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ABSTRACT

The Ventersdorp Contact Reef (VCR) is a major gold-bearing reef in the Witwatersrand Basin.
It oceurs between the overlying Klipriviersberg Group lavas and the underlying Central Rand
Group sedimertts, snd was strongly altered by hydrothermal fiuids circulating in the Witwatersrand
Basin._A detailed study of the mineralogy, geochemistry of rocks and minerals, physicochemical
" conditions, stable isotopes and ages of hydrothermal alteration zones associated with the VCR
.were carried out at Western Deep Levels South Mine, South Afiica.

Alteration zones were identified within and around the VCR, as weil as in and around dykes,
faults and pseudotachylite. The authigenic mineral assemblage comprises chlorite-muscavite-
' albﬁ&qumbomm-sulpﬁde—epidote-sphenejmtﬂe-talc-gold. Four aiteration sequences were
identified: (1) sulphide~gold; {2) albite-calcite; {3) chlorite-muscﬁvite-gold; and (4) quartz-calcite
veins, Bulk rock geochemistry suggests & elatively closed system during bydrothermsl aiteration,
in which depletions of certain elements from one alteration zone were ratched by enrichments
in adjacent alteration zones, and vice versa. Chemical variations of the minerals in different
alteration zones and rock types suggest a finid-domdnated system, in which the host rocks
buffered the fluid and the authigenic mineral compositions. Hydrothermal fluids were H,0-NaCl
sohutions with moderate to high salinities (8 to 23 wt% eNaCl) and neutral pHL Chlorite and -
muscovite temperatuves were determined to be from 290 to 350 °C, implying pressures of2,2 to
S,Zkbm‘,andaliﬁmsmﬁcgeothermal gradient of 39 °C/km during peak hydrothermal alteration.
Transportation of remobilised gold occurred as a bisulphide compiex with subsequent

precipitation possibly by electrochemical absorption on pyrite.



Sulphur, oxygen and hydrogen isotoﬁes for the VCR suggést a metamorphic origin for the

 hydrothermal fluids and & dominantly magmatic source for detrital pyrite and possibly gold. K-Ar .
dates of separated micaceous material define an older age range of 1931 to 2054 Ma and youngér .
#ge range of 1890 to 1965 Ma. These are suggested to be related to the Vredefort
Cataclysm/Bushveld Complex and Eburmian orogeny, respectively, Three metzmorphic and
. hydrothermal alteration stages are indicated: (1) burial metamorphism (2500-2300 Ma); (2) peak
hydrothermal alteration (2054-2020 Ma) and (3) retrogression during the Ebumian Orogeny

(1890-1965 Ma).
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SACS - South Africa Committee for
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SEM - Scanning Electren Mmpy
Sf - sulphides,
Sp - sphene.
Spil - sphalerite.
TEM - Trapsmnission Electron Microscopy.
Toe - temperah&e of final melting.
T, - temperature of homogenization,
VCE - Vetetspost Conglomerate Formation.
VCM - Venfersdorp Contact Metamorph:sm
VCR - Ventersdorp Contact Reef.
WDLSM - Westerz Deep Levels South Mine,
WG - Whitish Grey alteration (zone) in fava,
WRG- WestRand Group.
Wits Basin - Witwatersrand Basin.
wi%h - weight percent.
WWL -West Wits Line.
XRD - X-ray Diffraction,
XRF - X-tay Florescence.
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1 INTRODUCTION

1.1 Overview
The VCR, first exploited for gold in 1888 (Chunnett, 1994), has in recent years become one of
the major gold-producing conglomerate reefs in the Witwatersrand Basin (Viljoen and Reimold,
1994), It is characterized by spectacularly well developed gold orebodies, preserved and buried
by the overlying Klipriviersberg Group lavas, and by generally high albeit variable, gold

_ cqﬁcen_traﬁon& Iu addition, the VCR is pervasively altered, perhaps more so than any other

conglomerate horizon in the Witwatersrand Basin,

Up to the present, there are two contrasting thOughts.rega.:dmg the variable concentrations of
gold in the VCR. As reviewed by Vilioen and Reimold (1994), the variabiity of gold
concentrations within the VCR may either result from sedimentolopical, stmctura], or
| palacogeomorphological factors, or al_tematively, it may be related to a Jocalized, but extensive
' .second'a.ry overprint of hydrothermal alteration. The sedimentology, . structure and
pa.laengeomnrp.hology of the VCR have been well documented (ag., Krapez, 1985; McWha,
1988, 1994). However the hydrothermal alteration of the VCR has receivzd little attention in the
mMm stuly of the characteristics and genesis of the hydrothermal alteration ir: the VCR
is an important topic and the results are very relevant to both gold exploration and mining

p_racﬁe&

1.2 Research area
A large number of gold mines currently exploit the VCR as e primary gold producer in the
WWL, Klerksdorp (KD) ano West Rand (WR) goldfields. In addition, the Anglovaal’s Sun



2
project. areas north of Welkem goldﬁefd also contain VCR-related gold mineralization.
Driefonisin Consolidated, Deelkraal (now merged with the Elandsrand), Elandsvand, and Western
Deep Levels South (WDLSM) Mines are the major gold mines exploiting the VCR in the WYWL.
The WDLSM was chiosen for this study as an example of a typical operational mine mﬁioiﬁng the
* VCR (Fig. 1-1). | | |

Fig. 1-2 shows the localities of underground Mples from stopes and boreholes at the Western

| Deep Levels South Mine, .Wlth respect to the stope samples, they cover all lc'mgwgﬂsf 9, 53, 61
*and 65) and cifferent lvels rom 76 to 87 lovelinthe rescarch arez, They are marked in A, B,.Y,
representing sample clusters, The underground boreholes cover most of'the mining area from 49

to 53 longwalls and lower elevations frort -2600 to ~3000 m below datum.

| i.s Study objectives |

. 'This thesis consists of 4 study of the_iziinemlogy, geochémistxy, physicochemical conditions, stable
isotopes, and radiogenic dating of alteration associated with the VCR. The goals of this study are
(i) to compile previous data relevant to the VCR, (ii) to charactetize the mineralogical and
geochemical features of hydrothermal alterat’ -\ within and around the VCR, (iii) to estimate the
ph&éicochenﬁcal conditions of the; aiteraﬁo.., {iv) to rec onstruct the processes and timing of the

alteration, and (v) to attempt to relate alteration to gold mineralization.

Table 1-1 summarizes the nature: and extent of sampling in the present study, and the work
unde: - :en on the sample collection, A total of 192 samples were selected from the collected
underground and borehole samples at WDLSM. About 120 double polished sections, 28

polished slahs, and 10 polished bandspecimens were made for reflected, and transmitted light
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5
microscope observation, and finid inclusion study, Analyses of muscovite (22) and bulk rock
- powders (80) by XRD have besn carried out for determining polytypes of muscovite and bulk
rock mineral cormpositions. A total of 116 bulk rock samples and 26 rock-forming mineral and
55 mﬂphxle samples have been analyzed for the chemical compositions, Stable isotope analyses
include sulphur (28), hydrogen (10), oxygen (27), and carbon (3) isotope measuremems. K- A:r

(34) isotopic determinations were also carried out.

14 Reseafch methodology
The study comprised ax iifial period of fild work with subsequent laboratory analyses (Fig. 1-3).
The iniial field work consisted of underground mapping, sampling and borehole logging for five
months, In the hbbratory, X-ray Diffraction (XRD) analysis was used to determine mineral
compositions of whole rocks, mineral separates as well as polytypes of muscovite. Seanning
Electron Miero.scopy (SEM) was used to analyze the morphology, structure and genssis of
minerals. Single mineral textures and generations were determined by Transmission Electron
Microscopy (TEM). Chemical compoéitions of minerals were analyzed by Electron Microprobe
(EM), Cathodoluminescence Microscopy (CL) was used to determine the genesis of quartz and
- calcite. X-ray Fluorescence (XRF) was utilized to analyze the chemical compositiops of whole
 rocks. Temperatures, pressures and salinities of hydrothermal fluids were estimated by
‘microthermometry of fuid inclosions in quartz, es well as from the chlorite aud muscovite
geothermometers. Stable isotopes of oxygen, hydrogen, sulphur and carbon for minerals and
whole rocks were analyzed using concentrated isotopic extraction lines and gas-sou:ce mass
spectrometers, respectively. In addition, radiogenic isotope determination of X-Ar on minesal

separates from the alteration zone was also measured.
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15 Outline
This thesis consists of ten chapters. Chapter 1 provides a brief introduction 6f the project,
inciuing a short review of the bistory, and sttus of research on the VCR fa the Wiwatersrand
Basin. It also defines the research area; the ajms, objectives and statement of the major work
 undertaken; the methodologies and provides an outline of the thesis. In Chapters 2 and 3 the
_ geological background of the Witwatersrand Basin and geology of the VCR aresumanzed,
respectively. In Chapter 4, following a general description of alteration features observed in the
VCR, thic mineralogy of the alteration is studied in detail, Geochemistry of bulk rocks and of
single minersls (rock-forming minerals and sulphides) 4 documented in Chapters Sand6,
| sespectively. Chapter 7 presents an evaluation of the physicochemical conditions of alteration in
- the. VCR, mainly utilizing chlorite and muscovite geothelmométﬂrs and fluid inclusion
microthermometry. S, O, H and C isotope geochemisiry of whole rocks and single minerals is
presented in Chaﬁter 8. Radiogenic ages of post-depositional VCR altoration events are
constrained by the K-Ar mettod on minera] separates in Chapter 9. Finaly, summery and

coniclusions of the data documented in the different chapters are presented in Chapter 10.



2 GECQLOGICAL BACKGROUND

21 | Introduction -

Gold was first discavered in the Witwatersrand Basin in 1886, by George Harrison in 3 thin
pebble conglomerate on the fam Langlangte (Antrobus, 1986), Subsequently, tens of gold-
beering conglomerate horizons were found in the Basin. The Witwatersrand Basin has since

produced around 45000 tons of gold, which hias made the Basin the world's greatest goldfield,

The Witwatersrand Basinis underlain by porphyriti and andesitio volcasios and quartaites of the
Dominion Group, and overlain by volcanics and sediments of the Ventersdorp, and Transvaal
Supergroups. The basin is ellipsoidal in shape and extends from the north of Johannesburg to
‘south of Welko@_ and from the esst of Evander to west of Klerksdorp (Fig. 2-13. The
Witwaterstand Basin contains seven major gokifields, namely the Centrat Rand, Bast Rand, West
‘Rand, Evander, West Wits Line, Klerksdorp and Welkom goldfields (Fig. 2-1).

22 Stratigraphy

' The Witwatersrand System (Witwatersrand Supergroup) is clossly related fo the underlying
Domiinion Reef System (Dorminion Group) and the overlying Ventersdorp System (Ventersdorp
Supergrou). The three systems comprise the Witwatersrand Triad (Hamilton & Cooke, 1960).
The rocls of the Trind lie unconformably on granite, gueiss and schist of the Swaziland System,
which is early Precamibrian in age, anc.ilmgely.concealed benesth a cover of rocks of the Transvaal
Systern and Karoo System (SACS, 1980). The Venterspost Conglomerate Formation overlies the
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Fig. 2-1 Simplified stratigraphy of the Witwatersrand Basin showing the subouterap distribution of the West Rand and

Central Rand Groups (modified after Pretorius, 1986).
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Table 2-1 Stratigraphic colummn of the West Wits Line (summatized from SACS, 1980, 1996)

| Froua Gomt_____§ Doloute
SUPERGROUP 235204 Ma?
(6 %) Black Resf Quorntzite Fm | Quartzite, congiomearste, shale
Wolkberp Group | __ | Qruniai, atkosen sl bistlt e e e e e
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: ) Kameeldooms ¥m Valeanie clasts
VENTERSDORP utntebane i — - = - e =
SUPERGROUP . | Edenville Levasend clastz 2714 Ma*
. Qdmry Nan-amygdaloidal aghmitic lava
Klipriviersberg Group
Alberten Porphyritic Lave
Westcnarén- Andesitie tulf, lava
VENEERSPDST CONGL%[ERATEFumedmp Contact M(\" CR) . 42714 Me?
Mnnﬂm' Fa Chmntzita md ¢ memte (Doslkmal Reef, Ub's
Mﬂummd%:h
- Elsburg Fm Quontrite
* | TUREFONTEIN [ o e e e e e e e o e ———
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B o i e —— — — — —— — — -
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; . ageinm‘ﬁlﬁ'ien
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1,:!’ } ; W Qrmrtzite, Conglomerate (Bird Reef) 289452714 Mad
T o
w 1P | Luipsardsviei i
2 e Fu Soortmten m‘%wlmn, T atgs P Matker,
E R | Khald Pabbl Reefs
R G | SUBGROUP ) e
U Rendfyntein ggmne ivingsteme Rapfs,
g B Fa & Reey @ .
A
N Mgin Fy mrizits, erate (Main Reef Laniler, Groed
L m | gat. cm:.ﬁfn Mo
5 Coastrite, conglomanta {Nerth Leadery
P L Fat —_— 4
E R s et —
' % Roodepoort Fm | Skale, thaly quartzits
i3
JERPESTOWN Cryweie P Amypdelcidal Java
& SUBGRULP e -
B Florids Quanizite, sonll pabbls congfomerute
k{;) Quanzite Fm | )
WitpoartjieFm | Greea-back, green vilty shale, siltctones,
argillaeecs, grity quartxite .
RAND  } GOVERNMENT | Comngtion | Bleck magnatic shal 39702914 M’
[.]
GROUP SUBGROUP Bhals Fm
Promise Sericitic, ermillacepus quartzrte, &mmnus.
QuaanziteFm nmgnmcmle. mslmummsem
Boxten Fm Green onfioquartaite, Shele
HOSPITAL HILL .
SUBGROUF %‘nrhnwn&hdn Shale qustzies
n ———
mmammmxpmmmmwmmqmu — e e _] 30&5_-32423‘_ B
Archoeam granitic hasement >3086 Ma!

} =~ Jabn et al,, 1990,2 Vaanlmk&Bmi%‘lS Amumngetal..lQSI,4 - Robb & Meyer, 1995
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- Witwatersrand Supergroup and underlies the Vehtersdoré Supergroup. Table 2-1 shows the
stratigraphie column which is mainly compiled from the South Afiican Conmittee for Stratigraphy
(SACS) (1980, 1996); Engelbrecht et al, (19%6); Robb and Meyer (1995); Armstrong et al
(1991); Walraven (1997); and Jahn et al. (1990).

22.1 Dominion Group

The Dominior Group underlies the Witwatersrand Supergroup and outerops in the Ottosdal;

Kierksdorp and Vredefort Dome sreasin Western Ganteng (SACS, 1980) and i is separated fom

the basement by palaeosols, The depositionz] age of this group is between 3086 and 3074 Ma

 (Robb and Meyer, 1995). The group consists of porphysitic and andesitic lavas and quartzite with

& toial thickness 0f 2,3 km (SACS, 1980). Economiically, the Dominion Group conglomerate reefs
are the oldest sedimentary gold-uranium horizons within the Witwaterstazd Triad, |

.2:.2.2 Wrtwatersfand Supeigroup

The Witwatersrand Supergroup was named by Penning in 1888, and consists of the West Rand
" and Central Rand Groups (SACS, 1980). The Witwatersrand Supergroup is an approximately |
':doo m thick terrigen. 3 sequence comprising mainly arenaceous and argillaceous, as well as
mnor rudaceoué sediments, which were deposited in a fluvio-deltaic environment in the centre
of the Kaapvaal Craton (Robb and Meyer, 1995). |

2221  WestRand Group (WRG)
The WRG at the base ocoupiss a roughly ovoid area witha northeast-extending axis and formed
between 3074 and 2970 Ma (Robb and Meyer, 1995). This Group is composed of the Hospital

Hill, Governraent, and Jeppestown Subgroups (SACS, 1980). Rock tynes comprise shales and -
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sandstones in roughly equal portions. The Crown Lava occurs towards the top of the sequence.
The West Rand Group hosts thres Longlomerate reef horizons, confined fo the Government

¢ ‘bgroup (SACS, 1980, 1996), none of which is pervasively minerafized.

2222 - Central Rand Group (CRG)
Thke CRG 13 preserved In a smaller area than the underlying WRG. This Group covers an area of
290 km along a northeast-trending axis by 150 kam wide along the nortiwest of the basin, ut

stinch of it is averlain by younger rocks. The CRG consists of the Johanesburg Subgtoup at the

. base, overlain by the Turffontein Subgroup (SACS, 1986). This sequence consists predominantly

- of coarse-grained subgraywacke with minor conglomerate, quartz arente, shale, silf and Java. A
o crmlative thickness of approximately 2880 m is preserved near Vredefort, Sediments
of the CRG represent & series of fan-delta complexes. Most of the economic reef horizons in the

Witwatersrand Basin are present in the CRG (Table 2-1). The depositional age ofthis group is
2914 to 2714 Ma (Robb and Meyer, 1995). |

2.2.3 Venterspost Conglomerate Formation (VCF)

The VCF romprises the VCR conglomerates, and quarizites. In addition, the sedimentary
sequence is often inter-digitated with lavas of the Westonaria Formation of the Klipriviersberg
Group, suchas at Kioof Gold Mine end Driefontein Gold Mines. The conglomeraten of the VCR
-  are usually dark in colour and siliceous, chloritic and uicaceous in composition. This formation

| unconformably overlies the Witwatersrand Supergroup.

224 Ven:ersdorp Supergroup

The Ventersdorp Supergroup is preserved within a large area, which generally conformably
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over]iﬂs.the VCF (SACS, 1980). The thickness of this group is greater than 1500 m in the Central
Rand and 3350 to 4260 m in the Vredefort Dome (SACS, 1980), The generally aceepted age of
the Klipriviersberg Group i 2714 Ma, based on the precise U-Pb zircon dating of the lava
(Armstrong et al., 1991),

The Ventersdorp Supgrgroup comprises the Klipriviersberg and Platberg Groups. Th.
Kliprivietsberg Group is composed of six formations: () the Westonaria Formation of dark green
"talcose tufls" at the base, (ii) the Alberton Porphyry Formation of porphyrmc lavas, () the

: Orkney Formation of ash flows, (iv) the Lotaine Formation of lavas, and (v) the Edenville
'Formation of amygdaloidal lava at the top (Wmter, 187 , SACE, 1980). The overlying Platberg
Group consists of three formations: (i) the Kameeldoo.ms Formation representing reworked
Klipriviecsbesg Javas, G the Malcwassie Porphyry Formatio f ynartz porphyritic lavas and (i)
the Rietga: Formation which is mads up of alternating lavas and sediments (SACS, 1980).

2.2.5 Trensvaal Supergroup
The Transvaal Supergroup is deposited in an large basin . hich covered much of the Kaapvaal
Craton. This sequetice consists of the Wollkkberg Group, Black Reef Quartzite Formation,
Chuniespoort, and Pretoria Groups, which are defined from the stratigraphy of the Eastern
Tr: 1svaal (SACS, 1980). The rock units consist of andssitic-basaltic volcanics and clastic,
quartzitic, delomitic sedimens in a long-lived Iacge sedimentary basin. The thickness of this
aupergroup is sbout 6 km (SACS, 1980). The depositional age of this Supergroup is between
2224 Ma and 2557 Ma as shown by bulk rock Rb-Sr dating of Hekpoort andesite of the Pretoria
Group (Van Niekerk & Burger, 1964) and the dolomite of the Chuniespoort Group (Jabm et al.,

1990), respectively.
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| 23 Overview of the tectonic history of the post-Witwatersrand Basin

- The Witwaterstand Basin is a large hinterland basin of Archacan age developed on already

consolidated continental crust south of the Limpopo plate margin (Coward et al, 1995), The

Basin has experienced a complicated tectono-sedimentary history, indicated by various studies

' (M:Carthy ¢t al, 1986; Charlesworth & McCarthy, 1990; Myers ¢t al., 1990, 1992; Stanistreet

& McCarthy, 1991; Robb et al,, 1991; 1997). A number of periods of deformation have affected
poﬁ-Wﬁwatersrand strata.

(1) Syn-Witwatersrand compression and block Sulting are characterized by syndepositional

- tectonic folding and faulting (Robb et al, 1997), proved by occurrences of proninent
northwesterly striking folds acrossthenorthmnmarghoft& basm(McCanhy et al., 1986), major
oblique-slip faults along the northern, western and southwestern margins of the basin and fault-
related strafigraphic thinning of some Witwatersrand strata (Robb et al., 1997). Vermaakt and co-
workers (Vemmuakt & Roering, 1991; Vermaskt & Sparrow, 1993; Vermaskt & Chunrett, 1994)
studied the tectono-sedimentary processes of the VCR within the West Wiis Line, explaining that
the tectonic uplift and tilting during Witwatersrand time conirolled the deposition of the
Vertersdorp Contact Reef by providing a source for the VCR within the West Wits Line.

-{2) Mid-Ventersdorp extension and graben development were characterized by outpouring of the
Klipriviersberg lavas at 2714 Ma (Armstrong et al, 1991), changing from the previous
compressional regime uring the syn- Witwatersrand compression and Slting stage, This change
1ay coinside with the oﬁset of collision between the Kaapvaal and Zimbabwe cratoﬁs, resulting
in the formation of mumber of major grabens to the west of and within the Witwatersrand Basin
(Burke et al., 1985; Stanistreet and McCarthy, 1991), Half-grabens are also developed at this
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stage by the inversion of pre-existing reverse (or thrust) faults to normal faults {Clendenin et a1,
1988; Myers et al., 1992), Subsequent lava extrusion and extensionsl tectonics covered and

preserved the VCR in graben and half-graben structures (Vermaakt & Chungett, 1994).

(3) Deposition of the Transvasl Sequence between 2550 and 2200 Ma resulted in the development

~ of extensive sedimentary cover which blanketed much of the Witwatersrand Bastn, The Transvaal

Sequenceisdmméteﬁzadbylsrge-scale openfolding, a penetrative cleavageandfaukingfomed
| during & deformational evext that s obviously post-Transvaal i age, Avalysis of theso strutores
has shownthat the:ronentanonsvmyradmﬂymthrespecttothe tectonic gvalution of the
prominent Vredefort domie feature (McCarthy et al., 1986). The Vredefort dome is associated
with psendotachylite, shatter cones and very high presevre silica minerals (e,g. coesite) which
suggest that i may represent the scar of an ancient meteorite impact site that is sbout 2025 Ma
old tReinioId, 1995). Locally reactivation of the Bank Fault during the post-Transvaal resulted
in#t kastZOOmofmmmldisplacementwithinthe West Wits Line (Vermaakt & Roering, 1991;
Vermaarkt & Sparrow, 1993). |

(4) Kibaran-aged deformation. Detailed structural studxes of Friese et al. (1995) from the Free
" State goldficld, in conjunction with partial Az-Ar resetting ages of varions fault lithologies and
tectonites have indicated localised tectono-magmatic activities at ca 1450-1315 Ma and ca 1280-
1000 M. These are coincident with the Kiberan orogenic process of Thomas et el (1994) within
the Namaguz-Natal Mobile Bek, The process is characterized by northwest-directed thrusting into
the core of the Kaapvaal Craton and Witwatersrand Basin and Pilanesburg magmatic cetivity
along terrans boundary structures within the craton, However, the effects of the Kibaran Orogenty
on mineralisation in the Witwatersrand Basin are uniikely to be significant (Robbet al, 1997);
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2.4  Post-VCR Magmatic Events
The Ventersdorp lavas consist of the Klipriviersberg basalts and Makwassie quartz porphyritic
lava, which were dated at 2714 and 2709 Ma by the U-Pb zircon method, respectively (Armstrong
et al., 1991), |

The Bushveld Complex, located on the north margin of the Witwatersrand Basin, comprises three
major differentiated igneous suites. The complex is ultramafic to felsic in composition. The
Rustenberg Layered Suite is ultramafic to mafic in compnsm{m and dated at 2095 Ma by Rb-Sr
whole rock analysxs {Hannlton, 1977) and 2061 Ma by U—-Pb zircon dating (Walraven 1997). The
Rashoop Granophyre Suite consists of predominantly homogeneous granophyry and granophyritic
granite. A U-Pb zircon age of this suite is 2090 Ma (Faurie, 1977). The Lebowa Granite Suite
comprises several granite bodies, and its U-Pb zircon age is 2054 Ma (Walraven 1997). The
Rooxkop Granite Porphyry related fo the Rooiberg Group was recently dated at 2060 Ma by

Walraven (1997), whlc-h probably represents the early phase of the Bushveld suites.

The Pilanesbeﬁ'g plutonism is characterized by local dyke intrusions, which occur abundantly in
the Witwatersrand Basin and comprise carbonate, porphyritic diabase, Pilanesberg dolerite,
- gyenite, juartz keratoi:hyre and diorite (Pretorius, 1974a). The dykes are considered to be

. contemporanenus with the Pilanesberg activity at between 1250 and 135 Ma (Pretorius, 1974a).

‘2.5  Metamorphic-hydrothermal Eveats
2.5.1 Features and physicochemical conditions of post-VCR metamorphism
" The Witwatersrand Basin has undergone basin-wide metamorphism, as suggested by Phillips et

al, (1987, 1989) and Phillips and Law (1994), Mineral assemblages of pyrophyllite-chioritoid-
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muscovite-chlorite-quartz-tourmaline-rutile-pyrite occur in all the geld mines in the
| Witwatersrand Basin (Phillips et al., 1987). These were used to constrain the metamorphic -

gonditions at 35050 °C (Phillips et al. 1987; Wallmach and Meyer (1990); Phillips and Law,

1994) and up to 3 kb (Phillips et al., 1987; Phillips and Law, 1994). However, metamorphic
temperatures of up to 700 °C Have been determined in the low-pressure gramulite facies of the

Vredefort Dome (Phillips, 1987, Stevens et al. 1997). The metamorphism was accompanied by
 widespread deformation, large fluxes of aqueous fluid, and considerable eletnent mobility (Philtips,
1987, Phillips et 'al., 1989; Phillips and Law, 1994). Frimmel {1994) suggested tﬁat'gﬁl&
remobilization was dependent on the sulfur fugacity prevailing in a parﬁcuiar hoﬁzom w}ﬁuh,"in_
turn, was determined by the amount of pyrite and other suiphides present in that ho_rizon.
Furthermore, w1th the sulfur being controlled by stratigraphy, low fluid:rock ratios in a pyrite-rich
horizon were most conductive for the mobilizatien of the gold. Thus, long-range gold
mobilization in the the Witwatersrand Basin can be expected to be the exception rather than the

rule.

252 Tumng of metamorphism and hydrothermal alteration

As discussed by Robb et al. (1991, 1997), metamorphism can be traced to as early as ca 3086 Ma.
“Three .yonnger metamorphic ages have been detected in the Witwatersrand Basin at ca 2,5 Ga,
2.3 Ga and 2,0 Ga. The Kaapvaal Craton was subjected to a major thermal perturbatiqn at 2050
- Ma, whiéh accompa:ﬁed the emplacement of the Bushveld Complex and related igneous rocks
: -@bb et al, 1997), Similar ages have been reported at 1950 Ma on shales (whole rock K-Ar) by
Layer et al. (1988), and at 1900 to 2050 Ma on clay separates of the VCR (K-Ar) by Zhao et al
(1995) and at 2006 Ma on pseutotachylite in the VCR (Ar-*As) by Trieloff et al. (1994). Pyrite

and authigeni~ rutile were formed at ca 2,5 Ga in a fluid-circulation event that appears to be



19
related to the onset of Transvasl Sequence deposition. Circulation ot"hyd:ocarbon-beaﬁng fluids
and precipitation of bitumens by radiolytic polymerisation followed at ca 2,3 Ga (Robb et ai, |
1997). Based on studies of geochemistry and geothermometry, and summaries of previous
ppbﬁcatiuns on metamo;phism and fluid conditions in the Witwatersrand Basin, Frimmel (195 ,
1997) categorized the metamorphism and fluid evolution in the Witwatersrand Basin lnto five
events: (1) thrust controlled pre-Transvaal alterat; - ™ <arly Transvaal alteration; (3) basin wide

burial metamorphisr; (4) kigh grade thermar Jetamorphisrﬁ in the col'ar of the Vredefort Dome;
and (5) hydrothermal alteration related to the Vredefort impact event in the middle of the

Witwatersrand Basin. The detailed review of the five stage events is presented in Chagter 7.

2.53 Contribution of metamorphic fluids to gold mineralization
There are widespread evidences of post-depositional fluids and fiuid rigration in the
Witwatersrand Basin. However, the scale of fluid movements and its significance to gold
mineralization remain to be an active .topi'c of debate, Some workers (e.g. Phillips et al., 1987,
Phillips & Myers, 1989; Phillips & Law, 1994, 1997; Barnicoat et al, 1997) suggested that the
g&ld in the Witwatersrand Basin is of a hydrothermal origin, i.e. the dissolved gold was mainly
inﬁodncedbyﬁydfoﬂmmal fluids after the sediment deposition. Currently, Stevens et al. {1997)
reviewed the nietamorphisrﬁ in the Witwatersrand Basin, with emphasis on metamorphic rocks
eﬁposed in the Vredefort Dome. The authors proposed that metamorphic-derived fluids had
poteﬂﬁﬂ_to mobilize tremend.aﬁs amount of gold from the ;:entral portions of the depository
towards the margins, i.e. the Witwatersrand goldfields. On contrary, others (e.g. Robb & Meyer,
1987, 1995: Frimuzel 1994, 1997) evoked the modified placer model, i.e. gold is placer in origin

and was only locally remobilized after the burial of sediments.
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3 = GEOLOGICAIL CHARACTERISTICS OF THE WEST WITS LINE, AND AT
WESTERN DEEP LEVELS SOUTH MINE |

31  Introduction
Tﬁeﬁrstﬁﬁ:ﬁngoftheVCRwascarﬁedomatﬂmZuurbu]tMneintheWestWﬁéLine-(WWL)
as earlyag 1888. Currently the VCR contributes §0% of the total gold extracted from the WWL
{Chunnett, 1994) and contributes about 18% of the anncal gold production of South Africa
(Vioen and Reimond, 1994). The VCR ocours at the contact between the Witwatersrand beds,
" and the basu: lavas of the Klipriviersberg Gmup This chapter reviews the geological
chatacteristics of the VCR in the WWL and describes the mine geology at Western Deep Levels
South Mine (WDLSM). o

32 Review of the VCR Geology in the West Wits Line

.3.2.1 Geological shructures _ |

Major géologicalmminthemmmewmdaankmﬁcmes,mdmwankmn
m features were developed comtemporaneously with the VCR and subsequently modified by
lfer stouctures such a5 the West Rand, Tear and Master Bedding faults (Fngelbrecht et al, 1986)

. (Fig, 3-1, Table 3-1).

IheBankmﬁcﬁmmﬁ:esNNE,mdaﬁecmmeemﬁeW‘ﬁwﬁmmmdSupagmupupmtheVCR
in the WWL. This deformation, however, predates fhe VCR and is possibly related to the Sotho

Orogeny of Winter (1987). The Rand Anticline, iowever, has a ENE striking axis for the most
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Fig. 3~ Generalized structural map of the WWL and the adjacent West Rand Goldfield, Witwatersrand Basin
{modified after Engelbrecht et al, 1988), showing the major tectonic features.
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 Table 3-1 Semmary of geologicat characteristics of the VCR in the WWL

Pr.-VCR Bank antictine, post-VCR (pre-BlackReef) | Engelbrecht et al, 1986
Structures anticline; Master Bedding Fault, Tear Fault, snd Bank
- Fanlt, :
_ | Conglomerate, >95% white quariz pebbles
| Unit 1 _ '
E‘ . _ Germs&Schweitzer,
% ] Four polymictic conglomerate cycles with Inter-Reef 1994
= | Unitll
: Lavas _ ' Reddy&Germms, 1994;
Thmecyclea of channel lag conglomerate Hall, (1994)
Unit] | .
Residual pediment deposits with palaeorelief and about '
o WDL s o dep._ i pal - | McCarthy, 1994
<4 underlying unconformity, e.g., WDLSM, DeclBraat
& | type ) " | (WDL-Western Deep
% ' Gold Mine _ _
9 . _ " - Levels, SD-South Deep,
' Marrow zones of minerahzad conglomerate adjacent fo WKGE-Welkom
| SDtype | active faults abont >10-15° vnderlying nnconformity, goldfisld)
| ' &.g., SD Mine, to the north of Loraine at the WKGF
Hanginpwal L r.&a' r Alberton Fm with minor .
Hanging wall . .JD VCR Working Group,
‘Westonaria Fm in places. _
and footwall . . 1994
' Footwall: Johannesburg snd Turffontein Subgroups
Mai Chlorite, ranscovite, quartz, sulphides ( po, py, apy, ¢p¥
or .
& ga, and sph)
———— i | St 199
2 | vt Albite, celeite, siderite, epidote, sphme: pyrophy Honckel&Schweitzer,
é talc, titanite, pentlandite, zircon, chromite 1904
1 Bluthmlte, tetrahedtite, stibnite, molybdenite, Zhao et al., 1994
Trace | anatase, silver, monazite, xenotime, apatits, « . baliite,
brannerite, gold

po- Prrhotite, py—pyrite, apy—arsenopyrite, cpy~chaloopyrite, ga—~galena, sph-sphalerite.




2

. part, but sharply deflected fiom ENE to NNE when it reaches the Bank Anticline. Deformation

of the Rand Anticline was active from post-VCR to pre-Black Reef times, which resulted in a
monocline of the VCR and the Ventersdorp Supergroup (Engelbrecht et L., 1986).

The Bank Fault has a NNE strike, whereas the Tear and Master Bedding finlts are sub-parallel
to the VCR strike, The Bark Feult is the mejor discontumity separating the WWL and the West
Rand Goldfield (Engelbrecht et al., 1986), and has been studied by Vermaaks and coworkers
(Vermaaki and Roering, 1991; Vermaarkt and Sparrow, 1993; Vermaakt aﬁd Chunnett, 1994).
According to the authors, the Bask Anticline was iitiated as a thrust St accompenying the
‘Baok Fold as a esult of E-W compression during Turffontein Subgroup tines, and resulted o
erosion of 1000 to 1500 m of the Witwatersrand Supergroup strata prior to and during VCR
firmes. The tectonic activity of the Bank Fault was inverted ffom thrusting to normal movement
during VR times, during which tirnes the VCR was channelized and reworked along the down-
thrown side of the Bark Fault, Foll~ving this, the Klipriviersberg Group laves were arupted and
deposited during s period of the extension. Normal fanlting continned wntil pos — x -
and has a recognizable displacement of at least 200 m. These predominant normal Sl structures
inthe WWL are befieved to be related to gravity collapse of pre-existing structures (Engelbrecht -
et al, 1986). ' | |

The Master Bedding Fault (MBE) is intersected by méning activity at West Driefonein Gold Mine,
and is chmcterizedbycmshing_andmylonizaﬁbnofquartzite, shale and ignoous materials
(Engelbrecht et al, 1986)._1tam§ds40kma1ung strike an} has 4 km of downthrow to the south,
‘MBF formed in pﬁst-VCR times by a southward directed gravity-glide. High concentrations of
methane andhydrogenafealsoimersectedmmssfault.rhﬂemmn:hasaﬁgm-m
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movement, and runs along the north boundary of the WWL.

The Block models of Myers et al, (1990a, 1992) and McCarthy (1994) suggested that the WWL
is klmouncied by naed b.locks'ofthe Vreystus Dome in the north and Westerdam Dome in the
west. These biocks controlled the tectono-sedimentary development of the VCR. The channel
directions of the VCR are mainly from ENE to WSW inthe WWL, and NW-SE in the West Rand
Goldfield (VCR Working Group, 1994).

322 VCR facies and reefiypes
De Kock (1940) first proposed that the VCR rests unconformably an the underlying |
| Witwamm'andsnpergmupandthatﬁssedﬁneﬂaryfaci&emaﬁmcﬁonofdegmd&tionalprocess.
This was confirmed by Thomas (1979) and Els (1989), who worked at the Vaal Reef and
Stilﬁmtem Gold Mnes, respectlvely On the contrary, aggradational processes in the VCR have
been suggested by Miter (1970); Chapmin and Briggs (1989); and Mullins (1993) based on their
-work in the WWL and ‘\Vgst Rand Gold Mines. More recently, Wmter (1994) proposed a
conceptusl stratigraphic model for the VCR. This author mggestedthguhe VCR wos deposited
" ina beach environment and represents an unconformity-bounded depositional sequence, which
becomes pmgreﬁsfvely more conformable.with the underlying Witwatersrand sediments in a
basinward direction,

A modet consi *ing of three sednnentary facies for the VCR was proposed by Hall (1994) who
class:ﬁedthe . : meUpperUmt,bﬁarUmtandLowerUmt,basedonhzsworkatKloof
Gold Mine. Germs and Schweitzer (1994) discussed th» characteristics of the three sedimentary
wﬂshﬁeVCthMMﬁrtﬁamﬁdivﬁﬁﬁemﬂsiﬂo eight cycles to explain the regional
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morphostratigraphy of the VCR (Table 3-1).

