclide
(Basson, 1979). The number of pulses received by the photomultiplier tube is

proportional to the concentration of the source. This count rate is also affected by the
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geometry of the source "visible to the detector”. Readings within a pit would thus be
greater than those on a flat surface by virtue of geometry. Gamma radiation is also
readily absorbed and factors such as the instrument height and depth of the source

material below the surface would affect the sensitivity.

The gamma-ray spectrometer was initially calibrated at the high concentration pads at
Pelindaba. The calibration constants were determined by the Atomic Energy Corporation.
These calibration constants resulted in many negative eK,O values, presumably due to
the high concentrations in the calibration pads. Recalibration at low concentration pads
was therefore done at Lanseria. The resulting calibration matrix was very similar to that

of Pelindaba.

The final calibration matrix is thus:

eK,0 (%) = 3.0756 (K) - 5.0225(U) + 1.8389 (Th)
eU,0, (ppm) = 22.6632 (U) - 24.6275 (Th)
eThO, (ppm) = 46.62 (Th) - 8.2463 (V)

Where (K) = counts per second in the potassium channel; (U) = counts per second in the

uranium channel; and (Th) = counts per second in the thorium channel.

The radiometric survey was carried out along the regional sampling lines which were 100
metres apart, and perpendicular to the hexagonal base line system surveyed around the
inner zone of the Kruidfontein Carbonatite Complex (Fig. 5.1). The radiometric readings

were taken at 20 metre intervals along each line.

5.3.3 High-resolution magnetic survey

The earth has a natural magnetic field, the strongest component of which is the internal
field now presumed to be due to the relative rotation of iron-enriched material at the core-
mantle boundary. This field can be measured at any point on the earth’s surface as a
vector. There are four types of magnetic materials based on their response to an external

magnetic field namely: diamagnetic, paramagnetic, ferrimagnetic and ferromagnetic.

Ferromagnetic and ferrimagnetic minerals are the only ones which have an appreciable
influence upon the earth’s magnetic field. The inducing field H causes the magnetic
alignment of ferrimagnetic and ferromagnetic minerals in a rock mass to produce an

induced field M that is proportional to H. The proportionality factor & (the so-called
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magnetic susceptibility) is determined by the amount and distribution within the rock of
magnetic minerals like magnetite, native iron, titanomagnetite, pyrrhotite and ilmenite. As
magnetite is more than 1000 times more abundant than the total of the other magnetic
minerals, the magnitude of M is for all practical purposes proportional to the magnetite
content of the formation. One would therefore expect that a high value of the measured
total magnetic field would give a direct indication of the magnetite content of the
underlying rocks, but there are some complicating factors:

a the ambient magnetic field of the earth is a vector field and, in the vicinity of the
Kruidfontein complex, this vector has a strength of 29000 nT and an inclination
(i.e. a deviation from horizontal) of 60° in a declination (i.e. deviation from
geographic north) of 17° west. In practice there will be two vector fields which
have to be added vectorially - the background field caused by the earth’s
magnetic field (H) and a dipole-shaped field induced in the rock-body (M). The
resultant of these two fields is conventionally called B. Most proton magneto-
meters measure the absolute magnitude of B only. So under normal circum-
stances, the magnitude of the measured field in South Africa will generally have
a low value to the south of a magnetic body and a high value to the north of it,
with the body itself directly below the crossover point.

Q most magnetite-rich rocks have been exposed to magnetic fields with completely
different orientations compared to that of the present field, and they may have
retained some of this remanent induced magnetic field. This fact leads to
ambiguity-remnant magnetism at some time or other which must also be
incorporated in the interpretation. This incorporation can only be accomplished
by determining the approximate strength and orientation of this remanent field
of the rock-body by the techniques used in palaeomagnetic studies, and for this
oriented rock samples, taken by means of non-magnetising drilling equipment,

are required.

A proton precession magnetometer (Geometrix G8469G) was used in this survey, since
this type of instrument can be transported easily and can be read rapidly. The principle
of these instruments depends on nuclear magnetic resonance, in which a spinning
hydrogen ion, which has its own magnetic dipole moment, executes a precession motion
at a frequency directly proportional to the applied magnetic field. Initially the ions of a H-
rich fluid are aligned by a strong artificial field, which is switched off to allow the H ions
to realign themselves to the ambient magnetic field of the earth, and causing them to

precess at a frequency which is measured and converted to the strength of the earth’s
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field.

The same grid used for the radiometric survey was also used for the ground magnetic
survey. Normally, a base station would be set up in order to correct for diurnal drift
caused by changes in the magnetosphere, but no base station corrections have been

made in this study.

5.4 Drilling

FOSKOR (PTY) LTD initiated a drilling program after several geochemical anomalies had been
identified in the soil sampling program. The most important target generated by the geochemical
exploration is the ferruginous lapilli tuff unit (2H) in the northeastern part of the inner zone (Fig.
5.2). As the elliptical outcrop pattern of the rocks of the inner zone of the Complex suggests
centroclinal dips of about 30°, percussion boreholes were drilled at outward inclinations of 60° to
a depth of 61 m. Samples were collected at 1 metre intervals, split and packed for analysis.

Sections A - B and C - D (Fig 5.2) are based on these results.

After completion of the percussion drilling program three diamond drill holes were sunk in the
northeastern part of the Kruidfontein Complex to penetrate the volcaniclastic sediments of the
inner zone (boreholes KDO1 to KD03) (Schirmann, 1992a; 1992b; 1992¢; 1993). KD01 and KD02

are inclined and perpendicular to the layering, whereas KDO03 is vertical.

5.5 Laboratory techniques

The drill core of boreholes KD01, KD02 and KD03 were cut lengthwise in two perpendicular
directions by means of a diamond saw. One of the quarters formed in this way was sampled every
five metres over a length of approximately 40cm. Each sample is representative of a specific
lithologic unit at a certain depth. All the samples were submitted for X-ray diffraction, X-ray
fluorescence spectrometry, high-performance ion chromatography and detailed petrography

(including cathodoluminescence). Details of other analyses are given in Table 5.1.

5.5.1 Major- and trace-elements

Both major- and trace-elements were analysed on a Philips PW1400 XRF Sequential
Spectrometer with a Rh anode side-window X-ray tube housed at the Council for
Geoscience, South Africa. Major-elements, excluding Na,O, were analysed on fusion
disks prepared from 1.5 g of sample and 6 g Johnson and Matthey Spectroflux 100B.
The software package NBSGSC (Tao et al., 1985) was used to set up the calibration for

each oxide and for data reduction.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



1Z0Z ‘euo}a.id Jo AJIsiaAlun ‘uoneulojul 0} sseooe uado o poddns ul seoinieg Aleiqi Jo Juswipedsq ayy Aq pesnibig

+2778000 -

LEGEND

® Section

@® Borehole

* Area 1

S U S

+2780000 ‘

+2782000 L N o E
! < g (@]
1 z
Af B C D ¢ E F G H | J
\ -50000 -52000 -54000
1
SCALE
1000 0 1000 2000
[ I I I I ]
maetres
Projection : Transverse Mercator, Central Meridian = 27° East
Figure 5.2 Locality map showing (a) the north-south magnetic profile 1; (b) borehole positions (KDO1, KD02

and KDQ03); (c) sections (A-B and C-D); and (d) Area 1 (principle area of fluorite mineralisation).

9l



17

Trace-element and Na,O analyses were carried out using powder briquettes. Calibration
was based on the technique described by Willis (1989). FeO was determined by titration.
CO, was analysed with a LECO CS244 apparatus by heating the sample in a stream of
pure and dry oxygen. The combustion or dissociation products (CO, and water) were
measured by absorption of the formed carbon dioxide in the near infrared region, and the

CO, content is listed separately from loss on ignition (L.O.1.).

5.6.2 Rare-earth elements

Rare-earth element (REE) analyses were carried out on a Dionex Series 2000i/SP lon
Chromatograph, housed at the Council for Geoscience, South Africa. The separation of
transition and alkali metals was achieved on-line, eliminating the necessity of an earlier
separation step. First, the alkali and alkaline earth metals are eluted with ammonium
acetate, followed by the elution of the transition metals with hydrochloric acid. Separation
of the rare earths is accomplished by gradient elution with an oxalic-diglycolic system,
followed by complexing with PDCA and photometric detection in the visible wavelength
range (Le Roux and Watkins, 1990). The relative error in the rare-earth element

determination is estimated at + 6% (using the NBS-688 International standard).

5.5.3 Stable carbon and oxygen isotopes

Twenty-one samples from the inner zone of the Kruidfontein Complex were analysed for
their carbon and oxygen isotopic composition. X-ray diffractograms showed the
carbonate species of this sample set to be calcite, dolomite, ankerite and siderite with up
to 3 carbonate species occurring in one sample. Whole-rock carbonate data were
obtained by reaction with 100% H,PO,, using a modified technique after McCrea (1950)
and Rosenbaum and Sheppard (1986). Depending on the dominant carbonate phase,
calcite-rich samples were reacted at 25°C and dolomite/ankerite-rich samples at 50°C,
for 20 to 24 hours, and siderite-rich samples at 150°C for 1 to 1.5 hours (Rosenbaum and
Sheppard, 1986).

Whole-rock carbonate data would reflect a mixture of their carbonate phases. Because
a physical mineral separation was not practical, multi-carbonate samples were treated
using the sequential-reaction technique described by Al-Aasm et al. (1990). Because of
the slower reaction with H,PO, of dolomite and ankerite, and the still slower reaction of
siderite, when compared to calcite, it is possible to collect separate batches of CO, from
the carbonate phases of a reacted bulk sample. Following Al-Aasm et al. (1990) samples
containing calcite and dolomite/ankerite and/or siderite were reacted at 25°C for one hour

and the extracted gas labelled calcite. Immediately thereafter these samples were equi-
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Table 5.1 Summary of samples taken from the KDO1 core and techniques applied.

SAMPLE DESCRIPTION C/O ISOTOPES Energy-dispersive electron microprobe:/
Wavelength-dispersive electron microprobe
chlorite carbonates feldspar fluorite apatite

KDO011 Lapilli tuff

KD012 Layered ash tuff [} [x} Q

KD013 Lapilli tuff [ ]

KD014 Layered ash tuff

KD015 Green ash tuff

KD016 Green ash tuff [ [+] [+] (*]

KD017 Altered brown ash tuff

KD018 Altered brown ash tuff

KD019 Altered brown ash tuff [ o < (4] [+]

KD110 Pyroclastic breccia

KD111 Lapilli tuff [ ] [} o [+] o

KD112 Altered brown ash tuff

KD113 Altered brown ash tuff [

KD114 Altered brown ash tuff

KD115 Altered brown ash tuff [+]

KD116 Altered brown ash tuff [ ]

KD117 Altered brown ash tuff o Q

KD118 Altered brown ash tuff ®

KD119 Altered brown ash tuff [} (]

KD120 Altered brown ash tuff

KD121 Altered brown ash tuff o (] [x] (]

KD122 Altered brown ash tuff [ ]

KD123 Altered brown ash tuff

KD124 Altered brown ash tuff [ J Q

KD125 Altered brown ash tuff

KD126 Altered brown ash tuff

KD127 Altered brown ash tuff

KD128 Altered brown ash tuff Q

KD129 Altered brown ash tuff

KD130 Altered brown ash tuff [ ] [+] (] [*]

KD131 Altered brown ash tuff (4]

KD132 Altered brown ash tuff

KD133 Altered brown ash tuff [ (] (] Q
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SAMPLE DESCRIPTION C/O ISOTOPES Energy-dispersive electron microprobe /
Wavelength-dispersive electron microprobe
chlorite carbonates feldspar fluorite apatite
KD134 Altered brown ash tuff [ (] Q
KD135 Dark ash tuff, calcite and [x] [x]
fluorite
KD136 Dark ash tuff, calcite and
fluorite
KD137 Altered brown ash tuff
KD138 Altered brown ash tuff [} [+]
KD139 Altered brown tuff [+]
KD140 Altered brown tuff [+)
KD141 Massive fluorite and [ ]
calcite
KD142 Massive fluorite and [ Q
calcite
KD143 Massive fluorite and
calcite
KD144 Altered brown tuff
KD145 Altered brown tuff
KD146 Altered brown tuff [ Q Q
KD147 Altered brown tuff [ ] Q (4]
KD148 Altered brown tuff
KD149 Altered brown tuff
KD150 Altered brown tuff

librated at 50°C for 30 minutes and the evolved gas discarded. The reaction was

continued and dolomite/ankerite was subsequently decomposed at 50°C overnight.

Calcite, dolomite and ankerite were reacted at 25°C where siderite was also present in
the sample and siderite was subsequently reacted at 50°C. Reaction times stretched
from a few hours to several days, allowing enough time between two extractions to
discard any CO, which could have been contaminated by previously generated CO, (Al-
Aasm et al., 1990).

