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ABSTRACT

Numerous smell bese-metal deposits occur in the ecidic rocks of the Bushveld Comple, and
- modem exploration prograws are currently re-exa~-ining this metallotect in an attempt to tefine

the current working hypothesis for mineralisation in these granites. The bypothesis proposed

for the origin of mineralisation is multifaceted, encompassing both spatial and temporal

relationships between ai least three episodes of ore formation. The first episode of
" miineralisation (typified by the Zasiplaats tin deposit) occurred at relatively high temperatures

(>600°C to 400° C), and resulted in the formation of orfhomagmatic cassiterite, scheelite and

an ewly generation of fworite. At lower temperatures (200°C<T<400°C), where processes

wete essentially fluid dominated, a mesothermal Cu-Pb-Zn-As-Ag-Au assemblage was
- deposited (exemplified by the Spoedwel, Boschhoek and Albert copper aud silver depasits). A
third episode of mineralisation resulted in the formation of an Fe-U-F assemblage and is
‘recoguised at several, but not necessanly all, of the deposits examined (for example, the Albert

silver deposit). The extended nature of this three-stage paragenetic sequence is considered to
- reflect widespresd mixing between an early fiuid derived by HyO-saturation of the grauitic
magma and an axta'nalmete;iridcumm fluid, circulation of which was stimulated by the long-
Tived high heat-productive capacity of the Bushveld granites, as well as exinumation of the
metaliotect, |

The early highfemperature SVW assemblage was precipitated while magmatic finids

dominated fhe system. With time, the pluton cooled and was subject to regional uplift

Framdwdqpeiacﬁngasmnduﬁsformmmﬁdsofmetmﬁcanﬂ!mmmWﬁgm

The late magmatic fhiids, enriched in fncompatible metals (and volatiles), interacted with the
Tatter fiuid, resulfing in the focalised precipitation of a secondary, lower-temperature mincral

assemblage (Cu-Pb-Zn) in the zone of fluid mixing. As the extemal fluid component became

pmgmssiveljrmoredominant, the paragenesis changed, forming the final Fe-U-F assemblage.

The formation of these three different, temporslly separate assemiblages is adequately explained

it terms of a flvid mixing model, wherein the concentration of metals and localisation of ore

deposits are controlled by lithology and structure, |
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Figure .5.49_ Petrographic maps showing patches and trails of fluid inclisions in
WGA3S.,



Figure 5,50 Petrographic maps showing secondary trails of fluid inclusions in fine-
grained Klipkloof granite (sarople WGD3).

Figure 5.51 Petrographic maps of guartz-hosied and tourmakine-hosted fluid
inciusinn_s in a tourmaline spheroid (sample TBO1).

Figure5.52 Schematic representation of fluid categories discussed in terms of their
microthenmowetric behaviour and significance.

Figure 5,53 Histograms of temperatures of intermediate melfing evets | finsi
elting temperatures andhomogemsatmntempemhn'es in barren gramites at
Leeufontein. _

Figure 554  Plot of final melting temperaiures and homogenisation temperatures of
fhid inclusions in the finc-grained Klipkioof Gramites ot Lecufontein.

Figure 5.55 Plot of final melting temperatures and homogenisation temperatures of
fluid inclusions in toursatine spheroids in Albitised Klipkloof Granite at Leeufontein.
Figure 5,56 - Diagram plottmg T ool mclting VETSUS Thoawgenimtion for the flnids in

" hypersolvus (Spoedwel and Dronkfontein) and subsolvus granites (Albert).

Figure 5. 57 Histogramws of temperatures of intermediate melting events at Albert
(A), Houtenbek (B), Grass Valley ( C), Spoedwel (D), and Dronkfontein (E).

Figure 5,58 Plot of homogenisation temperatures versus final melting terperatures
for fluids associated with mineralisation at Grass Valley, Houtenbek, Spoedwe],
Dronldontein and Albert.

Figure 559 Diagram showing the fluids associated with mineralisation in the eastern
lobe of the Bushveld granites. o |

Figure 5.60 Diag:amshawiugthevmiationinthe salinity of flnids associated with
different stages iu the paragenetic sequence. '
Figure 5.61 The homogenisation temperatures and final melting temperatures of
fluids from vein quariz at Spoedwel, Afbert and Grass Valley.

Figure 562 Diagram plotting fiuids from Spoedwel, Albert and Grass Valiey.
Fignre 5.63 Plot of homogenisation temperature versus fnal melting temperature
for finorite hosted fuid inclusions from Spoedwel, Albert, Grass Vafley and
Houtenbek. '

Figure 5. 64 Diagsum oomparmg ﬂmdpopulahons in fluorite from Spoedwel, Albert
and Grass Valley. '



Figure 5.65 Schemuiic diagram showing the change in salinity with time, decreasing
temperature and increasing ~xternal fluid component.

CHAPTER 6
_Figureﬁ.l M~det geometry for PIXE emalyses of fluid inclusions, schersatically
indicating the proton beam, sample and deictor arrangement, and the geometris
parameters used to quanify PIXE wicroprobe spectrz. The dimensions %, y and z are

- determined by optical microscopy; d is detenmnedmgtheClKJKpmno and/or optical

measurement (from Heintich ef al., 1992).

Figorz6.2 Sm-emmoutshuwmghmwﬁndagrﬂsasmstmrelocahan of fluid

' mchsmns once in sampleholder

Figureﬁ.:‘a PD\Ennmpmbespectnmofqaartz some distance from the finder grids

-showing that only S peaks are detected.

Figire64  PIXE microprobe spectrum of quartz near the finder grid, showing that

excitation of the grid (in this case Cu), interferes with the spectrum for puve quartz,

Fignre. 6.5  A) Petrographic map of quartz-hosted finid inclnsions from the Grass

Valley $xt deposit, The iuclusions ocour along the border between quartz generations

1 and 2, both of which precede cassiterite precipitation. _

1) PIXE wiicroprobe spectrum (Q = 115 nC, £=250 pA) of inclusion C (depth
0.57um, thickness 2. 28pm, dimensions 16pm X 12pm) in sketch A), indicating the
presence of Ca, Fe and Cu,

C) Enlargement of portion of B) in which S, X and Ca peaks become iiore obvmus

Figare 6.6 A) Petrographic map of quartz-hosted fluid inclusions from the Grass

Valley deposit. The inclsions occur in euhedral, pegmtitic quartz associated with

calcite and cassiterite, The melusion probes occurs in a seconcary trail of inclusions in

quartz generation 1 preceding cﬁssiterite'précipitation. ' _

B) PIXE microprobe spectrum of fuid inclusion A in A), indicating the presence of

Fe and Ni. Only Fe is derived from the inclusion, Ni peaks are caused by
excitation of the Ni finder grid.



Figare 6.7  A) Petrographic map of quartz-hosted fiuid inclusions from the
Spoedwel CZu deposit. These fluid inclusions are primary with respect to the second
generation of quartz precipitated at the deposit, and have variable phase proportion..
Inclusion A is 2 Type 2 inclusion consisting of tiquid , vapour and a halite daughter
«rystal. Inclusion B contains no visible vapour phase, only lignid and 2 solids
{(Bematite and one unidentified crystal). ' :
B & C) PIXE microprobe spectra (=213 nC, I=~500 pA) of inclusions A (depth
0.5pm, thickuess 1.57m, dimensions 14um X 6pm) and B (depth 0.57m, thickness
2.28um, dimensions 1ium X 12ym), indicating the presence of Cl, X, Ca, Ti, Mn, Fe,
7n, Pb, As, Rb an Mo in the fnclusions. |

‘Figure 6.8  A) Petrographic map of a quartz-hosted fiuid inclusion assemblage

that is associated viith pyrite and sphﬂerite minerafisation in & vein from Albert silver
deposit. The inclusion probed appeam' to be pnmarym origin, however, secondary
trails are also present. Magnification: X400.

' B) PIXE miicroprobe spsctrum (Q =325 5C, I =~500 pA) of inclusion A (depth
3.99um, thickness 0.0856um, dimensions 12up: X 10um) i A), indicating the
presence of S, K, Ca, Fe Zn and As in the inchision, The components detected in
the inclusion reflects those of the associaied minerals,

C) PIXE microprobs spectium of the same inclusion A, but where Q=458 2C and I

' '=~500pA. The Fe response is enhanced and Mn and Pb are detected.

Fignre 6.9  A) Petrographic map of quartz-hosted primary finid inclusions

occui'ﬁng in tourmaline spheroids from Leeufontein.

B) PIXE microprobe spectium (Q =487 1C, =500 pA) ofinclusion A (depth
0.57um, thickness 2.23um, dimensions 18um X 16p), indicating the presence of
‘Ca, 'Ti, Mn, Fe, Zn, As? And Rb in the flnids. '

-C) PEXE microprobe spectrum (Q =283 nC, 1= 500 pA) of inclusion C (depth
2.14pm, thickness 1,71 um, disensions 20um X 8um), mdmatmg the presence of
Cl, K, Ti, Fe, Zn, Pb, Brandemthcﬂmds

Figure 6.10 A) Petrographic map of tourmaline-hosted primary fluid inchnsion

occurring in a tourmaline spheroid from Leeufontein. Magnification: X400.



B) PIXE microprobe spectrum {Q =72 nC, 1=100 pA) of inclusion {depth 0.85um,
thickness 2.85pm, dimensions 20jun X 20ym) in A). The fuid fnclusion contents
camnot be distingnished from the elements in the tourmaline lattice. |

Figure 6.1 Bar chart showing the concentrations (ppm) of K, Ca and C1 in the fhiids

from Grass Valiey, Spoedwel, Albert and Leeufontein. _ _

Figure 612 Bar chart showing the concentrations (ppm) of Cu, Zn, Mo, Pb, and As in

the flpids from Grass Valley, Sposdwel, Albert and Leeufontein _

Fignre 613  Bar chart showing the concentration (ppm) of Fe in the fiuids from Grass

Valley, Spoedwel, Albert and Leeufontein, -

Figure 6.14  Bar chart showing the concentration (ppro) of S in the fuids from Grass

Villey, Spoedwel, Albert and Leeufontein. | |

Figure 6,15 Barchartshowmgtheooncentmﬂons (ppm) of Ga, B, Rb, 8 and Clin the

ﬂmdsﬁanmssVaney Spaedwel,AlbeztandIzeufontmn.

. Figure 6.16 Barr;hanshowmgtheconnentmnons (ppm} ofFe,Tmnranmﬂleﬂmds

from Grass Valley, Spoedwel, Albert and Leeufontein.

Figure 6.17 Temary diagram {K-Fe-Ca) of fluids from Grass Valley (biack square),
Spoedwel (red downwards triangle). Albert (bhle upwards triangle) and Leeufontem
tourmaline (green dot).

Figure6.18  Raman spectrum of Superglue.

Figare 619  Raman spectrum of epory glue

Figure 620 Raman spectrum of sphalerite from Houtenbek

Figure 621 Raman spectium of quartz from Spoedwel.

Pigure 6.22 Raman spectrum of finorite from Houtenbek.

Figuré6.z3 Raxmnspectrumahomgnmﬁgenpeakmasampleofvemqaaﬂzﬁom
Spoedwel |
Figure 624 Raman spectrum showing nitrogen and methane peaks, as well as a broad
Dell-dhaped water curve In fnorite from Spoedwel B

Figure 625 Raman spectrum showing nitrogen and methane peaks in late stage quartz
associated with hematite precipitation at Spoedwel

Figure 6.26  a-c) Rawen spectra of three different finid inchusions showing CO; (ef) Na
(middle) andaﬁ(nght)mquartz-hnmedﬂmdmﬂum fromGrassVaIley



Figure 627 Relationship between relative wave number and methane pressure
determine:! from the laser Raman microprobe. Data fiom Fabre and Couty (1986) (in
Goldstein and Reynolds, 1994).

Figure 6.28 _Phbtogmph of the Quadrupole Mass Spectrometer at the University of
Mlclngan,

Figure 6,29 Schematic d:agram of the inlet systerns on the University of Michigan
(Cmadrupole Mass Spectromeier (re-drawn from Jones & Kesler, 1992). _

Figare 6.30 Bar chart showing the percentage of water in fuid inclasions from
Grass Valley, Heutenbek, Spoedwel, Albert and Leenfontein.

Figure 6.31  Bar charis showing the concentrations of HS and SO, (waole %) in
 samples from Grass Valley (A), Houtenbek and Spoedwel (B), Albert { C) and
Leenfontein (D).

Figure 6.32 Bar charts showing the CO;, CHy and 1, concentrations (mole %) of

‘fuids in samples from Grass Valiey (A), Houtenbek and Spoedwel (B), Albert (c )
and Leeufontein (D).

Figure 633 Bar chasts showing the HyS, SOz (A), COz, CH, and 14, (8 and €)
concentrations (mole %) of fiuids in samples of vein quartz from Grass Valley,
Spoedwel, and Albert . | | |

Fignre 6.34 Bar charts showmg the Ar concentration (mole %) in samples of (A)
vein quertz from Grass Valley, Spredwel and Albert and (B) hypersolvus and

~ subsolvus granites, .

Figure 6.35 Bar chart sbowmg the difference in concentrahons of the major volaules

in hypersolvus and subsolvus granites.

 Figare 636 Bar charts showing the H;S, 50, (A) CO:;, CH, and N (B)
concentrations (mole %) of fiuids in samples of fiworite. _

Figure 6.37 Bor charts showing the HpS, 505,(A) COp; CHy and N (B)

- concentrations (mol °-) of fluids assoviated with mineralisation. . | |
Figure 6.38 50O, (mole %) versus H,S (mole %) of flnids associated with the
subsolvus granites, and with mineralisation from Grass Valley, Hontenbek, Spoedwel
and Alberi.

Figure 6.39 Bar charts of Ny/Ar in host granites and in vein quartz associated with
tnineralisation. '



Figure 6.40 50, (mole %) versus H,S (mole %} in fluids at Grass Valley.

Figure 6.41 SO, (mole %) versus HyS (mole %) in fluids at Houtenbek and
Spoedwel. ' '
Figure 6.42 SO, (mole %) versus H,S (mole %) in fluids at Albert.

Figure 6.43 SO, (mole %) versus H,S (mole %) in fluids at Leeufontein,

Figure 644 NCH,CO; compositions. of samples from Grass Valley (black -
square), Spoedwel (red upwards triangle), Albert (biue downwards iriangle) and
‘Leeufontein (green circle).

- CHAPTER7

Figare 7.1  Isotopic compositions and fields for ses water, meteoric water, primary
magmatic water, metarnorphic water and organic water, The kaolinite weathering line

R given for reference, The *0-shift trends due to water rock interaction and exchange

in hydrothermal systems are shown for sea water and mefeoric waters of composmans

A and B (After Sheppard, 1986). o

Fignre7.2  Schematic diagram showing 5'*C values of carbon-bearing compounds

in ear surface environments (after Choto, 1986). |

Figure 7.3 Schematic representation of the expemnmtal set-up for separating COq,

CHy, H,0 Sberated from fivid inclusions. |

Fignre 74 §"°0 and 8D values from fluid inclusion water (l) and water converted

from methane (X} for samples from Houtenbek, and Grass Valley.

 Figure 7.5 Graph of 50 gtz versus 50 yur of unmineralised host granites and

quartz associeted with veins and mineralisation at. Grass Valley.

Figure 7.6 Plot of 8°°C and "0 from CO, in fuid inclusions from Houtenbek

Grass Valley and Spoedv: el

Figure 7.7  Comparison of 5'%0 mu avd 80 g, (narrow lines) from Zaaiplaats

(Pollacd et a, 1991) and the Grass Velley, Albert, Hou_tenbek and Spoedwel deposits

(this study) (heavy lines).

Figure 7.8 - Duplication of Figure 7.1 showing the ranges of 3D and 5°0 values for

' fluids derived from different sources, with data points from this study superimposed.

Figure 7.9  5°C data points indicated relative to ranges of values given by Ohmoto

- (1986) for C derived from an external reservoir, mantle or carbonate source.



" CHAPTER 8
Figure 8,1 - Proposed mode! for the evolution of the Bushveld granites and the
 associated mineralisation,
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CHAFTER I
INTRODUCTION

The Bushveld granites have been the subject of exploration since the late 1800's, when
many small scale rmining o;ﬁeraﬁons were established, Of particular inteiest were the tin
deposits, aud mines such as Zaaiplaats, Union, Grass Valley, Stavoren and Rooiberg came
into being. Mineralisation at these deposits has been extensively studied (Wagner, 1921;
Strauss, 1954; Leube and Stumpfe!, 1963; Salnge, 1944, Oﬂila, 1981, Pollard et al., 1991;
McNaughioneta! 1993)

However, mineralisation in the Bushveld granites is not restricted to tin alone, Numerous

sroal base metal deposits were mined sporadically, such as those at the Alert Silver Mine

(Robb & al. 1994), Houterbek molybdenum deposit, Roofbokkop-Boschhoek capper

deposit (Smits, 1980), Spoedwel Copper Mine (Scoggins, 1991), and Vergenoeg Fluorite

Mine {Crocker, 1985). Mﬂny of these deposits have onl)r'been looked at cursorily, and an.
adequate vnderstanding of the controls of mineralisation is la.clang Fmthzmmre, certain

features are common to most of these deposits, prompting the suggestion that these

- pockets of suineralisation are geneusa]lyrelatedm sone way

" 'The granites have become increasingly attractive to exploration comparies recently, and

* establishing & framework thhm which to conduct prospecting has become an urgent
necessity, In particular, the similarities in geological setting and paragenesis between the
arge scale Olympic Dam deposit in South Australia and the deposits associated with the
Bushveld granites, has given added impetus to the exploration efforts. With this objective in
mind, the nature. of hydrothermal fluids associated with mineralisation at five known ore
deposits has been examined and compared with fluids occarring in barren grapites in an
area east of Marble Hall. The deposits were chosen specifically to represent each of the
three major ore assemblages recognised in the Bushveld granites. The deposits selscted are
 the Grass Valley Tin Minc, the Spoedwel Copper Mine, Albert Slver Mine, the
Dronicfontein copper and tin deposit, and the Howutenbek molybdenite and sphalerite
dopots. _



The deposits at Grass Valley , Albert, Spoedwe] and Droxlfontein have several feanres in
common; they are all fracture related, hydrothermal replacement-type deposrts, showing
: simtilar parageneses but different principal ore minerals. At Houtenbek and Dronkfontein,
detailed geological mapping is yet to be undertaken, but, at first sight, the mineralisation
appears sirilar {o the other deposits. At Grass Valiey, tin dominates, while at Spoedwel, a
copper sulphide assemblage dominates, and at Albert a hematite-fluorite-pitchblende
assemblage is well developed. Paragenetic relationships show that these three assemblages
Tepresent temporally separate events, and thus, form the basis of the proposed hypothesis
for mineralisation. The fluids associated with each of these assemblages have been
' exammed,reVeahngmevomnonmthenam oftheﬂmdsasaﬁmcnunofnme
: temperature and source.

11  THE HYPOTHESIS
"The hypothesis 'proposed for the origin of mineralisation is multifaceted, encompassing both

spatial and temporal relationships between at least three episodes of ore formation (Figure
1.1). The first episode of minerafisation (typified by the Zaaiplaats tin deposit) occurred at

relatively high temperatures (»600°C to 400° C), axd resulted in the formation of

ofthomagmatic cassiterite, scheefite, wolframite and molybdenite, At lower temperatures
(200°C<T<400°C), where processes where essentially fluid dominated, 8 mesothermal Cu-
. Pb-Zn-As-Ag-An assemblage was deposited (represented mainly at the Spoedwel,
Boschhoek and Albert deposits). A third episode of mineralisation resulted in the formation.
of &n ¥e-U-F assemblage, and s recognised at several, but not necessarily all, of the
deposits examined (for example, the Albert silver deposit). The extended nafure of this
three-stage paragenetic sequence is considered to reflect widespread mlxmg between an
early fluid dﬁ@by H,0-suturation of the granitic magma and an externally-derived fluid,
circulation of which was stimulated by the long-lived high heat-productive capacity of the
Bushveld granites, as well as exhumation of the metallotest. A similar hypothesis was
suggested by Robb ef al. (1994), in a study of mineralisation at the Albert Silver Mine,
Howevet, the geners] applicability of the model to minesalisation in the Bushveld granites
was not tested, and only prelitsinary studies of the fluid characteristics had been conducted.



 The present stucly aims to test and refine the model propased by Robb ef al, (1994), and, in
. hght of this h}pothesls to determine the re]ahonslnps between various polymeta]hc deposits
mthe eastern lobe of the Bushveld Complex.

12 METHODOLOGY

Several analytlcal techniques were employed in order to gain an insight into the nature 6f
' the mineralising fhuids. Initialty, the fluid inclusions from the Spoedwel deposit were
investigated, using conventional microthermometric techniques, Raman spectrometry, and
'PIXE andlysis, At that early stage, jndications of an external meteoric and/or conuate
component in the finids were recognised, prompting firther investigation as to the general
" applicatility of fluid mixing as a mechanism for the precipitation of ore minerals in the
* eastem lobe -of the Bushveld Complex. . Consequently, the above mentioned working
hypothesis served as a guide in choosing analytical techniques, aimed at verifying the
niotion. The analytical techniques employed in this study are briefly summarsed in Tabls
1.1, and are shown in the flow diagram (Figure 1.2) detailing methods and procedures.
Detailed fluid inclusion nmrothmmomctry for all the deposits was undertaken, ang stable
isotopic signatures and gas chemistry of fluid inclusion contents were analysed,

. Time
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600 \\ R S
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: Nhydrothermal Snand §. - © N
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300 - learly sulphide
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200 -

Figure 1.1  Diagrammatic representation of the hypothesis proposed for
mineralisation in the granites of the eastern lobe of the Bushveld Complex.



Table 1.1 Analyﬁcal techniques employed to test the bypothesis.

QUESTION TECANIQUE

INFGRMATION OBTAINED
“What is the parngenetlc Transtnitted and Thz order in which ore minerals,
sequence? - reflected light gangue minerals, and alteration
microscopy and - minerals were formed is
. petrqgraphy. determined.
' What is the genlogicai' ' Geological mapping.  The coue:tion of these
setting? Borchole core Jogging,  techniques provides infermation
. Underground mapping. on the geological setting, field

" 'What is the temperature  Fluid inclusion
of ore formation? microthermometry,

What is the salinity of the Fluid inclusion

- flulds? microthermormetry.
‘Which ions are in
solution?
PIXE Analysis =
Which fluids are Fluid inclusion
associated with _ pen'ography and

. precipitation of ore suite? ~mapping.

relations, size and geometry of
tii= deposit, as well as the
presvuce of any structural
features (e.g. fanlts, folds) which

_may have been involved in the

mineralising process.

Homogenisation temperatures
indicate minirmm entrapment
temperatures of fhaids

Eutectic meiting temperatures
(T.) indicate some of the major
ions in solution e.g. Ca, K, Na, :
and the final roelting temperature
provides an estimate of the '
salinity of the fluids.

Dietects all ions in solution that
are heavier than Si, -

Identify primary, secondary and
pseudosecondary fluid inclusion
assemblages. Trace evolution of
fluids. :



. Table 1.1 {continued) Analyticaltechniques employed to test the hypothesis,

QUESTION

TECHENIQUE

INFORMATION OBTAINED
Which volatiles are in Fluid inclusion First melting irdicates chemical
solution? microthermometry system, as well as the presence of
; volatiles such as COz and Ny,
Raman Spectrometry  Detects any polyatomic solutes
o " orsolids, e.p. CO;, CH;, 20,
Na, phﬁe and certain
minerals.
Quadrupole Mass Provides guantitative data ona
Spectrometry large number of gases present at
: " . low concentrations in fluid
inclusions.
What is the pressure of Calculation and P-T diagrams which mdicate
© formation? - construction of lines of equal density, are used to
- isochores from fluid infer approximate pressure
incinsion conditions during the formatmn
microthermometric - of the deposit. -

data.

Raman Spectrometry  Methane peak position can be
used to suggest pressures of
entrapment. '

What is the origin of the Stable Isctopes :

fuids? $Dand 8% 0 8D / 8'® O plots are used to
determine whether fluids are
agmatic or meteoric in origin,
and whether and mixing of
magmatic and meteoric water
took place.

a°C Fluid §°°C signatures indicate the
source of the carbon, '
Fluid ™S signatures indicate the

38 source of the sulphur.
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Figure 1.2  Flow diagram showing the format of tnis thesis, and the analytical
technigues used to test the hypothesis.



Field mapping in the area east of Marble Hall was undertaken in order to obtain
. sufficient knowledge of the nature of unmineralised Bushveld granites, and so be able
to recognize features associated with the deposition of ore roinerals. A consistent
research procedure wag adopted for examining the unmineralised granites, as well as
the mineralised granites, Thus, comparisons between the various deposits and the
- unmineralised pranites could be easily drawn. In each case, thorough petrographic
studies of the samples were carried out, and, hence, sultable samples selected for fluid
inclusion petrography and microthermometry. Once microthermometric data had been
collected and fluid assemblages recognized, samples were then prepared for PIXE
' analysi.é, Raman spectroscopy, quadrupole mass spectrometry and isotopic analysis.
‘Wherever possible, the same samples were examined usic the different techmigues, so
that a comprehensive database, fnclnding all components of a particular fluid inclusion
assemiblage, could be constructed, '

In the chapters that follow, the evidence gathered fivm each analytical techmique is
- presented, and discussed. In the final chapter, the data are integrated and a model for
the mineralisation put forward.



CHAPYER 2
GEQOLOGICAL SETTING

21.  REGIONAL GEOLGGY - the Bushveld Compiex

- The Bushveld Igneous Complex is early Proterozoic in age #ud is situated yithin the

‘Kampvaal Craton, South Africa (Figure 2.1). The mafic and ultramafic wnits {Rusteaberg

Layered Sulte), the felsic rocks (Lebows Grenite Suite) and the granophyres (Rashoop
Granophyre Suite), are intruded into the sedimentary tocks of the Transvaal Sequence and
form the largest known A-type ipneous province in the world (Kleerann and  Twist,
1989). According to Bunter (1976), the intrusion covers an area of approximately 67
340k, but more vecent estimates of the volume of rock preserved suggest a minimum of
300 000km’ (Cawthorn aud Walraven, 1997).
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 Figure2.1  Regional geological map of the Bushveld Complex {modified from

Walraven, 1397).




SHAPE AND STRUCTURE

The shape of the intrusion has been desctibed as “cruciform”, consisting of four synformal
lobes (Hmter, 1976) that are amanged approximately symmetrically about two
perpendicular axes, alipned east north-east and north north-west (von. Gruenewaldt, 1979).
Two main structural trends within the Kaapvaal craton (east north-cast and north north-
west) were important factors controliing the configuration of the Iithologies ie. the
Pongola, Dominium Reef- Witwatersrand, Ventersdorp, Transvaal and Waterberg
Supergroups, preserved ‘within the various basins on the craton (von Gruenewailds, 1979),

A road antictinal warp, called the Pretoria-Zebediela anticine, stretches along the western
flank of the eastern Bushveld and parallels the deep abyssal fracture (Cousins, 1959) along
which the majority of layered infrusions in the Bushveld are located (von Gmienewaldt,
1979). The western flank of the eastern Bushveld w is, ti:uemfore,_ tectonically active during
emplacement of the complex (von Gruenewaldt, 1975),

LANDSAT imagery was used by Lee end Sharpe (1986) in order to assess regional
sfructures within the Bushveld and swroundings, aud it was found that there was no
evidence for the concept that deep-seated crustal fractures infinenced the ocation and form
~of the Bushveld Complex, as was suggested by Cousins (1959) and von Gruenewaldt

' (1979). Several Tinear structures representing joints, fauits and dykes were recoguised.
Prominent among these lineaments is the Steelpoort Fault, trending 045° from Loskop
Dam, and extends only a short distance info the Transvaal sedimentary rocks, Several 135%
trending fueaments are visible in the westem sector of the complex. Faults comprising the
Timits of the post-Bushveld Brits graben trend 135° from Hartebeespoort Dam. The
Rusteriberg _Fau& displaces Transvaal sedimentary rocks and trends 125° through
Olifantstek Dam, In the eastern Bushveld Complex, there is a pervasive 045° to 135°
pattem in the joints and dykes which are commonly oceupied by dolerite dykes. The most
abundant dccurrence of dolerite dykes, however, is in the orientation 010° to 015°. Lee
and Sharpe (1986) compiled a map of the lincaments evident on the LANDSAT image, and
rated them in accordance with their prominence and orfentation (Domains I o VI (Figure
2.2).
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GEQOLOGY

The geology of the Bushveld Complex has been divided into three suites of rocks (Figure
2.3), namely the Rustenberg Layered Suite, the Lebowa Granite Suite and the Rashoop
Granophyre Suite (SACS, 1980). Each of these lithological unifs is discussed below, with
the emp1asis on the Lebowa Granite Suite, Furthermore, the geological relationships of the
host rocks, the Trausvaal Superproup, are reviewed,

BUSHVELD COMPLEX

B 4 !
Rustesberg Lebowa Rashoop
Layered Suite Granite Suite Granophyre
S s Suite
4
Nebo Granife
Klipkloof Granite
Makhutso Granite

Figure23  Diagrammatic representation of the rocks of the Bushveld Complex.

Host Rocks - The Transvasl Supergroup

The Transvaal Supergroup is composed of the Chuniespoort, Pretoria and Roovherg
Groups which consist of chemical sedimentary rocks, clastic sedimentary rocks and
. volcanic racks, respectively. The Bushveld Complex was intruded into the Transvaal
Supergroup, at a palaes-unconformity between the Rooiberg Group and the underlying
Pretoria Group (Cheney and Twist, 1991). Field relationships indicate that the Rooiberg
Group precedes the Bushveld Complex; however, whether the Rooiberg was part of the
Transvaal Sr¢sergroup or the Bushveld Complex, was unclear for quite some time.
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- At one stage, the Rooiberg felsites were placed within the Bushveld Complex, as the
precursor {o the major magma injection (Twist, 1983). However, the consensus now is that
the Rooiberg felsites represent the final stage of volcanic activity in the development of the
Transvaal basin (Eriksson ef ol., 1993; Walraven, 1997).

The Rooiberg Group is a thick succession of acid voloanic rocks which ocow Ticoughout
the Transvaal sedimentary basin and forms the upper third of the Transvaal Supergroup
(Eriksson et al,, 1953). It consisis of dacite flows, rhyodacite lava, land, in places, sificic
- andesites. It varies from rhyodacite at the base to rhyolitic at the top (Walraven, 1997).
Twist (1985) recognised three felsite magma types, which were probably generated during
deep crustal anatexis, es the mafic magroas began their ascent from the mantle, Two
formations are recognised in the eastern and central Transvaal basin; they are the lower,
thyodacitic Damwal Formation and the uppet rhyolitic Selons River Formation The Selons
River Fo:mation has beer. subdivided into the lower Doornkloof Member and the upper
' KllpnekMember The Seluns River Formahonextendsba&nmdehu&, in the western part
of the basin, in the Rooiberg area, the two members are given formation status and are
called the Kwaggasnek ard Scheikkloof Formations (SACS, 1980; Briksson et al., 1993).

The Bushveld Comple::

Rashoop Granophyre Suite

‘The Rashoop Granophyre Suite is the first of the Bushveld Complex htholog1es and occurs
mainly as a sheet intruded into the Rooiberg Felsite Group, as well as between the Nebo
 and Transvaal Sequence rocks (Kleemann, 1985). The granophyres are incladed in the
Bushveld Complex (SACS, 1980), but are generally allied more closely with the pre-
Bushveld Rooiberg Group (Walaven 1987). Kleemann (1985) noticed intrusive
relationships between the mafic Rustenberg Layered Suite and the Stavoren granophyres.
indicating that the mafic suite post-dates the granophyre,

The granophyre is relatively homogeneous and displays a range of colours from brick-red
to grey. The granophyres are composed of roughly equal proportions of quartz and feldspar
- which becotse finer-grained towards the top of the sheet (Kieemann, 1985). Kleemann
(1985) maintains that the Rashoop Granophyre probably crystallised from a partial mekt
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extractzd from the felsites on metamorphism by the Rustenberg Layered Suite, Walraven
(1985, 1997) interpreted the bulk of the granophyric rocks (Stavoren Granophyre) as
resulting from shallow intrusion of acid magmas Immediately foliowing, and forming a
phutonic extension of, the Rooiberg Group volcanic event.

Other granophyre types are linked to the Bushveki granites and the basic layered r icks, and
were formed Uy mctamorph:sm of Rooiberg Group Volcanics or Pretoria Group
sedimentary rocks, or by differentiation and assimilation of acid material by the basic
layered rocks (Diepkloof Granophyre) (Walraven,1997), Three formal granophyre units
were given by SACS (1980), namely the Stavoren Granophyre, the Rooikop Granophyre
Porphyry, and the Zwartbank Psendogranophyre. The Stavoren Granophyre includes all
frue granophyres, which are faitly coarse-grained and cansist of intergrown quartz and K-
feldspar. The Rooikop Granophyre Porphyry occurs as sill-like intrusions in the Rooiberg
felsite and the Loskop Formation (Transvaal Supergroup), and consists of K-feldspar and
quartz phenocrysts in a fing-grained granophyric mafrix, The Zwartbank Granophyre
consists of irregular quartz-feidspar intergrowths,

Rustenberg Layered Suite _

The genesis of the Rustenberg Layered Suite has Jong been the subject of debare, but the
general consensus s that magma mixing was involved in its evelution (von Gruenewaldt e
of,, 1985). Cawthorn and Walraven (1997) maintained that the mafic layered rocks are the
product of nmitiple magmatic injections, some of which are comparable to previous
magmas, and others which are of a different composition,

The Rustenberg Layered Suite forms the lowermost unit of the Bushveld Complex and is
subdivided into four stratigraphic units, from the base upwards, the Lower, Critical, Main
and Upper Zones (von Gruenewaldt, 1973). '

‘The Lower Zone is composed of a layered sequence of harzburgite to orfhopyroxenite
cyclic units (Teigler, 1990 in Kruger, 1994). The Lower Critical Zone is characterised by
orthopyroxenite with lesser harzburgite and the Upper Critical Zone by orthopyroxenite,
norite, and anorthosite (Teigler, 1990 in Kruger, 1994). The Critical Zone is characterised
by mejor chrowmite layers, Cawthorn and Walraven (1997) have modelled the formation of
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the Lower and Critical Zones in terms of six magma pulses, each one kilorsetre thick
which underwent 20% differentiation prior to the addiion of ibe next pulse. The
calculations of Cawthorn and Walraven {1997) show that the entire Lower and Critical
Zones accurmslated in about 25 000 years,

The Iower Main Zone consists of chromite deficient norites and in the upper part of this
zone, gabbronorite becomes the dominant rock type. The Upper Maia Zone is chemically
differentiated and consists of homogeneous gabbronorite. The base of the Upper Zone is
referred to as the Pyroxenite Marker, and this is followed by a highly differentiated
sequenice of motite, gabbmﬁurite, ferrogablronorite, and fermodiorite joterlayered with
numercus layers of anorthosite, ferrodunite, titaniferous magnetite and apatite (Kruger,
1994).

Cawihorn and Walraven (1997) suggest that addition of 2km of magma occurred at the top
.of the Critical Zoze, and the Lower Main Zone was calculated to have formedin a further
35 000 yeats. Major addition of magma then occurred at the level of the Pyroxenite
Marker, and is considered to be the Jast injection of magma into the Complex.

Lebowa Granite Suite

The Lebowa Gramite Suite represents the final stage in the evolution of the Bushveld
Complex. In the literature it is commeonly described as # “sheet-like intrusion ¢ batholithic
dimensions” (von Gruenewaldt, 1979). Strauss (1954) recogoised a zonation in the 2-3km
thick, gently dipping, sili-fke pluton. Subsequent work has shown that the sheet has o
variable thickness (~2.5-3.5km), covering an area of at least 30 000km® and dipping
" centripetally towards the centre of the Complex at angles less than 10°, The sheet is tuclded
amel exposes infiers of the underlying sedimentary rocks, such as the Marble Hali Fragment
{Kleemann and Twist, 1989).

The nomenclature of the Bushveld pranites has evolved sirice the first description of the
"Red Bushveld” granite (Molengraat, 1901). Since then, it has been called the Red Graxite
(Merensky, 1909), the Bushveld Granite (Hell, 1906) and the Main Graaite (Strauss and
Troter, 1944; Strauss, 1954). The Main Grarite was renamed when detailed mapping
diucidated differences betwesn the grapite in the eastern and western portions of the
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Bushveld Complex, and the local terms Veekraal, Sekbukhuni, Magnet Heights, Steelpoort
Park and Verena granites were introduced.

TthushveId"graniteswere collectively referred to as the Lebowa Granite Suite by Coertze
et al. (1978), and formed the basis of the SACS (1950) terminology for the Bushveld
granites. SACS (1980) recognised seven categories of granite in the Lebowa Granite Suite,
namely the Nebo Grunite, the Verena Porphyritic Granite, the Klipkloof Granite, the
~ Bobbejaankop Granite, the Lease Granite, the Balmoral Granite, and the Makhutso
Granite. Other names, such as the Red Granite, Sekhukuni Granite, Steelpoort Park
Granite, Magnet Heights Granite and Veekraal Granite, have been incorporated in the
Nebo Granite category, since they are identical in appearance, mineralogy, chemistry and
age (Walraven and Hattiogh, 1993), '

In addition, the Bobbejaankop and Lease Gragites, which are local temms for the coarse-
and fine-grained granites at the Zaaiplaats Mine, and which have been informally adopted
by many geologists in other areas of the Bushveld, have been recognised as varieties of the
Nebo Granite (Pollard ef al., 1991). Walraven and I—Iathngh {1993), however, consider the
Bobbejaankop, and Lease, as well as a varisty of other granites named in the literature
(Kiipkloof, Foothills and Klipvoor Granites), as differentiates from the Nebo Granite
magma. The term Klipkloof Granite has been adopted for the fine-grained aplitic granite
which occurs as dykes and sills within the upper portions of the Nebo Granite and in the
overlj&ng granophytic roof rocks. Thus, the terms Nebo and Klipkloof Granite have
replaced the mumerous syaonymous terms in the Hterature.

"The Verena Porphyritic Granite differs from the Nebo Granite in that it contains rapakivi-
textured feldspar phenocrysts, and the fine-grained equivalent contains atypical trace
element chemistry (Walraven aud Hattingh, 1993). It is shown in subsequent chapters that
the nature of this granite is completely different to the Nebe Granite and justly deserves a
category of its own. The Makhutso Granite is younger than the Nebo aud Klipkioof
Granites and is placed in a separate category. Thus, the Lebowa Granite Suite is currently
composed of the Nebo Granite, the Kiipkloof Gravite and the Makhutso Granite. The
position of the Verena Parphyritic Granite and the Balmoral granite is yet to be determined.
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Nebo Granite

The Nebo Granite forms the bulk of the granite of the Lebowa Granite Suite. It is 4 coarse-
grained, hypersolvus granite which is composed mainly of quartz and perthite, and normally
interstitial hydrous mafic phases (biotite). A well developed mineralogical and chemical
zonation exists in the Nebo Granite; from the base to the top there is an increasing albite
componext of the plagioclase, tncreasing AVSi ordering in alkali feldspars, increasing quartz
and perthite contents, decreasing plagioclase and hornblende contents, increasing Si, K and
Rb, and decreasing Fe, T}, Ca, P, Ba, Sr, and Zr (Kleemann and Twist, {989).

Kliphloof Granite

According to Kleemann and Twist (1989), the Khipkioof Granite is composed of three
facies, namely, the Coarse, Fine, and Albitised Klipkloof Granites. These facies are
comagmatic and have a similar mineralogy to the Nebo Granite, except tﬁatiheyaremore
evolved and commonly aplitic. ‘The Klipkloof Granite contains a greater proportion of
secondary and hydrothetmal phases.

Kleemarn and Twist (1989) suggest that the fine-grained Klipkloof is the result of

- quenching through pressure release, and concomitant volatile loss during incipient

fractiming of the cooling body. It forms narrow dykes and sills intruding Nebo and other

. Klipkloof intrusions and corresponds to the Lease Granite. The coarse-grained Klipkloof is
interpreted as forming in the transitional zone between the water saturated (above) and
undersaturated (below) zones near the roJf of the magma chamber, It represents the
hydrothermally altered roof facies of the Nebo Granite and resembles the Bobbejaankop
Granite at Zaaiplaats, The abitised Klipkloof is a typical aplite that has been subject to
intense Na-silicate metasomatism (Kleemann and Twist, 1989).

The Klipkloof Granite was described by SACS (1980) as a medium- to fine-grained,
porphyritic. granite which forms dykes and sills in the Nebo Granite, and may also be
developed between the Nebo Granite and the country rocks. The SACS (1980) description
of the Lease granite differs sightly from that of the Klipkloof Granite, and is referred to as

" a fine-grained aplitic granite characterised by coarse pegmatitic patches. It is typically
developed along the margin of the Nebo Granite (SACS, 1980).
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The Bobbejaankop Granite was described as a coarse-grained, red, bivtite granite which
may be partially or completely altered, and v'hich appears to be developed in the higher
levels of the intrusior.

From the descriptions of the Lease and Klipkloof Granites, it is apparent that quenched
marginal Nebo Granite, as well as late stage, aplitic dykes and sills, are currently classified
- as the same rock type. A distinction between these two modes of occurrence shonld ie
made, since detailed petiographical stadies (see Chapter 4) have revealed that they are two
different grenite types. Furihermore, the fine-grained quenched margins of the Verena
Porptiyritic Granite shovld be distinguished fom true Kiipkloof aplite and quenched Nebo
Grarite. '

Maiduiso Granie
The Maklutso Granite represents the final phase of grariic intrusion in the Bushveid
Complex, and oocurs as small dykes, stocks and gestly dipping sills i the Nebo Granite
(SACS, 1980). 'The rock is white to pink and contains 10 to 15% femic minerals, the '
dominant snineral being biotite (sitered to chlorite) (De Bruiyn, 1980). Trace element
" geochemistry, particularly K/Rb, Ba/Sr ratios, Ba and Zr values are lower in the Makimtso
. Granite than in the Nebo Granite. The outcrop is limited to the northern part of the Verena
Dome (Figure 2.4). This granite has received very little attention and, hence, reference
literature is lacking, | '
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GEQCHRONOLOGY

Age determinations of the various nnits in the Transvaal Supergroup host rocks, as well as
in the Bushveld Complex, have been carried out by several authors, Chmnostratimphi&
data for the Transvaal Supergruup and Bushveld Complex from varions sources are shown
n Table 2.1 and Teble 2.2, respectively.

 Table2.1 Age detérminations relevant to the Transvaal Supergroup (from Waltaven,
1997). Ages in bold print ave the best current age estimates acconding to Walraven (1997).