- Unit I includes three cycles: eycle 1 is mainty composed of pebble lags of white vein-quartz
pebbles and green quartzite; cyclezcémprises black quartzite pebbles; and cycle 3 consists of
grey quartzite pebbles. Five cycles mark Unit IT: cycle 1 is composed of polymictic conglomerates
- of white and black vein-quartz pebbles; cycle 2 is formed predominantly by white vein quartz with
* winor black vein quartz, chert, quartzte and shale clasts; cycle 3 consists of green quartzie, tuff

 mafic volcanic flows and shale; cycle 4 is charasterized by polymictio conglomerates; and cycle

| 5 comprises white vein-quartz peBbIes witha Wlﬁte-gréen matrix and more grey-green quartzite,

Unit I i composed of congiomera:w with more than 95% white vein-quartz pebbles, grey-black

quartzite and tuffaceous deposits. These characteristics are sunmarized in Table 3-1.

‘MeCarthy (1994) recognized two distinct types ofVCR; the Western Deep Levels (WDL) type.
and Sonth Deep (SD) type (Table 3-1), The WDL type characterized by pronounced palacorelicf
at it_s base; extensive, residual pediment deposits; smail angular unconformities (<4°) in the
footwrall; and gravel sheets. This type msinly occurs west of the West Rand Fautt in the WWL and
is also present in the northwestern margin of the Klerksdorp goldfield. The 8D type reef, by
contrast, is characterized by narrow zones of conglomerates adjacent to active faults, greater
angular unconformity (10 to 757 with the footwall, and rapid facies changes. This type occurs in

the South Deep Gold Mine and in the north of the Loraine Gold Mine.

Ore bodies of the VCR consist of two types: the terrace facies and the slope {or riser) facies
which were described at WDLSM by McWha {1994) and Henning et al. (1994). These ars

described in Section 3.3 I more detail,
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3.2.3 Hanging wall anid footwall of the VCR
The VCR working Group (1994) presented hanging wall and footwall plans of the VCR. The
direct hanging wall of the VCR. generally consists of the Alberton Formation in the west, i.e,

Western Deep Levels, Elandsrand asd Deelkraal gold mines, but the Westenaria Formation oocurs

' asthe VCR hauging we'tin the east e, at Kloof and Dricfontein Mines, The footwall of the VCR

consists of the Johannesburg Subgroup in the core of Bank Anticline and the Turffontein
Subgi‘oup on Its flanks.

3.24 Mineralogy oftha VCR
Based on the studies of Smits (1994) at Kloof Gold Mine, of Henckel and Schweitzer at
Elandsrand, and of Zhao et al. (1994) at WDLSM, the mineralogy of the VCR can be documented
_in tepms of majo -+ (>5%); minor (1-5%) and trace (<1%) components (Table 3-1). The rasjor -
Tninerals in the VCR are quartz, chlorite, muscovite, and the major sulphides (pimhotite, pynte,
chalcopyrite, galena, sphalerite, arsenopyrits), minor minerals include albite, calcite, siderite,
-eéidote, sphene, pyrophyllite, tale, titanite, pentlandite, zircon and chromite; and trace minerals
are bismutiﬁnite, te*rahedrite, stibnite, molybdenite, anatase, silver, monazite, apatite, and goid.

This is discussed in more detail in Chapter 4.
33 ‘Geology of the VCR at Western Beep Levels South Mine

33,1 Introduction
WDLSM is served by two shafts: the Main and Service Shaft. The mine produces 13 tons of gold
per year from the VCR between 75 level (2000 m below the shaft collar) and 99 level (2735 m

below the shaft coliar), ¢ Tently 4 Ioggwa.lls, namely 49, 53, 61, and &5, are mined down to
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87 level (Fig. 3-2). Surface lithologies in the mine consist mainly of shales of the Timeball Hill
Formation, P:etona Group and minor sediments {quarizites, shales, and conglomerates) of the
Biack Reef Formation (Transvaal Supergroup).

Major structures observed at the surface include the Bank dyke which oceurs to the east of the
mine boundary. The geology exposed underground is described in more detait below.

3.3.2 Ggoi.ogiéal structures observed in the mine

 Structorally the mine Ties on the south b of the Rand Anticline and the west ixb of the Bank
Auticline. The geologice structure is dominated by fults and dykes, Folding is absent Fig 3-3).
_ngerally,thefaultshaveadowﬁihrowwnvementoﬂessthan%m}lowwer,thehetoﬂusand
Big Boy Fanlts have vertical displacements of 80 m and up to 50 m, respectively. A few reverse
ﬁultsareobmedﬁndareassnciatedwiththénwEW—trending G_eorgetteandPeggyDykés'
| (McWha, 1994) (Fig. 3-2). Most of the faults postdate the VCR. and have djsplaoedmandore
 bodies withia the mine. Dykes meinly strike E-W and NNE and intrude the VCR, (Fig.3-3). They
are basic in composition. The Bank Dyke is exposed on the surface and formed during Karoo
times ( * dams, 1991). |

333 The VCR conglomerste and quartzite

Ore bodies in the VCR comprise two types: the terrace type and the slope or riser type. They
formed in response to the geographic evolution of the terrace prior to and during VCR deposition
(McWha, 1994; Henning ot al, 1994). The terrace type oceurs in river channels acd &5
characterized by thicknesses of 50 to 200 cm and by high gold concentrations. The slope type is

preserved along palaeo-river banks (slope), und consists of thin, unstable conglomerate sheets
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* ofless than 30 cm thickuess, and is characterized by low gold grades. The VCR ore bodies
generai_lydiptntbcsoutheastat 18 to 24°, have a thickness of 20 to 200 cm, and rest
unconformably on the footwall at an average angle of 4° (Henning, 1994). The orebodies are
__ | mainly comprised of conglomérates with internal quartzites. 'fhe conglqmerates are auriferous,
o]sgoxmcuc, poorly sorted, clast- to matrix-supported. The clasts of the conglomerates comprise
mamlywh:teand smoky vein quartz with minor chert. The size of vein quartz ranges ffom 1 to
10 cniiudiameter, whereas the chertisusuaﬂymuchsmaﬂerthantheveinquartzinsize. The
matrix of the conglomerates is chloritic, micaceous, quartzitic, and sulphidic with dack grey to

vellowish green colour. The conglomerates host major gold ore bodies.

- Two types of the quartzites occur in the VCR: an apple-green fine-grained immiature quartzite,
and a fine- to medium-grained dark-grey mature quartzite, Gold concentrations in the quartzites

are very low.

3,34 Hanging wall and footwall of the VCR.

As disenssed above, the K]qnnmberg Group comprises the Wes_tonaria, Alberton, Orkney, and
" Bdenville Formations. The Alberton Formation of this Growp constitutes the direct hanging wall
of the VCR at WDLSM (McWha, 1994), and consists of basaltio-andesitic lavas (see Chapter 5
bulk rock geochémisuy),. characterized by pillow textures at the base, and amypdaloidal textures
in lava in contact with the VCR. The Westonaria Formation, as described elsewhere, is absent

" at WDLSM.

. The footwall of the VCR is composed of the Johannesburg and Turffontein Subgroups of the

Central Rand Group. In the mize, the direct footwall of the VCR consists of Elsburg quartzite in
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the west, then successh 2y Ddrmys Quartzite, Kimberley Quartzite, Booysens 'Shale, Krugersdorp
| Quartzite, and Bird Conglomerate Formations and Luipaardsvlei Quartzite Formation towards
the east (McWha, 1994_, Henning et al., 1994) {Fig. 3-2). The footwall strata strike about N-S in -
contrast to the VCR. which is southeas striking. This is caused by the effect of the pre-VCR Bank
Anticline on the footwall strata, and the post-VCR Ran. Anticlize on the VCR. The reef types
(terracé reef an” slope reef) are conirolled by paiaeomérphology, as shown by the distinctive
footwall bedding-plane truncation ﬁngies of risers and terraces against placer palaeodips, and
 placer thickness (Henning et al,, 1994). The palacomarphology is, in turn, affected by the footwall
rock types. For example, it is common that palaeosiopes merge with the ridge formed by

‘Booysens Shale at Western Deep Levels South Mine (McWha, 1994).

34  Summary _

In smnmarj', the VCR was developed at the contact between the Klipriviersherg Group lavas and
the underlying Central Rand Group in the WWL. It is a well preserved, gold-rich conplomerate -
horizon. The VCR strata formed in a dominantly fluvial fan environment, and consists of three
units. Two conglomerate types characterize the VCR, namely the stable, low angle, footwall
strata-affected Western Deep Levels (WDL) type; and the high anple, unstable, active fault-
influenced South Deep (SD) type. The VCR formed at ahout 2714 Ma, and was mainly disturbed
by the post-VCR Rand Anticline and tho related faults, The VCR at WDLSM s a typical WDL
type, characterized by an unconformity with the footwall strata consisting of thick, stable terrace
reefs and thin ﬁnstable slope reefs, which wers controlled by the palasomorphology of the
footwall. The Alberion Formation and Central Rand Group comprise the hanging wall and the
footwall of the VCR. The VCR lies on 2 monocline and its structures are characterized by post-

VCR faults, and dykes.
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4  MINERALOGY OF ALTERATION AT WESTERN DEEP LEVELS SOUTH
. MINE

4.1 | Introduction _
 Alteration is produced by the interaction of hydrothermal fluids with host racks and is contrailed |
by the compositions of both the original wall rocks and the fluid compositions. In this chapter,

alteration zones mthm and around the VCR, as well as associated with dykes, and psendotachylite

 wre described, and the major alteration fypes are presented. Alteration stages are interpreted and

summarized.
4,2  Previous work orn alteration ininemiogy in the Witwatersrand Basin

4.2.1 Alteration mineralogy in the Klipriviersberg Group lavas

Peuogréphy, mineralogy and geochemistry have been studied by various workers (Winter, 1976;
Whystt, 1976; Bowen et al., 1986; Westhuizen et al., 1991; Linton, 1992). Volcanic rocks of this
. group comprise fine-grained to aphanitic basic to intermediate lavas, occasionally porphyritic, as
 well as tuffs and agglomerates. The primary mineral assemblages can be seen in all formations of
the group and are mainly plagioclase, augite, epidote, and sphene while the primary minerals are
| partially altered and replaced by acﬁnolite, epidote, chlorite, and quartz during post-depositional
~ events (Bowen et al., 1986). Amygdales of the lavas fepresent post-lava mineral growth and
consist meinly of quartz, calcite, epidote, chlorite, chalcedony and in rare cases haematite, pyrite

and chalcopyrite (Linton, 1992).

At least two types of alteration have been identified: (1) poorly developed purple alteration zones -
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in places with enrichment of minute chiorite amygdales; and (2) bleaching dark preen alteration

with enrichment of secondary epidote.

4.2.2 | Alteration mineral_ogy in the Witwatersrand congiomerates, quarizites and meta-pelites
A vast amount of literature has been prhlished concerning the primiary, syz;sedimehtary and
authigenic mineralogy of the Witwatersrand reefs (e.g. Coetzee, 1965; Viljoen, 1964; Hallbaver,
1972; Liebenberg, 1973; Feather & Koen, 1975; Pretorius; 1977; Hallbauer, 1986; MacLean &

Fleet, 1989, Law, 1950).

; For example, Coetzee (1965) described the vertical distribution of the heavy mineral assemblage
in meta-conglomerates of the Dominion Reef, Witwatersrand reefs, VCR, and the Black Reef'in
the Transvaal Supergroup. The spaur “wution and compositi_onal variation within a single reef
horizon were first described by Viljoen (1964). Feather and Koen (1975) summarized the
minéralogy of the W’itwatérsranc_l reefs largely based on the observation c;f polished sections.
: ‘Based on the use of the scanning-electron micrusco;ie, icroprobe and refined techniques in
atomic absorption spectrophotometry, and neutron activation analysis together with the previous
work, Hallbaver (1986) summarized detailed | mineralogy of pyrite, gold, uranivm and
 carbonaceous matter in the Witwﬁtersrand. The results from pyrite, gold, and uranium and
c&bommom matter support the foI_Iowhg ideas: (1) different provenance areas for variqus fans
in the Witwatersrand Basin; (2) the majority of the provenance areas was peochemically different
from the Archaean Barberton Mountain Land; (3) a large proportion (up to 90%) of the gold is
detrital, retaining ifs detrital features; {4) vélidity of the modified placer theory in principle; (5)
‘no major solution transportation of gold or uranium; (7) an oxygen-deficient depositional

environment; and (8) the important role of organic matter in the concentration of gold and
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uranium in distal facies and tocally, in low-energy environments of certain reefs, such as the
Carbon Leader Reef"and Vaal Reef, MacLean and Fleet (1089) studied compacf round pyrite from
 the Basal reef, Vaal reef and VCR in the Witwatersrand Basin and suggested the comapact
rounded pyrite does represent a detrital origin due to the truncation of original oscillatory as
. zonation, Zhou et al. (1995) studied pyrrhotite in the Witwatersrand gold ﬁeids and suégested B
that pyrrhotite is md&spread in all lithologies of the Witwatersrand Supergmup due to regional

metamorphism instead of intrusion of sills and dykes.

| Recently, Law {1990) carried out  detailed study on the alteration mmeralogy of rock-fonnmg
mmerals {e.g. silicates, phyllcmhcates carbonate) in quartzites and meta-pelites in the
Wltwatersrand_ Supergroup in the Welkom Goldﬁeld and suggested that argillic alteration has
* affected quartzites of the entire Central Rand Group and the presest mineral assemblages reflect
the éjm-metamurphic modification and re-equilibration of the pre-existing diagenetic assemblage.
..Moreover, mineralogical and compositiona! differences between the West Rand Gréﬁp and
Central Rand Group are present. Enhanced alteration of Central Rand Group lithologies has -
destroyed initial detrital variation in phyllosificates and resulied in widespread, secondary mineral
_ assemblages due to significant fluid influx, particularly along conglomeratic aquifers in the
W’nwﬁtersfand Basin. Fluids leached Na, K, Fe and Mg from quartzites and this resulted in the
destruction .of the pre-existing detﬁtal assemblage in quartzites and meta-pelitcs in the
Witwatersrand Supergl;oup. However, the West Rand Group. preserved some iabile detrital

nﬁnarals (e.g. feldspar) due to its limited amount of fluid influx during rapid burial processes.

In the same study (i.aw, 1990), detrital rock-forming minerals @ quarizites and meta-pelites were

determined to be mainly quartz, feldspar, muscovite, zircon, rutile and chromite, Moreover,
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authigenic minural assemblage was quartz - muscovite - kaolinite - pyrophyllite - chlorite -

chloritoid - lencoexene - pyrite - zircon,

4.3  Alteration zones associated with the VCR

Alteration in the VCR ocours mainly around fhe conglomerate reef, as well as a.lround faults and
dykes that cut across it. Little alteration around pseudotachyllite is found. Details of the alteration
arbund the VCR are described below. In addition, brief descriptions of the alteration around

dykes, faults énd pseudotachyllite are presented, |

4.3.1 Alteration within and arouﬂd the VCR
Seven alteration zones in the VCR were recognized ranging from the hanging wall to the footwau,
| bas;ed on mineral assemblages and alteration colours (Fig. 4-1, Table 4-1). In the hanging wall
am's), three alteration zones, namely Dark Green (DG), Whitish Grey (WG), and MultiColour
(MC) zones, were identified in terms of different mineral assemblages, and distinct colours with
o certain areag (Fig. 4-1a), The DG zone is typically 100 to 200 em in width. The mineral
assemblage is chlorite-albite-muscovite-calcite-epidote-quartz, and is characterized by a dark grey
colour and enrichment of chlorite. The WG zone is about 30 to 50 ¢m wide. The mineral
assemblage here is célcite—chloﬁte—muscovite-quértz&ulphid&e, and is characterized by a whitish
grey colour and emi&hment of calcite, C_ubic pyrite is enriched relative to pyrrh'otite and other
Isulph_id.es mn the DG zone. The MC zone is narrow, typically about 20 to 50 cm wiie and
comprises a mineral assemblage of sphehe-dﬂoﬁtc—quartz—(muscovite—caicite). This zone is |
characterized by multicolours and enrichment of sphene. The alteration in the hanging wall lava

extends from 150 to 300 ¢m.
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Fig, 4-1 Distinetive alteration zooes within and around the VCR. (2) Alleration zones in Tava (from loftto right: DG zone
is characterized by dark grey colour and enrichment of quartz amygdales; WG zone is characterized by corichment of
carbonates, and by whilish colour; MC zane is characerized by enrichment of sphene (white); a large quartz pebble at right '
marks top of the reef. (i) RA zone conglomerate is cut by quartz veinlets and characterized by dark grey colour. {6) RA .
" zone congiomarafé and DGG zone quartzits is characterized by dark grey colour. (d) at Isf, LDG zone quartzite is
characierized by scattered setondary pyrite pervading fito the footwall quartzite; in the middle, DGG zone quarizite is

- -characterized by enrichment of ¢hlorite, pyrrhotite, sphalerite, galena, and chalcopyrite. (&) GG zone guarizite, characterizel

by enrichment of muscovite aud light gvéen colour, Alteration is developed atong microfractures, and foresets. (f) slope reet
inRA zone fmiddle) with hanging wali tava (upper), and footwall quartzite (below). (g) pebbls Iags of conglomerate (RA)
with quartzite, (h) Terrace Reef in RA zone {middle) wifh hauging wall tava {upper), and footwall quartzite (below). Arrow
shows way up. '



(a)

[:]

1Y

——

d}

(

©

- g




36
The reef alte-ation zons (RA) within the VCR is about 20 to 200 cm wide dependiag on reef
thickness, and consists of @ mineral assemblage of chlorite-muscovite artz-sulphidcs-calcite-
albite and possible mutile. Tlns zonR is characterized by a dark grey colour and ennchtnmt of
chlorite, muscoviie, and sulphldes Apple green quartzites in the VCR are not grouped into this

. Zone due to their very different minersl and chemical characteristics.

Inthe footwall, three altaration zones, namely Dark Grey zone (DG@), Lighter Dark-Grey zone
(LDG), and Greenish Grey zone (GG), were recognized (Fig. 4-1c, d). The DGG zone ocours
immediately below the VCR and is about 20 to 50 cm wide. The zone comprises  mineral |
assemblage_of cﬁl0rite—muscovite-quartz_-suIphidesdbife—(rutile_), and is characterized by a dark
grey colour and enrichment of chlor'te, muscovite, albite and pyrrhotite, sphalerite, galena and

chalcopyrite. The LDG zone occurs directly below the DGG zone and is about 20 to 100 cm
| wide. The zone comprises a mineral assembiage.of muscovite - chlorite - quartz - pytite -
pyrrhotite - aibite, and is characterized by enrichment of muscovite and pyrite. The GG zone
ocours below the LDG zone and is widely distributed throughout the mine. This zone is composed
§f a mineral assemblage of muscovite - (chlorite - quartz) - talc, and is characterized by
enrichment of muscovite. The alteration in this zone is 'developed along microfaults and foresets

(Fig. 4-1é‘}; The alteration in the GG zone extends from 100 to ZOD.cm, and is related to faults,

microfractures and foresets,

432 Alteration around dvkes
- The alteration around dykes is developed in all lithologies, and is termed the “chilled zone" at
WDLSM and "busnt zone" at Deelkraal Gold Mine. Mineral assemblages of the alteration in the

s'.i:ments {VCR conglomerates and quartzites) consist of zoned mineral assemblages of chlorite,
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quartz, muscovite, and sulphides. The salteration is characterized by di tinctive mineral
assemblages, recrystallization texwures, nd colouration as well as goid remobilization (Table 4-2).
Five alteration zones are distinguished and named the Lava contact alteration Zone (LZ), self-
metamorphosed Dyke Zone {DZ), the Inner Zone (1Z), Middle ZOne (MZ), and Quter Zone {0Z)

in the VCR, conglomerates and quartzites.

The LZ zone -uc_cufs ﬁﬁmedia-tely around dykes and i & narrow zone of 20-50 om width. .T'his
zoné is coinposed o_f' 2 mineral assembiage of chlorite~quartz-sphene-pyrite-(muscovite-calcite),
~ and is characterized by a dark grey colour, enrichment of chlorite and pyrite. Pyrite veinlets are
.' abundant in direct contact with the dykés. The DZ is defined as a self-metamorphosed zone and
is 20-200 cm wide. This zone cornprises a rineral aésemf:l:me of chloriteémuscovite—quartz-
sulphides-caleite-alhite and is characterized by chlonte, muscovite and quartz, Pynhome is
eniriched relative to pyrite and other sulphides, The IZ zone oscurs on the inside of alteration
haloes around dykes and is characteristically dark grey in colour and 20 to 100 cm in width, This
zone consists of a mineral _assemblage of chlorite-quartz-muscovite-pyrrhotite-pyrite and is
charécteﬁzed by recrystaliisation of quartz, brecciation of the rocks, and by enrichlﬁent of quartz
veinlets, The width of the alteration zone is strongly related to the physical properties of the wall
 rocks, dyke width and fracture intensity, Based on mini.g expetience, the gold grades in reefs are

. generally low in this alteration zone due to remobilization of gold,

The MZ zone is from light to dark grey in colour and from 100 to 200 cm in thickness. This zone
comprises a mineral assemblage of muscovite-chlorite-quartz-pyrrhotite and is characterized by
Enrichmént of muscovite and quariz. Quartz veinlets often occur in this zone, The OZ zone is light-
green in colour and 20-500 em in width. This zone is composed of muscovite~(chlorite-quartz)-

" pyrrhotite and is characterized by discontinuous alteration and enrichment of muscovite.



Table 4-1 Summary of alteration characteritics within and around the VCR at WDLSM

Zone Mineral Wit ' |- - GartSphv
i Colours Q |ch jms [as |Ep Ce . m A |Re
Lithology e assemblage . ey | | o
DG | ChrABMsCoEpQz Light grey weae | O o1 m|o o) + v -1 -
Hanging wal WG | CoChMsQuST Whitlsh grey 050 | O ol o + = o ol - | -
MC Sp-Lh-Qz-(Ma-Ce) ] Muli-zolour 20-50 n 4 (w] + + + + | ©
YOR RA ChMaQuSFCeABPY | by ey, groen wu | @ | m|a| ol + + o ol -+ | o
nog gﬂ,"*g‘u*}gﬁftﬂ'% Dark grey w0 | laslwlol - - o olmwm| o
" Faatwall
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GG Ms{Ch-Qz) grenish: grey 20 [ O | 4 ¥ . - - + . .
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Table 4-2 Summary of alteration characteristics within and around dykes at Deelkraal Gold Mine
' : . - Ga+
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Microfractures and foresets in the VCR and quartzites played a major role during alteration. The
alteration within and around dykes is from 0,6 to 10m wide depending on the scale of dykas and

the nature of the host rocks.

' 4.3.3  Alteration rekited to pseudotachylite

The alteration zone related to the pseudotachylite is not as prominent as the above-mentioned
ahteration zones within and around the VCR and dykes, but it is visible in some pswdotachylités.
The alteration is limited to a narrow zone of from 5 to 30 cm wide and is characterized by a
mineral assemblage of quartz - cillorite - muscovite - pyrite - pyrrhotite within and around

 psendotachylites,

44  Alteration types
- Eight major alteration types are identified including albiﬁzaﬁon,- chioritization, muscovitization,
silicification, sulphidization, epidotization,. ~ carbonatization, and talc alteration. Their

characteristics dare described below.

44.1 Albitization

Secondary albite was determined by microscopy, XRD, and Electron Microprobe analysis. Tt is
commonly present in veins or veinletsin the hanging wall lavas (Fig. 4-2a), but also occurs in the
conglomerates and footwa]i quarizites (Fig. 4-2b, c and e). Hydrothermal albite is typicaily fresh
and characterised by albile twinning. Coexistence of albite with calcite and quartz in quartz-
calcite-slbite veins suggests a genetic relationskip between these phases. Grains of albite usually
replace sulphides and in turn, are replaced by chlorite and muscovite (Fig. 4-2¢, é}. Calcite

| genetically coexists with albite and pyrite (Fig. 4-2d). Secondary albite was also reported at Kloof
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* Fig. 4-2 Photomicrographs of secondary rock-forming minerals and textures. (2} vein of afbite (b}, caloite (cal). aud
quartz, (q) oocuing in lava, (b typical entiedral secondary afbite with a fresh afbite twin replacing seovndary enbedral
pyrite and iz reversely replaced by muscovite around its edges. (c) in quartzite, the coexistence of secondary albite,
muscovite and pyrite with mricaceous matrix indicates & paragenctic sequence of pyﬁte—bnlbim—rchloﬁte-mnscwim.
{d} in quartzite, secondary enhedral oubic pyrite is replaced by afbite, calcite, end muscovite wiich implies 2 genetic
 sequence of: pyrite->olbite-caloite>imscavite. Quartz grain is uvergrown by muscovite. (c) shows fine-grained matrix
chlorite and muscovite. Detrital muscovite is bent, and mcrystalllzed. {£) chlorite replacmg a large (>2 mm) dslntal
grain of musmtealongﬂscleavageplmes
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Fig. 4-2 {continved) Photomicrographs of secondary rock-forming minerals and textures. (g} porphysitic lava consisting
ofpnmmy plagioclase phenocrysts and groundmsss which are replaced by chlorite, and museovite. (k) ‘amygdaloidal
lava; an amygdale consisting of quartz, chlorite and calcite, which displays & geoetic sequence of quartz, chiorite,
muscovite, and calcite, (T chlorite nodules: together with muscovite aud, possibly, replacing garner, this assembiage
normaily indicates high gold concentrations. (f) quartzite: chiorite fiakes (chg;) eoexisting with fine-grained chiorite
(ck ). Chlorite also replacing quertz grains and pyrite. {k} VCR conglomerates: muscovite and secnndary quartz (Gon)
avergrow quertz pebbles. (qz) and (I} muscovite fizkes formed by replacement of quantz grains, mutrix, and
recystallisation, which seems foliated, '
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Fig. 4-2 (continued) Photomicrographs of secondary rock-forming minerals, and secondary textures. (m) remnant of
possible detrital plagioclaée grain, (n) rounded muscovits assemblege may indicate e replacement of plagiociase
inclusion withfn the quartz pebble. (p) in shale, muscovite coexists with cilorite and opaque minerals. (q) recrystallized
- quartz grains. () VCR conglomerate: early generation of calcite veinlets cutting through cherty quartz, cut by secondary
veiniels of calcite, This shows a multiple genevation of fluids. {s) in AGNQ (apple green quartzits): sphene js enriched.
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Gold Mine by Simits (1994) and at Western Deep Levels South Mine in his study by Zhao et al.,
(1994) and Zhou et al. (1995) The replacement of sulphides by albite, and the presence of vein

albite suggest saturation of Na at some stage during the hydrothermal alteration,

442 Ctﬁo;iﬁzation

Chioritization is marked by a dark colour in elteration zones, Five types {cocurrences) of
chloritization were identified in alteration zones: (1) chlorite occurring as fine-grained matrix-fike
massive aggregates (Fig. 4-2e) in the matrix of conglomerates and quartzites; (2) chlorite
replacing detrital muscovite along cleavage planes (fig. 42 f); (3) chiorite occurring as fine-
grained. aggregates repiacing phenocrysis of plagioclase in lavas (Fig. 4-2 g); (4 chlorite infilling
amygdalﬁ and coe;dsfh:g with quarti, and calcite (Fig. 4-2h),(5) chlorite nodules found mainly
in altered conglomerates (Fig. 4-21) which are usually charactenzed by high gold concentrations '
in the VCR. Three processes appear to have given rise to the formation of the five types of
chlorite: (1) replacement of detrital muscovite and garmet by chlorite in sediments; 2) precipitation
from hydrothermal fluids in lava amygdales; 3) recrystallization of early-formed chlorite in thé

443 M@oﬁﬁzaﬁon

At least four types of muscovite were distinguished in the sediments based on grain sizes, mineral
morphology and genesis. (1) deformed, .coars&grained (>200 pm) detrital muscovite (Fig. 4-2.
ehis ﬁ'equently replaced by secondary chlorite aiong fts cleavages (Fig.4-2d); (2) flaky
hydrothermal muscovite overgiows quariz grains with secondary quartz crystals (Fig. 4-2k), and
replaces albite fogcther with chlorite (Fig. 4-2¢). Size of gmins. is between 100 and 200 pm; (3)

recrystallized flaky fine-grained (10 pm) muscovite coexists with fine-grained chiorite in the
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matrix of the sediments {Fig. 4-2c,e), and (4) possibly replaces feldspar as shown by
psendomorphs of albite twins (Fig. 4-2m, n). In shale samples, flaky muscovite coexists with

chiorite (Fig. 4-2p).

- 44.4 Silicification
Silicification is commonly observed in the .alteration zones. For - types of silicification were
- identified. (T) Recrystallisation of quartz was usually found in quartz grains in the conglomerates
and strongly replaﬁes early quartz (Fig. 4-2q); (2) hydrothermal quartz ove'rgrowiﬁg detrital
quartz inn the conglomerates (Fig. 4-21(); (3) quartz oceurring as fillings in amygdales together with
chiorite, carbonates and sulphides in the lavas (Fig. 4-2 h) and in quartz-carbonate veins (Fig. 4—
.lb; 4-2r) and (4) euhedral sphene aggregatés (Fig. 4-2s}. Two samples from the quartzites were
agalysed by cathodolunﬁnescence (CL) to determine the generations and genes_is of quartz
following the method described by Miller (1991). Authigenic infilling quartz is typically blue-
- lumingscing, which suggests that most of the authigenic quartz has high TV/Fe ratios; and is
forme;l at relatively high temperature (Zingkernagel, 1978). The blue CL feature excludes any
possibility of a diagenetic origin for this quartz (Zingkernagel, 1978; Matter and Ramseyer,. 1955).
I_)etrital quartz shows bluish—biack luminescence, which suggests that the quartz was affected by
| strong metamorphism (Zingkemagel, 1978). Frimmel et al. (1993) teported that authigenic quartz
in Basel Reef showed yellow cathodoluminescence (rather than blue cathodoluminescence) due

to enrichment of caleite inclusions.

4.4.5 Carbonatization
Calcite and siderite alferation are important alteration types within and around the VCR. Strong

carbonatization has been found in the WC zone (Fig.4-1a), and occurs in veins (Fig.4-2a), in
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quartzite and conglomer...  (Fig.4-2d, r).

4.4.6 Epidotization
Epidote mainfy ocours in vugs and veinlets in the lavas and less commonly in the conglomerates
snd quartzites, Epidotization is affocted by the chemiioal composition of the lav=s which have high

concentrations of Ca and Fe.

447 Sphene alteration _
Sphene is enriched in AGNQ quartzites (Fig.4-2s) and is also found in the MC of the

Klipriviersberg group lavas (Fig.tl-? 1).

4,48 Talc
Talc was identified along shear planes in immature light grey quartzites at Deglkraal Gold Mine,
but it is not a common mineral. Formation of talc cun be: (1) hydrotherraal alteration of ultrabasic

rocks; {2) low grede thermal metamorphism of sificecus dolomite; (3) hydmthennal fluid solutions
ﬁoﬁ an original uItrabaSic body; and external source (Deer, et al., 1992). Serpentinization of
ultramafic fragments from the immature quarizites and the basaltic dykes could generate high Mg
fluids, However nio stronger taic alteration has been found near the dykes so that the former
source is favoured. Conversion of serpentine 1o talc may occur by the additi~  of silica and
removal of magnesium or by addition of CO, (Deer et al., 1992):
| ' 2Mg,8i,04(OH),+3CO; ~ Mg:Si,0,(OH),+3MgCO,+3H,0

serpentine Tale ‘Magpesite

"'I‘emperamre's of formation of talc are at about 300~320 °C (Browne, 1991).
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.4.4.9 Sulphidization
Sulphidization is widespread in the VCR package and occurs in the conglomerstes, lavas and
quartzites. Sulphides in the conglomerates include mainly pyrite and ¢ ;rrhotite with minor

sphalerits, chalcopyrite, galena, and pentlandite.

4.4.9.1 Pyrite

The occurrence of pyrite in the Witwatersrand reefs and its relationship to the gold

mineralization have been reviewed by Feather and Koen (1975) and Hallbauer (1986). Myrite is

* the most conspiéﬁoué ore mineral (3 to 5 mole%) and often accounts for more than 0% éf the
ore minerals in the Witwatersrﬁnd reefs. There are three basic parageﬁeﬁc types in the
Witwatarsrmiﬂ reefs: (1) detrital pyrite; (2) synsedimentary pyrite; and (3) authigenic, post-
depositionz_d pyrite (Hallbauer, 1986). Detrital pyrite has normaily a compact rounded feature
and 'véu'ying amount of solid fluid inclusions of orthoclase, biotite, gold, quartz, molybdenite,
chalcopyrite, sphalerite, pyrrhotite, _mtile, garnet and micaceous materials (Hallbaiser, 1986).

‘MacLean & Fleet have studied detrital pyrite from the Basal Reef, Vaal Reefand the VCR in
the Witwatersrand Basin and revealed that the compacted rounded detrital pyrite is characterized
by an original oscillatory zonation in As, The synsedimentary pyrite has a varying high porosity
and is ﬁna;grgined and has been identified in six textural types: (1) oolitic; (2) radial,
concretionary; (3) mudball; (4) rounded, layered; (5) coarse-grained aggregates of quarti and
pyrite; and (6) possible organic framboidal type (Flallbauer, 1986). The guthigenic pyrite
typically occurs in the Witwatersrand sedimerts as idiomorphic-to-hypidiomorphic grains
(Rialfbatier, 1986) and has been termed hydrothermal pyrite (Ramdoh, 1955), and reconstiuted

authigenic pvrite (Saager, 1970; Hirdes, 1979, Utter, 1978).
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In this study, detrital pyrite in the VCR is compact rounded and coexists with detrital -
arsenopyrite (Fig.4-3a), and is replaced by authigenic pyrrhotite (Fig. 4-3b). Mudball pyrite in
the VCR is the most eomon type and actually cdnsists of aggregates of small grained cubic

pyrite inclusions, later cemented by hydrothermal chalcopyrite (Fig 4-3c) and pyrrhotite ((Fig4-
3f). Authigenic pyrite is euhedral cubic in the VCR and footwall sediments,

4.4.9.2 Pyrrhotite

The intrusion of sills and dyl'ce's. in Witwatersrand Sedirnents ﬁ'éqﬁently cansed local temperature
increases and a resulting replacement ofpynte by pyrrhotite, based on the hydrothermal -
pseudomorphs of pyrehotite after pyrite in Middle Elsburg Reef in Cook I Shaft and the VCR
(Hallbauer, 1986), Zhou et al. (1995} suggest é metamorphic origin of pyrrhotite instead of due
- to the effects of magmatic activities based on their study dn pyrthotite from different gold fields
in the Witwatersrand Basin. The above authors emphasised the widespread distiibution of -
pyirhotite in the Witwater#rand Supergroup and rioted that it is not restricted to enwronments

imemediately below Ventersdorp levas or adjacent to mafic dykes.

. In this study, pyrthotite is the dominant sulphide in the Ventersdorp Supergroup lavas,
pseudotachylites and dykes cutting the VCR conglomerates and footwall quartzites while pyrite
‘only occurs as wdroiinemlal veins or veirdets in the Ventersdorp Supergroup lavas and djrkés
ot in the intermediate contact with VCR conglomerates and other sediments, However, local

enrichment of pynhati_te in the VCR conglomerates and footwall quartzites and shales is
common in the VCR. Therefore, this feature of the dis&lbuﬁon of pyrrhotite and pyrite most

- probably represents its close relationship to the intrusion | . post-VCR sills and dykes as

suggested by Hallhauer (1936).



Fig. 4-3 Photonicrographs of primary and secondary ore-tninerals and textares. (s) in the VCR, routded detrital pyrite
{py) coexists with &rsenopyrite (aspy), and secondary evhedral oubic pyrite sam also be seen. (b) in the VCR,
replacement of detrital pyrite by pyrboiite (po). (o) in the VCR, euhegral cubic pyrite grains are inclnded in
chalcopyrite (cpy). (d) in quartzite, pyrrhotite inclusions ocour in galensz (ga). () in the VCR, pyrite is replaoed by
chalcopyrite (cpy) from the inside, (f) in quartzite, replacerent of secondry pyrhotite by eubedral cubio pyrite.