Phosphoric acid / carbonate fractionation factors used in the extraction procedures at
various temperatures were 1.01025 at 25°C for calcite (Friedman and O'Neil, 1977,
corrected from Sharma and Clayton, 1965), 1.01178 at 25°C and 1.01065 at 50°C for
dolomite, 1.011741 at 25°C and 1.010609 at 50°C for ankerite, and 1.010461 at 50°C
and 1.00771 at 150°C for siderite (all after Rosenbaum and Sheppard, 1986).
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The analyses of the liberated CO, gas were performed on a Finnigan MAT 251 triple
collector gas-source mass-spectrometer. The C and O isotope ratios are reported in the
common J notation in %o relative to PDB (VPDB) for C, and to SMOW (V-SMOW) for O
using an internal standard, calibrated against NBS-19. The reproducibility of an internal
standard, analysed routinely, is better than £0.1%.. All samples were done in duplicate;
the difference between two aliquots of a sample was < 0.1%. for calcite and the whole-
rock carbonate samples, and <0.2%. for dolomite, ankerite and siderite, from the
sequential extractions. Calculated whole-rock carbonate &'°C and & "0 values from
sequentially reacted carbonates, are in reasonable agreement with the whole-rock

analyses, underlining the applicability of the sequential-reaction technique.

5.5.4 X-ray diffraction

X-ray diffractometry was used to determine the mineralogy of samples from whole rock
powders. Philips PW1050 and Siemens D5000 X-ray diffractometers (both with
secondary monochromators) were used with Co Ka and Cu Ko radiation respectively,
generated at 40 kV and 40 mA. XRD traces were qualitatively evaluated with DIFFRAC
AT software, allowing comparison with ICDD (International Centre for Diffraction Data,
1992) files. Selected peak heights were taken as a semi-quantitative measure for the

minerals present.

5.5.,5 Cathodoluminescence

Cathodoluminescence was carried out at the Department of Mineralogy of the Natural
History Museum, London, United Kingdom, using a CITL Mk. 4 cold-cathode instrument
operated at beam conditions of 15kV and 300 pA and with a vacuum of 0.1Torr. These
readings are measured within the control unit of the cathodoluminescence (CL)
equipment; readings of beam conditions at the sample are not possible. The electron
beam impinges upon about 100 mm? of the sample, which gives an approximate power
density at the sample of 0.045 Wmm™ The CL vacuum chamber was mounted on a Leitz
LM DM microscope, which is adapted especially for CL, with no accessories, beam-
splitters or prisms within the light path. This enables almost 100% of the light emitted by
the sample during CL to reach the oculars or the camera, with the only absorption
occurring within the lenses and the lead-glass window of the vacuum chamber. Lenses
used were Leitz Fluotar long working distance X5, X10 and X20 and a Nikon ELWD X40.
Photomicrographs were taken in transmitted light using a Wild Leitz MPS 52 camera and
Wild Leitz MPS 46 automatic camera control unit, with 400 and 1600 ASA Provia
Fujichrome daylight slide film, corrected for tungsten light by means of a blue daylight
filter. Exposure times for CL photomicrographs were typically 20-45 seconds, 20-90
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seconds and 120-150 seconds for X32, X80 and X320 magnifications respectively.

Cathodoluminescence takes place when primary excitation is by a beam of electrons, the
cathode being the source of the electrons (Marshall, 1988). Luminescence in carbonates
is mainly caused by trace elements in solid solution (Machel, 1985). Other causes,
however, are (a) distorted crystal surfaces and cracks; (b) distorted internal structures
between mosaic and intergrown crystals; (¢) inhomogeneities of composition (between
different parts of a crystal); (d) impurities in surface sites and interstitial lattice sites; and
(e) charge displacements due to abnormally ionised or abnormally sized atoms and
separated cation-anion pairs (Gies, 1976; Nickel, 1978, Marfunin, 1979). Other
applications of cathodoluminescence microscopy are: (a) rendering fabrics visible which
are not visible by standard petrographic microscopy (Sippel and Glover, 1965; Richter
and Zinkernagel, 1981); (b) identifying and interpreting “cement sequences” or matrixes
of replacement or rocks of diagenetic origin (Meyers, 1974); and (c) interpreting the trace
element content of minerals, and of the formational fluids responsible for alteration,

mineralisation, replacement and cementation.

Other general applications of cathodoluminescence are summarised as follows (Mariano

et al., 1973; Mariano and Ring, 1975; Mariano, 1978; Marshall, 1978; 1988):

a determining the distribution of different minerals. Calcite and dolomite usually
show differences in luminescence, where under more conventional petrographic
methods, they seem similar;

Q fine-grained minerals (like calcite, dolomite or apatite) or minerals in narrow vein
filling are immediately distinguishable under CL;

Q variations in the luminescent emission from different portions of the same
mineral grain can indicate different generations or different conditions of
formation;

a the colour of the luminescence of a particular mineral can be ascribed to the
trace element content of the mineral,

a different luminescent properties of mineral examples of the same species could
indicate that they have formed under different conditions, or may have formed

from different sources.

The recording of emitted luminescence can be observed visually or recorded by
spectrometer. Visually the effect is described as “bright”, "dull” or “non-luminescent”. The
colour description, like the intensity, is dependent on the visual perception of the

investigator. This problem is eliminated by the use of a spectrometer which measures the
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emission spectra. As an example, the specific wavelength of 590 nm is characteristic of

Mn?* activated luminescence in calcite.

Trace elements that promote active luminescence are Mn?*, Pb?*, several REE, Cu#*,
Zn* Ag*, Bi* and probably Mg* (Machel, 1985). The increase in luminescence intensity
slows down above a certain activator concentration. Quenchers (elements like Fe?*, Ni?*
and Co®") have an opposite effect, and lead to a low intensity of luminescence due to the
absorption of most of the excitation energy and the generated transition energy without

emitting radiation.

5.5.6 Electron microprobe analyses

Electron microprobe analyses of fluorite and apatite were made by using a Cameca SX50
WDS and a Hitachi S2500 EDS (housed at the Department of Mineralogy, Natural History
Museum, London, United Kingdom). Analyses required lower kV values (15 kV, and 10
to 20 nA) and a defocused elecron beam (spot size of 5 to 25 um). Typical detection
limits for REE (wt% oxide) were 0.15, while for other elements it was 0.05 wt %. A JEOL
733 Superprobe (housed at the Council for Geoscience, Pretoria, South Africa) was also
utilised for EDS analyses, with beam conditions of 15 kV and 15 nA and with spot

diameters of 1 to 5 um.
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6. REGIONAL SETTING OF THE KRUIDFONTEIN CARBONATITE COMPLEX

The Kruidfontein Ca;'bonatite Complex is situated 160 km north-northwest of Pretoria (Fig. 1.2) on the
farms Kruidfontein 139JQ, Doornkloof 141JQ and Elandsfontein 23JQ (Fig. 5.1). The Complex of Middle
Proterozoic age, and with a caldera structure, is located along the northwest striking regional fauit on the
western side of the Crocodile River Fragment, an inlier of deformed Transvaal Supergroup rocks within
the acid and mafic rocks of the Bushveld Complex (Hartzer, 1989). The Transvaal Supergroup in the
Crocodile River Fragment consists of a pre-Black Reef, predominantly sedimentary succession (dolomite,
shale, quartzite, conglomerate and volcanic rocks) (Wachteenbeetje Formation), shale and quartzite of
the Black Reef Formation, dolomite, limestone and banded iron formation of the Chuniespoort Group and

shale and quartzite of the Pretoria Group (Table 6.1).

The Rooiberg Group occurs towards the east of the Fragment while the Karoo Supergroup is represented
by outliers towards the south. Several alkaline and carbonatite complexes occur within the Fragment such
as the Buffelskraal, Nooitgedacht and Kruidfontein Complexes, while the Tweerivier, Bulhoek North and
Bulhoek South Complexes are present in the Bushveld Granite, south-southeast of the Crocodile River
Fragment. The pre-Black Reef succession of predominantly sedimentary rocks with minor volcanics was
named the Wachteenbeetje Formation by Hartzer (1994) who correlated it with pre-Black Reef
successions in the Transvaal basin such as the Wolkberg Group, the Bloempoort Formation and possibly
even the Pniel Group. Some controversy still exists as to whether the Wachteenbeetje Formation should
be considered as the upper part of the Ventersdorp Supergroup or as the lower part of the Transvaal
Supergroup. The Transvaal Supergroup from the Black Reef Formation upwards (including the carbonate
rocks of the Chuniespoort Group) to the shales of the Silverton Formation has been completely preserved
within the Crocodile River Fragment, the only exception being the Penge Formation, the upper part of
which has been eroded prior to the deposition of the Pretoria Group. The thicknesses of the Black Reef
Formation and the lower carbonate units, especially the Oaktree Formation are noticeably greater than

those preserved along the margin of the Transvaal basin.

In general the structure of the Crocodile River Fragment can be described as a large anticlinorium (Fig.
1.2). This anticlinorium is believed to be the result of interference between northwest to southeast and
northeast to southwest striking folds, which are thought to have formed during three different phases of
deformation (Hartzer, 1989). Two prominent, north-northwest striking faults (f1 and f2), marked by breccia,
form the eastern and part of the western margins of the anticlinorium. The southern part of the Crocodile
River Fragment is dominated by a large overturned anticline, marked by outcrop of the Black Reef
Formation (Hartzer, 1994). The distribution of the Black Reef Formation and the various carbonate units
in this area emphasises the extent of refolding and overfolding. Parasitic and interference folding have
led to severe thickening of the carbonate sequence in places, especially the Oaktree and Monte Christo

Formations. The northern part of the Crocodile River Fragment is characterised by north-east striking folds
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with curved axial plains. The structure is further complicated by the intrusion of the Buffelskraal and
Nooitgedacht Complexes in the centre of the anticlinorium. Their development was responsible for radial

thrusting and faulting around the centres of intrusion (Hartzer, 1989).

Table 6.1 Lithostratigraphic subdivision, lithology and approximate thicknesses of the formations
in the Crocodile River Fragment (modified after Hartzer, 1994).
THICKNESS FORMATION LITHOLOGY SUBGROUP OR GROUP SUPERGROUP | COMPLEX
(m)
Nepheline syenite, ijolite, Kruidfontein
carbonatite, nephelinite Nooitgedacht
Buffelskraal
100 Silverton Shale
80 Daspoort Quartzite
90 Strubenkop Shale
10 Dwaalheuwel Quartzite Pretoria Group
190 Hekpoort Andesite
695 Timeball Hill Shale, quartzite
3to 50 Rooihoogte Conglomerate, quartzite, Transvaal
shale Supergroup
141 Penge Banded iron formation
Chuniespoort
195 Frisco Dolomite, limestone Group
410 Eccles Dolomite, chert Maimani
320 Lyttelton Limestone, dolomite Subgroup
810 Monte Christo Dolomite, chert
360 Oaktree Limestone, dolomite
280 Black Reef Conglomerate, quartzite,
shale
1560 Wachteenbeetje | Shale, quartzite, dolomite,
conglomerate, volcanics

The emplacement of the Kruidfontein Complex in the centre of the Crocodile River Fragment caused local
overfolding and thrusting. The southwestern part of the fragment is separated from the main body by the
f1-fault and comprises the prominent Langrand anticline, which is part of a series of anti- and synclines,
striking parallel to the main fault. Towards the north, the series of folds culminates in a dome, accentuating

the influence of interference folding (Fig. 1.2).

Tectonically, the present features of the Crocodile River Fragment are the result of a complex interaction
between regional deformation and the emplacement of the Bushveld Complex. Hartzer (1994) ascribed
the initial folding to regional deformation along well-established and long-lived structural directions on the
Kaapvaal Craton. Interference folding led to a series of domes and basins. Regional deformation was
followed by the emplacement of the mafic rocks of the Bushveld Complex through a feeder zone believed
to be located between the western edge of the Crocodile River Fragment and the western outer margin

of the Transvaal basin. The Fragment acted as a physical barrier to the intruding mafic rocks, restricting

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



25

them from spreading towards the central part of the Transvaal basin. The subsequent emplacement of

the acid phase of the Bushveld Complex took place at higher levels and covered the central part of the

Transvaal basin, including the Crocodile River Fragment. Petrographic evidence shows that deformation

was initiated before the metamorphism associated with the intrusion of the Bushveld Complex.

Therefore, the structural deformation history of the Crocodile River Fragment can be summarised in the
following phases (Hartzer, 1994) (Fig. 1.2):

a

the first stage of folding (D1) was around a north-west trending axial plain and occurred in the
northern part of the Crocodile River Fragment.

the second stage of deformation was around a north-eastern trending axial plain and is
manifested as the central synclinal structure. These deformational events were associated with
Archaean lineaments and Transvaal folding respectively.

the third stage of folding had a similar attitude to the first and was around an axial plain toward
the north-west. This folding is manifested by the interference pattern on the nose of the anticlinal
structure in the southern part of the Crocodile River Fragment.

the final stage of deformation was associated with the two north-west striking regional faults.
These faults are younger than the Bushveld Complex since they transgress rocks of both the
Transvaal Supergroup and the Bushveld Complex. The displacement along the regional fault
which forms the eastern boundary of the Crocodile River Fragment (f2, also known as the
Crocodile River fault) is of the order of 3000 to 4000 metres in the south, decreasing northwards.
Both these faults are major regional structures and the western one can be joined to the eastern
fault of the Brits Graben.

the emplacement of the Bushveld Complex accentuated the existing deformation and also led to
low- to medium grade metamorphism of the rocks of the Transvaal Supergroup.

after the emplacement of the Bushveld Complex deformation was locally enhanced by the

emplacement and extrusion of the alkaline-carbonatite complexes.