Godwan Formation

‘Transvasi Supergroup Age (Ma) Method (Reference)
 Ruyolite  intercalation, Rust de -
‘Winter Formation 2060 U-Pb, bulk zircon, (Walraven, 1981)
" Rooiberg Groug L _
Rhyolite | 2030 % 50 Rb-Sz, whote rock (Burger and Coertze, 1973)
Rhyolite, Selons River Formation 2061+ 2 Ph-Ph, single zircon (Walraven, 1997)
Rhyolite and rhyodacite 1605 % 28 Rb-Sr, whole rock (Walraven, 1557
Rhyolite and thyodacite 2003+ 289/~ Pb-2b, wholertock (Walraven, unpublished
 Rooiberg Group 201845860  Pb-Pb, whoic rock (Fatrow, 1988)
Rooikap Granite Parphyry 2060 £ 2 Pb-Pb, single zircon (Walraven, 1997)
Dulistroom Basalt Formation 2734443  Rb-St, whole rock (Walraven, 1987)
Dulistroom Basalt Farmation 2101+28  Various, whole rock (Schweitzer, 1956)
Hekpoott Andesite Formation 2224 %21 Rb-Sr, whole rock (Burger and Coertze, 1973)
*Pretoria Group = |
Timeball Hilt Formation 2208+ 63 Rb-Sr, whole roct {Prnter and Hamilton,
o 1978)
Chuniespoort Group
Qzk Tree Formation 2550 £ 3 Pb-Pb, Walraven and Martioi (in press)
" Abel Brasmus Formation 213§ 46747  Pb-Ph, whole rock (Armstrong, 1987)
2325 +69/13

FL.-Pb, whole rock (Armstrong, 1987)
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Table 2.2

Lithostratigraphic subdivisions of the Bushveld Complex according to

SACS (1980), and Walraven (1297). Ages in bold print are the best current age estimates

according to Walraven (1997),
BUSHVELD COMPLEX Radiometric Method (Reference)
| age (Mh) '
Lebowa Granite Suite
Makhutso Grazite 1670430  U-Pb, bulk zircon (Coerize ef al,
_ 1980) _
Nebo Granite 1920£ 40  U-Pb, bulk zircon (Coertze ef o,
_ 1980) _
205412 Pb-Pb, single zircon (Walraven and
Hattingh, 1993)
Rashoop Granophyre Suite 2090+ 40  U-Pb, bulk zircon (Favtie, 1977)
Stavoren Granophyre 2053+12  U-Pb, buk zircon (Coerize et al.,
1978)
Rooikop Granophyre (Granits) Porphyry 2066 10 U-Pb, bulk zircon (Fauie, 1977)
Rooikop Granite Porphyry 2060+ 2 Pb-Pb, single zircon (Walraven, 1997)
Rustenbers Lavered Suite 2095+24  Rb-Sr, Hamilton, 1977
Lower Zone 2049+152 SmNd, (M.R. Sharpe
Critical Zone 2054+32 RbSr,  unpublished datain
Main Zone 2058+ 155 SmNd,  vonGruenewuldt ef
Upper Zone 2057+24  RbSt, al., 1985)
Upper Zane 206127  Rb-Sr, single zircon (Walraven ef o,

1990)

Age determinations of the Transvaal basin have shown that the formation of the basin,
begmnmg with the deposition of sediments at 2643 + 2 (Walraven ef al., in press) and
ending with the volcanism which produced the Dullstroom basalts and Rooiberg felsites at
2061 + 2 (whole rock, Walraven, 1997), occurred over a time period of 600 m.y.
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Recent studies have demonstrated that the base of the Transvaal Supergroup is significantly
older than was previously considered (Walraven and Martind, in press; Walraven ef al., in
press), Walravent (1957) has produced the first precise and reliable age determinations for
the upper part of the Transvaal Supergroup, showing that the Rooiberg voleanism and the
emplacement of the Rustenberg Layered Suite and Lebowa Granite Suite of the Bushveld
Complex, occurred in a time span of only 7 million years,

Three important poins emerge from the age determinations of Walraven (1997) for the
Rooiberg Group eud the Rooikop Grazite Porphyry, when compared with existing data for
the Bushveld Complex, Firstly, the similarity of ages inplies that the Rouikop Granite
* Porphyry was intruded almost hnmcdiately after, or even contemporaneously with, the later
 stages of the extrusion of the Rooiberg Group. Secondly, the best current ages for the
Bishveld Complex, Rooiberg Group and related rocks are fudistinguishable, and thirdly,
the data show that the duration of magmatic activity of the Rooiberg Growp and the
Bushveld Complex did not exceed 7 milfion years,

Rashoop Granophyre Snite

~ Ages for the Rashoop granophyre were determined by Faurie and von Gruenewaldt (1979)
as 2000 + 30 Ma using the U-Pb isotapic system. Ages for the Stavoren granophyre of
2084 + 62 Ma (Walraven ef af, 1981) have been published, but, according to Walraven
(1997), the only reliable ages are from U-Pb zircon determinations which indicate an age of
2053 + 12 (Coertze et al,, 1978). Whole-rock Pb-Pb isochron ayes for the Rashoop
granophyre in the Zaaiplaats area show a relatively resivicted range froms 961+129 Ma (Me
Naughton ef af,, 1993) and represents a reset age (or final closure age).

Rustenberg Layered Suite

The emplacement of the Rustenberg Layered Suite took place at ca. 2050 Ma and the
radiogenic isotope systems closed immediately (McNaughton ef al., 1993). The rocks of
the Lower Zone have been dated at 2049+152 Ma (Sn/Nd), the Critical Zone at 2054432
Ma (Rb/St), the Main Zone at 20584155 Ma (Sm/Nd) and the Upper Zone at 205124
Ma (Rb/Sr) (M.R. Sharpe unpublished data in von Grueﬁewaldt etal,, 1985;.
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Lebovwa Granite Suite

. The available age determinations for the various components of the Lebowa Granite suite
are shown in Table 2.3. The wable includes data from the compilation by Walraven and
Hattingh (1993) of geochronological data on the Nebo and related variants, as well as data
from the Zaaiplaats Tin Mine (Mc Naughton ef al., 1993) and Albert Silver Mine (Robb ef
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al., 1994).

Table 2.3 Compilation of existing geochromological! data for the Lebowa Granite

. Suite,

“Rock Unit Date (Ma)  Method  and Refereace  Comment

- material _

Makiitso Gromite, castern 169546159 U-Po zircon Coertzw et al.  Severely discordant ziroons
Bushveld Complex . (978 - -

Makhuise Grenite, eastem 2046155  Rb-Srwholerock Walmven  Minimum age Dmit for
Bushveld Complex (1988) Bushvetd Complex Gramites
Makhutso Granite, eastern. 204946972 PbFbwholerock Walraven  Minimmn  age lLimit for
Bushveld Complex _ _ (1988) Bushveld Complex Granites
© Makhutso Goamite, easten 2454122~ Pb-Powhdlerock Walmven  Minimum  age Lmit for
Bushveld Complex 133 (1988) Bushveld Comlex Granites
Kiipkioof Granite, eastem 15314157 . UPbuion  Cossizeetal Dita are sovercly discordant,
Bitshveld Comiplex 142 _ (1978) date is much too low
Klipkioof Granfte, eastem 2085:t70 Rb-Sr bictite Walraven Uncertainty on inftal ratio
Bushveld Comyplex (19870) tooJarge to bemeaningfil
Klipkioof Granite, eastern 17884112  RbSrwholorock Walmven  Uncertainty on initial ratio
Bushveld Complex (19878) too large to be meaningfil
Klipkloof Granite, eastem 2038+170-  Pb-Pbwholerock Unpubl, Data :

Bnsirveld Complex 192 of Walmven

Nebo Granite, Bpshveld 1504 £243 RbSrwholorock, Schreiner — Within  uncertainty  of
Complex | feldspar, biotits  (1958) accepted age | |
Nebo Gréanite, Bushveld 1791t020S5 Rb-Sr model date Nicolaysener Highest date trom Rustenberg
Complex on mica al(1958)  Plats, lower dates from

 yarious Nebo Grahite sammples

Nebo  Granite, central 1982¢246-81 U-Pbmonazite  Nicolaysenet Within  mcertainty  of
Bushveld Complex _ al{1958) accepted age '

Nebo Granmite, central and 199340078 U:Pb  momazite, Nicolaysenef Within  noeriainty  of
enstern Bushveld Complex Zircon al, {1958} accepted age



Table 2.3 continued Compilation of existing geochronological data for the Lebowa

Granite Suite,
Rock Unit Date (Vi) Method and  Reference Comment
material
Nebo Granite, Bushveld 1955+37-3¢ U-Pb  momazite, Burgerefal
Complex gircon (1967)
Nebo Grante, Bushveld 1915:18  PbPo monazite, Burgererdl
Complex ' zltoen,  fldspar,  (1967)
apatite
Nebe Granite, westem 1946 £+45  RbSrwholerock Daviesefal
Bushveld Complex {1970)
Granite, Bushveld Complex 1871 £102  Rb-Srwholerock Hamterd ~ Isotopic disnnbance results
: Hamilton mlowdate

_ (1978)
Nebe Gramite, eastsn 20545149  U-Pbzircan Faurie (1977)
Bushveld Comiplex
Nebo Granife, vatous 194844239 U-Pbuzircon Coertzeetal.  Data are discordant, date is
parts of Bushveid Complex (978) Tower than acuered Age
Nebo Grumite, Bushveld 2052148 U-Pb zircon - Walraven &t
Complex - _ _ al. {1981)
Nebo Granite, castem 1982463  RbSrbiotte  Walmvener  Within  umcertainty of
Bushvela Complex al, (1985) atoepiod age
Nebe Granite. castem 1779%102 RbSrwholerack Walmvenet  Date too low compared to
Bushvezd Camplex al. (1985) accepted age
Nebio Granite, Fairfield, NE  1905£186  Rb-Srwholerock  Walmven Low but within wncertainty.
of Pratoria. (19870) of accepted age
Nebo Granite, Fairfisld, NE 203792  Rb-Srwholexock Walmaven Date uhblained by regression
of Pretoria (1987h) of magnetite gahbro together

 with Nebo Granite

Nebo Granite, Fairfield NE  1842+350-  Pb-Powholerock Walriven '
of Pretoria 397 (19870)
Nebo Gramite, Bushveld 195029 U-Pb zircan Walraven et
Complex, area NW of ol {19370)
Potei
Nebo Grenife, eastem 208248085 PbPbvholerock Unpublished — Within  wncertainty  of
Bushveld Complex data Walraven accepted age




Table2.3 contivued Compilation of existing geochronclogical data for the Lebowa

Bushveld Complex

24

Granite Suite. _
Rock Uait Date (Ma)  Method and Beference  Comment
material
Nebo Granite, Veckraal, 18578328  RbSrwholorock Unpublished Low date but very large
westem Bushveld data of - uncertainty; indicative of
' Walrtaven  isotopic disturbence
Nebo Gramite, Veeasal, 2171#105- PbPbwholerock Unpubtished Ovtside mcertainty limits of
westerm Bushveld ‘ 113 data of accepted age; indicdtive of
Walraven isotopic disturbance
Boblekasnkop  Gramite 2074+9994 U-Fbcassiterite  Gulsomand  Interpretation problematical
from area nothwet of Tones {1992)
" Potgictersrus - .
Nebo Gramitr dylee fom 2054518 Pbewaporationm  Waltaven ~ Accepted age of Nebo Granite
area  noxhwest  of zixeon and Fhitingh '
Potgietersrus {1993) . _
Verena Porphyrific 2050 PpPbwholerock Rubbetal,  Unaltered  coarse-grained
 Granite, Albext Silver Mine, (1994) porphyritic ¢ wmite
Bushveld Camplex _ |
Verena Porphyritic 500 Pb-Phwholesock Rotb ef Altered smnples  associated
Granite, Albert Silver Mine, al(1994)  with minexalisation
Bushyeld Complex
. Verena Porphyritic 2050 Rb-Srwholerock Robbetal  Unaltered  coarse-gmined
Granite, Albert Silver Mine, {1994) porghyritic granite
PBushveld Camplex _
Verena Porphyritic 1672 Pb-Ph galena Robbeial.  Galena from quartz sulphide
Granite, Albert Silver Mine, (1954) vein in phyllic slteration zone
' Bushveld Complex _
Verena Porphyritle 1574 Pb-Pl galena Robberal.  Galena from quartz slphide
Granite, Albert Silver Mine, {1994) vein in. phyllic alteration zone
Bushveld Complex
Verena Porphyritic 400 Pb-Pb galena Robbetal  Golena from  propyilitic
Granite, Albert Silver Mine, (1994 altered 7one comprising Iate
vaggy. fhoite, galena and

carbonate



Table 2.3 confinaed Compilation of existing geochronological data for the Lebewe
Granite Suite.

Rock Unit Date (Ma}  Method and Reference  Comment

. material
Lease Granite, Zaaiplaats 103371 “McNaughton Al data
' . et al. (1993)
Lease Granite, Zaalplaats 1187 £51  Pb-Fowholerock McNaughton Least altercd samples
et al (1993)
Lense Grante, Lentfcular 1101 351 PoPbwholerock McNaughton Towards Jow grade orchody
urcbody, Zaaiplasts etal, (1993)  with altered samples omitted
Lease Granite, Lenticular 1160 - 82 Pb-Pbwhole rock McNaughton Towards low grade orcbody
orebody, Zaniplasts © efal (1993)  withaltered samples included

Rashoop . Granophyre, 961 £ 129 Po-Pbwholerock McNpmphion
Zuaiplaats ' et al. (1993}

~ TheagesshowninTable25 +.  various units of the Lebowa Granite Suite suggest that
isotopic exchange was active tor approximately 1000 m.y. after emplacement of the
magma. Mo Nanghton et al, (1993) found that samples from the Bobbejaankop Graite,
Lease Granite and Rashoop Granophyre consistently record an event approximately 1b.y.
after the emplacement of the granites, and that Pb isotope modelling indicates that each
suite evolved independently between 2050 and ca. 1100 Ma.

The age of the Neho has been narrowed down from 2050 Ma to 2054.4 + 1.8 Ma using
conventional zircon Pb-Pb dating of a Nebo dyke, Ages younger than 2054 Ma are
iﬁterpreted as reflecting disturbance of the isotopic systems on which the determinations are
based by post-crystallisation processes (Walraven and Hattingh, 1993). For example, the
selective removal of radiogenic Sr from K-feldspar by late stage magmatic or hydrothermal
fluids, affects the Rb-St isotopic systern, and results in isochrons younger than the
emplacement age being obtained (Walraven, 1990). Such disturbances in radiogenic isotope
systems have been recognised at Zazipleats Tin and Albert Silver Mines. At Zaaiplaats, an
eveat at approximately 1100 M caused closure of the U-Pb systems and is interpreted to
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represent a blocking temperature age related to uplit and cooling of a long-lived
hydrothermal system and precipitation of the late stage minerals (galena) at 200°C to 300°C
(McNaughton et al., 1993). '

In a similar study at Albert Silver Mine, Robb e al. (1994) found that two episodes of
isotopic disturbance are recorded in the Verena Porphyritic Granite hosting the deposit, in
the veins associated with sulphide precipitation, and in the Iate stage voggy fluorite, The
late stage fluorite is considerably younger (400 Ma) than the samples containing suplﬁdes |
(1672 Ma and 1574 Ma), which in turn is considerably younger than the wmaitered host
granite (2050 Ma). Robb ef al, (1994) suggested that the data could be interpreted to
reflect the ages of twa discrete mineralisation events, the older age (1600Ma to 1700Ma}
corresponding to the age of late-stage processes affecting the Bushveld granites, while the
 younger age (400 Ma) would imply a later unrelated event. '

.GENEHCMODEL FOR THE EVOLUTION OF THE BUSHVELD COMPLEX

The relationships between the units of the Bushvek! Complex and the sedimentary and
volcanic components of the Transvasl Supergroup have been elucidated by the
geochronologiéal studies reviewed above, and, together, a model for the evolution of the
Bushveld Complex has developed.

Azcording to Walraven (1997), the Bushveld Complex developed as follows: The volcanic
. rocks of the Dullstroom Formation and the Rooiberg Group were intruded after the
deposition of the Pretoria Group sediments (Transvaal Supergroup). Initially this volcanisim
was bimodal and areafly restricted to the south-eastern Transvaal basin (the Dullstroom
Foration), but soon became acid and, after extrusion of the Darmwal Formation, extended
across the entire Transvaal basin. The Rashoop Granophyre Suite was emplaced near the
end of, or immediately after, the Rooiberg volcanism. The first of the Bushveld Complex
units (Rustenberg Layered Suite) was the.. emplaced, followed by the Lebowa Granite
Suite,

The Lebowa Granite Suite developed as a function of the crystallisation of the granitic
magma, The Nebo and Klipkloof Granites are geneti- Uy related, and 2 modsl for their
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origin was proposed by Kleemann (1985), The model suggests that the Nebo Granite was
intruded at shallow depth, beneath an impermeable cover seguence of granophyre and
Rooiberg Felsite. Towards the end of the crystallisation history of the Nebo Granite, a late-
stage volatile-rich fiquid separated, and formed thin sills and dykes referred to as Klipkloof
Granite, which occur in the upper portion of ﬁle Nebo Granite. It was concluded that the

more differentiated sills occurred at higher Jevels in the Nebo Granite, Late-stage lquids
from both the Nebo and Klipkioof Granite intruded inte higher levels to form the fme-
grained Klipkioof dykes (Kieemann, 1985).
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Stavoren Granophyre

Intrusion of Nebo Granite magms and isation of Nebo Granite magma-
formation of intrusion breccia, homblende-rich in lower portions and biotite-
rich in upper portions of the sheet.
3 4

Stavoren Grangphyre

e

Late-stage aplite dykes are intrusive into
Klipkloof Grauite sills (stockwork-like) and
Nebo Granite,

Late-stage volatile-rich rest liguids form the
Klipkloof Granite sills in the upper part of
the Nebo Grauite.

| Mineralisation trapped by
Stavoren Granophyre.
| _Fine- to medium grained Klipkloof Granite.
—Porphyritic Klipkloof Granite.
—Medium- to coarse-grained Klipkloof Granite.

Mineralisation trapped by fine-

Figure2.5 A model for the origin of the Nebo and Klipkloof Granites (redrawn from
Kleemann, 1985).
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2.2. THE GEOLOGY OF THE AREA EAST OF MARBLE HALL. - Field
mapping area

Geological mapping of the area shown on Figure 2.6 was conducted in order to gain an
insight into the field relationships between the Nebo and Klipkloof Granites, and to
establish @ framework for the barren gramites, against which alteration and fhaid
characteristics associated with mineralisation. could be compared.

The ares covered by four 1:10 000 orthophoto maps spans approximately 112km? and
inclndes land on eight farms. The area was chosen for the mapping exercise because of its
ideal stratigraphic position in the Lebowa Granite Suite, being in the upper portions of the
Comtplex, where all of the Klipkloof Granite varieties are represented as intrusions within
the Nebo host Tock. In addition, the area contains major WNW-ENE trending fukt
systems which extend right across the Bushveld Complex. OF particular importance is that
the faults cutting though the mapping area may be traced westwards, and cut across the
farms Spoedwel and Dronkfontein where mineralisation is known to occur. The area Is
approximately Skm south-east of the Boschhoek copper deposit, approximately 40km
south of the Grass Valley tin deposit and approximately 50kim east of the Spoedsel copper
deposit, However, no mineralisation was known to occur in the area, and none was found
during the mapping exercise. The area was therefore considered suitable as a standard of
unmiiperalised Nebo and Kiipkloof Granite, Jocated sufficiently close to the mineral deposits
selected, in order to make meaningful comparisons of fluid chars *++istics and alteration
assemblages,
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Map indicating location of field mapping area relative {o the ore deposits at

Grass Valley, Spoedy ], Dronkfontein and Boschhoek.
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LOCAL GEOLOGY

The geological map of the area marked in Figure 2.6 is shown in Figure 2.7. Each of the
rock types indicated on the map are discussed below. The 4 Individual 1:10 (000 geological
aps are to be found in the back pocket.

The Nebo Granite

The Nebo Grante is the most abundant rock type in the study ares, forming the country
tock into which the fine-grained aplitic Klipkloof material is intruded. The appearance of
the Nebo Granite varies and three distinct types have been recognised.

¢ Medinm- to coarse-grained equigramular granite, with discrete enhedral crystals of
quartz and feldspar. Hormblende occurs as disseminated clusters and makes up 10-15%
of the rock composition. The quartz is commonly orange-coloured and the fildspars
m’eam-coldmed. Weathered surfaces are cream to orange in colour, with angular

feldspar crystals projecting from the surface.

e Coarse-grained to very coarse-grained rock in which the large evhedral to subhedral
crystals of white perthite (feldspar) form the bulk of the rock mass, Minor ameunts of
intetstitial quartz and hornblende are present. Localised haesnatisation of this rock near
shear zones produces a deep red discoloration which closely resembles the
Bobbejaankop (coarse-grained K]ipkhof} Granite, On closer inspection, i is clear that
the mafic content is too great for it to be classified as Klipkloof and the characteristic
linked quartz chains which stasd proud of weathered surfaces are absent, The feldspars
of this Nebo variety are more resistant fo weathering than those in the coarse-grained
Rlipkloof Granite.

e A comtact facies hus been observed where the original Nebo host has been partially
invaded by fine-gramed Klipkloof Granite, The majority of the rock is composed of
nedium- to coarse-grained quartz and feldspar crystals, but small amounts of fine-
grained material ocours interstitially. This rock type occurs in shear zones and along
contacts between typical fine-grained and porphyritic Kiipkloof Granite and the Nebo
host.

3



FigureZ7  Geological map of the field mapping area east of Marble Hall (see fold out
overleaf). o
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The KlipKloof Granite

Typical fine-grained Kiipkloof Granite

The fine-grained Klipkloof Granite is relatively abundant in this area, occuming as dvkes,
sheets and plugs in the Nebo host rock. The grain size is approximately 1mun and a
preliminary petrographical investigation indicates that it has subsolvus granive moineralogy
i.e. plagiocase, K-feldspar and quartz, as opposed to the hypersolvus mineralogy (no
primary plagiociase) of the Ne and Bobbejaankop Granites.

Evidence for at least two generations of fine-grained Klipkloof Granite exists in the study
area. Cross-cutting relationships have beea observed, where the earlier dykes, sills and
plugs have been ntruded by a younger generation of fine-grained material, The second
generation material is commonly slightly coarser-grained, and forms namrow veins and
dykes composed of quartz, feldspar and, rarely, tourmaline,

Porphyritic Klipkloaf Granite

This facies bas been described as the contact facies between pastially consolidated Nebo
Granite and the typical fine-grained Klipkloof Granite (Kleemaunn and Twist, 1989). This
relationship has been ohserved irt some instances, but not all. A broad band of porphyritic
granite tren.dfng roughly east-west on the furm Welgelegen 756KS is a good example,
illustrating the mtermediate position of the porphyritic Klipkloof Granite between the fine-
grained Klipkloof and the Nebo Granite, However, several other instances where thete is
no porphyritic confact facies between the fine- and coarse-grained gravifes, have been
observed.

Three types of parphy itic Klipkloof material have been observed. Types a) and b) are
associated with Nebo Granite while c) is assacizted with Bobbejaankop Granite.

&) Large (2-4mm) disseminated, euhedral feldspar phenocrysts/xenocrysts i 4 fie-grained
matrix. Quartz phenocrysts are minor or absent. This type of porphyritic granite is
distinctive 1o outcrop, forming medium sized, rounded «d smooth surfaced boulders that
are relatively resistant to weathering. Two areas where significant amounts of this rock
type are exposed are on the farms Rietvalef and Welgelegen.
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b) Medum-sized (>2mm), rounded phenocrysts/xenocrysts of both feldspar and quartz
ocour in & fine-grained matrix that s commonly hematitised and chloritised. The outcrop is
less distinotive and cau easily be mistaken for typical fine-grained Klipkloof granite, sice
they both weather to small, angular fragments,

¢) A single instance -f this rock typ was recognised where Bobbejaankop Granite
. ({coarse-grained Klipkloof) was intruded by ..ae-grained Klipkloof granite; An interenediate
rock type was produced which is deep red in colour, with red feldspars and rounded quartz
blebs 1 a matrix of fine-grained granite. It is worth aoting that the lack of mafic minerals in
the Bobbejaankop Grinite (coarse-grained Ktipkloof) is inherited by this contact facies and
no chloritisation of hormblende xenocrysts (isherited crystals) is ohe=-ved,

Albitised Klipkloof Granite
"This facies is an altered version of the typical fine-prained Klipkloof granite, and hosts
tourmaline balls (Figure 2.8), The appearance of the rock varies depending on the extent of
albitisation. Tn highiy albitised zones, the rock is white in colour with a sugary texture and
disserinated specks of a platey, mafic mineral, which has been identifies: as biotite. The size
~and abundance of matic specks varies from small, barely visitie particles t0 medium
(>2mm) sized grains. Isolated occurrences of z fine-grained Klipkloof Granite with between
50-60% of disseminated tourmaline have been observed in association with tourmaline-
bearing, albitised plugs of Klipkloof Granite.

A second peneration of fine-grained Klipkloof aplite which contains crystalline tovrmafine
blebs along the central portion of the veins, cross-cuts the earlier formed fine-grained
granite which bears the tourmaline spheroids, On careful inspection, it appears that the
tourmaline spheroids are most abundant adjacent to the secondaty aplife veins. This
suggests that the tourmalinisation and afbitisation of the fine-grained Klipkdoof granite is a
secondary overprint resulting from the action of fluids introduced with the second pulse of
aplitic material. Pneumatolytic fluids containing boron (and fluorine and chlorine),
percolated through the Klipkloof Granite wall Tock precipitating tourmaline in miarolitic
cavities, fn veinlets and as spheroids of tourmaline intergrown withi albite and quart=,
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Figare2.8  Photograph of a tourmafine spheroid in albitised Klipki~oT Granite at
Leeufontein.

A second and more common mode of occurrence of the tourmeline balls/spheroids is
within the upper 1 to 2 meters of fine-grained Klipkloof Granite, beneath the contact with
the overlaying Nebo Grauite. No secondary aplite dykes are in evidence and is seems
possible that the pneumatolytic fiuids collected beneath the consolidated Nebo Granite,
inducing localised albitisation and tourmalinisation of the original fine-grained Klipkloof
Granite. The mechanism which caused the formation of the tourmaine balls at this position
has not yet been unravelled and fiwther work in this field is necessary.

Coarse-grained Klipklpaf Granite

The occmirence of this rock type is Gmited, and appears to form an incomplete ring
observed on the farm Dikgalaopeng. Weathered exposures show the characteristic linked
quartz chains that are more resistant. The mafic content is less than 5 % in areas where
interstitial quartz separates the hematitised perthite crystals. In other cases, the interstitial
material is fluorite, and the mafic content is even less. The grain size is fairly uniform,
coarse-grained. However, a single instance where medinm-grained Bobbejaankop Granite
ocutcrops, was noted.
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STRUCTURE

The dominant style of structural modification is faulting and associated shearing. Three
categories of fault trends have emerged from the data collected. The first category
comprises a set of three parallel favits trending 120°. Thase faults are immediately obvious
on the arthophoto map, as deeply incised river valleys or gorges. The flanks of these gorges
are extremely steep and show a cross-section of the geology to some depth. Tt is clear that
the intrusive relationships are complex, agd that surfice mapping alone is insufficient to
gain a proper understanding of the structure of tite area.

Undulating sills, bifircating dykes and irregular plugs of more than one generation of fine-
grained Klipkloof Granite have been intruded info the Nebo host rock. To further
complicate matters, secondary fanliting .. oblique angles 1o the rnain fault have been
observed, Two sets of paraliel faults have been recognised, ong set trending 030° and the
other set trending 055° to 060°. The displacement along most of these faults is neglipible, -
and where gbrupt changes ocour, the displacemer.. cannot be measured since the continuing

. lithologies have either been removed by erosion or oceur at some depth beneath the
surface, Thus, it is impossible to determine the nature of tha fank.

The second and third categories of fault and shear trends trend parallel to the secondary
fanlts described i the first category. These trends reflect regional faults that are
radiometrically evident. The one fault trends 040° and the other at 060°, and they are
associated with a band of tourmalinised, albitised Klipkloof Grauite, prompting the
suggestion that the fault may have served as a fluid conduit for hydrothermal fluids.

From the geological relationships (Figure 2.9) it appears that the regional faults occur in
zones occupied by fine-grained Klipkloof Granite. This material may be fess competent than
the Nebo Granite, and, thus, represent zones of weakness. This observation is supported by
the weathering chardcteristics of the different fithologies. The Nebo Granite forms resistant
outcrops whereas the fine-grained Klipkloof granite weathers easily, formiug valleys and
flat Jaying aveas with soil and vegetation cover. An alternative possibility is that the fine-
grained Klipkloof granite was preferentially erplaced into findamental structures that were
“both pre- and post-Bushveld fn activity.
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Fine-grainer!

Granite

Porphyritic

Nebo Granite

Figure 2.9  Schematic diagram showing the intrusive relationships between the Tock
nits in the Lebowa Granite Suite.

23 CONCLUSION

The extended nature of hydrothermal activity in the acid rocks of the Bushveld Conplex
has been established by numerous gecchronological and radiogenic isotope studies. From
the time of emplacement of the Nebo Granite magma at 2054 Ma, the radiogenic isotopic
systems were exposed to disturbances caused by hydrothermal activity between 1600 Ma
and 1700 Ma, as well as at 400 Ma. Ages for the closure of lead isotopic systems vary. At
Zaaiplaats in the northern part of the complex, internal exchange of Pb cersed after 1100
Ma, tut, at Albert Silver Mineint' - south, ages of a disturbance between 400 Ma and 500
Ma were obtained. 'Thus, hydrothermal activity spanning approximately 1654 my. is
recorded in the granites of the Bushveld Complex.
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The relationship between the coarse-gmined Nebo Granite and the varions fine-grained
varieties of Klipkloof Granite has been attributed to the crystallisation of the granitic
magma and volatile enrichment of the residual magma. Geological mapping has revealed
that two generations of fine-grained Kiipkloof Granite dykes and sills have been intruded
into the Nebo Granite, which are tparkedly different to the fine-grained chilled margins of
Nebo Granite, In addition, the porphyritic Klipkloof Granite is often found to accur
between the Nebo host rocks and the fine-grained Klipkloof intrusive, and is interpreted as
representing portions of the magma chamber whick were incompletely crystallised before
the injection of the aplitic waterial. In cases where the porphyritic Klipkloof' s absent, and
sharp contacts between the Nebo and Klipiloof Granites are observed, & is suspected that
the pluton was completely crystallised at the time of aplite injection. In addition, the
Kligkloof Granite is ofien focused along large-scale fractures which extend seversl
 humdreds of mistres. '



CHAPTER 3

MINERALISATION IN THE BUSHVELD GRANITES

31 OVERVIEW

Polymetallic mineralisation in the Bushveld granites has been the subject of research and
exploration for many years. However, since the discovery of the Fe oxiderich Cu-
AuHUREE depostt at Olympic Dam (South Australia), inferest in this type of
mineralisation has intensified considerably. The deposit is controfied by faults or shear
zones, and shows 1o clear association with the plutons assumed to have generated the
fivids, Yo parfiowlar, similarities between the mineralisation at Olympic Dam, and the
mimerous small deposits in the Bushveld grauites, have given direction fo exploration
efforts intheregion.

The Olympic Dam deposit is hosted by the Olyropic Dam Breccia Complex, wiich is within
the Roxby Downs Granite. The granite and the breccia complex are coeval with the Gawler
Range volcanics-Hiltaba Suite volcano-phutonic association, and all are products of a major
_ middle Proterozoic thermal event on the Gawler craton, South Australia { Heynes ef al,
1995). The Olympic Dam Breccia Complex comprises & large body of fractured,
brecciated and hydrothermally alfered Roxby Downs Granite, as well as a variety of
hematite breccias, and minor tuffs and sedimentary rocks (Haynes et al., 1995). The Roxby
Downs Granite is an A-type granite, with high K;O, REE, Zr, Y, U, Th, and F content
(Johnson amd McCulloch, 1995), which was produced by fractionsl crystallisation of a
quattz-oe:oite melt derived from partial melfing of a deep-crustal tonalitic source
(Creaser, 1989). ‘The pranite has been dated af 1588 4 Ma (Creaser and Cooper, 1993).

Three mineral associations have been recognised at Qlympic Damn. The early magnetite (+
hematite), chlorite, sericite, siderite, and minor pyrite, chalcopyrite and wuraninite
(association I) is extensively overprinted by hematite, sericits, chalcocite, bornite,
pitcﬁblemie, ‘barite, fluorite, and chlorite (association If). The paragenetically latest major
mineral association consis::. £ hematite, or hematite + pranular quartz + barite (association
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1I1}. All three mineral associations display complex overlapping and indistinct boundaries,
Rock relations; breceis textures, ore mineral textures, and mineral parageneses provide
evideuce of repetitive brecciation and mineralisation events, indicating that ore genesis was
complex and multistage (Haynes et al,,1995).

The model (Figure 3.1) proposed for the mineralisation is one in which mixing of & hotter
magmatic, or deeply circulated meteoric water, and a cooler meteoric water resulted in ore
genesis, Mineral associations and their zonation, as weill as fluid inclusion and isotopic
data, provide evidence for the fluid mixing model, findamental to which; is the presence of
sttitable fiuid conduits (faults and breccias) in the host granite.

wt— WATER CIRCULATION
PATH -

5] BN

Figare3.1  The hypothesised water mixing, ore precipitation and ore leaching scenario
in the Olympic Dam Breccia Complex 2nd in the Olympic Dam maar volcano (fom Haynes
etal,, 1995).
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In the Bushveld granites, the mineral occurrences appear to be related to the presence of
large scale regional faulting, with most sizeable deposits occurriug on the flanks of fault

systems. A beit of mineralisation has been preserved within a grabes (similar to that at

Ofympic Damd), which is flanked by the Wonderkop and Zebediela fault systems and trends

parallel to the Steeipoort fanlt (see Figure 3.2). A linear fluorine svomaly has been
tecognised along the southern margin of the graben. The 12 deposits occurring within the
graben are shown in Figure 3.3, and include the Prins Anna, Hartebeestspruit, Zustershoek,

Rooipoort West, Rooipoort East, Albert, Kwamiclangte, Vlsklaagte, Boekenhoutkloof,

Klipdrifi, Houtepbek, and Klipplaatdrift,. The northem flank of the praben hosis the

Spoedwel, Drozkfontein, Viakfontem and Stavoren depusits. The dep.osin" associated with
the graben comprise predominantly Cu-Pb-Zi-AstAgtAu deposits, with a Inter Fe-U-F
assémblage becoming muore pronounced in the deposits along the southern flank of the

graben. Tin mineralisation accurs towards the north and north-west of the complex ie.

Zaaiplaats, Union and Rooiberg. Table 3.1 shows the variation in major ore components

the Zasiplaats and Grass Valley tin deposits, compared with deposits where the Cu-Pb-Zn-

AstAgtAu  and Fe-U-F assemblages dominate. It is clear that each of the mineral

assemblages are represented at the deposits, but the primary ore ~inerals vary in

accordance with the roughly north-south S/ Cu-Pb-Zp-AstAgtAw/ Fe-U-F zonation
mentioned above. Thus, & regional zonation in ore minerals can be recognised in the
Bushveld grauites,
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Table 3.1 Mineral occurrences at deposits where tin, sulphides and/or fluorite are
present (adapted from Crocker, 1979). (W major,  common, A present, X accessory, *
trace, not observed).

Zagiplaats  Grass Valley Albert Houtenbelk  Vergenoeg

._ Quariz B [ * . A
Orthoclase N B A
Tourmaline * -
Cassiterite * »
Scheelite A A
Bornfie ' * A *
Chaleocite . T
| Chalcopyrite . A A X -
. Pyiite . s . .
Pyrrhotite |
Tennantite ‘
Tetrahedrite . - A
Galens . * A
Sphalerite . . A A .
Arsenopyrite A A A A
Molybdenite | | *
Fluorite . * X A
Magnetite . . * =
Hematite x x = - W

In addition to being generally fracture-related, minerakisation tends to be concentrated in
the upper portion of the Lebowa Granite Stite (near the roof zone) and may be either
endograxitic or exogranitic. Scopgins (1991) suggested that this phenomenon is related to
~ the upward fractionation trend noted within the Lebowa Gramite Suite, in which
metalliferous fluids have been entrapped below au early chill phase of the granite, or
releaged by hydraulic frecturing of the brittle roof rocks, Figare 3.4 illustrates the positions
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of Spoedwel, Dronkfontein, Viakfontein, Stavoren and Grass Valley, and the A-B section
shows the stratigraphic position of the mineralisation at each deposit. The diagram shows
that mineralisation is concentrated at the contact between the granite and the overlymg
granophyric roof rocks, or within the roofracks themselves.
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Figuwre3.4  Geological map and cross section A-B showing the stratigraphic position of
the mineralisation at Spoedwel, Dronkfontein, Viakfontein, Stavoren and Grass Valley.
Modified from . .oggins (1951).



Pt -vious studies on the nature of the munerahsation at well known deposits, such as
Zagiplaats and Albert, have brought to light a number of important points related to the
mineralisation jn the Bushveld granites, and several attempts to model the ore genesis have
been made. Crocker (1979) undertook a regional assessment of the fluorite, tin and
associated rare-metal carbonate occurrences, and concluded that centripetal crystallisation
ofthe pranite pluton resulted in enrichment of the melt in non-essential residnal and volatile
constifuents, which were released by tensional fracturing of the crystallised perigheral rind.
Prieumatolytic-pegmatites developed in the fracturefoint system formiug flat manto
orebodies. The resulting mineral assemblages consist of either actinolite-fluorite or of
magnetite-siderite-fluarite, whick became sltered ta the common hematite-quartz-fluodte
assemblage,

The results of a study by Smits (1980) on the Rooibokkop-Boschhosk copper deposit in
the Marble Hall area are imp.. tant, because the model proposed for the mhmlisaﬁon
incorporates the concepts of flnid channelling along fracture zones and subsequent mixing
of magmatic and meteoric fluids. Smits (1980) found that the orebody was composed of
sulphide-bearing siderite and quartz hydrathermal veins which were emplaced 4long an
existing fracture zone in the Nebo Granite. Recurrent fracturing improved the permeability
of the host rock, permitting circulation and mixing of meteoric and magmatic fluid, The
veins parallel the Wonderkop Fault, as well as paralle] to the mineralised fissures associated
with the Stavoren and Grass Valley tin deposits. Smits (1980} recognised three major
episodes of fissure formation. The first major episode produced steegly dipping crevasses
with a maximum width of 7m, resuliing in a composite vein system within the fracture
system. The fissures were filled with large siderite crystals, enclosing sparsely disseminated
pyrite and pyrthotite. Two episodes of delayed brittle fractering of decreasing magnitude
followed the major hydrothermal event in response to the gradual release of sivess. During
the second episode of fracturing, fissures of less than 1m were formed and fluids charmelled
aieng the open space were silica-rich. Sulphide mineralisation and quartz veins commonty
occur in the hanging wall or foot wall of the siderite veins. The third episode of fracturing
occurced towards the end of the sulpaide mineralisation, producing an intricate set of
micro-fissures.
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Smits (1930) established a paragenetic sequence of minerals in this multi-stage
hydrothermal system which is related fo the three fracturing events described. The
paragenetic sequence is as follows:

Early stage: 1. Pyiite 1 - pymhotite - siderite 1 - quartz 1, pyrrhotite having been
replaced by marcasite - pyrite 2 before the introduction of the assemblages
in the 2 later stages

Main Stage: 2. Pyrte 3 - quartz 2
' 3. Sulpharsenides - quartz 3
4, Quartz4 - bismuthinite 1 - galena 1 - sphalerite 1 - chaleapyrite -pyrite 4
- tennantite (assemblage interrupted by quartz 5)
5. bismuthirite 2 - sulphosalts - galena 2 - sphalerite 2 - quartz 6 -

Late Stage: 6. Sphalerite 3 - galena 3 - quartz 7
7. Siderite 2
8. Quariz8

At the surface, the mineralisation displays a zonal distribution: & central elongated copper-
tich belt is bordered on both sides by zones in which galena and sphalerite become
progressively more abundant, According to Smits (1980), the introduction of meteoric
water resulted in the transformation of pymhotite mto open textured marcasite-pyrite
agpregates, and the pervasive sericitisation of the host grenite, At a later stage, oxygenated
waters of atmospheric origin caused hematitisation of siderite, the replacement of
chalcopyrite with bomite, and the chloritisation of the pranite between the oxidised veins,

However, not all deposits in the Bushveld gramite are fracture-related. For example, the
Zasiplaats tin deposit was formed in the absence of deeply penetrating fiactures or the
interaction of meteoric fluids, Pollard ef al. (1991) have shown that primary concentration
of Sn occurred by means of crystal fractionation, and that later magmatically-derived fluids
further concentrated the Sn into pipe-like orebodies. Pollard ez al. (1991} maintain that the
distibution of disseminated and pipe-style mineraisaion at Zasiplasts reflects @
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comhination of processes including: 1) early separation of an HoO-NaCl-CO; fluid enriched
in boron to produce pipedike conduits by collection and upward flow beneath
crystallisation fronts, supplemented by later dissolution of gramite, 2} accomslation of
fivorine-rich fluids evolved at 2 more advanced stage of crystallisation beneath downward-
advancing crystllisation fronts to produce strongly miarolitic zones of Lease Granite
contaming disseminated cassiterite (low grade), 3) accummlation of fluorinerich
 hydvothermal fiuids, possibly between upward- and downwand- advancing crystalisation
froots to produce the di-:c.ninated cassiterite mineralisation zone, and 4) pervasive
alteration of the granites accompanied by filling of miarolitic cavities and pipes. The
crucial fuctor in the formation of the Zaaiplaats deposits was the lack of hydraulic or
tectonic fracturing during crystallisation (Pollard ef &l,, 1991), According to Crocker
© (1979), this type of endogranitic deposit forms one end member of the range of mineral
occuirences in the Bushveld gﬁhites, while the fault-related exogranitic Sn deposit at
Rooiberg represents the other extreme,

‘The Rooiberg tin deposit is hosted by a sedimentary roof pendant of the upper Pretoria
Group. Mineralisation occurs along bedding planes within the arkosic Jayers and as joint-
or fracture-related Jodes. However, fie ore-mineral and alteration parageneses in both
styles are identical ‘The paragenetic Sequence is orthoclase-quartz followed by tourmaline-
apatie-cassiterite and finally carbonate-chalcopyrite-pyrite (associated with minor galens,
sphalesite bismithinite and gersdorffite) (Leube and Stumpfl, 1963). Robb et al. (1994)
suggest that the Rooib~tg mineralisation was derived from an original magmatic fluid that
migrated some distance from its granitic source, and that the predommance of Sn in the
paragenesis suggests that hydrothermal fluids may have interacted with a zone of primary
cassiterite concentrated by progressive crystal fractionation, as at Zaaiplaats.

The concept of finid mixing playieg a role in the mineralisation process in the Bushveld
granites was first put forward by Wagner (1921) in a study of mineralisation in the Mutue
Fides/Stavoren tin field, Wagner (1921) recognised that the deposits were fiacture-related
and that the observed alteration features were produced by oxygenated surface waters.

Robb et ol, (1994) drafted conceptual models (Figure 3.5) of the minerafisation at
Zapiplaats and Rooiberg, and compared them to a preliminary model for mineralisation
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endogpranitic, fracture-related depasits, such as Albert and Spoedwel which contain little or
no Sn, and which are dominated by basc and precious metals, as well as hematite-
specularite, chlorite, uranium and fluorite, The Alberi deposit is associated with a
subparalle] set of gossanous quariz-heriatite veins, and consists of pyrite-chalcopyrite-
sphalerite-galena-arsenopyrite-argentiferous tennantite which was followed by a chlorite-
hematite-pitchblende-fluorite assemblage. The Spoedwel deposit copsists chiefly of
chalcopyrite and pyrite, with minor amounts of sphalerite, galena, arsenopyrite and fluorite.
The mineralisation occurs at the contact between a fine-grained caprock and the underlying
coarse-grained granite, and therefare is relatively stratiform. However, pluneing pipe-like
alteration zones do occur (Robb . 4., 1994), The Albert and Spoedwel deposits have been
re-examined in this study and are discussed in more detail in section 3.2.
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Figure 3.5  Geolopical characteristics of the Zaaiplaats-, Rooiberg-, Albert- and
Spoedwel- styles of mineralisation in the Bushveld Complex (from Robb ef al., 1994).

Hydrothermal fiuids play a key role in the formation of the ore deposits in the Bushveld
granites. Magmatic fluids, derived from water saturated zomes within the crystallismg
pluton, were convectively cireulated for as Jong ds one billion years after crystallisation of
the magma (Mc Naughton ef al., 1993), durmg which time, disseminated tin mineralisation,
formed by crystal fractionation, was remobilised into pipe-iike ore bodies (e.g. Zaaiplaats)
E (Pollard ef 4l 1991), and large scale regional fractures formed, which acted as conduits
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for the metal-charged magmatic hydrothermal fluids. These fractures served as conduits
along which external meteoric or connate fluids were charmelled into the pluton, where they
interacted with the magmatic hydrothermal fuids, resulting in the deposition of ore minerals
(Wagner, 1521; Smits, 1980; Robb er al, 1994) and pervasive alteration of the host
granites.

Previous studies on the nature of the fluids associated with granite-hosted mineralisation at
Zaaiplaats have indicated a progressive evolution of the magmatic hydrothermal system
from >600°C to 200°C, with cassiterite and scheelite precipitation above 400°C
(Mclaughton ef af,, 1993). The fluids associated with the precipitation of the sulphide
assemblage at Albert are in the range 260°C to 460°C (determined from Ty measurements
of fluid inclusions), while those associated with the late stage hematite-fluorite assemblage
are approximately 150°C (Ro"b ef al., 1994), Applying a 1.5 kb (depth of formation at
Zasiplaats, Pollard et al., 1991) pressure correction to the low temperature fluids at Albert,
elevates the entrapment temperature to approximately 240°C, which compares well with
chlorite geothermometry indicating equilibration temperatures of between 260°C and 290°C
‘(Robb e al, 1994). Temperatures of formation suggested by Smits (1980) for the
Boschhoek copper deposit were based on featurss such as the predominence of fracture
. filling over cavity filling, the type of wall Tock alteration and the structural state of
pyrrhotite, and point to an upper limit for the emp]acement temperature of 300°C.