49

| Fig.4-3 (continued) Phowcr, & . - - ‘dary ore-mincrals and fextures. (g) fn quartzite, galena, coexisting with
chalcopyrite zeplacing  sholite, ', i . -+, replacement of defrital pyrite by pymhotite (po), () in & Java

amygdele, exsolution texture of ei=4,.7 chauzopy e i spalerite (sph). (J) exsolution texture of sphelerits grains In
 chaloopyrite. () galena soexisting with sphaicrre. {1) in the VCR conglomerate, galena and sphelerite coexist with
ghlorite {ch), : :
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Three types of textures of pyrrhotite have been identified in the VCR: (1) pyrrhotite occurring
as inclusions in galena (Fig. 4—~3d_) and formed earlier than the ﬁost (galena_.); {(2) replacing detrital
pyrme and coexisting with authigenic cubic pyrite grains (Fig, 4-3f); and G) pyi‘_rhotite replaced
- by both chalcopyrite and galena in lava amygdales (4-3g). This indicates a paragenetic order for
pyrthotite relative to other sulbhides: delrital pyite — pyrrhotite+pyrite = chalcopyrite and
galena. |

4493 | .Spil.rale.n're. gu!énd and chalcopyrite

Mugball sphaieaite has been id'entiﬁed in one sample and probably represents an ongm of either

synsedimentary or dxagenetc as for the mudball pyrite, but no detsital sphalerite and chaldopyrite '

have been identified. Sphalerite, 'galena and chaloopyﬁte are the common authigenic sulphides _
" in _thé VCR. They ars genetically related and show the fol!dwing relationship: (1) coexistence

of galena with' sphalerite .(Fig.' _4»311, k); (2) exsolution texture betweeﬁ sphalerite and

 chalcopyrite (Fig. 4-31, j), and coexistence of galena, and sphalerite with chlorite (Fig. 4-31).

A paragenetic sequence of sulphides is summarized as follows: detrital arsenopyrite and pyrite

(D> pyrite (II)+pyn‘hotite (0)>chalcopyrite+sphalerite+galena (TIT).

4.4.10 Gold mineralisation

4.4, 1 0 1 Gold mineralisation in the Witwatersrand Basin

Hallbagr (1 9?6) distinguished four major types of gold in the ‘V\ﬁMersrand deposits: (1)

detrital gold particles and primary gold in detrital allogenic sulphides; (2) biochemically
.. B - redistributed gold in carbonaﬁeous matter: (3) gold redistributed by metamorphic or diagenetic

processes; and (4) gold in post-depositional quartz veins.
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The detrital gold particles in diameter range from 10 pm to rarely 500 um with an average of
50 to 100 ym (Hellbaver, 1986) with rounded, distorted textures, and are intergrown with
inclusions of sphalel-ite, gersdorfiite, cobalﬁte and chalcopyrite mainly in detrital pyrite.
Chemically, the gold paticles contain 5 to 30% Ag with an aveage of 10%; 1 to 4% Hg; usuaﬁy
traces of Cu, §b, Co, and Ni. Detrtal gold grains are associated with a heavy metal mineral
assemblage of pyrite - mtile - uraninite and show ovoid, ﬂattenéd and edge-overturned
| -morphologies (Robb & Meyer, 1995). Minter et al. (1993) have reported similar detrital gold
._grains {from 38 to 473 2m) with & mean of 136 ﬁm based on a deteiled iuvesﬁgaﬁon on the

morphology of detrital gold grains from the Basal Reef in the Welkom gold field,

- Biochenically redistributed gold grains are fine filaments, bundles and agglutinated aggregates
in texiure and range. from 0,5 to 2 um in diameter due to the digestion of the organisms
(Hallbaver, 1986), This type of gold is distributed widely in the Carbon Leadsr Reef, Vaal Reef,,

Steyn Reef, Basal Reef and “B"Resf.

Recrystallized golc_i oceurs as (1) imegular rounded guld. particléa and nuggets (Feather & Koen,
1975); {2) irregular jagged flaky particles _with porous surfaces; (3) octahedral ctystal faces in
places (Utter, 1979); (4) finer grained (0,7 to 1,1 mm) (Minter et al., 1993); (5) fineness of 770
to 980' which does not vary between different types of gold particles but changes in different
o stratigraphic horizons (Héllbmer, 1586); (6) mors complicated metal mineral assemblage: pyrite-
pyrchotite-galena-sphalesite-urarte-rutile-gold (high fineness); (7) close relationship of gold with
detrital pyrite (Meyer et ., 1994); and (8) its close relationship with authigenic quartz (Frimmel

et al,, 1993).
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Gold oceurs, in places, in post-depositional quartz veins in the Witwatersrand Basin and in a
large range of sizes up to 2 cm. Hirdes (1979) has observed a depletion of gold in reefs near the

gold-bearing veins.

4.4.10.2 . Gold mineralisation in the VCR

SM studies on gold mineralization in the VCR have been carried out at Venterspost {e.g. De
Kock, 1964; Von Rahden, 1964, 1970; ), West Driefontein (e.g. De Kock, 1964; Stef‘aﬁ &
Martin, 1992) and Elandsrand Gold Mines (e.g, Henckel & Schweitzer, 1994). De Kock (1964)
" suggests that the gold in the VCR is coarse and nccurs generslly in later sequences than detrital
sulphides, urarinite, and carbon. Based on the above studies, gold mineralization s characterised
 by: (1) gold-pyrite-sphalerito-pyrrhofite-sphalerite assemblage. Pyrite is sill the mejor gold host
in all minerals together with sphalerite, pyrrhotite and chalcopyrite. Gold is mainly hosted by

neoformed idiomorphic pyrite, but it is also related to secondary sphalerite, pyrrhotite and . . -

chalcopyrite in veinlets. The gold is characterized by overall very coarse grains (e.g. De Kock,
1964) between § and 110 pm (Stefan & Matin, 1992). Henckel and Schweitzer (1994)
B described hydrothermally altered areas at Elandsrand Gold Mine and found them to be enriched

in gold, with areas being rich in secondary pyrite, sphaleﬁte, galena and chalcopyrite.

(2) Gold-chlorite assemblage. Stefan and Martin (1992) studied different reef facies of the VCR
at West Driefontein Gold Mine and reported that the gold-chlorite assemblage is very common
in fhe_ different facies of the VCR. Gold is characteristically fine-grained from 7,5 t0 40 pm,

associated with coarse hydrothermal chiorite. Two types of chlorite are matrix chloﬁ;e and B
coarse-grained buckshot chlorite, Gold mineralisation s mainly related to the latter, Gold in the

chlorite assemblage oceurs in (1) hydrothermal veinlets in pyrrhotite and pseudo rutile; (2) in
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chlarite along the recrystallized quartz boundaries and (3) gold disseminated in hydrothermal
chlorite as very fine grained disaggregated gold. Stefan and Martin (1992) emphasized the
" influence of the gold-hosting chorites as the main reason for the higher residue values (035 g/t).
They referred to a hydrothermal overprint that caused development of an Fe-rich chiorite with -

significamt pyrrhotite, chalcopyrite, sphalerite, galena, gersdorffite and authigenic gold.

(3) Gold-bitumen assemblage. Nodules of black hydrocarbon also occur in the \?CR {DeKock,
1964; Stefan & Martin, 1992), Inthe.VCR, the gold grains occur along the edge of the kerogen
nodules and are very fine-grained (Stefan & Mastin, 1992). Robb et al. (1994) bave suggested
that carbonaceous matter generally heralds the presence of high values of gold and uranium ix

the Witwstersrand reefs,

" (4} Gold-uranium-bearing mineral assemblage. Based on an optical study of polished sections
| from the VCR conglomerate at West Driefontein Gold Mine, Stefan aﬁd Martin (1992) suggest
that goid-, in places, is related to uraninite. In the Witw#tersrand Basin, uraninite is normaily
found along the footwall contact associated with other heﬁvy minerals and ranges in size from
'55 to 100 pm with an rounded, oval, and muffin-shaped outline in palished sections (Liebenberg,

1955; Feather & Xoen, 1975).

45 . Paragenetic sequences of alteration
Based on the relationst.; - ..¥ replacement among alteration minerals, four sequences of

alteration are identifics .a this study (Table 4-3).
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Table 43 Pamagenetic sequences of secondary minerals within and around the VCR at WDLSM

Py-Po-Sph

Stage [

Ab-Ce

_Stagel

Ch-Ms-Sf

Stage I

Qz-Ce vein

Quarﬁ:

Stage IV

Chlorite

Muscovite

Albite

Epidote

Taie

' Sphene

-} Carbonate

Native gold

Pyrite

| Pyrrhotite

ok

Spbalerite

Galena

Chal-
copyrite

Py - pyitc: Po - pyawhotite, Sph - sphalerite; Ab -albite; € - calcire: Ch - chlorite; Ms ~ muscovites ST- sufphides: Q- quarez.
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At Stage 1, the mineral assemblage is characterized by enrichment of pyrite and pyrrhotne with
possible occurrence of native gold and sphene. No data are available fo determine the exact
relationship between gold m_iueralization and the alteration mineral assemblage at this stage in
the study, however, enrichment of secondary sulphides in the VCR might be 2 good indicator
for gold mineralisation based on above-desceibed relationship between gold mineralisation and -
sulphidization (e.g. Stefan & Martin, 1994; Henckel & Schweizer, 1994). At Stage ]I, the
mineral assemblage is characterized by enrichment of albite and carbonates. However,
replaceﬁlent of the primary and secondary pyrite and pyrrhotite proves a remobilization of base
metals. Rﬂﬁl{:bili@ﬁﬁﬁ of gold fogether with base metals can be deduced based on the close

. relationship between gold and sulphides,

Af Staée I, the mineral assemblage is characterized by enrichment of chlorite, muscovite,
| quartz, chalcopyrite. sphalerite and galena. Epidote and talc may occur at ﬂus stage. Alteration
associated with this stage is well-developed in the VCR. The close relationship between gold and |
chlorite (Stefan & Martin, 1992), together with enrichment of chalcopyrite, sphalerite, .and
galena is a good indicator for gold mineralisation. Moreover, enrichment of authiﬁénic quartz
may be also related to remobilization of gold as descrfbéd by Frimmel et al, (1993} in the Basal

' Reef, Welkom gold field.

At Stage IV, the rineral assernblage mainly consists of quartz and carbonate in a quirtz—_calcite

vein system. At this stage, few suiphides or gold were precipitated.

46 Summary

" Alteration zoses within and around the VICR, dykes, fauits and pseudotachylite are. characterized |
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by &istinctivemineral assemblages and colouration. Seven alteration zones associated with the
V(_:_R and five altémtion zones related to dykes have been identified. Alteration extends in width
from 2 to 10 m both related to the VCR and dykes, whereas alteration within and around
pseudotachyitte is of very limited extent. Formation of albite, chlorite, muscovite, carhonate, and
' sulphides are the most impprtant alteration type_s, whereas epidote, talc, rutile and spheﬁe are
timited to specific zones. The mineral assemblage of the peak hydrotk mal alteration in the
_ research area is chlorite - muscovite - quartz - calcite - siderite - albite - sulphides (pyrite -
pyrrhotite - sphalerite - galena - chalcopyrite) - sphens - rutile, which is & typical greenschist
facies Mbiage at medium femperature and low pressures. Another possible mineral
~ ‘assemblage i3 muscovite (IM) - chlorite (Ch2), which formed at lower temparature .aud
_ pressufe. Four alteration stages have been presented as; pytite ~ pyrthotite - sphene - (gold) -
q_uartz':. (1) => albite - calcite (fI) = chlorite ~ muscovite - quartz - sphalerite gajéna -
chalcopyrite (ITT) = quartz - calrite - pyrite - pyrrhotite. The major gold mineralisation and
mobilisation during metamorphism and hydrothermal alteration is associated with Stage I, Stage

11 and Stage II.
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5 WHOLE ROCK GEOCHEMISTRY
5.1  Introduction
511 Geochemistry of the Klipriviersberg Croup lavas
The Ventersdorp S@e:group comprises three groups, namely the Klipriﬁersbezg Group at the
| Base overlain by the Platberg Group, and the Priel Sequ.t*.nce. The Klipriviersberg Group
comprises the hanging wall stratigraphy of the VCR at WDLSM. The geochemistry of lavas from
the Klipriviersberg Group was studied by Hox_-wood as early as in 191.0. Geochemistty. and
| isotopes of whdie rocks indicate that the lava Bows were mainly of & mantle origin (e.g., Crow

and Condie, 1988, Nelson et al, 1990; Van Der Westhuizen et al, 1991), with crustal
| contamination &uﬁng the evoluﬁnn- of the Ventersdorp volcanics (Boqu, 1984; Van Der
Westhuizen et al, 1991) during crustal extension in the Kaapvaal Craton (Mclver et al., 1982,
Crow and Candie, 1988, Schweitzer and Kréner, 1985). The lavas are basically grouped into
'comi:osiﬁonal types, namely tholeiitic bgsalt and basaltic andesite (Wyatt, 1976; Crow and '

Condie, 1988).

The Klipriviersberg Group is depleted in incompatible elements such as Ti. ¥, Y and Zr as weh
ﬁs Fe, V and Ca, but is enriched in Ni (Linton, 1992). The volcanic racks of the Klipriviersberg
Group can be geochemically discriminated from those of Dominion Group and Crowﬁ lavasby -
Ti, ¥, U, Mg D, Zr a'n.d V {Bowen et.al., 1986). |

5.1.2 Geochemistry of the Witwatersrand Reefs
Geochemical analyses of major reefs in the Wits Basin have been undertaken by Pretorius
(1974b), who suramarized the average chemical data in tables from previous workers (e.g.,

Lieberiberg, 1973) and reached the following results : (1) Cr/Zr ratios decrease upwards; (2} high
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correlation between Au and Ag; Au, Ag and U; Au, U and Cr; U and Zr; Cr and Zr; U and Ph;
. and_Ni and Co; (3) chroniite, zircon and leucoxene are the three most persistent and abundant

heavy minerals,

513 Geochemistry of the VCR

Geochesrica studies of zircon and bulk rocks rom the VCR at Elandsrand Gold Mine indicated
that the Upper Unit (see Chapter 3) is enriched in Ti, Mg, P, Zr, Cr, and V, refative to the Lower
: Unit. Baéed on this, Henckel aud Schweitzer (1994) suggested that the pfovehance areas were

(fferent from each other for the two reefbands.,

514 Geochemlstry of the Witwatersrand Supergrou;.l'sediments.

© Law (1990) studied quartzites ahd metapelites of the Witwatersrand Supergroup, and concluded
 that the major urits of the Central Rand Group experienced significant meteoric fivid influx which
leached Na, X, Fe and Mg from the quartzites and destroyed the pre-existing detritel assemblage,
 while rapid burial of West Rand Group quartzites resulted in Jinted meteoric fluid influx and the
preservation of labile ﬁﬁuerals (e.g. feldspar). Moreover, further alteration occurfed in resporise
to diagenetic fluids generated by compaction and mineral devolatilizution reactions, Gold and

uranium are concentrated in association with a suite of chalcophile metals (Ni, Co, As, Sb). |

5.1.5 Aims of this dha_pter
The aims of this chapter are to invesﬁgate the following subjects: (1) the overall geochemical
characteristics of the hanging wall lavas, the VCR conglomerates, footwall quarizites, and shales;

{2) enrichment and depletion of major and trace elements in different alteration zones associated
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with the VCR; and (3) reconstruction of the geochemical processes involved in hydrothermal

alteration.

5.2 Sample descﬁpﬁons and analyticail methods

* Samples were taken from underground stopes and boreholes. A total of 116 samples were

collected and analysed for the Kliptiviersberg Group lavas (21), VCR (25), DGG zone footwall

 quartzite (36), GG zone footwall quartzite (21), AGNQ (apple green) quartzite (8) and Kirberley
* Shale (5). OFthese, forty eight samples were from boreholes (e.g BE1169, BH1170) and 68

samples from undmglnﬁnd stopes,

Chemical annlyses were undertaken by XRF in the Department .of Geology. University of the
Witwatersmnd. XRF analyses of major elements were completed on a glass bead made from the
powdered samplé fused with lithium tetraborate using an antomatic XRF spectrometer, and
_ folloﬁfing the procedure given by Norrish and Hutton (1968). Loss on ignition was determined
ater heating powdered samples to 1110 °C. Major oxides determined include Si0;, TiOy ALOs,
FeOsus MnO, MgO, C20, N&,0, K,0, and P,0;. Average rrors are between 0,6 and 3.8
 it% for the major oxides except for K ,0 and N0 that have an ervor range of between -5,2 and
S 11,2 wt% Most analytic totals are between 99 and 101 wi%. Trace elements of V-, Cr, Ni, Cu,
Zn, Rb, 8r, Y, Zr, Nb, and Ba were determined by XRF spectrometer using preﬂsed powder
pellets, and following the procedures given by Feather and Willis (1976). Uncertainties in analyses
of th;eﬂ'a_cé-elements are between 11 and 10 wi% except for Rb, Nb, and Ba which have emrors

between 19,5 and 40,5 wt%.
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53 Analytlcal resulfs
Chemical compositions of the hangmg wall lavas at WDLSM are tabulated in Table 5-1 in terms

of major oxides (wt%) and trace elements (ppm).

53.1 Laves

5311 Classification

"The Iavas from twenty-one samples from WDLSM are classified in Fig. 5-1, using a plot of total

alkalis versus SiO, after Cox et al. (1979), 5:_1(1 using another plot of Z1/Ti0, againsi Nb/Y, of

' ‘Winchester and Floyd (1977 As shown in Fig. 5-1a, the hanging wall lavas in the study area plot

in the basalt and andesite categories with a few exceptions, Average data for the Alberton,
Loraine-Edenville, and Orkney Formations (Bowen et al., 1986) also plot in the basalt and
andesite fields. With respect to the exceptions, the six samples are pmjected out of the fields with

' Jow Na,O/K,0 against high SiO,, This may be related to mobilization ofNazﬁ (see later) and

| endichment of K,0. The former is mainly related to albitizatich while the later is connected with '

museovit zation,

T terms of Zi/TiO, against Nb/Y (Fig, 5-1b), the WDLSM lavas are further classified chiefly into
subsllaline basalt. They are a Jittie different from the Klipriviersberg Group lavas (Bowen et a.,
1986) due to their higher ratios of Nb/Y, which may be dus to alteration (e.g. albitization,

. carbonatization, cf,, Liu et al, 1980) during hydrothermal alteration (see iater).

5.3.1.2 Mafor oxides
Major oxides (>1 wi%%) in the lava samples are Si0,, ALO;, Fe,0;, MgO, Ca0, TiO,, and K,0

in descending order, with minor MnO, N2,0, and P,0; (their total amount legs than 1,5%)



' Table 5-1 Bulk réck chemistry of lavas from the Alberton Formation of the Klipriviersberg Group from WDLSM (total of 21 samples)

W0z | 6D | 20 | b6 | bhed | bW | b3 | bhid | bb3 | bhd | b | oens | om0 | it [ ier [ wuo | nawe [ nsvi ] x4 [16sts | VG jSTD

36,581 50,65162,68| 50,34| 53,70} 52,971 49,02]55,03{ 53,08) §3,67| 58.32}56,97]74,66 48,05 54,94 5941] 59,031{48,58156,50|53,62[54,11] 7.0
12,03 1,32. 135] 1,19 1,37] 133; 1,34 1,57 1,36 1,25 1451 1,32] 025 2,17 146 132 1,32; 132] 146| 1,35) 1,86( 2.3
20020 12,65|13,96| 12,74 13,72| 13,51 13,66 15,57] 14,701 14,491 14,36]14,33] 14,00 17,25114,27 13,42[ 13,11[14,36 15;10 13,64} 14,43] 1.8
21,67¢ 11,87114,05:17,65114,931 11,75 11,25 1284113911 12,15; 1Z,68]14,65; 1,93 17,66315,07]13,58| 14,25[17.07| 13,82|16,57}|13,77; 3,7
022] 0,13] 0,10] 0,09] 0,16} 0,16} 0,23¢ 0,16] 17| 0,4 0,19 6,22 022 0,201 0,18| 0,15} 0,17 ﬂ,]s ﬁ.l4 023 0,177 60
TO6F 4271 322] 2321 712 4,11] 4.64{ 4,79 551 4141 A79 556] LIO| 5177 4,73| 438 5,13| 8,08] 450! 746} 495) 1,7
0,81 9,74] 0,79] 442! 1,29] &81} 7,591 134 2,17 584| 1,57 051 027 1,69 2,17| 1,05 0,60 190| 0,32| 2,32 298} 2,9
820 0,72 024 295/ 0,16 3,99| 0,16] 2,60 0,00f 000f 221} 3,37 0,00 0,11 0,18 0,00} 0,04] 000 1,33] 0,00 0,59 0,00 0,89 1,3
K20 19| 2471 007 229| 0,32| 1,23] 0,08) 1,89] 2,40 0,64 0,05 1,86¢ 1,28 3,97 1,99 .1,71 191 1,38 0,99 1,96 0,93; 146 0.9
F205 . 0,181 032 0,19 .0,20 0,16| 0,20 0,16 0,19] 023} 0,18} 0,20, 0,21 020| 042| 0,29 6,20/ 0,18| 0,23} 0,39 0,21| 0,18] 0,23] 0,1
LOX | 9421 7031 616! 358! 590| 4,79| 339| 848| 442] 530] 410! 485] 461| 220 5,19 4,64} 4,08 428} 624] 4,75| 1,83} s5,02] 1.8
|motats. | 100.26] 100,51] 100,04199,37199,121 98,67} 98,881 98.28| 98.35| 98,79 99,601 100,26{99.761 98,571 99,67]99,51199.48 100,83 99,11199,35 | 98,121199.36| 0,7
Y 33 283 166] 170 1637 217| 179; 197} 240; 207 206 223| 204| S57) 251 210/ 184 192| 185| 206f 26 181} 64
Cr 147 220 1461 140| 119 147| 149| 142 159] 148§ 163§ 156| 136| 71| 233| 154 130 1491 140] 150] 587l 1761 %6
Co 6 ATy 677 46) 39 24| 38 42 40 . ‘221 30 10| as| 45| st 281 54f 39 52§ 39f 15
N 1t 122 oS0l 77) 103) 109 108| 80| 466] 1225 115 76| 88) 31| 1it; 94| 153 84| 300; 957 02} 102 53
Cu

Zn

3
&

173 717 91} 443t 59| 121 33| 99| I53) 131 36 114 0] 189; 85| 259 67 44] 1107 83§ 1137 95
2 295 99 115] 6B} 644} 96; 200 197 2937 90 4201 290| 65| 317 242) 245 34| 177 203 293y 216139
122 132 79 110 24| 65[ 14] 91| 114 B -4 86| 65] 1597 94 50 98 68| 53] 88 38 76] 40
25 .

19

ppm

Rb
Sr ag| 17| as1| 17| 413l 16| ses{ es| 29| 72f 4s4| ¥ aw| 22| 30| 2| 28 s71 nl 27] nus|er
Y 70 250 18] 18l = 23| 19 27| 24f 23| 21| 25 4| 39| 25| 170 17| 30| 18| 3] 21] 6
ze | 153 195| 141] w2{ 136] 157] wms| 149) 168] 154 161| 159| 152] 96| 208 156| 142{ 148) 146| 1e3] 251) 158] 30
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Oxides are plotted against Si0, (Fig. 5-2), which demonstrates that the lavas in the research area
are obviously enriched in TiQ, (Fig. 5-2a), Fe,0, (Fig. 5-2¢), P.O; (Fig. 5-2i) and SiO, (Fig, 5-2),
while they are depleted in CaO (Fig. 5-2f) and possibly Na,O (Fig. 5-2g). More-over, ALO,, and
K;OI are similar to the average Klipriviersberg Group lavas (Bowen et al., 1986). Sﬁme of the
© results are consistent with those of Linton {1992). F_ur example, the .auth'ur suggests that the

Klipriviersberg Group is depleted in incompatible elements such as Ti, P, and Fe,

As described in-Chapter 4, sphene and rutile are enriched, in particular, in the MC zone (multiple
colour zone) relative to the otﬁer alteration zones in the lavas and c'ontfibuté tb tﬂe high
 concentration of TiC; Enrichment of Fe,0; is most pmbaﬁly related to the strong sulphidization
{pyrrhotite with minor pyrite) in the alteréd lavas, which has been desoribed in Chapter 4, Both
the enrichments of MnO and P,O, are probably related to Fe (see later), Moreover, it seems that
some of the lava samples are enriched in Si0, rélaﬁve to the Klipriviersherg Group lavas (Bowen-
et al., 1986) (Fig. 5-2a), which is clearly related to silicification occurring it lava amygdales and

quartz veinlets,

D'epleti'on of Ca0 in th¢ lava samples in the research area suggests that Ca mﬁy be remobilized
imto sedimemg during the hydruthermai alteration. This has been supported by carbonatization in
the VCR and DGG zone quartzite relative to the Klipriviersberg Group lavas (Fig. 5-2c). The lack
of strong ca:boﬁatization in the Witwatersrand quartzites (Law, 1992) probabig} gives indirect
evidence for the assumption. Skight depletion of Na,O suggests that minor amounts of Na were
locally remobilised from the altered iavas and prﬁhably intraduced to the adjacent alteration zones
in VCR and footwall quartzites. As discussed in Chapter 4, albitization has been seen in the RA

(VCR) zone and DGG zone quartzites, but not identified in the Witwatersrand quartzites (Law,
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1992). This suggests mobilization of Na during fluid cireulation in the hydrothermal alteration
processes, Slight depletion of Mgo and K,O (Fig. 5-2e, h) may be related to their mabilization
during fluid circulation (see later). However, ALO, in the research area is not obviously different
from those of the Klipriviersberg Group lavas (Bowen et al., 1986} (Fig. 5-2b, e, g, h), due to

to its immobile characteristics.

The selected oxides are plotied against Fe,0,, AI;O_,,, and TiO, res_pecﬁvely in bivﬁria_le diagrams
(Fig. 5-3j in order to e#amine the relationship of these elements in the hanging wall lava samp}eé
in the research area. It is suggested that strong éolrelations exist between Alzo,. and Ti().Z (r=
0,73), and between MgO and Fe,0; (r=0,50); and weakly between TiO, and Fe,0; (r=0,32)
(Fig. 5-31:, ¢, h). The strong correlé.tions between AlLO, and TiO, may be attributed to Sphéné
* mineralisation, while correlation of TiQ, and Fe,0, may indicate either replacement of Fe by Ti
| or the eﬁstence of ilmenite. Moi‘eover; correlations of MgO_ and Fe,0, is atiributed to
c;hlﬁﬁtization. Furthermore, it seems tha£ there are some correlations of MnO a_ncl Mg0 with
Fe,0s. Howevgr, no obvicus correlations are shown between Ca0, K ,0, Na ,0 and Al,O 3,.and

- MnO and TiO,, and FeO (Fig. 5-3a, 4, e, f, g).

The data .are further plotted in an AFM diagram {cf., Rollinson, 1993}, foge:her with the average
of the Loraine-Edmviﬂé, Alberton, and Orlmey Formations of the Klipriviersberg Group (Bowen
et al., 1986) (Fig. 5-4). The end members are represented by the folloﬁring (cf., Rollinson, 1993):
F = (FeQ + 0.8998Fe,0,)
A ={Na,O+ K;O)

M=MgO.

The oxide compositions are used as weight percentage (wt%), In the research ares, the major
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authigenic minerals are also projected in the diagram based on the same principle in order to help
interpret the rock geochemical data, Pyrite (py) and pyrrhotite (po) are represented at the F-apex
member. and mugcovite and albite in the A-end mémber, while chlorite from the hangmg wall
Iavas in the research ares is plotted as actual points. The resuits demonstrate the existence of
deviation of the kiva samples in the research area from the Klipriviersberg Group lavas (Bowen
¢t al., 1986) (Fig. 5-2a) and enrichment of FeD, which is in & good agreement with the bivariate
plot of Fig, 5-2¢. It is supgested that the hanging wall lavas in the researc  wwea were involved in
strong adt_eratipn of ﬂ:e -original Klipriviersberg Group lavas, More.. r, a close correlation
between the samples and chlorite is also demonstrated in the diagram so that ..n evolutioh line can

be drawn towards chloritization and sulphidization (pyrite, pyrrhotite),

33,13 Trace elements

Tho analysed trace cloments of the rocks nclude V, Cr, Co, Ni, Cu, Zn. Rb, S, ¥, 25, Nb, and
Ba (Tabie's-l). Of the analysed trace elements, the concentrations of V, Cr, Ni, Cu, Zn, Sr, Zr,
and Ba are hlgh - than 100 ppm with lesser amounts of Co, Rb, Y, and Nb (<100 ppm). The
selected trace e'ements are plotted against TiO, (Fig. 5-5), which is thought to be one of the
typical immobile elements, except under extreme oxidizing and acidic/alkaline conditions. The
tesults Aamonstrate that Zr is the only element that correlates with TiO, (r=0,4) in these elements
{V,.Cr, Co, Ni, Cu, Zn, Y, Zr, Nb) Itis suégested that Zr is present as zircon or replacement of

Ti in sphene or matile, while the others are not related to TiO,.

The fiurther selected trace elements are plotted against some major elements for the hanging wall
lava samples (Fig. 5-6). Both Cu and Zn are weakly relsted to Fe,0; (Fig. 5-6a, b), which

suggests that they oceur as sulphides (chalcopyrite and sphalerite) independently and
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possibly coincide with pyrite and pyrrhotite mineralization. CaO is moderately correlated with St
(r=0,55), but not with Ba (Fig, 5-6¢, d). Rh is not correlated with ALQ, .(f-“xg. 5-6¢), and Rband
Ba are sirongly correlated with K,0. It is suggested that 1. covitization contributed to the

correlation of Rb and Ba with X,0.

A fiurther plot of Rb, Sr and Ba in a triangular d1agram (Fig. 5-7) demonstrates that Ba is enriched |
in some samples, but Srin the others in comparison with the Klipriviersberg Group. As presented
in Fig. 5-6¢, h and discussed previously, the deviation of enrichment of Sr and Ba is due to

carbonatization (calcite) and muscovitization, respectively.

Fig. 5-8 ShO\A;S pa&ems of fransition eléments (Ti, V, Cr, Mn, .Fe, Co, Mi, Cu, Zﬁ) for the
WDLSEM lavas, together with tﬁose of the Klipriviersberg Group lavas. These elements are
nbrinalizéd to their corrééponding primitive mantle values (Sun, 1982). The normalized pgttems
of the trace elements for the lavas are characterized by strong depletion of Cr and Ni, and they
. are »ﬁy similar to that of MORB lavas (Langmuir et al.. 1977; Rollinson, 1993). In addition, the

" WILSM lavas are enriched in Ti, Cu and Zn, relative to the Riipriviersberg Group, Tt i suggested

' that enrichment of Cu and Zn is related to hydrothermal activity, while enrichment of Ti is

probably related to the originﬁl chemical character due to its immobile behaviour,

53.14 Summary of the lava geochemistry

The hangmg wail lavas in the research area are of basalt-andesite tyi:e, weakly subalkline due to

Ti-rich alteration, Hydrothermal alteration fs Suggested as the cause of the shift in the
 classification, The lava Sarﬁples are enriched in TiQ,, Fe,0,, MnQ, P,0;, K, O, which are related

to sulphidization, sphene and rutile mineralization, and muscovitization, but depleted in Ca0,
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Fig. 57 Atrdangular diagram of Rb, St znd Ba for the lava samples in the research area, together
with the Klipriviersberg Group lavas. The diagram ilfustrates two frends of enrichment of Ba and
Sr for the samples, relative to the Klipriviersberg lavas compiled from Bowen et al. (1986),
Abbreviations as in Fig. 5-2.
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MgO and Na,O which is due to their removal from the altered lavas by hydrothermal fiuids during
“hydrothermal alteration. There is a3 clear trend towards increasing MgO and FeO which is
attributed to Fe-sulphidization and chloritization of the lavas in the research area. The lava
sammples in the research area are enriched in Cu and Zn, which are attributed to sulphidization.
Muscovitization and carbonatization contributed to the deviation of Sr and Ba compositions from

the Klipriviersberg Group lavas,

532 Conglomerates of the VCR
Chemical compositions of the VCR conglomerates are tabulated in Table 5-2 in the same format

as those of the hanging wall lavas.

5. :3.2.'1 Major oxides _
'$i0,, AL, and Fe,0 ~onstitute the major oxides of the VCR, with minor amourts of K0,
Mg0, Ca0, TiO,, MnO, Na,0, and P,0;. All major oxides are plotted against Si0, together with
other Witwatersrand reefs (Fig. 5-9), which include the North Reef (NR), Main Reef (MR), South
Reef (SR), Upper and Lower bands of the Livingstone Reef (ULR, LLR), Boulder Reef (BR) and
Wi_lite Reef (WR) (Pretoriiss, 1974). The results show that the VCR conglomerates are obviously
eniched in (MnO), MO, Ca0, (Na,0), K,0 (Fig. 5-94, e, £, g, h) and depleted in TiO, with no
cﬁﬁnge in ALO,, Fa,_O 1» and P,;0,.The enrichments of these major oxides are attributed to
chloriization (MgO, MnO), csbonatization (€40, FeO), albitiztion (N0 and muscovitization
(K0). The VCR samples are also plotted in an AFM diagram to demonstrate the evolution of the

: méjor oxides during hydrothermal alteration (see -later).

‘I order to determine the relationships between the major elements, the selected oxides are plotted

against Fe,0;, ALO,, and TiO, (Fig. 5-10). The results show that some of the elements are



Table 5-2 Bﬁlk rock chemistry of the VCR co:.lglomerates at WDLSM (total pf 25 samples)
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strongly correlated: (1) K,O and ALO; (1=0,74); (2} ALQO, and TiO, (r=0,73) and (3} MnO and
TiO, (r=0,3b) {Fig 5-10e, h, g), which separately éorrespuﬂd to (1) .muscoyiﬁzztion,_ and (2}
détrital assemblage of .iimenite and clay minerels in the matrix of the .VCR or posi. depositional
aiteration processes (see later) and (3) replacement of Ti by Mn. The strong correlation of Tioi,_
with Al,O, is consistent with the results of Law (1991). The correlation of TiO, with ALO, exists
_in both Central and West Rand Group quartzites and the Leader Reef. This has been interpreted
to be due to post-depositional mixing processes rather than any detrital control on the ratios. No
_ obvious correiatidn is ideniified for the foﬂowing: (1) MO and Fe,0,; {2} TiO, and fe(),; 3)

Nap ahd ALO, (Fig, 5-10a, ¢, t).' Itis suggested that Mn and Ti are nof related to Fe, :‘md. Nais

. fairly scattered and may be related to albitization.

322 Trace elements

' The trace element contents of the VCR are dominated by higher concentrations of Ba, Cr, and
Zn (>l'00 ppm), with lesser .Rb, V., Co, V', Zr, Cu, Sr, Y, and Nb {<100 ppm) (Table 5-2).
Selected trace elements are plotted ageinst TiO, (Fig, 5-11) and the plots derﬁonsﬁa;e iy
relationship between these elements and TiO,. There is a close positive correlation of V »ad Cr
with TiO, and weak positive correlation of Zr and Nb with TiO, (Fig. 5-11a, b, h, i). The cor-
reixlion of Nb w;th TiO. is consistent with the results of Law (1991). No cﬁn‘elation’s have been -
identified between chalcophile elements (Cu and Zn) and Co, and  * with TiO, (Fig, 5-11e, f),

‘which suggests that the former (Cu, Zn) is more related to hydrothermal activity.

Selected trace elements are plotted against Fe,0,, Ca0; ALD, and K,0 (Fig. 5-12). The results
supgest that Cuin thé VCR is more correlated with Fe,Q, than in the hanging wall lavas, but Zn
shows 10 correlation with Faal{f)3 as was the case in the hanging wall lavas. Rb, Sr, and Ba are

correlated with ALO,, and X,0. but not with Ca0. Sr in the VCR behaves differently compared
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a1
to the hanging wall lavas due t6 predominant muscovitization rather than carbonatization in the
VCR. The partem of the transition elements from the VCR at WDLSM is similar to those of the
VCR at Elandsrand Gold Mine (Henckel & Schweitzer, 1994), but is éhamcten'zed by stranger
depletion of Cr and by enrichment of Zn (Fig, 5-13). Moreover, tﬁe Upper Unit of the VCR at
Elandsrand is enriched m Ti, V, Cr, Mn, Ni relative to the lower unit. This may be related to the
incorporation of madic volearics due to direct contact with the hanging wall favas rather than due

‘to different source areas as suggested by Henckel and Schweitzler (1994).

5.3.2.3 Summary of the VCR geochemistry
Enrichment of alkafis (X,0, Na,0) and alke'i earth metals (MgO, CaO) are sttributable to post- -
.depositional hydrothermal activity and corresponds to muscovitization, albitization, chloritization
and carhonaﬁmﬁon; Enriéhment of the chalcophile eleménts (Cu, Zn) is due to hydrothermal
circulation in the Witwatersrand Basin and circulation around the VCR conduit and corresponds
to.the mineralization of chalcopyrite, sphalerite and galena, Siderophile elements of V, Cr, Zr, Ti,
“and (Nb) are correlated with TiOQ, and Al,Q;, which is consistent with the enrichment of the
three persistent and most important heavy minerals (chromite, zircon) in the Witwatersrand reefs
( Pretotius, 1974). The IIL elements (Rb, Sr, and Ba) are correlated with K,0 and Al,O;, related
0 predorminant muscovitization rather than carbonatization in the VCR. Differences in the Upper
Unit anci Lower Unit VCR in siderophile elements (Ti, V, Cr, Mn, Fe and Ni) indicate the local

chemical effect of incorporated hanging wall Java materials.