The Kruidfontein Complex was emplaced on the western northwest striking regional fault (f1) and is clearly

younger than the fault. The latter could have been a zone of weakness which controlled the eruption of

the complex, thus showing similarities with the carbonatites of the East African Rift System. However, the

Crocodile River Fragment represents a horst (Verwoerd, 1963), which is also a manifestation of tensional

stress.
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GEOLOGY OF THE KRUIDFONTEIN CARBONATITE COMPLEX

71 Petrographic classification of carbonatites and pyroclastic rocks

Verwoerd (1967) mapped the Kruidfontein Complex in terms of bedded and non-bedded
metabeforsite and soévite, rhyolite and younger and older pyroclastic breccia. Some of these terms
have genetic connotations, and FOSKOR (Pty) Ltd. therefore attempted a descriptive classifi-
cation of the pyroclastic rocks based on the presence or absence of bedding, the presence or
absence of macroscopically visible clasts, the grain size, the sorting and whether the larger clasts
were matrix- or clast-supported. However, in this classification distinctions were made between
proximal (>20 mm in diameter) and distal (< 20 mm in diameter) debris flows in which the clasts
are matrix-supported, and vent breccia which is clast-supported. These terms obviously have
genetic connotations, and furthermore, no additional criteria have been given for the designation

of pyroclastic breccias as vent breccia, proximal debris flow or distal debris flow.

In 1981 a descriptive nomenclature and classification of pyroclastic rocks were recommended by
the IUGS Subcommission on the Systematics of Igneous Rocks (Schmid, 1981). The clast size
categories are the same as the well known Wentworth classification used for sedimentary rocks,

and are based on powers of 2 in millimetres (Table 7.1).

Table 7.1 Classification of pyroclastic rocks (after Schmid, 1981).
DOMINANT CLAST SIZE PYROCLAST CONSOLIDATED PYROCLASTIC ROCK
(mm) :
64 mm and larger Bomb: mainly juvenile, rounded Agglomerate (rounded pyroclast)

Block: may be accidental, angular Pyroclastic breccia (angular pyroclasts)

2 mm to 64 mm Lapillus: rounded or angular Lapilli tuff
1/16 mm to 2 mm Ash grain Coarse ash tuff
smaller than 1/16 mm Volcanic dust Fine ash tuff

The rock names may be modified by means of suitable adjectives e.g. bedded, well sorted, clast-
supported, etc. Tuffisite is an intrusive breccia consisting of angular to rounded clasts of the

country rocks in a tuffaceous matrix varying in grain size from lapilli to dust.

Other definitions used are as follows (Schmid, 1981):

a pyroclasts “are individual crystals, crystal fragments, glass fragments, and rock
fragments generated by disruption or during subsequent transport..” ;

Q bomb “is a pyroclast with a mean diameter commonly exceeding 64 mm. Its

shape is ellipsoidal, discoidal, or irregular..”;
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a block “is a pyroclast with a mean diameter exceeding 64 mm, whose
commonly angular to subangular shape indicates that during its
formation is was in a solid state.”;

a lapilli “are pyroclasts of any shape, with mean diameters of 2 to 64 mm.”;

a ash grains “are pyroclasts with mean diameters smaller than 2 mm”.

According to Streckeisen (1979) carbonatites contain more than 50 % by volume of carbonate

minerals, and the following major classes are distinguished:

Q calcite-carbonatite: sévite (coarse-grained) and alvikite (medium- to fine-grained)
a dolomite-carbonatite : beforsite
a ferrocarbonatite, consisting mainly of iron-rich carbonate minerals.

The presence of minor minerals is indicated by adjectives (e.g. an apatite-bearing sévite contains
less than 10 % by volume of apatite) or by mineral names as prefixes (e.g. an apatite-sévite
contains more than 10 % by volume of apatite). According to Woolley and Kempe (1989), a prefix
to carbonatite (e.g. calcite-carbonatite instead of stvite) can be used. A compound name
indicates that another mineral, apart from a carbonate mineral, is present (e.g. fluorite-calcite-

carbonatite).

7.2 Lithological subdivision of the Kruidfontein Complex

7.2.1  The outer zone

Verwoerd (1967) subdivided the outer zone into the younger pyroclastic breccia,
ignimbrite and older pyroclastic breccia, all of which contain xenoliths and/or pro-
tuberances of quartzite and/or banded iron formation. The rocks of the outer zone are
clearly more siliceous than the rocks of the inner zone and are not carbonatites (Fig. 7.1:
see folder). These lithological units have no bedding and therefore the centroclinal dip
of these rocks is only assumed by analogy to the dip of the surrounding country rocks.
The terms younger and older pyroclastic breccia therefore do not necessarily indicate any
genetic time constraint as assumed by Verwoerd (1967), but merely that the older

pyroclastic unit is situated in the distal part of the outer zone, that is along its periphery.

7.2.1.1 Older pyroclastic breccia unit

In the outcrop on Kruidfontein 139JQ (Fig. 7.1: see folder) the older pyroclastic
breccia is difficult to distinguish from the younger pyroclastic breccia. Verwoerd
(1967) made the distinction on the basis that the older pyroclastic breccia was
darker than the younger pyroclastic breccia on the farm Boschkop 138JQ. This

distinction does not apply to the outcrop on Kruidfontein 139JQ. During this study
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the older pyroclastic breccia on Kruidfontein 139JQ was distinguished from the
younger pyroclastic breccia by the fact that its blocks vary in diameter from 64
mm to 100 mm. The older pyroclastic breccia also weathers to a yellow-orange
colour (Fig. 7.1: 1A, 1B, 2A, 2B, 3A, 4A, 4B, 5B, 6B, 6C, 7B, 7C, 7D, 7E, 7F, 7H,
71, 8D and 8E) except where obvious alkali metasomatism has taken place. The
blocks in the older pyroclastic breccia are subrounded to subangular, poorly
sorted and matrix supported, and consist of a variety of lithic fragments:
quartzite, shale and banded iron stone (derived from the Transvaal supergroup);
syenite and nephelinite genetically related to possible intrusive and extrusive
phases of the Complex and gabbro and granite (derived from the Bushveld

Complex).

In outcrop, the matrix has been removed preferentially by selective weathering,
so that the blocks and lapilli protrude on the weathered surface. Vesicles were
found within the matrix as well as in some of the volcanogenic pyroclasts. The
matrix contains lapillus-size volcanogenetic and lithic ejecta, ash grains,
subordinate crystals and black, elongated glass shards (1 to 2 mm in diameter).
These shards have been pseudomorphosed by chlorite. The large angular
blocks and lapilli vary greatly in appearance and include quartzite, banded

ironstone, granite, and a range of black felsitic to rhyolitic lapilli.

Although scattered quartzite and banded ironstone clasts occur throughout the
older pyroclastic breccia, they are concentrated in the vicinity of large
protuberances of similar material. The blocks and lapilli of granite occur
throughout the older pyroclastic breccia unit, and are coarse-crystalline, with
euhedral to subhedral pink potassium feldspar (3 to 4 mm in diameter) and
interstitial quartz. Black and fenitised tephra are the most abundant, and
although they are found throughout the outcrop area, an increase in
concentration is prominent near the contact with the ignimbrite unit in the
southern portion of the study section. Several varieties of the black clasts can be
identified in the field: massive green-black material is probably chloritised mafic
material such as basalt which has been identified as flows north of the
Kruidfontein Complex, layered grey-green to black material resembles chloritised
shale, and black biotite-rich clasts was referred to as biotite schist by Verwoerd
(1967). Smaller lapilli of purple fluorite, hematite (limonite) and calcite are
common, and their characteristic mode of occurrence as alteration products or

as void filling, implies neoformation.
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7.2.1.2 lgnimbrite unit

The ignimbrite unit (Fig. 7.1: 1l to 7G and 7F to 3A) generally occurs between
the younger and older pyroclastic breccia and shows transgressive relations to
both of them (e.g. 7C and 4B). It therefore appears to be the youngest of the
three units. It is distinguished from the two pyroclastic breccias by its more
uniform appearance, as it only contains sporadic angular to lenticular lapilli of
devitrified glass, rock and crystal fragments and flattened and welded pumice
(fiamme) in a matrix of glass shards (1 to 3 mm in diameter), largely pseudo-
morphosed by chlorite. Some of the rock fragments represent pinkish fenite. The

overall colour of the ignimbrite varies from pinkish through orange to brick-red.

7.2.1.3. Younger pyroclastic breccia unit

The younger pyroclastic breccia (Fig. 7.1) is generally finer grained with an
average clast size of 10 to 20 mm and should actually be called a lapilli tuff.
However, blocks of up to 500 mm in diameter have been found in places. The
younger pyroclastic breccia unit has a more siliceous appearance than the older
pyroclastic breccia, possibly due to metasomatism, and upon weathering forms
a smooth surface on which the lapilli are firmly cemented by the matrix (Fig. 7.1:
2B to 1F, 2J to 6G and 6F to 3B). The lapilli essentially consist of red fenite and
black gabbro, but lesser quartzite and banded ironstone are also common.
Fluorite, hematite and calcite are common replacement minerals within the

clasts.

7.2.1.4 Country rock

Quartzite outcrops are limited to the outer zone of the Kruidfontein Complex (Fig.
7.1: 2A, 2B, 3B and 4B), and occurs within all three units. The largest outcrop of
the quartzite is on the inner slope of the western part of the outer zone (3B).
Smaller lenses of quartzite also occur towards the south and south-east of the
mapped area (Fig. 7.1). Recrystallisation of the quartz grains is visible on a
macroscopic scale. The composition of the quartzite ranges from almost ortho-
quartzitic to arkosic. The quartzite is usually massive but cross-bedding does
occur; secondary brecciation is common, especially near the contact with the
volcanic sequence, and it therefore seems likely that the quartzite outcrops
represent country rocks of the Transvaal Supergroup which have been displaced

and disrupted during the emplacement of the Kruidfontein Complex.

The conglomerate found in the outer zone of the Kruidfontein Complex contains
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pebbles of jasper, suggesting that it belongs to the Pretoria Group. Inclusions of
banded ironstone of the Penge Formation are common within the outer zone
(Fig. 7.1: 1H, 11 and 1J). It would therefore seem that the conglomerate most
probably belongs to the Bevets Conglomerate Member of the Rooihoogte

Formation which immediately overlies the Penge Formation.

7.2.2 Theinner zone

The inner zone of the Kruidfontein Complex consists of tuffs interbedded with volcanic
breccias (Fig. 7.1). The beds dip inwards at more than 50° at the margin, but the dip
becomes shallower (an average of 20°) towards the middle of the inner zone. The
different rocks alternate rapidly, both parallel and perpendicular to the strike, so that the
units have a very erratic distribution and cross-cutting relationships and interfingering are

present. Consequently the total thickness of the inner zone is unknown.

In general, the tuffaceous sediments consist of massive and bedded units. In places the
massive units contain abundant, poorly sorted, angular to sub-angular clasts which are
matrix supported. The majority of the clasts are lithic fragments. The matrix consists of
fine-grained feldspar and recrystallised, fine-grained carbonate minerals. The modal
percentage of feldspar varies from 0% to 20%. Tabular crystals of primary calcite are

also present. Replacement of the carbonate by fluorite is wide-spread.

The massive tuff units are interbedded with laminated tuff which can be parallel and/or
cross-stratified. The thicknesses of these units vary from a centimetre to several metres.
The bedded tuff consists of fine-grained carbonates, and in this regard is similar to the
matrix of the massive units. Many of the bedded sequences were subjected to soft-
sediment deformation, such as slumping, dewatering and loading (leading to the
disruption and contortion of the bedding), indicating that the sediment had been water-

saturated.

7.2.2.1  Ash tuff

This unit is characterised by the virtual absence of large clasts and consists of
fine ash grains and dust. The massive, non-bedded tuff units (Fig. 7.2) display
brown surfaces. The fresh surfaces are usually light grey, but a dark grey
chloritised unit, containing Fe- and Ti-oxides and sporadic bombs, blocks and
lapilli occurs in places on the northern slope of the inner zone (Fig. 7.1: 1D, 1E
and 1F) (Fig. 7.3).
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Figure 7.2 Fine-grained, light to dark brown, massive ash tuff. Large clasts are absent.

Figure 7.3 A rounded, elongated volcanic bomb (approximately 100 mm in diameter) imbedded in brown,
massive ash tuff.
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The bedded tuff units are characterised by fine laminations, 1 to 2 mm in
thickness (Fig. 7.4). The units are approximately 2 m thick. More siliceous units
with a blue to greyish colour contain pyrite grains of approximately 1 mm in

diameter.