'The characteristics of the flaids associated with tin mineralisation at Zasiplaats have been
extensively studied by Oliila (1981) and Pollard et af, (1991), and are discussed in. Chapter
5. However, relatively little is known about the fluids associated with the sulphide and
bematite-fluorite assemblages. A preliminary study of the fluid associated with
mineralisation at the Albert Silver Mine was conducted by Robb ef al. {1994), in which two
fluid populations were found, one with a final melting temperature of -20°C (equivalent to
22wt. % NaCl), and the other with a range of final melting temperatures between -5°C and
0°C ( < Bwt. % e NaCl). These populations correspond with the high and low temperature
ranges measired at Albert.
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Robb et af. (1994) proposed a general model for polymetailic mineralisation in the
Bushveld Complex, integraling geochronological and structural aspects, with fluid
characteristics from the Zaaiplaats and Albert deposits. This model (Figare 3.6 ) provides
the framework within which the present study was conducted. The main objective of the
present study was to test and refine the model, if possible, by examining the Albert and
Spoedwel deposits in greater detail, and to compare the geology and fuid characteristics at
these deposits with the Grass Valley, Houtenbek, and Dronksntein deposits, as well as
with fhuids associated with the barren granites in the area east of Marble Hall (see mapping
ares, described in Chapter 2). The history and geology of each of these deposits is
présemed in section 3.2, providing the foundation upon which the mineral petrography
(Chapter 4) and fluid inclusion anaiysis (Chapters 5, 6 and 7) are built into a comprehensive
model for mineralisation,
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Figure3.6  Gsuevalieed metallogenic model for polymetallic mineralisation in grarites
of the Bushveld Comr .« {from Robb et al., 1994).
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3.2. LOCALITY DESCRIPTIONS

The five ore deposits chosen for this study, ie. Grass Valley, Spocdwel, Dronkfontein,
Albert, and Houtenbek, are located in the exstern lobe of the Bushveld Complex (Figure
3.7). Spoedwel and Dronkfontein occur on the northem flank of the Wonderkop Fault and
are hosted by the Spoedwel granite pluton. Grass Valley is also associated with the
Wonderkop Fault, occurring approximately 37km nportheast of Spoedwel Albert and
Houterbek are situated within the graben bownd by the Wonderkop and Steelpoort Faults,
and ocour on the Dennitton and Verena plutons, respectively (refer to Figare 3.3 for map of
phitons).

GRASS VALLEY

The Grass Valley tin deposit was discovered in 1912, when prospecting in the area led to-
the discovery of tin on the farms Mutue Fides No.1844, Stavoren No.1871, Gaasterland
No. 1972 and Roodewaal No.1948. The tin depostt on the farm Mutue Fides No. 1844
belonged ﬁo_the Transvaal Consolidated Land and Exploration Company Ltd., and mining
began in 1915, However, the small size and ematic nature of the orebody, the inaccessibility
of the deposit, and the lack of water made mining unprofitable and # was abandoned in
1918.

Geology

AllthedepositsintheMumeFidésfStavorenth field are located within a narow zomne
trending in a SSE-NNW direction. The deposits are not coifined to any particular horizon,
and occur within the granite, granophyre and sedimentary roof rocks. The Grass Valley tin
deposit is hosted by the Lebowa Granite Suife. and occurs in two modes ie. associated
with pegmatiie and within fhe granite. The d.posits in the granite were classified into
talouilar replacement veins, iregular replacements or impregaations, pockets, and pipe-Hke
orebodies (Wagner, 1921).
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The granite-hosted occurrence at Grass Valley contained i« greatest ameitat of cassiterite.
Most of the ore was extracted from rwo large flat dipping tabular bodies, one of which
outcrops at the surface, while the other was epcountered at a depth of 182m. Bnth
orebodies are Teplacement veins following two gently inclined fractures in the granite, the
richest ore occurring at the intersection (Wagner,1921). The fractures trend paralie] to the
lower surfaces of pegatite sheets (Figure 3.7a), which bave trapped ore fluids and
resulted it the deposition of concentrated, high-grade ore, Tin mineralisation also occurs
along fractures in the granite (Figure 3.76).

L. Stannifecous greisen 2, Greisen.

3. Quarkz-rich pegmatlte, 4 Granite

a)
3
laclinadt
[ rrreture
I. Stanniferocus grelsen,
2. Greisen,
3. Red geanite.
b)

Figure3.7 2) FractureS in granite which trend parallel to overlying pegmatite sheets.
b) Cassiterite mineralisation along fractures in the granite. (From Wagper, 1921).
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The refationship between the pipe-style of mineralisation and Factures is not certain. From,
Wagmer's (1921) descuption, these pipes are not always associated with fractures. Int
Figure 3.8a, the pipe is associated with an inclined fracture, while W Figure 3.8b, no
fracture was fllustrated with the orebody. However, the shape of the orebady prompts the
question of whether the paraliel projections at the bottown of the ellipse are fault related.

g)

t. Hed pegmatitic felapar.

=, White pematitic feispar,

3. Massive seiphide ore {mainly pyrite with chaleopyrite).

4. Cassiterire.

& Assenapyiite.

6, Flusrepar. . . .
b) 7. Greenish-yellnw sericite-quartz Foch with erystals and patches v -assilerite,

arsenapysite and Huarsear.
£, Narrow rama of s2ft sericitic matter,
¢. Granite.

Figuye38 1) Plan view of & small pipe at Grass Valiey. b} Section of the ellipticat
orebody at Grass Valley, containing cassiterite and sulphide mineratisation (from Wagner.

1921).



The tin deposits in the pegmatites are imregular replacements confaining the same
assemblage of ore and gangue minerals as the granite-hasted deposits (Figure 3.9). Two
types of pegmatite were recoguised at Grass Valley, namely, intrusive and seregation
pegmatites. The segregation pegmatites accur as swall pockets which are zoned and grade
into the swrrounding pranite host. These zoned pegmatites commonly contain Buorite and
calcite in their central portions. Wagner (1921) suggested that these pegmatites represent
localised patches of resideal magma enriched in volatiles and water, The intrusive
pegmatites post-date the segregation pegmatites and occur as undulating sheefs with
sharply defined upper and Jower surfaces, Ore minerals are common in vogs within the
- pegmaiite and are considered to have been introduced alopg fractures which served as
favourable conduits for mineralising fluids.
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I"igﬁre 3.  Replacement of pegmatitic quartz by cassiterite and sericite (from Wagner,
1921).
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Wagner (1921} described the mineralogy of the Grass Valley tin deposit in detail. The
paragenetic sequence was divided into three main stages (ta be discussed in greater
dletail in Chapter 4). The principal ore mineral is cassiterite but subordinate amounts of
the following minerals are present: stannmite, wolframite, chalcopyrite, pyrite,
arsenopyrite, molybdenite, specularite, eisenrham, zircon, titanite, magnetite, galena,
sphalerite, secondary copper minerals, malachite and azurite, chalcanthite, limomnite,
quartz, chalcedony, feldspar, fluor-apatite, sericite, chlorite, fluorite, calcite, and
ankerite. The mineralogy of this deposit has been re-examined and is presented in
Chapter 4.

' SPOEDWEL AND DRONKFONTEIN

‘The Spoedwel and Dronkfontein deposits are situated on adjacent frms in the Groblersdal
 District north-west of Marble Hall. The Spoedwel Copper Mine, located on the farm
Spoedwel TOIKS, and the firm adjacent to Spoedwel, Dronkfontein 724KS, both contain
sulphide mineratisation in the form of veins and tabular ore bodies.

The presence of a copper ore body below the surface at Spoedwel was only detected in.
1973, when a private contrator, commissioned to find and drill for ground water on the
farm. Spoedwel 701 KS, found chalcopyrite in the percussion chips. A period followed
during which various reining companies showed passing interest in the ore body, Somerset
~ Mining Company acquired an option to prospect in 1975. After drilling a few holes, some
of which did not intersect the orebody, it was decided to first delineate the orebody by
geophysical and geochemical methods.

Despite the possibility of a small high grade copper deposit, no mining companies were
~ prepared to 1isk development, By 1985, Concor had acquired the option to exploit the
orebody. During 1985 and 1986, a 36m vertical shaft was surk into the orebody and a
40m development tunnal was driven across the orebody to prove the consistency of the
grade (2,4% Cu). Shorily after the completion of the shaft Concor, sold all their mining
interests. The company Spoedwel Copper Mine was founded by Mr. A Frick (a geologist
with Concor) and & sumber of directors with Concor. A 100 ton/day plant was erected and
production began in September 1987,
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Several cores were drilled on Dronkfontein in 1989 and at least four orebodies were
intersected. The northern part of Dronkfontein contains mineralisation in the overlyiﬁg
granophyre. The major ore components are Sp, Cu, Pb, Zn, Ag, Au and CaF, (Frick,
unpubl report, 1993). A grade of 1.5% Cu + Sn was estimated by Frick {(1993) for the
Dronkfontein deposit, '

Geology
Borehole drilling and geophysical investigations at Spoedwel have shown that three tabular
orebodies exist at depth (Figure 3.10) The mineralisation ocours at the contact between &
mediurn- 10 coarse-grained granite and a fine~grained granite, as a tabular massive sujphide
body dipping B° to the north, The almost vertical, stockwork-liks mineralisation to the
south is hosted by the Nebo Granite and s intetpreted as being feeder veins to the tabular
‘body. The orebody reaches & maximum width of approximately 60m in the ceatral partion
and a thickness of up to Sm. Mineralisation and de-silicification of the host Nebo Grenite
oceurred simultaneously, with excess silica being expelled into the immmediate hanging-wall,
where it manifests as crypto-crystalline quartz veins, The de-sificified Nebo is often referred
to a5 an episyenite. The north-east-trending quartz veins outcrop at surface approximately
- 1 km south of the Spoedwel Mine, and are interpreted to be the result of leakage from a
tabular *"ponded” body trapped below the fine-grained gramite/granophyre caprock (L.
Robb, Pers. Comm., 1993).
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Figure3, 16 General section of the Spoedwel Copper deposit shewing the northerly
dipping No. 1 ore body and the stockwork-like No. 7 ore body (after Frick, unpubl. report,
1993), . '

Diamond drilled cores at Spoedwel and Dronkfontein were logged by Thomas Stone.
Figure 3.11 is a composite of sketcnes made by Stone of the walls of the E-W tunnel at
Spoedwel, and is included here as part of the previous work done o the deposit. In
addition, one of the 25 borehale cores drafted by Stone is shown in Figure 3.12 indicating
the Cn grades throughout the core,

In ix's descriptions, Stone referred to an “Upper Phase Granite", & “Lower Phase Granite”
and a “Hybrid Contact Phase Granite”, The Upper Phase granite (Fine-grained granite in
Figure 3.11) was described as fice-graived maroon granite, in which the grain-size
increases slightly with depth. It has variegated colouring and Stone called it a “motfled”
granite due to the brown, bleached and orange patches which occur in places. It contains
abundant interstitial hematite, a few ambedral pyrite blebs, and quartz, feldspar and
amphibole phenocrysts, The feldspars show mynmekitic (granophyric?) intergrowth, and
the amphibole (hornblende) is commonly altered to chlorite. Minor Ferich quartz veins
with associated fluorite are present. Shears and fractures are occasionally coated with
chlorite, hematite and monite The Upper Phase Granite forms sharp bat irregular cont, :ts
 with the Lower Phase Granite,
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The Lower Phase Granite is a pale, orange-pirk, fine- to medium-grained, quartz-rich

. grarite. The quartz and fldspar are more distinctly segregated than in the Upper Phase
Granite, with discrete quartz and feldspar crystals, It contains numerous quartz, fiorite
and hematite veins. Patches of chloritic alteration occur. The crystzlline granite grades into
vesicular, brick red, feldspathic episyenite, which contains pyrite, chalcopyrite and
chalcocite (Mineralised episyenite in Figure 3.11). The highest grades of mineralisation
ocenr i & white, bleached feldspathic granite (Grey-white granite in Figure 3.11) within the
episyenite, This white granite occurs in two horizons (at around 52m depth) which are
separated by the red episyenite with lower grades (Unmineralised episyenite in Figute 3.11).
A third zone of highest mineralisation occurs at slightly greater depth (56m ). Several
horizons of mineralisation exist, -

h The Hybrid contact phé.se consists of Fe-rich, maroun—colouwd, partially assimilated Upper
Phase Granite hosted by pale, orange/piok, fine-grained, chlonuc Lower Phase Granite, It
is porphyritic containing aggregates of quartz-amphibiole and partially assimilated Eower
Phase Granite blsbs. '

ALBERT

The historical aspects of the Albert Silver Mine have been Teserched and documented by
Robb ef al. {1994) and the reader is referred to that paper for a detailed recount, For the
sake of completeness, soroe of the salient points are repeated below.

The Albert Silver Mine was discovered in 1885 and mined wntil 1910. It occurs on the farm
Roodepoortjie 2501R about 80 ken west-northwest of Pretoria. Four boreholes were drilled
in 1952 and a further 26 in the period 1967-1969. Geophysical and geochemical surveys
© ‘were carred out 6ver thie deposit by the Geological Survey of South Afiica and, in 1970,
an M.Sc. dissertation was submitted to the Unjversity of Natal (Chempion, 1970). In 1956
sciniillometer surveys showed that significant concentrations of uranium (up to 1 kg. ton™)
" are associated with the base- and precious-metal Jodes. In the period 1978-1980, the
property was re-examined as a potential copper-silver- uranium prospect and a firther five
bore-holes drilled, Present ore reserves to a depth of 150m are estimated to be 1.2 million
tons at 73 g ton™ Ag, 0.42% Cu, 0.27%Pb and 100 ppm. UsOy; the deposit is generally
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regarded as uneconomic in the present market climate. During its productive years, the
iine was high graded, producing an estimated 20 000 tons of ore grading 1.14 kg ton™ Ag,
and 10%Cu (Voet, 1981). Recent assays of dump material report isolated samples up io
400g.tor” Auand 0.48 % Sb.

Geology

‘The Albert Silver Mine is located within the Verena Grenite pluton, and the grantes in the
arez have been referred to locally as the Verena Pmphynnc Granite. The geological
relationships Tecognised by Robb ef af, (1994) indicate that the fine-grained granite is the
roof zone, or possibly the chilled apical phase, into which the coarser-grained granite is
intruded,

The region of mineralisation is defined on surface by at least three major vein Systems
trending approximately east-west (Figure 3.13). On surface. the veins are distinctly
gossanous and have a subvertical dip, conmprising milkky whit quartz, hematite and ron-
hydroxide mizerals (Robb et af, 1994).

A preliminary investigation of these granites was camied out by Rotb ef al. (1994), in

-which they recognised two gratite varieties; 1) Coarse-grained Porphyritic Granite (Nebo-
type), and 2) Fine-grained Porphyzitic Granite (Klipkloof-type). Both of these granite types
are composed of plagioclase, orthaclase, quartz and biotite, wilh accessory phases
including zircon, ﬂuorite, apatite, basinaesite, monazite, titanite, epidiote, carbonate and
~ magpetite-iimenite. Alteration phenomena include chloritisation, sericifisation and argillic
dlteration after feldspars (Robb ef al., 1994). The paragenesis at Albert has been divided
into two episodes of mineralisation. To begin with, a sulphide assemblage, consisting of
pyrite, sphalerite, galena, arsenopyrite and argentiferous tennantite, was deposited,
followed by a later assemblage of thuringitic chlorite, hematite, pitcbblende and fivorite.
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Figure3.13  Outcrop map of the farm Roodepoortie showing the distribution of the
Afbert Silver Mine vems in relation to the fine- and coarse-grained porphyitic granite host
rocks, Section A-B has a 2x vertical exaggeration and shows actual elevations in feet (from
Robb et al., 1994),
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HOUTENBEK

Very little is known about this deposit. It has never been studied from an academic point of

_view, and uo Lterature resources exist. The deposit appears to be a pipe-style oiineral
occwrence, with no evidence of fractures ar the surface (Figure 3.14) Highly altered
sedimentary remnants are found among the rubble sarrounding the pit (diameter +15m),
and contain molybdenite, sphalerite, quartz and fluorite (green and purple). The host grenite
is typxcal Nebo Granite which shows almost o hydrothermal alteration (as at Spoedwel,
Alberi and Gras: Valley). This is a rather unusual phenromenon, and it is suggested that the
Pipt may represcot a h}ﬂrothermal vent or breccia pipe similar to that at the Olympic Dam
deposit in southern Ausiralia. Sedimentary fragments within the pipe suggest that the vent
breached the surface, or at least the Transvaal Supergronp roofrocks.

Fignre 3.04  Diagrammatic representation of the Houtenbek breccia pipe in Nebo
" Granite,



CHAPTER 4

MINERAL PETROGRAFPHY

A conparative petrographic study was conducted on the rocks from the six different
locations described in Chapters 2 and 3. Five of these (Grass Valley, Spoedwel,
Dronkfontein, Albert and Houtenlbek) are ore deposits, and the sixth (Leeufontein), a site
where no ore hody exists (Figures 2.6 and 3.2).

Tke granites in the area east of Marble Hall (which is referred 10 as Leeufontein) serve as
the control, against which the mineralogy of the altered granites in the ore deposits are
compared. The mineralogy o. ‘he different pranites in the area varies, and has been
described in Chapter 2, The focus of this chapter is to compare the deposits with ore
mineralisation, pointing out the similarifies and differences in primary assembiages,
aiteration and ore assemblages.

The ore and gangue minerals of all samples from each deposit examined are tabulated in the
Apperdix. The following sections represent a comparative discussion of the mineralogy,
paragenesis and alteration assemblages at Grass Valley, Spoedwel, Dronkiontetn, Albert,
Howtenlbek, and Leeufontein,

41. SAMPLE MATERIAL

The Spoedwel granites were mipped in 1989 by Thoas Stone, as part of an MSc project
which he later abandoned, Several thin sections and polished thin sections were made at the
Geological Survey of South Africa, Pretoria, and were not thoroughly examined before the
project was aborted, The following mineralogical observations based on the ore and gangue
mineralogy at Spoedwel are derived from a detailed examination of these 356 thin sections
and polished thin sections, Additional polished thin sections were made at the University of
the Witwatersrand from samples collected from the waste dumps of the non-opetational
mine workings, The sanple material from Albert Silver mine was collected by V. Robb and
L.J. Robb as part of an earlier study of the deposit. A total of 141 polisted thin sections, 27
polished wedges, and 10 doubly polished thin sections were exarined .
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The sample material from Grass Valley and Leeufontein was sollected while mapping the
area for RTZ Exploration Ltd. A total of twenty seven polished thin sections, ten doubly
polished thin sections and five thin sections were cut from Grass Valley. Ten potished thin
sections and ten doubly polished wafers were cut from granites in the Leeufontein avea.

42, SAMPLE DESCRIPTIONS

Polished thin section descriptions have heen tabulated for easy reference and are shown in
the Appendix. The gangue mineralogy, ore mineralogy and paragenetic sequences in each
section, as well as the average grain-size and characterisation of the granite (ie.
hypersalvs, subsolvus or transsolvus) ate indicated,

43 HYPERSOLVUS AND SUBSOLVUS GRANITES IN THE BUSHVELD
COMPLEX

Petrographic studies of the granites hosting ruineralisation at the Grasy Valley, Spoedwel
and Albert deposits, as well as of the barren granites in the Leeufontein area, have revealed
the presence of three textural varieties in the eastem lobe of the Bushveld Complex,
namely hypersolvus, subsolvus and transsolvus granites, Previous descriptions of the
Bushveld granites had recopnised their hypersobus character (Kleemann, 1985; Kleemann
and Twist, 1989), tut the presence of subsolvus and transsolvus textures had not previously
been described i the literature, Evidence for the presence o these granite types in the
Bushveld is presented here for the first time. '

The primary difference between hypersotvus and subsolvus granites is the presence or
aBsence of discrete plagioclase crystals. Hypersolvus granites are characterised by the
absence of a primary albitic plagicclase, except as a component of perthite. The alkali
feldspars consist of coarsely perthitic microcline and are derived from relatively dry liquids
in near-surface environments (Manin and Boni, 1976). Subsolvus granites are
characterised by discrete grains of K-feldspar and aibite. The alkali feldspars consist of nont-
perthitic microcline which were derived from “weiter” liquids formed at deeper levels in the
crust. The grain-size is smaller than in hypersolvus granites (Marfin and Bonin, 1976),
Transsolvus pranites are intermediate varieties between the hypersolvus and subsolvus
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extremes. They occur where crystallisation of the hypersolvus granite has been disrupted,
and contain perthite in a subsolvus matrix. However, the transsolvus granites are normally
not present in the studv areas, and only hypersolvus and subsolvus granites oceur.

In Chépter 2, the granites at Leeufontein are described, but the terms hypersolvus,
subsolvus and transsolvus granite were not introduced in any detail. The Nebo Granites,
which comprises the bulk of the Bushveld granites, are indeed hypersolvus pranites.
However, the Klipkloof Crranite varieties, ie. the fine-prained, porphyritic, and albitised
Klipkioof Granites, appear to have different textures. The true fine-grained Kiipkloof
Granite (not the chilled Nebo Granite at the margins of the pluton), contains discrete
crystals of plagioclase, the presence of which is a characteriztic of subsolvus grapites. In
adldition, the contact facies between Nebo Granite and the fine-grained Klipkloof dykes,
 sills and plugs, referred to as the porphyritic Klipkloof Granite, shows all the characteristics
of transsolvus gramites,

Thus, the characteristics of these graniies correlate with those recognised by Tuttle and
Bowen (1958), Martin and Bonin (1976) and Bonin (1986) in their studies of the
association between hypersolvus and subsolvus granites, The hypersobms-subsolvus granite
suite of rocks is found in anorogenic areas of crustal extension and originate from mantle-
derived basic liquids, Coexisting hypersolvus-subsolvus granites are commonly associated
with thyolites, granophyres, aplites, graphic granites and pegmatites within the same
intrusive complex. Martin and Bonin (1976) identified and examined a mmber of instances
where both of these genetically related granite types occur. Examples of the hypersolyus-
subsolvus gramite association have been recognised in the Cape Ann plutonic series,
Massachusetts (Zartmail and Marvin, 1971), in several plutonic complexes in Corsica
(Vellutini, 1975), and in the White Mountain series in New Hampshire, North America
(Karper and Bertram, 1972).

Martin and Bonin (1976) suggested a model for the evolution of these granites i which the
availability of water is a critical factor in determining the nature of the granite crystallised.
‘The model of Martin and Bonin (1976, page 228) expiained the association of hypersolvus
and subsolvus granites as follows: "The late infhix of water, possibly of meteoric origin,
“sonked" the cooling hypetsolvus granite once crystallised, joducing local near complete
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fusion and remobilization of the early pranite, At lower temperatures the influx of water
would be reflected in deuteric changes such as the almtiou of mafic mineral assenblages,
precipitation of late albite, replacement of pre-existing feldspars by albite and local increase
in the degree of order of K-feldspar”,

¥iypersolvus and subsolvus granites associated with mineralisation

The bulk of the Lebowa Granite Suite is made up of the hypersolvus Nebo Granite, inta
which the aplitic, subsotvus Kilipkloof Granite is intmnded, The country rock hosting
mineralisation and the subsolvus granites at Spoedwel, Grass Valley, Dronkfontein and
Houtenbek, consists of altered, hypersolvus Nebo Granite. In contrast to the cream-
coloured, batren granites in the Jower portions of the pluton, the colour of the mineralised
grauite is brick-red, and is composed almost entirely of intensely hematitised perthite and
quartz; Tt occurs as coarsely crystalline granite, and as a fine-prained equivalent which was
mﬁidlyc]ﬂledatthemmginsofthsphﬁon.

A feature of the coarse-grained hypetsolvns pranite is the apparent comﬁacﬁon or fusion of
the perthites, whick may be extreme in some cases, with no interstitiat spacés between
grains and no ewhedral crystal structure remaining (Figure 4.1). In other cases, the
compaction is less pronounced, and some euhedral interlocking perthite crystals are sill
recogaisgble,

"The interstitial material is predominantly secondary in origin, introduced after crystallisation
or partial solidification of the perthite crystals. The material between the large perthite
crystals (>2mm) is usually secondary quartz, muscovite, chlorite and fluorite I varying
proportions. The degree of sulphide mineralisation is variable and has a direct influence on
the pangue assemblage associated with it. In refatively wumineralised samples, minute
specks of dhaioopyﬂte {(<0.01mm) occur disseminated throughout the rock. As the
abundance of sulphides increases, the amount of chlorite, qua:tz' and muscovite increases,

At Spoedwel and Grass Valley, the subsolvus granite is less abundant than the hypersolvus
granite, and commonly is associsted with the sulphide mineralisation (Figure 4.2). At
Spoedwel, the subsolvos granite occurs as undulating dykes and sills within the Nebo
Granite, In contrast, the Albert Sitver deposit is situated within 4 Jarge pluton of subsolvus
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grarite, referred to locally as the Verens Porphyritic Gragite (Figure 4.3), No subsolvus
grazite was recognised at the Houtenbek and Dronkfontein deposits.

The occurrence of K-feldspar (microclipe with no tartan twinning), primary albite and
quariz intergrown with muscovite, sericite and chiorite is characteristic of the subsolvus
granite (Figure 4.4). Hematitisation of the feldspars is Jocalised near fractures; however,
the fresh material is not hematitised, and the haud specimens are colourless to slightly green
where chlordtisation has occurred. The grain-size is typically about 1mm,

The contact between the hypersolvus Nebo Grapite and the intrusive subsolvus grasite is
marked by a hybrid granite type, consisting of hypersolvus perthite grains in 2 subsolvus
' granite matcix (Figare 4.5), This granite type is reforred to as transsolvus granite and are at
| .Spoedwe], Grass Velley, and Albert. Portions of the hypersolvus perthite occur surrounded
by albite, K-feldspar, quartz and muscovite (Figure 4.6). The amounnt of subsolvus granite
within the hypersolvus granite varies, In some instances, the hypersolvus grapite is
abundent and the subsolvus granite is minur, while, in other cases, the hypersolvus
remnants are minor and the matrix s composed almost entirely of subsolvus gravite and
sulphide minerals, The transsotvus granites are rare and limited to the marginal facies of the
subsolvus granites, The geolopical relationships of the transsolvus granites at the ore
deposits are identical to those in the barren granites at Teeufontein, where Nebo Granite is
intruded by fine-grained Klipkloof dykes and sills. The porphyritic Klipkloof envelopes,
which are developed along the margins of the fine-grained Klipkloof dykes and sills, are
typical transgolvus granites,

The association of hypersolvus and subsolvus granites with granopkyres, graphic granite,
pegmatites ar- aplites, as documented in the Corsican and North American plutonic rocks,
is recopnised in the Bushveid granites. In addition to these rocks being indicative of
hydrous condifions uring the magmatic stage (Martin and Bonin, 1976), the sbundance of
muscavite associated with the subsolvus granite (Figure 4.7) and albitisation of the
feldspars (Figure 4.8) further supports the hypothesis that water became available late in the
magmatlc stage, and persisted into the post-magmatic stage.
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44 PETROGRAPHIC OBSERVATIONS
GANGUE MINERALOGY

~ The gangue mineralogy is directly related to the occwrence of mineralisation at each of the
deposits. In areas where high-grade mineralisation is present, the primary pangue
assemblage has been almost entirely obliterated, being replaced by alteration minerals such
as sericite, chlorite, muscovite, and secondary albite, The ore and gangue minersls bave
been separated, are discussed in order of their appearance in the paragenetic sequence.

Feldspar

The feldspars have been discussed in some detail in the section on hypersolvus and
subsolvus granites, The hypersolvus granites contain perthitised alkali feldspar and no
albite. The perthites are hrick-red in colour, which jmparts the characteristic red colour to
the rock. In contrast, fue subsolvus granites contain both K-feldspar end albite. There is no
perthitisation or hematitisation of the feldspars in the subsolvus pranites at Grass Valiey and
Spoedwel. However, the host granites at Albert, which are all subsolvus in nature, exhibit
varying degrees of hernatitisation, particularly near the fractures and mineralisation,

Subsolwis granite samples from Spoedwel contain K-feldspar erystals, showing Carisbad
twinning, which are associated with albite, quartz and mmscovite. The crystals are evhedral
to snbhedral and are intergrown with the quartz and muscovite. The muscovite ocours
between orystals and fills eracks in the quartz, Jt olso surrounds irregular masses of
chalcopyrite, The same association occurs at Grass Valley and Albert. However, at Albert,
the original albite is commonly overgrown by a second episode of albiie precipitation,
which has oot been observed at the other deposits (Fignre 4.5).

At Spoedwel, the contrast in colours between poorly mineralised, deuterically altered
orange-red perthite of the hypersolves granite, and the white vnaltered dldspars of the
subsolvus gramite, may be observed on the scale of a single tlin section. The zone
containing predorminantly hematitised feldspar s not well mineralised. Few small
chalcopyrite grains with covellite alieration rims are disseminated among chlorite masses.
Isolated graims of cassiterite occur with chalcopyrite growth on the rims. The mineralised
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portion contains both hematitised perthite and unhematitised albite and K-feldspar grains, in
addition to quartz and muscovite. The main ore miveral, chalcopyrite, embays feldspar
grains and fills cavities formed by eubedral crystals. The perthites show chloritic alteration
that was associated with crystallisstion of the subsolus gramites and fhe sulphide
mineratisation (Figure 4.10).

The host wanites at Albert are all subsolvus in nature and there are no hypersolvus-
subsolvus granite contacts near the zone of mineralisation. Howuver, perthite phenocrysts
in & matrix of subsolvus granite, which are typical of transsolvus granites, do occur,

Chlorite -

Five different varieties of chlorite have been identified at Spoedwel (1-5 below). The wide
 variety of chlorites at Spoedwel is not present at Albert, where only the prass green chiorite
occurs. The presence of chlorite at Grass Valley is not as atundant, occurring only in
patches where copper mineralisation is found. '

1) Grass-green Chiorite (Figure 4.11) - :

This chlorite is grass-green in colour and highly pleochroic. It ocours as fibres, fiakes and
rosettes, in masses filling cavities formed by the euhedral borders of feldspar and quartz
t:zyétals. It also ocours as linings of quartz veinlets cutting across feldspar crystals and pyrite
grains, This chlorite Is associated with chalcopyrite precipitation. Evidence for this includes
co-precipitation of chlorite and chalcopyrite within pyrite grains, as chlorite rosettes within
chalcopyrite, and along fracture planes within pyrite and feldspar crystals,

"The chlorite invades feldspar/perthite and, in extreme cases, almost obliterates the original
mineral assemblage. This chiorite is also associated with a pulse of quartz precipitation.
‘This quartz generation post-dates the grass-green chiorite precipitation, since perfect
rosettes of chlorite are found within Jarge masses of quartz. The quartz is c.early secondary
in origin, siace it shows distiact triple junctions and straight crystal faces. This quartz also
contains fibrous and rosette shaped muscovite crystals. The sulphide minerlisation occurs
within the quartz masses and along grain boundaries. Chlorite occurs as solid inclusions
within the sphalerite,



Thegass—greenchluﬁteish&rgrdmwﬂhmuscovﬂ&andquaﬂzﬁecﬂoﬂemd
nmiscovite are intimately intergrown and assumed to have precipitated from the same fluid,
Fragments of chlorite, mmiscovite, querts and hematitised feldspar have been cbserved
trapped in a vein filled with the ore minerals chalcopyrite, bomite, chalcocite and digenite.

 In areas closer to the main copper mineralisation, chiloritisation of the feldspars is the
predominant alteration phenomenon, in contrast to the hematisation which is dominent in

areas away from the orebodies.

2) A varigtion of this grass-green chlorite has been recognised in which the grain-size is

" finer and the colour tends to be tinted with brown or black flecks, The distinctive

pléochroism of the normal grass-green chlorite is absent.

3) Another varistion of the grass—geen chiorite is extremely ﬁne-gramed, showmg no
' fibres or rosettes, consisting of an amorphous ground mass surrounding the sulphide
minerals (Figure 4.12). It is clearly d:stmgmshad from the rosette-shaped, grass-green
chiorite in sectiops where the fine-grained material is fransected by quartz veinlets Iined by
the rosette-shaped material. SHght colour variations between the two generations of
chilorite are noticeable. ' o

4) Brown Chlorite

_This type of cblorite is scarce and is easﬁy distinguished from the green ehilorife by its
: cololrr, 1ack of well. devehped rosettes and its extremely fine grain size. It is light brown to
ohve greenin colour and shows weak pleochmrsm (Figure 4, 13)

It occurs as veinlets transecting ffdspar crystals and fonming a network surounding the
chalcopyrite masses. This chlorite seems to be associated with the alteration of cassiterite
' and titanite, forming borders around them or filling cavities into which they project.

5) Olive-green Chiorite

Th!stype of chilorite: looks similar to the grass-green chiorite, exceptthatthe colour tends
more iowards the colour of the brows chlorite discussed above_ It oceurs a5 well developed
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rosettes comparabie i size to those of the grass-green chiorite, filling vugs and fractures
within the regions where the perthite has been hematitised.

The green and brown generations pever occur together, The green species tend to be more
commaon in quartz-rich sections associated with the ore mineralisation. In contrast, the
brown and olive-green varieties are more commen in the regions where haematisation of
the feldspars is the dominant form of alteration and where the ore minerals, chiefly
chalcapyrite, oceur as disseminated flecks,

It is apparent from the mineral relationships that both generations of chlorite, the green and
the trown varieties, are associated with the introduction. of the copper-bearing ore suite.
‘The green chlorite is more abundant than the brown chlorite.

Qunartz .

Quartz presipitation occurred in several episodes during the crystallisation history of the
Bushveld granites, Evidence for this is obvious to the naked eye in some instanices, where
multiple growth episodes of quartz line factures in the granite. In other cases, the
distinction between different episodes is more subtle. However, evidence indicating a
sequence of quartz precipitatiou in interstitial material has been identified.

Euhedral crystal faces of quartz deposited earlyin.thesequenceare commonly outlined by
fiuid inclusions trapped on the surfice and radiating into the newly precipitated quartz in
subsequent growth stages (Figure 4.14), In addition, large masses of quartz crystals
terminating in triple junctions (Figure 4.15), intergrown with albite and K-feldspar,
nscovite and chlorite are present. Under crossed polars, this quartz shows no undulous
extinction, as opposed to the quartz grains that have been partially sericitised.

Apart from the quartz filling the interstitial spaces in the host rock, small scale {Jess than
lom in diameter) and Jarge scale (10cm to >1m)) quartz veins and stockworks form a
major component of the rock. In the veins at Spoedwel, two generations of quartz have
been recagnised. The veins aré lined by enhedral erystals projecting into the open fracture
(Figure 4.16). The fices of these crystals are lined by fivid inclusions trapped by the
massive quartz precipitated into the remaining space. '

74



The vein-fill at Alhert and Grass Valley is much more complex, with at least eight episodes
of precipiﬁtion being recogmised at each deposit (Figures 17 and 18). In addition, evidence
from Grass Valley indicates that at least two episodes of quartz precipitation occurred
before cassiterite was deposited, making a total of ten increments of quartz growth.

Chalcedony

Veius and stringers of cryptocrystaline silica have been observed at Grass Valley. They
intersect the ore body and some of the veins have been re-utilised by later generations of
transparent quartz and late-stage hematite.

' Muscovite and serieite _
The oceurreuce of muscovite is alluded to in previous sections in association with other
minerals and is present at all three deposits, It occurs as relatively large fibres (~10mm) to
smaller sized Tosettes (~0,25mm). It is highly pleachroic, and, upon rotation of the stage,
 shows alernating shades of green, blue and pink. The muscovite i associated with the
subsolvus granite and is intimately intergrown with albite, K-feldspar, grass-green chlosite
| andquartz It occurs intersitially with quartz in spaces between perthite crystals, Tt also is
associated with quartz filling nferstices in the hypersalvus granite and subsolvus granite
(F’1gtu-e 4.7).

Fine-grained nmiscovite {sericite) is the most common alteration mineral at the Albert and
Grass 'Valley deposits, and is formed by hydrothermal alteration of feldspars in the host
granites, At Albert, sericitisation of plagioclase is extreme i some areas, obliterating the
original minerals. The precipitation of secondary albite at Albert occurred after sericitisation
of the core albite crystals. Perthite is not commonly highly sericitised. '
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Fluorite

Fluorite is abundant in the hypersolvus granite, where it fills vags and open fractures, It is
distinguished from quartz by its higher relief, purple coloration, and isotropism. ¥ contains
no miineral inclusions, such as chlorite, muscovite or quartz (Figure 4.19). Central portions
of some vugs contain zoned crystals of CaF, which are sumrounded by clear masses of
Buorite commonly showing factures along the clegvage planes,

Fluorite also occurs in’ vein form, intergrown with the ore minerals galena, sphalerite,
tennantite and chalcopyrite. Paragenetic relationships do not suggest that fluorite
precipitation occurred at any particular point in the sequence of mineralisation, but Tather
that precipitation continued throughout the sequence,

In addifion to its association with the above mentiored ore minerals, fluorite is also
associated with quartz and muscovite in the same vems. Quartz and fluorite occur in
roughly equal proportions in ore veins, the quartz preceding the fluorite precipitation.
Fuxthermore, the relationship of muscovite with the quartz and flnorite and with the other
ore minerals is not easily wnravelled. The quartz and muscovite were precipitated
throughout the paragenetic sequence, beginning during the precipitution of pyrite.

Cathodo-luminescence imagery has shown that two main episodes of fiuorite occurred at
Spoedwel. An early massive in-fill of interstitial spaces is overgrown by a second generation
which shows progressive growth increments. At Albert, the second generation flnorite is
abundant and i3 associated with massive hematite and pitchblende, and post-dates the
sul}ihide assemblage.

Tourmaline

Tourmaline is not present at any of the ore deposits examined, although it is found in the
area east of Marble Hall (Leeufontein). Veins aud spheroids of tourmaline are confined to
areas where faulting is evident, and are hosted by albitised fine-grained Klipkloof Granite.

The tourmafine spheroids (Figure 4.20) consist of plagioclase, quartz and K-feldspar, The

plagioclase and tourmaline are clearly secondary, being superimposed on the original
granite host, Granophyric intergrowths of quartz and tourmaline are observed, suggesting
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that tourmaline and quartz were precipitated together, Furthermore, colowr zonation within
the tourmaline is observed, implying that precipitation occured as more than one event.
Smali specks of chalcopyrite and sphalerite have been noted in spme tourmatine spheroids,

Titanite |

Crystals of titanite are relatively common and are disseminated throughout the granite.
They are subhedral to euhedral in shaps, varying in length from small (>0,5mm) to
Telatively large (. Ommn). Relief in these zrains is high, as in cassiterite and zircon, but the
birefingence is Slighfly lower than that in. cassiterite.

The titanite crystals are tore abandant than the cassiterite crystals, showing distinctive
symplectic inter-growth. Alteration of the original titanite crystals is observed at different
stages i the rogression towards leucoxene (3 general term referring to the alteration
product of Ti-bearing minerals). In specimens whete the alteration is far advanced, there is
almost inevitably chalcopyrite and/or fine-grained brown pleociroic chiorite surounding
the grains. Titagite/leucoxene is a similar shade of grey to  altered cassiterite in reflected
Eght, but shows the symplectic texture described above. However, this texture is not
characteristic; some unaltered crystals appear homogeneons and the intemal reflectioas
résemble those of sphalerite,

Zircon

Zircon crystals are small in diametre (2 - Sm) and colourdess to pale brown in colour.
They ocour a3 subbedral to evhedral prisms with bigh relief, commonily bearing mimute
chalcopyrite and covellite grains along the borders (Figure 4.217. Several grains comtain
specks of chalcopyrite inside the grains, Zircon hes & lower bireflectance / birefiingence
than either titanite or cassiterite, and is relatively scarce in comparison,

Eviderice for at least two gemerations of zircan was observed at Spoecdwel by petrographic
ineans. The first generation of zircon ¢rystals are altered and are surrounded by alteration
halos caused by radiogenic Jacay (Figure 4.22). The second generation of zircons are
ungltered, and are associated with the sulphide mineralisation (Figure 4 23). Supporting
evidence for 1he presence of multiple episodes of zircon precipitation has been obiained by
cathodo-luminescence imagery.
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Figure 4. 24 15 2 cathodo-luminescence image which shows a eubedral zircon crystal with
multiple growih stages. The zircon occurs within a fracture in early peneration quartz. that
has been filled by two later quartz generations.

Monazite

Monazite erystals are abundant in the samyles associated with mineralisation gt Spoedwel
. and Dronkfontein, The high relief crystals are euhedrai aud are highly birefringent. Sulphide
specks are often found within the crystal, indicating that the precipitation of monazite
coincided with sulphide precipitation,

Calcite and ankerite

Calcite and ankerite were observed only at Grass Valley aud oceur tate in the paragenctm
Sequence, ﬁllmg open cavities and fractures .
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ORE MINF:: {LOGY

The ore minerals are discussed in order of their appearance in the overall paragenetic
sequence recognised in the ore deposits. The paragenetic sequence is described in greater
detail in section 4.4,

Cassiterite .

Cassiterite was the first ore mineral to be precipitated from magmatic hydrothermal fuids in
the Bushveld Cowplex. It occurs as an accessory phase disseminated throughout barren
pranites, However, in certain areas, it has been concentrated into economically viable ore
deposits. Cassiterite is the primary ore mineral at Grass Valley, and nccurs as well formed
crystals of variable dimensions. Ju the pegmatite, the crystals measure several centimetres in
diameter whereas in the guanite, they are a few millimetres in diameter. The abundance of
cassiterite diminishes at Spoedwel and Dronkfontein, and is quite scarce at Albert.

Small irregular grains and larger enhedral crystals of cassiterite are present in the Spoedwel
sections, measwring from 2Zmm to 10mm in length (Figure 4.25). The cussiterite is
sommonly observed as smali isolated euhedral prains associated with plagiociase and alkali
feldspar, either as embayments or interstitial material between crystal boundaries.

As a consequence of alteration, cassiterite, zircon and _titanité are distingvished from one
another with some difficuity. Under reflected light, catsiterite appears pleochroic light to
dark grey, while trapsmitted light reveals an irreguiar distribution of datk red, brown and
green colours, However, the reflectance of cassiterite (R=11-12%) is preater than that of
either zircon or titanite, and cassiterite shows a4 greater tendency towards being enhedral
and zoned,

The association between cassiterite and a ﬁne-grained pleochroic brown generation of
chlorite at Spoedwel is shown in Figure 4.13. "The chlorite is found along the borders, and
filling fractures within the cassiterite crystals. However, no evidence of resorption or
embayment of the cassiterite is evident,
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Specularite

Specularite is fairly abundant in some of the workings at Grass Valley and at Albert.
However, at Grass Valley it is an early formed mineral associated with cassiterite (Wagner
(1921), while at Albert it occurs as & late-stage mineral associated with the introduction of
- fluorite and pitchblende (see hematite). | |

Molybdenite

Molybdenite is abundant at Houtenbek, where & occurs in association with early fuorite,
sphalerite and late finorite, It was recognised in one of the workings at Grass Valley, and as
small disseminated flakes in one thin section at Spoedwel.

~ Arsenopyrite

Variable amounts of arseriopyrite have been observed in thin section fom most of the
depasits. Minor amounts of arsenopyrite were recognised at Spoedwel, compared with the
relatively Targe amount at Albert Silver Mine. Thin sections flom Grass Valley
ufortumately contained no arsenopyrite, but according to Wagner (1921), it is very
abundasit in the lower portions ofthe Tower levels at Grass Valley. Some discrepancy in the
paragenctic position of arseopyrite at the various deposits seems to exist. According to
Wagner (1921}, arseaopyrite formed before pyrite at Grass Valley. The same relationship
was observed at Spoedwel (Figure 4.26). However, at Alberi, Robb ef al. (1994) reported
that arsenopyrite was deposited Ipte in the sulphide paragenetic sequence, accurring after
the formation of pyrite, galena and chalcapyrite. On re-examining the paragenesis at Albert,
1o evidence of this relationship was found, #ud it appeared that arsenopyrite was deposited
before the formation of pwite, and most certainly before chalcopyzite (Figure 4.27), since
the latter two minerals surround enbiedral arsenopyrits crystals,

The distinction between arsanopynite and pyrite is made with some diﬁiw]ty in most
instances where they are nat juxtaposed, The arsenopyrite is anisotropic, teads 1o be whiter
in colour and s less scratched by polishing. It ocours as well formed crystals contaiming no
inclusions of other ammerals such as galena, sphalerite and chlorite. |
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- Pyrite

Pyrite is abundant at all of the deposits. Pyrite is the second most abundant ore mineral
visible in polished section at Spoedwel. It occurs in two forms: 1) as idiomorphic,
euhiedral crystals varying from Smm to 10mm in diameter, These crystals appear hexagonal
in cross-seciion, although smailer triangular, rectangular and trapezoid crystals are not
uncommon, 2) as small rounded grains (usually not grester than 0,5tm in diametre). These
small grains have imegular, wavy edges that are embayed by other sulphide and gangue
minerals. An intermediate class of pyrite grains has been recognised, where in & single
grain, some perfectly evhedral crystal faces have been preserved while others have been
resorbed and embayed.