5.3.3 Quartzites
Chemical compositions of the DGG zone and GG zone footwall quartzites and AGNQ internal

quartzite are tabulated in Table 53, 4, 5 in terms of major oxides (wi%) and trace elements
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Table 5.3 Bulk sack chemistry of the DGG zone footwall gnartzite at WDLSM (fotal of 36 samples)
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Table 5.4 Bulk rock cheinistry of the GG zone footwall quartzite at WDLSM (total of 21 sangples} '
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5331 - Chemical ~lassification
The chemical chssification of quartwites is shown in the plof of I S0,/ALO; vs log(Fe,0,/K,0)

Fig. 5-14) (after Herron, 1988). Szamples of the DGG zone plot in a wide range from the arkose-
subarkose to Fe-bearing sand and have the hiy, sst Fe,04/K,0 ratio that probably represents iron-
related alteration, €., chloritization and sulphidization, while some others have higher SI0/ALO,
ratios, whmh are due to silicification. However, quartzites of the GG zone and AGNQ cover e
_smallef range from the drkose-subarkose to litharenjte-sublitharenite and probably display Jess
chemiical effects due to hydrothermal alteration.

- 83.3.2 - Major oxides
The major oﬂdes are plotted again: (Fig.. 5-15). The DGG zone quattzite represents the
strong alteration in the VCR footwall quartzite and i enriched in Fe,0,, MgO, Na,0, MnO and
$i0, (Fig. 5-15¢, e, g), and depleted in TiO,, ALO,, Ca0, and K,0 relative to other alteration
" gones in the quartzites (Fig. 5-158, b, £ h). The enrichment of the above element oxides is most

probably attributable to chloritization, albitization and silicification.

Tn contrast, the GG zane quartzite represents the least altered footwall quartzite and is depleted
i Fe,05 MgO, Na,© and Si0,, but enriched irt Al,O,, and K,0, This is clearly ascribed to musc-
ovitization, but less to chloritization and silicification (Fig. 5-15),

AGNQ quartzite (apple green quartzite) represents & very different rock type in the VCR and is
enriched in alkali (%,0), alkaline earth elements (MgO) and siderophile elsments (Ti0,, Fe,0;,
MnO), and haz ath the - nepieal characteristics of major oxides of the DGG zone (eprichmmt
of Fe,0,, Mg0, Ca0, Na,0) and of the GG zone (Ti0,, X,0). Enrichment of 110, is attributable
" to enrichment of Ti-rich minerals, #.g. sphens, rutile, and enrichment of MgO and Fe,0, is related
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to chloritization, while enrichment of K,0 is attributed to fine-grained muscovitization.

MO, MgO and Ti{j_z- are plotted against Fe, 0, (Fig. 5-16a, b, cj, which demonstrates a close.
correlation betﬁeen MgO and Fe,0;, not for MnO, and TiO,. However, the qur- zites fom
different alteration zones are distinguishable in MnO versus Fe, O, (Fig. 5-16b). CaQ, K,0 and
Na,0 are plotted against ALO,, demanstrating a close correlation of K,0 with ALO, (Fig. 5-168),
but not for Ca0 and Néo (Fig. 5-16d, ¢, £). AL,O, and MnO are plotted against TiQ, and this_
. demqn;trates a similar cﬁrrglﬂian ff)r the former (AL,O,) as shown in the VCR (f‘ig. 5.16g, h),

but not for the later (MnO).

An AFM diagram is plotted for the VCR and footwall quartzites from different alteration mn&s,
which is similar to Fig, 54 for the hanging wall lava. Chlorites from il lithologies are chiefly
| projected on the F-M axis with a wide range in FeQ and MgQ m;nmpbsiﬁons, together with the
lavas shown in Fig. 5-17. There is an obvious trend to increase FeQ and MgO with increast. of
hydrothermal alteration although the strongly altered DGG zone footwall quartzite largely
| overlaps the GG zone footwall quartzite and the VCR. Enrichments of FeOQ and MgO are
attributable to su]phidizaﬁon and chloritization, ‘This Is consistent with the mineralogical
characteristics of the alteration zones of the VCR described in Chapter 4. For example, sulphides
(pyrite, pysrhotite) are enriched in the DGG zone quartzite and depleted in the GG zone guertzite.
It seemns that the lava in the research area has a similar trend in alteration geoc.hefnisuy to the

altered quartzite (DGG zone footwall quartzite) (Fig. 5-17).

5.3.33 Trace elemenis

"The selected trace elements are plotted against TiO, (Fig, 5-18) and demonstrate that the DGG
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zone is enriched in chalcophile slements (Cu, Zn), while the GG zone quartz*e is enriched in V.,
Ni, Y and Zr. Moreover, the AGNQ /- extremely enriched in the siderophile elements (V, Co, Cr, |
N‘., Zr) and rare earth elements (Y, Nb), but obvicusly depleted in chalcophile elements (Cu, Zn),
Itis suggested that the AGNQ may be strongly affected by detrital chemical assemblage or by
volcanic ashes,.whxch was blowing from a long dlstance Furthermore, V, Cu, Cr, Co, Y, Zr and
Nb are curmlated with TiQ,. This suggests that the immobiie trace elements are related to heavy

minerals such as zircon, and rutile,

Plots of Cu and Zn against Fe,0, and Rb, St, Ba against Ca0, ALO,, K,O for DGG zone, GG
zone and AGNQ quarizites demonstrate & very similar relationship for the former two zones to
that as shown in the VCR (see Fig, 5-12}, i.le., correlations of Cu with Fe and of Rb, Srand Ba -
with Al and K. However, the AGNQ infernal guartzite is dramatically deviated from the trends,

indicating its difference in the elements from the mentioned quartzites (Fig. 5-19).

5334 Sumﬁary of the quartzite geochemistry |
Quartzite types are principally arkose to litharenite types, but they are strongly affected by two

factors of hydrothermal alteration, namely, Fe alteration (pyrite, pyrrhotite, chiorite) and $i0,
© (silicification). 'I‘hé enrichments of alkali elements (N2,0), alkaline earth elemeqts {Mg0, Ca0),
| siderophile elements (Fe,0, MnO), and chalcophile elements (Cu, Zn) in the DGG zone quartzite
represent strong hydrothermal alteration during post-depositional events which is attributable |
. chiefly to albitization, chloritization, sulphidization (pyrite, pyrrhotite, chalcopyrite, sphaletite and
galena). In contrast, énﬁchnients of alkali elements (K;0) and ALO,, trace siderophile elements

{V, Cr., Ni, Zr) and rare earth elements (Y} in the GG zone quartzite are typically representative
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of a detrital chemical assemblage, and attributable chiefly to muscovitization, and heavy minerals
* (lencoxene, zircon, rutile, chromite, cobaltite). The AGNQ is characterized by enrichment of
Fe,0;, MgO, Na0, which is similar to the DGG zane quartzite and enrichment of TiO,, ALO,,
K0, and the siderophile.elemsnt's (V,. Cr, Co, Ni, Zr) and rare earth elements (Y, Nb), which is
similar to the GG zone quartzite, but the concentrations of the siderophile elements are much
higher. This is probably due to enrichment of fine-grained heavy minerals and/or incorporation

of voleanic ashes.

Three altecation trendé. ‘characterize the major evolution of major alteration types: (1)
- sulphidization; (2) chiloritization and (3) muscovitization and (4) albitization in the quartzites and

the hanging wail lava,

534 Shale
Major oﬁdes of shale include Si0,, ALO,, and Fe,0,, MgO, K, with minor amounts of Ti0,
Ca0 and Na,0 (Table 5-5). These are consistent with muscovitization (ALO, and KZO), chloriti-
mﬁoﬁ (Mg0, Fe,0,) and silicification (8i0,). The patterns of the transition elements (Ti, V, Cr,
_ Mn, Fé, Co, Ni} of the shale in the ressarch area, together with the shales of the Witwatersrand .
Basin (Kimberley Shale) and. the Niuze Group in Poﬁgdla Sequence are shown in Fig, 5-20.. The
footwall shale shows almost the same patteru as those of the Witwatersrand shale (I{iinberley
s'hale) and of Pongola Nsuze Group shale. They are all enriched in V, Cr, Mn, Fe, and Mi.
However, the WDLSM shales are almost in between the Kimberley Shale and tie Pongola Nsuze |
Grouip shale (Fig. 5-20). It is suggested that the shale in the research area has not been subjected
to strong hydrothermal altération, if the Kimberley Shale and the P¢ 1gola Nsuze Group shale are

assumed not to be strongly exposed to hydrothermal alteration.
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Fig. 5-20 NASC-normalized transition element patterns of the footwall
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(Wronkiewisc & Condie, 1987) and Pongola Nsuze Group shale
(Laskowski & Krorer, 1985).
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S4  Distribution pattern of irace elements of the VCR and related lithologies

Trace ¢lement concenirations of the VCR and relfated lithologies are normalized to the
compositions of upper crust ofthe earth (Taytor & McLenennan, 1981) (Fig. 5-21). The elements
are logically divided into two fields: (1) mobile element field on the left hand side; and (2) the
immobile element field on the righ tand side. The former includes the low feld strength elements
(LFS) or large ion lithophile elements (LIL) (Sr, Rb, Ba), and chiicophile elements (Cu, Zn),
while' the latter is invoived in the kigh field strangth elemients (EFS) (Nb, Zr, T, Y) and
siderophile elements (V, Cr, Co and Ni). The results show that the VCR has a vefy similar pattern
to, but lower concentrations than the lavas (Fig. 5-21a). This mggesw that the VCR is strongly
 affected bf the hanging wall lava in terms of the trace elements either due to -ex_‘cﬁange during

hydrothermal alteration and/or ineorporation of the original lava materials into the VCR.

The AGNQ quaftzite shows a rather different pattern than the lavas and the VCR, specifically,
strongly enriched in Rb, Sr, Cr and Ni. This suggests that the AGNQ quartzite is Jess strongly
affected by the lava chemical composition in terms of trace elements. The footwall DGG zone
shows a very sum]ar pattem to the VCR, but is slightly d:ﬂ‘erent from tﬁe GG zone guartzite,
which is due to the stronger alteration of tae DGG zone quartzite than the GG zone quartzite
(Fig. 5-21b). The latter is more likely to be an original feature in trace elements than the strong
alteration zone (DGG zone). AGNQ quartzite shows almost the same pattern as the footwall shale
(Kimberley Shale) and a similar pattern to the GG zone quartzite. The enrichment of the trace
elements in the AGNQ quartzite; as identified previously, is more likely to be an original feature
due fo its ﬁn&gfaixled texture (absorbtion of trace elements) or fine volcanic dust. The immobile
trace elements are iaossibly absorbed by clay minerals and enrichments of heavy minerals

 (chromite, zircon, ilmenite, cobaltite) during sedimentation.
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In summary, the similar pattern in the trace element compositions between the VCR and its
hanging wall lavas is likely to be due to both hydrothermal alteration and direct inco1poration of
thé lava maten’al.s. The DGG zone quartzite shows similar trends to the VCR in terms of trace
eiﬁment chemical composition due to stronger hydrothermal alteration. Similar trace el.em.ent-
chemical compositions of the AGNQ quartzite and the footwall shale are attributable to their
original fine-grained texture, strongly absorbing trace elements, rather than a post—dcposiﬁbnal

hydrothermal alteration feature as suggested by Law (1991).
55 Relative.gai'ns- and losses of chemical elements

5.5.1° Major ﬁxides _
Relative gain and loss of major mobile elements for the altersd rocks were presented using &n
enrichment and depietion diagram (cf. Rollinson, 1993), and plotted in Fig. 5-22. The WDLSM
lavas are normalized to the least altered Klipriviersberg Group lavas (Bowen et al. 1986), and
. characterized by gains of 5i0,, Fe,0,, K,0, and losses of Mg0Q, Ca0, NazO,(Fig. 5.22}. The
VCR, normalized to the average Witwatersrand conglomerates (Pretorius, 1974) shows gains of | '
Mg0O, Ca0, KZO, and losses of Si0,, Fe;Os, and Na,0. The normalized DGG quartzite to the
relatively fresh GG zone quartzites is characterized by gains of SiO,, Fe,0,, MgO, Na,0; and

P,0,, and by losses of Ca0, and K, (Fig. 5-15¢).

552 Trace elements

Relative gains and losses for the mobile trace elements are shown in Fig. 5-23. The hanging wall

lavas at WDLSM are characterized by gains of Ba, Cu. and Zn, and by losses of Rb, Sr (Fig. 5-
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23a). The normalized DGG quartzite to the least altered GG zone quarizites is marked by gains
of Cut and Zn, and by losses ¢£ Ba, Rb and St (Fig. 5-23¢). Due to lack of 2 complete data st of
‘the above trace elements for the other Witwatersrand reefs, used as a standard, the VCR
conglomerates in the research area are also normalized to the least altered GG zone &... « nl
quartzites, In this cass, the VCR is characterized by gains of Cu and Zn, and by losses of Ba, Rb,
' $r (Fig. 5-23h). |

Ifitis éeologiéﬂly valid to use the least attered GG zone footwall quar_tzite as a standard for the

'VCR. conglomerates, it is suggested that Cu and Zn, for example, are enriched in all the three
a]té;aﬁdnmnes (hanging wall lavas, the VCR, the DGG zone footwail quartzite), Txis suggests
that Ciz and Zn (Pb? and Au?) were introduced by hydrothermal fhuids, By contrast, it is argued.
that Cu and Zn as mineralizing elements are two times richer in the VCR than in the GG zone
footwall guartzite (Table 5-2, 4), they are rather representative of local circylation of Cu and In

| around the VCR duﬁngpost-deposiﬁonﬂ hydrothermal alteration than being directly introduced
by hydrothermal fuids. Automatically, the enrichments of Cu and Zn in the hanging wall lavas and
the bGG zone footwall quartzite are derived from the VCR conglomerates. i this is the case, the

" mobile trace elements, in particular, Cu and Zn, together with the major mobile elements

 circulated around the VCR in a relatively closed fluid system.

553 Summary of the relative gains and losses
Fluids responsible for the slteration assemblages have circulated in a relatively closed system, in

particular; for the major eler=»its (Si, Fe, Mg, Ca, Na, K Cu, Zn) in and around the VCR conduit.
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3.6  Chemical profiles through an anderground borehole and section

561 Ratios of major oxides over Al,QO,

Underground borehole BH1169 was drilled from footwall quartzite, through the VCR, into the
hanging wall lavas, It was sampled through ali lithoJogies and alteration zones. In order to study
the alteration 2ones and possible palacoweathering, a profile from the VCR as base is plotted in
terms of element ratios of major oxide und trace elements. The ratios of major oxides/ALQ; are
plotted versus the location in metres above the VCR which is assumed to be the base of the profile
(note distanices are not corrected into true thickeess) (Fig, 5-24). The results show that MgO, and
Ca0 dramaﬁcaﬂy decrease downwards in the borehole, while Na,O decreases downwards also,
but less markedly. It is suggested that the mobile elements (Mg, Ca, Na) are enriched in the shnng |
alteration zone and c:rwlatedwnh hydrothermal fluids around the VCR conduit. Enrichments of
MgO, Ca0 and Na( are atributable to chloritization, carbonatization and albitization, which are
consistent wisl the mineral assemblages in the alteration zomes as described in Chapter 4.
However, Si0, is overall depleted near the VCR in the DGG zone footwall quartzite. Moreover,
TiQ, and Fezos are also enriched in the DGG zone immediately below the reef. It is sugg-sted that

F%O3 and TlO. are originally from the aetntal assemblage concentrated on the erosion surface.

A sec_tion has been sampled from the VCR and down to the footwall quartzites in an underground
section from panel 87-53-3W. The section is approximately 4m thick and the samples are assumed
to be st sbout one metre distance in the profiles. The results she-v that MgO and Na,0, Fe;,0,
have.the similar patterns as in the borehole profile, while Cad, Ti0, display no obvious change

in the profile, Varfation of SiQ, concentrations is fuirly flattened (Fig. 5-25).
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5.6.2 Ratios of trace elements over V

As shown in F_ig. 5426, Cu has a similar pattern as Zn, and decreases dramatically downwards in
the borehole, but Zn is strongly depleted at about 2-10m. With respect to the alteration zones, it
i; suggested that Cu and Zn are enriched in the DGG zone which is immediat_dy below the VCR,
and de:leted in the LDG zone (described in Chapter 4) and further becomes constant in the GG
zone (Fig. 5-26). It seems that Rb, Sr and Ba are less varable and no pattern can be followed.
Immobile elements, Ct, Co, Zr, Ni, Y, and Nb have very similar patterns and are enriched in the
DGG and LDG zones and become normal very quickly. It is suggested that they were probably

enriched in a palaeoweathering zone (Fig. 5-26).

In the underground section profile, Zn decreases dramatically towards the least aftered quartzite
and no obvipus cha.nge in different alteration zones has been idemified for Rb, Sr, Ba, Cr, Co, Zr,

Ni, Y, Nb which display flattened profiles (F:g 5.27).

5.6.3 Summary of the chemical profile information

Mobile elements {e.g. Mg, Ca, Ni) are enriched in the strong alteration zones around the VCR
conduit and enrichments of these elements are attributable to the hydrothermal alteration, in
particular, 'chloritization, carbonatization and albitization. Moreover, immobile trace elements of
" Cr, Ni, Zr, Y, and Nb are more closely related to the original detrital features and were
occasionally concentrated on the original ernsion surface, which may be an indication of existence
of a paieovﬁeathering zone (e.g, indicated by Palmer et al., 1986; Ritger, 1990), but it is clearly
 altered in geochemistry by hydrothermal fluids. Mobile . .ce elements, such s Rb, Sr and Ba are

more related to muscovitization as discussed previously.



0 ! 3
0 ¥ L]
3 -1;.9-"‘::' -----
iy
10 {p %
y i
f 3
\
) N\
20| .
y
| i
30 :
- o - : 40 :
0 1 2 3 0 0.01 oo 0 02 04 06 0B o 02 04 06
Cwv - : Y/V, Nb/V

VCR DGG

Fig, 5-26 Chemical profiles of selected trace elements over \ (ppm) ratios for BH1169. (a) Cu/V and Zn/V; (b) Rb/V, Sx/V,
Ba/V; and (c) Cr/V, Co/V, Zt/V; (d) Ni/V, Y/V, Nb/V. The distance (m) is based on VCR {0 m), being not corrected for true

* stratigraphic lhlckness

o0



@ | 1 C ERCRE

. : . : - Ni/V
RL/V, Ba/V Cy/V, ColV, ZilV
CulV, Zn/V o s w s w 25 % O 5w s w0 05 LS 223
4 8 12 N . Lo | T TN
T P r } 1\ ! 03 T ' ' \\\ . \
” < . 1 . ) N \\
e ' 1 : H 1 i
A LY
\ 1V
2 2 s
¥ 2] { <\ !
S \\\\
3 | 3 3 >‘ /}‘*
. 4| li 4{. - wCr/V 4 /’j ANV
HCu/Y oV | Y1V
w2V | ZiiV SNBIV
5 5 5 . sl :
0. 05 1 S 13 0 0l 02 63 04 05 0.6
' SV : o Y/V, Nb/V
VCR GG - o |

Fig. 5-27 Chemical prefiles of selecied trace elements/V (ppm) ratios for an underground section (87-53-3w), (a) Cw/V, and Zn/V, (b) RWYV, S1/V, Ba/V:
(©) CriV, Co/V, and Zr; () NifV, Y/V, Nb/V. The distance is based on VCR {0 m) and sampled at an assumed intervat of t m. '

L0t



108

87 Summary

| Fluids responsible for alteration assemblages in and around the VCR at WDLSM have remobilised

' .the elements in .such a way that this system appears to have remained relatively closed because
depletion in certain elements of one alteration zone is matched by concomitant enrichments in
adjacent alteration zoﬁes, and vice versa. The elements remobilised include the LIL elements (Na,
Rb, Sr, Pa, K.} which are exchanged among the hanzing wall lavas, the VCR, footwa]i quartzite
and are attributaile to aarong. hydrothermal aiteration. They include chioritization (Fe, Mg),
albiﬁzatioﬁ MNiz), muscovitization (K, Rb, Sr, Ba), carhopatization (.Ca, Sn), epidotizaﬁon_(Ca, Fe)

~and sao - ryf_.yrrhoﬁte:, chaléopyﬁte, sphalerite, .galena) {Fe, Cu, Zn, Pb}. Major
element ge. “uc. . .M diagram suggests that the major alteration around and within -

~ the VCR v .. alonig, i oo ant trend of -increasing sulphidization (Fe, Cu, Pb, Zn) and

.chloritizaﬁou (Fe, Mg) and rer.mbiliﬁtiﬁn of alkalis (Na, I'\) in the hanging wall lava .and the |

footwall _quartzites.

Tramobile trace elements, in particular, Nb, Zr, Ti, ¥, V, Cr, Co, N, are indicative of the original
chemical feature of the rocks rather than due to the post-depositional effects. However, strong
remobilisatibn of some major elements occurred as discussed above, The VCR has been aﬁ'ected.
by _hydrothermal alteration and incorporation of lava materials, while the DGG zone guartzite
represénts the results of strong alteration around the VCR. The similarity of trace elements in the
AGNQ quartzite to the footwall shale (Kimberley Shale) suggests that the AGNQ quartzite
_ displajré the original cha:#ctéristics of immobile trace elements inherited during deposition.
_ Ermchrmnts of immobile elements {Cr, Ni, Zr, Y, Nb) may indicate existence of palaeoweathering

zone in the footwall quartzites, in particular, the DGG zone.
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¢ MINERAL GEOCHEMISTRY

6.1  TIntroduction

6.1.1 Mineral geochemistry of the Witwatersrand reefs _
Extensive studies of chlorite geochenﬁstry have been carried out for the calibration of chlorite
forming temperatures (e.g., Meyer et al., 1990a; Walhnach & Meyer, 1990; Zhao et al., 1994;
Frimner "994, 1997, Drennan, 1997), Geochermml results also indicate that sudo:te is a common
chlorite type in the Witwatersrand Basin (Zhou & Phillips, 1994; Fr_mnnel, 1997). Due to the
* relationship between authigeric chlorite and gold mineralization, chlorite geochemistry has also

been analysed for economic purposes.

Due to the clése relaﬂonship between sulphides, pa:ticulaﬂy pyrite and gold, the geochemistry
of sulﬁhides has been exteﬁsively invesﬁgate& in the Witwatersraﬁd Basin Studies of detrital
pytite geochemistry has been parried out by various workers (Seager, 1973; Pretorius, 1974b;
Hirds, 1979§ Hallbaner, 1980, 1986, Meyer et al., 1990b). For example, Hallbauer (1980, 1986)
 compared Ni‘Co ratios of detritat pyrite in the Witwatersrand with those of other Archaean pyrite

.. (Seager, 1973) and concluded that a number of provenance areas are responsibia for prov:dmg

pyrite to the basin.

Meyer et al. (1990b) compared the Co/Ni ratios of different pyrite types (compact round, porous
found and recrystallized) in the Witwatersrand reefs with the pyrite from various sources (e.g.,

Murchison and Pietersburg greenstone belts, Moodies Group, Pongola Supergroup, Uitkyk
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Formation) and concluded that it is doubtfirl to trace the origin of the detrital pyrite due to its

extensive post-depositional chemical redistribution/homogenization.

The mineral chemistry of gold grains in detrtel and authigenic forms has been extensively
exammed (e.g., Strasheim & Jackson, 1971; Feather & Koen, 1975; Utter, 1?578; Hallbauer,
19:36). The trace elements in gold grains are: (1) Ag, Fe; (2) Cu, Mo, Co, Bi, Pb, Sn, As, Hg
(trace); (3) V, Ni, Mn, Sb (small trace). Hg and Ag chemistry has been examined by various
' workers (e.g., ' Erasmus, 1977, Watling, 1978), which suggests that Hg and Ag can be
discriminated by localities although no ®Mﬁon of the two elements is presurt (Hallbauer,

1986).

In addition to the above minerls ¢chiorite, pyrite, gold), the geochemistry of uraninite and

carbonaceous matter has aiso been examined {Smits, 1992, 1994; Hallbauer, 1986).

Hallbauer (1986) suggested that the fine grained detrital pyrite (<1 mm) in the VCR containg '
much higher concentmtxons of Ni and Co than coaxse-gmned pyrite (>1mm), which suggests the
_ presence of at least ma_sedlmentary components vithin the VCR of the Carletonville Goldfield,

together with occurrence of two types of quartz pebbles within the VCR.

© 6.1.2 - Aims of this chapter
The aims of this chapter are to examine the geochemistry of the major rock forming minerals
(chlorite, muscovite, albite, carbonates) and sulphides (pyrite, pyrrhotite, chalcopyrite, sphalerite,

gailena, pentlandite) from the hanging wall Kiipriviersberg Group lavas, the VCR, and the footwall
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quartzites (DGG and GG zones) as well as AGNQ internal quartzité in the research area,

| 6.2  Methodology of eleciron microprobe

Mineral chemical analyses were performed on carbon coated polished sections by electron
microprobe (EM). Rock firming ninerals and sulphides were anslysed af the Rand Afiikaans
University and Anglc American Research Laboratory, Johannesburg, and the Institut fiir
Mineralogie und Lagerstittenlehre, RWTH, Aachen Germany, respectively. Chemical analyses
of sui_plﬁdes were performed at working conditions of Z_bkv (sphalerite) and 25kv (pyrite,
pyfrhotite, galéna, pentlandite) aﬁd 20nA current. The reproducibility of the.anaiyses of the’
. sulphidesis 2% The data are presented as either single analyses for chlorite, ﬁmﬂscovite, albite,
carbonates, pyrite and average values of samples for pyrrhonte, chalcopyrite, galena, sphalerite
and pentlandite, Average (arithmetic mean) (AVG) and standard deviation (STD) of mineral
mposiﬁons in the hast rock types, alteration zones and total samples are presented na summary

sheet in the same tables (see later).
. 63  Rock-forming minerals

' 63.1 Chlorite

6311 . General |

| Chemical analyses of chlorite were obtained from the hanging wall Klipriviersberg lavas (2), the
VCR {2y and DGG zone footwall quartzite (6). The aﬁalyﬁcal totals for the deterrined elements
(oxides) excludiﬁ_g volatile elements (OH, H;0, F) were always better than 86%. The element |
oxides, together with the calculated mumbers of ions in the formula, are tabulated in Table 6-1.

As described in the mineralogical study (see Chapter 4), two types (CHI, CH2) of chlorite were
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~ classified based on their paragenetic features. The former is the major chlarite type (CH1), and
the latter only occurs as the replacement of detrital muscovite and represents a low temperature
‘assemblage assopiated with 1M muscovite (see Chapter 4, 7). The chemical characteristics of
chiorite can be categorized into major and trace elements by concentration:

Major (wi%): Si0, (25,97), ALO, (22,25); FeO,, (21,77); MgO (16,26).

Trace (wi%): Ti0,(0,07), MO (0,42), Ca0 (0,10), Na,0 (0,08), K0 (0,12),

Numbers of jons in the formula are also presented as tetrahedral sites (SiT, AIT, Fe&'>T) and

octahedral sites (A0, Fe?0, Fe'?0, Mg+Mn) (Table 6-1), Based upon 36 oxygen atoms, &
formmla for the two types of chlorite in the VCR can be presented as folloﬁrs: |
CHI: ((MS“'W)EM ma;us Fe'?; 56, F& 20 111,5(Ss.36: Alzs, Fo036k Oﬁ(omls;

CH2: ((Mg"'Mﬂ)s.!_-n Ala,m F e+zz,m Feén,n).im(Sis.u: A]w, F’au,gg)s O:m(.OH)m

6.3.1.2 Classification of chiorite _

Tn the plot of the chemical classification of chlorite (Eley, 1954), the analysed sa;nples mostly fall
-in the ripidolite field, except for three éamples, of which one sample falls in ﬂ_:e pycnochlorite, one
- in disbantite and another in the taic-thozite field (Fig. 6-1). Chiorite from WDLSM has moderate

Fe (Fe'*+Fe™®) from 2 to 6 mole of Fe and moderate silica from 5 to 3,5 mole.

Stilpnomelane has been reported in the VCR at West Driefontein Gold Mine by Stefin and Martin
 {1992) and is charecterized by enrichment of Fe and depletion of Mg and Al Sudoite and

“chloritoid have “e¢ 3 documented in the Khaki shale in Basel Reef, Welkom Goldfield by Zhou
~ and Phillips (1994). The former is characterized by enrichment of Al and Mg and depletion of Fe,
but the latter is charscterized by enrichment of Al and Fe and depletion of Mg. Chemical

compositions of the different chiorite types and chloritoid in the VCR and the Witwatersrand
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Basin are plotted in an A’FM diagram (Fig. 6-2), which demonstrates their chemical relasionskip.
The end members of the A7FM plot are represented by following:
A’ = AL, (wi%)
F = (FeO + 0,8998Fe,0s) (wt%)
M =MgO (wi%%).
It seems that there is an abgence of obvious solid solution in the three minerals, OF them, ripidofite
in this stdy is documented in the VCR. However, sudoite and chiloritoid may exist ix the VCR

_footwall quarizite and footwall reef bands which are enriched in Khaki shale fragpments.

_.6.3.1.3 MMgeocmrmfn different host rocks and alteration zones |

‘The selected elements of the major chlorite type (CHI) and of minor chlorite type (CI-_R) are
‘plotted against FeO (wi%) in terms of host rocks, i.e, lava, VCR, and DGG zone footwall
quartzite (Fig. 6-3). The results indicate that the major components are variable in different host
rock types and alteration zones. For example, Fe is enriched in chlotites from the VCR and the
hangmgwalliava. but depleted in chlorites from the DGG zone quartzite. Mg, Cr, Ni are enriched
- mthabeemquartﬁte,butdepzetedinthelavaandmevcanseemsmumuhashigher'
A\, and lower Cr, Ni concentrations with moderate Fe concentration (Fig. 6-24, b, ¢, d). ALO,,
Cr;0,, Na,.s and FeO are esxiched in lava chiorite, hut depleted in sample from the VCR and the
DGG zone footwall quartzite, It is suggested that the major chlorite compositions reflect affinities

of chemical compositions between the chlorite and its host rocks (Fig. 6-2).

63.2 Muscovite

A total of forty five analyses from eight rock samples were analyse. for muscovite chemical
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" composition using the electron micro!)mbe. The rock samples include lavas {2), the VCR {1),
DGG zone footwall quartzite (4) and AGNQ internal quartzite (1). The chemical compositions
of muscovite are tabulated in Table 6-2, listing analyses in different samples, rock types and
lteration zones, Nmnbe_rs of ions in the formula are also presented in the table, Average chermical
gompositions of muscovite for different host rocks and alteration zones, and totals for all the

samples are summarized in Table 6-3.

The totals of the major oxides, excluding \ﬁéter, were always better than 87 wi%. The chemical |
‘components on average are as follows: |
Authigenic muscovite: . _
| Major (> 1,0 wi%): 5i0, (44,96), zt\i;{()ai (31,89), K, 0 (9,81),
- Trace {<0,5 wi%). FeQ {0,69), Mg0 (0,93), Cr;,0; (0,55}, Ti0, (0,11), MnC (0,03),
| Na,O (038). | |
_ Detrital muscovite: _
Major (> 1,0 wi%). Si0,(44,85), ALQ, (31,86), FeO (2,68)_, Mg0 (1,04), K,0(10,22),

Trace (< 1 wi%): Ti0, (0,94), MnO (0,01), N2,0 {0,44), Cr;0,(0,03), NiO (0,03).

- Based pn. the numi:ers of'ious, the structural formula for muscovite can be represented as follows:
Authigenic (K, 5, Nag XAl s, Crag){Sis oAl Ol (OHE),
Detrital: (K, Noos XAl 70[SicAl O OHF),.

| Thére is minor difference in the chemical .composition between detrital muscovite and authigenic

muscovite (see later).
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Takle 6-3 Caleulated solid solution components of muscovite in the VCR (mole%)
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The selected elements are plotted against K,0 (wt3%) (Fig. 6-4). It clearly demonstrates a similar
picture to the chiorite geochemistry as previously described. Chemical cdmponems of the
muscovite are variable armong different host rock types and alteration zones, Muscovite from lavas
and AGNQ intemal quartzite is distinguishable from the VCR and DGG zone footwall quartzite
in almost all the elements (Al Fe, Mn, Cr, Mg, Ni, Ti) (Fig. 6-3a, b, ¢, d, ¢, £, g, h). Detrital
muscovite is only distinguishable from CHI in TiO,. |t is suggested that the detrital muscovite has

been chemically reconstructed during hydrdthermai alteration,

Mineral compositions of muscovite vsmre calculated by the soli.d solution mode! of Loucks (1991).
in terms of muscovite (pure énd—membEr)~hydmmica-pyrophylﬁte—muscovita—celgdeniﬁe {Cr-
celadenite+Al-celadenite)-paragonite solid solutions. The calculated results are tabulated in Table
6-3. Tt is suggested that muscovite has various solid solutions and muscovite and celadenite are
tﬁe two pfedominant camponeﬁts. They are:

| Muscovife (KAL[Si,MO,Q_(OHf)ﬂ ;72 mole%,

| Celadenite (ng,mw*,zﬁ)(cr,Al,ﬁ,Fe)sLom(oing: 14 mole%
Pyrophyliite (H,_O)Alﬁi,,O,Q: 0,05 mole¥a,
Paragonite (NaAlAlST,0,,(0H),: 0,07 mole%.

Hydromica (H,0)ALAISi,0,,(OH),: 0,05 mole%.

The variation of chemical .composiﬁons in different host rocks has Ia]so.been shown in the
caleulated muscovite solid solution components, whmh are plotted in biva.riaté diagrams {Fig. 6-
5). Lines have been drawn on the plots 10 emphasize the distribution fields of muscovite solid
solution components. For example, the majority of the analyses in the DGG zone footwall -

quartzite and VCR have moderate celadenite concentrations (Fig. 6~52). The DGG zone footwall
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 quartzite has a high pyrophyllite concentration (Fig. 6-5¢, c). AGNQ internal quartzite has low

-muscovite concentration and high hydromica concentration (Fig. 6-5a, c).

633 Albite -
A total of thirty two analyses were obtained for albite from five rock samples, inchuding lava (1),
VCR (1) and DGG zone footwall quartzite (3). Chemical compositions of albite andthenumbers
of ions are tabulated in Table 6-4. The chemical components are presented as follows:

| Major (>1 Wt%): Si0, (67.15), ALO, (21,04), Na,0 (11,87),

Trace (<1 wi%): FeO (0,16), MgO (0,01), MnO (0,07}, K,0(0,03), Ca0 (0,07). |
Very little chemica:changecanbeseeninthetamefordiffermmstmksandanemﬁonzom |
due to the internal texture. However, when the selected elements are plotted against Na,0 i
terms of different host rocks and alteraﬁon types (Fig. 6-6), it can be seen that Ca is clearly
enriched in the DGG zone quartzite, and Mn and K trend to be enriched in the lava and DGG
zone footwall quartzite (Fig. 6-5d, c, _d)., but some variations also ocour i the others (Fig. 6-62,
b). The fines are drawn to emphasize the distinctive distribution fields of the albite compositions
in dlfferent host rocks and alteration zones (Fig. 6-6¢, d, &) similar to muscovite plots (Fig. 6-4,

5).

634 Carbonate

‘Limited analyses of carbonates were obtained from lava (1), VCR (1) and DGG zone footwall
quartzite {1). The chemical mmposiiions of the carbonates are tabnlated in Table 6-5. Two end-
- members of the carbonates were identified to be calcite and siderite. Except for the major oxides

~ ofCa, Fe, and Mg, minor elements (Si, Na, Al, Mn, Ti, K slso exist in the calcite and siderite.
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Table 6-5 Chemical compbsition of calcite and siderite in the VCR
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64  Sulphides
Authigenic pyrite, pymrhotite. chalcopyrite, zalena, sphaierite and pentlandite were analysed using

the electron microprobe,

64.1 - Pyrite
A total of seventj' chemical analyses of pyrite were obtained from eight rock s#mples, in" ng
| the hanging wall lava (2), VCR (1), DGG zone footwall - arezite (4) and AGNQ internal
quartzite (1). About ten analyses were performed for ~ach rock sarnplé. The chemical
oonipositidns of the pyrite are tabulated in Table 6-6 in termms of .nalyses in different rock types
and alterstion zones, and the numbers of ions in the formula and Co/Ni ratios. The totals of the
analysed chemical composiﬁuns are highly accurate and are between 99 and 101 wt%. Th.e
principal substitutions are thus:
Fe: Co, Ni,
S: Se, As, |
“The av -age Co/Ni ratios are variable between 1,8 and 10,4 with an average of 3,5. This is much
higher than those of detrital pyrite from the VCR at East Driefontein Gold Mine (0,5 to 1,0 with
average of 0,8) and that of the Elsburg Reef at the Loraine Mine {0,01 and 0,3 with average of

© 0,2) (Hallbaner, 1986) (Table 6-6).