The layering is predominantly tabular with lamina of low-angle cross-bedding
(Fig. 7.5). Features characteristic of soft-sediment deformation include contorted
bedding (Fig. 7.6), mud-volcanoes, due to compaction and dewatering (Fig. 7.7)
and dewatering ripples (Fig. 7.8). Asymmetrical ripples (Fig. 7.9) indicate
deposition in a shallow-water, low-energy environment (Reading, 1978). Volcanic
bombs are rare in this unit. Beds of lapilli tuff with lapilli of up to 20 mm occur
sporadically (Fig. 7.10). The lapilli which vary in colour from light brown to red,

consist of carbonates, K-feldspar and Fe-oxides.

7.2.2.2 Pyroclastic breccia

The central part of the inner zone is composed mainly of pyroclastic breccia.

Away from the central breccia body at the highest point in the Complex (Fig. 7.1:

2F, 3G, 3E and 2E), the breccias become interbedded with tuffs. The contacts

between the breccias and the tuffs vary from sharp to gradational. Crude

stratification can be recognised according to (a) clast size and (b) the matrix

support. The type of clasts includes:

a lithic and vesiculated fragments of juvenile origin (altered nephelinite,
jjolite and basalt);

a blocks of tuffaceous material (bedded to massive tuff, lapilli tuff and
breccia); and

Q clasts of surrounding country rocks (quartzite, shale, granite and mafic

rocks).

The clasts are angular to subangular, with sizes varying from 50 to 500 mm. The
breccias can be clast or matrix supported. The matrix consists mainly of fine-

grained carbonates, K-feldspar, chlorite and Fe-oxides.

The coarse pyroclastic breccia is characterised by average block sizes of greater
than 64 mm (Fig. 7.11). An estimate of the maximum block size was not
attempted due to the limited exposure. The blocks consist mainly of red K-
feldspar and resemble rhyolite (Fig. 7.12). Layered and massive lapilli are

common (Fig. 7.13); many of these have been carbonatised. Blocks of earlier
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Figure 7.4 Bedded ash tuff units (approximately 1 to 2 metres thick) characterised by very fine layering. The
rock has a composition similar to that of the massive ash tuff units.

Figure 7.5 Parallel and cross-stratified beds with varying bed thicknesses in an ash tuff deposit. Note the
yellow to white lichens.
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Figure 7.6 Disruption and contortion of the bedding of a bedded ash tuff unit due to post-depositional
processes such as slumping, dewatering or loading.

Figure 7.7 Mud-volcano, due to compaction and dewatering, disturbing the fine-scale bedding in an ash tuff
unit.
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Figure 7.8 Small scale, irregular dewatering ripples (1 mm in height) in the bedded ash tuff, indicating
subaqueous deposition and subsequent dewatering.

Figure 7.9 Asymmetrical ripples (ripple units varying from 1.5 to 5 cm in width) in massive tuff,
suggesting deposition in shallow water. Grey mottles under the top portion of the outcrop
are lichens.
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Figure 7.10 Rounded to deformed lapilli (up to 20 mm in diameter), brown to reddish in colour, in irregulai
beds of less than 1 metre thick.

Figure 7.11 Pyroclastic breccia characterised by an average clast size of greater that 64 mm.
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I

Layered and massive angular clasts (approximately 10 to 60 mm in diameter) in a clast-supported
lapilli tuff.
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pyroclastic breccia are also present, and many of these have been chloritised in
the central portion, whereas the rim is characterised by red K-feldspar and Fe-

oxide, apparently formed as a result of potassium metasomatism (Fig. 7.14).

The matrix of the pyroclastic breccia is typically grey, and consists of fine-grained
carbonate and sporadic, disseminated fluorite. Where fluorite-calcite-carbonatite
dykes are present, the matrix of the breccia has been recrystallised. In places
veins of tuff-like material occur within this unit, and although they seem to
replace the matrix, they are interpreted as tuffisite. Pyroclasts contained in these
veins are therefore thought as having been emplaced as a result of gas

streaming.

7.2.2.3 Lapilli tuff

The lapilli tuff contains clasts with an average size of less than 64 mm and more
than 10 mm in diameter (Fig. 7.15). The majority of the clasts are approximately
10 mm in diameter, and the larger ones are angular. Large bombs of 500 mm

in diameter have nevertheless been noted.

The lapilli vary from angular to sub-rounded and are comprised of red K-feldspar,
pre-existing carbonate breccia, older tuff and subordinate granite, syenite,
quartzite and banded ironstone. The finer lapilli tuff is matrix supported and is
interpreted as a debris flow deposit (lahar) (Fig. 7.16). The matrix consists of
carbonate in various stages of recrystallisation, and in places contains

disseminated to pervasive fluorite.

Graded bedding in the rock is poorly developed, and both upward fining and
upward coarsening units can be found, suggesting suspension deposition in an
aqueous environment and prograding fans of debris flows over fine-grained out-
wash deposits respectively. Thin-bedded units are common, but bedding is only
poorly developed (Fig. 7.17). Different episodes of ash deposition are manifested
by fine ash tuff layers overlain with sharp contacts by coarse debris-flow deposits
(Fig. 7.18).

7.2.2.4 Ferruginous lapilli tuff
The ferruginous lapilli tuff unit in the northwestern part of the inner zone (Fig. 7.1:
2H) was studied by means of drilling program of percussion boreholes down to

depths of 61 m at inclinations of 60° towards the rim of the inner zone, based on
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Figure 7.14 Large (120 mm in diameter), chloritised clasts (greenish-blue) with characteristic red rims.

Figure 7.15 Clast-supported lapilli tuff with subangular clasts generally less than 40 mm in diameter.
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Figure 7.16 Matrix-supported tuff, thought to be a debris flow deposit (lahar). The clasts are mostly angular
and display poor sorting.

Figure 7.17 Poorly defined layering in a distal debris flow, displaying angular, matrix-supported clasts.
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Figure 7.18 The sharp contact between an underlying ash tuff layer and a 1.20 m thick, faintly bedded debris
flow deposit.
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the inferred centroclinal dip of the beds.

The ferruginous lapilli tuff contains clasts of which the majority are approximately
10 mm in diameter. The lapilli vary from angular to sub-rounded and are
comprised of red K-feldspar and pre-existing carbonate breccia. The matrix
consists of iron-rich carbonate in various stages of recrystallisation, and
contains hematite, chlorite and disseminated fluorite. Any structures like bedding

have been partly destroyed by the ferruginisation.

72241 SectionA-B

Section A - B (Figs. 5.2 and 7.19), based on the drilling resuits, can be
described as follows: The dominant rock type is lapilli tuff with iron-
enrichment at the SW and NE ends of the section. The ferruginous
nature of the lapilli tuff in the NE is ascribed to syngenetic or diagenetic
ferruginisation, whereas that of the SW is related to a fault zone, which
is also characterised by chloritisation and relatively high gold values.
Several carbonatite dykes and sills were also intersected at the

extremities of the section.

72242 SectionC-D
Section C - D (Figs. 5.2 and 7.19) is more representative of the NE
portion of the ferruginous lapilli tuff. As in section A - B the lower contact

of the ferruginous lapilli tuff was not intersected.

7.2.2.5 Intrusive carbonatite

Carbonatite dykes and plugs are restricted to the inner zone of pyroclastic
breccia, lapilli tuff and ash tuff. The dykes generally strike northwest with
northeast and north as subordinate strike directions. They have sharp contacts
with the wall-rock and in some cases display chilled, fine-grained margins. In
places they form stringers of 10 to 120 mm thick, which invade the host rock as
a network (Fig. 7.20). Several of the thick (>2 metres) dykes (Fig. 7.21) contain
high concentrations of fluorite which seems to be a primary constituent of the
carbonatite. The thicker dykes contain xenoliths of host rock varying from 10 mm
up to several metres in diameter. Secondary fluorite is present as a replacement
of the tuffaceous host rock, probably due to late stage fluids emanating from the

carbonatite.
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The carbonatite dykes are fine- to medium-grained, and according to Clarke
(1989), three groups of intrusive carbonatite are present in the inner zone,
namely (a) sovites (medium-grained), (b) alvikites (fine-grained) and (c) fluorite
and/or barite veins. In this study the latter group is not considered as carbonatite,

although it is closely associated with the carbonatite.

The sovite (calcite-carbonatite) dykes are light coloured, and consist of 70-90%
calcite, 10-15% fluorite, 5-10% quartz, 5-10% iron oxides and less than 1%
accessory minerals such as apatite. The alvikite group (also calcite-carbonatite)
is purple to brown in colour, and contains less calcite (60-70%), and more fluorite
{10-30%) than the soévite. Iron oxides are also present (5-10%), together with

apatite and pyrite as accessory minerals.

Alteration types

7.3.1 Fenitisation

This fenite was originally called a rhyolite by Verwoerd (1967). Although the presence of
vesicles and apparent flow-banding could suggest that this unit is an altered rhyolite, the
presence of macroscopic clasts like coarse ash grains and lapilli suggests that it is a tuff.
Patches of secondary light and dark pink feldspar thus indicate albitisation and potassium
metasomatism respectively (Clarke, 1989; Clarke et al., 1991), which are typical of a

fenite in a carbonatite environment.

Evidence of potassium metasomatism is sporadically present throughout the inner and
outer zones in the form of replacement, which may be pervasive, affecting pyroclastic
rocks as a whole. However, often only the coarser pyroclasts are affected. Potassium
metasomatism can also result in veins cutting across the layering. The most extensive
outcrop of fenite forms an arc parallel to the bedding in the southeast of the inner zone
(Fig. 7.1: 21 to 4E).

7.3.2  Chloritisation
Chlorite is a common alteration product and is especially well developed in the north
western sector of the inner zone (Fig. 7.1: 1D, 1E, 2C and 2D). The chlorite is

stratabound and is especially concentrated in tuff containing Fe- and Ti-oxides.

The "andesite" unit mapped by Verwoerd (1967) (Fig. 7.1: 6E, 6F and 6G) is also
regarded as chloritised ignimbrite. Fiamme are readily recognised in this altered, welded

pyroclastic breccia.
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7.3.3  Ferruginisation
Ferruginisation is fairly common in all the rock units, but only two major areas within the
inner zone (Fig. 7.1: 2H and 1E) are highly ferruginised. The ferruginised material has a

bluish hue, indicating a fairty high manganese content.

Although the ferruginisation can be associated with regional structures in some
instances, that in the outer zone is generally associated with the occurrences of banded

ironstone within the pyroclastic breccia and tuff units.

7.4 Mineralisation

Previous exploration on the farm Kruidfontein 139JQ was concentrated on the fluorite
occurrences of the Complex: in 1970 by Metallgesellschaft AG, and from 1972 to 1976 and again
during 1979 by the Southern Sphere (Pty) Co. Ltd..

7.4.1  Fluorite

Fluorite mineralisation is restricted to the inner zone (Crocker et al. 1988; Clarke, 1989),
especially in the southwestern part (Fig. 7.1: blocks 3C, 3D; 4C, 4D; 5C, 5D and 6C, 6D).
What is regarded as primary mineralisation is closely associated with the alvikite dykes.
Several exposures extend for as much as 500 metres along strike with an average width
of 10 metres. Fluorite occurs as disseminated grains throughout the carbonatite dykes,
and also as fine-grained fluorite partly replacing pyroclastic breccia and tuff, so that the

original fabric of these rocks is still evident (Fig. 7.22).

Anastomosing calcite-fluorite veins in tuff units (Fig. 7.23) and composite dykelets
consisting of fluorite-bearing carbonatite and a central calcite vein rich in tuff fragments

(Fig. 7.24) are generally found in the southern and southwestern part of the inner zone.

7.4.1.1 Replacement deposits and disseminated fluorite

The main economic concentration of disseminated fluorite is located in
pyroclastic rocks on the southwestern boundary of the inner zone (Figs. 5.2 and
7.1: 3C, 3D; 4C, 4D; 5C, 5D and 6C, 6D) and extends for approximately 3.5
kilometres along strike. The dip of this stratiform body is variable, but it generally
is towards the northeast at low angles (Fig. 7.25). Based on drilling by Southern
Sphere Co. Ltd., resources of 2.5 Mt at 28% CaF, or 30 Mt at 15% CaF, have

been proven.
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Figure 7.22 Irregular fluorite stringers in lapilli tuff.