‘The pyrite crystals and rounded grains are comnonly fractured, and replaced or filled by
gangue and ore minerals (Figure 4.28). These planes of weakness are exploited by m-filling
~minerals such as chalcopyrite, chlorite, galena and humiic. The chalcopyrite filling the
hairline cracks within the pyrite may be altered to bornite, chalcocite and/or coveliite.
Growth zoning in the euhedral crystals has been observed where muscavite precipitation
has commenced between the two pyrite growth stages (Figure 4.29).

Pyrite is rarely observed as isolated crystals not associated with chalcopyrite, Rather, the
pyrite and chalcopyrite are found juxtaposed, with eubedral pyrite crystals surrounded by
anhedral masses of chalcopyrite, The accessory ruinerals cassiterite, titanite and zircon
rarely occur adjacent to pyrite crystals, In the sections examined, a sinple instunce was
" found where pyrite and titanite/leucoxene ocour with their straight eubedral crystal faces in
contact. Furthermore, cassiterite and pyrite were ngver found in contact.

Galena

At Spoedwel and Albert, galena was precipitated before chalcopyrite. However, at Grass
Valley, in some instances it appears earlier than chelcopyrite, and in others later. Galena is
readily identified by the characteristic triangular cleavage pits and off-white colour. It is
commonly found i association with sphalerite and tetrahedrite/tennantite. At Spoedwel,
Albert and Grass Valley, galena occurs as an interstitial phase to other sulphides, notably
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pyrite, chelcopyrite and sphalerite. Anhedral galena and recrystallised eubedral to
subhedral quartz is found surrounded by chlorite. Galena /lls cavities partly resorbing
crystal faces of quartz and feldspar. It forms the outermost - re mineral in cavities, lining the
cavity walls. Occasionaily galena occurs as large masses, almost completely filling cavities
or filling veins transecting other sulrhide minerals.

Galena, tetrabedrite/tennantite and chalcopyrite also oceur in vein form, cutting acrass dark
orange hemnativ. «d feldspar grains at Spoedwel. At Spoedwel, zones where galena is more
gbundent, bave been observed. These tend to be some distauce away from the core of the
High Bt "« pper mineralisation, occuming toward the fiinges of the deposit.

Tetrahedyite -Teanantite
The occurrence of tetrahedsiteftconantite is Nmited and generally is found only where
substantial quantifies of palena are present, Gﬂlena and tetrahedrte form symplectic
interprowths, and often contain inclusions of chalcopyrite, Tetrahedrite/tennmitite is
distingt” . * from galena by its lack of cleavage pits and light-greyish-brown calotr, in
 conta . almost white colour of the latter. Tetrahedrite exhibits extensive chemical
substitution, often containing Ag, I-Ig and As, The arsenic end-member is refesred to as
tenuantite Cuie(Zn, Fe)AsSys, and is common in porphyry copper mineralisation (Gribble
and Hall, 1992). At Spoedwel, the As-rich mentber, tennantite is presext, while at Albert,
substitution of Ag has occurred and is referred to as argentiferous tetrahedrite, Tetrabedrite
was not recognised ai Grass Valiey.

Sphalerite

Sphalerite was recognised at Albert, Spoedwel, and Grass Valley, occurring immediately
before chalcopyrite in the paragenetic sequence. At Grass Valley, Wagner (19%21) also
recognised instances where sphalerite (together with galena) post-dated chalcopyrite. Lares
sphalerite crystals are present at Houtenbek, and commonly occur in veins cutting across
 intensely tered sedimentary rock (leptite) within the deposit. Molyhlerite and two fuorite
generatlons also occur within the metamorphosed sedimentary rock. ./olybdenite appears
to have been deposited before the sphalerite.
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“Two distinct types of sphalerite have been recognised at Spoedwel, Both have the same
appearance under reflected light, showing a dark grey anhedral mass spotied by
chalcopyrite Blebs. Tn apparently uniform masses under reflected light, the same uniformity
js not observed under transmitted light, Some portions within the sphalerite allow light to
pass through the grain while other portions, usually surrounding the anisotropic portions,
absorb all the light, resulting in total opacity of the grain

This phenomenon is a tesult of the presence of Fe in the crystal lattice. Pure ZnS is
transparent and colourless, but when Fe-rich, it appears opaque, Sphalerite has-very high
 relief and s usually yellow to brownish, with dark brown bands due to iron zonation
. Oxidation of fron-bearing varieties leads to brown staining, especially in fractures, It is
darker than most ore minerals but birighter than gangue minerals. Pure ZnS bas abundant
internal reflections but, with increasing Fe content, opacify increases and internal reflections
become fewer, and brownish or reddish,

_ 'Ihe translucent sphalerite occurs as subhedral grams with partially resorbed borders and
fractures (Figure 4.30). It contains no galena inclusions. However, cracks within this
material are often filled with opaque sphaleﬁte, galena, chalcopyrite and covelite. The
isotropic, massive, interstitial, irregular sphalerite with chalcopyrite disease comtains
inclusions of muscovite and chlorite, It is intimately associated with galena and tetrahedrite.

Chalcopyrite

Chalcopyrite is the Iast of the primary sulphide minerals to be deposited, and is often altered
to bornite, chalcocite, and caveliite, Chalcopyrite is the most abundant ore mineral in the
Spoedwel deposit, filling interstitial spaces petween evhedral quartz grains, and filling
cracks in gangue minerals and earlier formed ore minerals. It i5 also the major disseminated
ore mineral at Dronkfontein. Chalcopyrite is present at Grass Valley and Albert, but is not
the primary ore mineral of these deposits. It was precipitated after the sulphidy; paragenesis
arsenopyrite-pyrite-galena-tetrahedrite/tennantite-sphalerite, and is associated -with chiorite
and sericite.
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Chalcopyrite is intergrown with sphalerite, galena and tetrahedrite/tennantite, filling wugs
and cracks, as well as in tiny blebs scattered throughout sphalerite grains. Where
chalcopyrite is adjacent to gangue minerals, their borders tend to be resorbed and embayed
(Figure 4.31). It is often found together with galena as infiltrations in pyrite (Figure 4.28).

In vugs lined by euhedral feldspar crystals, green chlorite lines the walls and fills most of
the cavity while chalcopyrite is found in the central portions forming #regular resorbed or
embayed grain contacts, transecting rosettes of green chlorite.

The chalcopyrite at Spoedwel and Albert is altered fo bornite, chalcocite, and covellite,
Covellte over-pricting js pronounced in the high grade ores, particularly at Spoedwel. In
contrast, the alieration of chaleopyrite is not well developed at Grass Valley.

Bornite

The presence of bornite is minor and bas been recognised at Spoedwel, and Albert, but not
at Grass Valley. Where present, it is Iunited to the areas where chalcopyrite is present
{Figure 4.32). Digenite and chalcocite form rims on the outer borders of grains containing
bomite and chalcopyrite.

Chalcocite, digenite and covellite

These three minerals occur together in veinlets traversing chalcopyrite masses. The veinlets
* appear dark blue owing to the blue culour of all three minerals (Figure 4.33). Coveliite

overprinting of chalcopyrite is referred to in the section on chalcopyrite.

‘The covellite exists as little plates or needles in a groundmass of chalcocite or digenite. The
covellite flakes, however, are darer than the swrounding material, and shows distinct
pleachroism and anisotropisn. In some instances, the veinlets are completely composed of
covellite, Minor amounts of an isotropic, pale blue mineral accompany the covellite in
some veinlets. Although these characteristics match those of chalcocite, it cannot be ruled
out that these portions merely represent basal sections of covellite, hence remaining blue
and showing no anisotropism.
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Both chalcocite and digenite occur in some samples (Figure 4.34). A solid solution exists
between chaicocite and digenite and the two are told apart with some difficulty. Digenite is
isotropic aud has a prey io blueish-grey colour, Covellite, on the other band is weakly
anisotropic and has a lighter blueish grey colour. Furthermoare, the reflectance of chalcocite
R=33% is greater than digenite R=21%,

Magnetite

Magnefite occurs as & primary accessory phase in unaltered granite, The appearance of
secondary magnetite is erratic, and appears locally, associated with the final stages of the
paragenetic sequence where hematite, quartz and fluorite are abundant, The magnetite may
occur as ethedral crystals in a quartz (Figure 4.35) or fluorite matrix (Figure 4.36) or as
. toogues in the coarse-grained transsolvus granites near the Klipkloof-Nebo Granite contact.
The magnetite is partiaily oxidised to hemafite, The name martite is applied where
magnetite has been psendomorphed by an intergrowth of hematite. Magnefite
psendomorphs after chlorite and muscovite have been observed locally in hypersolvus
granites (Figare 4.37).

Hematite

Hematite schillers in the perthite crystals lend a brick-red or orange colour to the feldspars
in the grapite, Hematitisation of the feldspars is complete in some grains and patchy in
others, Partial albitisation of perthite yrains is responsible for the incomplets hematisation
shown by some grains (Figure 4.38). The hematite plates follow the trend of the exsolution
Jamellae in the perthite, and hence producing a straight fabric to the individual greins. In
some heratitised feldspar, the twin lamellae (Carlsbad twins) have been obliterated and
replaced by a granular texture that goes into extinction with rotation of the stage. Other
crymals still show twinming behaviour; the hematite schillers aud the respective twin
lamellze go into extinction simultanecusly.

In sections where albitisation of the perthites is extensive, the hematite liberated from the
perthite lattice occurs as rims around the individual grains and along fractures within the
prains (Figure 4.39). Hematite also appears as veinlets or stringers cutting across the
hematitised perthite crystals.
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At Grass Valley and at Albert, large scale hematite (specularite) veins ot across the ore
body, while at Spoedwel smaller scale hematite veins are present, Hematite flis the central
portions of late stage quartz veins and is associated with & generation of fluid inclusions
consisting almost entirely of carbon dioxide.

Limeoniie _

Limonite consists of goethite and lepidocrocite with absorbed water. Goethite is associated
with late stage brecciation of the host rock and occurs in the quarlz filling fractures and the
adjacent perthite crystals. Jt has & very dark red to biackish-brown colour and is present as
stingers and alteration halos around iron-bearing sulphide minerals such as pyrite and
chalcopyrite. The colour of the limonite is variable; in some instances it appears yellow with
tinges of brown (Figure 4.40) while in others it is bright orauge with red flecks.

Otber minerals - |
T addition to the mejor minerals described above, several subsidiary minerals observed by
Wagner (1921) , Champion (1970) and Robb et al. (1994) ere named below for the sake of
completeness. Those present at Grass Valley are scheelite, wolfiamite, Eiserham,
bismuthinite, galmo-bismmihinite, tungstite, cuprotungstite, scorodite, malachite, azurite,
and chalcanthite. Those present at Albert are argentite and a PbBi-sﬂphosah.
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45 PARAGENETIC SEQUENCE

The paragenetic sequence of ore minerals has been presented in the preceding section
describing the occurrence of the different minerals, It appears that the overall paragenetic
sequence at each of the deposits is similar, with some minor variations, The paragenetic
sequence as described by Wagner (1921) for the Mutue Fides-Stavoren Tin Field, in which
the Grass Valley depasit is sitated, is shown in Table 4,1. The paragenetic sequence has
been divided into three major phases with subdivisions, namely the Pneumatolytic phase,
the Hydrothermal Phase, and the Phase of Alteration, This paragenetic sequence broadly
compares with the sequences recorded at the Spoedwel and Alber: deposits in this study.
At Albert and Spoedwel, the minerals associated with the first phase of mineralisation are
not well represented, but the assemblages of the Hydrothermal and Alteration Phases are
abondant. Variations in the paragenetic position of cerfain mmerals at Albert were
recognised by Robb ef al, (1994), In particular, arsenopyrite was placed after chalcopyrite
in the paragenetic sequence and no early generation was observed, This was not the case at
Spoedwel, where the position of arsenopyrite is the same as at Grass Valley. K is possible
that a second generation of arsemopyrite was recognised by Robb et al. (1994).
Purthermore, although minor amounts of galena and sp.etite precede chalcopyrite at
Grass Valley, the paragenetic position of the bulk of the galena and sphalerite was
recorded by Wagner (1921) as occuing after chalcopyrite, in contrast with Spoedwel and
Albert, where galena and sphalerite were deposited before chalcopyrite.

In Chapter 3, it was mentioned that similarities between the Bushveld Commplex and the

Olympic Dam deposh in South Australiz were responsible for stimulating the exploration

efforts in the Bushveld granites, and # is worth comparing the parageneses of this deposit
with that determined for mineralisation in the Bushveld.

Three mineral association have been recognised at Olympic Dam. The early magnetite {+
hematite), chlorite, sericite, siderite, and minor pysdte, chalcopyrite and ureninite
(assnciaﬁon I} is extensively overprinted by hematite, sericite, chalcocite, bomnite,
pitchblende, barite, flnorite, and chlorite (association II). The paragenetically latest major
mineral association consists of hematite, or hematite + granular quartz + barite {association
). All three mineral associations display complex overlapping and indistinct boundaries.
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Rock relations, breccia textures, ore mineral textures, and +ineral parageneses provide
evidence of repetitive brecciation and mineralisation events, indicating that cre genesis was
complex and muitistage (Haynes et al,,1995).

Table 4.1 Summary of the paragenetic sequence at Grass Valley (after Wagner,

Eaﬂy hydrothermal
Phase

Late hydrothermal
Phase

Phase of Alteration
by cold descending
Meteoric Waters

tourrmaline,

Stage = - Deposition of specularite,

cassiterite, . wolframite,  scheelite,
arsenopyrite and fluor-apatite.
Deposition of chlorite, sericite,

 quartz, pyrte, chalcopyrite, some

fluorite, and probably bismuthinite,
Deposition of galena, sphalerite,

fluorite, ankerite, calcite, quartz,

chlorite and probably = secondary
scheelite,

Formation of chalcocite, covellite,
copper oxides, bismutite, tungstite,
cerussite, martite, limonite, kaolin and
secondary chlorite.

About 150 °C

Ordinary
terperature

1921).

Phase Assemblage Prevmliug temperature, T
~ Pegmatitic "or Deposition of pegmatitic feldspar and About 575 °C

Primary quariz, or pegmatitic feldspar alone,

Pneumatolytic Phase -

Secondary Stage { - 7 position of raven-mica 358 °C <T<575°C

Pneumatolytic Phase (biotite), quartz aod probably

atmospheric

The paragenetic sequence at Olympic Dam shows several similarities with polymetallic
mineralisation in the Bushveld granites. Firstly, the three-fold subdivision at Olympic Dam
(Associations T, Tf and ITT) is also present in the Bushvekd. The earliest subdivision was put
forward by Wagner (1921) where Pnenmatolytic, Hydrothermal and Alteration phases
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were recognised in the Mutue Fides-Stavaren tin fields. Smits (1980) recognised a similar
three stage division in the paragenesis at the Boschhoek copper deposit, and referred to
them as the Early, Main and Late Stages of mineralisation (see Chapter 3),

As discussed above, the classification of Wagner (1921) for mineralisation at Grass Valley,
compares favourably with the scheme proposed in this study for Grass Valley, Spoedwel
and Albert (Figures 4.41, 442 and 4.43). Some of the discrepancies in paragenetic
sequences between these deposits may be explained by considering the paragenetic
sequence proposed by Smits (1980) at Boschboek. Smits (1980) recognised mulfiple
generations of pyrite, bismuthinite, galena, sphalerite, quaitz and sidetite This may explain
the varying positions of galena and sphalerite in the paragenetic sequence at Grass Valley,
Albert and Spoedwel, since no distinction was made between different geneiations of these
inerals.

Comparing the mineral assemblages of the different stages of mineralisation at Olympic
Dam with that at Bosckhoek, Grass Valley, Albert and Spoedwel, some striking similarities
are obvious. Association I at Olympic Dam correlates with the Early Stage at Boschhoek,
where the presence of siderite, hewatite/magnetite/marcasite and pyrite seem to be
characteristic, The Main and Late Stages at Boschhoek dif™r from Associations I and I at
Olympic Dam, They also differ from the three subdivisions created in this study for
" mineralisation at Grass Valley, Spoedwel and Albert; Association I is not present at Grass
Valley, Spoedwel and Albert. Stage 1 at these deposits is represented by the specularite-
cassiterite-wolframite-molybdenite-scheelite-arsenopyrite-flucrapatite assemblage, which is
not represented at Qlympic Dam.  The main episode of sulphide mineralisation in the
Bushveld occnrred in Stage 2. Alferation of this assemblape is associated with the
introduction of the hematite-fiuorite-pitchblende assemblage, and correlates with
Assaciation IT at Olympic Dam.

Thus, it can be concluded that, although of smaller scale, mineralisation in the Bushveld

-granites is somewhat similar to that at Olympic Dam, not only ju terms of the geological
setting, but also in terms of the observed paragenetic sequence.
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Figure 4.41. Paragenetic sequences at Grass Valley and Houtenbek.
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Figure 442 Paragenetic sequence at Albert,
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Figure 443  Paragenetic sequence in the 2ones of massive sulphide and disseminated
mineralisation at Spoedwel
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46 ALTERATION

Atteration is an integral part of each of the deposits studied. The minerals and assemblages
provide useful insights into the processes of mineralisation and the consequent overprinting
of alteration minerals on existing ore and gangue minerals. This section deals with the types
of alferation, alteration assemblages and their significance.

ALTERATION ASSEMBLAGES
An alteration assembiage refers 1o a set of minerals that grew in equilibrium with one
another during the hydrothermal process. At the Spoedwel, Grass Valley and Albert
. depostis, several such assemblages have been recopnised, each defining a characteristic
alteration assemblage, as proposed by Meyer and Henley (1967) and discussed in detail in
Barnes (1967) and Guilbert and Park (1986).

Advanced Argiliic Alterafion

According to Meyer and Hemley (1967), fhis type of alteration tepresents extreme
hydrolytic base-leaching from all slnminous phases, Guilbert and Park (1986) teport that it
represents low K'7H* and Na"/H' by low activities of the alkalis and strongly acidic, high H*
fluidls. The resultant assemblages are characterised by dickite, kaolinite, pyrophyilite,
sericite, quartz, alunite, pyrite, tourmaling, topaz, zuynite, and amorphous clays (Meyer
and Hemley, 1967), This type of alterationis evident at Spoedwel and Albert, where
alteration of chalcopyrite to covellite and digenite i= pronounced, and where alteration of
the feldspars has produced gangue minerals such as kaoliite, sericite, quartz, alunite, and
' tourmalive. At Leeufontein, the presence of tourmaline veins and spheroids, which are
developed along fracture zones, is indicative of this type of alteration, -

Phyllic or Sericitic Alteration _ _
" The assemblage, sericite-gquartz-pyrite is the most abundant of all the alteration types. At
Albert and Spoedwel, sericitic dlteration is e predominant type associated with ¥
mineratisation, while, at Grass Valley, althoug:. it is pronounced, it is somewhat less
sbundant. Normal accessories include chlorite, rutilefleucoxens, and titanite. |
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Propylitic Altexation
Propyllitic assemblages are characterised by epidote and cilorite, and  include albite,
septechlorite, and carhonate, commonty with sericite, pyrite, or Fe-oxides

Chioyitisation

The alteration of feldspars, notably K-feldspar perthite to chiorite, is common i the
granites hosting mineralisation, Chilorite is also present s masses of well-fbrmed rosettes,
associated with the sulphide minerafisation at both Albert and Spoedwel The extent of
chioritisation of the host granite is varjable; n extreme cases, the original minerals are
gbliterated. Composttioval variations have also been mnted. Fa-rich grass green varieties
tend to be associated with the sulphide asseblage, whereas Fe-deficient trown chlorites
are associated with orthomagmatic tiz deposition,

Since tbere is a marked absence of homblende and biotite at Spoedwel and copious
~ amounts of a variety of chlorites, it is probable that the original homblende and /or biotite
grains have been altered to chiorite, The subsalvus granites in particular have Jocalised
zones of extreme chloritisation of the plagioclase crystals, This type of alteration is it

~ obeerved in the hypersolvus granites well removed from the sulphide mineralisation.

Albitisation

Albitisation occurs in patches within the fine-grained Klipkloof Granites in the area east of
Marble Hall, as well as associated with the mineralisation at Albert, Spoedwel and Grass
Valley, It is manifested in several forms, viz. as partial replacements in perthite, as
secondary overgrowth on albite crystals of the subsolvus Verena Granite, and as complete
replacement pockets in fing-grained Klipkloof Granite, where it is referred to as Albitised
Klipkloof Granite. Albitisation is not associated with the introduction of sulphides, but is
commonly accompanied by Fe-oxides. This relationship is evident at Albett where vast
amounts of secondary albite and hematite has been precipitated.
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Potassic Alterafion
Potassic alteration involves the presence of introduced or recrystallised K-feldspar i 2 rock |
with or without biotie and sericite, commonly with traces of anhydrite, apatite, thuorite,
calcite, scheglite, chalcopyrite, molyixienite, pyrite, mapnetite, or hematite.

This assemblage is present at all the ore deposits studied, and is associated with the
subsolvus graoies. At Spoedwel, the hypersolvus granites were composed primarily of K-
feldspar, which subsequently became hydrothermally aktered by the fuids associated with
the subsolvas prapite. The introduction of secondary K-feldspar is associated with the
crystallisation. of the subsolvus granite. The secondary K-feldspar is in equilbrinm with
1nuscovite (sericite), Biotite is limited to the highly differentisted pegmatitic and aplitic
portions of the infrusion. Jn conirast, the subsolvus Verena Granites which host
mineralisation at Albert contain significant amouuts of biotite disseminated thought the
rock. Biotite is scarce in the Grass Valley deposit and occurs associated with hematite as
- specks and patches in Albitised Klipkloof Granite,

Potassic alteration played a major role in the mineralising process, particularly during the
introduction of the sulphide paragenesis, and suggests high K'/H" conditions at the time, -

. ALTERATION REACTIONS

The chemical processes identified as being responsible for the observed alteration are the
folinwiug: : '
1) bydrolysis
2) hydration-dehydration
3) alkali or alkali-ear s wectasomatism
4) silictiication
5) oxidation-reduction
6) sulphidation
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Hydrolysis (H' metasomatism)

Examination of the alteration minerals suggssts that hydrolysis was & major contributor to
the evolution of the wall rock and fluid composition. HMydrolysis reactions involve H', and
hence have a large influence on the pH of the fluids. Buffering of pH by the conversion of
anhydrous silicates like feldspars to hydrolysed sificates like mica and ciay minerals has &
proncunced effect on the solubility and association-dissociation relationships (Guilbert and
Park, 1986).

The consumption of H' to alter the feldspar to muscovite affects the pH of the fiuid and
the depree of dissociation of the hydrogen containing complexes, such as HCL As a
consequence the degree of associabe ~fNaCl and KCl and metal chloride complexes and
the solubility of metals in solution is affected.

Apart from consuming H' in reactions ke
3KAISHOs + 2H' g > KALSHO(0H), + 6510, + 2K'(ag)
K-feldspar Muscovite
(Sericite)
H' ions may be Liberated by reactions between metals and (HS) to produce sulphides.
 Thus, hydrolysis controls the stability of the feldspars, micas and days, as well gs the
transfer of ions like K, Na* Ca * and Mg®* from the rock into solution.

Hydration
Evidence of hydration is seen in the supergene alteration of hematite to goethite.

Fe,0s+ 3H,0 <> 2Fe(OH);
Hematite Goethite

Alkali Rarith Metasomatism

The most important reaction of this type involves the alteration of K-feldspar to chlorite
according to the following equation:
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3KAISHO5 + 6.5 Mg2" > Mgss(SbANOR(OH)s + X'+ 128
K-feldspar Chlorite

Alkali earth metasomatism is also responsible for the conversion of K-feldspar to albite
rine albitisati

Silicification .

Silicification mvolves the addition or production of a quattz-family member. This type of
reaction is represented by the simple precipitation of quartz in open pore spaces, and as
quartz veins, Several episodes of silicification occured during the history of the Bushveld
granites. "The precipitation of late-stage, low temperature chalcedony veins at Grass Valley
amongst earlier and later generations o€ quartz is nmsnal, and it i3 not clear what caused
this change in the mature of silica. '

Oxidation-reduction _ :
Oxidation-reduction reactions are particularly important at Spoedwel since it is primarily an
Fe-Cu deposit. These reactions affect ferrous-ferric iron and sulpimr mineralogies. For
exarople, '
4Fe;04+0; <> 6Fey(s

Magoetite  Hematite

2 KFes AiSisOy(OH)z + Oy ¢52KAISHO; + 2Fe,0; -+ 2H,0

Fervous iron biotite K-feldspar  Magoetite

Sulphidation _

These reactions are also likely to have occurred at the deposits since the products of this

- reaction are abundant, although the reactants are absent,

2 KFesAlShOro{OH), + 63, 432KAISHO; + 6FeS; + 2H;0+ 30 (2)
Ferrous iron biotite K-feldspar  Pyrite
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47 CONCLUSION

Petrographic studies of the grenites in the Leeufontein area, as well as in areas of
mineralisation in the eastern lobe of the Bushveld Complex, have elucidated several key
factors in understanding the development of the Lebowa Granite Suite and the Iocalisation
of mineralisation, '

The association of roinerafisation with subsolvus granites at Grass Valley, Spoedwel, and
* Albert is one of the most important points ta come out of this petrographic study. In
addition, the hypothesis proposed Ly Maxtin and Bonin (1976) to explain the hypersolvus-
subsolvus granite association involves the concepts of water saturation of the magma, and
the incursion of mateoric water, The significance of this is that it lends weight to the model
of K*emann (1985), in which he ascribes the development of the aplitic Kiipkloof Granite
to volatile enrichment of rest liquids,

Water enrichment probably oceurred during the solidification of the Klipkloof Granite,
when crystatlisation of the plrton was well advanced (Kleemann and Twist, 1989). This
statement is verified by mineralogical relationships at Spoedwel, The host granite at
Spoedwel is the Nebo Granite, and the petrographical evidence suggests that water
saturation occirred during the final stages of the crystallisation of this hypersolvus granite,
coinciding with the onset of subsolvus granite crystallisation, Evidence for an influx of
water is abundant at the deposits in the eastern lobe of the Bushveld Complex.
Muscovitisation, Jocal fusion of perthites, albitisation of feldspar, and precipitation of Jate
 albite, suggest that an increase in P(H:0) occurred after partial sofidification of the
hypersolvus granite, Tensional fracturing resulted in the escape of volatiles, as well as the
Klipkloof Granite, which occurs as dykes as sills occupying large scale regional faults.
Thus, the fractures form the Jink between the subsolvus granite, and the metal charged
hydrothermal fuids which deposited the coraplex paragenesis in the Bushiveld granites.

The concept of water enrichment of the magma is supported by evidence from Oflila
' (1931), who conducted a stady of the structural state and composition of the alkali
feldspars in the Bushveld granites, and found that the allali feldspars in the Bobbejaankop
gcénite {coarse-grained Klipkloof Granite) exhibit the highest degree of ordering and ave

102



maximum microchne, indicating the lowest thermsl state, The alkali f2idspars from the
Lease Granite (fine-grained Klipkloof Grenite) are interrediate microcline, indicating a
higher thermal state, or less order.d state, which is due to the rapid cooling rate of this
granite (Olila, 1981). The Nebo (or "Main") Granite alkali felispars are monactivic,
reflecting 4 state of greater disorder in the Iattice. Ollila {1981) explained this phenomenon
as the result of volatile deficiency during initial crystsl growth stages, which may have
prevented the later development of triclinic alkali feldspars, The variation in the structural
state of the alkali feldspars is directly related to the availability of hydrothermal fluids during
their cooling history (Parsons, 1978). Thus, the absence of volatiles during the
crystallisati.m of the Nebo Granite is reflected in the monoclinicity of the K-feldspars, even

“ though the rate of cooling was sufficiently slow for the formaticn of large interlocking
crysmis. As the degree of fractionation of the host rock increases, the water content of the
residual melt increases, causing increased order in the vounger X-feldspar crystals, 'I‘hus,
the higher degree of order in the comrse-grained Kiipkloof Grasite reflects the increasing
water content of the residual melr. This tread would have contined during the formation of
the Lease Granite (Fine-grained Klipkioof Granite) were it not for the rapid caoling of this
magma (Kieemann and Twist, 1989).

The overall paragenetic sequence sugyesis that mineralisation took place in three discrate
episodes, The first episode of mineralisation resulted in the formation of cassiterite-
scheelite-wolframite-molybdenite-specularite aud possibly arsenopyrite, The mineralisation
i disseminated and formed by processes related to fractional crystallisation of the magrma,
The second episode of mineralsation Is represented by the suiphide paragenesis pyrite-
galena-tetrahedrite/tennantite-sphalerite-chalcopyrite. The ocowrence of this assemiblage is
fracture-related, with sizeable deposits Iocated on the flanks of large-scale regional faults,
These fracture systems presumably acted as comduits for mineralising fluids. The third
episode of mineralisation resulted in the deposition of hematite, pitchiblende and large
amounts of fluorite, The introduction of this third assemblage along the same facture
systems which localised the sulj hide assemblage, resulted in alteration of the sulphides, to
secondary minerals such as bormite, chalcocite, digenite, covellite and Iimonite,

The comparison between granite-hosted mineralisation in the Bushveld and Olympic Dam
granites incicates that the geological setting and paragenetic sequences are somewhat
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similar, Although the siderite-bearing assemblage, which is recopmised as the first
association at Olympic Dam, has not teen recognised at Houtenbek, Grass Valley,
Spoedwel, Dronkfontein and Albert, it is preserved at the Boschhoek copper deposit and
was described by Smits (1980), According to Smits (1980), the CO;-rich magmatic paces
reacted with Fe** in the fluids, precipitating siderite and releasing H'. This reaction resulted
i 2 Jowering of the fluid pH, which is reflected as at.haugetn silica pangue minerals in the
subsequeni mineral assemblages,

 The excess hydrogen ions caused pervasive sericitisation of the wal rock, iberating metals

such as K, Na* Ca* and Mp® from the wall rock into sohution, where they are transported
and re-precipitated as alferation minerals such as chlorite, afbite and K~fe1dspar in the
propyliitc zone of alteration.

The alteration assemblages associsted with the subsolvus granite, and the precipitation of
- the suiphide assemiblage, indicate that the mineralising fiuids were not particularly acidic
and that high X*/H" congitions prevailed at the time. Supergene enrichment of chalcopyrite,
touzoalinisation, hematitisation of siderite veins and the presence of hematite veins were
interpreted by Smits {1980} as being indicative of the introduction of exygenated meteoric
. water along the fractures, In addition, the alteration of feldspar to chlorite and athite, and
the oxidation and hydration of sulphides lowered the pH of the fluids considerably,
favouring the transport of ferric iron (at pH less than 3). These late-stage fluids were
strongly acidic and contained low K'/H* and Na*"{" ratios. The ferric oxides that form
| through hydmlysls_ of Fe;0; are highly insoluble in the presence of oxygen and cannot be
rehydrated, Thus, ivon is transported by highly acidic fluids until # comes into contact with
oxygenated ground waters, that are channelied along fractures, after which i is
precipitated.

Thus the alteration assemblages and stages i the paragenetic sequence in the granite-
hosted deposits in the Bushveld are, in part, controlled by fluctuations in the pH of the
hydrothermal fluids, caused by wall rock alteration, and the introduction of oxidising fiids,
These fuids were channelled along fractures in the granite, which . served to concentrate
and localise polymetaliic mineralisation in the Bushveld granites.
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CHAPTER 5

FLUID INCLUSION PETROGRAPHY AND MICROTHERMOMETRY

The importance of hydrothermal fluids in pranite-hosted mineralisation in the eastem
Bushveld Complex was recognised during the peirographic study of the granites and
selected ore deposits, discussed in Chapter 4. In order to test the hypothiesis proposed in
Chapter 1, a number of analytical techniques have been selected, the results of which are
designed to shed light on the nature of hydrothermal fluids associated with pranite
crystallisation and moineralisation,

A detailed finid inclusion study was undertaken in order to deteimine the nature of the

fluids involved at each step ofthe paragenetic sequence, and, thus, to trace the evolution of
the flaids associated with mineralisation. Fluid inclusions store a wealth of information
regarding the physical and chemicsl conditions during the formation of the host minerals, as

well as the conditions prevailing after ¢ :posiﬁon tas ceased. For this reason, fluid inclusions

have been chosen to form the basis of the analytical approach in ttis study. An outline of
the research approach is shown in Figure 5.1, PIXE analysis, Raman spectroscopy and

Quadrupole Mass Spectrometry were undertaken (see Chapter 6), int order fo quantify the

metal and volatile composition of the fluids more accurately than through conventional

microthermometric analysis alone, The origin of the fluids was investigated through

isotopic analysis of fluid inclusions and quartz (Chapter 7).
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| FLUID |
| INCLUSION |

ANALYSIS

YLUID INCLUSION PETROGRAPHY
Examine polished thin sections.

Identify and mark areas of interest.

Map fluid inclusion assemblages.

l_
[MICROTHERMOMETRY | ANALYTICAL | . |RAMAN
' - TECHNIQUES | - SPECTROSCOPY
[PIXE ANALYSIS | | STABLE ISOTOPES
QUADRUPOLE MASS
" |SPECTROMETRY

Figare 51  Oudine of research approach and aualytical techniques émployed in order
to determine the physical and chemical conditions associated with mineralisation.
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5.1 FLUID INCLUSIONS AND THEIR APPLICATIONS IN THE STUDY OF
ORE DEPOSITS

During the crystallisation of most minerals, minute amounts of the fliid from which the
crystal is growing are trapped in small imperfections in the crystal Iattice, or along fractures
within the crystal. These smal{ fiuid-filled cavities (generally smaller than 0,1mm) become
sealed during subsequent crystal prowth, forming what are referred to as fluid inclusions.
Mimerals are generally precipitated from hydrothermal fnids at elevated temperatures, and
* as the cooling proceeds, a nuraber of changes m the fluid inclusion take place, the most
obvious change being the appearance of a vapour bubble (Figure 5.2), which forms by
differential contraction between the bost crystal and the fiuid. When the pressure of the
inclusion drops below the saturation vapour pressure of the contained finid at parficular
temperature, the flnid splits into twe phases - Yioquid and vapour. The relative amounts of
thesetwo® 3 with the original fluid density. Any volatile species present (such as HyO,
CO; and C.uq) s partitioned into the bubble. In some instances, the flnids contain
significant am-muts of CCy, which if, after being partitioned into the vapour bubble, is
sufficiently dense, may split into two phases, ie. iquid CO, and vapour CO;. Thus, the fiaid
inclusion consists of three phases (Figure 5.3).

In addition to the formation of & vapour butible, upon cooling the fluids often become
saturated with respect to certain components, and precipitate solid phases. Since the
trapped flxids are saturated with respect to the host mineral (Roedder, 1984), crystallisation
of those componentc occurs on the walls of the inclusion.  Other sofid phases may also be
crystallised withi the inclusion, and are referred to as danghter arystals (Figure 5.4). These
solids are distinguished from solids which were trapped along with the fluid, and were not
precipitated from solution inside the fluid mchision,

The size and shape of fluid inclué.ions is controlled by several factors; the crystallography,
as well as the rats 6fooo]iug and precipitation of the host mineral, are among the most
important. The shape of inchusions varies from well-defined evhedral negative crystal
ouflines which mirror the symmetry of the host crystal, to highly irregular, flattened,
spheroidal, oblate or tabular shaped inclusions. Fhuid inclusions are rarely observed with
the naked eye due to their minute size. Some rmuseum specimens of the Jargest inclusions
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may be as large as a few millimetres, but the typical size range of fluid inclusions suitable

for microthernioraetry is from 3 to 20 microns.

Often more than ope generation of fiuid may be trapped within a single crysta). Fluids
trapped during progressive growth of a crystal are termed primary ioclusions (Figure 5.5),
whereas inclusions trapped along annealed fractures are referred to as secondary inclusions
(Figure 5.6). A third category of inclusions, which occur as secondary trails which have
been healed during crystal growth, are called psendosecondary inclusions, The relationship
between primary, Secondaryaﬁdpseudosecondary inclusions is shown in Figure 5.7,

Figure52  Microphotograph of several quartz-hosted fluid inclusions containing
liquid and a vapour bubble, as well as a solid daughter crystal (Magnification X500).
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during subsequent erystal growth (Magnification X10¢)).
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Figwe57  Figure showing primary fluid inclusions (trapped during crystal growth),
secondary and pseudosecondary flid inclusions (trapped along annealed fractures in the

crystal).

Fhvid inclusions store 2 wealth of information about processes and conditions associated
with mineralisation. Both gangue winerals and ore minerals within ore deposits contain
fiuid inclusions. Usually the tran.parent minerals, such as quartz, and fluorite are selected
for microthermometry because the finid inclusions and phase changes are readily visible;
however, mingrals like spbalerite and cassiterite are often usefil. Although poor clarity of
the crystal may impede recogrition of phase changes, microthermometric measurements. of
primary inclusions within these minerals provides important information on the conditions
during depasition of these ore minerals,

Fluid inclusion tuicrothermonmetry involves the heating and freezing of th slices of rock
with the aid of liquid nitrogen and & microscope, and the observation of phase changes as
the inchusion contents respondi to the different physical conditions (ie. change n
temperature, pressure and density). Fluid iclusion microthermometry is based on.a number
of assumptions (Roedder, 1984; Goldstein and Reynolds, 1994). These are listed below:

1) The flnid trapped when the inclusion was sealed was 2 single homogeneous fuid. If a
heterogencous fluid was trapped then interpretation of microthermometric data is
difficult, '

- 2) The cavity in which the fluid is trapped does not change in volume after sealing.

3) The host crystal is impermeable to chemical changes and the mnclusion represents a

chemically closed (isoplethic) system.
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4) The effects of pressure are insignificant, or are known.

5) The origin of the fluid inclusion is known.

6) The determinations of Ty (homogenisation temperature) are not only precise, but
acourate,

‘The terperature, pressure, and density at the time of entrapment, and composition of the
finid are determined by measuring the temperatures of partictlar phase changes during
heating and freezing of the finid inclusion. These varizbles control the transitions between
the three physical states (solid, liquid and gas), and are depicted in P-V-T diagrars (phase
diagrams), The phase changes in the unary system pure HzO is the foundation an which the
more complicated binary, ternary and multi-component systems are based. Figure 5.8
shows the relationship between pressure, volume and temperature, and the corresponding
phase changes as cooling of the fluid inclusion proceeds. The natural cooling path of an
inchision may be reversed in the laboratory by heating the inchusion, From F to C, fhe
 bubble will gradually shrink and at C the bubble will disappear. The temperature at C is
known as the homogenisation temperature (Ty).

&

PRESSLRE

SPECIFIC VOLLIME ———
“— —— DENSITY

Figure 58  Generalise? a; 4 sohematic P-V-T diagram for the unary system H;O {fiom
Goldstein and Reynolds, 1994). '
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In Figure 5.8, the intersections of planes of constant volume with the surface representing
stable single-phase equilitia are shown as dashed lines. The intersections of planes of
oonsmnttempemhmsmshnwnascﬁved,ﬁght solid Jipes. The surface represepting
stable two-phase (fiquid-vapour) equilibria is delimited by heavy soi.d lines. The intersection
of these surfaces of stable equilibria with a plme of constant specific volume defines a
curve known as an isochore. If an inclusion traps a tluid of specific volume (of that shown
by the shaded plane) at the P-T conditions at point A, the inclusion will be constrained to
the Jocus of points in P-V-T space by the intevsection of the surface of the shaded (constant
volume) plane with the surface of the stable equilibrdx (for cooling A-B-C-D-B-F-G-H is
shown), The fnid inclusion sketches schematically show relative proportions of liguid
(clesr) and vapour (shaded) at the various labelled points shown on the phase diagrams
(Goldstein and Reynolds, 1994). | -

Theinformﬂzionobtainedﬁ‘omthetﬂmperatures of phase changes pertinent to the
 determination of entrapment femperatures, pressure, density and composition is discussed
© below.

TEMPERATURE |

The temperature of formation (T or trapping temperature) of the host crystal, as well as

the temperatore of later fluids may be determined indirectly by measuring the
" homogenisation temperature (Ty) of primary and secondary fluid inclusion assemblages,

respectivelr The homogenisation temperature is an estimate of the mininmm entraptoent

temperature of the fluid, and, by applying a pressure correction, the true trapping

temperature may be inferred. |

In - two phase liquid/apour foclusions, the homogenisation tembemtme is measured by

heating the inclusion until the vapour bubble disappears. This temperature represents the
nﬁnhmmmhapmenttmpmeoftheﬂuid,mdmememmmmpmtmmaybe'
determined by applymg an appropriate pressure correction. (see pressure and density),

In three phase inclusions, the temperaturce atwhichdissohtionofthe daughter crystal takes
place provides important information of the composition of the fluids, as well as assisting in



the identification of daughter crystals. For example, KCI and NaCl may be distinguished by
the temperature at which dissolutisn oceurs, NaCl dissolves at lower temperatures than
KCl. This ‘wtaperature of dissolution is also usefiil in determining the salinity of the fluids
{(see Composition). However, some daughter crystals do not melt, even when heate:. *o
extremely high temperatures. This may be doe to the fact that equilibration was not
achieved in the time used to heat the sample, or that the meiting point of the crystal was
actually at higher temperatures than the temperature of homogenisation of fiquid and gas
phases. In addition, non-dissolution of daughter crystals may result from necking down, H,
leakage, or the fact that the crystal may be a solid trapped within the inclusion,

The temperature 7t which the internal pressure of the fluid inclusion exceeds the tensile
strength of the host crystal, is refetred o as the decrepitation temperature (0F Taepintin)-
At this point the finid inclusion bursts, and it is assumed that Tyeegisism cOMCides with Ty
However, this method of determining entrapment tercperature is regarded with some
scepticistn due to its lack of theoretical basis, and the lack of agreement with actual Ty data
in some circumstances (Roedder, 1984).

PRESSURE AND DENSITY

Temperature, pressure and density are interrelated. Figure 5.8 shows the relationships
between these varmbles I a finid is trapped fom a homogeneous fluid along the boiling
curve, Ty =T, apd no pressure correction is needed. Such an inclusion would start to form
a vapoﬁ' bubble as soon as it cooled below T, However, most inclusions are not trappc-
on the boiling curve, but at some higher temperature and pressure, and a bubble does not
form untif the pressure and temperature have dropped to the boiling curve conditions. The
density remains constant within the inclusion, and is represented by a straight line isochore.
The isochore Teflects the change in pressure and temperature inside the inclusion. The
difference in tenipermture (T-Ty) is called the “pressure carrection”, and is actually a
‘oemperatl.ue.correction as a Tesult of pressure. It is calculated by dividing the difference
between the pressure of trapping and the internal pressure at homogenisation, by the slope
of the isochore originating at the measured temperature and pressure of homogenisation.
ie, Pressure correction = (Pr-Pu) (AP/AT)
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Graphs of pressure comrections at particular temperatures, pressures, and salinities were
published_ by Potter (1977), but are appropriate if the inclusions contain pure MNaCl
solutions, the salinity has been correctly determined, the estimate of pressure of formation
is correct and the inclusion homogenises in the Yquid phase, Highly concentrated solutions
ancl those containing CO; or other gases result in significant erors,

COMPOSTIION

Most geothermal fluids are not simple H;O systems, but are complex mixtyres of 2 mumber
of components. The effect of additional components is to shift the liquid phase equilibrium.
The model H:0-NaCi system is commonly used to evaluate the final mwelting temperature
of ice -and the salinity of the fluid is reported as NaCl salinity equivalent {or eNaCl).
‘According to Goldstein and Reynolds (1994), this approximation is reasonable becanse
 comparisons of the cotectic surfaces, where ice melts for various systems, show relatively
small variations.

The composition of the fuid may be estimated by measuring a puriber of phase changes,
These are the freezing temperature (Thee), eutectic melting temperature (T.), temperature
of intermediate melting events, the final melting temperature (T g mas), and the
temperature of freezing, melting and homogenisation temperature of CO,. The temperature
at which the fluid freezes depends on the gaseous component and salinity of the fluids,
Fhuid inclusions containing methane and nitrogen, as well as high  ‘ine fluids, freeze at
lower te,nperatures than fluid inclusions containing Liftle in the way of dissolved solutes.

The temperature at which the Yiquid phase becomes frozen is recorded as the fivezing
temperature (Teee 07 Tp). A sudden jerk in the inchusion i observed zs the liquid expands
~ on freezing and the vapour bubble becomes distorted. The temperature at whics, i..¢ liguid
freezes depends 1o a large extent on the amomnt of dissolved solute and the nature of
volatiles E:ontained in the fuids, The greater the concentration of ions iu' solution, the wwer
the freezing temperature, In addition, the presence of Np, CH, and COj depress the freezing
point firther. "The physical appearance of the frozen solid can also provide information on
the fluid character, Fuids containing CaCl and/or MpCl, develop a brown-coloured
mosaic of crystals which is easily distinguished from the colouriess mosaic produced by
solutions contatning NaCl, and KCl,
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The eutectic, or initial melting terperature (Table 5.1), provides a good indication of the
major jons in solution and, thms, the appropriate chemical system to be used in
interpretation of microthermometric data, These phase changes are usefil in identifying the
phases ihwolved in ilte:mediate. melting events, and thus assist in choosing a chemdcal
systemﬁhicﬁ includes most of the major ions in soltion.