Tn order to determine the variation and relationship between the elements in pyrite, bivariate plots
ofthe selected eléments were constructed against Co/Ni ratio (Fig. 6-7). The results show that
the selected clements are vaxiable. in pyﬁte from host rock types and alteration zones. For
example, Fe iz enriched in the lava pyrite {Fig. 6-7a), whils Co, Ni, S are enriched in those of the

AGNQ intemal quartzite (Fig. 6-7b, f).
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Co is also plotted against Ni for the pyrite from this study (Tig. 6-8), together with collected
pyrite chemical data, The data collected from the literature include: (1) detrital pyrite from the
VCR at East Driefontein Gold Mine; (2) detrital pyrite frb_m Elsburg Reef EA12 at the Loraine
Mine; (3} detrital pyrite and authigenic pyrite ﬁ'ém the oth& Central Rand and West Rand reefs;
(4) Greenstone Gold Mines and Barberton Greenstone Belt rocks, being thought to be the
- possible source of the Witwatersrand reefs (Robb & Meyer, 1987); 3) shalefassociated.gold
deposits; (6) Western Transvaal basement veins in granitoid; and (7) Olifantsgeraamte Gold Mine,
: mag;naﬁ'sm-related. The data for (1) and (2) are from Hallbauer (1985) anci the others are from
Meyer etal. {1950b). - o ' |

Authigenic pyrite is distinguishable from detrital pyrite in the bivariate plot of Co and Ni (Fig. 6-
3a), which indicates that the authigenic pyrite was not fully reconstructed in chemical composition
during post-depositional events. This suggests. that detrital pyrite geochemistry can be used to
trace sources of the sulphides and related minerafisation elements, This is consistent with the
results of MacLean & Fleet (1989), who suggested that the compacted rounded pyrite in the
Witwetersrand Basin represents allogenic detrital grains. This suggestion connﬁcts the results of
Meyer et al. (1990b), who suggested that the d:trital pyrite has been strongly reconsfructed by |
hydrothermal fluids due to their indistinguishable chemical features (Fig. 6 of Meyer et al.,
l990b.)‘ The detrital pyrite from the VCR, the Elsburg Reef AE12 and the West Rand Promise
Reefs is plotted in Fig. 6-8b. It shows that at Ieast_ some detrital pyrite is indistiuguishable from
 the El.éburg Reef EAI2 and the West Rand Promise Reefs. These mgy be due to rewarking of
these reéfs. However the others are clearly distinguishable and may represent other sources for

detrital pyritt 5 other heavy metals (Au?, Ag?)
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Furthermore, Co is plotted versus Ni for pyrite in the Witwatersrand Basin, together with the
collected data from the possible source rock types, which include (A) volcanogenic massive
siﬂp}ﬁdes (Murchison greenstone belt gold mine, Pietersbﬁrg greenstone gold mine), as indicated
in Fig. 6-8c); {B) magmatic segregation; {C).sedimentary environment and veins in grﬁnitoid
(Urikyk Fonnaﬁon, Moodies Group, Witwatersrand Supergroup); (D) quartz-sulphide-gold-lodes
{Barberton greenstone belt, Sabie-Pilgrims Rest Gold Mine). The VCR detrital ﬁeid largely
‘overlaps the sedimentary environmenf and véin_s in granitoid .(-C) andtoa les#er extent in the
quartz - suiphide - gold - lode field. It is suggested that the VCR detrital materials were mainly
cieﬁved from tﬁe sedimentary environment and veins in granitoid, w1th minor other sources, i;e.,
quﬁtz—sulphidego!d-_lodés. .T“m's is consistent with the results of Ha]ibuaer (1984), Robb and
Meyer (1985); and Hallbauer (1986) who suggested that the hydrothermally altered granitoids
(HAGS) in tﬁe “ﬁtwate:_'sran_d hinterland provided the major source of sulphides and

mineralization elements for the Witwatersrand Basin.

6_.{.2_ : P;vrrhotite |
Pyrrhotite was analysed from # total of twelve rock samples: lavas (2), VCR {.2), DGG zone
footwall quartzite (5), and GG zone footwall quartzite {3). The chemical compositions of
pyrrhotlte are tabulated in Table 6-7. No obvious variations of chemical t:omponenfs of pytrhdﬁte

| ih different host rocks and alteration zone were identified. The principal substitutions of pyrrhotite
ave:

Fe: Co, Ni, Cu

S: Se, .
The chemical formula of pyrrhotite can be presented as:

(Fegge.C0p g Nip gos)o oS-



135

Table 6-7 Chemical composition of pyrrhotite from the VCR
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Table 6-7 Chemical composition of pyrrhotite from the VCR
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It is suggested that pyrrhotite in the research area shows 3 deﬁciency of iron below that required
for the stoichiometric formula FeS. In the Fe-S system the pyrrhotite in equﬂibriuin with pyrite
shows an mcreasmg iron deficit with increasing temperature {cf, Deer et al., 1992). Based on this,
the equilibrium temperatures of pyrrhotite and pyrite are estimated at abovr 400°C {cf, Fig. 209
- of Deer et al., 1992). In addition, the selected elements are separately plotted against Fe, Ni and
S. The plots demonsirate that the element diz* ~butions are indistinguishable from each other in
different host rocks and alterati~ zones. but one cluster of énalySes in lava i§ clearly depleted in
Ni content (Fig, 6—91){. c}. It is suggested that pyrrhotite is notr obviously controlled by its host

roclks.

6.4.3 'Chﬁicopysite
A toa‘al 6fté:elve roék smﬁp!es were aﬁalysed for the chemical comi:ositionﬁ of chleopyrite from
the hﬂngmg wall lava (3); VCR (2); DGG zone footﬁ#!l quartzte (6), and AGNQ (1) (Table 6-8).
Chaiéopyﬁte is characterized by Ag enrichment in comparison with other sulphides. Ag
concentrations in th= authigenic chalcopyrite are between 0,01 and 9,02 wi% (100ppm 1o 200
| pp’m.). The principal substitutions are:
Cu: Ag,
Fe: N,

. S: As. . |
Selected elements of the single analyses for chalcopyrite are s=narately plotte. vo1 S Cﬁ, i, and
As (Fig. 6-10). The plots indicate that chalcopyrite is almost indistinguishable by host rocks and
alteration zones except for one cluster of analyses in lavas in the plot of Ag versus Ni (Fig. 6-10e),
It seems that Ag cbncelmaﬁons in some of the VCR and DGG zone footwall quartzite are higher
than those in most of the lava samples and AGNQ internal quartzite (Fig. 6-10b, £). Moreover,
it seems that there is a weak correlation between Ag and As in some of the VCR and DGG zone

footwall quarizite ssmples (Fig. 6-10d),
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Table 6-8 Chemical compositions of chalcopyrite from the VCR
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6.4.4 Sphalerite

_. Analyses of sphalerite from a total of eight samples from the lavas (1), VCR (3) and DGG zone
~ footwall quartzite (4) were completed (Table 6-9). The principal substitutions are thus:

Zn (wi%): Fe (4,58), Cu (0.31), C4 (0,18), Mn (0,03),
No replacement of § has been found in the analyses. The chemical formula for sphalerite can be
. constructed as:

{21904, Feo,pas)o,005-
It is suggested fhat Fe is enriched in sphalerite in the research érea and Fe concentrations are
var_iahle in different host rocks and alteration zones. Cﬁemical banding in sphalerite is alse

recorded in this study (Table 6-9).

. Some elements of sphaleﬁfe from the hahging wall lava, VCR an& DGG zone footwall quartzite
were plotted against Zn, and Fe (Fig, 6-11). The elements are also plotted against the sample
location from edge, middle and core in the same diagram (Fig, 6-11£). Xt clearly indicates that Zn
and Cu are enriched, byt Fe is depleted in the lava samples (Fig. 6-11a, b, ¢, d). Sphalerite

| compositions are not distinguishable fqr the VCR and DGG zone quartzite. It is suggested that

the chemical concentration of sphalerite is influenced by the host rock geochemistry,

. The plot of the chemical components of sphalesite versus the analytical locations shows the
chemicél banding from the edge to core of the sphalerite grains in the lava (Fig. 6-11£), The
chemical bands are characterized by an increase of Mn, Cd, and Cu, but stight decrease of Zn and
§ from the edge to core. Moreover, Fe is enriched in the middle zone. The chemical banding of
sphalerite in this smudy is probably similar to thﬁse commeon features in Mississippi Valley type
(MVT) deposit (McLimans et al., 1980; Fowler & L Heureu. 1996). The texture is interpreted

to be due to pulses of hydrothermal fluids with variable compositions (e.g., McLimans et al,, _
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Table 6-9 Chemical composition of sphalerite from the VCR
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| 1980Y or to non-quﬂibxium self-organization processes (Fowler & L'Heureux, 1996) or ta _ﬂuid
infiltration under supersaturated conditions during metasomatism (Yardiey et al, 1991). The
chemical banding of sphaleﬁte in the VCR is most probably due to fluid infiltration under
supersaturated conditions during hyd thermal teration, evidenced by high salinity of the
hydrothermal Huids (see Chapter 7).

64.5 Galena
Atﬁtal of six galena samples from the lavas (2). the VCR (1), and DGG zone footwall quartzite
© (3) were analysed for galena chemistry in fhe reéearch aréa (Tablé 6-10). The principal
substitutions are as fo_lloﬁs: | '

Pb_:. _Ag, Bi, Cu, Zn, Sh,

§: As,
Galena is characterized by enrichment of Ag (from 700 ppin to 2000 ppm), and Bi (200 to 3000
ppm) (Table 6-7). The chemical formula of galena can be presente& as:

(Pby 12, AL0005Blogon,Zog00)1,0:5-

The .bivariate plots of selected slements for authigenic galena in different rocks in the VCR show

| that the chemical compositions vary amorig the host rocks and alteration zones (Fig. 6-12). For
example, Bi and Ag are most enriched in the DGG zone footwall quartzite, but Zn in the VCR

and DGG zone quartzite (Fig. 6-12%, ¢, ¢, f).

646 Pentlandite |
Five samples of pentlandite frotu the lava (1), the DGG zore footwall quartzite (1), GG zone
._ footwall quarizite (25, and AGNQ intemai quartzite {2) were analysed (Table 6-11). The principal
substitutions are as follows:

Fe (wi%): Mi (31,56), Co (4,323), Cu (0,124),
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Table 6-10 Che_mical compositicm of galena from the VCR

______ e GALENA e . SUMMARY SHEET e
haw  Iver  [DGGaoncquartzte | wve | VR DGG. | Towt
lri____Bur2_jmostes Josss  xmises posr2 lave st lave  sm  |ave s lave  siD
Pb 87,26 87,31 8743 37,22 86,36 85,92 87,28 0,02 8743 645 86,501 0,5381 86,916  0,5655
. Sh 0,00 4,00 a,00 0,00 0,00 0,00 0,00 0001 080 0,00 0,00195 605151 00014 000i3
wt% Ag 0,08 0.10 U,07 0,15 008 0,50 0,09 0,01 007 0,051 02433 (.1847] 0,1631 0,1534
Bi 0,04 0,01 0,07 g.01 0,02 0,79 0,02 0,02 ] 0,07 0061 02752 03673 01569 0,286
Cu 0,00 4,00 0,01 0,08 0,01 0,00 _-0.00 0,00 g0 0,02| 00036 90,0039} 00051 00041
n 0,00 a0 0,26 4,01 0,62 0,11 000 0,00 0,26 0,12t 00448 0044 G0652 00925
3 1342 13,29 13,24 13,42 13.08 13,25 13,36 0,06 13,24 0,13 13,254 01338 13286 0,1159
As 0,00 0,00 0,00 .00 0,00 8.00 0,00 0,00 G,OB 0,00 0,00 0,00 0,00 0.00
. _lTows| 10081 10070] 10102) west 9958 jooss| 1om76  oos) 1ongs osel 10032 05336 10059 0478
Pb 0,42 0,42 042 0,42 042 0,41 G42 6,00 042 0,00 04175 0,0026 04195 00027
Sb 0,00 0,00 0,00 0,00 0,00 . 4,00 0,00 0,00 ﬂ,ﬁﬂ 0.00 2E-(15 1B-05 1E-Q15 1E-05
Ag 0,00 0,00 0,00 4,00 0,00 0,00 0,00 300 0,00 0,00 0,0623 0._00 17§ 00015 0004
mole Bi 0,00 0,00 0,06 0,00 0,00 0,00 0,00 & 00 0,00 0,00 0,0613 -0,0018| 00008 00014
Cu . 0,00 1,00 0,00 0,00 84,00 0,00 000 0,00 0,00 0,00 GE-05 GE-D5 8E-05 6E-05

Zn 0,00 0,00 5.00 0,00 .00 0.00 0,00 0,00 0,00 4,60 0,0007 0,0067 0,001 00014 .
8 042 a.41 041 042 041 041 042 0,00 0,41 0,00) 04134 0,0043 04144 0,0036
As . .D_,UO ) ,0._1]9_ 0,00 I],:O[l __0.00 0,00 _0;9:0 0£0 .00 0,00 0,00 000 0.00! 0,00
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Table 6-11 Chemical composition of pentlandite from the VCR

SUMMARY SHEET

I N Y T e (P T T
e Jooursiom_sovideosty_nowr Iave st _lave st lave s _lavs sm.

Fe || 20413114} 3052 301f 3028 3179f041  12183,04  o00] 3104 07| 2904 39
Co 1674 00 48 177] 049 202h674 021 0,10 001| 125 077] 4323 575
Ni 2506 (133,94 31,08 3299[ 3484 3147f2506 0,14{3394 015! 3315 1,65| 31,56 3,19
wi% .} Cu 074 0.00] o000 o000} 600 og0f 074 o28i o000 001] 000 00| 0124 028
5 33,57){32,68] 33,38 33,41) 34,68 333703357 O0.18[3268 0,16| 3403 066{ 3352 050
Se o0zf 001 002 002 ops 002f 002 002|001 D0O1; 083 001} 002 Go1f
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S: Se (0,02), As (0,085).
The chemical formula can be presented as:
_ (Feg 50, Nig 516 C 0007431090 S 000850 001)
 Plots of the selected elements for pentiandite in different host rocks in the VCR show that Co is
eririched in lava samples, but depleted i the VCR (Fig. 6-13a). Ni 2 enriched in the VCR and
some of the AGNQ internal quartzite (Fig. 6—13b). The samples from different host rocks and
alteration zones are distinctive in Co versus Ni (Fig. 6-13d). It is suggested that the Co and Ni

chemistry of the pentlandite is strongly controlled by its host rocks and alteration zones. -

6.5 Summafy

. Chemical compositions of the two phyliosilicates (chl_oﬁte, muscovite) and silicate (albite) and
éulphides) are, almost all, variable among different rock types and alteration zones. This is due to
the influence of the original rock geochemistry, It is suggested that these anthigenic: minerals were

' formed in a rock-dominated system. At least two types of chlarite (sudoite and ripidolite) are
identified in the VCR and the Witwatersrand Basin, which represent different environments and

. possibly different gme_raﬁons. Authigenic muscovite and detrital muscovite display similar major
geoéhemisuy, suggesting that the detrital muscovite was strongly effected by hydrothermal fluids
during alteration. Calcrte and siderite are the two types. .of carbonates m the VCR. Detrital pyrite
is a tracer for the source of sulphides from the Witwatersrand reefs due to its clearly
distinguishable chemical feacures compared to aothigenic pyrite in terms of the Co/Ni ratio.
Banding of sphalerite is probably due to fluid infiliration during hydrothermal alferation.
Ennchme.nt of Agin authigenic galena and some chaicop;nite is indice.ive of remobilzation of

| precinu# metals (Ag, Au?). EquiiMum temperature of pyrite and pyrthotite is estimated to be

about 400 °C uging the deficit percentage of Fe in pyrrhotite and seems usnrealistic,
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7  PHYSICOCHEMICAL CONDITIONS OF ALTERATION IN

THE VENTERSDORP CONTACT REEF

7.1 Introduction

711 General statement of metaznorphism in the Witwatersrand Basin

All the rocks of the Witwatersrand Supergroup and Ventersdorp Supergroup were
metamorphosed to greenschist facies (Phillips et al, 1989, Frimmel, 1994, 1997} within the
Witwatersrand Basin, but higher metamorphic grades (up to granulite facies) were reached in the
E.entéf of the Basin and the Vredefort s“l:ructr.lre (Gibson and Stevens, 1997). Typical mineral
éssemblages in the marginal metamorphosed rocks of the Witwatersfand Basin are pyrophyllite;
chioritoid-muscovite-quartz-utile-tourmaline-pyrite, which implic.. . snditions of 350450 °C and
lessthan 3 kbar (Phillips et al, 1989,.Wallmach & Meyer, 1990; Law, 1990, Friromel ef 6/, 1993;

Frimmel, 1994, 1997 Phillips & Law, 1997).

Based on the experimental calibration of biotite break-down during granulite facies metamorphism
. .mm temperature ofu. <0 88010910 °C, and a wide range of pressures ofbeﬁveen 48and
S,i kbar are suggested for rocks in the centre of the Witwatersrand Basin (Steveus ef al, 1996).
* During peak metamorphisrn; a high geothermal gradient - £ around 35-40 *Clkm, is considered to

have applied (De Yoreo et al., 1991, Gibson & Stevens, 1995).

7.2 Fluid evolution in the Witwatersrand Basin

* Based on studies of geochemistry and geothennometry, and summaries of previous publications
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or setariorphism and fluid conditions in the Witwatersrand Basin {e.g. Wallmach & Meyer,
1990; Robb et al., 1990, 1996; Phillips & Law, 1994; Gibson & Walhnauh, 1995; Coetzes et al.,
1996; Gibson & Stevens, 1995; GaﬂZ, 1996), Frimmel (1994, 1997) categonz:ed the
metamorphxsm and fluid evolution in the Witwatersrand Basin into five events:

(Stage 1) thrust controlled pre-Transvaal alteration took place alon the northern margin of the
Witwatersrand Basin, forming a mineral assemblage of kyarite+pyrophyllite+quart= at a formation
temperature of 390-400 °C and a pressure of >2,5 kbar {Costzee et al., 1996). However, the age

. of the metamorphism related to thrusting is not well constrained;

: tSmge 2) early Transvaal alteration took place in the Witwatersrand Basin at 300 °C and 3 kbar
at a geothermal gradient of 27 °C/km, Zircon inclusions in hydrothermal gold-bearing quartz from
the Basal Reef, Welkom gold field have been dated, using the SHRIMP techrique, at 2,58 Ga (R.

" Armstrong, unpubl. data), which is similar to the age of the authigenic/hydrotbermal rutile and

pyrite at ca. 2,5 Ga in the Promise Reefs reported by Robb et al. (1990),

(Stage 3) basin wide burial metamorphism took place in the matrix of all the siliciclastic rocks and
. mietabasites of the Witwatersrand and Vemtersdorp Supergroup at peak T-P conditions of 300 °C
and 3 kbar, with & geothermal gradient of 28+7 °C/km. Available U-Pb isatopic analyses of
bimmen from the Witwatessrand reefs yield an age between 2,2 and 2,3 Ga (Robb et al., 1996),
which roughly cﬁincides with the onset of deposition of the upper Transvaal Supergroup. Fluids
were characterized by (1) movementt upwards and towards the basin margin; (2) losses of a large

amount of interstitial and structural bourd waters (up to 20 voi%) (Stevens et al., 1995);

(Stage 4) thermal metamorphism in the collar of the Vredefort Dome ranged up to middle
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amphibolite facies grades at 57u-600 °C and < 3,5 kbar with a peak thermal gradient of 40 °C/lom
(Gibson & Stevens, 1995}. At this stage (Stage 4) and the later stage (Stags 5), fluid flow wes
characterized by: (1) devolatilization reactions; (2) release &fmaumny bound water from clay

minerals (up to 12 vol3%); and (3) movemeﬁf glong fracture channels (Stevens eta., 1996);

(Stage 5) hydrothermal alteration related io the Vredefort Dome in the middle of the
Witwatersrand Basin took place 4t 2023 Ma (Kamo et al., 1996} and was characterized by intense

fracturing in the éurroimding tocks: enrichmment of pseurlotachylites; and precipitation of chlorite.

7.1.3 - Aims of thes chaper

The aims of'this cha.pter are to document the characteristics of metamorphism and hydrothelmal
 alteration associated with the VCR. In order to better tunderstand and discuss the analyzed data
oBtaineﬁ during this studv, previous publications on muscovite and ch.loﬁte geochermstry, :
geothermometries and fluid inclusions in the Witwatersrand Basin are briefly summarized, T-P
parameters, together with £o;, foo, finug, am;ql, and pH of hydmthmnﬂ fluids passing through
the VCR are estimated using muscovite and chiorite geothermometers and fluid nclusion

~ microthermometric data,
7.2 Muscovite geothermometer

7.2,1 Summary of muscovite crystal chemistry
Guidotti and Sasst (1976) summarized the structure of the muscovite crystal as:
(a) a dioctrahedral sheet with the octahedral sites containing Al ™% (b) sheets of (Al 5 §i,5 Os)

tetrahedsal { in a pseudohexagonal arrangement) on both sides of the octahedral sheet forming 2
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“sandwich™, (¢} large K * cations in the pseudohexagonal gaps between the tetrahedral sheets, .
.Each K " ion is shared by two “sandwiches™; and serves to bond them together. The X * sites are
cafled ‘hmﬂayer sites” or “alkali sites™ and (d) those oxygens of the dioctahedral sheet which lie
almost directly below the X * site have an H * ion attachet! to them. Virtually all muscovites
deviare from the ideal formula of KA , (AISi ; O w)(OH).z {Deer et al., 1992) in one or more of
the following fashions: (2) Na * can replace K ™ in the interlayer sites at least to the extent of 35%
on 2 mole basis (Burnham & Redoslovich, 1964) and this replacement produces & decrease in the -
basal spacing of muscovite; and (6) Fé **and Mg *? can replace Al * in octahedral sites with con-
 comitant replacement of Al = by §i *in tetrahedral sites to belance the charge. Muscovites with
significant octohedral Fe 2 and Mg? are described as “celadonitic” and represent partial solid-
solution toward celgdonité (the dioctahedral, tetrasilicic mica). Cel_adonite—beaﬁng musé’ovites

have a larger lateral spacing b, than celadonite-free muscovite,

722 Principle of muscovite geotiiermometers

Plas (1959) expimned the formation of celadonitic muscovite in the following way:
Muscovite+Biotitet+-Quartz+H , O ~Celadonite.

Tt is evident that temperature has an important influence on the celadonite content of muscovite.
Based on the experimental work of Velde (1965), 2 schematic diagram of temperature against the
mole fraction of K[{AL, Mg)Si ,0 ,, (OH), } with isobaric sections has been constructed (Guidotti
& Sassi, 1976) and shows tha ther i a niegative corrlation between the celadonite content and

fluid tempemturé for & given pressure (Guidotti & Sassi, 1976).

As described in Chapter 4, Loucks {1991) has developed a model to calcuiate muscovite-

hydromuscovite-hydropyrophyllite solid-solutions. Estimation of mole fractions of celadonite of
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muscovite makes it possible to estimate the temperatures of Fuane -t~ muscovites using the

experimental results of Velde (1976).

723 Sammel diagram and methodology
Phyllosilicate muscovite shows very little polymorphic variation and the_ most common lattice
units are a 5,19A; b 9,04A; ¢ 20,08A, B 95° 30* (Deer, et al, 1992). However, the Iattice
parameters (b, ¢ and B) are sensitive fo temperature and pressure (Sasonov, 1995, _pers.'
'coﬁminieaﬁOn). Two schematic diagrams have been constructed based on experimental results

o muscovite paraimeters (Sasonov, 1995, pers. communication),

The basic principle for measuring the lattice units (b,, ¢, 8,) is very similar to ordinary XRD
analysis. The prepared materials for analysis are fine-grained rock pow&ers which are loaded on
‘a carrier plate. Measurements were made using a Siemens D5000 diffractometer analyzer with
CuKa radiation. The purpose of the XRD measurelneﬁt was to examine the composition and
polytypes of muscovite, to calculate lattice constants, and then to estimate temperatures and

pressures for the formation of muscovite.

724 Descﬁptions of ﬁamples

2} samples were taken from the VCR, as well as the iavas and quartzites, and gently crushed
using & laboratory jaw crusher. The samples were separated using natural precipitation techniques
 at the CGS in Sh‘ﬁsbourg, France. All the samples contain mainly muscovite and chlorite with

‘minor amounts of quartz.
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72,5 Results
Lattice constants of muscovite were calcqlated from 21 samples based on quaﬁtaﬁ;re XRD
analysés {Tubie 7-I_); These were pIottéd on the Samme} diagram to estimate tempEr#tures and
pressures of muscovite (Fig. 7-1) (Sasonov, 1995, pers. communicatior), Two types of muscovite
were identiﬁed as the 2M1 and 1M polytypes (Fig. 7-1), of which 2M1 muscovite is the major
type. The M1 polymorph represents the tﬁaelve—fpld coofr_lina:ed positions bétween composite
layers and .th.e_ stacking of successive layers (Deer et al., 1966) and forms during higher grade
mietamorphism than the IM {or 1Md) structure which forms in the epithermal environment duﬁng

' low grade metamorphism.

In Fig, 7-1, the pressures and t&anres of formation of 2M1 polytype muscovite are estimated
1o o rnge from 0.5 to 2 ko, and 20010 450°C, respecively, with an average of 350455 °C. The |
‘average pressure gan not be detexmme due to the semi-quantitative nature of the data. Pressures
and temperatures of 1M type muscovite were estimated to range from 0,2 to 0,5 kbar, and 130
- t0220°C, with an average temperature of 15545 °C. Similarly the average pressure isnot

estimated due to the same reason cited above.

726 Interpretation of the data

As discussed in Chapter 4, three types of muscovite have been determined by optical microscppy.
They are in paragenetic sequence: (Ms1) coarse-grained detrital muscovite; (Ms2) recrystallized
flaky fine-grained muscovite; and {Ms3) coarse flaky hydrothermal muscovite and pseudomorphs

after albite, M is relatively rare and often replaced by secondary chlorite along cleavages. It -

belongs to 2M1 due 11 its coarse grain size, But it can be ignored due to its minor amount. Ms2 -

is fine-grained, illite-like material and often occurs in the matrix of conglomerates and qgartz:ites
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Fig, 7-1 Plots of muscovite cell parameters of c,sinP (&) vs bo (A) with projected temperature isochores (A) and pressuce isochores (B}, showing the
muscovite polytypes (1M and 2M1) (Sasenov, 1995, pers. communication}. From these plots, muscovite formation temperatures and pressures were
estimated at 350+55 °C and 0,5 - 2 Kb from the 2M1 polytype, and 155245 "C and 0,2 - 0,5 Kb from IM the polytype, respeciively.
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as well as in java. It probably represents a late suthigenic phase in the rccks, Based on this
| character, Ms2 is most probably a representative of the 1M type muscovite (illite). 3 153 i5 the
major phase of muscovite in the sediments and in the lavas nd is coarse-grained. Based on t.he

- coarse grained characteristics. it can be excluded from 1M type muscovite.

In comparison with the five stages of ﬂuid evolution in the Witwatersrand Basia (Frimuinel, 1593,
1997), the 2M] type of muscovite probably represents the h&drothennal alteration related to the
Vredefort Dome and Bushveld magmatism (Stage 4) with peak T-F conditions of 350455 °C and |
0,510 % kb_al;. The 1}‘_«1 type muséovite_ may represent either renina.nt of equilibfa:t_ion at the stage
3 dr Iatelf retrograde mgtamor’phism with Jower T-P coﬁﬁitions of 155245 *C and 0,2-0,5 kbar

(se.e Chapter 10).

| 7.3 Chiorite geothermometer

Definition of the physicochemical conditions of formation of hydrothermal minerals is cnnmionly
: diﬁcﬁlt to achieve. Recent experimental and theoretical work on chlorite solid solutions (e.g..
' Bryndzia, 1985, Cathelineau, 1988; Neall, 1985 Walshe, 1986) have provided activity-
composition models which can be utilized as an indicator of environmental conditions. Because
of its nonstoichiometry, chlorite. when fully characterized, compﬁsitionaliy, structurally and
thermadynamically reﬁnrds information én physicochemical conditions, This, in tum, aliows
determination of fluid conditidns under which the chlorite formed, Additionally, in contrast to
many sulphide assemblages and compositions, chiorite has been found to preserve its peak
composition and dﬁes not re-equilibrate during retrograde conditions (F. M. Meyer, 1990, pers.
Comunicatiun). Moreover. chiorite is a co- .non product of fluid-rock interaction and is present
iﬁ all the Witwatersrand reefs. Therefore it should be possible to constrain the physicochemical

conditions of chlorite formation during hydreth_ennal processes in the VCR.
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Meyer et aI {1990a) pioneered the study of chlorite compositions in some of the Witwatersrand
reeﬁ, ﬁiith particular emphasis on the app]icaﬁoﬁ of the compositions to chlorite geothermometry.
Using the six component chlorite solid-solrtion model of ‘Walshe (1986), the authors estimated
* temperarures of chlorite formation in several Witwatersrand reefs. These are: (1) 290+20 °C in
the VCR: 310515 °C in the Elsburg Reefs; 130420 °C in the Vaal Reefs and the Main/Casbon

Leader Reefs.

Drennan { iQW) aua!yzed f’orty one chiorite samples rom the eﬁges of quartz veins, within veins
and_ from the adjacent ﬁal_l-rock matrix using the electron microprobe. She esﬁmatéﬁ the
' teuxperazufes of formation of chlorites to be at 2;'5i40 °C (from 200 °C to 350 °C) using the six-.-
cﬁmponcnt chiorite solid-solution model of Walshe (1986) and.300:h_29 *C (uncorrected for Fe .
‘content) and 330 £55 °C {corrected for Fe content) using the experimental geothermometers of

Cathelineau (1988).

Sudoite, with the alrmost ideal composition of MgZALSiso 1o (OB) ¢ has been reported in the
Khaki shaie of the Witwatersrand Basin by Zhou and Phillips (1994}. The sudoite ocours in
agéfegatES of clongate buhdleé alternating with muscovite and rarely ‘pyrophyilite, in an
assemblage of sudoite - pyrophyilite - muscovite - quaﬁz -rutile - pyrite. Frimmel (1993, 1997)
studied chlorites from various localities and stratigraphic zones and suggested that sudoite is a
commeon and petrologically significant constituent of the Wltwat.ersnnd siliciclastic rocks. The
author has constrained the fluid T-P cﬁnditions and geothermal gradient in the Witwatersrand
Basin using the geothermormeters of Kranidiotis & MacLean {1987), Cathelineau (1988), and

Zang and Fyfe (1995) and emphasized the major differences in chiorite temperatures estimated
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from different calibrations. These may be constrained by other independent methods, such fluid

inclusion microthermometry and phase relations.

7.3.1 Principics of chlorite geothermometry and methodology
Chlorites are a group of minerals with the principle chemical composition of
(Mg, ALFe) 1[5, ADSO 5] (OH),; (Deex et al., 1992). The basic structure of chiorites consists of
21 fayers, ¥52,0,(OH),, and interlayers, Y,(OH);. Chlorites are isochemical with both serpen-
tine (C1) and kaolinite (C5). Based on Walshe (1986), six thermodynamic components of
chldrit_es can be presented as follows:
 (C1, serpentine) MgcSI(OH)s;
(C2) Mg,ALS},0,,(OH);;
(C3) Feg? AL;S1 ,0 (OH) &
(C4) Fe,? Fe,81,0,(0OH)g;
(C5, kaolinite,} Al,S3,0,,(OH),, and
- ©8 Fe,7Fe™® ALSLOL(OH),
Thermaodsnamic data for the s coraponents (C1, C2, C3, C4, CS and C6) were estiu.ated making
use of constraints imposed by the compositions of chlorites from the Salton Sea and Broadlands
geotheﬁnal systems; the OH vein, Creede, Colorado; the Quaama granodiorite, New South

Wales; and a metamorphic vein, Mt. Lyell, Tasmania.

Two geotherinometers have been calibrated and these together with the constraints imposed by
“the Gibbs;Duhem equation allow the temperature of formation to be calculated:
(1) 2C2 + 14/38i0;+8/3H,0 = (CS5) + 10/6 C1

(2) C2 + 5/7 C4 + 317 C3 + 25/218i0, = 10/7 C6 + 5/6 C1 +5/21F,0
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Calc;:lation of the temperatures of formation of chlorites was undertaken using the computer
“prograxmnes of CH-1 (Waishe, 1987) and CHLORITE (Delport, 1987).

732 Sample descriptions _
53 samples were eollected from the VCR, the lavas and quartzites at WDLSM. As deseribed in
Chaptér 4, five typss of chlorites were identificd: (Chl) fine-grained matrix-like massive
aggregsies in the matsix ofconglome_s and quartzites au. in the matrix and replacement of
| plagioclase phenocrysts in lavas; (Ch2) replacement of detrital muscovite by chlorite akmg its
. cleavage in._s'edimem's; (Ch3) chlorite nodules found mainly in altered conglomﬁtes which are
an indicator for high gold concentration in the VCR; (Ch) chlorite oscurring as fine-grained
ageregates replacing phenocrysts of plagioclase in lavas (ChS) iufilling of amygdales with light
green colour and coexisting with quartz, and calcite. Among them, only the coarse-grained
vanetles of chlorite (ChZ, 3) were used to estimate the temperature of formation of chlorites in
different lithologies during this study. The electron microprobe data were carefully sssessed based
on the following conditions: (1) the absence of iron-zicﬁ chlorite and (2) the rejev., . of poor

quality probe results,

7.3.3 Rcsﬁl&:

‘Based on the _. two geothermometers of Walshe (1986), the temperatures of ﬁnnaﬁon of
| hydrothermsl 6hloﬁtes were catimated using the CHLORITE programme, developed by Delport
(1987) and the Ch-1 programme, developed by Walshe (1987). The results of the two different
chiorite geothermometers (Walshe, 1986) and the petrographic characteristic  of the chlorites are

summarized in terms of lithology and chlorite type in Table 7-2.
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Table 7-2 Temperatures estimated from the six-component chiorite solid solution model of Walste (1986)

Rock type No AnalysisNo | T, PO I T, (°C) Charecter
VER-1-33 43} 283}  312{dack preep colour. Ch3
B0378-17 30] 2970 329|Dark green coiowr, Gh3
18 317 308]  345|Dark green colour, Ch3
19 53] 3ot _333|Dark preen colour, Chi
0 34] 281  302[Dierk green volour, Ch3
Conglomerize 21 350 298] _ 331|Dark groen colour, Ch3
2| 38|  203]  323lbwk green colour, Ch3
_ 23 39]  309] _ 344Dark green colour, (83
B 2 40]  285]  308/Dark sreen colour, Ch3
Average) 295111 325+18;

10705-1 _H_ 287 320{Dark colour, Ch3
_ 2 8; 283 316]Dark g colour, Ch3
3 B2l 321 366 Dark green colowr, Ch3

4 15} 2890  325iDark green colowr, Ch3
6] _ 17 296
10 27\ 305
12{ a1l 300
BO415-25 qi 268
26 4] 286
27 46]__ 269
1071332 52| 27
__Boas1-36| 36f 293
37 37 312
38 4] 2%
, 33 ' 421 304
Quastztes a al 2w
a2 T
52 83| 305
53 a4l 316}
35 6] 296
B0368-56 5 2m
57 : & 270
53 13| 286
39 14 2701
60§ 15 257
61 23| 288
24 260
63 2 M
34 289
Avezage 2859+18
Sumpary 22010
BO366-48 76| 262] _ 289|Replacement of detrital ite, Ch2
o 49 7] 265]  293|Replacement of detrital muscovite, Cha
Qe T 50 80] 209}  230|Replacement of detrital amusoovte, Ch2 |
Syorugel 245872 221434
Bh02-43 - 6L 290/ __310In amypsiales, Chd
Lava - 46 100 258)  271|in amygdafes, Civd
15 73] au] 313} aoygdsles, Chd
Aversge 286227 29723

Nnta’r, mlushglheCHLORIl‘Epmmmn T. calculated using the CH-1 Compiiter progranume,
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Using CHLORITE, the temperatures of formation of chlorite (Ch3) as nodules in the VCR ranges
from 282 to 309 °C with an average of 295211° C; in quartzites, from 257 to 31® Cwithan
average of 239:418 °C; as replavement of detrtal muscovite (Ch2) in quartzites, from 209 to 265
| °C with an average of 24516 °C; as anygdales in lavas. ﬁomZSS to 311 °C with an aﬂ*emge'of

286427 °C; and 29016 °C on average in sediments (VCR conglomerates ard quartzites).

Using CH-1, temperatures of formation of chlorites were determined to be systeneatically about
30 °C higher than the temperatures determined using CHLORITE. These are from 302 to 345°C
with an average of 325%16 °C as hodules in the VCR; fiom 283 to 359°C withan average of
320226 °C as nedules in quartzites; fom 230 to 203°C vhan average of 271236 °C as replace-
ment of detrital muscovite (Ch2); and ﬁ‘qm 271 to 311 with an average of 297423 °Cin
amygdales (Ch4) of lavas; and 271436 °C on average in sediments (VCR conglomerates and

quartzites).