Figure 7.23 Anastomosing calcite veins in an ash tuff.
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Figure 7.24 Composite dykelet (approximately 10 cm wide) of fluorite-bearing carbonatite, cut by a calcite vein
with abundant fragments of ash tuff.
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The ore body was formed mainly by replacement, the fluorite having pseudo-
morphosed both the matrix material and pyroclasts to varying degrees. The
texture of the ore is therefore controlled by the texture of the original host rock.
However, subordinate filling of open spaces in the host rock also took place.
Southern Sphere Mining and Development Co., in a preliminary report, described
the following fluorite-ore textures: (a) wavey or crenulated texture (common of
replacement deposits and assumed to be also indicative of fluorite deposition in
open spaces as fluorine-rich fluids percolated through the rock); (b) “oolitic
texture”, comprising interstitial, fine-grained, bluish-purple fluorite enclosing
white, spheroidal to sub-rounded calcitic- to dolomitic concretions; (c) nodular
texture, consisting of a fluorite matrix which appears to cement large (10 to 200
mm) carbonate grains; (d) pseudo-lapilli texture, described as the replacement
of lapilli by fluorite; and (e) microcrystalline texture which consists of irregular,

microcrystalline fluorite veinlets.

7.4.1.2 Fluorite-rich carbonatite dykes

Primary fluorite is an important constituent of the calcite-carbonatite (sévite) and
calcite-fluorite-carbonatite (alvikite) dykes. These dykes contain an average of
10% CaF,, but in some occurrences fluorite becomes a major constituent with
concentrations varying between 15 and 50% CaF, (Crocker et al., 1988; Clarke,
1989).

Fluorite is interstitial with respect to calcite, and vug fillings and veinlets are also
common. Two replacement textures can be observed (Clarke, 1989). (a) the
replacement of calcite by ankerite, typically seen in fluorite-poor portions of the
mineralised carbonatite dykes; and (b) the replacement of calcite in calcite-
ankerite rock by purple fluorite ultimately giving a rock composed of ankerite and

fluorite only.

7.4.1.3 Fluorite-barite veins
Fluorite-barite veins are related to fractures and existing veins. These fine- to

coarse-grained veins vary in thickness from 2 mm to 200 mm.

7.5 Diamond drilling results
With percussion drilling the general dimensions of the ferruginous lapilli tuff unit were determined.
One shortcoming of the percussion drilling program, however, was that the borehole depths were

limited to 61 metres, so that the dimensions of the ferruginous lapilli tuff unit could not be
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ascertained.

Therefore, three diamond drill holes were used to penetrate the pyroclastic sediments of the inner
zone in the northeastern part (Fig. 5.2) of the Complex (boreholes KD01 to KD03) (Schurmann,
1992a, 1992b, 1992¢, 1993). KDO1 and KDO02 are inclined and perpendicular to the layering,

whereas KDO03 is vertical.

7.5.1 Borehole KDO1

The KDO1 succession was regarded to represent a combination of altered and generally
fresh material. The succession was subdivided into four units, according to the lithology.
These four units are the upper ash flow unit (interbedded lapilli and ash tuffs and
pyroclastic breccia), the pyroclastic breccia and ferruginous ash fall units (interbedded,
dark brown tuff and breccia), and the lower ash flow unit (dark, altered and mineralised
lapilli and ash tuffs) (Fig. 7.26).

7.5.1.1 Upper ash flow unit

The first 15 m of the upper ash flow unit consists of ash tuff units (0.2 to 1.0 m
thick) with interbedded, matrix-supported lapilli tuff layers (Fig. 7.26). The lapilli
tuff contains rounded to angular clasts, 5 to 30 mm in diameter, and are rimmed
in places. In places the lapilli tuff is dark with angular, matrix-supported
fragments. Some of the lapilli tuff layers consist of an upper, matrix-supported
part, which grades into a clast-supported base. Several agglutinated lapilli tuff
units are also present. Fine-grained tuff with a dark green colour is present,
displaying sharp upper and lower contacts. The matrix is rich in K-feldspar. The

ash tuff is fine-grained, banded with some small, subangular particles.

From the depth of -15 m to a depth of -29.50 m the sequence consists mainly of
lapilli tuff, pyroclastic breccia and several interlayered green tuff layers and
mineralised veins. The breccias are matrix-supported and have variable
pyroclast size ranges, and most probably represent pyroclastic flows. Clasts
range in size from 60 to 100 mm in diameter, and vary from angular to rounded.
Some units contain well-rounded clasts with feldspar-rich rims. Most of the
breccia units contain fragments of lapilli tuff resembling that of the pyroclastic
sequence of the outer zone, and less common dark, medium-grained, altered
nephelinitic tephra. Most of the breccias have been feldspathised to some
degree: initially only the matrix is affected and in more advanced stages the

whole rock has been replaced so that clasts can only be recognised with
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difficulty. Veins of feldspar and calcite are common, often associated with

fluorite, which also fills voids in the breccia.

The basal part of the upper ash flow unit consists of a tuff layer which displays
no clear bedding. It is composed of grains, up to 1.5 mm in diameter, cemented
by secondary calcite, feldspar and chlorite. Larger (5 to 10 mm), elongated and
flattened nephelinitic lapilli are also present. The intensely altered zones are
related to joints, and are orange to dark yellow in colour and from 0.2 to 4.7 m
in thickness. They include clay layers of 10 to 20 cm thick which grade into
intensely feldspathised zones. Contacts of these zones of intense alteration with

the surrounding rock are quite sharp.

7.5.1.2 Lapilli tuff unit

The lapilli tuff unit represents a sequence of brown tuff and interlayered breccia
(depths from -29.50 to -65.00 m) (Fig. 7.26). The contact between this and the
overlying unit is masked by a 15 to 20 cm wide alteration zone with a clay core.
The top third of the unit is dominated by altered brown tuff and the lower part by
lapilli tuff. Individual beds tend to be relatively thick (approximately 0.6 to 3 m).
The brown tuff is fine-grained with no macroscopically visible clasts and is
generally massive, but locally it shows laminations of 1 to 2 mm in thickness.
These laminations may indicate that the ash was deposited in water. This is
corroborated by other sedimentary structures like channel structures and ripple

marks.

The lapilli tuff consists of angular, poorly sorted, black red to green clasts, the
average size of which is less than 40 mm. Thin ash tuff lamina are interbedded

within some of the lapilli tuff layers. A description of a collection of pyroclasts is

as follows:

a irregular, broken-up veins of fluorite, red K-feldspar and secondary
calcite;

Qa irregular clasts, approximately 20 mm in diameter, consisting of fluorite

and secondary calcite;

a clasts of rounded to angular fluorite;

a irregular, angular (and deformed) clasts of fine-grained dark-green
(chloritised) material, hosting inclusions of oxides and minor sulphides;

a vesiculated fragments of nephelinitic rocks.
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The significance of these various types of pyroclasts is the fact that juvenile
deposits (vesiculated fragments from the inner zone and nephelinitic material
from the outer zone) and closely associated mineralisation (fluorite, calcite and
sulphides) were reworked to produce new lapilli tuff deposits. The matrix material
is usually secondary, fine-grained, grey to green carbonate (calcite and

dolomite), containing disseminated fluorite and sulphides.

Two joint systems (perpendicular and quasi-parallel to the core respectively)
occur throughout the unit and are filled by vein material of fluorite, secondary
calcite and sulphides. Jointing is more prominent between the top of the unit (at
-29.70 m) and to -37.70. The host rock of the veins is dark brown and the joint

filling varies from 1 cm to 10 cm in width.

The tuff is fine-grained and contains occasional calcite and feldspar veins in the
upper 8 metres of the unit. From -38.00 m in depth there is a 2.5 m thick K-
feldspar-rich zone with thin layers of less altered tuff. The tuff contains layers of
mm-sized particles, brecciated and K-feldspar-rich zones and veins separated
by relatively unaltered zones. Sulphides or their oxidised relics occur in places.
Fluorite lenses, 10 mm in diameter, and irregular fluorite fillings occur at a few

levels.

7.5.1.3  Ferruginous lapilli tuff unit

Below -65.00 m in depth (Fig. 7.26), the sequence is dominated by variably
mineralised dark brown and red-brown ash tuff. Sporadic relic lapilli, layers and
discordant patches of relatively unaltered tuff, indicate that this unit probably
represents ferruginised pyroclastics originally similar to the upper ash flow and

lapilli tuff units.

The upper part of this unit is massive, with ill-defined, welded fabrics. Its colour
varies from dark grey, through green to brownish-purple, the latter being due
mainly to the high modal percentage of siderite and hematite. Minor clasts
consisting of K-feldspar, calcite and chlorite are present, and display varying

degrees of deformation (undeformed to flattened).
7.5.1.4 Lower ash flow unit

The lower ash flow unit is present from a depth of -125.00 m to the end of the

hole and consists of brown ash tuff similar to that of the overlying ferruginous
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lapilli tuff unit, except that several mineralised layers are present (Fig. 7.26). The
tuff is a massive, poorly sorted rock with clasts consisting of K-feldspar and

chlorite.

The mineralised zones are found sporadically between -125.0 m and -206.0 m
and consist of. (a) medium- to coarse-grained calcite together with sulphides
(pyrite) and K-feldspar, with less altered red-brown tuff as host rock (mainly from
-125.0 m to -164.0 m, with minor occurrences at depths of -174.50 m and -198.0
m); and (b) medium- to coarse-grained fluorite and calcite together with pyrite

and galena (mainly from -169.0 m to -206.0 m, with thick zone at -125.0 m).

7.5.1.5 Dykes

Dykes of carbonatite, grey to white in colour, cut across the volcaniclastic rocks,
and are steeply dipping. Anastomosing dykes and veins of carbonatite occur at
several localities in the lower ash flow unit. These dykes often have coarse
centres and fine-grained margins, and display flow lines parallel to the contacts.
Also present are several dyke-like bodies of calcite with subordinate fluorite and

sulphides. They display marginal alteration zones of chlorite, fluorite and calcite.

7.5.2 Borehole KD02

Borehole KD02 was drilled 150 metres southwest of KD01 with the aim of defining the
lateral extent of the ferruginous lapilli tuff unit. The intersected sequence consists mainly
of pyroclastic breccia, lapilli tuff and ash tuff (Fig. 7.27). The upper 40.0 m of the core is
characterised by grey to light-brown lapilli tuff with clasts of up to 40 mm, consist of K-

feldspar, chlorite and black shale.

From -40.0 m down to a depth of -86.0 m pyroclastic breccia was intersected. The highly
angular clasts (the average clast size is greater than 64 mm) are mainly metasomatised
brick red material, although layered and massive carbonate clasts are also common. The

matrix material is of fine-grained grey carbonate containing disseminated fluorite.

From -86.0 m the sequence consists mainly of lapilli tuff. Interbedded ash tuff layers were
intersected from -128.0 m to -139.0 m, from -177.0 m to -194.0 m, and pyroclastic
breccia units between -206.0 m and -220.0 m. The ferruginous lapilli tuff unit (from -223
to -308 m) has a dark, red-brown colour and displays graded bedding - coarse at the

bottom and fine at the top, suggesting suspension settling in an aqueous environment.
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Fluorite mineralisation is observed as disseminated grains in the carbonatite dyke
intersected at a depth of -71.0 m in the pyroclastic breccia, as fluorite veins at a depth
of -50.0 m and as clast replacements in the pyroclastic breccia. Sulphide mineralisation
mainly consisting of pyrite was observed in an oxidised zone at a depth of -82.0 m, and

as fresh sulphides in a carbonatite dyke at a depth of -354.0 m.

7.5.3 Borehole KD03

Borehole KD03 was drilled vertically to determine the extent of the ferruginous lapilli tuff
unit in depth (Fig. 7.27). Most of this sequence (down to -285.0 m) consists mainly of
lapilli tuff with interlayered ash tuff units, carbonatite dykes and mineralised zones. The
upper part (0.0 m to -103.0 m) consists of ferruginous lapilli tuff. Below the ferruginous
lapilli tuff unit, lapilli tuff hosts several mineralised zones at depths between -120.0 and
-140.0 m and -171.4 and -185.7 m. These zones consist of medium- to coarse-grained

calcite and fluorite, pyrite and galena.

An important aspect of this borehole is that it intersects the contact between the inner
and outer zones of the Complex at a depth of 294.0 m. The first 10.0 m of the outer zone

consists of ash tuff with intercalated pyroclastic breccia.
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8. SOIL GEOCHEMISTRY AND GROUND RADIOMETRIC SURVEY

Assuming equilibrium within the radioactive decay chain of the relevant parent isotopes, a ground
radiometric survey should give an indication of the distribution of K, U and Th. However, the equivalent
radiometric concentration (determined by gamma-ray spectrometer) is generally much higher than the
chemically determined concentrations, based on seven samples (Fig. 8.1). This may be ascribed to one

or more of the following:

a disequilibrium within the uranium and thorium decay chains;
Q the depth of the soil cover and sample geometry at the measuring point; and
a the representativeness of the sample used for chemical analysis, assuming the latter to be

properly standardised.

Despite these problems the total radiometric count, and the eK,O, eThO, and eU,0, values will be used
as an indication of the distribution of the radionuclides as a whole and of the relevant elements. A
statistical analysis of the elements analysed in the soil sampling program is summarised in Table 8.1, and

illustrated by means of the frequency histograms (Figs. 8.2, 8.3 and 8.4).