~ Table 5.1 Eutectxc temperatures for various chemical systems (From Sheppard et

al. (1985) and * Reynolds (1991)

" CHEMICAL SYSTEM EUTECTIC TEMPERATURE (°C)
NaCi TR '
XCI -10.6*
CaCl, 49.8*
MCl; 33.6%
NaCl-KCL 22.9*

o NaClCil_CLz 5.0
NaCl-MgCl; -35.0% .
HO-MgClaCaCla 522
HO0-NaCl-CaCl, -55 (52)
HL0-KC1-CaCl; 50,5
HLO-CaCl _ 49,5
H,0-N3,C0,-KoCO; 370
H.O-FeCl: 35.0
H,0-NaCl-MgCl, -35.0
H:0-MgCha -33.6

 H0-NaCIKCl 235 (-22.9)
HO-NaCl-Na.§0, 21.7
H,0-NaCl-NaHCO; 218
H,0-NaCl-NaCO; 214
HO-NsCL 212 (-20.8)
H,0-KCl 106
H.0-NaHCO;-N5;C0; 23

 H,O-NaHCO; 23
Hy0-Na,CO, Y 2.1
H,0-N2,S0, 12




The temperature at which the last frozen solid melts is referred to as the final melting
termperatire (T gt meting). THE phase changes in simple systeros such as NaClH;O (Figure
3.9) or NaCIl-KC! -H»O, and in more complicated systems such as those in Table 5.1, are
interpreted using phase diagrams which translate the final melting temperature into a salinity
value. This phase change usually occurs at temperatures below 0°C, and is dependent on
the composition of the fluids. Tn systems where CO; is a component of the fluid, gas
hydrates (or clathrates) are formed, which resist melting until temperatures between 0 and
10°C, The final melting temperature of these clathrates is used to estimate the salinity of the
fluids.

e : ' -3 S S Z )
_ . NoCl + SOWTION
old r ~ SOLUTION 2 {4 ]
g [ g { g
g -0~ Namn,o«a-sm NoCle2Ha 0 ~
E ICE 4 SOLUTION ) N:CI
ﬁ- 20 - . . c -
1CE+ NoCl» 2H,0 N L
.30 — — 1 - ;6 6’5 » :00
[ 5 \0 15 1 25
HaO 233 283 &9 Necl

WEKGHT PERCENT NeCl

Figure 59 TX plot for the low temperature part of the NaClH:O system, in
equiliorium with vapour at 1bar total pressure (Roedder, 1962).
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52  FLUID INCLUSIONS IN THE BUSHVELD GRANITES
PREVIOUS WORK

The description of a large moving bubble in & fluid inclasion within quartz by Robert Boyle
(1672) sparked the interest of several naturalists in the cighteenth century, and resulied in
numerous reports on the nature of trapped fluids. However, the first analytical work 1o
estabiish the composition of specific inchusions was published only in the early mineteenth
century. Among the pioneers in this field of study were Sorby (1858), Zirkel (1870) and
Phillips (1875).

Advances in the understanding of the behaviour and significance of fluid inclusions has
facilitated several in depth investigations into the pature of magmatic and hydrothermal
fluids, as well as meteoric fluids, in a wide range of geological environments. The role of
finid phases in sedhﬁemarj, diagenetic, metamorphic and magmatic processes (Roedder,
1979a, 1984; Bodnar & Beane, 1980) has received considerable attention in recent years,

The stndy of fluid nclusions in the Bushveld gramites is relatively new. In 1981, J.T. Oliia
published & comparative study of the fluid inclusion data from three tin mining areas: 1)
Zaaiplaats, 2) Rociberg-Leeuwpoort, and 3) Union tin mines, Pollard et al. {1991} re-
exammined the fluids a1 the Zasiplaats deposit, and Robb ef al, (1994) analysed the fluids
associated with mineralisation at the Albert Silver Mine. The results of these studies are
briefly summarised below.

Zaaiplaats

At Zuaiplaats homogenisation temperatures were measured by Olilly (1981) for inclusions
in quartz of the Bobbejaankop and Lease Granites, contact pegmatite and idiomorphic
quartz, fluorite and calcite vuggy crystals, The results obtained by Ollila (1981) indicate
that homogenisation temperatures for primary inciusions in the Bobbejaankop Granites
were relatively high. The Bobbejaankop Granite yields T, values of between 480 °C and
719 °C, while those in the Lease Granite between 455 °C and 554 °C, Fluid inclusions in
the contact pegmatite have homogenisation temperatures between 365 °C and 525 °C, and
COzrich fluid inclusions in viggy quartz associated with cassiterite between 371 °C and
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438°C. The results are summarised in Figures 5.10 to 5.13, which are taken directly from
Olila (1981). Figure 5.10 shows the distribution of homogenisation temperatures for
primary and secondary inclusions in Bobbejaanknp Granite, Lease Granite and contact
pegmatite at Zaaiplaats. The combined results of primary and secondary fluid inclusions
are shown n Figire 5,11,
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Fignre 5,10 Freguency distribution of the homo genisation temperatures of primary (P)
and secondary (S) fluid inclusions in the Bobbejaankop and Lease Granites and in the
. gontact pegrmatite, (From Ollila, 1981),
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Figure 511  Frequency distribution for homogenisation temperatures of the fluid

 imclusions of different origin in the vuggy minerals fluorite (VFY), quartz (VQ) and calcite
(VC) in the Bobbegaankup Granite, and of vuggy quartz associated with cassiterite (Q) i
the miarolitic cavities of the Lease Gra.mte (From Oliila, 1981).

Ollita (1981) maintained that the evidence for trapping of boiling fluids provided a good
estimate of pressure conditions prevailing during crystallisation of the orthomagmatic
cassiferite in the Bobbejeankop Granite. The orthomagmatic cassiterite crystallised at
minimum total pressures of 600 bar in the Bobbejaankop Granite, The hydrothermal tin
* mineralisation in pipes and pockets and on the walls of the Lease Granite was due to dilute
_CO;-H;O at partial pressures of CO; up to 750 bar, The low termperature vaggy minerals,
fluorite, quartz and calcite, were deposited at pressures below 300 bar. The pressure and
'homogerﬁsation temperature of fluids associated with the Bobbejaankop Granite, Lease
Granite and quartz associated with tin mineralisation are plotted in Figure 5.12.
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Figure .5.12 Plot of pressures versus homogeﬁisation temperatures for fluids at
Zaaiplaats (From Ollila, 1981).

Oliila (1981) concluded that tin is soluble and may be transported in endogranitic
 environments in a low salinity and low density medium which i immiscible with the
' coexisting hydrosaline flnid. The comypositions of the finids at Zaaiplaats are summarised in

Figure 5.13. The Bobbejaankop and Lease Granite have salinities (expressed as equivalent
weight % NaCl) between 35 and 50 wt.% eNaCl . The vein fuorite and calcite, and the
quartz assoclated with cassiterite, have lower salinites (>5 w..% €NaCl) than the bost
granites. The vein quartz, however, has salinities betw en 20 and 35 wit.% eNaCl . Thus,
with a decrease in temperature, there is a distinct incrcase in the salinity of the fiuids at
approximately 200°C in vein quartz.
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Figure 513 Plot of salinities versus homogenisation temperatures for fuids at
Zaaxplaats Q= quartz associated with cass'ltente VE= vuggy fluorite, V= vuggy quartz,
VC———vuggy calcite. (From Oltila, 1981).

Pollard ef al. (1991) re-examined the fluid inclusions at Zaaiplaats. They recogrised three
types of finid inclusions. 1) Type ta and b fluid inclusious: H0-NaCl-CO; inchusions oceur
as secondary inclusions. Type 14 inclusions contiin CO; liquid (80-90 vel %) and CO;
vapour (10-20 val %), with CO; melting temperatures ranging from -56.7 to -57.7°C, and
homogenisation 1o the liquid phase between 20 and 29.7°C. Type 1b inclusions contain
CO; Tiquid and vapour and H,O-rich liquid. The microthermometric data of Pollard ef al,
(1991) for Type 1h fluid inclusions are shown in Figure 5,14
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Figure 5.14 Microthermometric
data for Type 1b flnid inclusions from |
granite  quartz, early cavity-filling
quartz, and quartz from the
Bobbejaankop pipe Zaaiplaats ruine.
A, CO; melting temperature, B, CCz

| clathrate melting temperature. C.

Homogenisation temperature of CO,
phase (to vapour = shaded, to liquid =
unshaded), critical = cross-hatched. D.
Final homogenisation temperatires (1o
CO; phase = shaded, to H,0 phase =

- unshaded), cross hatched = eritical,

diagonal shadimg = decrepitated.
(From Pollard et al,, 1991).

2) ngh salinity inclusions characterised by the ﬁresence of solid phases such as halite,
sylvite and Fe-chloride which homogenise by dissolution of the sofid phase i the mnge 160
°C to 600°C (T dmcinion TOT Sylvite: 121 to 205°C, halite: 281 to 490°C), Type 2a
inclusions contain a small vapour bubble and as many as six solid phases, Type 2b are
similar o Type 1a inclusions, except that they lack Fe chlaride daughter crystals, and Type
2c usually contain liguid, vapowr end a halite crystal. The microthermometric data from .
quartz-, fuorite-, scheelite- and cassiterite-hosted inclusions are summarised in Figure

5.15.
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3) Type 3 iclusions are liquid-vapour inchisions which homogenise to the liquid phase
between 88 °C and 240°C while ive melting temperatures range from-11 °C to -30°C,
The microthermometric data of Pollard e/ @l. (1991) for Type 3 inchusions are shown in

" Figure 5.16. '
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. Figure5.16 Homogenisation temperatures of Type 3 inchisions from Zaaiplaats for
quértz—-, fuorite- and calcite-hosted fiuid inclusions. (From Pollard ef al., 1991).
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Pollard et al. (1991) conclde that early fluid inclusions contain solid phases (halite, sylvite
and Fe chlonde) and homogenise at temperatures up to 600 °C, and that fluid circulation
occurred mainly via graim boundaries, microSactures, cavifies and dissolution chanoel ways
under lithostatic pressure of 1250 bars. They noticed a progressive decrease in temperature
from 600 °C to 200 °C, which is accompanied by a decrease in salinity firm 68 to 15
equivalent weight percent NaCl and 2 decrease in 50 gu values from 6.4 per mil. to 1.4
per mil. They maintain that the evolution of the fluid was dominated by interaction between
granites and the magmatically derived fluid phase. The compositional range and
homogenisaﬁdn behaviour of tl, -+ inclusions sugpests immiscibility around 350 °C and
1000 bars, No mention was made of entrapment of boiling fluids or second boiling,

Leenwpoort _

Ollila (1981) studied fluid inclusions in ganpue quartz at Leeuwpoort tin mine, which
yielded homogenisation temperatures between 174 °C and 220 °C, and moderate salinities
(between 13.9 and 22.0 mass % NaCl). In contrast with the inclusions at Zaajplaats which
commonly contain daughter crystals, 1o daughter crystals are found in the two phase
inclusions at Leeuwpoort or the Uniom tin mines, indicating that the fluids were
undersaturated with respect to the ore-forming constitvents. A wide range of
honwgenisation temperatures are observed which may be due 1 mixing of the
hydrothermal fluid with meteoric water. However, Ollila {1981) ascribes this variation as
the interaction of the ore-forming fluid with the wall rocks, No evidence for boiling was
found at Eeeuwpoort.

Albert

A preliminary study ¢ Fthe fluids at Albert was cartied out by Robb ef al. (1994). The fluids
were dominated by two phase agueous inclusions (O liguid and vapour) with
approximately 10% three-phase inclusions (H>O Fquid and vapour, and solid). CO; was not
detected as a separate phase in any inclusion. Two fluid populations were recopnised, by
final melting temperature at around -20°C (22 wt. % eNaCl) and between -5 and 0°C (<8
Wt % eNaCl). Homogenisation temperatures also indicate two flaid poﬁu]atiuns, one
between 150:30°C and the other between 260 and 460°C. Eutectic melting temperatures
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suggest the presence of CeCl; in the sohitions. The microthermometric data of Robb ef af,

(1994) are shown ~5.17,
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METHODOLOGY AND EQUIPMENT

The gangue minerals quartz and fluorite were targeted for petrographic and
_ microthermometric analysis of fluids associated with mineralisation at Grass Valiey,
Houtenbek, Spoedwel and Albert, since they are the most common fluid inclusion-bearing
minerals {Sheppard e al,1985). Cassiterite and transparent sphalerite were also
exammined, but, except at Houtenbek, contained few inclusions generally too small to be
suitable for microthermometric analysis. Sphalerite from HMoutenbek contained several farge
primary and secondary fluid fnclusions,

Tranmmitted light microscopy was undertaken to identify potential fluid inclusion-bearing
grains of quartz, fluorite and sphalerite, The sections of int:rest were marked by engraving
a circle around the appropriate geains witha diamond-tipped engmwng tool, which s
 attached to the microscope and engtaves a border around the field of view. This field of
view is then transcribed on to paper, documenting ** -+ "tion<lips between the host crystal.
and other minerals associzted with it, The image or the: microscone stagn is projected

* through the drawing tube and onto the elevated pedestal, where light from the lamp, it
is transcribed onto a piece of paper (Figure 5.9).

s
Figure 518  Schematic diagram showing the set-up of the microscope, drawing tube

and pedesial used for transcribing the field of view observed through the microscope onto &
piece of paper.
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At thic low magnification, fluid inclusions may be visible as dots within the crystal,
increasing the mamification to a suitable power, say 2000X or 4000X (depending on the
size on the inclusion), the fluid inclosion morphulugy may be recognised. Often, more than
one finid inclusion poptiation or assemblage is present in a crystal, and the relationships
between these are carefully mapped out as described. |

Fluid Yxelusion Types and Assemblages

Tt is important to note the difference between fluid inclusions types and assemblages (or
popuations), A fiuid inclusion assemblage refers 1o a ruumber of flid inclusions occurring
together, and in which the parental fluid is the same. Thus, a fluid inclusion assemblage can
be composed of several fluid inclusion types, a3 a comsequence of heterogeneous
entrapment, leakage, necking-down and/or diffusion. In this study, fluid inclusions have
been categorised acconding to the variation in the inclusion confents as proposed by
Sheppard (1985) (Figure 5.19). These categories are not based on any microthermonmetric
measurements Or compositions, merely on appearance, These different types of fluid
inetusions do rat represent discrete populations of finid inclusions, Several of these fluid
inclusions types may be included in any one fluid inclusion assemblage (Figure 5.20).

Type inclusions:  'These inclusions consist of two phases (liquid and vapour), The
catepory is subdivided according to the degree of fill by the vapour phase.

Type 1a inclusions;  These are liquid-rich where the Yiquid phase dominates and the
vapour bubble oceupies up to 40-50 % of the total volume (Figure 5.21),

Type Ib inclusions:  These are vapour-rich and the vapour bubble occupies miore than
50 % of the inclusion volume (Figure 5.72),
- Type 2 inclusions: ~ These inclusions contain both Yiqnid and vapour phases, as well as
one or more daughter crystals (solid phases) (Figure 5.23, 5.24, 5.25 and 5.26).

Type 3 inclusions;  These are mono-phase liquid inclusions with no vapour bubble or
solid phases (Figure 5.27).

Type 4 inclusions: ~ These are mono-phase vapour inclusions where no liquid or solid
‘phases are present (Figure 5.28). |

Type 5u inclusions: 'These are aqueous, CO,-rich mchusions where a separate COz
phase is present, .

Type 5b inclusions - These are two phase (liquid and vapour), CO, inclnsions,
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TYPE 1a fluid inc¢lusions - aqueons, two TYFE b fluid inclusions - aqueous, two
phase (liquid and vapour) fluid inclusions phase (liquid and vapour) fluid inclusions
§ where the vaponr bublble cccupies up to 40-50% where the vapour bubble occupies move than
of the total volume. 50%of the inclusion volume.

TYPF, 2 floid inclusions - aqueous, 3 TYPE 3 fluid inclusions - Monophase .
phase (liquid, vapour and solid) fluid liqn_xid inclusions with no vapour bubble or
inclusions. The solid phases may be solid phases

. . daughter crystals or trapped solids. Q <> ©
' [

. ) Type 4 fiuid inclusions - Monophase
yapour inclusions where 1o visible liquid or
solid phases are present.

| TYPE 5a fluid inclusions - aqueous, CO TYPE 5b fluid inclusions - two phase

N rich inclusions where a separate CO; phase (liguid and vapour), CO; inclusions.
is present, '

QD CE::‘_.D

Figurc 5,19  Schematic representations of the five main fluid inclusion types recognised in the
flnid inclusion assemblages of the Bushveld granites in the eastern lobe of the Bushveld Complex.
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Figure 520 - Examples of types of fluid inclusion assemblages from this study,
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Figure5.25 Primory fluid inclusion containing hematite solid phase.

Figure 527  Secondary trail containing Type 1a and Type 3 fluid inclusions.
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Figure 5.26 ana:y mclusmns conraxmng several solld phases imludhg a

NI [ I
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Figare 528 Secondary trail containing Type la, Type 1b and Type 4
inclusions.
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Figare 521  Type 12 fluid inclustons along a fracture in fluorite.

Figere 523 Type 2 fluid inclusions containing & single
constant phase proportions.

0,0 Smm
daughter crystal and

Figure524

Figure 522 Type 1b fluid inclusion in a secondary swarm of inclustor
containing variable phase proportions.

Pritnary fluid inclusions cohtaining muscovite as a solid phase,



Microthernrometry

Microthermometric analyses were carried out at the University of the Witwatersrand, using
both USGS and Limkam heating-freezing stages. The heating freezing stages were
calibrated using synthetic fluid inclusions provided by Flincor® and the calibration was
' routinely checked during the study, in order to maintain uniform analytical conditions.

Once the flid inclusions identtfied during the petrographical survey had been relocated oo
the heating-freezing stage, the sample was first supercooled fo fnduce freezing of the fiuid
inchusion comtents, and then gradually heated in order fo record the temperatures at which
 first melting, final melting and intermedinte melfing events occurred, After these
meameinmﬁwereuﬁahe&mesa@bwashmtedandmchmgedsaﬁontmnpem
revorded. Wherever possible, all phiase chinges were recorded from each fuid inclusion
assemblagestud'md

The approach when measutitig phase changes in  fluorite-hosted fiuid inclusions was
slightly different to that employed when studying quartz-hosted fluid inclusions. Due to the
weakness of the fluotite crystal Iattice, the expansion of ice on freczing aften causes
stretching and leakage from the fluid inclusion, a stiuation not encountered with the strong
quartz host crystal. Thus, fluorite-hosted fiuid inclusions were heated before freczing was -
initiated, so that, in the event of stretching, at least relisble homnogenisation temperatures
were obiained from the inclusions. With the quartz hosted fiuid inclusions, this approach
was routinely adopted, for the purposes of cross checking.

RESULTS

* Fluid inclusion maps of each fiuid inclusion assemblage discussed in the llowing sections
 are shown ju the Appendix. Selected maps are included fn the presemtation of results in
order to illustrate salient points, These maps indicate the host mineral, the associated
minerals, the grain size, the size of flnid inclusions, the types of firid inch uns, their otigins
(primary or secondary), and the relationships of various assemblages within the field of
view. For each field of view, a low magnification (40X) map showing mineral relationships
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is given, as well as a high magpification (200X or 400X) map which shows the fhid
inchision petrography. In addition, band specimen descriptions (and where possible,
scauped images of the polished thin section), fhdd nclusion petrography and
- microthermomeiry of selected samples from Spoedwel, Albert, Grass valley, Houtenbek,
Dronkfontein and Leeufontein are presented separately, and the data integrated in the
discnssion and interpretation. Several terms and abbreviations {Table 5.2) are reforred to
repeatedly, and it should be clear at the outset what each of these mean.

Table5.2  List of microthermometric terms and sbbrevistions used (after

Roedder, 1984).
ABBREVIATION TERM ) EXPLANATION
Ty Homogenisation temperature Temperature at which Hauid and vepour
Te _ Entectic melting tempersture Tetnperahwe at which melfing begins,
y P . Freezing temperatute Temperabure at which the Hquid phase
: frocees to 2 solid,
T s v Final melting temperatuce Temperature at whick the last frozen solid
. ) malts. .
Tausoultion . Dissolntion temperature of 2 solid  Temperature at which a danghter crystal
T Secrepitation PDecrepitgtion temperature Temperature ot which the itemal
' : temperature of the flui inclusion exceeds
the strength of the host crystal,
T, COy Homogenisation temperature of Temperatute »at which CO; vapour
CO; hompgenises inte the CO; Iiquid phase.
W% eNaCl Weight percent equivalent NaCl Uit of salinity.

' The samples from Griss Valley, Houtenbek, Spoedwel, Dronkfontein and Albert were
selected with specific questions in mind. The questions were:

1) How do the fluids associated with the different quartz and finorite generations in
interstitial spaces compate with one another?

2) Are the fiuids i vein quariz different to those in the interstitial spaces?

* 3) How do the fluids in vein quartz relate to the fluids associated with minerelisation?
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4) How do the fluids associated with mineralisation compare with fluids in the un-
mineralised host rock?

5) Can fluids associated with alteration be recogised?

6) How do the flnids of the sulphide paragemesis compare with those of the
orthomagmatic cassitetite, remobilized cassiterite and hematite\fluorite assemblages.

7) Is there a difference in the nature of fiuids which precipitated each minerel in the
sulphide paragenesis.

8) How do the fluids at each of the ore deposits compare with one another?

9) Can evidence be found for boiling or fluid mixing?

The microthermometric results are presented according to the position of the primary
ore asserablage at each deposit in the paragenetié sequence established in Chapter 4.
Thus, the tin and molybdenite of the early paragenenc sequence represented at Grass
© Valley and Houtenbek are presented first, followed by the sulphide assemblage at
Spoedwel and Dronkfontein, and the hematite-flnorite assemiblage at Albert, Finaliy the
fruids associated with unmineralised granites at Leeufontein are presented,

GRASS VALLEY
The samples selected for microthermometry are listed in Table 5.3.

| Table 5.3 List of samples selected for mucrothermometry from Grass Valley and
the reason for their selection.

SAMPLE Reason for selceting sample for microthermometry
GvoI Sampie contais quartz veins with CO,-rich fuid nchisions associied Witk
' hematits precipitation.
Gvoz Sample contains three quavz gencrations, and remobilized cassiterite and
sulphides,
GV04 Sample contains fuids associated with sulphides and cilorite,

G5 Sample contains finids associated with precipitation of Quorite,
' " gnd quartz veins consisting of cight generations of guartz,
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DEPOSIT: GRASS VALLEY
SAMPLE: GVl

HAND SPECIMEN

Brecciated, medium-grained, red, hypersolvus granite,
cut by veins filled with chalcedony, transparent quartz
and hematite. Hematite precipitation is associated
| with the tnsparent quartz and postdates chalcedony
‘precipitation. The hematite occurs as rosettes and
spheroids within the transparent quartz.

FLUID INCLUSIONS
- Fluid inclusions in the transparent quartz along the walls of the vein, preceding the
. precipitation of {he microscopic hematite spheroids are predominantly secondary Type |
la and Type 3 inclusions (Figure 5.29 Field 1). No pnma:y inclusions were
- recognised. Some trails contain bot Tvpe 1a and Type 3 inclusions, while others
contain only Type 3 inclusions. In the guartz asseciated with and post dating the
hematite, fuid inclnsions consisting almost entirsly of CO, are found (Figure 5.29
Fields 2). At first sight, some of these fluid inclusions appear to be normal Tyi;e la
' inclusions, but others contain the characteristic CO, “double bubbles”. These CO;- rich
inclusions occur gs secondary trails in the vein quartz, as well as in the interstitial
quariz of the host rock.

In addition, secondary trails ofa daughter-rich Type 2 fluid inclusion assemblages are
trapped in the transparent quartz. Some inclusions contain hematite crystals, but it is

. impossible to determine whether they are true daughter crystals or trapped solids. The
other solids are halite and sylvite, '
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MICROTHERMOMETRY
 Individual secondary trails of the Typ: la aqueous fluid inclusions, have been
measured, and five proups of measurements have emerged,

The first group, consisting of Type 1a and Type 3 Ruid nclusions, froze at -38.5 °C
and devéloped clear, colourless mosaics. Butectic melting could not be seen. The first
signs of melting were visible at -33 °C when the edges of the frozen solid started

| becorning wavy. No other intermediate melting events were observed before final
melting (between -5.5 °C and -4.7 °C). 'Ly, was not measured. The second group of
Type 1a and Type 3 inclusions froze at -36 °C, and behaved exactly as the first group
described, the only differerce being that these fluid inclusions wnderwent final melting
at-1.5 °C.

_ The third group consists of Type 3 inclusions only, which froze to a clear sohid at -40
°C. No interme-iate melting events were observed, and the frozen solid merely shrank
away from the inclusion walls as melting proceeded. Final melting occunred at -2.1 °C.

The fourth group of aqueous inclusions are the daughter-rich, Type 2 inclvsions which
developed a brown sofid on freezing (at -53 °C), Buteotic melting occurred at -48 °C.
Tntermediate meliing events were observed at —44 °C when the mosaic appeared to
disintegrate, at -35 °C when the mosaic became coarser, at-28 °C when the mosaic
merged, and at -10 °C when round rafts developed, Final melting temperatures were
variable in this assemblage. Some inclusions underwent final melting at +16 °C while
others melted at -18 °C or underwent subliration between -1 °C and 0 °C .

The CQOz-rich inclusions occur as crosscutting secondary trails. On cooling, the CO;

v&pour bubble expanded and freezing occurred at -97.7 °C. The liquid CO; froze to an

irregular spiky shell around the gaseous CO., and started melting at -67 °C. Final

melting of the liguid CO; took place between -57.4 °C and -57.8 °C. Within individual
trails, homogenisation of the liquid and gaseous CO, ocourred at different

temperatures, ranging from 22.5 °C to 27.8 °C.
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DEPOSIT: GRASS VALLEY
SAMPLE: GV02

HAND SPECIMEN

Pegrnatitic, ephedral quartz, over grown by milky-
| quartz and cassiterite. Cassiterite is intergrown with
calcite, Minor amounts of galena, sphalerite, and
chalcopyrite post date the cassiterite, Chalcopyrite is
partially altered to chalcocite,

FLUID INCLUSIONS
Fluid inclusions associated with the three major quartz generations have been studied,
and some of the flnid inclusion populations show unusual behavionr ,

Fluid inclusions fn quartz generations 1 and 2 are secondavy in nature, and no definite
primary inclusions were found. Three categories of inclusions were identified in terms
of their visual properties/morphology (Figure 5.30 Field 1 a, b and c). Firstly,
zones/planes of Type la and Type 3 inclusions are present in the early quartz

- generations, The second category contains Type .2 and Type 3 inclusions as secondary
trails. The solid phases identified are FeCl, and an opaque crystal. One blue needle-
like crystal (prism)(possibly anhydrite or rutile), and two small anhedral crystals were
also observed. Finally, secondary trails of CO,-rich fnid inclusions are present, Some
of these inclusions are Type 5b inclusions, consisting of liquid CO; and a vapour
bubble {gaseous €0;), while others contain water, iquid CO, and gaseous CO,, and
showing the charactezisﬁc CO; double bubble (Type 5a inclusions).
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Fluid mclusions in the third quartz generatibn are predominantly primary and are so
numérous that 'the'y cloud the quartz. The fluid inclusions show extremely vatiable
phase proportions and are Type 1a, Type 1b, Type 3 and Type 4 inclusions. CO,
double bubbles (Type 5a) are present, as well as Type 5b CO, inclusions,

' MICROTHERMOMETRY |
‘The most convenient way'to present the - icrothermometric data for this sample is as
individual Anid incluston trails, beginning with those presumed to be trapped first.

Fluid inclision papﬁtatinﬁ I; These inclusions froze to a colourless mosaic at 46°C.
Possible eutectic melting occurred at -43 °C and round rafis were formed by ~40°C. On
heating, the rafts gradually shrapk untit they disappeared altogether at -0.4 °C.
Homogenisation temperatuies ranged from 194 °C to 201 °C, |

Fluid inclusion population2: Freezing occurred at temperatures betwern -35 °C and -
40°C, and a colourjess mosaic was formed. Eutectic melting was not observed, and,
by -44 °C, round rafis were already visible. At 19 °C, these rafts merged to form
'_l_arger ones, snd at  -10°C some of the rafts melted. Final melfing ocourred between -
4.4°C and -3.1 °C. Homogenisation of the two phase inlusions occurred between 134
°C and 167°C, with the mean T at 143°C, |

Fluid inclusion population 3: Freezing occurred at -54 °C, and 2 brown mosaic
tvsmed. Butectic melting may have occurred before -48 °C.  An intermediate melting
event at -23 °C was recorded. Final melting took place' at -16 °C and homogenisation
occurred between 149 °C and 160°C.

Fluid inclusion population 4: This trail froze at -64 °C and developed a moderately
brown mosaic. Butectic melting occurred at ~50 °C. Inténnzdiatg melting events at -39
°C (coarsening of mosaic), at 24 °C ( mosaic merged into round rafis), and at -23°C
(many rafts disappeared rapidly). Final melting temperatures and homogenisation of
the liquid and vapour phases were constant, at -14 °C and 134 °C, respectively.
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Fluid inclusion population 5. This assemblage behaved in a similar mamner to
populations 3 and 4, excei:t that final melting occurred at -6.8 °C. A brown mosaic was
produced on freezing. Eutectic melting occurred at -50 °C, and intermediate melting
svents were observed at -37 °C, -27 °C and -23 °C. Homogenisation took place
between 120°C and 130°C, |

Fluid inclusion population 6:

The CO1ich inclusions: The carbon dioxide froze between -92 °C and -94 °C. Final
melting of the liquid CO, oceurred at -57.4 °C. In the inclusions containing no visible
water, homogenisation of the liquid and gaseous CO; occurred between 29 °C and 30
~ °C. In inclusions contajning water as well as the CO,, final melting occurred at 7.5 °C.
Homogenisation of the gaseous CO, into the aqueous phase occurred at temperatures
above 250 °C, The exact value is not known, because stretching of the inclusions
became visible and the heating run was abandoned, '

The aquéous inclusions; The aqueous fluid inclusions, with no visible CO, present,
froze to a colourless mosaic at unusually high temperatures (-29 °C to -34 °C), Eutectic
melting and intermediate melting events were difficult to recognise. Final melting
occurred between  -1.7°C and 1.8°C in tmost inchusion: , but a few were melted by -4
°C. Simultaneous melting of large rafts and the appearance of a full-sized vapour
bubble occurred in several inclusions, Homogenisation of the Hquid and vapour phase
" acourred between 214°C and 233°C.
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Figure 5.30 Petrographic maps of GV02 shiowing quartz generations 1, 2 and 3 and
fields 1a, b and o referred to in the text.
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DEPOSIT: GRASS VALLEY
SAMPLE: GV04

HAND SPECIMEN
Late stage, massive, pegmatitic vein quartz as.ociated
with muscovite, chlorite, and pyrite.

FLUID INCLUSIONS
Only one fluid assemblage is preserved in this sample.

The fluid inclasions are Type la and Type 3 inclusions
which ocour as trails and planes, as well as scattered
throughout the quartz. No solid phases occur in any of
f theinclusions- . ’ . .

MICROTHERMOMETRY

The fluid inclus'mns.fmze at -35.2 °C and produced a colourless moseic. Eutectic
melting could not be éyeen, and by -30 °C, the mosaic had merged into a clear solid,
This solid raft receded from the inclusion walls as melting proceeded. Final melting
- occurred in the range -2,8 °C to 0.6 °C. Sublimation was observed in several inclusions.
Homogenisation of the vapour bubble into the liquid phase occurred between 83 °C
‘and 128°C,
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DEPOSIT: GRASS VALLEY
SAMPLE: GV05

HAND SPECIMEN
Fused and albitised, medmm-grained host granite with -
minor interstitial quartz and fluorite, cross cut by a quartz
vein which contains at least eight discrete generations of
quartz (Figure 4.18).

FLUID INCLUSIONS

In vein quartz: Fiuid inclusions oceour in éight stages of gquartz growth in vein quartz
| .(Figure 5.31 ). The inclusions in the early. geﬂerations are predorginantly Type la -
inclusions, while those associated with quartz generstions contsin CO; and are Type
1a, Type 5a and Type 5b inclusions.

In interstitial fluorite:
Clusters and trails of agueous Type la inclusions, as well as secondary trails of CO; ~
rich Type 5b inclusions are present i the interstitial fluorite.

In interstitial guartz; Flid inclusions with CO, double bubbles occur along

crosscatting secondary fractures, Aqueous Type 1a and Type 3 inclusions occur along
growth zones.
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MICROTHERMOMETRY

Fhdd inclusions in interstitial fluorite:

Primary jnclasions along growth zones froze to & brown mosaic between ~38 °C and -
A4°C. First melting was observed at -43 °C, At -33 °C, many round rafis formed and at
22.3°C, rapid clearing of the rafts (hydrohalite) took place, Figa! melting occurred
between -14°C and -10°C. | |

“The agueous inclusions along annealed fractures froze between -49 °C and -55 °C, and

developed a coky,. -+ s mosaic. Melting was first observed at -45 °C when the mosaic
became coarser. At -36°C, the mosaic merged into bigger rafts, some of which melted
at -16°C. Final melting values between -8.9 °C and -4.4 °C were recorded.

The CO; -rich inclusions contain no visible water, and are Type 5b inclusions. The COz
Tiquid froze at -96 °C and underwent final melting at -57.4 °C. Homogenisation of the
liquid and gaseou. - - _ occurred at 27.1°C in some trails and at 25.4 °C in others.

 Fluid inclusions in interstitial quartz:

' The secondary, CQ; -tich inclusions froze at -96 °C. Final melting of the CO; occurred
at -57.1°C and final melting of the clathrate occurred at 7.3 °C. Homogenisation of the
liquid and vapour CO; took place at 30 °C for the one trail and at 28.4 °C for a
crosscutting trail, '

The aqueous fluid inclusions fall into two groups according to their final melting
temperatures. These inclusions are anomalous because they produced a colourless
mosaic on freezing (at -42 °C), but underwent final melting at relatively low
temperatures. One groip melted between -4 °C and -5 °C, and the other group melied
“at -17 °C. In both groups, intermediate melting events were observed at 38 °C
{merging of the mosaic) and -24°C (some rafis melted).
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Fiunid inclusions in quartz vein:

Quartz generations were labelled from 1 to 8, with quartz 1 being the oldest generation
occurring against the vein walls, and quartz 8 being the youngest generation, occurring
in the central portions of the vein (Figure 5.31). Primary inclusions i each quartz
generation were sought for microthermometry, in order to trace the evolution of the
fiuids with time. Quartz generations 1,2, 3 and 5 contained no fivid inclusions suitable
for microthermometry.

Quartz generatlon 4 contained numerous Type 1a and Type 3 flnid iclusions which

froze to & dark brown mosaic between -49 °C and -52°C. First melting was observed at

-45 °C. Definite coarsening and rounding jnto rafts had taken place by -43 °C.

Intermediate melting events wete observed at -21 °C and -16 °C when several rafts
disappeared.  Final meking temperatures fall in the range -8.7 °C to -6.8 °C.
- Homogenisation of all the two phase inclusions eccurred at 101 °C.

The flnids associated with quartz generations 6,7 and & are rich in carbon dioxide.
Only quartz 7 contains finid inclusions which were nndoubtedly primary in origin.
- Type 5b CQq-rich inclusions and Type 1a aqueous inclusions coexist in quartz 7. The
CO;—rich inclusions froze at 95.3 °C and underwent final wmelting at -57 °C
Homogenisation of the liquid and vapour CO; occurred at temperatares from 25,8 °C
t0 29.8°C. A few Ty, CO; values of 30.4 °C' were recarded.

The agueous inclusions developed a brown mosaic on freezing (at -44 °C). First
melting had occurred by -39 °C. Final melting of most inclusions occurred between -6.5
°C and 7 °C. However, some Tpur wamg  values of -1.5 °C were recorded.
Homogenisation temperatures between 146 °C and 195 °C were measured.
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DEPOSIT: GRASS VALLEY
SAMPLE: GV06

HAND SPECIMEN

Medium-grained, hypersolvis granite consisting of

perthite, quartz, muscovite, with hematite and goethite _
alteration minerals. The quartz is interstitial to the

perthite, and muscovite occurs- focally filling entire

| interstitial cavities. Localised hematite patches are

- present, There is evidence for two quartz generations.

FLUID INCLUSIONS

The second quartz generation is full of fluid inclusions with variable phase proportions
(Figure 5.32 Field 1), There are Type la, Type 1b, Type 2 (halite and 1 vnidentified
crystal), Typé 3 and Type 4 fluid inclusions which appear to be primary with respect to
the second quartz generation. The aqueous fluid inclusions occur in patches and zones
of hundreds of inclusions; some containing ozily liquid and vapour phases, and other
containing solid phases in addition . The solids recognised are halite, sylvite, and FeCl,
and one other low relief, anhedral, green crystal. Secondary crosscutting trails of
aqueous and CO,-rich fluid inclusions zre also present (Figure 5.32 Field 2).
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MICROTHERMOMETRY

The secondary trails of COrich inclusions consist of Type 5b fluid inclusions (ie.
CO, liguid and vapour), as well as Type 5a fluid inclusions containing an agueons
phase, and CO; (liquid and vapour), Teeer fOr the CO; is 95.9 °C and Tgnst men of CO; is
~57.4 °C. Final melting of the clathrate in the water-bearing inclusions is at 8.4 °C.
Homogenisation of the liguid CO, and the aqueous phase ocours at temperatures
above 200°C. “

The aqueous inclusions developed & dark brown mosaic on freezing over a range from
-45 °C to ~57 °C. The first signs of melting were observed at -46 °C. Intermediate
mielting events were observed at -35 °C, when the mosaic coarsened slightly, at -33 °C
when round i_aﬁs developed, and at -24 °C when the brown colour faded and some
rafts melted. Final melting was observed at -22.9 °C for one inclusion, but the bulk of
the values recorded fell in the range -19 °C to -15 °C. Homogenisation temperatures for
the inclusions With T st meing REAr -22 °C and ~19 °C have higher Ty, values (198 °C to
176°C) than the ones With T sl meting at <15 °C, in which Ty is 113°C,

DEPOSIT: GRASS VALLEY

SAMPLE: GV10

HAND SPECIMEN

Albitised, hypersolvus granite consisting of perthite,
quartz, muscovite and sericite. Hewatite occurs in
patches. The perthite crystals have been partially to
completely altered to albite.
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FLUID INCLUSIONS

The fluid inclusion populations in this sample all belong to the same assemblage of
fluids associated with the alteration of the granite, The phase proportions are variable,
and fluid inclusions containing CO, double bubbles (Type 5a inclusions) (Figure 5.33
Field 1} are found associated with Type 1a, Type 2 and Type 3 inclusions (Figure 5.34
Field 2 and 3).

MICROTHERMOMETIRY

Freszing occurred between -53 °C and -5 °C, and a brown mosaic developed. First
melting was observed at -49 °C in some inclusions and at -46 °C in others. At -42°C,
thé mosaic coarsened considerably, and merged at -22 °C. Final melting occurred
between-17°Cand  -18°C. A group of shout 30 inclusions within this assemblage
underwent final melting at 13.3 °C, Homogenisation of the liquid and vapour phases
occurred between 157 °C and 180 °C. Homogenisation of the liquid and vapour CO,
occurred at 25.3°C.
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Figure 5.33 Petrographic map showing COp-rich inclusions associated with Type

1a, Type 2 and Type 3 inclusions.
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HOUTENBEK

Systematic microtbermometry of specifically chosen samples was not undertaken at the
Houienbek deposit, A preliminary investigation of fluids associated with the
precipitation of quartz, purple fluorite and transparent sphalerite was undertaken and
the results are presented below. It should be noted that these minerals appear to post-
date molylxienite precipitation, and if this is fodeed the case, shoula contain no easly
flnids associaied with molybderite precipitation.

Fluid inclusions in transparent sphalerite
.Colo_ur. banding in the sphalerite indicates that precipitation occurred in several stages
and hat slight fluctuations in the nature of the Suids occurred, The sphalerite contains
 piimary (Figure 535) and secondary (Figore 536) fiuid inclusions which are
predominartly Type 1a inclusions, Primary fluid inclusions in growth zones demarcated
by colonr banding in the sphalerite were studied. The sketch in Figure 5.37 shows the
relationships between sphalerite 1 and sphalerite 2. The primary fluid inclusions hosted
by sphalerite 1 are Type 1a inclusions in which the vapour bubble is easily visible. The
- fluid inclusions in sphalerite 2 are also Type la inclusions, but it is very difficult to see
the vapour bubble due to the dark discok ration of the inclusion walls, At first sight
these inclusions looked like Type 4 vapour inclusions, but on closer inspection it
appears that the inclusion walls have been partially altered to an opaque Fe-rich variety
of sphalerite.
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Figure 536 Secondary inclusions in fractures cutting across zoped sphalerite from
Houtenbek.
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Alteration hale around flvid Inclusions
bosted by sphalerits generation 2.

Figure 5.37 Sketch showing primary fiuid inclusions in parallel growth zones in
- sphalerite generations 1 and 2. The fluid inclusion walls in the sevazi generation have
been altered and the resuiting opacity makes it difficult to observe phase changes

duriﬁg microthermometry.

 ‘The fluid inchusions in sphalerite 1 froze at -47°C and in sphalerite 2 at -50°C. In both
cases, the vapour bubble collapsed and the inclusions darkened. In sphalerite 1, a
moszic became visible at -39.1 °C, and no change was visible in the inclusions in
sphalerite 2. At -27 °C and 26 °C round rafts became visibls in sphalerite 1 and 2
- respectively. Final melting occurred at -12 °C in fnclusions in sphalerite 1 and at -10°C
in sphalerite 2. In both cases, the vapour bubbles chased the ice rafts around the
inclusions until they disappeared completely, Homogenisation temperatures for fluid
 inclusions in sphalerite 1 ranged from 188 °C to 204 °C, and in sphalerite 2 from 200°C
~to 215 °C. Decreptitation occurred at temperatures higherthaﬁZlS °C.

Fiuid inclusions in brown-coloured sphalerite which was precipitated toward the end of
" the mineralisatibn event, homogenised at approximately 100 °C and had final melting
‘temperatures between -1.6°C and 1.4 °C. The inclusions froze at -35°C and eutectic
melting was obsmad at -33 °C. Intermediate melting events were not recogmsed due
to the poor clarity of the samples.
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Fluid inclusions in purple fluorite:

The purple fluorite contains many secandary populations of fluid nclusions, as well as
a few primary assemblages associated with growth zonation. The inclusions are
predontinantly Type ta, and Type 4 fluid inclusions, but rarely, secondary trails
containing Type 2 and Type 3 inclusions are also present. Some assembiages contain
fluid inclusions with highly varisble phase proportions, while others are relatively
uniform,

Fluid inclusions associated with growth zonation _
Growth zones, highliphied by dark purple bends and pumerous fluid inclusions -
outlining crystal faces, contain two fluid inclusion assemblages. Fluid inclusions
trapped during the early stages of growth contain populations in which the phase'
propdrﬁons are bighly varia¥ ::Qnsisﬁng of Type 1a, Type 1b, Type 4 and Type 5b
- (€O, double bubble) inclusions, They did not develop a brown mosaic on freezing, but
rather froze to a clear or cloudy colourless mass. Eutectic inelting was not observed.
The first obvious signs of melting were visible at -16 °C when coarsening began. Af -
10.2 °C, an intermediate melting event was observed. Final melting occurred at
- temperatures slightly above 0 °C (i.e. 0.1 °C to 0.7 °C). Homogenisation of the liquid
and vapour phases occurred between 193 °C and 210°C.

The fluid inclusions trapped in subsequent fluorite growth, fioze to a dark brown
mosaic at low temperatures (-80 °C). Rearrangement and a slight colour change
occurred at -56.6 °C and eutectic melting was observed at -43 °C, Large rafts were
visible by -37 °C and final melting took place from -15 °C to -24 °C. Homogenisation
teraperatnres ranged from 231 °C to 250°C.

Secondary fluid fnclusion trails of the fluids associated with the later stages of growth
also occur as secondary trails in the earlier formed fluorite. They are slightly fower
temperature (T, 151 °C), but show all same the characteristics.