734 Titerpretation of the data

Firstly, it can be seen that the temperature difference calculated using the two calibrations can be
- as much. as 30 °C. This is quite similar to the results of Frimamel (1997) who stated that the:
| difference m temperatures dete: ~+vued using different _geothermometers, e.g. Kranidiotis and
Maclean (1967), Cathelinean . ©8), Zxg and Fyfe (1995), can be up-to 143 °C. However, the
chilorite temperatures caloulated from CHLORYTE are in good agreement with the temperature
0£ 290 20 °C: for the VCR from Meyer et al, (1990) and about 15 °C higher then hose from
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Drenngn (1997) (275£40°C.§. 100 °C to 350 °C) using the same model of Walshe (1986), By
cotitrast, the temperatures estimated using CH-1 are closer to the 2M1 muscovite temperatures
{35055 °C) ( 1d also to the results (33055 °C) estimated from the Fe-corrected model of

Cathelineau (1988) by Dreanan (1997).

Secowndly, it seems t.hat nodule chiorite (Ch3) formed at & much higher temperature in the VCR
and footwall quﬁrtzites than the replacement of detrital muscovite (Ch2). Although no clear phase
relationship has been iddnt_iﬁf.-.d between the two types of chlorites, it clearly indicates that the tw& .
types formed et different temperatures, The Ch2 may coexist with the low temperature phases of
M muscovite as discussed above. If that is the case, the Ch2 represents the low teraperature

assemblage with the 1M muscovite.

Thirdiy the average temperatures are the highest on average in the VCR while the tém_per_atu:es
in the hanging wall lava are the lowest. Because of the fine grain size of chlorite (Chk1) from lavas,
the chemical compositions may be contaminated by fine-grained quartz and muscovite during the
microprobe analysis. This may resuit in imprecize chemical compositions of Chl. Thereforé the
data may not be reliable for the lavas, If the § °C difference between the VCR and footwall
quartzites is geologically correct, the average temperutures of the sediments (VCR. conglomerates
and quartzites) are probably representative of the peak metamorphism. Therefore, the average
temperature of formation of chiorites in the VCR and footwall quartzites of 290 °C estimated
ﬁ'oﬁ CHLORITE, can be taken as the minimum temperature of peak metamorphism of the VCR,
and the temperature of 321 °C estimated from CH-1, can be taken as a reference for the higher
limit of the VCR because the formation t<mperatures (350 °C) for 2M1 muscovite indicates the

highest limit for peak metamorphism as presented above.
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- .?.4 E‘lmd inclnsions

7.4.1 - Previous work on fluid inclusions in the Witwatersrand Basin

B _Fluid inclusion study of the Witwatersrand reefs was carried out by Shepherd as early as 1977,
He recogmzed five: principal. types of primary fluid inclusions in quartz pebbles in the
Witwatersrand conglomerates. These are: (I} H,0 (L+V); (Il) H,O (L+V+8); (I0) CO,-H,0
(L corL o-V); (IV) COFH0 (L corle morV-$) and (V) L or V. Total final homogenization
teingieratﬁres of primary fluid inclusions were over 250 °C (Shepherd, 1977). Somewhat la_ter;
Hallbauer (19823, b, 1983) and Hallbaner & Kable (1979; 1982) published a series of papers on
: pre.-_gud pﬂst-dep_ositioual fluid inclusion types from quartz pebbles in the Witwatersra_nd reefy.
One of the majof results was the recogrition of numerous solid phases in fluid inclusiclms. of both
~ quartz aud pyrite by SEM, including orthoclase, muscovite, calcite, apatits, iron-rich
phyﬂosiﬁcatt?;s, bariﬁm feldspar, chlorite, rutile, corundurmn, anhydrite, cassiterite and various mixed.

chlorides, e.g. CaCl, (Hallbaver & Kable, 1979; 1982).-

Frirnmel et 2%, (1993) studied fid inclusions in authigenic quartz in the matrix of the Basal reef
placer from the Welkom gold ﬁéld and recognized three different post-depositional alteration
events and fluid a_ctivities: (1) régional static recrystallization at peak metamorphic mmperathres
of between 290 ° and 350 °C and pressures of betwesn 2 and 3 kbar; (2) local fluid infiltration
along fractures and sedimentary inferfaces at temperatures of between 240 ® and 300 °C, resulting
in partial mobilization of the detrital gold on a maximum scale of centimeters; and (3} local K*
mets matism during a later fluid infiliration event along the pre-existing zones of weakness,
‘related to the Bushveld or Vredefort events, Both the primary and secondary fluid inclusions are

mainly two-phase undersaturated liquid-rich aqueous types {L+V)}, with rare three-phase H,O-
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COxtich (L oL o V) inclusions. The microthermometric data of primary fluid inclusions can
be summnarized as: homogenization temperature (Ty) = 1347 °C; final ice melting temperature
(Tga) =-720,8 °C; salinity=12 wt% eNaCl and of secondary aqueous (L+V) inclusions: T, = 13745

°C; T5=0,9+0,8 °C {ice); salinity = 1,5 - 1,4 wi% eMaCl.

Most recently, Drennan et al, (1995} and Drennan (199‘7) carried out a detailed study of fluid
' mclus.lons mamly ﬁ'om three types of pust—deposmonal quanz veins in the W‘twatersrand
conglomerates, These are ( 1) vein/“vug™ infilling associated jntrusives; (2} fanlt-related quartz
veins; and (3) non fault-related quartz veins. The authors récognized at least four types of
metamorphic/hydrothermal fluid inclusions in different veins associateﬂ with the Witwatersrand
gold—ﬁeaﬁng reaf's (F1) aqueoué—rich (L+V+8); (F2) COH,O-rich (Lcm-L,m-V+S); (F3)
C03+CH -N,-tich; and (F4) CH,-N,rich, which gave average final homogenization temperatures
of fluid inclusions at 120 °C, 170 C, 230 °C, and 230-280°C, respectively, The above-mentioned
. four fuid inclusion tjpa can be distinguished as six inclusion populations, which may represent
six possibl:e generations of the fluid fnclusions: (1} < 1 pm across and forming a wispy texture to
the quartz (F1 type); (2) 1-20 um across, varying safinity {2 to 20 wi% e NaCi) {F1 type); (3) 20-
40 pin serpss (F?. type); (4) in trail, cross-cut the early population (F3 type); (5) 10-30 pm across,
predominantly faut-relsted (F4 type); (6) highest salinity (F1 type). Entrapment temperatures of
aque_ou's and CO,-rich fluid inclzsions range from 230 to 590 oC and 295 to 540 °C at 2,5 kber,
 respectively. Combined with stable isotope deia (S, 0}, Drennan (1997) concluded that these

fluids were derived from the dewatering of Witwatersrand shales during metamorphism.
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- 742 Previous werk on fluid inclusions in the VCR
'Boer etal (.1 99'5.) studied fluid inclusions in quartz pebbles and quartz sands in footwall and récf
_ quaﬁ:zites, .and hydrothermal quartz and. vem quartz in the VCR. They recognized two
 undersaturated water-dominated aqueous (L+V) and minor CO,-H;O-rich fluid inclusions, They
| are: type (I} F1 type (as deﬁnedatqve), small in size and wispy texture, with a salinity of 10 wi%
 eNaCl, and homogenization temperature around 210 °C; ttype 1I) F1 typs, late-stage fluid, being
9 wt% eNaCl in salinity with homogenization temperatures of between 115 °C and 190 °C; and
(type 11} F2 type, with variable CO/FLO ratios, salinity of 4 wt% eNaCl and an average
hbmoggn_imﬁon temperature of 130°C. At the assumed pressure 2,5 kbar of Wallmach & Meyer
(1990) for the ﬂuid inclﬁsion analyzed, Bﬁer et al. (1995) estimated everage entrapment
temperamres of between 220 and 370 °C, In their study, the author firther anslyzed the
:éompositibns of bubbles in ﬂuid inclusions using Raman Spectroscopy and indicated that H,0,
- COpand CH.,.are the predominant species with total gas contents of 99 mole%. Moreover, the
- quadniple mags spectrometer (QMS) analyses of the type III {(CO,-rich inclusions) indicate thaf

there is 2 good correlation between gold content and elevated volatile gas content {mainty CH,).

7.4.3 Methodology

Nﬁcrothermometric measurements of fluid inclusions together with a petrographic study were
carried out in the Department of Geology, University of the Witwatersrand, Johannesburg, The
‘procedures for fluid inchusion petrographic study is similar to the deseription of Drennan (1997).
Fluid inclusions are studied using the normal optical transmission microscope. Types, sizes, phase
volume percentages and paragenetic sequences of fluid inclusions have been observed, measured

and mapped on doubly polished thin sections of approximately 300 um in thickness, gsing a
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detailed descriptions of the fluid inclusions, the doubly polished thin sections were demarcated

and broken into pizces for microthermometric measurements.

The detailed procedure for fluid inclusion mcmthemmmcn'y is similar to the description of
Frimme} et al. (1993) and Boer et al. (1995). The measuremenis of fluid inclusions have been
carried out, using a FLUID INC, adapted USGS gas-flow heating- ﬁeezmg system, which
| operates by passing cooled N, gas, originated from liquid N,, or heated air directly above and
" beneath the chip samples, The systern was callbrated using synthetic fluid inclusions in quaitz
| prﬁvided by SYNFLINC standatds fﬁr various teh:’peratm'es (Sterner & Bodnar, 15'84). The
reproducibility of measurements during calibrations waswﬂhmﬁﬂ °C for the -56 6 °C (the tnple _
pomtofCO,)standard,wrthmO 1 °C for the 0,0 °C ( the triple point of pure water) standard, and
within 2 °C for the 374,1°C (the critical point of pure water) standard. Therefore, the accuracy '
of the system is estimerted to be better than 0,2 °C below 0,0 °C, and better than 2 °C on heating

saniples.

The ice melting teroperatures were used to calculate the salinities of fluids. The P-T isochores of

the fluids were. detemnned using the computer program FLINCOR of Brown and Lamb (1989)..

7.4.4 Sa:ﬁples and peﬁography

Samples for finid inclusion analysis were: collected from amygdales of the lavas and from
quartzrtes and post-deposiiional quartz veins. The fluid inclusions are very small (1-5pum). As a
" result, only two samples, R-1 (lava amygdales iﬁ the hanging-wall) and X0449 (quartz vein

cutting through the lavas, VCR. and quartzites) have been successfully studied.
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The amygdales in the Iavas are up to 2 cm in diameter and are characterized by clean, coarse
- quariz. Fhud inclusions in the amygdales mainly occur as isolated single inclusions ot in groups.

- Aceording to Roedder (1984), it is sxiggested that these fluid inciusions are primary, However,

* some fiuid inclusionsm;}be secondary, because it is bard to ideatify fuid inclusions along growth

zomes ofqﬁartzcrysta]s_. |

Fluid inclusions in veln quartz are rare and less than 5 pm in size. They oceur as isolated
inclusions, or in groﬁps. These fluid inclusions are also suggested to be mmlyprmmryAﬂﬂmd |
inclusions from the two samples are two phase undersaturated liquid-rich aqueons types (LA+V)
with the vapour tubble volume of -approﬁmately 3-5% at room 'temparalure {about 25 “C) This
fluid inclusion type is defined as the F1 type, as described above, and is petrographically similar
to the primary inclusions in authigenic quartz of Frimme] et al, (1993) and i vein quartz of
Drennan (1997) and sgcundary fluid inclusions in quattz pebbles of Boer et al. (1995). Other types
of fuid inclusions, e.g, CO,- K, - rich (F2), CO, - CH,~ N, - rich (F3), and CH, - N, - rich (F4)

of Drennan (1997) were not observed in this study.

74.5 Results |

Thé ice melting and final homogenization teinperames of fnid inclusions from the amypdales in
the hanging wall lavas range from -23,9 to -6,6 °C and from 138 to 183° C, respectively. The
calcnilated salinities of inchusion fluids are between 10,0 and 23,2 Wi% cNaCl (Table 7-3). The
final ice melhng, and homogenization temperatures of the fluid inclusions from vein quartz span
é,range of ;11,0 to -5,4 °C, and 143 to 173 °C, fespectiirehr. The calculated salinities of inclusion

fluids range from 8,4 to 11,9 wi% eNaCl (Table 7-3). .
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Table 7-3 Mcmtharmanmm data for primary fluid inclusions irom late-stage vein and

amygdale guartz in the VCR
Population T (°C) T,(Q) Wi%NaCl _
Quartz from lava amygdales (R-1) :
23.9 i 156 | 232
High salinity 212 164 _ 23.2
1.0 152 21.0
15.0 . _nd. 19.4
Average | 21,043 1577 | 21742
Quartz ﬁ-_om lava gmygﬂales R-1) .
10.9 ! ~ nd 149
10.9 | 183 148
88 - 12.6
6.6 138 __loo
%w | — Qm.ﬁomqmvein(xwg)_.
| | 11.0 173 11.9
8.2 143 | 118
8.2 147 84
8.1 - 43 L8
B s4 | nd | 11.9
_Average 91419 15622 11.942.1
Total average 11.745.1 156215 14.945.1

 Tgy - final melting temperature for i¢ ; at normal temperaure.

T;, - Homogenization temperature of fluid inclusion.

N.d. -not determined.

W%NaCl - salinity assuming that all salts are NaCl, calculated using the computer software of Brown and
- Lamb {1989}
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The final jce melting and homogenization telﬁperatm&s of fluid inclusions from the samples are
plotted as histograms in Fig. 7-2, All the entire homogenization temperatures of fluid inclusions
ﬁumbothveinandhvaamygdalequaﬂzatemamge of between 140 ° and 170 °C with a modal
.temperature about 145 °C in a skewed rough normal distribution (Fig. 7-28). The total final
meltmgtempm of fiuid inclusions from both vein and lava amygdale quartz range from -21 |
to -7 °C and have two clusters, which possibly represent two distributions (Fig. 7-2b). One has
final melting temperatures of between -6,5 ® and -12 °C with a.. modal temperature of -9 °C, and

inchudes the fiuid melusions from both vein and lava amygdale quartz. The other chuster is qmte_

soattered and only consists of the fiuid inclusions from lava amygdale quartz,

The final melting temperatures, and salinities are plotted against finid inclusion homogenization
temperatures in Fig 7-3. The diagram of the final ice melting temperatures and fluid inclusion
homogemmucntempemunes clearly shows two pOpﬂaﬁons (F:g 7-3a), which are (1) lower ﬁnal
ioe melting temperatures from -23,9 to -15,0 °C, which consists only of the fluid inclusions from.
lva amygdale quartz and (2) higher final ice melting temperatures from -10,9 {0 -5,4 °C, which -
inchides fluid inclusions from both vein and lava emygdale quartz (Fig. 7-3a, Table 7-3).
Correspondingly, the diagram of the estimated salinities from the final ice melting temperatores
and fluid inchision homogenizétion temperatures indicates two distinct salinity populations (Fig.
7-3b), which are (1) a higher salinity population from 23,2 to 19,4 wt % ¢NaCl, which only
consists of fluid inclasions from lava atnygdale quartz and (2) 8 lower salinity population from
149 to 10,0 wi% eNaCl, which includes the uid incusions from both vein and lava amygdale

quartz (Fig, 7.3b, Table 7-3).
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7.4.5 Interpretation of the fluid inclusion data

As shown in Fig. 7-2, 3 and Table 7-3, two distinct populations of Ty, and salinities versus final
homoée:ﬁzaﬁbn temperatures can be clearly identified in lava amygdale quartz and only one
population in vein quartz. Therefore, it is suggested that at least two different fuids have been
trapped during the formation of various amygdales of lavas and only one in quartz veins. One fiuid
- population (Type I) has a higher salinity, 19 -23 wt% €NaCl and medinm T, of 152 to 164 °C.
This is siruilas to the secondary fluid inclusions in detrital quart of the Basal reef in the Welkom
gold field (Frimmel et al., 1993). The major one (Type IT) is of moderate salinity (8,4 - 15 wi%
eNaCl) with T, of 143 to 185 °C and includes all the fivid mclusmnsm quartz veins and some fiid
inclustonts in amygdale quartz of the lavas, This can be compa_red with the primary inclusisng (3).
in authigenic quartz of Frimmel (1993) (salinity 7 to 17 wt% eNaCl, Ty, of 130 to 140 °C); F1 of
Drennan (1997) (salinity, 2,8 to 18,6 wt%, T, of 145 w0 290 °C} and the primary inclusions of

Boer et al. {1995) {salinity, ¢ wt% eNaCl, 115 - 190 °C).

If the quartz veins within and a-ound the VCR are considered to hiave been produced by later fluid
activity, the moderate salinity finid population (Type I) in both lava smygdale and vein quartz
probably 'reprﬁents. a later phase of fluid activity, while the high salinity population {Type T}
present only in the lava anyygdales can be interpreted as possibly representative of au earlier phase
of fluid activity in the Witwatersrand Basin Therefore, the fluids of metamorphism and
- hyurothemlal alteration represent two stages of evolution within and around the VCR: (1) early

fluids with high salinity and (2) later fluid with moderate salinity.

The final homogenization temperatures are considered to represent the minimum entrapment

temperatures of the fluids due to no pressure correction. However, the true entrapment
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 temperatures and pressures of the fluids can be estimated on the basis of fluid inchuJion isochores,

together with the independent geothermometers of muscovite and chiorite (see below).

7.5 Pressure and geothermal gradient

751 Previous work o

Walhnach and Meyer (199b) suggested & pressure of at least 2,5 kbar, determined from fanlt
related”kyanite occurring close to the Kimberley and Monarch reefs. The pressure at peak
* metamorphism in the Witwatersrand Basin was less than 3 kbar, based on the basin-wide
greenschist facies as also suggested by Phillips and Law (1994), except for the amphibolite facies
around the Vrédéfoft Dome in the centre of the Basin, which indicates a pressure of

appm:dmately 5 Ybar (Stevens et al. 1995).

Geothermal gradient during peak ﬁetamorphism in the Witwatersrand Basin has been suggested
1o be between 35 and 40 °C/km during greenschist facies metamorphism (350 °C and 2-3 kbar),
- 40 °C/km at amphx'boﬁte'facie§ (Gibson & Stevens, 1995), and > 45 °01m1 at granulite facies
metamorphism around the Vredefort Dome (Stevens et al., 1995). Frimmel (1997j estimates the
geothermal gradient at 28 £7 *C for the Central Rand Group, corresponding to thé early Transvaal
- hydrothermal event (Stage 3), #ad 385 °C at the time of the emplacemént of the Bushveld

igneous Complex (Stage 4), dased on the 'stratigraphic thickness and chlorite temperafures.

_ ‘?.5.2 " Results .
As &iscussed above, at least five types of fluids corresponding to different :?:;.am:.lal events have
been proposed by Frimmel et al. { 1993, 1997): {Stage 1) thrust-controlled pre-Transvaal
alteration; (Stage 2) early Transvaal alteration; (Stage 3) Basin-wide burial metamorphism; (Stag_e

4} therma! metamorphism in the collar of the Vredefort Dome and (Stage 5) hydrothermal
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alteration related to Vredefort Dome/Bushveld magmatism at about 2 Ga vears. Thé fluids in all

five stages could have aficeted the VCR. However, the hydrothermal alteration (Stage 5) at about |
2 Ga is the most important event affecting the VCR based on the mineralogical data discussed in

'Chapter 4 and radiometric dating (see Chapter 9).

Taking into account the stratigraphic sequence of the Vﬁian Erath..m, the Lthostatic pressura
¢can be estimated based on the total thickness of 8 to 9 km for the Ventersdorp and Transvaal
Supergroups overlying the Witwatersrand Supergroup. The average density of the rocks is about
2,75 g!cxﬁ’. Therefore, the lithostatic pressures at peak metamorphism are estimated to be

between 2.2 and 2.4 kbar.

Indepéndent average temperatufes from chlorite and muscovite can be used to repfement
entrapment temperamm of fluids due to (1) mutual contact of chlorite and.muscovite with quartz
in uncorroded grain boundaries (see SEM photomicrograph in Chapter 9), which proves an
eq  fum of the three minerals; and (2) the chlorite and mucereite temperatures, which
enneépund well t+; the tezﬁperature conditions (£330 5C) of greenschist facies metamorphism.
Therefore, the entrapment pressures of fluids can be determined by the combination of fluid
inclusion isochores and the muscovite and chlorite geothe:m:)meters. The entrapmens pressures
of the fluids were estimated to be between 2,2 and 3,.. kbar at temperatures of 290 °C (chlorite)

and 350 °C (muscovite) with an average of 2,7 kbar (Fig. 7-4).

The fithostatic geothermal gradient at peak metamorphic conditions can be estimated from the
thickness of overlying strata of the Ventersdorp and Transvaal Supergroups at a maximum depth

' of © kun and & maximum temperature of 350 °C (Wallmach & Meyer, 1990). The corresponding



176

=] . Maximum pressure of 3.2 kb
at 350 C (muscovite)

§ 34 -
L

=

E L u-.
=5

o .

733 . :

52_ 2 = Mimimum pressure of 2.2 kbar =

at 290 ' C (chiorite)

Average isochare

¢ T T T T T T T T
) 50 00 150 200 250 3060 350 400 450

Temperature { C)

Fig. 7-4 P-T fields of hydrothermal fluids during alteration of the VCR. Fluld inclusion
isochores are calculated from final ice melting and homogenization temperatures of .
fluid Inclusions (Brown, 1989). The maximum temperature of 350°C is estimated
from the muscovite geothermometer and the minimum temperalure of 290°C i
sstimated from the chlorite gaothermometer, corresponding to entrapmant pressures
of 2.2 and 3.2 kbar, respactively,
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geothermal gradient is 39 °Cfkm, which is consistent with 385 °C (Frimmel et al., 1993) and 35

to 40 °C/km (De Yoreo et al,, 1991; Gibson & Stevens, 1993).

753 | mtetpretation of the ;iressure data

The entraprnerﬁ pressures of the fluids of the VCR dunng hydrothermal processes are constrained
by the ﬂuid_ inclusion isocheres (Fig. 7-5). The minimum enfrapment pressure, 2,2 kbar is
consistent with the. lithostatic pressure estimated from 9 km of o.verl.aurden strata of the
Ventersdorp and Transvaal Supergroups. The maximum pressure, 3,2 kbar is consistent with
pressures of about 3 kbar for green schist facies metamorphism (Phifips and Law, 1994) and in
agreement with a I;ressuré of at least 2,5 kbar,. datermined from the fanlt related kyanite

accurrence close to the Kimberly and Monarch reefs (Wallmach & Meyer, 1990). -

76 for Fsas Farseyr Mimsey and pH values
7.6.1 Previous ﬁork
Using sulfur fugacities constrained by & combination of graphite-CO3-CH, equilibrium and
- arsenopyrite-pyrite stability and pH defined by muscovite stability, Robb and Mesler (1991)
| estimated the Wxtwa:ersraﬁd fluid conditions at the peak metamorphic temperature of 350 °C to
be: (1)_ log ., between -31 and <29; and (2) pH, around 5. Drennan (1997) determined oxygen
fugasity for CO,rich inchusions in the Witwatersrand Basin based on the nickel-nickel oxide (Ni-
'NiO) buffer and the quartz-fayalite-magnetite buffer, Chlorite temperatures (300 to 400 °C) were

| used to constrain fm to be between -35 and -27 for the Witwatersrand Basin.

Based on the thermodynamic rmodelling, Boer et al, (1995) suggested that the peak metamorphism
and hydrothermal alteration for the VCR took place at {1} a temperature of 350 °C; (2) &

minimum pressure of 2,5 kbar; (3) f, between 10 and 107, (4) log fipgy, -0.22 and 0.04;
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(5) Iog Bypagy 1,5 and -2,6; (6) at acidic ptL, 3 (neutral pH at 350 °C, 5,1); {7) fng, from 2,4 to-
0,3; and (8) agyy,, from 0,2 o 0,5. The authors further conclude that the fuids are associated with

the Bushveld or Vredefort events.

7.6.2 Principle of the methodology

Based on the six-component chlorite solid solution model of Walshe (1986), (1) oxygen fugacity
ezn be calculated from a chemical reaction:

Fe, “2AL,Si,0,0 OH  (C3) + 1/40, (g) = Fo, 2 Fe™* A1, Si; O y; (OH), (C4) + 12H,,

) fms@ and afwmconmnt of the fluid can be .calculated based on the costeme_ of quartz and
chlorite with an iron smﬁ'ag; (3) log 2, /8. and log 8y /ay, can be calculated based on stable
albite and muscovite, respectively, and (4) log £, can bé_ calculated b#sed on the _coexistencé_ of

pytrhotite with pyrite.

7.6.3 Results o
 Log £y, 108 8ys/2y,, 108 8/, 108 sy 108 Firasgy and 10p T, were calculated using the Ch-1
- computer programme of Wa.lshe (1987) and averages of the data with standard deviation (Std.)

are tabulated in Table 7-4 in terms of host rocks, i.e. VCR conglomerate, quartzites, and average

of the sediments (VCR conglomerate and tiuartzites), and lavas. Average values of log £,; of VCR
i§-29,41,3; quartzites -29,9%4, 1; 29,65 for the average of the sediments; and ~35,5£7,6 in the

lavas.

Logfy, (py/po) is -10,540,7 in the VCR; -11,6+1 ,6in quartzites; -11,1¢1,2 in the lavas. Log fipq
| 18.0,960,2 in VCR; 1,340,3 in quartzites; -1,1£0,2 in average of the sediments; and
-1,340,5. LOg & gy 18 -2,320,2 in VCR; -2,740,3 in quartzites; -2,540,3 in average of the

serliments; and -2,740,6. Log .. /2y, is 5,020.1 in VCR, 5,040.5 in quartzites; 5,0 in average of
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Table 7-4 Swnmary of logl, log &; (py/po), log ey, 108 azs, 108 2y,./85,., 108 8g,/ 5,
values estimated from the chlorite solid solution model of Walshe (1986).

VCR | Quattzites | Aversge(®rVCR | Lava
© (29) adquatzia) | ()
Average | -29.4 299 297 355
log £, : : —
= std, | 13 a1 | 27 1 76
st Avemge | -105 | -6 | a1 | 133
- Std. 0.7 1.6 12 3.7
.bgﬂms ffvermge | 09 | 13 a1 | a3
| Std, 0.2 0.3 02 05
log.am Average | 23 | 27 | 25 27
sd. | 02 03 | 0.3 0.6
Average | 50 | 50 5.0 53
OB Blee K | o1 05 03 0.5
_ Average | 3.9 3.9 B 3.9 i - 44
S P 0.7 0.6 X ] 06

Note: The number in brackets indicates the number of analyses. 5td. - standard deviation (1),
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sediments; 5,3£0,5 in the lavas, Log d g, fay, 18 3,920,7 in VCR; 3,9:£0,6 in the quartzites; 3,940,7

in average of the sediments; and 4,4+0,6 in the lavas.

7.64 Interpretation of the dﬁta | |
Chiorite cherical corpositions from different lithologies in the VCR have been calculated usiog
 the thernodynamic model of Walse (1986). Although this is the ouly method ussd in the stuy,
it may prowde better understanding of some charactetistics of the fhuids during peak
metamnrphism. and hydrothermal alteration of the VCR. The thermodynamic data from both the

© VCRand the qum:tz:tes are undistinguishable, and are strongly different from those of the lavas. |
As diseussed above, accurate chlorite chemical compos:ltlons were diffionlt to obbam dueto the
ﬁne—':g_raiwed cha:actar ~and possible interlayer structures of chiorites. Therefore, the
thermodynamic data obtained from the lavas were not used for evaluation of the oondiﬁons of
paakmetaumrph:smandhyﬂmthmal alteration in the VCRmthis study, In this case, the average -

: thzrmodynamm data ofthe sediments were used

- Average log £, is -30 which is in a good agreement with the data (log £, -31 to -29) of Robb
and Meyer (1991), the data (1og £y, ~35 t0 -27 ) of Drennan (1997) for the Witwatersrand Basin

and also consistent with the data (log fog, -29 to -26) of Boer et al. (1995).

Average log £, (py/po) is 11,1 and this is based on the coexistence of pyrite and pyrrhotite at
hetween 290 ° and 350 °C. Average log £ngy 75 -2,5 and is compared with the maximnm log £,
0,5 of Robb & Meyer (1991), but lower than the data (1og s 0.6 to 1,1) of Boer ef al. (1995)

for the VCR.

The lack of hydrothermal clay minerals (e.g. kaolinite) indicates that the pE value of the fluid was
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not acidic and the ebsence of sulphates in the VCR suggests the fivids were not alkaline (e.g,

Mikucki & Ridley, 1993), Thus, 2 netiral pH value for the fluids at peak hydrothermal alteration,

of about 5 at temperature of between 290 ° and 350 °C Is suggested, which is in a good agreement
with the plf value of 5 of Robb and Meyer (1991). This is elso consistent with the hydrothermal
. assemblages of albite - muscovite - chiorite - epidote - talc-carbonates - quartz - sulphides (see

Chapter.S)_. | |

7.7 Mechanism of gold remobiiimtion.gnd pmcipitation in the VCR
771 Review | |
mmmmmmmdymmmm@m@emmwm&mm& |
bisﬂphidé and dichloride gold complexes, whose formations are generally expressed as foﬁows
(Seward, 1984):

AU+ LS (aq) + HS- = Au(HS)," + 0.5 Hy(g)
Aw+2H" +2C14=AuC]2'+H,(g) | | |
From these two reactions, the stability of Au depends on muitiple ﬂmtors, €.g. pressure,
temperature, pH, fiuid salinity, fagacities of oxygen and sulphus, and the activities of bisulphide
and chloride.

Phﬂhps and Myers (1989} assume that gold was transported as an mspec:ﬁc gold-sulplmr |
- complex. Based on the cahlﬂaﬁonof_Rnbb and Meyer (1991), the solubility of both thiosulphide
complex and gold chloride complex can be as low as 1 ppb and solstion pH values place an

 important constraint on gold transport as either thio- or chloro-complexes.

Starting at el. (1989) studied individual pyrite grains separated from four lode-type gold deposits

using optical and scanning electron microscopy and identified the gold vecurring as sub-sphericat
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to subhedral on pyrite surface through shsorption-chemisorption processes. Similarly, Meyer et
~al. (1994) &ve investigated the micro-texture and chemistry of compact round pyrite and
_ assomated gold agcunullzttions in the Witwatersrand reefs and establish that gold is preferentially

deposited on cherﬁically heterogeneous pyrite surfaces using an efectrocheuﬁcal approach. The
principle is based on the attribution of Moller (1993), Moller and Kersten (1994} and Mironov
' e:'_aL (198 1), which the accumulation‘and reduction of gold on pyrite surfaces are mainly due to

| thé semiconductive properties of minerals, Chemical zoning of pyrite with As, ér Ni and Co,

. which can suhstitute for 8 and. Fe respectively, results in mixed, n-p type semiconductors, and

in the seneration of self-drving galvanitic cells.

7.7.2  Fluid condifions and mineralization

Temperatures of hydrothermal fluids at peak metamorphism in the VCR are between 290 ° and

350 °C. The maximum An(HS), solubility in these conditions is arnﬁnd 30 ppb (Robb & Meyer,
| 1991 ) With the pH bﬁﬁ‘ered by the feldspar-muscovite-quartz assemblage and the redox state
buffered by the CO,-CH, reaction and muscovite Sfabﬂity, the AuCl » solubility increases; with
temperature and is much less than 1 ppb at conditions of 290 - 350 °C (Seward, 1983). This
suggests that the AuCl;” complex does not play a major role in the transportation of Au in
Witwatersrand fluids. Therefore, the Au(HS),~ complexis probably the majar gold species in the

fluids.

Another possibility is that the gpld transported locally around sulphides, specifically pyrite and
 the gbld was deposited on chemically heterogeneous pyrite surfaces as suggested by Meyer at el.
© (1994). That is consistent with the fact that gold remobilization occurred at 5 coaximum scale of
ceritimeters (Frimimel, 1993) and little gold is present in post-depositional quartz veins in the

Witwatersrand Basin as discussed in Chapter 4,
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7.8 Summary

The environmental conditions of fluids at peak hydrothermal alteration in the VCR have been
sﬁmma_rized and tabulated in Table 7-5. The data are presented as parameters, methods used,

 range and airerage of the data, notes, and data scurce.

All rocks of the Witwatersrand and Ventersdorp Supergoups were.metamurphosed to greenschist
- facies inchiding tfae VCR conglomerates, hanging wall Ventersdorp lavas and the footwall
sediments of the Central Rand Group. At least two thermal events are recogmized in this study.
The major ote is cﬁrres;:ondent to the later thermal event (Stage 3) of the five major fluids of

Fritnmel (1997).

Both experimental muscovite and ﬁemodynamic chiorite geothermometers were uged to estimate

 the tem;:emmm of fiuids at the peak metamorphic conditions and to coﬁstrain the temperatures
bm_zgﬁ ° and 350' °C mthe VCR. These probably correspond to the major thermal events
(Stage 5) of Bushveld magmatism and the Vredefort Dome. A lower temperature. mineral
assemblage of chiorite and muscavite is also revealed to be between 150 ° and 245 °C, which may

- represent post-Vredefort retrogression.

Flui& inchssfons from vein quartz and lava amygdale guartz in the VCR are characterized by low
densifies of inclusions per area, small size and predomiinantly two-phase undersaturated liquid-rich
aqueous types. Two populations of salinities from fluid inclusions bave been identified in quartz.
veins and mva'm:gdaies (1) early high satinity (19 - 23 Wi% eNaCl) with medium T, of 152 - 164

- °C and (2) the later moderate salinity (8.4 - 15 wt% e NaCl) with T, of 143 to 183°C.
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Table 7-5 Summary of fluid charateristics during peak hydrothermal alteration of the VCR

Parameters Method Range (average) Notes Ref.
Th(C) | Fincl 138 - 182 | Aquecus-rich @-V) | 1
TeO) s |00 | Lewertompentme | !

P (kbar) F/Incl, Lith, 2232027 1
 Geotherm 3% ' Higher geotherm .
{°Clkm) 27 | Lower geotherm :
| Salinity —_— 84-15  Lower salinity . '
| (wt% eNaCI) _ 1923 Higher salinity
pi TC 5 Neutra 3
log £ 171c -33 --27 (29.7) 1
log, TC 9. L12(-111) 1
10¢ s TC 0.9- -L3(-1.1). 1
log am;, TC -2.2 2.8 (-.5) 1
Au(HS); (ppb) | TC 1-30 ppb - 3
AuCl; {(ppb) | TC 1 ppb 3
Au Au(HS)z', :
Transportation | TC, others ;iz%{?cherrﬁcal, rare 1,4

Methods: Ch - chlorite geothermometer; Mus - muscovite geothermometer; F/Incl. - fluid

“inclusion; Lith, - lithostatic pressure; TC - calculation.

Reference (Ref.): 1 - this study; 2 - Boer et al. (1095); 3 Robb & Meyer (1991); 4 - Meyer et

al. (1994).
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The entrapment pressures of the fiuids during the peak metamorphism and hydrothermal alteration
‘i the VCR are constrained to be between 2,2 and 3,2 kbar with an average of 2,7 kbar, using the
entrapmment temperatures of the fluids between 290 and 350°C and fluid inclision isochores. The
meximum geothermal gradient during the peak metamorphism in the VCR is constrained to be
39 "C/km at a temperature of 350°C and overburden strata of the Ventersdorp and Trausvaal

Supergroups are estimated to give fs.maxinnﬁdepthdf?km.

o i Basogs S 2 D vllues ave estirasted using the six chlorie solid solution model of
 Walshe (1986) based on the chlorite, pyrite-pyrrhotite buffers, stable musscovite and albite. They
axe summarized: logfy,=-29,7; Loghy (y/p0) =~11,1; 10 Sy =-245; 10 Bz = 2,5 and
pH = 5 (neutral). Based on the fluid temperaturcs, £, and pH values, transportatiors and

semnobilization of gold by hydrothermal flids i the VCR during peak metamorphism were maily
| in sulfrr gold complex (Au(H,S) ;" in the fhiids and possible physical absorbtion and movement
over'short distances on pyrite surfaces through electrochemical precipitation, as &escn‘bed by
 Meyer et al (1994). | |
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3 ISOTOPIC GEOCHEMISTRY (5,0, H, C)

81 Introduciion

811 Genetic models of the Witwatersrand Basin

More than a century since the discavery uf Witwatersrand gold by George Haxﬁson in 1886, the
origin of the gold and uranium is still debated between supporters of the two major genetic
| models: (1) modified placer model, described as original gold deposited in a placer but locally
remobilised 2t centi: «etre scale after burial {Pretorius, 1964, 1976; Armstrong, 1966; Minter,
1978, 1979; Re1mer & Mossman, 1990, Robb & Meyer, 1991; Frimme] et al., 1993; Frlmmel,
1997) and (2) rhe. hydrothemal model, described as dissolved gold introduced by hydrothermal
fluids at a mstre fo kilometre scale in an epfgeneﬁc or metamorbhic environment after
sedirentation (cf,, Phillips, 1987; Phillips & Myers, 1989; Parneil, 1996; Bamicoat et. al., 1597
Phillips & Laﬁ, 1997). Stable isotope studies of ore minerals and quartz _grains. as well as other
materials may help to solve the critical probiem of the genetic processes of mineralisation for
Witwntemrand reefs and to provide target areas for Witwatersrand type gold deposits during |

future gold exploration.