Table 8.1 Summary of the statistical analysis of the soil sample set.
VARIABLE Au (ppb) Pb (ppm) Zn (ppm) Mn (ppm) Ba (ppm)
Sample population 3378 7742 8414 8411 8404
Average 19.2 39.4 160.9 2700.0 1418.3
Median 10 30 150 2400 1200
Mode 10 20 130 2200 900
Geometric mean 15.3 30.9 145.9 2380.9 1224.3
Variance 420.5 1258.4 5187.6 2.0 x10° 1.5x10°
Standard deviation | 20.5 355 72.0 14245 1227
Standard error 0.35 0.40 0.79 15.64 13.39
Minimum 10 10 10 70 200
Maximum 480 410 780 14200 23000
Range 470 400 770 14130 22800
Lower quatrtile 10 20 110 1730 900
Upper quartile 20 40 200 3330 1600
Interquartile range 10 20 90 1600 700
Skewness 8.3 3.6 1.4 108 7.4
Kurtosis 137 18 5 6 81
Threshold 40 75 230 4000 2600
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The threshold values for the elements were taken as the average of the data set plus one standard
deviation. The threshold values for Au, Pb, Zn, Mn and Ba are 40 ppb, 75 ppm, 230 ppm, 0.4 % and 0.26
% respectively. The geochemical landscapes of these elements, viz. Au, Pb, Zn, Mn and Ba are shown
in Figures 8.5, 8.6, 8.7, 8.8 and 8.9.

8.1 Relative mobility of the elements in the zone of weathering

The mobility of elements during weathering depends to a large extent on the solubility of the
compounds formed. In most ore deposits gold occurs as a native element and may be liberated
from the enclosing gangue and sulphide minerals during weathering to form isolated grains.
Owing to its high density it is commonly enriched in the residual soil. One can therefore expect

that gold anomalies will be superimposed with respect to the primary occurrence.

Galena is the most common primary lead ore, and during oxidation it changes to anglesite
(PbSQ,) which is insoluble. In the presence of complexing agents lead may be soluble (eg. as
PbCl,%), but in a carbonate-rich environment (or due to the carbon dioxide in the atmosphere) it

precipitates as cerussite (PbCO,). Consequently lead is rather immobile.

Sphalerite is commonly oxidised to ZnSO, which is very soluble in an acidic to neutral
environment, and consequently mobile. However, at high pH values and in the presence of
carbon dioxide or carbonate minerals it would precipitate as smithsonite (ZnCO,). One would
therefore expect Zn anomalies to be laterally displaced with respect to primary sphalerite
occurrences. Should this not be the case, the environment of weathering favoured the almost

immediate formation of an insoluble Zn mineral like smithsonite.

In igneous and pyroclastic rocks manganese is commonly accommodated in Ca-rich and Fe-rich
primary minerals, e.g. caicite, ankerite, diopside, etc. The behaviour of manganese during
weathering it largely determined by Eh-pH conditions. As manganese becomes progressively
more oxidised (Mn?* — Mn** — Mn*") it becomes less soluble at a particular pH. Consequently
secondary manganese anomalies can be expected to be largely superimposed with respect to

the primary concentrations.

In nature barium occurs in a variety of insoluble minerals, the most common being barite (BaSO,)
and witherite (BaCOj,), but several less common ones are known. The result is that barium is very
immobile, and transport of barium is essentially related to that of other clastic mineral phases in
soils and sedimentary material. Barium anomalies can therefore be considered to be

superimposed with respect to primary occurrences.
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During chemical weathering potassium is mobilised as the K" ion which is very soluble. However,
on account of its large ionic radius it is rapidly adsorbed by hydrolysates (mainly Al(OH); and
Si(OH), also formed during weathering) and ultimately incorporated in the formation of illitic clay
minerals. Only under conditions of intense leaching and the formation of kaolinite will potassium

be removed entirely. Under the climatic conditions prevailing in the study area potassium will

therefore be retained in the soil.

In nature uranium commonly has two predominant oxidation states, viz. U** and U%*. In igneous
rocks uranium is commonly present in the tetravalent state, and U** is only slightly soluble at low
pH values, mostly as fluoride complexes. Under oxidising conditions uranium is readily oxidised
to U* and forms the uranyl radical UO,?". It is very soluble under varying pH conditions as uranyl-
phosphates, sulphates, fluorides, chlorides: (UO,(HPO,),>, UO,SO,, UO,F*, UO,F,, UO,F;,
UO,F,%, UO,CI*) and uranyl carbonate complexes (UO,(CO,),*, UO,(CO,),.2H,0%, (UO,CO;).
The uranyl ion only precipitates in the presence of suitable cations (K, Ca, Cu, Ba) and/or
complex anions (PO,*, As,*,VO,*, MoO,*). Normally, one would therefore expect that uranium
anomalies will be laterally displaced with respect to the primary deposits. Thorium does not have
a corresponding six-valent state, and in the zone of weathering it is either transported as a detrital

mineral (e.g. thorianite) or as colloidal Th(OH),. It is therefore relatively immobile.

8.2 Geochemical landscapes

The distribution of gold in the inner and outer zones of the Kruidfontein Carbonatite Complex is

recorded in Figure 8.5. Several Au anomalies are defined within the inner zone:

Qa in the pyroclastic breccia and surrounding lapilli tuff (2F, 2G, 3F and 3G) anomalous
values range up to 300 ppb;

a the pyroclastic breccia and possible vent site is also characterised by high values (2E);

a the ferruginous lapilli tuff unit (2H) hosts a major Au anomaly with values ranging up to
480 ppb. It may also be associated with pyroclastic breccia and a north-northwest striking
fault zone (Fig. 7.1). However, the high values show an even stronger northeasterly trend
(2H, 1H) where the anomaly seems to be related to older pyroclastic breccia of the outer
zone. This NE trending anomaly (1H) is assumed to be fault-related;

Q anomalies in ash and lapilli tuff (3E and 3F) seem to be aligned along the strike of the
carbonatite dykes, but the southward extension of this anomaly along the E/F boundary,
does not seem to be related to the lithology;

Q a N-NW-trending anomaly also extends into the outer zone (1B to 5C). This pronounced

NW trend suggests structural control;
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a anomalies with lower Au (up to 60 ppb) values are related to pyroclastic breccia
(including possible vent positions) in 4E, and 2D and 3D (Fig. 8.5). The anomalies,
however, are slightly displaced with respect to the mapped outcrops, as they reflect soil

values, not outcrop values.

Anomalies confined to the outer zone occur in 5G, 6G, 6H, 61 and 71 (Fig. 8.5). Unfortunately they
are poorly constrained due to a lack of samples, but they are clearly associated with the younger
pyroclastic breccia, ignimbrite and older pyroclastic breccia of the outer zone (Fig. 7.1). Several

Au anomalies outside the complex, are situated in blocks 8C, 71, 7J and 5A.

The highest concentrations of lead occur in the eastern part of the inner zone (Fig. 8.6), mirroring
the gold distribution, especially in the case of the northeastern anomaly (2H). Here the anomalous
gold concentration of 480 ppb in soil samples is accompanied by anomalous Pb concentrations
ranging between 390 and 660 ppm. This pronounced association diminishes to the southwest
where gold anomalies are associated with lead levels below 100 ppm. The lead distribution,
however, is more extensive in 2E and 1E, and is associated with pyroclastic breccia, mapped as

a possible vent site (highest Pb values ranging between 140 to 200 ppm) (Fig. 7.1).

A northwest trending Pb anomaly (highest Pb values of 130 to 410 ppm) (2G and 1F) is closely
associated with transported soil along the northeastern flank of the inner zone (Figs. 7.1 and 8.6).
The parent material of this soil is assumed to be the pyroclastic breccia present at a higher
elevation. The Pb anomaly (highest Pb values 50 to 160 ppm) represented by 3F/G is associated
in part with the same pyroclastic breccia. 4/5F depicts an anomaly (approximately 150 ppm)

closely associated with intrusive carbonatite dykes.

Zinc, like Pb displays high values within the eastern part of the inner zone (Fig. 8.7). The
landscape for Zn mirrors that of Pb and Au, including the anomaly within the sand-covered moat
area (6/7F) in the southwestern part of the study area. Detailed blocks 5C, 4C and 3C show a
pronounced NW trend of anomalies similar to the geochemical landscapes of Au and Pb,
suggesting structural control. The outer zone (especially the southwestern, southern and south-
eastern sectors) reflects several pronounced anomalies (values ranging from 200 to 400 ppm),
which seem to coincide with the contact zone between the older pyroclastic breccia and the
ignimbrite (7D, 7G/H and 4/5J), or with the ignimbrite (5B and 7G/H), and even the older
pyroxenite breccia (4/5J).

The manganese distribution depicts the following (Fig. 8.8): (a) the inner zone generally has a

higher Mn concentration than the outer zone, and the highest Mn values are found towards the
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Figure 8.6  Lead distribution in soil samples of the inner and outer zoneg Kruidfontein Carbonatite Complex.
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central and eastern part; (b) areas of thick soil cover in the moat area between the inner and outer
zones display low Mn values, defining the inner - outer zone boundary clearly (Fig. 7.1), and (c)
several northwest and north-northwest striking, linear anomalies are prominent. In general the
manganese anomalies in the northeast (1E to 2H to 3/4H to 4/5F to 3E) reflect those of lead and
zinc fairly accurately. The association of manganese with gold is less marked. Anomalies in 4E,
3E, 2E and 1E seem to be associated with faulting, although the presence of pyrociastic breccia

and the close proximity of possible vent sites may have played a role.

In the northeast the barium anomalies in soil samples (Fig. 8.9) reflect the gold distribution rather
well. The linear trend of anomalies in the west (5C to 1B), already identified in the other
geochemical maps is once again very pronounced. The anomalies at 5F and 2G coincide with
those found for the other elements and suggest a degree of structural control. They may be

associated with the fluorite-barite veins (Fig. 7.1).

8.3 Summary
The following conclusions can be made:
a anomalous gold and Ba levels are associated with the pyroclastic breccia, lapilli tuff and

ferruginous lapilli tuff,

Qa a notable increase in Ba correlates with the presence of sévite, alvikite and barite-fluorite
veins in 4E, 4F, 1F, 2F, 5F and 3H;
a the Ba and Mn anomalies do not match perfectly, but they do display several similarities,

e.g. in 5F and 1E may indicate structure-related mineralisation. In the southeastern and
southwestern sectors of the outer zone the match between Ba and Mn anomalies
(although of low intensity) is almost perfect. Based on the high values of Mn in the inner
zone, the Mn was rapidly oxidised during weathering and soil formation, limiting its
movement;

a anomalous levels of Pb, Zn and Au are associated with the vent breccia and the
alteration process of ferruginisation (2H and 2E). The latter also caused high Ba and Mn
values. Another association is with the sévite and alvikite dykes, and barite-fluorite veins
in 4F, 5F, 4E, 3E, 1E and 2E. The similar patterns depicted by Au and Pb in the inner
zone indicate that these elements are rather immobile, whereas Zn, while having a
similar distribution in the inner zone, displays higher values in the outer zone. This might

indicate a change in the pH of the fluids, rendering the Zn mobile.

8.4 High-resolution radiometric survey
8.4.1 Total counts

Low values generally occur in soil-covered areas, such as between the inner and outer
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Figure 8.7  Zinc distribution in soil samples of the'inner and outer zonene Kruidfontein Carbonatite Complex.
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Figure 8.8  Manganese distribution in soil samples of the inner and cutes of the Kruidfontein Carbonatite Complex.
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Central Meridian : 27 degrees East
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Figure 8.9  Barium distribution in soil samples of the inner and outer zof the Kruidfontein Complex.
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zones (4C, 5D, 5/6F, 5G and 5H), and also in areas of the moat scree and outcrop of

banded iron formation such as in 11 and 1J (Fig. 8.10).

Several positive anomalies are present in the inner zone (Figs. 7.1 and 8.10): (a) in the
eastern and northeastern part the ferruginous lapilli tuff and associated ash tuff (1H and
2H); (b) in the northern part of the inner zone (3F, 2F, 2E and 1E) associated with
pyroclastic breccia and lapilli tuff, carbonatite dykes and plugs, and also with faulting, and
(c) towards the southern boundary of the inner zone (3E and 4E), again associated with

carbonatite dykes, possible vents and associated breccia and lapilli tuff.

The fenites are located as an arc-like structure on the northeastern, eastern and
southeastern sides of the inner zone (Fig. 7.1). The fenite, which consist mainly of K-
feldspar, is assumed to have originated from carbonatite-related fluids migrating along
a caldera-collapse fault zone in the pre-existing volcaniclastic rocks. The fenite, however,
displays low radiometric total counts, which seems to be contradictory to expectations.
The low eK,0 values could therefore be due to intense leaching along the fault zone.
However, one should keep in mind that the radio-active isotope (“K) is less than 10% of

the total potassium and that its contribution to the total counts may be rather small.

The ignimbrite unit is characterised by higher total counts than either the older or the
younger pyroclastic breccia units. The locally high values in portions of older pyroclastic
breccia unit (e.g. 6E/F), are assumed to be due to transported scree and soil, possibly

containing a detrital thorium mineral (e.g. thorianite) or colloidal Th(OH),.