An intermediate category of fluids, which is intermediate between the fluids associated
with the early and late fluorite growth stages were omly observed as secondaty trails,
containing Type 1a and Type 2 nclusions (generally halite and sylvite daughter
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erystals). They froze 1o 2 brown mosaic at approximately -75 °C. Eutectic melting was
observed at  -50 °C when the brown coloration began to fade and the relief of the
1...saic increased. By -25 °C the mosaic had merged into round rafts, which gradually
shrapk in size until they were completely melted. The temperature of fnal melting for
this category of fiuid inclusions ranges from -4 °C to -7 °C, and homogenisation of the
Tiguid and vapour phases occurred between 150°C and 240°C,

The lowest temperature fluids (T >100 °C) occur as secondary trails of predominantly
Type 3 inclusions. These inclusions produce a colourless solid on freezing, Eutectic
melting and intermediate melting events were difficult to recognise before final melting
occurred. At -25 °C areas of higher relief became visible, and may represent the

 entectic meffing event. In many instances, the vapour bubble simply expanded and the
cloudiness inside the inchusion disappeared on final melting, and in other cases.
sublimation (i.e. the frozen solid melted and the vapour bubble sprang back
simultaneously)} was noticed. This behaviour was observed at temperatures slightly
above 0°C. Tn some inclusions clathrates could be seen, but in general they were mot
visible.

Flmd' inclusions in fluorite post-dating sphalerite

Primary fluid inclusions in fluorit, posi-dating sphalerite and assoc;ated with green
chlorite, are predominantly Type la and Type 3 inclusions, with a few Type 2
inclusions contaming chlorite as solid phases, The finorite partially fills a vug formed
by sphalerite crystals, and an open cavity is present in the centre. Fluid inclusions ocour
in growth zones, with the flnids trapped last ocourring towards the central cavity, and
those trapped earlier are closer to the vug walls. On freezing (Tsec. ~45 °C), the vapour
‘bubhle disappeared and a colourless mosaic developed. Eutectic melting was observed
at -35.8 °C, and intermediate mehing evenis were vbserved at -29 °C (mosaic merged
into Tourd rafts), at -20 °C (the round rafts merged into bigger rafts) and at -12 °C
{some rafts melted). Final melting ocoucred between -2.4 °C and -2.0°C for the eatly
fivia inciusions, and at 9.8 °C for those fluid inclusions trag, ..t in the Jate stages of
fiuorite deposition, Homogenisation termperatures range from 134 °C in the early finid
incjusions to less than 100 °C iz the Iate fluid inclusions, which comesponds with the
focrease i T meg temperatures from -2.4°C to -0.3°C,
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Fluid inclusions in quarty

The fluid inclusions hosted by the pegmatitic quartz at Houtenbek are predominantly
Type la inclusions, but several Type 1b, Type 2 and Type 3 inclusions do occur. Phase
proporfions within assemblages are variable and any combination of the above
mentioned fluid inclusion fypes is possible.

The change in the mature of the fluids was studied in fluid inclusions in four
consecutive growth stéges in a crystal. The eazliest fluids were trapped at relatively
high temperatures (Tu approx. 250°C), and the Jate stage fluids were trapped at
temperatures below 100 °C, A change in the fluid character was also observed. The
early fluids underwent final melting between -24 °C and -20°C. The fuids trapped in
the last quartz growth stége melted at -2 °C and progressive decrease was ubserved
" between the two extremes. A considerable nuriber of Tt metseg data points fell in the
range -10 °C to -15 °C, Freezing temperatures for the fluid inclusions trapped in the
early quartz growth stages are not as low as was observed in fluid inclusion
assemblages at the other deposits, At Houtenbek, freezing took place between -33°C
and -41 °C, despite indications that the solute content was considerable (i.€. T soa mettng
as low as -24 °C). On freezing, a pale brown mosaic developed and eutectic melting
was observed between -38 °C and -34 °C. Intermxdiate melting events for those
inclusions melting below -20 °C were observed at -23 °C and -24 °C.

158



SPOEDWEL

The sanples selected for microthenmometry from Spoedwel are listed in Table 5.4, and
the reasons for their selection are given. Hand specimen descriptions, fluid melusion
petrography and microthermometry for each sample are presented in the following
sections.

Tuble 5.4  List of samples selected for microthermometry from Spoedwel, and the

reasons for selection.

SAMPLE REASONS FOR SELECTING SAMPLE FOR MICROTHERMOMETRY

Sp1 Sample contains fiuid inclusions in interstitial quartz that are not necessarily
associated with mmineralisation, as well as finids introduced along factures (quartz
veins) witich ave associated with chalcopyrite precipitation.

SP2 Sample contains fluids associated with the three major quartz generations present in

interstitial cavities, including the fluids associated with dissemtinated sulphide
. i ﬁﬂ]]__ : ) .

5P3 Sample vonigins primary finid inclusions which are agsociated with the precipitation
offinorite. :

SP7 Semple containg fluids associated with quartz vein containing sphalerite crystals.

L _ Samplecunia.inquizinﬁn with two quartz penerations and is associated with
chaleopyrite

DEPOQSIT: SPOEDWEL
SAMPLE: SP1

HAND SPECIVE.S

This is & fine-grained, pinkish-red granite, The grain size is less than 1mm for the Jargest
quartz grains and 0.lmm for the smallest grains. The rock consists of equal proportions of
secondary quartz and hematitised feldspar (perthite). No interstitial fluorite is present.
Fiuorite and quartz occur as veins from Smm to a few micrometers in width. The fluorite s
colourless to pale purple, the darker coloured fluorite occurring in fine veinlets. The wall
rock of the larper quariz weins has been hydrothermally altered. A zome extending
approximately 3cm int> ¢ host consists of very fine-grained (0.01mm) material. This
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Zone contains tiny specks of chalcoy,yte (0.01mm) which are not present in the host rock.
Minor amounts of muscovite atr:. found apainst the walls of the quartz vugs. Altered
cassiterite crystals and euhedral zircon crystals are disseminated throughout the quartz and
*eldspar host rock, Fuhedral monazite is disserninated in the granite. This is & sairple of
chilled hypersolvus (Nebo) granite, which has been invaded by secondary quartz and
fluorite,

FLUID INCLUSIONS

In interstitial quariz :

Two generations of quartz sre present in the inferstitial spaces between perthite crystals.
Fluid inclusions are scarce m the first quartz generation, and extremely abundant in the
second generc. .. a (Figre 5.38 ). These inclusions are predominantly Type 2 inclisions,
containing severat solid phases, A total of six different solid phases bave been observed in
this fluid inchusion assemblage, as many as five solids oceurring in any one inclusion. The
solids that have been identified by optical methods are halite, hematite, and FeCl, while the
others (a pinkish cube, 2 bineish cube and an opaque phase) remain unidentified. The
degree of fill by the vapour tubble is typically between 10% and 20 %. However, a few
inclusions contaim no vapour bubible or solid phases (Type 3 inchusions),

MICROTHERMOMETRY

Fhiid inclusions in the interstitial quartz froze on cocling between -50 °C and -80 °C. No
super-cooling was required to nucleate ice particles during re-heating. A brown mosaic
developed on freezing, which masked the halite crystals and no others, At the eutectic
.melting temperature, the relief of the mosaic became erhanced and coarsening took place.
Eutectic melhng occurred at -52 °C. Fmal melting of the majority of these inclusions
occumed between -28 °C and -34 °C. A few inclusions showed an intermediate melhng
event at these temperatures and final melting occurred at teroperatures above 0 °C.
Homogenisation temperatures for this FIA were in the range 149 °C to 164 °C, the
-maximmm Ty being 173 °C. Dissolution of daughter crystals did not occur before
decreptitation of the fiuid inclusions.
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Figure 538 Microphotograph showing the abundance of fluid inclusions in quartz
generation 2 {on the right hand side of the picture) compared with quartz generation 1 {on

the lefl). (X 200).

DEPOSIT: SPOEDWEL
SAMPLE: SP2

HAND SPECEVIEN

Medmm-graimed, 1ed, hypersolvas gramite
{average grain size !2mm) with sulphide
specks dissepsinated throughout the rock, and
muperous cross-cutiing quartz veins. The
vein walls are not hydrothermally altered. The
vein matetdal (fluorite} is white and sugary
with a puiple tint towards the centre of the
veins. Chalcopyrite, cassiterite and imonazite
are scarce. The chalcopyrite is associated with
a greenish-yellow alteration mineral that has
been identified as chlorite.

161



FLUID INCLUSIONS

Fluid inclusions hosted by three generations of quartz occur in the interstitial quartz in this
sample (Figure 5.39). The image shows that the early quartz (pale grey). is overgrown by a
second generation of quardz (intermediate grey), displaying internal growth
lamellae/zonation. A third generation of quartz oceurs as secondary trails cutting across the
earlier generations. Quartz generation 3 is associated with zircon formation. The zircon
crystals have alteration halos that are visible on Figure5,39, but that are invisible to the
neked eye. Fluids associated with each of these episodes of quartz deposition have been
recognised. The inclusions associated with Quartz 1 are Type 1 and Type 3 inclusions.
They contain no daughter crystals and have hiphly irregular liquid : vapour ratios. In
contrast, the f* ©} inclusions associated with Quariz 2 are Type 2 inclusions, consisting of
small vapour bubbles (10% vapour fill), liquid and the occasional small halite daughter
crystal, The inclusiops associsted with Quartz 3 are also Type 2 inclusions, but halite
daughter crystals are present in all inclusions, and the crystals are larger, In addition,
hematite and eeveral other sinall solid phases have alse been observed in these inclusions.
Quartz gemeration 1 contains few inclusions apd is relatively clear, while Quanz 2 is
speckled with abundant finid inclusions (Figure 5.40).

Figure5.39 Cathodo-luminescence image showing three generations of quartz in
interstitial spaces between feldspar crystals.
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MICROTHERMOMETRY
Fluid inclusions in Quartz I: This FIA froze at temperatures between -40 °C and -50 °C.
The fuid inclusions developed a white cloudy texture, and no brown mosaic was observed.
P:r_st melting was difficult to obsetve, the first signs of obvious melting appearing at ~-35
°C, when round rafts developed. Two ntermediate melting events were recorded, at -22 °C
“and st -9 °C. Final melting occuved at temperatures close to, or at, 0 °C. A few fluid
inchusions had melted by -2 °C, but most melted at temperatares higher than 0 °C, the
highest value reconded being 10 °C. Homogenisation of the liquid and vapour phases
generally occurred at temperatures between 225 °C and 250 °C, but the upper and lower
Timits were not determined.

Fluid inclusions in Quartz 2:

* These inclusions froze at lower temperatures {(-50°C to -60°C) than those in Quartz 1, and
they developed a brown moseic ofhigh relief. Eutectic melting occurred at -36 °C. In some |
inclusions, intermediate meltng events were not observed before final melting at -17.2 °C.
Several inchisions melted in the range -12 °C to 15 °C, but melting over a wide range of

 temperatures has been recorded for this FIA. Fluid inclusions situated ncar the contact
between Quartz 1 and Quartz 2, intheeaﬂygrowﬂizones, froze at temperatures similar to
those of Quariz 1, and underwent final melting at approximately -7 °C, Before final melting

" occurred, two intermediate melting events were observed, at -31 °C when melting of the
clear mosaic becarse pronounced, and at -24 °C, when the remainder of the mosaic merged
into round rafts, '

Determining minimum entrapment temperature was difficult for this FIA. Fluid inclusions
with small vapour buhbles, which homogenised at approaimately 170 °C, are associated
with inclusions with larger vapour bubbles, which homogenised at temperatures as high as
378 °C. These inclusions belong to the same FIA, but show extremely large differences i
homogenisation temperatures. The average Ty, for fluid inclusions in Quartz 2 is 230 °C.
"Thus, both homogenisation temperatures and final melting temperatures vary considerably
in this FIA.
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Fluid inclusions in Quartz 3:

These inclusions froze at even Jower temperatures (~80 °C) than those m Quartz 2, end
developed a dark brown mosaic, Eutectic melting occumred between -50 °C and 60 °C,
when the mosaic disintegrated end coarsenied. Final melting occurred between -30 °C and -
38 °C. Homogenisation of the vapour and liquid phases occurred between 93 °C to 107 °C.

DEPOSIT: SPOEDWEL
SAMPLE: SP3

HAND SPECIMEN _

A coarse-grained, brick red, hypersolvus granite with little interstitial quartz. The interstitial
spaces are generally filled with purple fluorite and dark green chlorite which is partially
replaced by hematite. Rosettes of hematite oceur as overgrawths on cassiterite and zircon,
“The hematite Tosettes are psendomorphs after chlorite, Perthite crystals are large (<7mmy)
and the interstitial ¢ aartz and finorite is minor. No veins or sulphides are present, $mall
disseminated cassiterite grains are associated witl zircon crystals.

FLUID INCLUSIONS

In quartz: _

At lenst two different fluid inclusion assexablages (FIA's) are recognised in this sample.
The one FIA is composed of Type 1 finid inclusions with approximately 10 % vapour fill
and is associated with monazite, The other consists of predominantly Type 3 (monophase
Tiquid inchusions) with few Type 1 fluid inclusions (less than 5 % vapour fil), and accurs as
primary inchisions in quartz overgrowing hematite crystals.

Influorite:
Several FIA’s with different characteristics have been trapped in the two fluorite
generations at Spoedwel, FIA’s with uniform liquid to vapour ratios, &s well as F1A’s with
varizhle liquid to vapour ratios, have been observed. However, variability in the degree of
vapour fill is more often the case. Primary inclusions occurring along growth zones, as well
_ as gecondary trails of flnid inclusions, display this variability (Figure 5.39). Solid phases are
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extremely rare, and where present, are most likely to represent trapped solids rather than
frue dauphter crvstals.

MICROTHERMOMETRY

Fluid inclusions in quartz:

Tke fiuid inclusions associated with hematite precipitation froze at temperatures between -
50 °C and -60 °C and developed a brown mwosaic, Melting was first observed at -38 °C and
by -34 °C the mosaic had disappeared, and only rafts remained, Intermediate melting
events were abserved at -21°C and ~14 °C, Final melting for this FIA occurred between -9
°C and -10 °C. Homogenisation temperatures for the few two phase inclusions occurred
below 100 °C.

Within the Iype la fluid inclusions, two FIA's have been recognised with different
microthermometric behaviour, The assemblage with the highest Ta s (-13 °C to -17
.“C) also had the highest temperstures for homogenisation of the liquid and vapour phases
(average IQU“C; max. 259°C), and lowest freezing temperatures (-59 °C). The ather
asseriblage had very 1ow T mamg (approximately 0°C). This assernblages did not develop
a dark brown mosaic on freezing (Tsees between -42°C and -46°C). Homogenisation of
vapour into the liquid phase occurred at 158°C.

Fluid inclusions in fluorite:
At least four different categories of fluid inclusions have been measured in the flnorite, and
are discussed in order of increasing final melting temperatures,

The flnid inclusions with the lowest Teu masag (-13°C), and lowest freezing terperatures (-
60 °C), developed a brown mosaic on freezing »nd appeared to be secondary im origin, First
melting was observed by -42 °C when the relief of the mosaic became enhanced. By -27 °C,
the mosaic had merged into rafts which began rounding off. No other obvious intermediate
meting cvents were Tecorded for this assemblage. Homogenisation ocourred between 128
°C and 150 °C.

The FIA with the second lowest Tina meing (-8 °C to -9 °C), showed very similar
microthermomettic behaviour to the above mentioned assemblage, First melting occurred
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at -52°C, and intermediate melting events were observed at -44 °C {mosaic coarsened), at
=37 °C (mosaic merged into rafts), at -28 °C (rafts began rounding), at -23 °C (vapour
Bubbles sprang back) and at -14 °C (several rafts disappeared). Homogenisation
ternperatires were slightly lower (123 *C to 128 °C).

A primary ¥IA occuring along & euliedral growth zone contained fhids that froze at
approximately -50 °C and developed no dark brown mwosaic. Instead, a pale, cloudy mosaic
was produced, Coarsening occurred at -40 °C and then no further changes were observed
‘until -23 °C when round rafts developed. At -21 °C, the individual rafts merged nto one
large rafi, which disappeared at final melting (-4.3 °C). Ty for these fluid inclusions was 150
o _ _

The Tast discrete FIA recognised underwent final melting between -1 °C and 0 °C. On
freezing (-42 °C) o brown mosaic developed, T. was observed at -37°C.  At-30°Cthe
mosaic merged. No mtermedlate melting events were observed before final melting. The
 two phase inclusions underwent homogenisation of the vapour into the liquid phase over 2
broad range of temperatures, beginming at 130 °C  and continwng ueill 270 °C. The
inchusions with small vapour bubbles homogenised at the low end of the range, while those
with larger bubbles persisted until higher temperatures,

167



DEPOSIT: Spodvel
HAMPLE : SF3

Perthite

Fluorite

Quartz

Hagnification: X4D

Flgure 541  Petrographic map ofﬁitersﬁtialquartz and fluorite showing secondary trails
of inclusions (a) and growth zone containing primary inclusions (b).

168



DEPOSIT: SPOEDWEL
SAMPLE: SP7

HAND SPECIMEN

A medium-grained, hypersolvus granite with Jocal fusion of perthite. Quartz veins with

hematite staining along the central seam are present. Interstitial materfal is minor, and is

-mostly fuorite with minor quartz. Some quartz contains perthite fragments Transparent

sphalerite occurs ~_inst the quartz vein walls. Mopnazite and a black pitted mineral”
(idemtified as hematite by Raman Spectroscopy) are present in this sanple. |

FLUID NCLATSIONS

In quariz vein material:

The quartz. veins in this sample contain small specks of sphalerite on the wals. The fiuid
inclusions hosted by the sutrounding quartz. of the vein show variable phase proportions,
teing Type 1, Type 2 andTypeS nclusions. The Type 2 inclusions contain one or two
solid phases, which are probably halite and sylvite. The degree of fill of the Type 1
inclusions also varies, from less than 5% to 20 % fill,

MICROTHERMOMETRY

The majority of flnid inclusions measured belong to an assemblage which froze to a brown
mosaic at temperatures between -50 °Cto -55 °C. However, 4 few nclusions did not show
this behaviour, and developed a colourless solid on freezing at approximately -40 °C,

The melting behaviour of these two asseniblages differs. The former assemblage displayed
rather varjable melting temperatures with T observed at -52 °C in some inclusions and at -
44 °C in others. An intermediate melting event was observed between <24 °C and -26 °C.
Final melting temperatures, however, showed the greatest variation, ranging from ~14 °C to
5 °C, where clathrate formation retards final melting, Furthermore, homogenisation of
Yiquid and vapour phases also ocowred over 2 wide rauge of teraperatures (173 °C to 288
°C).
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Melting in the second assernblage first became obvious at -30 °C, when subtle changes in
the mosaic occwred. The formation of round rafts occwrred at -25 °C and fnal melting of
the entire assemblage occwrred at -5 °C, Homogenisation in this assemblagé occurred at
slightly lower temperatures (190 °C to 225 °C) than in the FIA described sbove.

DEPOSIT: SPOEDWEL
SAMPLE: LI

.| HAND SPECIMEN
A coarse-grained, hypersolvus granite with

_quartz veins, The feldspars are fused, and
interstitial quartz is minor. Most of the
quariz in the sample is related to the
introduction of the quartz veins,
Disseminated cassiterite is present in the
host rock. Sulfides are not present in the
host rock, but occur as tiny specks of
chalcopyrite in the quartz veins. The vein
material consists of two generations of
quartz. The first generation lines the walls
of the veins, projecting as euhedral crystals
into the vein center. The second quartz

generation occurs in the center of the

veins, overgrowing the first euhedral quartz generation.

- FLUID INCLUSIONS
Fluid inclusions in vein quariz generation 1: _
This quartz contains few primary inclusions, but mostly secondary and pseudo-
secondary fluid inclusions. The primary fluid inclusions are generally located in the
central portions of the crystals and may either be isolated or associated with several
other inclusions in clusters not related to any linear trend, They also occur as Zones
parallel to crystal faces carresponding to the copsecutive growth stages of the crystal.
The shapes of the inclusions range from small spheroids to larger more irregularly
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staped inclusions, The smaller inclusions tend to be monophase liquid {Type 3)
inclusions, while the larger inclusions generally contain up to 20% vapour fill. True
daughter crystals or trapped solids are rare. Isolated instances of halite and sylvite
crystals have been observed.

* Fluid inclusions in vein quaritz generation 2:

The fluid inclusions are highly irregular in shape and are generally necked and faceted,
‘The phase proportions are variable. Many of these inclusions contain a dark solid
phase which has been identified as hematite by Raman Spectroscopy. The number of
Type 3 inclusions present is greater than the mumber of Type 1 inclusions. There are
no solid phases.

MICROTHERMOMETRY

Fluid inclusions in vein quartz generation 1.

Freezing occurred between -80 °C and -B5°C , and a fine-grained mosaic of brown-
coloured solids developed. Rearrangement of the crystals was observed at -63 °C, and
eutectic melting was recognized at approximately -52 °C. Several intermeiate meldng
events were recorded. At -44 °C & change in the mosaic was observed, The mosaic
developed wavy adges at approximately -35 °C and the whols mosaic coarsened at -30
°C. The development of round rafts began, and by -15 °C only a few large rafis
remained. Final melting of'aimost all finid inclusions in this asseroblage ecenrred
between -4 °C and -5 °C. Homogenisation temperatures range from 203 °C to 244 °C.

Fluid inclusions in vein guariz generation 2:
Freezing ocourred between -32 °C and 40 °C, and no brown discoloration of the
- mosaic was observed. Eutectic melting could not be determined with certainty, but the
first ohvious signs of melting were visible at -22 °C Two intermediate welting events
were observed before final melting. At -10 °C the cloudiness of the mosaic faded,
leaving 1 single clear raft, which then began to sbrink at -5 °C. Final melting occurred
' betwesr 2" °C and 0.3 °C. Homogenisation ocourred between 160 °C and 193 °C.,
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DRONKFONTEIN

The samples irom Dronkfontein were selected from diamond drill core, and are listed
in Table 5.5, along with the reasons for their selection.

Table55 List of samples selected for microthermometry from Dronkfontein, and
the reasons for selection. '

SAMPLE REASONS FOR SELECTING SAMPLE FOR MICROTHERMOMETRY
GC6o0 Sample contains fAnids associated with three generations of interstitial quartz  and

contains finids responsible for precipitating disseminated low grade chalcopyrite.
GC4086 - Sample contains minor disseminated sulphides, and numerons zircon crystals,

DEPOSIT: DRONKFONTEIN
SAMPLE: GC406

HAND SPECIMEN
Medium- to coarse-grained, pink granite composed of quartz, perthite and green
chlorite. Sorme sulphide specks occur in the mafic specks. The average grain size is 3-

. 6mm. Cathodo-luminescence images have shown the same number of quartz -

| generations as in GC600: ie., there are at least three distinct generations of quartz
fFigure 5.42) The first generation consists of euhedral crystals with minor internal
growth zonation, The second quartz generation has overgrown the first and is
commonly marked by zircon crystals at the contact. The third quartz generation is
minor and occurs as secondary trails cutting across quartz 1 and 2, A fourth quartz
generation has been observed in some sections where the fractures in which quartz 3
. was precipitated were re-utilized, and another (fourth) quariz generation was
deposited.

FLUID INCLUSIONS :
. The quartz in this sample is full of secondary flnid inclusion trails, Two fluid inclusions
assemiblages are recognized in this sample, both of which occur as secondary trails.
" The first assetoblage consists of Type 2 inclusions which contain halite daughter
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crystals and rarely svlvite crystals. The second assemblage consists of Type la {(>5%

vapour fill) and Type 3 jnclusions,

Figure 5.42 Cathodo-Juminescence image showing three quartz generations, and the
association between zircon precipitation and quartz generations 1, 2 and 3.

MICROTHERMOMETRY

The Type 2 halite-bearing inclusions develop a brown moszaic on freezing at
temperatures below -66 °C. .2 rearrangement of the mosaic was obse d at -64 °C
and first melting occurred at -51 °C. At temperatures between -42 °C and -46 °C, the
vapour bubble expanded and the last of the frozen solids disappeared. No further
melting events could be seen, and the inclusions appeared to be completely melied,
Homogenisation temperatures between 116°C and 125 °C were recorded

The Type 1a and Type 3 inclusions of the second assemblage frcze (at -59 °C) to a
clear colorless solid and developed no brown mosaic. First melting was abserved at -

3 °C when a low relief mosaie formed, Coarsening of the mosaic occwrred ut <35 °C
and merging took place at -22.5°C. Final melting occurred in the ranpe -8 °C to -2°C.
Homogenisation of the vapour bubble into the liquid phase occurred at temperatures
below 100°C.
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DEPOSIT: DRONKFONTEIN CORE -Nebo Granite
SAMPLE: GC600

HAND SPECTMEN

Medium-grained granite with disseminated chalcopyrite specks. Cathodo-luminescence
images have shown that there are at least three distinct generations of quartz. The first
generation consists of eubedral crystals with minor internal growth zonation. The
second quartz generation has overgrown the first. The third quartz generation is minor
and occurs as secondary trails cufting across Quartz 1 and 2, A fourth quartz
generation has been abserved in some sections where the fractures in which Quartz 3
was precipitated were re-utilized, and another (fourth) quartz generation was
depaosited.

. FLUID INCLUSIONS

Primary fiuid inchusions in each of these quartz generations have been studied. The
fluid inclusions in quartz 1 are Type la, Type 1b, Type 3 and Type 4. The fluid
inclusions in quartz 2 are very abundant and show a wide range of characteristics. The
fiuid inclusions types in thls assemblage are Type 1 a, Type 2, Type 3 and Type 4, The
Type 2 inclusions contain several daughter crystals, including halite, sylvite, hematite,
one opaque crystal, FeCl, and a small blue cube, ¢ are as many as five of these
solids I any one inclusion. However, not all inclusions contain all of these crystals. For
example, some contain only hematite and FeCh, while othets contain only halite
crystals, Thus, the inclusion contents are highly variable.

The fluid inclusions in quartz 3 are miostly Type la. but a 1., Type 2 inclusions
containing small halite daughter crystals are present, The inclusions in quartz 4 are
Type la and Type 3 inclusions and contain no solid phases.

- MICROTHERMOMETRY

Fluid inclusions in quariz I:  On freezing, the vapour bubble became distorted and 2
clear solid was formed. First melting was observed at -45 °C when a high relief mosaic
developed, No further melting events were observed until final melting at -1°C.
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Homogenisation of the vapour bubble into the liquid phase occurred between 231°C
and 296°C.

Flvid inclusions in guartz 2: This assemblage is exiremely complex. Freezing occurred
between -60 and -70 °C and a brown mosaic wag formed. Heating was required in
order to induce freezing in some inclusions. Eutectic melting generally ocourred
between ~48 °C and -52 °C. Intermediate melting events were observed at -35 °C
(coarsening of mosaic and brown colour fading), at -27 oo {merging of mossic into
round rafts), and at -24 °C (sev::al rafts melted). Final melting occurred over a very
wide interval (from -25 °C to 12°C), but three modes were evident between -25°C and
22 °C, between -4 °C and -2 °C,_ and at positive values between 1.7 °C and 12 °C,
‘Homogenisation of the vapour bubble into the liquid phase in Type ! inclusions
occurred between 142 °C and 200 °C, but the bulk of the values recorded were in the
range 160°C t0 170°C.

Fiuid inclusions in quartz 3: These inclusions froze at -72 °C and developed a clear
solid. At -68°C a brown mosaic developed. First melting was observed at -54 °C and
at -26 °C the mosai¢ began rounding into large rafts. At -24 °C the vapour bubble
sprang back and several rafts melted. Final melting values of 0.1 °C were recorded for
most of the inclusions, but Some fluid inclusions meited at -1.2 °C and § °C.
Homogenisation occurred between 126°C and 127°C.

Fluid inclusions in quartz 4: These inclusions froze on heating at -70 °C and became
slightly discoloured. Since the inclusions were so small, no mosaic or melting
behaviour could be recorded with confidence. Values of melting events at -37 °C and
40 °C were recorded but their significance is uncertain. Homogenisation of the small
vapour bubbles occurred between 78 °C and 85°C, | |
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ALBERT

‘The sample material was selected from diamond drilled cores and is listed in Table 5.6.

Table 5,6  List of samples selected for microthermometry from Albert and the
Teason for their selection.

SAMPLE REASONS FOR SELECTING SAMPLE FOR MICROTHERMOMETRY

RP1 11 Sample contains sulphide-bearing quartz veins with associated chlorite.
RFi 11a Sample contains three generations of cross-cutting quanz veins. The second vein
o contains salphides and chlorits, aud the third s associated with sericitsation.

RP220B Sample contains fluids assecipted with sulphide assemblige and  with
hematite/fiuorite assemblage, ' _

AS76.10C Sangle contains fluids associated with the previpitation of arsenopyrite, sphulerits

. " and chalcopyrite. .

RP227A Sample contains no mineralisation, but is hematitised and chloritised adjacent to a
quartz vein. ' :

- RP22% Siimple of unmirteraltived sibsolvus lost granite which has been wildly hematitised.

DEPOSIT: ALBERT
SAMPLE: RP111

| HAND SPECIMEN
Three quartz veins, two paralle] and one cross-cutting,
are hosted by a fine-grained, porphyritic transsolvas
| grenite, The gverage grain size of the host vock is
approximately 0.3mm, The original quartz, perthite,
albite, and K-feldspar are chloritised and sericitised.
First  the milky-white quartz vein was truded,
foliowed by the intermediate milky/clear quartz vein,
| Both of these vein were ¢ross-cut by the clear quartz

' vein. Chloritic alteration precedes sericitic alteration,

| since sericite is associated with the youngest vein

only.
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FLUID INCLUSIONS

Vein I1: Milky-quariz vein

The vein is made up of many evhedral, terminated quartz crystals. Green chlorite
occurs along the vein walls, At least four episodes of quariz precipitation are
recognized in the vein, and fluid inclusions associated with each episode have been
studied (Figure 5.43). The fluid inclusions are so abundant that they cloud the crystals.
Type 1a and Type 3 inclusions are present in primary and secondary populations. No
daughter crystals are visible,

Vein 2: Intermediate- milly/clear quariz vein

" The vein is made up of euhedral crystals that are not as perfectly interlocked as those
described in the milky quartz vein. Dark green chlorite fills the interstitial spaces,
Many secondary fluid inclusions, wiich parallel the youngest.veiu (vein 3 described
below), are present in this vein. The phase proportions are variable, and Type 1a,
Type 2 and Type 3 fluid inclusions coexist within single populations, Hematite crystals
are present in some inclusions, The Type 2 inclusions typically contain halite and
sylvite daughter crystals,

Vein 3: Clear quartz vein with chlorite booklets

This vein contaims quartz crystalé with few fluid inclusions. Those present are
~ secondary, with variable phase p.oportions, Sericite and chlorite are associated with
this vein, the wall rocks being highly sericitised and the chlorite occurring within the

vein,

MICROTHERMOMETRY

Vein1l

Quartz generation I: Freezing occurred on cooling to -44 °C, aud no brown mosaic
 formed. Eutectic melting was observed at 40 °C. An intermediate melting event was
observed at approx. -34 °C, Final melting occurred between - 6 °C and -7.5 °C.
Primary inclusions in the center of this quartz generation indicate homogenjsation'
temperatures of approximately 200 °C, while those in growth zones near the crystal
faces indicate Ty values of approximately 170 °C.
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Quariz generatin 2:  Fluid inclusions in this quartz generation bebaved similarly to
those in quartz generation 1. However, final melting occurred between -10 °C and -5
°C, and a concenfration of Tgut mduz values at -5 °C and -6 °C  was recorded.
Homogenisation temperatures were between 160 °C and 165 °C for primary inclusions.

Quartz generation 3: For this population final melting occurred between -4.9 °C and
-5.9 °C and homogenised between 120 °C and 140 “C. Al other features are the same
as in quartz generations 1 and 2. '

Quartz generation 4; This quartz generation contained the greatest number of Type 3
fluid inclusions. Final melting occurred from -3.1°C (at the beginning of quartz
growth) to -0.4°C (at the end of quartz growth).

" Vein 2:

Freezing occurred between -40 °C and 50 “C, and no brown mosaic developed.
‘Eutectic meltiag was observed at -47 °C when merging of the colorless mosaic began.
At -32 °C, round rafts were visible, Final melting occurred at approximately -5 °C for
most inclusions, but a few T masmg values at 2 °C were recorded, indicating two
different fluid juclusion populations, Homogenisation temperatures in the former
ass-ijmblage are higher (150 °C to 170 °C) than in the Iatter assemblage (104 °C to 114
°C). This vein correlates with quartz  genetations 2 and 3 in vein 1.

Vein 3:

Freezing occurred between -37 °C and -40 °C and no brown mosaic formed. Eutectic
melting must have occurred at some temperature below -36 °C and was not observed.
“The first meltiﬁg event visible occurred at -36 °C when round rafts started developing.
At -25°C the small Tound rafts bepan merging into single large rafts. Final melting
occurred between -7.8 °C and -6.4 °C. Homogenization of these inclusions occurred at
approximately 152 °C. A single inclusion underwent final melting at -24 °C, and
homogenised at 103 °C. | |
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DEPOSIT: ALBERT
SAMPLE: RPI11A

HAND SPECIMEN _
Three parallel quartz veins cutting across fine-
prained subsolvus granite,

Vein 1:Clear quartz containing sulphides and
chlorite |

The vein walls are composed of fine-grained, crypto-
crystalline quartz which has been chloritised. The
| central portions of the veln consists of coarse-
grained, euhedral quartz intergrown with pyrite.

Grass green chlorite fills cavities in the middle. Hematite specks occur on the crystal
faces of the quartz, The pyrite crystals are generally large {2-5mm), but smaller crystals
{0.310m) do ocour, Minor tetrahedrite, galena and chalcopyrite are present,

Vein 2: Milky-white quartz _ .

My small, enhedral crystals fill this vein. The milky appearance of the quartz is due
1o the abundance of finid inclusions in the crystals. The wall rock is sericitised and
chloritised (pale, olive green chlorite).

Vein 3:Intermediate- milky/clear quartz
- The vein is composed of small quartz crystals. The center of the vein contains massive
quartz. No alteration minerals ere associated with this quariz vein. '

FLUID INCLUSIONS

 Vein 1:In clear quartz containing sulphides and chlorite .

* Fluid inclusions in the quartz veir containing sulphides and chilosite are Type 1a and
Type 2 inclusions. Type 4 inclusions (monophase vapour) are abundant in ceriain
patches and Type 3 inclusions are scarce, Phase proportions are constant. Daughter
cfystals are common. Halite, sylvite and FeCl, daughter crystals have been identified by
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optical methods. Daughter crystals are rarely vary large, filling more than 50% of the
inclusion volume,

Vein 2: Milky-white quariz
Fiuid inclusions are irregular and many dark solids (kematite?) cloud the clarity of the
crystals, Most inclusions are Type la inclusions.

Vein 3: Intermediate- milky/clear quartz
Type 1 and Type 3 flnid inclusions are présent. Phase proportions are generally
variable. Secondary trails with constant phase proportions do oceur,

MICROTHERMOMETRY

Vein 1:1n clear quartz containing sulphides and chiorite

Fluid inclusions in this sample are extremely compiex. It was not possible to categarize
them écéording to their microthermometric behavior and they have been grouped as
one assemblage with highly variable compositions. This variability may be the result of
finids associated with veins 2 and 3 being trapped as secondary inclusions within
primary populé.tions of inclusions associated with vein 1.

Al fluid inclusions froze at temperatures between -50 °C and -82 °C, and developed a
brown mosaic. Eutectic melting was abserved at a number of different temperatures,
ranging from -52 °C 1o -44 °C. The majority of values recorded were at appmximﬁtely
44 °C, but a group of values between -39 °C and -36 °C were also recorded. This
temperature range corresponds to an intermediate melting event in inclusions in which
_eutectic meliing was observed from -52 °C to -44 °C. Intermediate meiting events were
observed at -36 °C and -23 °C in both primary and secondary populations. At -36 °C
coarsening of the mosaic was observed, whereas at -23 °C rapid clearing of the mosaic
took place, and 2 few small round rafts remained. In some inclusiops, final melting
occurred almost immediately (-22.3 °C) afterwards, Final melting of fluid inclusions
continued until 10 °C when the last inclusions underwent final melting, However,
within this continuum, many T ming values were recorded at -16 °C, Ifrom -10°C
to -6 °C, and .ﬁ'om 9 °C to 13 °C. The average temperature for homogenisation of
fiquid and vapour phases was 168 °C, but values as low as 96 °C and as high as 214 °C
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have been recorded. Dissolution of daughter crystals was not achieved before the

vapour phase had disappeared. A temperature for dissolution of one halite dangliter

crystal was measured at 168 °C, There is no considerable difference in homogenisation

temperatures in the primary and secondary populations, although the few high Ty
 values recorded are from primary populati.s.

DEFOSIT: ALBERT
SAMPLE: RP120B

HANDSPECIMEN
Pegmatitic vein quartz and fluorite, with
associated chalcopyrite and grass green
| chlorite. Eubedral quartz crystals and
chalcopyrite are overgrown by massive
fluorite and chlorite. Hematite occurs
along grain boundaries and in interstitial
cavities.

FLUID INCLUSIONS

Fhiid inclusions in fluorite:

The fluorite contains numerous fluid inclusions, mostly Type 1a and Type 3, but a few
Type 1b (with more than 50% vapour filt) inclusions are present. Danghter crystals are
scarce. - Both primery and secondary assemblages have been recognized, the
secondary assemblages cuntaihing smaller vapour bubbles than those appearing to be
primary in origin. In general, there is a variation in phase proportions. Figure 5.44
shows the petrographic relationships of fluid inclusions selected for study in this

sample
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MICROTHERMOMETRY

At least three different fluid inclusion assemiblages are present in the fluorite in this
sample, At the one extreme, the assemblage with the lowest final melting ternperature
range (betwesn -16 °C and -10 °C) occur as primary and pseudo-secondary inclusions,
which froze between -57 °C and  -78 °C, and developed a brown mosaic. Eutectic
melting ovourred at approximately -49 °C, and the mosaic began to disintegrate. At -29
°C, the mosaic became coarser and rafts became visible. Some rafts melted ut -23 °C
and others at ~16 °C. Final melting temperatures ranged from -16 °C to ~10 °C, T;, for
this assemblage was between 171 °C and 200 °C.

An iutermediate category of fluid inclusions, which froze by 48 °C and developed a
colotless mosaic, has been observed. Butectiz melting occutred at or before -39 °C.
One intermediate melting event at -30 °C was cbserved before final melting (at -6 °C to
-3 °C). Entrapment of the fluids or- -¢d at temperatures below 200 °C
(decrepitation accurred at temperatures higl., «  1200°C). '

The bulk of the fluid inclusions measured beluag in the category of inclusions which
underwent final meki:; between -4.8 °C and -3.2 °C. These fluid inclusions ocear in
secondary trails, and clearly belong to the same fluid inclusion assemblage. On
freezing, a colorless mosgic formed, which underwent eutectic meliing at -33 °C. By -
27 °C, the mosaic had merged to form rounded rafts, and, in goneral, only ~ne large
round raft remained in each fluid inclusion. This raft became progressively smaller as
final melting temperatures were approached. ‘The wide variation of final melting
temperatures within single fluid inclusions assemblages is mirrored in ihe measured
homogenisation temperatures, which range from 218 °C and 273 °C.

At the other extreme is a fluid inclusion assemblage displaying the same characteristics
as the assemblage described immediately above, but in which final melting occurred
between -2.6 °C and -1.7 °C, and homogenisation of the liquid and vapour phases
occurred at Jow temperatures ( 93 °Cto 112 °C).
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DEPOSIT: ALBERT
BAMPLE: AS26.10C

HAND SPECIMEN

Massive cryptocrystalline quartz, associated with
quertz and fluorite. Patches and veins of sulphide
occur along grain bousraries, and are associated
with green chlorite. The sulphide paragenesis is
arsenopyrite-sphalerite-chalcopyrite.  Veins of a
later quartz generation (which is optically clear)
cut across earfier formed milky-white quartz
crystals, |

FLUID INCLUSIONS

Fhid inclusions occur in  quartz which contains solid inclusions of chlarite and
arsenopyrite, as well as in the fiuorite post-dating these phases {Figure 5.45). The fluid
inclusions in the quartz are Type la and Type 2 inclusions. Small pale blue cubic
daughter crystals are present in some of the fluid inclusions. The fluid inclusicas
selected for microthermomefry are primary and negative crystal outlines are relatively
common. The fluorite contains many flnid inclusions, most of which are secondary
Type 1a inclusions, and Type 3 inclusions. A few Type 2 inclusions were observed,
but the solid phases are probably trapped solids and not true daughter crystais.

MICROTHERMOMETRY

Fluid inclusions in quartz associated with arsenogyrite and chlorite:

* Tireess Was between -46 °C and -56 °C, and a pale brown mosaic formed. Eutectic
melting accurred at -41°C, aad by -27 °C round rafts were visible, An intermediate

melting event occurred at -12 °C, when some rafts disappeared. A broad range of

melting temperatures was observed in this FIA, Fluid inclusions containing the blue
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cubes melted at -8.8 °C, and those without dayghters underwent final melting between
~4.2 °C and 0.2 °C. Homogenisation temperatures were not recorded.

Fluid inclusions in fluorite post-dating arsenopyrite and chlorite:

A population of possibly primary Type la fluid inclusions froze to a colorless solid at
~37 °C, sud underwent ewtectic melting at -31°C. At -23 °C, the mosaic rapidly
disintegrated into rafts. Final melting of some irclusions began at -3.5 °C and
contimued until ~1.4 °C when all fluid inclusions were melted. The first inclusions to
- homogenise did so at 123 °C, while the rest homogenised between 140 °C and 145 °C.
The highest temperature recorded for homogenisation i this assemblage was 243 °C,

A secondary trail of Type 3 inclusions_ with a few Type la (degree of vapour fill
approx. 2%) fioze to a pale mosaic which darkened at -40°C (T.7). At 25 °C,
coarsening of the mosaic began, and by ~73°C, yound rafis had developed. Final
nielting occutred in the range -3.9 °C to 1.6 °C. Homogenisation temperatures for the
two phase inchusions were between 100 °C and 120 °C. '
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DEPOSIT: ALBERT
SAMPLE: RP227A

FLUID INCLUSIONS

HAND SPECIMEN

Quartz vein cutting across a
chloritised, hematitised and sericitised
subsolvus granite host rock. Epidote
is present in some portions of the
sample. The quartz vein is composed
of many small euhedrat crystals and a
very fine-grained cryptocrystaliine
quartz variety. Hematite is asseciated
with the quartz vein.

Fluid incinsions in the quartz vein are too small to be useful for microthermometry.
However, the interstitial quartz material of the granite host cotains two fluid inclusion

assemblages, which are associated with the gramite itself, and as secondary trails,
paraliel to the quartz vein (Figure 5.46).
phases, and consists of Type 1a and Type 3 inclusions. The other assemblage contains

Type 1a and Type 2 inclusions.
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MICROTHERMOMETRY

Two distinct fluid inclusion assemblages are recognizable in terms of their
microthermometric bebavior. They are distinguished by the different ranges of freezing
temperatures and the preseznce or absence of a brown mosaic.

The assemblage that showed no brown discoloration of the mosaic on freezing
{between -4 °C and 48 °C), underwent eutectic melfing at approximately -40 °C
and is present as primary and secondary inclusions. Intermediate melting events were
- pbserved at =34 °C when the coarsened mosaic merged to form larger rafts, At -21°C
and -16 °C several rafts in each inclusion melted. 'The ice melted over a broad
tempetature range (-4.4 °C to 4.3°C). Eutectic and intermediate melting events were
not visible in some fluid inclusions, At final melting, the vapour bubble sprang back
* and solids disappearedt simultancously. T, valnes were between 128 °C and 173 °C.

The second fluid inchusion assemblage contains several daughter crystals (FeCl,, haiite
and sylvite) and developed & very prononnced brown mosaic on freezing, which took
place at considerably lower temperatures (-66 °C to -75 “C) than the first assemblage
described. Eutectic melting occurs between -50 °C and -52 °C. Intenmediate melting
events were observed at -40 °C when the mosaic became coarser, at -33 °C , at -28 °C
when the mosaic mersed to form rafts, and at -24 “C when several rafts melted. Final
melting occurred over a wide range of temperatures (-4.8 °C to 15 °C). However, two
modes of vaiues are apparent, one between -4 °C and -5 °C, and the other, at the
unusnally high range from 8.6 °C to 15.3 °C. Homogenisation occurred between 76 °C
and 160 °C, but the majority of fluid inclusions homogenised at approximately 130 °C.
Dissolution of daughter crystals did not occur before homogenisation of the vaponr
bubble into the liquid phase.
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" DEPOSIT: ALBERT
SAMPLE: RP227/9

HAND SPECIMEN

A coarse-grained porphyritic, subsolvus granite
containing large, pink, perthite phenocrysts which are
partially chloritised and sericitised. Euhedral albite
crystals occur with partially albitised perthite and
quartz. Mafic patches of hematite, biotite and zircon
are present. -Hematite liberated from the perthite
occurs as Tims of red material around the grains,

FLUID INCLUSIONS

In terms of appearance, two distinct assemblages are recognizable. The most obvious

fluid inclusion assemblage confains as many as six unidentifiable daughter crystals,
'which. occur as primary inclusions along growth zones towards the end of the

crystallization history of the quartz, and as secondary trails cutting across earlier

formed crystals (Figure 5,47 Field 3) They are all Type 2 inclusions and are rather
_unusual in appearance. The difference in refractive index between the host quartz and
the fluid inclnsi'qn Tiquid is small, and, thus, there is little contrast in optical properties
between the two i:nedia. The vapour bubble and solids appear to be suspended in the
quartz, and i is only on freezing that the outline of the fluid inclusions becomes visible.
The other group of inclusions are normal Type la and Type 2 (with one halite
daughter crystal) and Type 3 inclusions which tend to be secondary in origin (Figure
547 Field ] and 2). - ' '
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MICROTHERMOMETRY

Four FIA's have emerged from the microthermometric data. Two groups exist within
the daughter-rich assemblage which are distinctly different from the Typela fluid
inclusions in ferms of microthermometric behavior, The Type la inclusions are
separated into three categories depending on their final melting temperatures.