- 8.1.2 Previous work on squﬁur isotopeé

| Mineralogical studies have revealed the existence and enrichment of detrital, mudball and
. autlugamc pyrite and other suiphides as w eff as carbonaceous matter in the Witwaterstand Basin
(e.g. Viljoen, 1963; Pretorius, 1974b; Robb & Meyer, 1987; Meyer et aL, 1990b; Robb et i,
1994, 1997). They were derived separately from different source areas or origins and are
representatives ﬁf cifferent environments. For example, detrital pyrite represents the original

sources of sulphides and possibly associated heavy metal minerals, such as gold. Mudball p.yrite
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is 5 syn-depositional product and possibly represents the syn-sedimentary environment. Authigenic |
pyrite and other. sulphides are post-depositional products which probably represent post-
~ depositionsl processes of metamarphism aﬁd hydrothermal alteration, Detrital, mudball and
authigenic pyrite and pyrrhotite are enriched in thé' VCR, together with a vanety of other

~ sulphides, e.g. chalcopyrite, arsenopyrite, galena and sphalerite,

Sulphur isotone + dies on different pyrite types and other sulphides as well as carbonaceous
matter have been c>rried out by various workers, e.g. Jensen and _Dechow (1964}; Hoefs et al.
(1968);, Chukhrov et al, (1970); Hattori et al, (1983); Forster (1986); Drennan (1997). Ho Jever,
2 syst;ematic'smﬂphur isotape study'f‘orthe VCR horizon has not been conducted except for limited

analysis on sulphides from quartz veins from the VCR (¢.g. Drennan, 1997).

The available 5%S values for detrital pyrite collected from the above authors fall within & narrow
- range of ;1?65 to +5,6%o which are far different from those of some sedimentary sulphides |
(behueeh ~35%a and +25%») (Hoefs et al., 1968). Based on the above resuits, for ore gené.sis most
of the authors agree with the interpretation of an original magmatic source of the sulphur for
detrital pwife in fhe Witwatersrand reeft (e.g., Jensen and Dechow, 1964; Hoefb et al., 1968;
 Drenpan, 1997), Howéver, Forster (1986) suggests that otiginal sulphur in detrital pyrite
originated from subserial volcanic smokers in the Witwatersrand Basin, Far_example, reported
§%S values for detrital pyrite are between +0,2%0 and +5,6% from the Vaal reef of the
Klerksdorp goldfield (Jensen and Dechow, 1964); between +1,0%o and +4.0%» from the Elsbur,
Basal and ‘B reef’s in the Welkom gold field (Hoefs et al., 1968); between +2,5%o and +4,4%
for detrital porous pyrite and -1,4%o and 8,2%, for . ompacted pyrite (Forster, 1986); and «1,5%

" and +2,6%s for detrital pyrite from the Kimberley and Basal reefs in the Welkom poldfield and
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VCR in West Wits Line {Drennan, 1997).

For mudball pyrite, Hattor et al. (1983) reported that the §*S values are between -0,5%. and
+4,0%a, which are not much different from the detrital pyrite (-1%o to +5,6%o) based on an
investigation of sulphur isctopes in the Carbon Leader, Cadetonﬂe goldfield, Witwatersrand
Basin, Hattori et al, (1983) suggest that the §*'S values of mudball pyrite are best attributable to
global anserobic conditions at that time, which inhibited oxidation of suléhur in the sedimentary -
eycle. This conclusion supports the models of low atmospheric oxygen during the Proterozoic

 time as suggested by Cloud {1968} and Garrels et al. (1968).

For authigen.ic. pyrite, the available 6*S values have a range of -2%o and +6,5%. (e.g. Boefs et
al., 1968; Fﬁ_rsfer, 1986, Drennan, 1997), which are very similar to those for detrital pyrite in 2
Tange of ~1%o and +5,6% {e.g. Hoefs et al,, 1968; Hatiori et al_.,- 1983; Forster, 1986; Drennan,
1997). In addition, no obvious difference in 8%S values has been found (1) between the authigenic
" pyvite and the pyrite associated with carbonaceous matter (Eloefs et al, 1068; Hattori et al., 1983)
and (2) between pyrite and associated w'boné,ceous matter in the Wit_watersrand reefs (Hattori

et al.. 1983).

The characteristics of the 6¥S values supports the argument that sulphur from the Witwatersrand -
reeft is representative of partial reconstitution of the allogenic sulphides (Drennan, 1997) rather
than being iniroduced, together with A, by hydrothermal fluids as suggested by some workers

(e.2. Phillips et al., 1987; Barnicoat et al., 1997; Phillips & Law, 1997),
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8.1.3 Previous work on oxygen and hydrogen isotopes

Quartz is enriched in the Witwaterstand reefs and sediments and some lavas, and inciudes quertz
and chert pebbles. quartz sands, authigeric quartz, vein quartz, and lava amygdale quartz. Oxygen
' isotope studies on these materials, together with éalcite, muscovite and chlorite can provide
hwaluabie information for the source of the sediments and possible mineralization history during
the basin evolution. Oxygen isotope studies of quartz pebbles, éuthige:ﬁc quartz and posi-
depositional yei_n quartz have been carrind out in the Witwatersrand Basin by various workers

(e.&., Savin & Epstein, 1970; Barton et al., 1992; Vennemann et al., 1952, 1995),

- Fer example, oxygen isotope studies on quartz pebbles including white and grey quartz, and chert
have been carried oﬁt in the Witwatersrand Basin by Barton, et al, {(1992) and Vennemann et al.
{1992, 1995). The Sampies of Barton et al. (1992) covered a lgrge part of the Witwatersrand
straﬁgraphy' together with the Dominion Group and Transv;;al Sequence, and a wide geng'aphic
afea, while those of Vennemann et al, {1992, 1995) were from several dlsunct reefk in tﬁe Central
Rand, West Rand, and Welkom gold fields, However, the results of both Barton et al. {1992), and
‘Vennemann et al.(1992, 1995) are similar and report that t_he 8 %0 values of quartz pebbles from
Witwatersrand reefs are in a range of 8,8 %o to 14,5%: (Vennemann et a_l., 1992) or 8;8%0 to
13,1%» {Barton et al., 1992). Also there is. an isotopically signiﬁcémt heterogeneity among the
quartz clasts within individual hand specfmen samples { Vennemann et al, 1992) or from centre
to rim withir; some individual quartz clasts (Barton et al., 1992). Both studies argue that the -
quartz pebbles and chert clasts preserve their original isotopic compositions of the source ares and
 were not significantly recrystallized with no oxygen isotopic reequlibration during post-
depositional processes due to the absence of any textural evidence of emplacement by sifica

veining and overgrowth {Barton et al., 1992; Vennemann et al., 1992, 1995). §**C values of
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eleven chert clasts from the Witwatersrand reefs have an identical, relatively narrow range of
. beween_s_ %o and 12,5%e, which are, however, similar to the matrix values of the quartz clasts

(5,8%0 and 11,5%0) (Vennemann, 1992).

For quartz sends in the matrix of conglomerates, the only study has been carried out by
Vennemann et al.(1995) on the Monarch Reef and the Main Reef in the Witwatersrand Basin.
They reported the 6“0.values to rangé of between 7, 8%o and 11,8%», which is lower than the
range for quartz clasts and cherts (9,0%o and 12,5%o). In this cﬁse, the qu_arfz sand population in
gach of the conglomerate horizons in the Witwatersrand Bas.in does n§t have 80 values in

excess of 11,5%o, whizh may suggest a different sediment source (Vennemann et al.,1995).

In order to find the possible source area for the Witwatersrand reefs, Barton et al. (1992) have
invéstigated five potential sbu.rce areas for the clgsts and mpoﬁed_ the results: (1) Beit E‘ridge
| emg in the Central Zone of the Limpopo Belt, near Messiz (9,5% and 10,7%s) and near Alldays
' _ (7,8%s); (Zj quartzite from the Promise Formation of the West Rand Group (8.4%» and 8,8%.);
(3). quattzité from Gemsbokdontein Member of the Westonaria Formation in the Turffontein
* Subgroup, Central Rand Group (9,6%s and 10,0%); (3) basren, white hydrothermal quartz veins
from the Roodepoort gold field, Pietersburg granite greenstone terrane (11,6% and 11,8%s3 (4)
gold-bearing white quartz vgin, Roodepoort gold {ield; Pietersburg granite gremstoné- terrane
(14,1%%0 and 14,2%s); and (5) white quartz hydrothermal veins at the Bacbrook Gold Mine from
Barberton granite greenstone terrane (14,7%a and 15,0%). The 81%0%. values of quartz in
hjdrothﬂnnal quartz veins and quartz clasts in quartzite exhibit a variety of ﬁverlapping in most
of the samples, however, they appear to be isotopically homégeneous. In addition, Beattie {1991)

has investigated the gnld—béaﬁng hydrothermal quartz veins in the northemn Kaapvaal Craton and
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Limpopo _belt and reported two populations for the 8 *0%» values in a range of between 9,2%,
_ and 13,1%, :md between [4,0%o and 14.4%s. The first group of 8 *0%o values almost completely
overlaps those of the large clasts in the Witwatersrand Basin; and the second group is heavier than

those of any elasts yet measured.

Vennemann &t al (1995) have compared the & *(0%a values of quartz pebbles and quartz sands in
- quariz pebble conglomerates with likely known rock types in the world including granitoids,

__pggmatit;s. pamgﬁeissas, mgt_avolcanic rocks and metasandstoﬁes, and suggested that the |
. compositionally horﬁogéneous granites ard related pegmatites are the. dominant source of -

- uranjum, whereas hydrothermal lode gold veins are the dominant source for gold.

The oxygen isotope systematics of Yfentersdurp-age' dolerite intrusions have rmntly been
investigafed by Harris and Watkiﬁs (1990)- who have studied several Veutergdorp-age dolerite
intrusions which .have metamorphosed up to lower greenschist facies. These include the thick
Conera Sili énd thgeval Dyke and some smaller dykes from Klerksdorp, The results show that
the Veatersdorp-age dolerite intrisions have "mantle’ 61*0 values of between 5,5 %a and 6,7%a
 which indicates no exchange in *0/*°0 between the Witwatersrand quartzites (5*'0%= 8,6%

t6 10,3%o), dolerite and fluids.

. The oxyzen isotope systematics from agates in Karoo volcanics have been investigated by Hamis

('1'989)_. The author measured a profile through six textural-zoned agates from Sarusas, in the
Skeleton Coast Park. Namibia and obtained 50 values of between 20,4%o and 28,9%.. This
suggests that the oxvgen isotope values represent a prolonged boiling fluid system of meteoric

_ water. ¢ scompanying loss of vapour at 120 °C,
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8.1.4 Previous work on carbon isotopes
The majority of the carbonm the Witwatersrand reefs, including the VCR, gccurs as carbonates
(calcite and siderite) (Zhao et al., 1994), bitumen (Robb < al., 1994) and CO; in fluid mclusmns

(e.g, Frimmel et al., 1993; Boer et al,, 1995; Drennan, 1997).

Kot ot al. (1994) has studied the carbon isotopes in carbon nodules from the Schweizer Reneke
and Varkenskraal aitered graitoids and the VCR in the Witwatersrand Basin, The results from
- carbon nodules of the Schweizer Reneke and the Varkenskraa! aitered graitoids (-25, 9o end

-36,0%0) and bitumen (fly-speck } from the VCR (-20,6%. and -32,4%s) suggest an organic origif,

| 8_.L5 Aim of this chapter | _
The purpose of the analyses of sulphur, oxygen, hydrogen and carﬁon isotopes for different
' .ﬁateﬂals of the VCR wnglums and related lithologies is 1o characterize the isotobic chemical
o signature of the ﬂuids invalved in pbst—deposiﬁonal fluid circulation and the possible source of

ore minerals _for the VCR in the Wztwatersr&nd Basin.

‘82 Review of stable is_otopés (S, _6, H,_C)

8.2.1 Deltanotation (8}

Stable isotope.ratios are measured relative to a standard and expressed in the & notation (parts
. per mil) (e.g. Faure, 1986; Rollinscn, 1993). Using oxygen isotopes as an example, the & value
" is calculated as follows:

The standard is the Standard Mean Ocean Water (SMOW), The standard notation is used to

. express the data where the value is the difference in isotopic ratio between the sample and a
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standard,

822 Isotopic fractionation

As described by Rollinson {1 9§3), the known isotopic ﬁ'&ctionafion in nature oceurs in three
dlfferent ways: (i) _iSa_tope exchange reacﬁoﬁs_; (2) kinetic processes; and (3} physicochemical
processes 51_1011 8s evaporation, condensation, melting, crystallization and diffusion. The

fractionation of an isotope between two substances A and B can be defined by the fraction factor

B

& ¢.p = Tatio in A/to 10 Booverevenererreresenes — S e {82)
Experimental studies have shown that 1000In « is 2 smooi.. and often linear function of 1/T* for.
wineral-mineral and mineral-fluid pairs (cf,, Faure, 1986; Rollinson, 1993). This gives rise to the

geﬁeral relationship for the fraction facior:

1000 In 0., 5= A (1091% +B e sr sttt (8-3)
- I 6 values are less than 10, by appmximation,'the relationship between 1000 in a,; and
measured isotope ratios can be expressed as:

App=8,-0p =10001n & 15 = A (10%T%) + Buccoorrrrrrrirsrsnseons (8-4)

If 8 values are larger than 10, formula 8-3 has to be used.

8.2.3 Isotopic compositions of geological materials '

8231  Sulphur

' Naﬁ:raliy occurring ssﬂphur-begﬂngépecies include {1) native sulphur; (2) sulphate; (3) sulphides;
(4) gaseous HIS.and sz; and (5) a range of m'cidl;zed or reduced sulphur jons in solution. There
a:fe foﬁr-types'of stable isotopes of sulphur in nature which have the following abundances:

8=05,02%, #8=0,75%, #8=4,21% and *8=0,02% (Faure, 1986).
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: Rolﬁnson (1993) has summarized the critical values of three isotopically distinct re#rmirs in
892 (1) mantle-derived sulphur with 8% values in the range 023% (Chanssidon and Lorand,
1990); (2) seawater sulplmr with §%S values today of about +20%. (Sakai et al, 1984); (3) |
strongly reduced (sedimentary) sulphur with large negative 58 values from -25%e to +35%
(Hoefs et al., 1968).

8232 Oxygen and hydrogen isotopes

- Oxygen
There are three stable isotopes of 0xygen which have the following abundances:
 10~09,763%, "0~0,0375% and 1 0=0,1995% (c£, Rollinson, 1993).
040 (sample) refirs to: individual samples while *0/1%0 (standard) is the concentration in Stau;
dard Mean Ocean Water (SMOW{-. The ratios of oxygen isotopes are calculated relat_iﬁe io
SMOW.

Chondritic meteorites have a very restricted range of 5"0 values and the manﬂe has 5“0.value.s
of 5.7:0,3%s, which seem to have been constant through time for the earth and the Moon (Taylor,
1980). Metebric water has & large :aﬁga of about -40%e to 5,7%a. Most granites, metamorphic
rocks and. sedimients are epriched in %0 values relative to the mantle value, whereas seawater

and meteoric watets are depleted, thus forming complementary 5" reservoirs.

Hydrogen
There are two hydrogen isotopes in nature: 'H=09,9844% and *D =0,0156% (deuterium).

Hydrogen isotopes are measured in parts per thousand relative to the SMOW standard and are
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caiculated in an anzlogous manner to that for oxygen isotopes and expressed as 5D%.

8233 Carbon

" Carbon naturally oécms in its oxidized forms (CQ,, carbonates and bicarbonates), and reduced
* carbon (metliane and organic carbon, diamond, graphite). Carbon has two stable isotopes with

the following abundancés: C =98,89%; and °C = 1,11%. Carbon isotope composition sysiems

in nature are (1) meteorites (a wide range); (2) mantle (-3% and to -8% with an accept mean

value of about -6 %e); (3) seawater (0%6); (4) ruzrine carbonates (-1% and +2%6); (5) marins

“bicarbonate (-2 and +1%); (6) non-marine organic carbon (-20%a and -30%.).
83  Sulphur isotopes

8;_3.2 bescﬁpﬁOn of the §amples

A total of 14 rock samples containing suiphides were collected from the hanging wall laves of the
Klipriviersberg Group (r2), VCR wnglpﬁcrates (:t=4), and footwaﬂ'quartﬁtes in the Central
Rand Group (w=8) (Teble 8-1). Mineral essemblages of suiphides in these samples are pyrite-

. pyzrhotite—_chalcopyrité-sphﬂleﬁte-galena. In total, 28 single sulphides from the 14 rock samples

 have been analyzed, and include authigenic pyrite (10), pysthotite (10), sphelerite (3), chalcopyrite
 (2) and galena (3). |

8.3.2 Methodology
'8.3.2.1 Mirzem! separation
The mineral separatioﬁ was carried out at BPI, University of the Witwatersrand, Johannesburg

following the niormal procedures employed in the laboratory. They inchldg: (1) crushing the
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Table 8-1 88 data of sulphides from the VCR conglomerate, hanging wall lava, and footwall
quartzite (total of 28 analyses)'

. _ 5*Sto B
-j_::thclogy Sample No . ~ ooh - o =
e R | 0.0 07 IEX 13

Bo13a | -0.6 |
- 1 X0427 06
lver miest | REEY
T XR1645-1 0.8 0.3 o
XR1645-2 01 | 04 | 02 |
B0384 ] § o9 15 |
BO376 18 03 | 09 |
B0372 04 08
DGG | xo0439 o1 | -04 |
| quartzite | XR1646 10 | 02
| XR1643 0.1 0.5
XR1642 .
XR1609 | . |

! Py - pyrite; Po - pyrthotite; Sph - sphalerite; Cpy - chalcopyrite; Ga - galena.
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‘samples to chips and further to fine grains of 125 to 1700 um in diameter; (2} heavy fhuid
separation using bromoformy; and {3) Franz Isodynamic Magnetic Separator to separate dlﬂ?erent
sulfides foﬂoﬁing adaptation of the original method used by Hass {1959). The samples were
finally purified with & vacuum haﬁd—picker at the Courci, for Gaoscience of South Afnca,
Pretoria. Separated mmm‘a]s inciude authigenic pyrite, pyrrhotite, chalcopyrite, sphalerite and

83.2.2 Sulphur isotope analysis
Sulphur isotope analyses were carried out at_'. the Isotope i.abotatory of the Council for
- Geoseience of SﬁuthAﬁ’im, P;t_:toria, using conventional SO, extraction facilities and a Finnigan
Mat 251 gas source mass spectrometer. The iternationel edyence tcris, NBS123 and Soufre
de Lacq, are nsed to calibrate the in-house SO, bottle standard. Frrors are mainly produced from
the sulphur exiraction line and mass spectrometermﬂasurelhcm, In this study, the total error of
5%S values is betterthan 0,4%e including & total method reproducibility of 0,35%. and 8N error
ﬁf 0,05%e from mass spectrometer measurement, All 5*8 values are reported in per mil relative

* to Canyon Diablo Troilite (CDT).

| .Sulphnr was converted to SO; under vacuum following an adaptation of the original method of |
Robinson and Kusskabe (1975). The structure of the sulfur extraction line is presented in Fig. 8-1-
aﬁd cﬁnstituted by' (1) a high temperature firnace (up to 1120 °C); (2) a rotary pump; (3)a
diffusion pump; '(4) main pump producing high vacunrus; (5) an acetone-dry ice trap; (6) 2 Tiquid
nitrogen-penitane trap (n-P?-ntane trap) (trapping COy); (7)  liquid nitrogen trap (trapping 80,
(8.)' glass sample bortles. (cbﬁecting S0,); and (9) gauges for pressure measurements (normal

pressure <107 bar),
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Fig. 8-1 Sulfur dioxide preparation line {after the Councl! for Geoscisnce, South Africa).
1-Fumace producing high temperature up to 1120°C, 2—-Rotary pump, 3-back punp,
4—main pump producing high vacuum, 5-acstore dry ice trap for water, 8--N-pentan2
trap with coit glass tubse, 7-liquid nifrogen trap, 8~giass tubes, 8--pressure gaugss.
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‘The procedures for the extraction of sulfur are presented as follows:

(1) In order to produc~ SO,, powder sulphide samples are intimately niixed and reacted
with Cu.O at temperatures up to 1070 °C, which was prepared by heating Cu( at a temperature
of 910 "C under vacuum for approximately one hour, Reactions of pyrite and chalcopyrite with
Cu,O are presented as two examples:

FeS, (pyrite)+*2Cu0,=250,+2Cu+Fe (at 1070 °C in aﬁ;maée)....................,.....(8'-4)

CuFeS, (chalcopyrite)+2CuQ,=280,+3Cu+Te (at 1070 °C ina ﬁ;mace),.........,..(s-'-S)

| (2} At first, SO, gas is purified by extraction of water vapour in an n-pentasie trap by liquid
nitrogen: '
- {3) Secondly, all incondensable gases are extracted in a vacuum system. The $i0,is |
trapped somewhere and t.hen revolatilized into the mass spectrometer; |
{4) Finally, sulphur isotopic ratio in sulfur dioxide is measured Ly a Finnigan Mat 251 gas
SOLFCeE MMBsS SPECtrometer. The mass spectromester analysis is based on the procedures of Coleman

_and Moore {1980},

8.3.3. Results of **S/*S analyses

8.3.3.1 Suiphur isotope data _

A total of 28 analyses were obtained from authigenic pyrite (n=10), pyﬁ’hotite .(n='10), sphalerite
(n=3), galena (n=3), and chalcopyrite (rr=2) and are tabulated in Table 8-1. The 6*'S values of
authigenic sulphides are between -1,5%0 and +1,8 %o with a c!uéter of ﬁround 0,0%e. Individually,
sulfiar isotopic compositions of suiphides are: (1) -1.5%a and -0,8% for galeta; (2) 0.7% and
+1,0%0 for pyrrhotite; (3} -0.3%o and .0,2%0 for chalcopyrite, {4) -+0,4%» and +0,9%. for
sphalerite; and (5) -G.5%o and 1.8% for pyrite. 5% values of single sulphide minerals are plotted
in a histogram (Fig. 8-2) The results indicate that the 34§ values for both pyrite and pyrrhotite

have almost identical normal distribution patterns with two modes around -0,5%e and +0,5%,
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- respectively (Fig. 8-2a, b). No distinctive distribution patterns of 5°S values for sphalerite,

chalcopyrite and galena can be discerned as shown in Fig. 8-2c, d, e, dﬁe to limited anslyses.

Fig 8-3 shows 8 values of single sulphide minerals from different host rocks. The 3%S velues
of single sulphides from two completed profiles of hanging wall lavas, VCR conglomerates and
footwall quartzites shows more or less similar distributions (Fig. 8-, b, <, 4, ¢,1), Le., no obvious
difference in the distribution of ™S values for different lithologies has been found, The 6* 8§
valuésofstﬂphhies.ﬁ:r the two uncompleted rock series show almost the sare distribution as each
“other among lavas, VCR conglomerates and footwall quartzites (Tig, 8-3g, h, i, j). Fig. 8-3k
shows the distribution of the 3%S values for sphalerite oniy in footwall quartzites.

8332  Sulphide precipitation temperature
| | ‘Paragenetic sequences of sufphides

‘When sulphide minerals are precipﬁated from agueous solutions or crystallize from sulphide
 liquids, small differences may ocour in 'S values of cogenetic minerals due o isotopic
equilibrium among the solids and between the solid and liquid (Sakai, 1957; Thode, 1970; Fauer,
1986), The differencas i the isotopic composition of § in cogenetic sulphide tinerals may reflect
the temperature of isotope equilibrium, Theoretical considerations by Sakai (1968) and Bachinski
(1969) based on bond strengths indicate that the “S earichment of some common sulphi*

minerals should decrease in an order: pyrite > sphalerite> chalcopyrite > galena. This is consistent
with the results of this study: sphalerite (+0,4%o and -+0,9%a) > chalcopyrite (-0,3%. and -0,2%a}
> Galena (-1,5% and -0,8%0) (Fig. 8-2). However, pyrite (-0,6%a and 1,8%0} and pyrrhotite (
0.7% and +1,0%0) do not it into the sequence. This is attributed to the two paragenetic

sequences of early pyrite- pyrrhotite, and Iater sphalerite-chalcopyrite-galena (see Chapter 4).
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Suiphur isotopie geothermometry
The precipitation temperatires of sulphide minerals are estimated from the 8*S values of pyrite-
 pymhotite in the early paragenetic sequence, and sphalerite-galena and sphalerite-chalcopyrite in
the later one. Those of pyrite and chalcopyrite and galena f:om tﬁvo different paragenetic
sequences are also estimated to test the equilibrium between those minerals. The temperatures are
caleulated based on the sulphur isotope geothermometers of Ohmoto & Rye (1979), which were
obtained by solving equation 8-4. Uncertainties in the calculated temperatures are caused by the
uncertainty of the equation at a temperature of 300 °C and the analyticat error in A™S of £0,2%,

- The sulphur geothermometers, used for calculation of sulphide precipitatidn temperatures, are |

' Histed as follows: |
TCK) = (0,5540,04) X 10YAY% (295 "K) (pyrite-pYrThOte)c vesrvreree | ®6);
T (K =(0.67:0,04) x 10’!:1_1“ (&75 °K) (pyrite-chaleopyrite) (38-7;
T (%) = (1,0120,04) x I0VA™ (445 °K) (pyrite-galers)....... ' e (B-8);
T (°K) = (0,85:0.03) x 10¥A2 (245 °K) (sphelrite-galema)...v.rrrr (8-9).

The results of sulphide precipitation teraperatures are tabulated in Table 8-2. The uncertainty of _

the geothermometers is not applied to the data, but only the standard deviation is considered.

The sulphunsotopm .equih'brium temperatures in the VCR have 2 wide range of 176 ° and 597 °C
~ withan ave'ra_ge. of 3932149 °C using the early paragenetic sequence pyrite-pyrrhotite geother-
mometer, Similarly, the _sniphur equilibrium temperatures are estimated to be between 276 ° and
503 °C with an average of 389::157° C using the sphalerite-chalcopyrite and sphalentegalena
geothermometers. The pseudo-isotopic equilibrium temperatures of pyrite-chalcopyrite and pyrite-
galena geothermometers in two different paragenetic sequences are between 503 and 950 °C with

an average of 7234202 °C (see interpretation of the data).
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'I‘able 8-2 Temperatures cajculated using fraction equanons of sulphide mineral pairs from
Ohxmto and Rye (1979) for the VCR. the Witwatersrand Basin

| | T onro T an —T
Sample np | Host rock Sulphide- | 8"S | Sulphide- | 68 1 A,y

. T ror
A o | B ) | &) | TCO
R-1. | lLava 0.0 | 07 | 07 384
XR1645-1 L 0.8 0.3 0.5 505
e VCR -
XR1645-2 _ : 01 | _ -0.4 0.5 565
- |BO376 1 L8 63 | L5 176
' Py - Po —
X0439 _ 0.1 gy 0.4 0.5 305
XR1646 Quartzite 00 | 02 | 12 | 220
| XR1643 | S R 05 | 64 | 597
XR1642 | | 01 | L1 | 25
Avemge temperature for the early paragenetic sequence (P}:Pa)_ = 394+157°C
1 B0372 0.4 Ga 0.5 1.2 503
- Quartzite Sph : -
B0384 | 0.9 Cpy 15 | 24 276
Average tempefature for the later paragenetic sequence {Sph-Ga-Cpy) = 389+157°C
| 01 | Cpy | 021 03 950
XR1645-2 VCR 3 ' ' -
d 0.4 -0.8 12 503
- Py 0.0 Ga a3 | 13 613
R-1 Lava '
: ' _ Py 0.7 13 | 06 824

Average meaningless temperature for the two different paragenetic sequences =7232202 °C

Note 13 Temperatures calculated based following equlibrium:
- pyrite-pyrrhotite:(0.55+00.4) 1 0°/A?,
pyrite-sphalerite: (0,55£00.4)10%/A'2,
pyrite-galena: (1.01200.4)10%A'2,
sphalerite-galena: (0.85:+0.03)109/4'2,
pyrrhotite-galena: (0.85+0.03)10%4%7).
Note 2: Py - pyrite; Po - pyrrhotite: Sph - sphalerite; Cpy - chalcopyrite: Ga - galena.
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8.3.4 Interpretation ofthe data

8*3 values of authigenic sulphides in the VCR from this study are plotted together with the
collected sulphur isotope'data from various workers (Hoefs et al., 1968; Hattori et al.,, 198%;
Jensen & Dechow, 1968; Drennan, 1997) in Fig, 8-4. These data are categorized after Drennan -
(1997) as follows: (1) detritel pyrite; (2) detrital pyrite associated with carbonaceous matter; (3)
auth:gemc pyrite; (4) authigenic pyrite associated with carbcnacgous matter; (5) other authiganic

sulphides as a whole (pyrehotite, sphalerite, chalcopyrite, galena); and (6) carbonaceous mater.

The 8% values of detrtal pyrite fom the Witwatersrand seefs defin a spread in 8% values from
_ 0%o to +8%e with a roughly normal dxstn'but:on. In the normal dlsm'buhon pattem, the mode of
the 5*S values is around $2,8%0 (Drﬁmnan, 1997) (Fig. 8-4a). Moreover, the 5“8 values of detri~
{al pydie amoclated with carbonaceous matter are in & range of <1%e to +4%. and show a slightly
‘scattered distribution patteni (Flg 8-4b). However, ne significant difference between the two
distributions of 58 values for pyrite associated with carbonaceous matter and pyrite can be
- described. The pattern of 85 values for detrital pyrite with bitumen related to detrital pyrite (Fig.
.8-4.a. b) probably indicates a single source which can be related to a magmatic source as

suggested by various workers (Hoefs et al., 1968; Forster, 1986; Drennan, 1997).

For auﬁﬁgenicfrecrystalﬁzed pytite, 58 values in the VCR from this study coincide w:th the
_ gverall model of the collected sulphur isotope data except for a slightly narrower compositional
range (Fig, 8-dc). Tt seems that there are two clusters for the distribution of 8§ vales for
aﬁthigénic nyrite w:th one mode of +1,8%o and another of +0,5%. (Fig. 8-4c) as suggested by
Drennan (1997). The former cluster of §**S vaiues shifts the maximum ahout 3% in mode value

to the left away from the distribution of the detrital pyrite along the X-gxis, while the latter one
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largely overlaps with the detrital pyrite (see later discussion),

 Similarly, %S values of other authigenic sulphides (pyrrhotite, sphalerite, chalcopyrite, galena)
in the VCR from this study indicate no difference from the data of Drennan (1697), The other
sulphides as 8 whole show a shift to the left along the X-axis in comparison with those of the
authigenic pyrite and have a rough normal distribution in a pattern with a mode of -0,3%s in 58
value, Slight fractionation of sulphides has been observed and proved by the decrease in 648

values from sphalerite, chalcopyrite and galena from the VCR as sbove-mentioned in this study,

For authigenic pyrite associated with carbonaceous matter, the four available aumes of §%§
values are between +1,0%s and +5,0% (Fig. 8-4¢) and show no difference between those of the
detrital pyrite (Fig. 8-4a), and detrﬁal pyrite associated with carboneceous matter (Fig, 8-4b).
- Moreover, the five available analyses of 6*S values for carbonaceous matter are between +2,0%s
and +4,0%, (Fig. 8-45) that are also indistinguishable from those of the detrital pyrite (Fig. 8-4a),

and detrital pyrite associated with carbonaceous matter (Fig, 3-4b).

- Sulphide precipitation temperatures in the VCR have been estimated from the early parageneﬁc
sequence of pyrite-pyrehotite to be 394157 °C. These temperatures are in a relatively wide range
and are about 100 °C higher than those estimated from the chlorite and muscovite
geothei‘mometers {290 ° and 350° C). The differences in the temperatures can be due to the
suiphur isotope geothermometers, disequilibrium of the mineral pairs or both. In terms of the
errors (15? "C}, the temperatures from the above estimates are not very conclusive. However, this
is consistent with the paragenetic sequence of sulphides (Chapter 4), which precipitated at the

early stage and possibly at relatively higher temperatures than the silicates, such as mnscovite,



206

chlorite and quartz. The femperatures estimated using sphalerite-galena and sphalerite~
- chalcopyrits geothermometers in the VCR are similar to the estimation of sulphide precipitation
temperature at 3894157 °C, but they are not included due to li:_nited data (two analyses). The
pseudo-temperatures are 723£202°C from pyrite - chalcopyrite and pyrite - galena geothermo-
_ mgiers; whick are unreasonably high compared to the observed greenschist facies of
. metamorphism in the Witwatersrand Basin as described by Phillips et al, (1989, Wallmach &

Meyer, 1990; Law, .199{}; Phillips & Law, 1997, .This clearly indicates & non-equilibrivm sulphur
- system berween authigenic pyrite and authigenic sphalerite, chalcopyrite and galena, and support#

the observation of two paragenetic sequences of sulphides by opticat observatiﬁn as described in

Chapter 4.

* In terms of host rocks, thgre is a.large range of overlap of sulpbur isotopic compositions of
sulphide from the three environments, i.e. hanging wall lavas, the VCR, footwall quartzites (Table
3-1, Fig. 8-35. There is no clear relationship for 8>S values between sulphides and their host
rocks, This probably suggests no reflection of he three environments, but odly the origioal

source, i.e. detrital pyrite and detrital sulphides in the Witwatersrand Basin,

Baséd on ahove discussion, it is clearly suggested that input of S by bacteria to the sulphur system
in the Witwarersrand systent is uniikely due to the limited fraction of sulphur isotopes between
carbon materials, detrital pyrite and anthigenic pyrite. Moreover, there is very little influence by
" Yerent host rocks, which suggests a single ;f»ource for the sulphur isotoﬁes. However this

fraction can be interpreted by the e&'ecté of pH, £, and temperature in a hydrothezﬁlai system
' (Ohmoto, 1972}, Here, 538, is.taken as an example. The neutral pH is iﬂsigrﬁﬁdant for oxygen

fractionation (see Figure 5 of Ohmoto, 1972} in the VCR during peak hydrothermal alteration.
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At log f,,= -30 and the maximum temperature of 350 °C, 88,55 decreases by about 1% {see
Figure 7, 8 of Onmotn, 1972). If the initial §4S g, values are assumed to be from detrital pyrite
and equals 2,5%. (modgu vah_:e for detrital pyrite), the 58,4 decreases by 1,0%e and becomes to
1,5%o due to the effect of oxyg.a ﬁigécity (f5,= -30). This weak fractionstion is consistent with
the low oxygen levels of the almoéphete at the time of formation as pmﬁosed by vatious_workefs

{Cloud, 1968; Garrels et al. 1973; Hattori et al., 1983).

Two cIusters of 8§ values for authigenic pyrite (Fig, 8-4c) can be inwer: ated to be due e
partial resetting of the sulphur isotopes of authigenic pyrite by the newly formed chalcopyrite,
~ galena and 5phalente If a recalculation exercise of §*'8 values is done based on the equaz: s 4-8,
9, 3%S values for authigeme pyrite are recalculated to be from -0,7 to 1,1% attemperamte of
350 °C. They match well with the actual 6%3 values for authigenic pyrite, The shove diseussion
?:gn be sureyrarized as a two stage model: (1) fractionation of detrital sulphur isotopes at ;ver‘y
| low oxyzen level, related to global anaerobic conditions; (2) ,referentially partial resetting of
:mli:lmr isotopes of the authigenic pyrite and related mineralisation of chalcopyrite, sphalerite and

galena on a regional scale.

The 5§ values for sulphides in the Witwatersrand Basin, together with two magmatic reservoirs,
|  several distinctive types of deposits are plotied in Fig 8-5. For detrital byrite inthe Witwatersran&
Basin, the %S values are far different from the Mississippi Valley-type massive Pb-Zn deposit
 (£35 %o and +25%s) and sediment-hosted massive suiphides with three clusters (-20%s and +15%).
The 8*S values for sulpitides in the Witwatersrand Basin are alsa different from the red-bed
copper minerslization in the Cheshire basin of north-west England, which is associated with |

evaporite deposits with a wids range of 85 values (-1,8%. and +16,2%0) (Rollinson, 1993).
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In this case, the narrow range of 5*S values for détrital oyrite in the Witwatersrand Basin is
consistent with a single scuxce, while & wide range of 5*'S values are normally thought to be fiom
multiple sources (Rollinson, 1993). | |

Except for magmatic sulphides (-4,0% and +9,0%a) and the East Pacific Rise veat sulphides
+0,5%o and 5%»), porphyty copper sulphides (3% and +1%») and Cyprus-type sulphides (-1,5%a
and+8%e) are close to mantle range and are the most likely candidate fora magmatlc, igneous

g  source ofsulphur (Eollinsny. 1993), The results support the concept that detrital pyrit:» and other

‘sulphides are origirally from & single source of magmatic activity, However, the direct source of
detrital pyrite can be from erosion of the altered gramtes, mesothermat quartz veans, veinlets in
“the granitic hinterland of the Witwaterstand Br=in as suggested by Klemd & Hallbauer (1987), '
Robb & Meyer (1991) or subzeriz! voicanic smoker by Forster (1986), or exhalites along the
~tectonically active northwestern margin of the Basin by shallow marine hydrothermal discharge

by Hutchinson & Viljoen (1988).