In the inner zone of the Kruidfontein Carbonatite Complex the correlation between the
anomalously high total counts and the geochemical anomalies is surprisingly good.
Exceptions in this regard where radiometric anomalies are absent or even negative (e.g.
3G, 4G and 3F) can be attributed to the effective absorption of gamma radiation by the

soil. Complete absorption of gamma radiation occurs within 0.5 metres of soil cover.

8.4.2 Thorium channel

The thorium counts mirror the total counts, but obviously at a much lower intensity (Fig.
8.11). However, the quantitative interpretation of the eThO, distribution is complex due
to the relatively large statistical errors associated with these determinations. Never-
theless, the anomaly in 2H is closely associated with the ferruginous lapilli tuff, the
associated ash tuff and lapilli tuff units. In 1E, 2E, 2F and 3F anomalous eTh,0 values

can be related to vent areas, carbonatite dykes and plugs and as well as pyroclastic
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breccia and lapilli tuff.

8.4.3 Summary

Q The mapped vents, carbonatite plugs and dykes, pyroclastic breccia, associated
lapilli tuff and ferruginous tuff units are closely related to the total radiometric
counts. This can be explained by the late-stage carbonatite activity, including
dyke intrusion and hydrothermal alteration and/or mineralisation (barite, fluorite,
rare-earth minerals in fluorite, K-feldspar in fenite, etc.). Thorium is normally
present in minerals like thorianite, monazite, zircon, sphene and anatase, while
trace amounts are found in fluorite, apatite, hematite, feldspar and quartz (Boyle,
1982). Substitution of U for Zr (zircon), U for Th (thorianite), U for Ce (monazite),
U for Ca (apatite and fluorite) and U for Ba (barite) is common.

Qa The soil covered moat area between the inner and outer zones is defined by a

low count rate, largely due to the absorption of the gamma rays by the soil.
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Figure 8.11 Ground radiometric map of the Kruidfontein Carbonatiteplex (thorium channel).
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GEOPHYSICAL APPRAISAL

9.1 Results of the regional gravity and magnetic surveys

On the 1:250 000 aeromagnetic map of Rustenburg the Kruidfontein Carbonatite Complex is
characterised by smooth, well spaced contour patterns, indicating the absence of any substantial
amount of magnetic material within its confines. This weak magnetic response is manifested by
the nearby Nooitgedacht Carbonatite Complex as well. However, on the aeromagnetic map,
elongated anomaly trends west of the Kruidfontein Carbonatite Complex are caused by
ferruginous rocks belonging to the Penge Formation (banded iron formation). It therefore seems
as if the Penge Formation extends as a folded feature towards the northern part of the
Kruidfontein Carbonatite Complex. To the east of the Kruidfontein Carbonatite Complex the
strong magnetic anomalies caused by the ferruginous parts of the Penge Formation coincide with
a strong gravity high, which indicates a considerable thickness of dense ferruginous and dolomitic
rocks. In contrast to the Kruidfontein Carbonatite Complex, the aeromagnetic fields over the
Tweerivier and Bulhoek Carbonatite Complexes to the south can be modelled as magnetic plug-

like structures.

The Bouguer gravity map (Fig. 9.1) does not indicate any characteristic gravitational response by
the Kruidfontein Carbonatite Complex. However, it must be noted that, due to the wide spacing
of stations, only a few reading were taken on the Complex. This low sampling density is not
sufficient to properly model its mass distribution. However, if one could establish the density
contrast between the carbonate-rich pyroclastic breccia, lapilli tuff and ash tuff, and the
surrounding formations, the volume of the Complex may still be estimated. Density
measurements on representative rock specimens from the study area show that pyroclastic
breccia, lapilli tuff and ash tuff samples have densities between 2800 and 3000 kg/m?, which are
higher than the mean crustal density (2670 kg/m®). The presence of large quantities of dense
material should therefore give rise to a gravity high. It is possible, however, that the abundance
of dolomite and banded iron formation has raised the density of the crust comprising the
Crocodile River Fragment so that the density contrast is too low to produce an anomaly. The
gravity low (L1) north of the Kruidfontein Carbonatite Compiex coincides with the position of the
Nooitgedacht Carbonatite Complex. Gravity and magnetic evidence therefore gives no indication
of the composition of the Complex in depth. It is, however, possible that the Nooitgedacht

Carbonatite Complex could be underlain by a low density pluton.

9.2 High-resolution magnetic survey
Figure 9.2 shows the ground magnetic map with the reference grid superimposed. The intensely
“spotty” image may be ascribed either to an abundance of magnetic material lying close to the

surface, inconsistency in the measurement, or diurnal variations which were not measured and
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Figure 9.1 The inner (dark shaded) and outer (light shaded) zones of the Kruidfontein Carbonatite Complex

superimposed on the Bouguer anomaly map of the area. L1 = Bouguer gravity low; H1 = Bouguer
gravity high (Bouguer anomaly values in mgal).
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Figure 9.2  Ground magnetic data of the Kruidfontein Carbonatite C2x.
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hence not corrected for.

A pronounced positive magnetic anomaly is situated along the northern boundary of the inner
zone of the Kruidfontein Carbonatite Complex (the northern boundary between the inner and outer
zone) (2B, 2C, 1C, 1D, 1E, 1F, 1G and 2G). Several possible causes for this anomaly can be
considered, e.g.:

] a thicker volcaniclastic sequence of the inner zone (containing magnetic minerals like
magnetite) along the northern boundary compared to the other parts of the Complex;
an increase in magnetic minerals in the rocks in the above-mentioned area;

plug-like features or vent positions all along the inner zone - outer zone contact;

an intrusion of basaltic magma along the inner zone - outer zone contact.

0 0O 0D

the presence of hidden protuberances of banded iron formation below and partly within
the rocks of the inner zone - the association of magnetic anomalies caused by banded

iron formation in 11/J is a case in point.

Prominent low magnetic values (1H, 11) are associated with slightly displaced positive Au values

(Fig.8.5).

The interpretation of Profile 1 (Figs. 9.2 and 9.3) indicates that the structures in the south
comprise gently-dipping, shallow magnetic rocks, whereas in the north, the magnetic rocks are

almost vertical.

Carbonatite dykes and plugs occur at several localities in the inner zone (1E, 2E and 4E), and
display low magnetic signatures. In the eastern part of the inner zone of the Complex ill-defined
concentric magnetic patterns reflect the distribution of the interbedded lapilli and ash tuff, and

pyroclastic breccia.

Low magnetic values are present along the southern boundary of the inner zone (4C, 5D, 5G and
5H), in the so-called moat-area. It is in this environment that a large tabular replacement deposit,

2.8 Mt in size, consisting mainly of fluorite (up to 28% CaF,), has been found (Fig. 5.2).

Three prominent west-northwest trending positive magnetic anomalies traversing the Complex
have been picked up (6A, 6B, 7C and 7D; 4A, 5B, 5C and 5/6D; and 3A, 3B, 4C, 4/5D, 5E, 5/6F,
6G and 7H) and are assumed to be deep-seated fracture zones. A linear feature with poorly
defined positive anomalies is also present from 4E to 5/6E. A weak-N-NW trending lineament
(3BIC, 4C, 5C, 6C and 7C) defined by lower magnetic values and positive Au, Pb, Zn, Ba and Mn

anomalies, corresponds with the N-NW regional fault on the western side of the Crocodile River
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Figure 9.3 North-south magnetic profile 1 across the Kruidfontein Carbonatite Complex (see Figs. 5.2 and

9.2 for the profile locality and orientation).
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Fragment.

9.3 Summary

Q Gravity and magnetic data indicate that no high-density or strongly magnetic body is
present in depth, and it is possible that the Nooitgedacht Carbonatite Complex could be
underlain by a low density pluton.

a The interpretation of Profile 1 (Fig. 9.6) indicates that the structures in the south comprise
gently-dipping, shallow magnetic rocks, whereas in the north, the magnetic rocks are
almost vertical, possibly reflecting the geometry of the feeder routes for hydrothermal
fluids.

a The centroclinal dip of the inner zone seems to be variable in the sense that: (a) in the
south-southwestern, southern and south-southeastern areas the dip is less that 10°
while, (b) in the northern part the dip becomes steeper, as supported by the modelled
magnetic Profile 1.

a The carbonatite dykes do not display prominent magnetic signatures.

a The ill-defined magnetic banding in the eastern part of the inner zone (possibly due to the
small amount of magnetic material present) could depict the degree of alteration caused
by fluids that moved through the volcanic pile. Some layers like the tuff would tend to be
more dense (thus inhibiting the migration of fluid or even acting as barriers), while the
associated breccias and lapilli tuff could have been more permeable. However, it is not
conclusive that the pyroclastic breccia is associated with positive magnetic anomalies.

a Low magnetic values present along the southern boundary of the inner zone (in the so-
called moat-area) correspond with the large, tabular replacement deposit of fluorite (Fig.
5.2).

Q Three prominent W-NW trending lineaments of positive magnetic anomalies are
assumed to be fracture zones, older than the Kruidfontein Carbonatite Complex and
Crocodile River Fragment, and that these have provided access for nephelinitic and/or
phonolitic and associated carbonatite magma from the mantle. It is further possible that
subsequently these zones could have been intruded by magma related to the
Pilanesberg Alkaline Province or could have been affected by iron-rich fluids. It can,
however, be argued that these zones should then also be present in the “floor” of the
Bushveld Complex. However, high resolution aeromagnetic data in support of this

hypothesis are not available.
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DETAILED PETROGRAPHY AND CATHODOLUMINESCENCE

Drilling (boreholes KDO1, KD02 and KD03) was confined to the ferruginous ash fall tuff (2H) (Figs. 5.2 and

7.1), as it is characterised by strong geochemical and radiometric anomalies. By applying detailed

petrography and cathodoluminescence to the drill core, it was attempted to determine (a) the mineral

paragenesis, (b) the degree of mineralisation/alteration, (c) the classification of the different styles of

mineralisation and alteration, and (d) the original protolith, and possible primary sources responsible for

the mineralisation.

10.1  Mineralogical composition
The volcaniclastic sequence of the inner zone as intersected by the inclined KDO1 borehole
contains a variety of minerals like calcite, dolomite, ankerite, siderite, fiuorite, K-feldspar,

hematite, quartz, chlorite, apatite and anatase.

The semi-quantitative mineralogical composition as determined by means of XRD is represented
in Figure 10.1 and Table 10.1. The upper ash flow unit mainly consists of the mineral assemblage
calcite + dolomite/ ankerite + K-feldspar + quartz (+ minor apatite + anatase + chlorite). The least
altered volcaniclastic carbonatite, identified as sample KD016, contains primary volcanic textures
(i.e. ash, lapilli and trachytoidal fragments) and consists of calcite + dolomite, and minor anatase,

quartz, chlorite, K-feldspar, fluorite and apatite.

The lapilli tuff unit is similar to the upper ash flow unit, except that fluorite becomes more
prominent towards the base and that chlorite may increase. The ferruginous lapilli tuff unit is
obviously enriched in siderite and hematite, but most of the minerals mentioned earlier are still
present, and barite becomes an important minor phase. In the lower ash flow unit
dolomite/ankerite becomes more prominent in places, and the barite content seems to increase
slightly. The mineralised zones (seen as the final stage of mineralisation)(Fig. 10.1 and Table
10.1) represented by samples KD126, KD130, KD134, KD141, KD142 and KD143, were identified
macroscopically and consist mainly of fluorite, with lesser amounts of siderite, apatite, barite,
calcite and minor amounts of chlorite + quartz + K-feldspar + dolomite/ankerite. In terms of the

semi-quantitative proportions they do not differ significantly from the “unmineralised” equivalent.

10.2  Petrography and cathodoluminescence

The sequence intersected by borehole KDO1 consists of extensively altered pyroclastic rocks.
Some primary fabrics are preserved and indicate that the sequence was originally a series of
bedded ash tuff and lapilli tuff deposits of which the primary phases included both silicate and
carbonatite minerals. Samples taken from this sequence represent different rock types (viz. upper

ash flow, lapilli tuff, ferruginous lapilli tuff and lower ash flow units) and are thought to represent

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



1Z0Z ‘euo}a.id Jo AJIsiaAlun ‘uoneulojul 0} sseooe uado o poddns ul seoinieg Aleiqi Jo Juswipedsq ayy Aq pesnibig

Lithology

Ash tuff

Laopilli tuff

i

Dark green
ash tuff

Brown ash tuff

Sovite dyke

Mineralised zones
(partly transgressive)

fetres £ 20 40 50 80
Bt — 011 Py e
E-==4 = '4‘%”’2”%4

[= 7
) D
FfJ_,.JﬁJ’ o 015 . //’,/,/////,//”
‘;J.L:J:’ IR,
T
— 3
| b T
2 % Z
=50 AT e = W
= %
L3 0
K] ' 7
— B N - 7
iinning T Wi
T -
- 115
— .*.c‘ . B i %%
- 2 _ AN
- 3 ' el
— Ry 7 5%
= B - lary A o
120 B ’ > A
-100 | — > g ;
L2 // T TN
= £ " : ’/,/’/4,
W - - //‘ %y,
L - %,
© | 125 L 2 e
r =
o 7
= %
o %
= —
<
[+ 4 b—
i
172}
—150_]
135 ’ W’”-
~ %
| a
; 4//'
2
2 >
140§ / Z
~200_] — H
{ 3
T 5
L 145
: 150 B e v D
0 20 40 80
L ! | ] 1
Vol % — Semiquantitative proportions
Figure 10.1 Semi-quantitative proportions of the major mineral phases in KD01, as determined by XRD.
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Table 10.1 Proportions of minor mineral phases like apatite, barite, anatase, quartz and
chlorite (determined by X-ray diffraction) in samples from the KD01 borehole.