The daughter-rich assemblage froze at temperatures between -63 °C and ~72 °C, and a
slight brown discoloration of the mosaic was visible. These inclusions are amopg the
few that require heating after super-cooling to induce freezing, At -66°C the brown |
mosaic developed, and rearrangement took place at -59°C, afier which the brown
began to fade. Eutectic melting was not recorded. Intermediate melting evenis were
observed at -40 °C, when the mosaic started merging, and at -31°C when round rafts
. developed. Final melting of some inclusions occntred at -24.5 °C and -18.1°C. These -
inclusions arve associated with apother group that generally have final melting
temperetures above 0 °C. In fact most of these Type. 2 inclusions melted completely
between 3.7 °C and 9.2 °C, Homogenisation temperatures were relatively high ( >225
°C), and the solid pbases tended to resist melting, Dissolution temperatures {180 °C to
- 184°C)were recorded for an unidentifiable solid phase.

Microthermometric behavior in the Type 1a assemblage was relatively constant except
for the final melting temperatures: They all froze at -63 °C, developed no brown
moseic and underwent eutectic meltitg between -46 °C and -48 °C, Intermediate
melting events occurred at -45 °C, when coarsening ccourred, at -36 °C when round
rafts developed, and at -30 °C and -24 °C when several rafis disappeared, Three
different secondary trails each with different final melting temperatures were measured.
One group melted between -15 °C and -11 °C, another at approximately -10°C, and the
fast between -8 °C and -5 °C. However, it is clear that these measurements form part of
a contimmm from -5 °C to -15 °C. The corresponding ranges of homogenisation
temperatures are 130 °C to 147 °C, 155 °C and 190 "C o 200 °C,
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Figure 547 Petrographic maps of the daughter crystalrich fluid inclusion
assemblage in quartz associated with biotite in sample RP2 27/9,
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LEEUFONTEIN

Sample material of unminer=¥sed pranite was coliected from surface outcrop in the
mapping area east of Mzbtle Hall (Leeufontein), The samples selected for
microthermometry are listed &= Table 5.7, and the reasons for thel selection given.

Table 5.7  List of sampis selected for microthermometry from Leeufontein, and
the reasons for selection.

SAMPLE " REASONS FOR SELECTING SAMPLE FOR MICROTHERMOMETRY
WG3s Sample contzz=s no fluids associated wi'h minerelisation and hematitisation
WGA3S Sample conte—s finids associated with hematitisation.

wWGH3 Sample contt—s fluids associated with slbitisation,

TBH Sample conre==s fluids responsible for albitisation and tourmalinigation,

ROCK TYPE: FINE-GRAINED KLIPKLOOF GRANITE
SAMPLE: WG

HAND SPECIMEN

A creamy-brown hand specimen with few
(>5%) mafic specks (>2mm in size). The
average grain size is 0.4mm, Argillic
| alteration of feldspars (atbite and K-
feldspar) is evident, and they show no
twinning or albitisation. Portions of the
Sample contain granophyric intergrowths.
Hematite patches (>lmm, occur within
the feldspar. No fresh K-feldspar or albite
i§ visible.
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FLUID INCLUSIONS _
Three fluid mcnsion assemblages are present in the quartz. The one assemblage
consists almost entirely of Type 2 fluid inclusions which all contain halite daughter
orystals. The second assemblage consists of Type la inclusions and the third
assemblage consists of Type 3 inclusions. No primary inclusions were found, and all
measurements were made on secondary trails of hundreds of inclugions (Figure 5.48 ).

- MICROTHERMOMETRY _

Anomalous microthermomettic behaviour wes observed in the fluid mclusion
assemblage containing halite daughter crystals..No freezing was observed, even at
temperatures of <196 °C. No melting behaviour whatsoever could be observed iz
any of the hundreds of inclusions studied. Homogenisation of ligquid and vapour
phases occurred at temperatures between 71 °C and 92 °C.

The two phase inclusions froze at -73 °C (on warming the inclnsicns fom -110 °C).

"The vapour bubble collapsed and a clear solid was produced, At -58 °C, a brown
~ mosaic developed. Coarsening of the mosaic was observed at -51 °C, and at -44 °C the
relief of the masaic increased. At 23 °C rapid clearing of rafts (hydrohalite) was
observed, Final méltiug was observed at temperatures above 0 °C, when clathrate
melting was observed. Values batwéeﬁ 2.9°C and 6.1 °C for clathrate melting were
recorded. Homogenisation of iquid and vapour phases occurred between 123 °C and
128 °C.

"The Type 3 inclusions froze at -42 °C and developed clear round solids, At -35 °C,
merging of the solids was observed, and -24 °C several of the solids melted, Final
melting occurred a: -5, °C. Homogenisation of liquid and vapour phases at
temperatures below 10{5 °C are inferred from the absence of vapour bubble at room
temperature and the fact that one did not appear on cooling.
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ROCK TYPE: HEMATITISED FINE-GRAINED KLIPKLOOF GRANITE
. SAMPLE: WGA35

1 HAND SPECIMEN

Hematitised, fine-grained Klipkloof granite
composed of quartz perthite and miner
secondary albite. The perthite is fused and
| mildly albitised in patches. Specks (0.3mm -
0.5mm) of hematite are dispersed throughout
' the rock. No fresh primary albite is present, but

| altered remnants are visible,

SLUTD INCLUSIONS

Primary fluid inclusions are scarce in this sample. Peatches and trails of Type 1a, Type
2 and Type 3 inclusions appear to be secondary in origin. 'The Type 2 inclusions
contain several danghter crystals, all of which ars not present in each finid inclusion.
Those recognised include hematite, halite, an orange coloured crystal, a blue cube and
a pale green anhedral solid (Figure 5.49). In some sections, most of the inclusions
contain se_verél of these solids, while, in others, only a few solids (or none at all) are
present in selected inclusions. It was not possible to separate these inclusions in terms
of microthermometric bebaviour, and thus only one fiuid inclusion assemblage is
recognised in this sample‘

 MICROTHERMOMETRY _
This assemblage required supercooling to induce freezing during the warming cycle.
Temperatures were cooled 1o ~100 °C and fieezing took place between -63 °C and -60
°C. The frozen solid was colourless in some inclusions and had 2 pale brown tint in

others,
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First melting was observed at -54 °C, the mosaic developed higher relief at -44 °C, and
coarsening of the mosaic took place at -36 °C, Final melting behaviour in this
assemiblage is extremely variable, Simultaneous, instant melting of large ice rafts, and
the appearance of the fill-size vapour bubble at -20 °C, was observed in one inclusion.
By -25 "C, most inclusions contained only one larg raft, which melted at between -
24.7°C and -10.1 °C. Clathrate melting was observed in one inclusion at 5.9 °C,
Homogenisation of the liguid and vapour phases occurred between 78 °C and 164°C.

ROCK TYPE: FINE-GRAINED KLIPKL.OOF GRANITE
- SAMPLE: WGz

"] HAND SPECIMEN
.Fine—grained,- pale  creamy-white
| sample with disseminated biotite
specks, - Chlorit«ation and minor
albitisation of the feldspar has
occurred. Minor faorite is preéent.

Argillic alteration of the feldspars is
pronounced.

FLUID INCLUSYONS

Two fluid inclision assemblages are present in this sample (Figure 5.50); Both occur
as secondary trails. The one consists of Type 3 inclusions only, and the other consists

of Type 2 inclusions which contain two small solids (possibly halite and sylvite).
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ROCK TYPE: TOURMALINE SPHEROID N ALBITISED
KLIPKLOOF GRANITE
SAMPLE: TBo1

HAND SPECIMEN

The tourmaline spheroids are hosted by
fine-grained Klipkloof Granite which has
been intensely albitised, and hence is
called atbitised Klipkloof Graoite. The
spheroids are composed of albite, yuartz,

tourmaline and, rarely, minor fluodte.
Two generations of qoartz are present.
The order of formation of these
- secondary mminerals is : albite, quartz 1,
tourmalinel?, quartz 2, tourmaline 27,
‘The tourmalinisation is not restricted to

spheroids, but also ocows along
1 fractures, and as irregular blebs,

FLUID INCLUSIONS
Fluid inclusions associated with quartz 1 and quartz 2 have been recognised, Fluid

inclusion assemblages containing Type 1a, Type 1b and Type 2 and Type 3 inclusions
have been observed. Two morphologically distinet groups of inclusions have been
linked to different minerals, A group of predominantly Type 2 inclusions, commonly
with halite and sylvite danghter crystals, and few Type l1a inclusions have been linked
to the first quartz generation. Three groups of Type 1z fluid inclusions ar: associated
with tourmaline and quariz 2 generaticn. Type la and Type Ib inclusions are
preserved as primary and secondary *nclusions in the tourmaline (Figure 5.51 ).
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MICROTHERMOMETRY

Fiwid inclusions in guartz I:  The primary fluid inclusions in quartz 1 are
predominantly Type 2 with a few Type 1a inclusions. They froze to & clear solid at -66
°C, and the mosaic developed at -36 °C. Merging of the mosaic ocourred at -22 °C and
final melting took place between -15 °C and -16 °C. Clathrate melting at 6 °C and 16
°C was observed in a few inclusions. Homogenisation of the liquid and vapour pbases
occurred between 140 °C and 187 °C.

Fluid inclusions in guartz 2: Primary incinsions in quartz 2 contain very few solid
phases, and are predominantly Type 1a and Type 3 inclusions. They froze between -47
°C and ~50 °C, dnd developed a colourless mosaic. Butectic melting was observed -51
°C and coarsening of the mosaic took place at ~47 °C. At -22 °C, some rafts mefted and
the vapour bubble enfarged. Final meiting occurred at -10 °C and homogenisation of
liguid and vapour between 122 °C and 149 °C.

Fluid inclusions in tourmaline: One assemblage of primary flid inclusions hes been

found in the tourmaline. The assembiage freezes at temperatures below -85 °C. No

intenmediate melting events were observed before -13 °C when the vapour bubble
'reappearéd and final melting accurred between -9,7 °C and -12.7 °C. Homogenisation

of the vapour bubble into the lauid phase occurred between 80 °C and 90 °C. This

assemblage is also preserved as secondary trails in the quarfz, Instantaceous melting of
large rafts and appearance of a'vapour bubble is common in the quariz-hosted

_ inclusions of this assemblage.
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DISCUSSION

The petrography and microthermotmetry of quartz-hosted and fluarite-hosted fluid
- inclusions, io intersiitial spaces and in veins, has revealed some very interesting
information concernimg the evolution and character of flnids associated mineralisation
in the yranites of the eastern lobe of the Bushveld complex. The salient points shall be
discussed according te the schzrﬁe are (Figure 5.52). . |

.

| Associated with
mineralisation

Associated with
alteration

Associated with
barren granites

hd

Interstitial quartz

Interstitial quartz Fluorite
[ Vein quartz Hydrothermal
' cassiterite

Sulphide assemblage

I Fluorite/hematite
! assemblage
?

|
l
1
|

Figure 5, 52 Schematic representation of fluid categories discussed in terms of their
‘microthermometric bebaviour and sipnificance.
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The microthesmometric data presented in the preceding sections highlight certain
characteristics that are significant. In the paragraphs that foﬂdw, ithese charecteristics
will be discussed and their relevance in determining the composition, entrapment
temperavare, pressure and density of the fluids associated with the different stages in
the paragenetic sequence, considered.

Composition

The temperature of freezing and the characteristics of the frozen solid are not ~~pects
which are usually used to distinguish between different fluid inclusion assemblages.
However, these cheracteristics were particularly useful as first order tools in
estimating the composition of the fiuid inclusions in this study.

" 1t has been found that the fluid inclusions associated with quartz generations 2 and 3 in
the interstitial quariz from ecach study area freeze at low temperatures, develop a -
brown ice mosaic on freeziog, and commonly contain several solid phases, In contrast,
the finids associated with quariz geoeration 1 and the very late stage f- 'ds post-dating
guartz 2 and 3, freeze at moderate temperatures, produce a colourless solid on
freezing, and seldom, if ever, confain daughter crystals, The brown mosaic is also
observed in certain fluid inclusion assemblages in vein quarti. Thus, withe:.:i cecording
any microthermometric data, the origin of the fluids and position within the
evolutionary history of the granite may be deduced, simply by observing the freezing

behaviour of the fluid inclusions. _

In addition, a number of inferences can be made about the composition of the fluid
inclusions in which the brown ice mosaic develops. The brown discoloration indicates
the presence of the divalent jous Ca®* and Mg™ (Goldstein and Reynolds, 1994), and
the low freezing point suggests 2 relatively high solute content of the fiuid.
Furthermore, the presence of daughter crystals implies that the finids were saturated
with respect to one or more elements, Fiuid inclusion assemblages containing solid
. phases fitting the criteria for being true daughter - rystals #nd which were positively
identified through optical methods, i.e. halite (NaCl), sylvite (KC, hematite (FezOs),
- iron chloride (FeCl), mmscovite (KpAl(SizAl)Ox(OH)), and cakite (CaCOy),
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suggest that the fluids contained Na*, K, Fe™*"*, Ca™, and CT at saturation levels.
Salinity estimates are usually based on the assumption that fluid compositions cau be
represented in terms of two or three component systems, such as NaCl-H>O or NaCl-
ECI-H:O or MaCl-H;0-CQ;. The presence of additional ions in  olution hampers the
determination of salinity of the fluids by lowering the liquidus and eutectic
temperatures below those for pure NaCI-H,Q inclusions, The amount of lowering of
the NaCl—H;O_ liguidus is much greater when divalent chlorides are added than when
KCl is added (Roedder, 1%4), However, the density and thermal coefficient of
expansion of owiti-component fluids can be estimated to within 1% fromi that of a
simple NaCl solation having the same freezing point (Clynne and Potter, 1977).

The problem of estimating salinity is amplified by the presence of gases such as CO,

* CH, and Ny, Murghy atid Roberts (1996) have shown that the ocourrence of clathrates

(solid gas hydrates) complicates the use of microthermometry in the estimation of
composition and density of aqueo-carbomic fluids, Murphy and Roberts (1996)
suggest that there is a problem with the use of predictive thermodynamic models based
on final clathrate roelting temperatures and the assumption of equilibrinm within
aquec-carbonic inclusions. Numerous clathrate melting temperatures were recorded
for fluid inclusions in this study, and vatues above 10°C were not wncommon. Jn fluid
inclusions with CO, double bubbles, freezing temperatures were suppressed by as
much a 1°C, and this is indicative of the presence of gases such as Ny and CH; in

solution.

The dissolution temperature of daughter crystals is often used in order to determine the
salinity of saturated solutions. According to Sheppard (1985) knowledge of the
solubility of each salt in the mixed system is required, and it is rarely possible to
express the composition of the fluid phase in terms of more than two or three simple
salts. Attempts to dissolve daughter crystels were made, but no instances were
vecorded where dissolution of the danghter crystals occurred before homogenisation of
the Hquid and vapour phase, or before the inclusion decrepitated. Reasons for the
non-dissolution. of the solid phases may include the fact that the solids were 1ot true
danghter crystals but merely trapped solids, or that changes in the finid inclusion has
occurred, such as necking down, and H, leakage, Some minerals require several hours
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of heating for dissolution to occur, and it is possible that equilibrium was not achieved
in the short time the samples were heated beforz decrepitation iook place.
Decrepitation data were obtained during thermal decrepitation of flnid inclusions for
quadrupole mass spectrometry, and the reader is referred to Chapter 6 for more
details,

Intermediate melting terperatures were recorded in preat detail in this study, and
provide some insights into the fluid phase compositior:, At the eutectic temperature for
experimentally determined chemical systems, rapid melting of one phase takes place,
and Wh1ch is often observed as an intermediate meltmg event in the fluid inclusions.
The temperatu:es of these events can be correlated to eutectic temperatures of known
systems listed below (refer to Table 5.1). Intermediate melting events, corresponding
to several eutectic melting temperatures for the chermical systems, were recorded. The
intermediate melting events suggest the presence of a combination of NaCl, KCl, and
. FeCl, in the fiwids. Melting of phases in the ranges for the eutectic melting
temperatures for the HgO_-NaHCO;, H;0-Na;C04-K,C0s, and HO-NaClNaxSO; -
systems alludes to the presence of some of these components, but, in the absence of
supporting evidence, no emphasis has been placed on them. The intermediate melting
events are plotted in histograms in the following sections which compare the fluids in
minerals at the diffecent deposits, and with the host granites.

Temperature, pressure ang density

Determination of the entrapment temperature (Twwe) and pressure is problematic.
According to Reynolds and Goldstein (1994), a prerequisite for the determination of
pressures of entrapment is the presence of FIAs that produce consistent reproducible
data and that contain no other gases, such as methane and carbon dioxide. The only
gas present in the bubble must be water vapour. The chemical system and salinity of
the fluids must be accurately determined, and homogenisation temperatures recorded,
Isochores (lines of equal density) are then plotted on a graph of pressure versus
tenjperature, and the point of intersection of the measured homogenisation temperature
with the isochore yields the unique pressure of entrapment. Clearly, this method of
determining entrapment pressure is inapprapriate for the fluid inclusions measured in
this study, since complex gas mixwres are preseni in most FIA's, the
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microthermometric data from single FIA’s are variable, and the salinity canmot be
determined accurately. Thus, an alternative method of determining entrapment

'temperature aud pressure is required.

Boiling versus fluid mixing

The variability in phase proportions in fluid inclusions belonging to the same fluid
inclusion assemblage'could be interpreted in two ways, namely, boiling or fluid rmxmg.
Evidence for boiling (hoﬁmge:ﬁshtion to the liquid phase as well as to the vapour phase
at the same temperature in different inclusions within a single FIA) was not observed in
any finid inclusion studied from any of the study areas. This, in addifion to the
sequence of halite and vapour bubble disappearance, confirms that boiling did not take
place, By contrast, abundant evidence for fluid mixing was abserved. Fluid mixing has
been disrussed in previous chaptei’s in connection with petropraphic observations, and
is confirmed by fuid inclusion microthermometry. The evidence for fluid mixing
includé's variable salinities and homogenisation temperatures for fiuid inclusions in the
same FIA, as well as the recognition of two discrete fluids coexisting at similar
temperatures,

Furthermore, the order of disappearance of ‘halite daughter crystals and the vapour
bubble on heating, is also related to the formation conditions of fnid entrapment
(Reynolds, 1991). In cases where the tempereture of melting of the halite crystal is
equal to or less than the temperature of homogenisation of the liquid and vapour
phases, boiling of the fluid is a possibility, However, in cases where dissolution of the

* halite crystal ocours at higher temperatures than homogenisation of the liguid and

vapour phases, boiling is iof possible. The sample material in this study contained no
halite-beating fluid inclusions in which dissolution of the halite crystal occurred before

homogenisation of the liguid and vapour phases. Thus, boiling can be ruled out as a

possible mechanism for minerafisation.
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of intermediate melting events, final melting
temperatures and homogenisation
temperatutes m barren granites at
Leeufoutein,

Fluids associated with barren Klipkloof
Grapite

Intermedinte melfing events

The temperatures of mtermediate melting events
in guartz samples of barren granite from
Leeufontein are shown in Figure 5.53A. The
peaks corresponding with entectic melting
temperatures in the systems hsted in Table 5.1
are indicated, A mumber of chemical systems

- have eutectic temperatures in the range -21°C to

-24°C. From these phase changes, the pxeseﬁoe
of KCI, NaCl, NaFCOs, NaCQs, end Na;SO;is
possible, Several peaks do not correspond with

those in Table 5.1, but are in the general range
for finids containing MgCl and FeCl. The

events m the range -45°C to -40°C may be

Tinked to the presence of CaCl; in the fluids.

Final melting temperatures

The final melting temperatures of fluid
inclusions in guartz in the Klipkloof Granites are
shown in Figure 5.53B. The majority of values
fall in the range -10 to -26°C, with peaks at -10
°C, -13 °C and from -22 °C to -26 °C, Clathrate
melting at temperatures above zeto were
recorded in several inclusions, Note that values
above 10°C cannot be explained by the presence
of CO, alone, and mdicate the presence of other
volatiles,
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Homogenisation temperatures _
Primary fluid inclusions in vnaltered fine-grained Klipkloof Granite were not found,
and thus, only homogenisation temperatures of secondary trails could be measured.
The maximum T value obtained in altered and unaltered samples was 200°C and
provides a mimimum estimate for crystaliisation of Klipkloof dykes. Primary
inclusions in late stage tourmaline indicate that tourmalinisation occurred at low
temperatures (below 100°C). -

The microthermometric data from fluid inclusions in  the fine-grained Kiipkloof

Granites and in qrartz and tourmaline in the tourmaline spheroids are plotted in
Figures 5.54 and 5.55, respectively.

Secondary fluids aszoclated with fine-grained Klipkleof granite

10 Unaltered fine-gralned Klipkloof granile
1
5+ Eow
] _ _ 3 Fluids In henlalitisad Kiipkloof granite
B Atbitised Kipkloof granite
[}
foyin _'5 . '}
2 7] s
g ~10 - 1]
P
15 . »
-20- . " x .
7 ]
<25 n -
’ 4 Y T ¥ 4 T —— v 7 y 1
&b g0 100 120 140 160 180

T homogenimatian (nc)

" Figure 554 Plot of final melting temperatures and homogenisation temperatuces of
fluid inclusions in the fine~grained Klipkloof Granites at Leeufontein.
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Fluids assoicated with foumaling spheroids
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¥igure 5,55 Plot of final meltmg teraperatures and homogenisation teriperatures of
fluid inclusions in tourmaline spheroids in Albitised Klipkloof Granite at Leeufontein.

- The hematitised Klipkloof Granites contain a highly saline assemblage of inclusions
which homogenise between approximately 120 °C and 165°C, and have final melting
temperatures ranging from -10°C to -26°C (14 to >21.2 wt. % eNaCl). The unaltered
granites and the hernatitised granites share a common fluid inclusion assemblage which
is moderately saline and containg CO». Clathrates which melted between 2 end 6.5 °C
- suggest salipities of 14 to § wt. % eNaCL The fluids associated with the Albitised
Klipkloof Granites are moderately saline (8 to 11.5 wt, % NaCl), and were trapped at
lower temperatures. Thus, hematitisation is considered fo be a higher temperature
alteration phenomenon than albitisation. This dedurtion is supported by textural
evidence, where hematite Tiberated from the feldspar lattice during subsequent
 afbitisation, occurs as rims around individual grains and along fractures within the
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The fluids in the tourmaline spheroids hosted by Albitised Kiipkloof Granite contain

_ fluids with salinity equivalents of between 14.5 to 22.6 wi. % €NaCl. The temperatere

range for these fluids ranges from 200°C to 72°C. Two generations of quartz apd
tourmaline were recognised in the spheroids, the early generation of quartz has salinity
of 18.5 wt. % eNaCl while the youngest low temoerature fluids trapped in the second
generation of tourmaline have salinities of 13 to16 wt.% eNaCl,

Fluids in hyperz-lvns ﬁnd subsdlvus granites associated with mineralisation

"The finid inclusions in interstitial quartz from the hypersolvus granites at Spoedwel and
Dronkfontein, and the subsolvas granites at Albert, were studied. At Spoedwel and
Dronkfontein, three generations of quartz were recognised by means of cathodo-
luminescence imagery, The ¢f- cteristics of finids associated with these three
interstitial quartz generations in the altered hypersolvus granifes containing minor
dissernivated mineralisation at Spoedwel, and the impﬁcations_ of the observed

" phenomena are tabulated below (Tabie 5.8)



Tabie 58

Table summarising the characteristic features of the fluids associated

. with ~artz generations 1, 2 and 3 at Spoedwel

OBSERVATION IMPLICATION

QU TION

No brown mosaic No Ca in solution

T, 35°C ' _ H:0-8¥aC1-MgCla eutectic and H:0-FeCl. eutectic
Infermediate melting events: .

22°¢ NaCl eutectic (-22.3°C?)

9°C KCl eutectic (-10.7°C)

T fotet matting. =2 C to 0°C and up te 10°C

Ty >250°C

. QUARTZ GENERATION 2

" Brown mosaic
Low freezing temperature (-50°C to-60°C)

| T.-36C
Daughtor crystals:
sylvite
hematite:
Tram chloride
Intermediate melting events:
31
24°C :
T gt eting -20°C t0 -17°C
Tr 170°C-378°C average T, 230°C

OUARTZ GENERATION 3
Very low Teepe ~80°C-
Dark brown masaic

Te -50°C to -60°C
T finst setting -30°C to -38°C

Almost pure water. Low concenbration of dissolved
comstituents. Clathyate melting at temperatures above 0°C
indicates tite presence of COs. Salinlyup o3 wt % e
NaCl,

Moderate temperatore ui' entrapment

Ca present

-significant amounts of dissolved constiments,
~poszibly Nz and/or CH; '
H,0-NaC1-MgCl, eutectic and Hx0-FeCl, eutectis,
Saturation with yespect t¢ components.

NaCl

K1

FexOs

FeCl;

? MpCl
? melting of hydrchalite (NaCLE,O)
Salinity 22.5 to 20 wt. % eNaCL.

-significant amounts of dissolved constituents,
possibly N, and/or CHy

Cain solution

CaCly Eutectic (melting of antavcticite)

Extremely low. Abundant ..solved solutes, Salinity
cannai be detemined using Ha0-MaCl system.
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The _character_istics of the fluids associat_ed with the subsolvus Verena Granite, which
hosts the guartz veins associated with mineralisation at Albert, are shown in Table 5.9,

Twao distinet fluids are recognised by their microthermometric Yehaviour.

Table 5.9

 Tabulatior of fluid characteristics associated with the subsolvus Verena

Granite hosting mineralisation at Albert silver deposit.

OBSERVATION

IMPLICATION

FLUbl

Colouﬂ.éssniosaic
- TE-44°C to -48°C.

Te40°C

Intermediate melting events
~34°2

21°C
-16°C

Final melting -4.4°C to 4.3°C

Th 128°C-173°C
FLUD2

Brown mosaic

TE-60°C t0-75°C
Te-50°C to-52°C
Tntermediate raelting events
-40°C

33°c

-28°C

-24°C

Daughter ¢rystals

FeCl»

Halite

Sylvite

T find mohing -8 °C o 13°C
(average -5 °C)

KoCa

H;0-FeCl (-35°C)
H,0-NaCl

Clathrates indicate presence of CO;, Salinity 6.6 to
18,5 wt % &NaCL
Ca Present

F40-MgClo-CaCly entectic

H.0-MgCl, eutectic

H,0-NaCL-KCl eutectic -23.5°C

Clathrate melting dbove 10°C indicates volatiles
other than CO, are present. Salinity 7.6 wt. %

eéNaCl.
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The fluid chusion To 800 Thuw xeiin: Gata points  for hypersolvus and subsolvus
granites are shown in Figure 5.56. The fiuids in the host rock at Spoedwel and
Dronkfontein represent thchyﬁersolvus granite fluids, and the flixids in the host rock at
Albert represent the subsolvus granite fluids, The finids in subsolvus granites are less
saline than the bypersolvus granite fluids, and contain none of the high selinity and high
temperature fluids at Spoedwel and Dronkfontein. However, finids with similar
characieristics to the fluids associated with subsolvus granites do also occur in the
hypersolves granites. The reason suggested for this is that flnids associated with the
subsolvus granites at Spoedwel, (and possibly at Dronkfontein), were trappad as -
secondary inclusions within the previously crystallised hypersolvos granites in the

®  Dronkfontein (hypersaoivus)

204 s “wosdwel (hypersolvus)
1 oL a  Albert {subsolvus)
10~ - = rs - : - :
H ot ue
0 z'lne' B Sawe g
AW - P o
L 10+ ® R 0.
a XA 'o‘
. oge
g-zn- ce ! .
i—g 1 IDA."
=30 e . a
K » 1 &
e u
'4‘“'_ LI
-60 ™7 T T T Ty T 1
6 50 100 160 200 250 300 350 400 450
Thnmnganlsuﬂnn(uc)

Figare 5,56  Diagram plotting T soq mdioy VETSUS Thomeminticn 0r the fluids in
hypersolvus (Spoedwel and Dronkfontein) and subsoivus granites (Albert).
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¥loids assnciated with meineralisation

Intermedinte melting events

‘The intermediate melting events from fluid
inclusion in each deposit are summarised in
the histograms in Figure 5.58 A-E. At
Albert, peaks in the ranges indicating the
presence of NaCl, MgCl;, FeCh, and CaCl,
are recognised. Peaks in the ramge for
Na2C0;, and Nay! ., are also observed.
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Figure5.57 Histograms of temperatures of
intermediate melting events at Albert (A),
Houteiibek (B), Grass Valley ( C), Spoedwel
(D), and Dronkfontein (E).
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At Houfenbek, the presence of MgCh, FeCls, NaCl, KCl, CaClh, NaaCO; and NaxS0;
s sugg'estad by the temperatures at which melting of intermediate phases occurred.
However, as meutioned above, withont supporting evidence, the presence of Na,CO;
and Na,80; is dubious. At Spceclwe], Dronkfontein, Grass Valley and Albert, the
intermediate melting events suggest that the fluids sre essentially the same, only having
better pronounced praks in the eutectic ranges of FeCl-H;0 and MaCl-H;0,

Homogerisation dn d final melting temperatures

The homogenisation teruperatures and final melting temperatures of fluids associated

with Tinerafisation at “rass Valley, Houtenbek, Spoedwel, Dronkfontein, and Albert
 are plotted in Figure 5.58. '

The most saline fluids are asspciated with the hypersolvas grapites hosting
mineralisation at Spoedwel and Dronkfontein. It is not possible to determine the
percentage ¢NaCl for these fluids because their final melting temperatures are too low
to be interpreted in terms of the HO-NaCl chenical system. The bulk of the fluids
directly associated with mineralisation from all deposits plot faiTy closely together.
The fluids associated with late stage hematite-fluorite at Albert iend to be lower
temperature and salinity fluids, and contain volatiles in addition to CO, (indicated by
high temperature clathrate melting). Although thereis some scatter in the data points,
‘the fluids at each of the deposits appears to plot in particular fields in Figure 5.58.

The fluids identified as being associated with the precipitation of certain micerals in
 the sulphide paragenesis, with hydrothermal cassiterite and with the hematite-fluorite
assemblage are tabulated in Table 5.10. The data in Tahle 5.10 are from primary
inclusions in vein quartz associated with sach of the minerals listed. These fluids are
plotted in Figure 5.59, which clearly shows the differences in the fluids in the various
stages of the paragenetic sequence.
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- Figure 558  Plot of final melting temperatures versus homogenisation temperatures
for fluids associated with mineralisation at Grass Valley, Houtenbek, Spoedhrel,
Dronkfontein and Albert,
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Table 5.10 Table comparing the fuids associated with deposition of minerals in each
of the mineral assemblages, as determined from fluid inclusions in synchronous quartz,

ASSEMBLAGE MINERAL ' T it ettng T,
(DEPOSIT) ©C)

Su-W Hydrothermal cassiterite  -0.4 - 194 201

_ (Gra_ss Valley) _
(44;-3.1)  134-167

Arsenopyrite - -8.8 . : 7168 -214
(Albert) .
Sphialerite -16 " 149-160
I(Grass Valley) ' _
Galena -14 134
(Grass Valley) .
Chalcopyrite - | 203- 244
(Spoedwel) _
Chalcopyrit 42 ?
{Albert)
Chalcopyrite 7-4.4 7143
(Grass Valiey) |

Fluorite/hematite  Quartz -10 >100
(Spoedwel)
Fluorite  -16to-6 200 to 150

{ Albert) 2610 -1.7 11210 83
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Figure 5.59 Diagram showing the fluids associated with mineralisation in the eastem
Iobe of the Bushveld granites,

The fluids identified as being responsible for precipitating cassiterite at Grass Valley,
- and associated with chalcopyrite, arsenopymite, sphalerite and galenn, are shown in
Figare 5.59, The fluids associated with cassiterite deposition contain few dissclved
solutes, and, thus, have relatively high finel melting terperatures compared with the
fluids that precipitated the sulphide minerals. Op the diagram, the ranges for fluids
associated with the minerals from Spoedwel (blue), Albert {green), aud Grass Valley
(red), suggest that the fluids that deposited the minerals at each of these deposits were
stmilar. The siroflar compositions of the fluids associated with sphalerite indicates that
precipitation occurred at different temperatures at each deposit. Asseming that
mineralisation was triggered by wixing of two fluids, the similar fluid compositicns
associated with sphalerite deposition suggests that fluid mlxmg oceurred at different
stages in the paragenetic sequences. A similar trend is observed in the fluids associated
with chalcopyrite precipitation. The order of decreasing temperature, from Spoedwel
to Albert to Grass Valley, is observed in the fluids associated with sphalerite and
chalcopyrite precipitation. However, at Albert, two fluid inclusion assemblages ave
associated with cheleopyrite deposition, at similar temperatures, The implication of
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this is that mixing of different proportions of fluid occourred st different locations
“within the pluton. A trend in the salinity of the fluids has emerged which can be linked
fo the parapenetic sequence. In Figure 5.60 it is clear that the fluids became
progressively more saline, peaking with the deposition of sphalerite, and then
decreasing in salinity with the precipitation of chalcopyrite. '

Time

v

Salinity
w.% 12
eéNaCl

Cassiterite  arsenopyrite galena  sphalerite  chalcopyrite

Figure 5.60 Diagram showing the variation in the salinity of fluids associated with
different stages in the paragenetic sequence. |

This variation in salinity may be ascribed to the increasing solute - ontent ( in particular
Ca, aud Fe) of the fluids as tke external; conmate fluid became more domivant, The
flnids associated with the precipitation of Stage 1 in the paragenetic sequence became
progressively more saline with time, perking with the precipitaﬁoh of the sphalerite in
the second stage of fhe paragenetic sequence. The decline jn salinity after sphalerite
precipitation occutred as a consequence of the extraction of the components of albite,
K-feldspar, muscovite and c_]:lloﬁte. from the fluids, as the subsolvus grapite was
crysta]lised. Thus, the character of the fluids was governed not only by a progressive
incregse in the salinty, but also by the solute composition, which evolved as
interaction of the magmatic and connate fluids proceeded,
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Fluids associated with vein quartz

Quartz veins are abundant at Spoedwel, Albert and Grass Valley. The homogenisation

o temperatures and final melting temperatures of fluids from vein quartz ax these deposits

are plotted in Figure 5.61.
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Figure 5.01 'The homogepisation temperatures and final melting temperatures of
fheids from vein quartz at Spoedwel, Albert and Grass Valley.

~ The fluids at Spoedwel and Grass Valley are similar in terms of composition, although,
homogenisation temperatutes at Spoedwel are bigher than those at Grass Valley. The
finids at Albert show 8 wide range of homogenisation temperatures and final melting
 temperatures, and this is a result of the multiple episodes of quartz precipitation which
 span the entire para,genetlc sequence. At Spoedwel, quartz veining is largely confined
to the major mineralising event associated with the intermediate stages of the
patagenetic sequence (i.e. the sulphide asserblage), while, at Grass Valley, the quartz
veining post-dates the sulph:de assemblage and is associated with late stage quartz-
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hematite veins. The fluids aszociated with several cross-cutting quartz veins from
Spoedwel, Albert and Grass Vaiizy are summarised in Figm 5.62.

T i) melting.

°C)

[]  Spoetoe Spimes [} Abert-vein -
. asstwiated with quartz | . wnmnm  Albest- Vein 2
_ Socawel. aas0ck ;
-16 withchaloopyntewd ! = Albert-Vein 3
. P Albert- quartz vein with
Grss Valley -associated : — . :
N ] with ate s eonat : sulphides and chlorite
12
-10
-8 HQuan}z4
% - Quartz 1 Quartz 1
2 - Quantz 4
0 i In t ..... i f
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Pigure 5.62 Diagram plotting fluids from Spoedwel, Albert and Grass Valley.

The basic trends in the fluids from these deposits ndicate that the earliest quartz veing
were associated with the precipitation of the sulphide assemblage. With time, the fluids
cooled and becarne less saline {inferred from lower T o ety temperatures).
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In eddition, the quartz veins at Spoedwel were formed at higher temperatures than
those at Albert and Grass Valiey. The COp-~rich fluids at Grass Valley post-date and are
superimposed on the aqueous finids in the earlier quartz generations in the veins.
These fiuids have higher satinities (lower finsl melting temperatures), and were trapped
at higher temperatures than the last of the aqueous fluids (see quartz 4 on Figure 5.62).
Thus, the carbonic fluids associated with hematite precipitation at Grass Valley are
different fo those responsible for precipitation of the hematite/flurite assemblage at
Spoedwel and Albert.

Flnids associated with fluorite

Fluorite containing primary and secondary fhuid inclusions is present at Spoedwel,
Albert, Grass Valley and Houtenbek. Cathodo-luminescence imagery has shown that
the Buorite can be divided into two growth stages, and fhuid inclusions in each of these
. growth stages have been examined. The data points for fluorite-hosted fluid inchusions
from Spoedwel, Albert, and Grass Valley and Houtenbek are plotted in Figute 5.63
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¥igure 5.63 Plot of homogenisation temperature versus final melting temperature
for fluorite hosted fluid inclusions from Spoedwel, Albert, Grass Vailey and
Houtenbek. '

228



Primary fluid inclusions along growth zanes in two generations of fluorite have been
Tecognised at Spoedwel. The first generation of fluorite contains fiuids that are not
particularly salive (between 0 and 6.5 wt. % €NaCl)) and trapped at relatively high
jrempe:ratures (above 200°C). The highest temperature for minimum entrapment is

270°C, but the majority of data points fall within the range 130°C ta 150°C. The fiuid
mclusions with the lower final melting femperatures (i.e. -4 °C) have higher
homogenisation teinpeﬁmres. These fluids are also present in the fluorite at
Houtenbek. X - 2 most saline finids (17 wt. % eNaCl; T fixq masag -13°C; Ti 128 °C to
200 °C) occur in the second generation of fluorite at Spoedwel. These fluids contain
. Ca {producing a brown mosaic on freezing and with Te -52°C). A higher-temperature
ﬂmﬂ inclusion assemblage with similar salinites is present at Houtenbek, Houtenbek
fluorite does not contain any of the lower-temperature fiuid inchusion assemblages
- recognised at Albert, and Grass Velley.

The fuids have been categorised and are represented in Figure 6.64 which plots the
different fluids fn fluorite-hosted fiuid inclusions from Spoedwel, Albert and Grass
Valley. Note the overlap of temperature ranges of the saline flnids and the non-saline
fluids, implying that both fluids were circulating at the same time and that interaction
between them probably took place. Supporting evidence for the interaction between
magmatic and connate fiuids in similar temperature ranges which are associated with
two generations of fluorite was also recognised by Plumlee ef 7/, (1995) in the geassis
of the Tlincis-Kentucky fluorite deposits.

At the Albert silver deposit, three main fluid populations have been recognised in the
fluorite, The fluids associated with the first fluorite generation are high temperature (Ty,
218°C t0 273 °C), and contain Little or no Ca (o brown mosaic was produced and T, -
33 “C). Butectic melting temperatures suggest that MgCl, may be present in the fluids.
Final melting temperatures (4.8 °C to -3.2°C) and salinities (7.2 to 5 wt. % eNaCl) fall
in the range of values recorded for the fluids associated with fluorite 1 at Spoedwel.
The fluids associated with the second generation of fluorite correlate with those in the
second generations of flnorite at Spoedwel.
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They contain Ca (producing a brown freezing mosaic and T, -49 °C), and are relatively
seline (16 to 19.5 wt. % eNaCl) (T ot mstting 16 °C 10 6 °C). The maximnm T g mating
and Ty values are slightly higher than those recorded at Spoedwel; hiowever, it is clear
that they are related fluids. A third, late stage, low temperature (93 °C to [12°C) and
Tow salinity (4.3 to 2.6 wt. % eNaCl) finid occurs in secondary trails and is nnrelated
to finorite prec:ipitaﬁdn.

Fiuid fclusions belonging to the early, high temperature fluid assemblage recognised
at Spoedwel and Albert, are not present in the fluorite at Grass Valley. The fluids
occurring in primary inclusions correlate with the fiuids associated with the second

. ﬂuomegmerumnatSpoedwelandAImeheyshareaﬂthesamechamctmsms and

plot in slmm-posmans ont 2 graph 6f T fod meisg a0 Ty, Tralls of lower temperature
and salinity (11.8 to 6.5 wt. % &NaCi), secondary fluid inchusions, ate trapped along
annealed fractures, and posi-date the primary finid inclusion assembl'age. Except for
the high sakinity fluids (T et meiog ~17 °C 10 -38°C ), the fluids trapped in interstitial
fluorite in al} deposits are the same as those trapped in interstitial quartz,

Tire
20 - . M e
Fluorite 2 ' B 5o
-15 A
T feat cucting _
“C) 10
5 A
0

Ta 'C) o
Figure 5. 64 Diagram comparing fluid populations in finorite from Spoedwel, Albert
and Grass Valley
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'53 CONCLUSION

Fluid inclusion petropraphy and microthermometry have revealed that mixing between
‘magmatically derived fluids, and an external fluid of conmate origin, played an
Importtant role in the evolution of the granites and the localisation of mineralisation in
the eastern lobe of the Bushveld Complex. The stage at which the magmatic and
extém_a]ly derived fluids dominated the system are shown in Figure 5.65.

The salinity and composition of the fluids evolved with time, being moderately saline
and containing few divalent cations (Ca, Mg and Fe) at Stage 1 io the paragenetic
sequence when cassiterité, schée]i:e, wolframite, molybdenite, specularite and
arsenopyrite were deposited, The influence of the external fluid was minimal at this
stage, but with time, the extemal fluid component became more dominant and
interacted with the magmatically derived fluids, At this stage the finids reached their
peak salinity, and crystallisation of the subsolvus granites and associated sulphide
assemblage took place, Towards the waning stages of magmatic activity, the magmatic
fiuids were diluted substantially by the incursion of the external fluid, leading to the
deposition of the hematite-fluorite-pitchblende assemblage in the thitd episode of

pineralisation . % Magmatically desived
F S ﬂuids'
Externally derived
cqnnateﬁlﬁc_ls
Salinity
(éNaCl) — ﬂ
| STAGE 1
e

k4

600

_ Temperature ("C)
Fit: ve 565 Schematic diagram showing the change in salinity with time, decreasing

temperature and increasing external fluid component.
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CHAPTER 6§

QUANTTATIVE FLUID INCLUSION ANALYSIS

Fluid inclusion micrethermometry does not provide conclusive quantitative data
regarding the composition of the fluids associated with mineralisation. It is possible
only to presume the presence of certain elements on the bsis of the vutectic melting
teroperatures and the intermediate and final melting temperatur«+s, This technique does
not adequately solve the question of exactly which metals/elements are present in the
finids, and in what conceptrations. For this reason, PIXE analysis, Raman

 Spectroscopy and Quadrupole Mass Spectrometry were undertaken. The results of
these analytical techniques are prescated within the paragenetic framework established
in Chapter 4, and linked to the mejor fluids recognized during microthermometry
(Chapter 5). o |

61  PIXE ANALYSIS

PIXE analysis of selected fluid inclusions was carried out at the National Accelerator
Center in Fauve, Sbuth Africa, At present, this technigue provides an accurate _
assessment of most of the elements present in the fluid inclusions (see following
paragraphs). '

OVERVIEW

Proton-Induced X-Kay Emission (PIXE) analysis on individual flnid jnclusions was first
attempted by Hom (i983) and Worn and Traxel (1985, 1987). This method of
spectroscopic analysis enables in sit analysis of unopened finid inclusions, being non-
destructive, and provides qualitative and  semi-quantitative data on. the finid inclosion

contents.
The application of this method to fiid inchisions has been investigated by Anderson ef al..