SAMPLE APATITE | BARITE | ANATASE - | QUARTZ | CHLORITE SAMPLE APATITE | BARITE | ANATASE | QUARTZ | CHLORITE
KDO11 4 7 2 KD134 15 10 3 2 6
KDO12 4 9 1 KD135 2 5 7 4 10
KDO13 3 9 2 KD136 4 5 7 9
KDO14 4 6 6 KD137 3 9 13
KDO15 3 12 8 KD138 2 4 2 3 2
KDO16 3 9 3 17 KD139 2 5 7 2
KDO17 2 4 KD140 2 4 7 2
KDO18 3 5 KD141 12 8 2 1 4
KDO019 3 8 5 10 KD142 1 4 5 2
KD110 2 5 5 11 KD143 4 3 3

KD111 3 4 2 16 KD144 3 5 2
KD112 4 6 6 4 KD145 5 6 2 15
KD113 4 3 10 KD146 5 4 4 2
KD114 7 3 14 KD147 5 5 5 5
KD115 6 3 12 KD148 6 3 4 6
KD116 6 5 5 KD149 5 3 4 4
KD117 3 6 4 8 KD150 4 4 5 6
KD118 3 4 7 1

KD119 4 3 8 10 7

KD120 5 3 7 1

KD121 4 2 5 5 13

KD122 4 4 10 12

KD123 4 4 6 3

KD124 3 4 7 1

KD125 5 5 6

KD126 2 5 2

KD127 1 4 6 1

KD128 6 4 6 4

KD129 7 5 7 8

KD130 2 1 3 4 7

KD131 4 4 8 11

KD132 5 7 4 8

KD133 3 3 2 6 1
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all types of alteration and mineralisation in them.

10.2.1
Three samples were selected at depths of -10.00, -26.40 and -30.10 m, and marked KD012,

Upper ash flow unit

KDO015 and KD016 respectively. General descriptions of these samples are listed in Table

10.2.

Table 10.2 General descriptions of samples from the upper ash flow unit.
SAMPLE MINERALS IN ORDER COMPONENTS PARTICLE FABRIC ROCK TYPE
OF ABUNDANCE (XRD) DIAMETER
KDO012 dolomite/ankerite, ash grains and 0.2t0 0.5 mm interlayered ash and lapilli
K-feldspar, quartz, lapilli 2mmto 3 mm ash and tuff
apatite lapilli
KDO015 calcite, dolomite/ (a) ash grains, <1 mm massive ash tuff
ankerite, anatase, K- (b) phenocrysts, 0.03 to 0.30mm
feldspar, quartz, fluorite, (c) amygdales, 0.05 to 0.25mm
apatite (d) micropheno- 70-80um to 15-20um
crysts in length; 10-20pm to
4-5um wide
KD016 calcite, dolomite/ (a) ash grains, <1 mm massive ash tuff
ankerite, chlorite, (b) phenocrysts, (c) | 0.03 to 0.40mm
anatase, apatite, quartz, | amygdales, 0.05 to 0.25mm
K-feldspar (d) micropheno- 70-80um to 15-20um
crysts in length; 10-20um to
4-5um wide

Sample KD012 is pale grey and straddles the contact between two ash tuff units,
whereas samples KD015 and KD016 consist of green, relatively unaltered ash tuff (Fig.

7.26). These three samples are interbedded with layers of pyroclastic breccia.

10.2.1.1 Sample KD012

The ash matrix is dominated by dolomite/ankerite, but minor amounts of K-
feldspar, apatite, fluorite and iron-oxides are also present, as well as some
quartz, zircon and a LREE-carbonate. Fine-grained, pale blue-luminescent
apatite seems to form an overgrowth on K-feldspar and minor dolomite seems
to encapsulate ankerite as well as tiny anatase and pyrite crystals which occur
throughout (Figs. 10.2 and 10.3).

The relative abundance and distribution of the ash grains vary markedly between

the different ash layers. Ash grains, ovoid to subspherical (maximum aspect ratio

of 3:1 in cross-section), are composed mainly of K-feldspar, with lesser ankerite,
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Figure 10.2 Fine-grained tuff wih rounded ash grains (500 pmto? mm in diameter) (upper left and right and bottom left)
in a matrix of volcanic dust (largely replaced by ankerite and fluorite). Dark brown to black material represents
pyrite and anatase (Plane polarised light, x50; width of view: 2 mm across; sample KD012, KPPL17-27).

Figure 10.3 Cathodoluminescence image of the field in Figure 10.2. The ash grains consist largely of K-feldspar (green
luminescence), ankerite, pyrite, anatase (non-luminescent), and apatite (light-blue luminescence). The non-
luminescent volcanic dust in the central portions (the matrix) consists of ankerite and fluorite (dark blue
luminescense) (Cathodoluminescence; x50; width of view: 2 mm across; film: 1600 ASA Fuji Provia; exposure
time: 2 minute 14 seconds; sample KD012, KCL17-28).
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and are relatively rich in iron oxides and apatite. They appear grey in thin section,
because the ankerite and K-feldspar are dusted with extremely fine-grained
hematite. In many grains, this dusting is concentrated as a thin sinuous band
which runs parallel to the long axis of the particles. Euhedral to subhedral pyrite
is scattered within the grains, but is concentrated at or near to the rims. Fine-
grained, blue-luminescing apatite is concentrated in narrow rims sur-rounding
these grains. Many grains also display an ankerite rim, which is itself immed by
the apatite. Apatite is also seen along the rims of lapilli and replaces elongate

non-luminescent phenocrysts within the lapilli.

Fluorite occurs in at least three stages (Fig. 10.4): the first filled in the voids with
bright blue fluorite, which later suffered fragmentation so that violet fluorite filled
the resuiting cracks. In some instances, the violet-luminescing fluorite is itself
fragmented and cemented by a third generation of dull, deep blue luminescing
fluorite. Pyrite euhedra overgrow early textures. Quartz formed as veins and also
as diffuse patches. Calcite occurs as small, irregular patches. Ankerite and dull
green-grey K-feldspar-filled veins cut all earlier fabrics and minerals (except

probably the quartz).

Interpretation

The two units represented in thin section have been replaced entirely by
secondary minerals (Fig. 10.4). The differences between the secondary
replacement of the two units indicate significant differences between their
primary minerals, especially of the ash grains and lapilli. In particular, the
feldspar-rich grains, which also contain appreciable quantities of opaque
minerals, suggest that these grains were originally fragments of the silicate rock.
The ankerite-dominated grains and lapilli may represent original carbonatite
fragments. The original composition of the ash cannot be identified with any
certainty. It is plausible that it was originally carbonatitic, and that the original
silicate lapilli and grains represent accidental, non-juvenile fragments from the

vent entrapped during the carbonatitic eruption.

10.2.1.2 Samples KD015 and KD0O16

These samples represent relatively unaltered tuff since their composition is
dominated by calcite. The fabric of both samples is very similar. Rounded ash
grains are composed of phenocrysts and amygdales of calcite in a non-

luminescent mesostasis, dominated by chlorite and very fine-grained hematite
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and anatase. The individual grains are cemented by zoned calcite. Scattered,

very fine-grained apatite forms overgrowths on earlier carbonates.

The rounded ash grains are composed of phenocrysts and amygdales (Figs.
10.5 and 10.6). The phenocrysts are pseudomorphosed by calcite. In cross-
section they are stubby to quite elongate, square-ended laths (Figs. 10.7 and
10.8). Some resemble skeletal forms and are distributed either singly or in small
clusters. Examples are present in which calcite replaces the rims of crystals with
pointed terminations, whereas the cores are non-luminescent. Amygdales are
subcircular in cross-section and are infilled with either zoned calcite, completely
filling the voids, or non-luminescent feldspar. The microphenocrysts can be
described as elongate to lath-shaped (Table 10.2 and Fig. 10.9) (Hayward and
Schirmann, in prep.). Under cathodoluminescence the calcite is markedly
deeper orange than the calcite replacing the phenocrysts or cementing the
grains. Rosettes of microphenocrysts (Figs. 10.9 and 10.10) are composed of
the same slightly deeper orange calcite. The mesostasis consists mostly of non-
luminescent chlorite, but blue-violet luminescent apatite is also present. In some
grains the mesostasis is composed of intergrown blue-green-luminescent apatite
and non-luminescent chlorite. Small blue-violet luminescent apatite grains

overgrow the blue-green luminescent apatite.

Early calcite cement is bright orange and also relatively dully luminescent (Figs.
10.11 and 10.12). Later cement (infilling voids between grains) displays dull
luminescence. Fine-scale zonation is seen in parts of the cementing calcite
(Hayward and Schirmann, in prep.). Parts of the brightly luminescent cement
had been brecciated and was subsequently cemented by a later growth of blue-
green apatite. Blue-green-luminescent apatite and K-feldspar form an
appreciable proportion of some ash grains. These minerals are intergrown with

non-luminescent carbonates, which in turn are overgrown by blue-violet apatite.

Late calcite veins (Fig. 10.13), containing minor fluorite cuts all textures, but is

overgrown by the blue-green-luminescing apatite.

Veining by calcite has occurred following lithification of the ash tuff deposit. At
least two generations of apatite growth can be distinguished (Fig. 10.4). The
earliest is blue-green-luminescent, very fine-grained and replaces parts of the

matrix, and of the mesostasis of the grains. This is overgrown by later blue to
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Figure 10.6

90

The interior of an ash grain with small phenocrysts and amygdales now represented by polycrystalline calcite.
The ash grains themselves are embedded in a matrix of volcanic dust, now replaced by calcite, chlorite and
K-feldspar (top lefthand corner). The mesostasis of the ash grain is composed of chlorite with subordinate
anatase and pyrite (Crossed polarisers, x50; width of view: 2 mm across; sample KD016, KPPL4-17).

s |
0.25mm

Cathodoluminescence image of the field of view shown in Figure 10.5. Note the two-stage infilling of the
amygdales. The early, bright luminescent equant grains were followed by dull luminescing calcite which
completed the infilling. Phenocrysts, together with smaller phenocrysts are set in a non-luminescent
mesostasis consisting of chlorite, anatase and pyrite (Cathodoluminescence; x50; width of view: 2 mm across;
film: 1600 ASA Fuji Provia; exposure time: 1 minute 14 seconds; sample KD016, KCL4-19).
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Figure 10.7 A ash grain containing phenocrysts, amygdales and microphenocrysts, replaced by calcite, in a chlorite-rich
mesostasis. The boundary of the ash grain with the matrix is sharp (lower right corner) (Crossed polarisers:
x100; width of view: 1 mm across; sample KD016, KCL4-15).

0.25mm

Figure 10.8 Cathodoluminescence image of an ash grain containing microphenocrysts and amygdales largely pseudo-
morphosed by calcite, in a non-luminescent chlorite mesostasis. The upper righthand part of the image
contains acicular phenocrysts arranged in rosettes, while the bottom part displays clusters (“clots”) of small
acicular microphenocrysts. Note the deeper orange luminescence of the calcite in the microphenocrysts
compared to that in the amygdales and cement (top right hand corner) and the zoned nature of the calcite in
places (Cathodoluminescence; x100; width of view: 1 mm across; film: 400 ASA Fuji Provia; exposure time:
7 minutes; sample KD016, KCL4-14).
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Figure 10.9 Cathodoluminescence image of “clots” of microphenocrysts within an ash grain. Note the zoned calcite cement
(left- and righthand sides of the image), and the random orientation of microphenocrysts within “clots”. At the
bottom edge, towards the right, is an example of an elongate amygdale (Cathodoluminescence; x80; width
of view: 1.2 mm across; film: 400 ASA Fuji Provia; exposure time: 1 minutes 20 seconds; sample KD016,

KCL4-28).

Figure 10.10 High magnification cathodoluminescence image of the microphenocrysts within one “clot”, surrounded by
chlorite (Cathodoluminescence; x400; width of view: 0.25mm across; film: 1600 ASA Fuji Provia; exposure
time: 12 minutes; sample KD016, KCL4-15).
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Figure 10.11 Secondary calcite cement surrounding and replacing the matrix. The dark areas (in the centre, and left- and
right and corners of the image) are ash grains which consist of calcite, chlorite, apatite, anatase and pyrite
(Plane polarised light: x40; width of view: 2.5<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>