(1989), Ryan ef al. (1991), Helnrich ef al. (1952), Ryan et al. (1993), Ryan ef al. (1995)
and others, o
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PIXE analysis involves borbarding the atoms of the subject, in this case the fluid inclusion,
with protons, causing the ejection of inner shell elecirons and emission of t* « characteristic
Xaays of the elements in the fhnid (Anderson ef af., 1989). Ryan ef al. (1993) bave
described the four main steps entailed in quantitative PYXE microanalysis of fluld inclusions.
Firstly, theoretical X-ray yiells mmst be calculated for a) the layered structure representing
the inclusion, b) the overlying mineral overburden and c) the underlying mineral matrix
(Figuve 6.1). Secondly, the yields expected for simple layers need to be modified to comect
for the details of the overlap of the proton beam envelope with the detailed geometry of a
particu’ar inclusicn, Thirdly, the PIXE spectrum must be analysed using accurate element
line shapes with X-ray relative intensities which reflect these integrated X-ray yields.
~ Fourtl'y, the contributions of X-rays originating from the elements in the host miner 2 nust
be subaracted from the observed peak areas, Detafls of the procedure are given in Ryan ef

al., (1993). |
N
S
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Layns 3 \‘q‘
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Layer2 xy¥ 5 z
Fluiu incluslon | ! —i- .

ﬁGURE 6.1 Model geometry for PIXE apalyses of fluid inclusions, schematically
indicating the proton beam, sample and defector arrangement, and the geometric
parameters used to quantify PIXE microprobe spectra. The dimensions x, y and z are
determined by optical microscopy; d is determined using the C1 Ko/Kp ratio and/or optical
measirement. (From Heiorich et al,, 1992)
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Al elements heavier than Si (Anderson ef al., 1989) or where the atomic number (Z) >16
(Ryan ef al., 1991) are detected using this method, The lighter elements of interest to
geologists, such as Li and Na, are not detected even though their concentration may be
significant. The heavier elements are detected at concentrations as low as a few ppo. The
detection and quantification of sulphur is difficult and unreliable (Feinrich ef al., 1992).
There are several limitations or restrictions to PIXE analysis. The energy loss of the protons
penetrating the mineral host affects the yield of the X-rays from the fiuid inclusion, The
absorption of the induced X-rays by the host mineral also influences the sensitivity of the
method. Tke degree of absorption is a fimetion of the depth of the inclusion below the
‘mineral surface, the take-off angle, the composition and density of the host mineral and the
“energy of the emitted X-rays (Anderson ef al., 1989). Thus, the depth below surface is a
cyitical consideration when selecting suitable inclusions for PIXE analysis, since the quality
of the results deteriorates with increasing depth.

The size and shape of the inclusions also influences the semsitivity of the method. Large
enhiedral inchusions (>10microns i diameter) at depths between 5 anc 15 microns are the
most suitable for optimal PIXH sensitivity (Ryan et al., 1991).

The fluid inclusion geometry and the depih below surface are critical factors when it comes
to quantification of PIXE yields. Deviations from the model's ideal conditions are not
accounted for. Since fluid inclusions are rarely perfectly ewhedr  ~d errors in the
estimaiion of geometica] parameters are unavoidable, a degree of uncertainty in the
extracted elemental concentrations is introduced. In addition, the pature of fluid inclusion
(vapour bubble and solid phases) further compounds the degree of uncertainty in the
quantitative analysis of the inclosion contents.

EQUIPMENT

A preliminary investigation of selecied fluid fnclusion using the PIXE technique was
undertaken at the National Accelerator Centre (NAC), Faure, South Aftica, A focused
raster-scanned proton beam of 3 micron diameter spot size was applied to the individual
* inclusions bathing the entire inclusion in an even dose of protons. In cases where the
inclusions are smaller than the spot size, the surrounding quartz matrix is also excited.
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Using & beam of 3 MeV protons, each part of the inclusion was exposed to a uniform dose
of protons, thus improving the accuracy and reproducibility of the results, The beam
currer: was set between 250 and 700 pA. The beam incidence was normal to the sample
surface and the detector take-off angle was 45°.

SAMPLE MATERIAL

_ Fluid inclusions were specifically selected from Grass Valley, Spoedwel, Albert and
Leenfontein in order to obtain information on th: fiuids associated with each of the major
stages in the paragenetic sequence, The finid inclusions selected from Grass Valley are
asmdated with quartz growth in two generations of quartz preceding cassiterite
precipitation. The fluids associated with the second generation of interstitial quartz material
at Spoedwel, which contains highly saline fluids and numerous solid phases, as well as
fluids associated with quartz vein-hosted sulphides at Albert, were selected as
representatives of later fluids associated with the sulphide assemblage. The fluids
associated with albitisation and tourmalinisation, which post-date the sulphide assemblage,
were selected from Leeufontein, vore detailed accounts of the fluid inclusions are given
below. Sketches of the inclusions et their characteristics are shown in Table 6.1.

Grass Valley

Fluid inclusions hosted by the two quartz generations preceding cassiterite precipitation
‘have been probed. They are secondary inclusions and microthermometry suggests that they
are not particularly saline, melting between -2°C and 4°C. They were trapped at low
temperatures (homogenisation between 130°C and 160°C). These fluids are not the same as
 the high temperature (600 °C) fluids at Zaziplaats. Rather, these fluids may be associated
with tin remobilization, thus accounting for the low temperature ranges measured.

Spoedfvel ' _

The inclusions probed are hosted by the second generation of interstitial quartz and belong
to the population of inclusions containing hematite daughter crystals. Microthermometry of
this fluid population suggests the presence of CaCly, NaCL KCl, and Hy0. The phase
relationships in the simple CaCl,NaCl-H;O system, which does not iake into account all
known solutes, suggest salinities of between 18 and 24 wt. %. '
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At least six daughter crystals from eleven possitle solid phases have been observed in any
one inclusion in this population, inclading hernatite, two opaque phases, FeCl,, halite,
syivite, and smaller unidentified crystals,

Albert
These inclusions are primary, ocowring in vein quartz which contains euhedral pyrite
arystals and minor sphalerite. During microthermometry, these inclusions feeze at
moderate temperatures and do not suggest the presence of CaCl,, However, eutectic
meliing is in the range -40°C to -50°C, suggesting the presence of divalent cations in
solution, Final melting termperature for this inclusion is ~17°C, but the other fluid inclusions
in the assemblage show wide ranges of melting temperatures. Homogenisation of liquid and
| vapour occurs between 128°C and 214°C.

I..eeufontéin

 These are quartz-hosted fluid inclusions in a towrmaline spheroid. The fluid is moderately

saline, which is indicated by final melting temperatures between ~10°C and -20°C. Daughter
crystals commonly include halite and sylvite, Homogenisation occurs at relatively low
tenperatires (85 to 115°C). ‘Two categories of fluid inclusions have been recopnised,
those with Yiquid and vapour, and those with * Juid, vapour and solid phases.

Synthetic fluid inclusions
Syntheiic quartz-hosted fiuid inclusions containing NaCl and KCl solutions of entectic
compositions (23.2 wt % NaCl and 19.6 wt % KCI) were used for comparison in the
quantification of PIXE yields. Sketches of the inclusions are shown in the following
table and in the appendix.
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Table 6.1  Table of sample material selected for PIXE analysis fom Spoedwel,
Albert, Grass Valley and Leeufontein. '

DEPOSIT _ SAMPLE SKETCH COMMENTS
. NO.
Spoedwel 52 A a.b Fluid inclusions in interstitial quartz of medium- to
fine-grained hypersolvus granite, The fluid inclusion

assemblage is associated with the sccond episode of
B f tuartz precipitation at Spoedwel, as well as the

. sulphide assemblage,
Spoedwel - OF OFA Ag above.
s
T
Albert RPIIA G Flid inclusion in pyrite- and sphalerite-bearing
quartz vein hosted by fine-graired pranite,
Grass Valley GV02 A Cﬁ Aqueous inclisions in pegmatitic quariz preceding
o - cassiterite precipitation, Fluid inclusions A and B are
o _ B & from consecntive growth stages in the crystal.
Leeufontein T TBO1BI Fluid inclusions in cuantz interprown wil
S qf) tourmaltine in late stage spheroids hosted by fine-
grained Klipkloof granite.
TB01B13 :
< Primary finid inclusion in tounmaline,
TBOIA =]
Synthetic fluid inclusions  NaCl g  Fluid inclusions hosted by synthetic quartz produced
_ : by FLUID INC., and used for calibration ‘purpeses.
<~ The composition. of these inclusions is known to be
KCi 23.2wt % NaCl and 19.6 wt % K.CL

METHODS

Doubly polished rock waférs (150 microns in thickness) were surveyed for large inciusions
(10-20 microns) Jocated at shallow depths (less than 20 microns) beneath the sample
sucface. The relationship between fluid inclusions were carefully mapped in three
dimensions to allow easy relocation of the inclusion of interest when in the sample chamber

- ofthe microprobe.

Alphabetically marked copper and nicke] Maxtaform Finder Grids (200 mesh, 127 microns
pitch) were glued on to the sample with UHU-5tic® or Pritt® to assist in easy relocation of
the appropriate field of view and the selected inclusions (Figure 6.2).The sample was then
mounted onto metal (A} sampie holders by evaporating de-fonised water from the 0.4
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micron Formvat® film on the sample holder. The depth below surfice, as well as the
vertical dimensions of the inclusion, were measured using a graduated ocular.

The sample holder was then mounted on to ax X-Y mobile stage at an angle normal to the
beam path. The location of inclisions using a transmitted light petrographic microscope
with a 45° take-oif angle proved wnrelizble. Instead, finder grids were mounted onto the
sample sutface and the co-ordinates of inclusions with reference to the grids were first
measured off-line using a transmitted light petrographic microscope. During microprobe -

. measurements, & preliminary, short raster scan {(about 30s) was necessary to obtain a total
X-ray map with dominant signal coming from the finder grid. This allowed selection ofthe
longer raster scan in the right area above & selected fluid inclusion, using true elemental

imaging (Ryan ef 4l,,1995; Ryan and Jamieson, 1993). Ideally, the inclusions were

 positioned in the middle of grid holes in order to minimise the signal from the grid from
interfeting with the PIXE spectrun from the sample. Such ideal positioning was wsually
difficult to achieve. The presence of these peaks in the P]XE spectrum from fluid inclusion
was the only drawback of this procedure, which was otherwise ruther fast and reliable.

"The data were collected during two separate visits to NAC. On the first occasion, copper
finder grids were pasted on with Ubu-stic®, and the samples wete not carbon coated. On
the second vigit, nicke] prids were usedt instead of copper grids, becanse C is kuown to be
present in the mingralising system. Thus, contamination of the Cu values obtained fiom the
fluid inclusions by an external source was avoided. Carbon coating was necessary to
prevent charging « fthe nickel grid, a situation not encountered with the copper grid.

The calculation of PIXE yields was done in generic form using the GeoPIXE software
package (Ryan et al, 1990). The yields of eact, X-ray line for each major and trace slement
‘were integrated to include contributions along the slowing down path of the proton beam
including secondary X-ray fluorescence and absorption effects in the fiuid end surrounding
mueral along the X-ray path o the detector (Heinrich ef al., 1992). The PIXE spectm
were analysed using element line shapes constructed using X-ray relative intensities
deduced directly from the individual X-ray yields for a partioular inclusion geometry and
cotrected for the efficiency of the EDS detector and the attemuation caused by X-ray
absorbers used to reduce the intensity of Si X-ray lines from the quartz matrix and to stop
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back-scattered protons entering the detector, A 125 ;.zm thick Be filter was used for this
purpose.

As a contral measure, synthetic fluid inclusions with known composition (Le. 23.2 wt %
NaCl and 19.6 wt % KCl) were analysed, in order to assess the accuracy of the instrument
in pmwdmg quantitative data.

1w x 115@"!
S50pu .

Figure 6.2  Screen pontout showing how fader grids assist in relocation of fluid
inclusions once in samplle holder. '

 RESULTS

Maxtaform® Finder Gxids

‘The only peak produced by the copper prid is that of Cu. No other components are
detected. The spectrum produced by the mickel grid shows that i too contains no
impurities. 1t appears that the use of Ni finder grids instead of the Cu grids is not
advantageous, Nickel peaks appear in almost all the spectra and, since Ni-bearing minerals
do not feature in the parageneses of the deposits, 1t is assumed that contamination from the
~ finder grid is the souce, This situation was not encountered with the Cu finder grids since
analysis of quartz well removed from the grid shows no Cu peak. Therefore, the copper
detected in the fluid inclusions js an actual component of the fuid and not a result of
contarination by the grid.
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Teclusion-free quartz

‘The inclusion-free quartz some distance from the Maxtaform® grid produces only the Si

peak (Figure 6.3). Spectra of quartz nearer the grids show the Cu or Ni peaks, depending
- onwhich type of grid was used, as well as the Si peak (Figure 6.4).
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Figure 6.3  PIXE microprobe spectrum of quartz some distagce fom the finder grids
showing that only Si peaks are detected. '
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Figure64  PIXE microprobe spectrum of quartz near the finder grid, showing that
excitation of the grid (in fhis case Cu), crestes interference with the spectrum for pure
quatz, | |
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Syntbetic flnid inclusions

Sketches of the synihetic NaCl and KC1 flnid inclusions probed are shown in the Appendix.
The PIXE spectra generated by the synthetic fluid inclusions showed that the NaCt
standard contained no impurities, and that the K.C standard contained very smali amouats
of Tj, Cu and Zn. These impurities, however, had no effect on the element of interest (K),
and were disregarded. The quantitative PIXE yields (see Table 6.2) for these inclusions are
extremely Jow i comparison with the known concentrations. The shapes of these
nclusions are not ideal for calculating the concentrations of elements, since the assumption
of the model is that fluid inclusions are ellipsoidal in shape. Furthermore, estimates of
depth, thickaess and dimensions of these inclusions may be inaccurate, causing additional
ervor in the caleulations.

Table62  Expected and observed values for Cland K from synthetic finid nchusions.

Cl(wt. %) K (wt %)

Expected | Observed | Eapected | Observed
NaCl (232 wi. % NaCl) | £14 i34 '
KCL(19.6 wt. % KC)) B5 0.594 10.5 0386

The atterpt to quantify the data was rather discouraging. The data are included as a matier
of imterest, but it should be bome in mind that the concenfrations of elements are
inaccurate. Taking the 23.2 wt % NaCl synthetic fluid inclusion standard as an example, the
C_i content should be ~14 wt % but is only 1.34 wt %. The KCl standerd also shows
enonmous errors between expected and observed yields; Only 0.594 wt % Cl is detected
instead of the 9.5 wt % expected, while 0.386 wt % of K is observed compared with the
10.5 wt % expected. Clearly these discrepancies are unacceptable, and thus, at this stage,
the data should cnly be considered as being qualitative. The major factors responsible for
the discrepancy appear to be related to the inaccurate determination of the fluid inclusion
dimensions, the deviation of these dimensions from the ideal model geometry and the
difficulty in determining the true depth below surface of the sample at which the fluid
inclusion is situated.
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Fluid inclusions

Petrographic maps and PIXE spectra for each of the inclusions probed are shown in the
Figures 6.5 to 6.10. In each of these figures, a petrographic map indicating fluid inclusion
relationships and microthermometry, as well as the PIXE spectmm produced by probing
the selected inclusion(s), is shown. The quantitative results are shown in Table 6.3. The
table indicates the concentration (in parts per million) of elements present in each sample,
The sanmples are arranged in deposis, starting from the earfiest flvids in the Grass Valley
samples, through to thelatest fluids associated with albitisation and tourmalinisation at
Leeufontein.

The concentrations of K CaandClareahmiuthebarchartquigm‘e 6.11. The fuids at

Grass Valley are depleted i in these elements in comparison. with Spoedwel, Albert and

" Leeufontein, The Spoedwel flnids contain the highest concentration of K and Ca. At Albert
X is more abundant than Ca, while the opposite is observed at Spoedwel, The flnids in the

_ tourmaline ball are enriched in Ca. The elements associated with the sulphide asseril 'age
are shown in Figure 6.12. As with Cl, Ca and K, the Grass Valley fluids do not contain
significant amounts of these elements. However, the Spoedwel finids contain sxgmﬁcant
amounis of these components. The abundance of the elements progressively decreases at
Albert and Leeufontein, A similar pattern is observed in the Fe content of the fluids (Figure
6.13). Spoedwel fuidls contain the greatest amount of dissolved Fe, and Jesser amounts are
present at Albert and Leenfontein. The early fluids at Grass Valley contain virtually no Fe.

- § was not easily detected, with Grass Valley fluids containing the only significant amounts
(Figure 6.14), The concentration of REE’s (Ga, Br and Rb) are plotted with S and Clin
Figure 6.15. The atnmdance of these elements at Spoedwel is noteworthy, compared to the
total absence at Albert and Grass Valley. The tourmaline spheroids contain small amounts
of Br and Rb, Manganese and titaninm were also detected in the fluids, but at lower
concentrations than Fe (Figure 6.16). The Fe, K and Ca content of the fluids are plotted on
a ternary diagram (Figure 6.17), which shows two clusters of data points. The data points
4 the Fe apex are from Spoedwel, Albert, and Leenfontefn tourmatine, while the points i
the cenire of the diagram are from Grass Valley and Spoedwel.
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Albert l Leenfontein Il

Table 8.3

Grass Vailey

Spoa;wel

" Quantitative PIXE yields {ppm)
(Sampie & pem____ K (pom 71 (pmm)]| W (ppmi] __Ga (gp)] B (ool __Rb (o)
[GVO228 2230 +876 1773 1365 -
GVD22C 972 4650 981 306
GV022c7? 503 £110 48T +81
OFB 4892 3358 27097 2464 6128 2164 5434 £301 8071 £579
OFA BB79 +672 533 485 o713 3420 | 17017 868 2092 569
{oFa 10336 +552 £660 +120 - 353 475 2650 2102 278 £112
OFA 577 £125 935 129 1001 £154 19577 4347 2237 3220
OFA 985 +430 1613 356 2524 £245 13228 562 1984 2408
GFA2 B347 +208 2044 £124 1411 £115 1547 £101
|TEO1B1 BEO 2218 1357 51 83 1466 +153 1364 95 319 x118
|rsotB1a 6238 £703 2879 +480 8006 +413 219 204 562 £200 549 1247
TBOIA 436 220 2073 16 526 £22 76 5
IRP11A 56892 313 818 2105 218 2117 '
[Re11a 3338 £272 813 £102 - 222 4109
 IRP11A 6180 387 765 +165 . 6365 4193




Table 6.3 : Quanutatwe PIXE yiglds {ppm)
| I:ga_l_r_nple S _(ppm) Ca_(ppm)| “Fe (ppmy} Eg_[_!:pm} Zn {ppm) Mo (pﬁm} Pb_{(ppm) AS {ppm)
GVozeA T a8 2572 2504 +293 | 671 2231 | . - '
GV022C 2116 822 2191 1351 14124228 | 11724263
GV022¢7? . 553 214 489 x118 2562 £113 | 14D 474
|OFB o663 645 | 534202 e | 667 335 | 11502 508 14100 456
OFA" 0524 £1035 | 56264 £1472 | 2428372 | 7933603 | 3331 £1080| 7004 11426
ora 7952 107 | - 95030 632 4337 +132
OFA 1850 +154 | 19383 2200 2240 £101 4785 1043
OFA 2270 +256 | 21218 +510 16884320 | 13064666 | 3407 #1033
OFA2 3472 £120 | 245852319 1565 +140 -
TBOB1 T 526 x182 | 12296 %264 1124 2129
TRO1B13 1191 +280 5263 197 837 £170
TBO1A 827 2154 | 127736 +321 214 47
RPTIA —RET 155 | T ETe | 301 2135 | 1088 £1%
RPH1A 4563 313 7004 3157 303 £110 | 841 %110 395 4143
RP41A 5185 +232 | 130095 2988 800 2118
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Figure 6.5 A) Petrographic map of quartz-hosted flnid inclusions
from the Grass Valley Sn deposxt The tnclusions occur along the
border between quartz generations 1 and 2, both of wluch precede
cassiterite precipitation, .

B} PIXE microprobe spectrum (Q= 115 nC, I=250
pA) of inclusion C {depth 0.571um, thickness
2.28pm, dunensions 16um X 12um) in
sketch A), indicating the presence of Ca, Fe and
Cu.

C) Enlargement of portion of B) in which 8§, K and
Ca peaks become more obvious,

Cayats per thannel

1500 F

1000

Caounts per channzl

BVD22C_W43, 17 enlarged part 3f spectrum

i L

N

102}

4
X-ray energy (keV)

103
f.

- GW022C Mo, 17

E

X-rdy enargy (keV)




)

- |Pluid inchusions in quartz Z:

T frece: ~50°C to -60°C

T.: -36°C

T Gt oetiing : ~17°C 0 -12°C
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Fignre 6.6  A) Petrographic map of quartz-hosted finid inclusions from

the Grass Valley deposit. The inclusions occur in enhedral, pegniatitic

quartz associated with calcite and cassiterite. The inclusion probes ocenrs in

a secondary trail uf inclusions in quartz generation ! preceding cassiterite

precipitation. _

B) PIXE microprobe spectrum of fluid inclusion A in A), iudicating the
presence of Fe and Ni. Only Fe is derived from the inclusion, Ni peaks
are caused by excitation of the Ni finder grid.
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Figure 6.7  A) Petrographic map of quartz-hosted fluid inclusions from the 2 ]
Spoedwel Cit deposit. These fiuid inclusions are primary with respect to the 10l 3
second generation of quartz precipitated at the deposit, and have variable B 4 E
phase proportions. Inclusion A is a Type 2 inclusion consisting of Lgnid , - £ _

vapour and a halite daughter crystal, Inclusion B contains ne visible vapour £ 03l

phase, only liquid and 2 sofids (hematite and one unidentified crystal). e 3 E
B & C)} PIXE microprobe spectra (Q =213 nC, I=~500 pA} of inclusions o

A {depth 0.5pm, thickness 1.57pm, dimensions 14um X 6pum) and B -'E 102

(depth 0.57um, thickness 2.28um, dimensions {6pm X 12um), indicating 2 F E

the presence of Cl, K, Ca, Ti, Mn, Fe, Zn, Pb, As, Ko and Mo in the

inclusions, 0
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Figure 6.8 A) Petrographic map of quartz-hosted primary fluid inclusions

occurring i tourmaline spheroids from Leeufontein,

B) PIXE microprobe spectrum (Q =487 nC, I =500 pA) of inclusion A
(depth 0.57m, thickness 2.28j1m, dimensions 18ym X 16pmj,
indicating the presence of Ca, Ti, Mn, Fe, Zn, As? And Rb in the fluids.

C) PIXE microprobe spectrum (Q =283 nC, I =500 pA) of inglusion C
(depth 2.14pm, thickness 1.71)um, dimensions 20um X 8um), indicating
the presence of CY, K, Ti, Fe, Zn, Pb, Br and Rb in the flnids.
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Figure 6.9  A) Petrographic map of a quartz-hosted finid inclusion

assemblage that is associated with pyrite and sphalerite mineralisationin a

vein from Albert silver deposit. The inclusion probed appears to be primary

in origin, however, secondary trails are also present, Magnification: X400.

B) FIXE microprobe spectrum (Q =325 oC, I = ~500 pA) of inclusion A
(depth 3.99m, thickness 0.0856um, dimensions 12pm X 10pm) in A),
indicating the presence of §, K, Ca, Fe Zn and As i the inclusion. The
components detected in the inclusion reflects those of the associated
minerals, '

C) PIXE microprobe spectrum of the same inciusion A, but where Q = 458
nC and I =~500pA. The Fe response is enhanced and Mn and Pb are

detected,
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¥igure 6.9  A) Petrographic map of a quartz-hosted fleid inclusion

agsemblage that is associated with pyrite and sphalerite mineralisation in a

vein from Albert silver deposit. The inclusion probed appears to be primary

in origin, however, secondary trails are also present. Magnification: X400.

B) PIXE microprobe spectrum (Q =325 nC, I =~500 pA) of mclusion A
(depth 3.99pm, thickness 0.0856um, dimensions 12pm X 10um) in A),
indicating the presence of S, X, Ca, Fe Zn and As in the inclusion, The
components detected in the inclusion reflects those of the associated

C) PIXE microprobe spectrum of the same inclusion A, but where Q = 458
1 and [ =-500pA. The Fe respanse is enhanced and Mn and Pb are
detected. : _
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Figure 6.10 A) Petrographic map of toutmaline-hosted primary fluid inclusion
occurring in a tourmaline spheroid from Leeufontein, Magnification: X400.
B) PIXE microprobe spectrum (Q =72 nC. 1 =100 pA) of inclusion (depth 0.85um,
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thickuess 2.85um, dimensions 20um X 20pm) in A). The fivid inclusion contents

~ cannot be distinguished from the elements in the tourmaline lattice.
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Figure 6.11  Bar chart showing the concentrations (ppm) of K, Ca and Clin the fluids

from Grass Valley, Spoedwel, Albert and Leeufontein
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Fizure 6.12  Bar chart showing the concentrations (ppm) of Cu, 2o, Mo, Pb, and Asin

the fluids from Grass Valley, Spoedwel, Albert and Leeufontein.
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Figure 6,14  Bar chart showing the concentration (ppm) of S in the fluids from Grass
Valley, Spoedwel, Albert and Leeufontein,
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Figare 6,15  Bar chart showing the concentrations (ppm) of Ga, Bz, Rb, S and Clin the
fluids from Grass Valley, Spoedwel, Aibert and Leeufontein.
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Figare 6.16  Bar chart showing the concentrations (ppm) of Fe, T1 and Mhn in the fluids
from Grass Valley, Spoedwel, Albert and Leenfontein,
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Figure 6.17 Temary diagtam (K-Fe-Ca) of fluids from Grass Valley (black squars),
Spoedwel {red downwards triangle), Albert (biue upwerds triangle) end Leeufontein
tourmaline (green dot).

DISCUSSION

The nse of PIXE microanalysis is particulatly usefird in detecting the presence of a munber
of elements such as S, Ti, Mn, Fe, Zn, Ga, As, Br, Rb, St, Mo and Fb, which are not easily

-~ detected by microthermometric methods. The presence of these components in the flvids

has sdveral implications for the interpretation of microthermometric measarements,
particularly the salinify. Phase relationships in such multi-component systems are niot well
understood, and estimates of satinity should be made with caution. n general, the elements
with the highest concentration are Fe and X, followed by Ca, Cl, Zn, Rb and Pb. However,
the major elexnents in solution vary depending on the stage in the paragenetic sequence.
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The fluid inclusions were chosen fo represent samples of the fluid at each stage of the
evolving paragenesis in the Bushveld granites (discussed in Chapter 4). Fluids associated
with the early, orthomagmatic (600°C) So-W assemblage ar Zaaiplaats are not preserved at
the deposits chosen for this study. The corpositions of fluids associated with the lower
temperature (>300°C), hydrothermal cassiterite assemblage observed at Grass Valley, the
sulphide assewblage preserved at Spoedwel (and, to a losser extent, at Albert), aud the late
stage fuids responsible for tourmalinisation and albiisation {Leeufontein), have been
determined by this method. Unfortunately, fuids associated with the third major episode of
' moineralisation, which led to the formations of the hematite-fixorite-pitchiblende asseniiage,
could not be assessed because the fluorite hosting the fluid inclusions interfered with the

"The aqueous and gaseous inclusions from Grass Valley contain minor amouats of Ca, X,
* and CL The gaseous, COyich inclusions contain small amounts of S and Cu, which is
consistent with the theory that Cu is transported in the vapour phase (Lowenstemn ¢f o,
1992; Heinrich et 4l,, 1992} In determining salinity for these early flnids, a chemicat system
including NaCl-KCLCaCly-£,0-CO;, would be appropriate.

Tin contrast, the fluids at Spoedswel contain significant amounts of (in order of abundance)
Fe, M, Pb, Zn, Cu, Ca, K, Mo, Ti, Rb and CL. These fluids have the highest Cl content of
#ll the deposits. Thus, in order to determine salinity meaningfully, the phase relationships
between all these compoenents should be taken into accomnt. At the very least, a chemical
system with Fe and Mn as the major solutes should be used. A simple chemical system such
as the one appropriate for the early fluids at Grass Valley would be inappropriate for the
ﬂuids associated with quartz generation 2 at Spoedwel The finids associated with quartz-
sulphide veins at Albert contain K, Cz and Fe as the major elements, and minor amounts of
Cu, Zu, and As, No REB’s were detected at Albert.

The fluids associated with tourrnalinisation and albifisation in the fine-grained Kiipkloof
granite dykes in the Leeufontein area contain significant amounts of Ca, K and Fe, and
tesser amounts of Zn, K, Cl, Br, Ga and Rb. Br and Ga were not detected in the fluids at
the other deposits.

Even though the quantitative data are not accurate, valnable information regarding the
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transport of ions in solution has been obtained, and bas shown that the evolution of the
fluids in terms of thefr fon content <an be traced from one deposit to another, Furthermore,
the detection of so many elemenis within single inclusions confirms that the ore forming
components of the sulphide paragenesis were toansported by one finid, which was
progressively modified by the addition of, and mixing with, an external connate finid.

Two distinct flv” 1 types have been detected in terms of their solute composition. These fluid
iypes may be comclated with the two end-member fluids recoguised during
microthermometry. The flnids with the lowest salinity and bighest temperature, are those
which PIXE analysis has shown to be relatively barren with respect to or:-forming
components. These fluids are represented by the early fhuids at Grass Valley which precede
cassiterite p.< “pitation. In contrast, the highly saline, lower temperature fiuid preserved in
primary mclusions hosted by a second generation of quartz at Spoedwel contain significant
amounts of all the ore-forming components, The sample material from Albert represents the
intermediate category of fluids recagnised by microthermometry, where th: temperature
and sohste content is moderate, reflecting partial interaction between the two fluid types.

‘The fluids post-dating the major episodes of mineralisation, and which are associated with
alteration of the host granites and the ore deposits themselves, contain small amounts of the
components of the sulphide assemblage. Furthermore, the fiuid inclusions hosted by quartz |
and tourmaline in the tourmaline spheroids show that Fe, Zn and Pb (as well as trace
elements- Br, Ga, Rb, 8r) are present in the Jate stage fluids. The presence of these
elements in the finids at such a Jate stage in the system suggests tha, in addition to
enrichment of the residual fluid in incompatible elements, some of these components may
have besn in continvous supply and transported into the complex by an external fhi¢,
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6.2 LASER RAMAN SPECTROSCOFY

. Laser Rawman Microprobe (LRM) Spectroscopy provides quantRstive information on the
composition and corcentration of solutes in fiuid inclusions, and is able to dotect the
presence of geologically significant, covalenily bonded gas species such as £0;, CO, Ny,
CH,, ELS, H, and O;. The presence of several of these components.in the fhuid inclusions
from Gruss Valley, Houtenbek, Albert, Spoedwel znd Dronifontein have been indicated
during microthermometry by features such as CO, double bubbles, clathrate formation,
low freezing temperatures and eutectic meling temperatures, For this reason, LRM
spectroscopy was employed in order to determine exactly which gaseous species where
 responsible for the observed microthermometric behaviour, Furthermore, this technique
complemenis the PIXE microanalysis in that it detects the presence of the lighter elements
such as C, H, and N which are not detected by PIXE microanalysis, thereby providing 2
more comprehensive representation of the nature of hydrothermal fluids associated with
mineralisation.

OVERVIEW

LRM spectmsoopy is applicable to solid, Jiguid and gaseous samples. Srmples as small as
" 1-3 microns in diatoeter can be enalysed non-destructively, fn st (in thin sections), and

with good spat:al resolution, while being microscopically viewed in the context of their

surrounding matrix (Pasteris, 1996). Thus, it is ideat for examining flnid inclosions in
- transparent nmnerals such as quartz and fluorite,

“This method of analysis is based on the principle of Raman scattering of light, in which the
energy of an incident beam of light is slightly raised or lowered by inclastic interaction with
the vibrational modes {Mc Millan and Flofineister, 1988).

In a Raman scattering experiment, visible light usually emite *d from a monochromatic laser
‘beam, is passed through the sample. Most of the light exits from the sample unchanged, but
a small fraction {(~10° of the incident ntensity) is scattered by the atoms, Of this scattered
Bght, a small portion {(~10® of the incident light) interacts with the sample, inducing &
vibrational mode, When this ocours, the energy of the scattered light is reduced by an
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amount corresponding to the vibrational transition, This type of melastic scattering is
referred to as Raman scattering, in contrast with the elastic (Rayleigh) scattering of fight
with no enerpy change.

In addition to the Raman and Rayleigh scattered radiation produced when an intense beam
of light of given wavelength is passed through an optically transparent substance, a third
type of scatter is often encountered, whichist - Jred to as fluorescence. When the incident
radiation is absorbed by the substance and emitted as a new radiation of longer wavelength,
the substance is displaying fluorescence. The wavelength of the emitted radiation is
characteristic and does tot shift if the exciting radiation is shifted (Roedder,1984).

. The most common application of LRM spectroscopy to fluid inclusion analysis is in the
identification and quantification of cavalently bonded gases such as CO;, CO, CHy, HsS,
N, O, and H;, Once an LRM machine has been calibrated against gas standards,
quantitative compositional analyses of the molar proportions of gas species in multi-
component inclusions can be accomplished to an accuracy of ~1lmole%. Moreover, the
specific positions an¢ shapes of the Raman bands are functions of the bulk composition of
the gas and the gas pressure (Pastedis, 1996).

One limitation of this method is that simple fonic electrolytes (e.g. Na', X, CF, Br') canuot

‘be detected from their own vibrational signatures, ‘These components may be detected by
freezing the inchusions to approximately -180°C, and taking Raman spectra of the various
hydrated solids that form, e.g. chloride hydrates which ¢an be distinguished from each other
(Dubessy ef al,, 1982, 1992).

For dissolved species that are Rams -active (e.g. complex fons consisting of covalently
bonded .grou_ps, such as SO and HCO,*), LRM calibration on solutions of known
concentration enables the quantitative analysis of those solutes. Furthermore, LRM also
provides information on speciation e.g.8%, H:S, (SOs)* of Raman-active solutes (Dubsssy
et al., 1983).
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Laser Raman Spectroscopy involves focusing a monochromatic laser beam throngh a
microscope objective into a fluid inclusion or into an individual solid, iquid or gas phase
within the mclusion. The Raman scattered light is collected through the same objective,
passes through a doutls monochromator, and is detected by a photon counting device
(Seitz et al., 1987). This information is then converted into a set of absorption or scattering
peaks as a function of energy. These peaks are represented as & vibrational spectrum, in
which individual peaks.comrespond fo the energies of vibrational transitions within the
sample (Roedder, 1984). -

Raman spectra are plots showing intensity of the scattered photons {on y-axis) as a fupction

of the shift in the frequency of the scattered light (on x-axis), with respect to the frequency

of the Jaser source, The frequency term wsed is om™ and the x-axis units are A cm” (Raman

shift). 'IheRﬁnmmimmdfacnmpoundisamﬁque fingerprint that distinguishes it from

~ all other compounds with different crystalline structure and/or composition (Pasters,
1996).

EQUIPMENT

Laser Raman Spectroscopy was conducted at the University of Preforia, and at the
University of the Witwatersrand, The system at the University of Preforia comprised an
argon laser directed through the objectives of ax: Olympus Microscope fitted witts 10X,50X
and 100X magnification Jenses. The data collected by the Dilor XY multichannel instrament
was processed by the Dilor XY software package installed on a computer connected to the
spectrometer.

SAMPLE MATERIAL
In selecting fluid inclusions to be analysed by the Raman microprobe, the parameters

. suggested by Pasteris et af, (1988) were followed Suitably sized inclusions with high
optical clarity, at a shallow depth below the sample surface, were sought.
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Polished thin sectiors and -.oubly polished rock wafers were made at the University of the
Witwatersrand using Supergiue as a mounting medium. The doubly polished rock wafers
were cut thick encugh te be removed from the supporting glass slide by immersion in the
solvent acetone. Fluid inclusions fu the polished thin sections were analysed iz sifi, and
hence some Raman response from the Superglue is to be expected,

Samples from Spoedwel, Grass Valley and Houtenbek selected for Raman analysis are
tabulated in Table 6.4. Three of the sarnples (SF02, SD52, SD35) from Spoedwel were
polished thin sections which had been mounted with epoxy ghre. The others were doubly
polished thin sections on. which microthermometry was to be carried out.

Table 6.4  Samples selected for Raman analysis from Spoedwel, Grass Valley and
Houtenhek. ' '

“DEPOSIT  SAMPLE COMMENTS _
Spoedwel SFo2 " Fluid inclusions hosted by inferstitial quartz in intensely chloritised
_ it

D52 Fiuid inclusions hosted by interstitial quartz in  hematitised
. hypersolvas granite with disseminated chalcopyrite mineralisation,
SD35 Fluid inclusions hosted by jnterstitial quartz in intensely chloritised
granite.
L2 Fliid inclusions in a quartz veln in  medivm-grained hypersolvas
granite,
SP3 Fluid inchusions hosted by interstiisl  fluorite in coarss-grained
' - hypersolvus granite with minor qoartz,
SB6 Fluid inclusions hiosted by fnterstitial fluorite in graphic granite.
Houtenbek HB2 Fluid inclusions hosted by sphalerite.
Grass Valley  GVI2 Vapoursich fluid inclusions in quartz precedmg cassiterite
METHODS

All Raman scans taken at the University of Pretoria were conducted at room temperature
and at atmospheric pressure with the following analysis parameters; 100 seconds
integration time (counting tiree per step), excitation by a 514.50nm continuous wave argon
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Iaser, 100mW laser power (at surface of samuple), using either 50X or 100X objectives,
2.99cm” spectral slit width, 800co1™ Spectro, 100 slit width (fm), detector 1024, mumber of
acoumilations 1, and & grating of 1800 on the monochromator. At the University of the
Witwatersrand, single spectrographs were generated using & S14nm argon laser, with
400mW laser power, 100X microscope objectives, slit width of 20microns, 600g/mm
grating, and 0.2mm pinhole.

Several scaoning intervals were chosen. Most fluid corponents in geological systems have
Raman responses at wavelengths between 500cm” and 4000ctt™ and therefore, scanning
intervals were generally limited to titis range. Daughter crystals likely to be present in the
inclusions have Raman peaks below 500cm” and are often masked by peaks of the host
crystal and therefore identified with difficulty. |

Control spectra of the mounting media, namely the epoxy-based ghie and Superglue, were
produced by focusing the laser beam directly onto the rim of the sections, Therefore, bya
 process of elimination, glue peaks could be discarded and any other peaks assumed to
belong to the fluid inclusion or the host miaterial. Raman spectra were cbiained for each of
the following host crystals: quartz, sphalerite and fluorite.

RESULZS

Ramah spectra generated by the mounting media:

Supé:glue - '

The spectrum obtaived from pure Supergtue is shown in Figure 6.18. ‘The spectral range is

* ‘broad and spans the wavelengths between 200 and 3400 cm ™. It is chiefly composed of
carbon compounds, The peak of greatest intensity occurs at the methane position (~2912
oniY), On the Jeft flank of this broad peak another sharp peak s present at ~3069 cni’.
‘These two peaks always occur together and are indicative of Superglue contamination of
the sample. The wavelength range from approximately 600 to 1600 cm™ is crowded with

11 diserete peaks of similar intensity. Of these peaks the Fermi diad (1279 and 1383cm”) is
sandwiched befween the other peaks, Mo nitrogen or sulphur complexes have been
recognised as constituents of the Superghue.
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Epoxy Glue .

“The spectrum obtained from the epoxy giue (Figure 6.18) is remarkably similar to that
obtained from the Superglue. Between 1100 and 3310 cm™ the number of peaks and peak
positions are almost perfectly matched. However, the intensity of the epoxy glue s dotble
that of the Superglue, : '

*+ gleg

Ay

smo)

Wave mumber (cm™)

Figure 6.18  Raman spectrum of Superglue.
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Figure 6.19  Raman spectrum of epoxy glue,
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Raman Specira generated by the host minerals

Sphalerite (Figure 6.20)

" Peaks are confined to the lower wavelengths below 700 cm™, The spectrum consists of
several low intensity peaks, the highest peak intensity occurring at 349,8 cm”. No peaks are
found above 800 cm’ ‘am.I hence any peaks observed in this region when focusing on
inclusions cannot be contribute. - to the host crystal

Quartz {Figure 6.21)

Pure quariz has & strong Jiaman response of 10 discrete peaks in the range 205 to 1161
cu”, the peak with the highest intensity occurring at 464 cm”. These peaks cause no
overlap with the N, CHj or Fermi diad (CO;) peak positions. However, the response of
HCOy and the monatomic ions N&*, K*, Ca* anid Mg?* are masked or even abliterated by
the strong quartz peaks.

Fiuorite (Figure 6.22)

The fluorite spectrum i wowuded to those wavelengths below ~1586 e and consists of a
' broad based peak vhich stretches from ~800 to~1500 con”. Superimposed on this are
several other sharp peaks and bell-shaped curves. The peak of greatest intensity ocours at
808cn”, and 3 mizor undulations 646, 547 and 321 cmi? are found in the lower spectral
region,
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Figure 620 Kaman spectrum of sphalerite from Houtenbek.
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Figure 621  Raman spectrum of quartz from Spoedwel.

2800 p4tr

‘Wave pumber (coi’)

| Figure 6,22 Raman spectrum of finorits from Houtenbek.
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Raman Spectra generated by fluid inclusions

The components detected in the fluid inclusions are shown in Table 6.5. The Raman
TespOnses from the polished thin sections were niasked by the strong peaks genemtedby.
the spoxy glie. The spectra from the doubly polishied thin sections indicated the presence
of Ny, CH,, €O, and H0 in the fuids. OF the fluid iclusions examined, only those in
which the components mndoubtedly originate from the fluid inclusions, and pot from the air

" or surficial contamination, ars presented,

Table6.5  Table showing components of each fluid inclusion analysed..

SAMPIENO, — DOST MINERAL _ COMPONENTS COMMENILS

SF02 ' hartz — Epoxy masked Raman response-

. : no data ohtained.

SDS2 quattz, N, Hematite dznghter crystal

8D35 quartz 0 . Epoxypeaks mask all other peaks.

HB2 - ~ sphalerite HO, N, CO;)  Unidentified peak at 1600.9cm™.
N; and CO, peaks very small
Sphalerite fluorescence interferes
with peaks from fluid inclusion
compiments.

12 quartz Nz Sharp, high intensity pesk. Mo
other compoments (see Figurs
6.23).

SF3 finorite H:0, (CHy), N2  Large peaks for all dhiree
companents. CH; is not from the
fiwid inclnsion but from . the
surface {see Figure 6,24).

sp§ fluorite ‘CH, Broad, high intensity peak for
methane {see Figwre 6.25).

GV02 (MM2-c) quartz €O, N, CHy  Large CO; peaks, mivor Na, CH,
peaks (see Fignre 6.262). '

GV02 (MMI-a) quartz COy, CHy No N, detected (see Figure 6.26b).

GV02 (MM3-a2)  quartz CO;, N2 (CHj)  CH, came from the surface of the

' santple (see Figure 6.26¢).
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_ Figure6.23 Raman spectrum showing nitrogen peak in sample of vein quartz from
Spoedwel. '

'
£y E
g !
\ ; §
A

F .

Y
2

Figure 624 Raman spoctrumn showing ritrogen and methane peaks, a5 well as a broad
bell-shaped water curye in flucrite from Spoedwel, '
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' Figure .25 Rarsan spectrum showing nitrogen end methane peaks in late stage quartz
‘associated with hematite precipitation at Spoedwel
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Figure 626  a-c) Raman spectra of three different fluid inclusions showing CO; (left) N;
(middle) and CH, (right) in quartz-hosted fluid nclusions from iJrass Veliey.
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The methane peak position has been used to determine the presswre of methane mside the
inclusions (Fahre and Couty, 1986). Table 6.6 shows the methane pressure for the observed
methane peaks, These values are superimposed on Figure 6.27, which is taken from
Goldstein and Reynolds (1994), and shows the relationship between relative wave mumber _
and nethare pressure,

Table 6.6 Methane peak positions and the corresponding methans pressure.

SAMPLE PEAK POSITION (em?)  METHANE PRESSURE (bars)
GV0Z (aM1-A) 29138 110 ( density 8.7.107)
GV2 (MM2-C) 2910.4 450 {density 26.6.10%)
GV02 (MM3-A2) 2942 0 {surface contamination)
SP3 _ . 29179 0 {surface contamination)
8P 29104 430 (density 26.6.10%)
‘{:“2916'
g 29154 \
2914 | [SasVela ]
Yy el
‘© 29134
-
g 2912
@ 29114 Spoedvel i | Gross valiey §
& 2910+
£ 2909

0 | 400 @ 800 1200 1600
Pressure (bars)}

Figure (.27  Relationship between relative wave number and methane pressure
determined from the laser Raman microprobe. Data from Fabre and Couty (1986) (in
Goldstein and Reynolas, 1994). '