'. 'The %S values for authigenic sulphides in the Witwatersrand Rasin have a slightly wider range
than the detrital pyrite but no obvious differences can be described in this study. These
characteristics indicate a single souree of the authigenic sulphides and weak fractionation af the

' time of their formation and during post-depositional events, which is consistent with the

interpretation of the two stage model.
8.4  Oxygen end hydrogen isotopes

8.4.1 Descriptions of the samples

Samples were collected from the VCR and related lithologies and include three types of sample:



212
. (1) single minerals (quartz, calcite), (2) muscovite-rich mineral separates; and {3) butk rocks.

_ _ The samples of individual minerals

(a) vem quariz from cﬂ'dte-quartz veins, which normally cut through the VCR cunglomerates,
and related Iitholbgies, e.g. hanging wall lava of the Westonaria Fonﬁaﬁon in the Kliprivierberg
Group, Ventersdorp Supergroup, and footwals quartzites ia the Central Rand Group and proved

to be the product of the post-depositional events.

()] a.mygdale quartz ﬁ‘om emygdaloidal lavas in the VCR hanging wall. The lavas belong to the
W&stonana Fommnon, thnmersberg Gmup, Ventersdo:p Supergroup, The amygdales are up
- to 300 mm in diameter and consist of coarse-grained white quartz and calcite with minor amounts
. of chlorite, and sulplides. Fluld inclusion study indicates moderate tempemﬁlres (200° and 350 |
*C) and moderate pressures (2,7 kbar), which support the formation of the amygdales during post-

' depositional events instead of in a subaenal environment, No zonation of the quartz amygdales

. has been 1dent1ﬂed and they are obvmusly distinctive from the zoned agates in the Karoo lava

o amygdales which formed at low temperatures of 120 °C in a subaerial environment (Harris, 1989);

(6 +. .1 caleite from quartz veins and is coarse-grained in size, Similar to vein quartz, it formexd

at moderate temperatures of 290° and 350°C and at = moderate pressure of 2,7 kbar.

Mineral separates
Powdered samples were separated into different size fractions by use of natural settling techiques

in Strasbourg, France for K-Ar dating purposes. Some accessory samples of muscovite-rich with
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" minor chlorite-rich samples have been analysed for oxygen and hydrogen isotopes, Thenme
: rﬁuscoviteQﬁch mineral separates contain from 95 to 100% of muscovite with less than 5%

eblorite. The chlorite-rich mineral separate has 85% chlorite with less than 15% muscovite. The

mineral sepa.mi&c vontain a few quartz grains. These samples have been analysed for both oxysen

and hydrogen isotope compositions.

Bulk rocks
Inorderto #naly_se variation of the oxygen isotope in different alteration zones and rock types,
a total of fourteen bulk rocks have been analysed. Thg_y i::clu&a: ﬁ\;e samples from the
Ventersdorp lava in the multicolour zone (MC) (2) and the dark grey zone (DG) (3); three VCR
conglom&raie samples (RA}); and six quartzite samples from the dark grey zone (DGA) (3) and

the grey zone (GG) (3},

8.42 Methodology
Analyses of oxygen and hydrogen isotope ratios were completed by Dr. C. Harris at the

Department of Geoscience, University of Cape Town.

Oxygen analysis
The extraction of oxygen from quartz and silicates followed the analytical proce&ures described
by Harris (1989) and Vennemann and Smiti (1990). The silicates, incinding quartz grains, bulk
rocks and mineral separates are ground in an agate mortar to a powder of less than 90 mesh.
Saﬁples were dried at 50 °C for 2 minimum of 48 hours, before loading into nickel reaction
vessels (outside diameter 19 mm, inside diameter about 12 mm), which are overpressurized above

atmospheric by dry nitrogen. All samples were degassed at 200 °C and at about 10 mbar fora
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minimum of twn hours int order to remove absorbed moisture. The reaction vessels are then
charged with about seven times the stoichiometrically required amount of CIF, and, after firther
short evacuation at liquid nitrogen temperatures, are isolated and heated to between 550 ° and 650
*C for overnight, Reacﬁoﬁ temperatures are considered to be correct to wrthm 10~ 15°C. T takes
15-20 minutes to do the temperature caiibrations of the Lindberg® electronic heating elements
(type 73-KS). The extracted oxygen was converted to CO; by passing over a hot platinized
carbon rod, Tin procedure# of extraction of oxygen were completed after final dumping of the
residual gases by passing over heated KBr crystals and residue powders (AIF,, CaF, FeF,, MF,,

' NﬁF., etf:.} from _the' reaction vessels. -

The extracted pure CO, gas was analysed for its '*0/'°0 using a Micromass® VG602E, double-

*collector ratio mass spectroz.ter in the Department of Archaeology, University of Cape Town.

I each run, eight sarmiples were loaded together with two NBS-28 standards for calibration of the
samples. Some samples wete run in duplicate to estimate the errors for the extraction line. The
results are expressed in 8 notation in per mil units relative to the V-SMOW standard. The 510
values were riormalized based on the standards (NBS-28 = 9.64%), and then transferred from V-
SMOW standard to the SMOW standard. A duplication of a vein quartz (X0451) préduced two
870 values of 11,23% and 11,36%o, and resulted in a reproducibility error 0f0,13%o 'fherefore

the total error of 5'¥0%. values is better than 0,2%o in this study.

For oxygen isotopic analyses of calcite, each sample was reacted with 100% phosphoric acid in
4 glass tube in vacuum at 50 °C for overnight, and the carbon oxide of calcite was extracted for

carbon isotopic analysis. The Namaqualand Marble (NM) ssandard was used for calibration. The



analytic teproducibiiity is better than 0.2% (Vennemann and Smith, 1990) (see detailed

. description in carbon isotopes).

. Hydrogen analysis
With reSpéd to chlorite- and muscovite-sich mineral separates, the analytical method for hydrogen
isotppes is based on Zn reagent for the gnalitative conversion of H.0 to Hy, whi_ch is adapted from
me and O"Neil (1993}. Siandard NBS-30 was nm twice with the separated ¢ Jorite- or
_muscovite-ndh sminples. Dupiication of NBS-30 and some samples was within 1,5%o and the
prabable error is about +2%. Water measurements were not calibrated in this study due to

technical problem.

The.major procedures of the analyses are as follows: {1} Sample loading. Sufficient amount of
chlorite- or muscovite-rich mineral separates to produce more than 1 mg H,0 are loaded into 12
. e long quariz tubm, pre~r9asted 2t 800 °C and stored at 110 ‘C prio.r to use. About 100-200 mg
of coarse-grained (~BUd pm} quanz are added into the tubes o pre;sfent collapse of the tﬁhe on
_ | heating and to retain ﬁowders in the bottom of the tube during initial stages of degassing and

lowering the temperature of water, released by chemical reaction with sample;

(2) Oxadarion of H, gas into H.O by adding CuO. Some H, is 'occasi.onally feleased from the reac-
tion and oxidized into H,0 by adding CuO wiﬁéh'was held in place by quartz-wool plugs and
heated to ’}00 *C by a'lﬂgh-tempéra_mre heating tap. During the reaction, the line is closed off
- from puﬁping systemn, the bypass is isolated and liquid nitrogen is added to the bottom 1/3 of the

two traps.
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(3} Releasing H,0 from hydrous minerals. The water is released by heating hydrous minerals

" using 8 fuel-gas-axygen torch;

{4) Prnducmg 2 }‘leld of lr-Iﬂ:ryth.e reachon of H,O with Zn. The released H O is subsequently
transfmredmto alabelledPyrextube containing Zn, whlchzsthenmsertedmto amufﬂcﬁmce

at 480 °C for ten mimites £ » a reaction between Zn and TL,0. 'IhereastionoszOWichn

produces ZnO and a quantitative vield of H,0. AnalaR® Zn shot (0,5 - 2 tom) and Zn laths are

 supplied by the biogeochemical laboratory of the University of Indjana.

" {5) Isotopes of H, are messured by using Micromass® VG602E, double-collector ratio mass

* spectrometer in the Department of Archasology, University of Cape Town.

.8 43 Results -

S _'Atmal ofthity six $%0 values and ten 8D values for bulk rocks, miner sepacates and quartz.

DR | and calcite were obtained and are tabulated in Table 8-3.

Oxygen
| For tha entire bu]k rocks_, the 8'%0 valucs are in a range uf from 6,1 to 10,4%o (Table 8-3). For
diﬁ'érént rock types, the 80 values are.(l) between 6,1%s and 8,3%0 for lava samplesﬁ {2)
“between 9,1%o and 10,6%e for conglomerates; and (3) between 9,4%. and 10,4%o for quartzites

 (Table 83).

A histogram of § 0 values for bulk rocks in terms of alteration types has been plotted, together

 with the & O valuss for the Ventersdorp-age dolerite and the world gabbros/basalts for
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‘Table 8-3 Oxygen isotope compositions for bulk rocks, mineral separates,
vein and amygdale quartz ead vein calcite in the VCR

.f} ! ) RN : . e . 6180%:: .
_ Sample Type | Lithology Zones ;_ Description . (SMO W
' 'BHOZO chk iLava i MC |Strongly altered amygdaloidal lava 8.3
\GBE2 Rock iLava . _MC Strongly altered amygcaloidal lava 74
1145A Rock Lava DG Least altered phenoclastic fava ] 5,1
i1145B Rock Laa | DG iLeastaltered amygdaloidal lava 65
'BHE-1 Rock ‘lava. . DG Least altered massive lava 5 69
‘B0364 'Rock [VCR | RA . Ms-rich copglomerate v 10,6 ;
,xmsmm 'VCR ! RA Light green conglomerate ] 9,1
 XR1618Rock _VCR | _RA_Dark grey conglomerate [ 102
0705 Rock 'Qz | DGA .QzCh-Ms-sulfides T 96
[B0366 . Rock Qtz | DGA ‘Qz-Ms-Ch | i 98
{B0415 Rock Qtz { DGA iQz-Ms-Ch o 10,4
/BHO021 Rock Qtz . | GG Qz-Ms L 94
'BHI-10 [Rock  :Qtz | GG QzMs : 9.8
'BGH14 IRock  iQtz . GG QzMs 100 !
133015 ‘M-sep Lava ' MC__85%Ch, 15% Ms with Qz 6,1
133729 M-sep VCR ' RA 100%MswithQz 7.8 _
133730 M-sep 'VCR ' RA 100% MswithminorQz | 72 ;
133017 M-sep gtz . DGA 195%Ms, 5%Ch with Qz 84
1133731 Mwsep qiz . DGA 95%Ms, 5%Ch with Qz 8.4
133732 M-ssp gtz . DGA_1100%Ms with Qz 8,5 ;
133020 M-sep iqtz . GG :100%Msw:tth ' 7.4
133734 M-sep gtz GG 1100%Ms with Qz 7.8 ;
;133736 M-sep gtz . GG [95%Ms, 5%ch with Qz 8,0 ;
| 133737 Mesep gtz . AGNQ 195% Ms, 5% Ch with minor Qz ': 8,1 i
R-1 QzA lava " - Fiom amygdaloidal lava L 10,7
[XKR1662,Qz-A iLava . - Fromamygdaloidal lava _ b103
=x:<164o QzA [Lava , - Fromamygdaloidal lava L 104
,BI_-]E—-G in-A Lava . - 'Fromamygdaloidal lava 9,5
'BO397 Qz-A Lava | - 'From amygdaloidal lava 10,7 '-
EXO436 Qz-V' Ce-Qz-V | -  FromQz vein with some Ms ! 10,3
X0451 'Qz-V 1Co-QzV | - ifromzoned Qz calcite vein L1113
IXR1669Qz-V !Cc-QzV | - [Fromecaleite Qz vein in shale 103
No4 iQzV ooz - 'From calcite Qz vein . 9,6 i
13039? iCc-V 1Ce-QzV . - Fromcakite Qzvein 9,7
X0451 .Cc-V Ce-Qz-V " - Fromcaleite Qz vein : 9,0
XR1699/Ce-V_ 'Ce-Qz-V__ ' -  From ealcite Qz vein : 8.9

Note: M-sep - mineral separate; Qz - quartz; Ce - calcite; Qtz - quartzite; A - lava amygdale; V - vem.ms - muscovite
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comparison in Fig. 8-6. The results show that tt ey plot in centralised clusters and there exists

isotopic shifting between different alteration zonez, although no clear distribution patterns, e.g.
normal pattem etc., can be identified due to the limited data sets. For the lava samples, the least
altered lavas are more or less similar to those (5,5% and 6,7%) of the Ventersdorp-age dolerite
from the Witwatersrand B isin, which cut through some quartzites of the Witwatersrend
Supergroup (Harris & Watkiﬁs, 1990) and are in the range of the world gabbros/basalts (cf, -
 Faure, 1986). The dolerite has been thought to have had no exchange with the hosting quartzite
at the conditions of lower greei.schist facies (Harris & Watkins, 1990). The VCR seems to have
. the heaviest 5'%0 values. The GG zone quartzite, being thought least altered in the profile through
the VCR hanging wall iavas, VCR conglomerates and footwall quartzite, seems to be skewed to
lighter 3"0 values and the DGG zone quartzite seems to be closer to thess of the VCR
conglomerates. The § O values of quartzite (Harris & Watkins, 1990) almost overisn with the
GG zone quartzite. These quartzites are not related to any reefs and are away from the dolerite

dykes (Harris & Watkins, 1990).

The & O values of muscovite/chlorite mineral separates from the VCR and related lithologies

. areplotted in Fig. 8-7, together with the bulk rocks and world gabbros/basalts for comparison.

R clearly indicates 2 very similar distribution trend for the mineral separates to those of the bulk

rocks as shown in Fig. 8-6. All the mineral separates are lighter than the correspondent bulk

rocks.

For single minerals, afl %0 values of the studied samples are (1) between 9,5% and 10,7% for
. the amygdale qitartz; (2) between 9,6%o and 11,3%. for the vein quartz; (3) betwesn 8,9%» and
9,7%o for vein calcite, The 5"0 values are plotted together with those from lava agates from the

* Karoo for comparison in Fig. 8-8. The resulis show that the 5**0 values from amygdale quartz
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Fig. 8-6 Histogram of 3180 (%o) for bulk rocks in the VCR, together with collected data

from Harris & Watking (1990). (a) Least altered iava; {b) Strongly altered lava; (¢) VCR
" conglomesate; (d) Strongly altered yuarizite (DGG); (e} Least altered quarizite (GG).
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almost totally overlap with those of vein quartz, while the §'*0 values for vein -calcité are
obviously lighter wnan these of both amygdale and vein quartz with some overlap. Moreover,
&“_0 values are much lighter than those from lava agates in Karoo volcanics, which are
representative of enrichment of m<teoric fluid by boiling at low temperature (Harris & Warkins,

1550).

Oxygen and hydrogen in fluids
A total of ten 8D values for minerals were obtained from the separated chlorite-rich (1) and
.muscovite-rich (9) samples in hanging wall lava, VCR conglomerates (RA zong and AGNQ
quartzite) and footwall quartzite (DGG zone, GG zone). Most of the data are hetween ~52%o snd

~62% with one exireme of -31%o (Table 8-1).

(aj caleulation of oxygen anfl hydrogen isotopes for hydrothermal fluids

The isc;topic composition of “fossil’ waters can be measured m fluid inclusions (Ohmoto & Rye,
1'97'4; Richardson et al., 1928) and estimated 'uased on the laboratory calibrations of equilibria
between rock-forming minerals and water (cf,, Rollinson, 1993). The latter method is used in this

exercise to calculate the 8P and 50 values in the fluids.

An equation of the equilibrium O-isotope fractions for illite based on experimental, smpirical and
for theoretical data has obtzined by Sheppard and Gilg (1996):
1000102 a0 = 2:39 X 10°x T2 - 3,76
The equation is é;itable for the temperature condition of 400 ° - 200 °C. if we assume that
rscovite is the ﬂﬁte type the equation is suitstde for the ﬁurpose of calculation of **0/*0 in this

stucy.
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Based on equilibrivm of muscovite-water, most of the empidca. .ud experimental data for
- hydrogen suggest the fraction is not very sensitive to temperature variation in the range of
between 400 °and 120 °C and can be approximate . as 1000 In & = -2545%. (Sheppard & Gilg,

 1996).

The mineral separates contain muscovite, chlorte and quartz. Nine of the 10 mineral separates
are muscovite predominant (>95 wit%). Quartz in the samples is negligible for hfdrogen isotopes
and curreitly no ﬁrop_ei- oxcygen and hiydrogen fractionation facters for chlorite-water equilibrium
are presented at temperatures between 290 ° and 3Sb °C. Therefore the nine muscovite-rich
* samples are used for the calculation of "0/ and D/*H for hydrothermal fluids in the VCR using
the two equatioris of Sheppard aﬁd Gilg {1996) based on muscovite-water equilibrium. The
meximum temperature condition at 350 °C is used for the calculation, The results show that all
the 5D values for the hydrotbermal fuids are between -27% and -39%s with one extremme of 6%
which comes from apple green quartzite (AGNGQ) and all the 50 values are between 4,8% and
6,1%o (Table 8-4). Moreover, the apple green quartzite is also different from the other sediments

in terms of geochemistry in the VCR as described in Chapter 5.

A.diagrani of oxygen and hydrogen isotopic compositions of the hydrothermal fluids in terms of
alteration zones is plotted in Fig 8-10. Fields of magmatic water (Taylor, 1974) and metamorphic
water (Tayior & Sheppard, 1981), together with the meteoric water line (Epstein et al., 1965;
Epstein, 1970) are also plot-fed for comiaarison. Fig. 8-9 demonstrates that all the data in this
study plots in the field of metamorphic water except for the extreme poiﬁt which does not plot
in any of the fields of magmatic and metamorphic waters The 8"°0 and 6D values of modern

waters from several major gold mines in the ‘Witwatersrand Basin (Duane et al., 1997) are also



Table 84 Oxygen and hydrogen lsutope data from mmeral sepm-am and for hydrothennal ﬂulds eshmaten:l fmm mmeral-water equilibria in the VCR

133019

133729

137
#33731

133732

133734
133736

133737

Sample :

B0 .

133020

lealogy

gtz

qz

qtz

-GG

AGNGQ

Deseription

518090

_{5MOw) ..

185%Ch. 15%Ms with Qr.

100% bs with Qz

959103, 5%Ch with Qz
95%6M3, S%Ch with Qz

100%eMs with Qz

100%Ms with Qz

95%Ms, 5%Ch with Qz

95%Ms.5%(:lmrtlmd:sz

100% Mswithminor Qz

<37

-39

Mprarates

=52

-39

-62_

27

34

B.i

60

61

3.0

&5

56

Note: M/separates - mineral separates; Ms - mescovite; Qz - quartz; Ch - chlorits; gtz - quartzite; MC, RA, DGG, GG, AGNG see Chepter 4.
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{Taylor,1974), metamoiphic water (Taylor,1974; Sheppard, 1981} and meteotic wat:r line (Epstein
et al,, 1965; Epstein, 1970) are also plotted.
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edded in the diagram for comparison and for interest (Fig. 8-9). Al the samples plot along the
meteoric water line except for two eliminated points, which have been interpreted to be of
meteoric water origin with modifications (Duage, et al., 1997). If no oxygen and hydrogen
isotopic composition varistion through geological time is assumed, i seems that none of the 8D

and 3"0 valves for the hydrothermal water correspond to 8 meteotic component.

84.4 Intérpretation of the data
80 values of authigenic quartz including both amygdale and vein quartz in VCR, together with
those of quartz pebbles from VCR conglomerates (Barton et L, 1992), from the Witwaterstand
reefs excluding the VCR (Barton et al,, 1992; Vennemann et al, 1992, 1995), and quartz sands
from Monarch and Main Reefs in the Witwatersrand Basin, are plotted in & hjstog:aﬁa (Fig. 8-10).
The results demonstrate that 80 values ofaﬁthigenic quartz (amygdale and vein) ﬁ)ﬁnach:ster
with a modsl value of 10,5%e (Fig. 8-10a). The 'O values for quar.z pebbles of the VCR form
A clusic.: <with Qmodal valte of 11,5%., which shows no clear &istﬁbution patterns, This probably
suggests more than one source for the quartz pebbles if the oxygen isotopes preserve the original
. characteristics of the source as suggested by Vennemann (1992, 1995) and Barton et al. (_1992).
880 values fior quartz pebbles of the Witwatersrand reefs, excluding the VCR, form a cluster with
2 modal value of 11,0%. 5% values of quartz sands in the Witwatersrand Basin have a single
Md cluster less than 11,5%o for the quartz pebbles, which suggests a different souree from

that of the quartz pebbles (Vennemann, 1995).

In comparison with the §"C values of quartz pebbles in the VCR, quartz pebbles and quartz sands
in other reefs of the Witwatersrand basin (Barton et al., 1992; Vennemann et L, 1992, 1995), the

810 valuwfarmﬁhigejﬁc quartz in this study are right in the range of the other %0 valves. The
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Flg. 8-10 Histogram of 5180 {04) values for authiganic quartz including both vein and amygdale
quartz in the VCR, fogethar with those for quartz pebbles from the VCR (Barton et al,, 1992;
Yennemann et al., 1995), and from Witwatersrand reefs (excluding the VICR) (Barton et al., 1682,
Vennemann et al., 1862, 1995), and for quartz sands from the Monarch and Main reefs
{(Vennetnann &t al,, 1985). o
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diagram of oxygen and hydrogen clearly indicates a metamorphic origin for the hydrothemal
waters, which were produced by processes of degassing, partially or fully dewatering of hydrous
~ minerals and releasing of pore water from the sedimemts during mefamorphism in the
Witwaterstand Basin (Stevens et al., 1996: Drennan, 1997). Furthermore, buffering of oxygen |
isotopes for the hycrothermal fluids mainly by detritl quartz materials (quariz pebbles and quartz
sands) is clearly supported by the results of oxygen and hydrogen isotopes.

8.5 Carbon 1sot0pes

Three caicite samples from quartz-caleite veins have been described in the oxygen isotopes.

851 Methodology
Carbonate samples were reacted with 100% phosphoric acid at 25 °C and carbon was analysed
asCO, gas usmgmss spactromcta's eqmpped with double collectors, Measurements were mude -
relative to the PDB standard of the University of Chicago ( Belenm:tella americana from the
_Crmeousl’eedee formation, South Caroling) which has §C and & %0 values are close to those

| of avémge marine lmestone. A summary of the sample preparation and anaiytical procedures is

_ as follows:
| 1) Samplepreparanon. Vein samples containing calcite and quartz were crushed into smafl chips, _
| from which the calcite grains were collected ina reasonable purity by hand due to the coarse-
grained texture.
(2) Serople Joading. 10-20 mg ground powder sample (not too fine) was loaded into the sample
chamber in the carbonate line;
 (3) CO,was produced by the reaction of CaCO, with acid. 5 mal of 100% H,PO4 was added (den-

sity between 1,9 and 1,92) to the reaction chamber for the reaction of CaCQ; at 25,2 °C
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_' .constéxitly for about one houe. The reaction is as follows:

 2CaCO;#2H,P0, - 2CaPO, + 3H,0+2C0,

* {4) Isotopes of CO, were me.asurecl using Micromass® VG602E, double-collector ratio mass

spectrometer in the Depam:nent of Archaeology, University of Cape Town.

'NM (Nemagqualand Marble) standzrd was run with eack batch of samples. The difference between
theNMresuhandtheactualvaheisthensubuactedﬁ'Omeachsmnple.Theobsewed
reproducibility of the internal Iaboratory standards is about +£0,2%.

852 Results and interpretation of the data

Three 8°C values of calcite from quartz-calcite veins in VCR were analysed and sbow a range
of from -8,4%a to ~10,0 %o (Table 8-5). In order to compare the carbon isotope data with those
ofKiemd etal. (1994) from bitumen inﬁc VCR, the §”C values of graphite have been calculated
based on the caleulated isotope fraction fictors for carbon from Bottinga (1569) (Taﬁle '3;5). The
8C values of graphite estimated are in a range of between —Zﬁ,O%u and -18,4%. and are in the

lower limit of the 5°°C values (20,6 and -32,4%) of Klemd et al. (1994).

" Table 8-5 Carbon isotope date for calcite from quartz veins and for graphite estimated from

calcite-graphite equilibrium (Bottinga, 1969) in the VCR

| j 8"C% (PDB)

Semple Calcite " Graphite
BO397 84 -18.4
X0451 _ 89 189
XR1699 - -100 200
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The 5'3Cvah.lesafcenbon,calmﬂatedfmm calcite-graphits equilibriom are plotted togetherthh.
those of bitumen from VCR conglomerates of Klemd et al. (1994) in the diagram of Rolfinson
(1993) for natural carbon reservoirs (Fig. 8-11). The results show that the 5 °C values of the VCR
* bitumen are in the range of biomass and largely overlap with the sedimentary organic carbon. This
supports an organic origin for the VCR bitumen as suggested by Klemd et al. (1994). Furthermore
the calculated §%°C values of carbon in caleite do not correspond to the ranges of the VCR
. bimen, but there is some overlap of the upper limits of natural biomass reservoir and the VCR
bitumen. In addition, the carbon in calcite in the VCR is different from the other natural
igzervoirs. There is no evidence of the existence of chondritic meteorites, therefore 4n origin due
to chondtitic meteorites can be excluded from the source of carbon for the VCR. This sugg‘ests

that C in both calcite and bitumen in the VCR is organic in origin.

8.6 Summary
Alarge data set of sulphur, axygen, hydrogen aad carbon isotopes in the VCR has been obtzined
in this study {Table 8-1, 2, 3,4, 5), and also has been compared with the previous data for the
' Witwatersrand Basin (Fig, 8-4, 9), which have provided invaluable information about the history
of mineralisation, sources of major deirital minerals and anthigenic minerals and some
physicochemical conditions for the VCR and the Witwatersrand Basin as a whole. &*8 values for
authigenic sulphides in the VCR have & narrow range of between -1,5%o and +1,8%. 810 values
are in a range of between 6,1%o and 10,4%» for bulk rocks and between -8,4%s and 11,3%- for
authigenic quartz and calcite. §%0 values and 8D values for hydrothermal fluids in the VCR. are

between 1,9%o and 4,4%, and between -27%» and -39%o with one extreme value of -6%o,



231

. 40 35 30 25 -20 -15

Chondtitic
meteoriles

MORB

Qarbonaiites

' Dimdnds:

Marklas

Marine
carbonate

Marine
bi_rbona_te

Limestones

Sedimsantary
organic carbon

Biomass

'VCR bitsmen

VCR carton

Range of mantie

Fig. 8-11 Plot of 573C vaiues of graphite caleulsted from calcite-graphite equilibrium, together with
the VCR bitumen in the diagram of naturat carbon reserviors (after Roliinson, 1983). Data of natura
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respectively. 8"C values in the VCR are between -8,4%» and -10,0% for vein calcite and ~20,0%s

and -18,4%. for estimated carbon material {graphite).

Two sulphide paragenetic sequences have been sugge#ted by the sulphur isotope data which is
 consistent with the results of mineralogica! study in Chapter 4. The sulphide precipitation
temperatures from the earfier paragenetic sequence of pyrite and pyrrhotite are 3942157 °C. The
effect of alteration on oxygen isotopes is suggested by the increase of 80 values with slteration
scale in the bulk rock samples and muscovite- and chlorite mineral separates (Fig. 8-6, 7). §*0
values in the quartz veinis are similar to those of amygdale qnartz (Fig. 8-8), suggesting an ongm

in the same fluid system during the post-depositional events,

| Isotopic data for sulphur, oxygen and carbon suggest a sedimentary system, altered by post-
deposttional hydrothermal fluids. The major detrital materials (sulphides, quartz pebbles and -
sands) were provided by sedimentary processes for the VCR and the Witwatersrand Basin as a
whole, while major carbon materials (bittmen and calcite) are organic in origin. Circulation of

' ydrothermal fids in the VCR and the Witwatersrand Besin reconstiuted the detrital materils

and organic carbon, resulting in reseiting of the sulphur, oxygen, ydrogen and carbon isotope |

systems. Hydrothermal fluids in the VCR were derived from metamorphism (Fig. 8-10) with the

muiltiple processes of dewatemg, degassing and pore-water releasing of clay minerals during the

peak metamorphism and circulation in the Witwatersrand Basin. -
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o K-Ar PATING

9.1 JYatroduction

9.1.1 Previous isotopic age 'determinaﬁons relevant to the present study

The Witwatersrand strata were deposited by 2714 Ma, the presently accepted age for the
base of the Ventersdorp Supergroup (Anmstrung et al. ,1991). Very litile systematic
thermochronology has, however, been published for the auriferous reefs of the |
Witwatersrand Basin and most of the post-depositional events considered applicable to
the_basin are inferred eithrer from the age of superjacent é_trata or obiained from imprecise
- reset, whiole-rock “ages” of mc;ﬁk suites m and around the depository. Robb et al. {1997)
bave presented a framework for the major post-depositional events of the Witwatersrand
Basin and they inferred that these events are related to periods of enhanced fiid flow and
alteration with which the development of a distinct paragenetic sequence of mineralization
can be related. They recognized three main “events” whmh are; (i) ca. 2550 Ma which is
an event associated with onset of deposition of the lower portion of the Transvaal Rasin
and further hurial of the Witwatersrand Basin ; (if) ca. 2300 Ma which is associated with
deposttion of the upper portion of the Transvaa! Basin and further burial of the basin; and
Gii) 2060-2020 Ma which is an interval contemporaneous with the intrusion of the
Bushveld Complex and the catastrophic impact of the Vredefort meteorite into the basin

(Reimold &{Gibson, 1996, Gibson et al., 1997). -

A sigpificant proportion of the rocks in and around the Witwatersravd Basin is
characterized by isotope systems that were initiated or re-set in the mterval 2060 to 2020

Ma. This time peﬁed is characterized by two significant events on the Kaapvaal Craton,
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namely the emplacement of the Bushveld Complex and its sate.ites at 2060-2054 Ma and
the Vredefort impact structure at 2020 Ma (Walraven et al. 1950; Kamo et al., 1996;
Gibson et al., 1997 ). Both these events impinged geographically on the Witwatersrand
basin, and a feature which supports the now general view that the peak of metamorphism
and the most extensively developed hydrothermal alieration in the basin aISu.occuned in
the interval 2060 to 2020 Ma (Gibson &Wallmach, 1995; Stevens et al, 1997 ). Direct

evidence for thermal and isotopic perturbation in the basin at this time is provided by
| detrital uranirite in the conglomerate layefs which bas been re-set at 2040£100Ma
(Rundle & Snelling, 1957). Witwatersrand shales yield a K-Ar age of 194640 Ma for the
_ <Z mm clay ﬁ'acnons, that was interpreted as resulting from a recxystall:zatmn prooess. _
{Layer et al 1988 ), while pseudotachylhte from the Ventersdorp Contact Reef yields
- well-defined and consistent “Ar/Ar plateau ages which average 2006+17 Ma. (Tricloff
et al,, 1994 .). Mylonite from the Joel Gold Mine in the Free State yields an PALPAr
plateau age of 2038+5 Ma, and pseudotachyllite breccia from Witwatersrand quartzites
in the coller rocks of the Vredefort Dome provide ages of 202346 Ma (Reimold et al.,
1996), Muscovite from the same area also yields YAr /°Ar platean ages of 202635 Ma.
Biotite from the central, granulite grade, gneissic core to the Vredefort structure yields

* similar ages of 20264 Ma (Reimold et al., 1995),

Intrusion of the Bushveld Complex between 2060 and 2054 Ma is now believed to have
been associated with the development of a major high-level crustal plume and magmatic
| underp'late-wl.ﬁch'caused regional metamorphism over much of the Kaapvaal Craton
(Gibson & Stevens, 1997). This event was followed by a massive woi:de impact into the

Witwatersrand Basin some 30 million years after empls ‘sment of the Bushveld Complex.
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Uniequivocal evidence for this is provided by the recognition of planar deformation
features in quariz which are releted to shock deformation , and similar features in zircons
and in anuimpact melt, which .yield U-Pb concordia ages of 2023314 Ma and 201745 Ma

respectively (Kamo et al., 1996; Gibson et al., 1997).

'. These events are clearly related to the peak of metamory. ‘sm in the Witwatersvand Basin,
as well as widespread retrogression and hydrothermal fluid circulation that must have
accompanied thermal relaxation and crustal vebound after the impact event. ‘What is less
wéll documented is the influence of Eburnian {or Kheisian in local patlance) oiogenesis :
along the western edge of the Kaapvaal Cralon during the Palaeoproterozoic. Although
age data ave less well constrained, it is clear ﬁ'nm a compilation of witole rock Rb-St, U-
Pbr, Pb-Pb and K-Ar data for Archaean rocks of the Kaapvaal Cratﬁn that widespread re-
.setting of isotope systems took place between 2,0 and 1.9 Ga (Duans & Kruger, 1991).
The lower end of this range coincides with development of the Eburnian orogeny to the
‘West of t* - ..ton. Furthermore, carbonate-hosted Mississippi-Valley type b Zn deposits
in the dolostones of the Iransvaal Supergroup in the western portioﬁ_ of the latter basin
‘are now believed to be related to tectonically driven, district-scale brine migration also
induced by easterty verging compression associated with the Kheis orogeny (Duane &
Kruger, 1991; Duane et al,, 1991). The existence of at least cue K-Ar age at ca. 1950 Ma
from shale from the Witwatersrand Basin (Layer et al, 1988) suggests that Eburnian-aged
re-setting and/or fluid circulation might also have affected the latter basm in the central

-portion of the craton,
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9.1.2 Ainms of this chapter _
The object of this chepter is to undertake a deteiled petrographical, mineralogical and
| morphological study of the phyllosilicates present in the Imajor lithologies of the VCR and
10 compliment this study by detailed K-~Ar isotopic dating in order to be able to date the

paragenetic sequences of alteration and gold mineralization in the reef,

5.2 | Sample description
Four types of mica were recognized dptically in the present study, on the basis of
paragenetic sequence and grain size, Coarse-grained (>200 jim) detrital muscovite is often
kinked, banded and replaced by chlorite. Medium-grained (100-200 pm) muscovite has
a tabular texture and overgrows quartz grains, or it accurs as interstitial filling replacing
albite and chiorite. Fine-grained (40-50 pm) muscovite typically replaces feldspar detritus
- along crystallgraphic axes. Extremely fine-grained mica ( <10 um) comprises the matrix
§ of the sedimenms and alteration products of lava, Electron microscopy has revealed fhat
fine grained tuscovite exhihits a typical authigenic morphology (See later). Ore
mineralogy in the VCR is also characterized by a predcrinnance of suthigenic phases by
comparison with less altered conglomerate horizons and there are very few obvious
- detrital heavy minerals other than zircon. Round pyrite grains of possible detrital origin
are ravely observed overgrown by sbundant pyrrhotite, which is also associated with minor
arsenopyrite, uphalerite, chalcopyrite and galena (see Chapter 4). Gold. in the VCR is
invariably sssociated with the alteration mineral assembiage with fittle or po textural

- evidence for any remnants of detrital grains.

Samples were selected from a variety of lithologies in and around the Venterspost
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Conglomerate Formation, including the hanging-wall lava, the conglomerate itself, and
quartzite from the footwall succession. Samples were also selected to be representative
of the various alteration zones (Table 9-1). In total fourteen sampies for K-Ar dating
were collected: three from the Ventersdorp Iavas; three from the Reef Alterauon RA)
20me of the VCR itself; four from the Dérk Grey (DGG) zone of the foatwall quartzites;
three from the Greenish-Grey (GG) zone of quartzites; and one from the Apple-Green
Quartzites (AGNQ) (Zhao ct al, 1994). Samples from the lavas are characterized by
enrichment of chlorite and quartz with mmor amounts of muscovite. Chlorite is enriched

in the dark-coloured samples, whereas muscovite is concentrated in light coloured sanles
_ ﬁ'omthé RA zone, Samples from the DGG zoxie of the quartzites are mainly composed -
of muscovité and quartz, vﬁth minor chlorite and sulphides. Fine-grained muscovite is

enriched in the samples from both the GG and AGNQ Zzone quartzites.

9.3  Analytical techniques .

Fig. 9-1 is a flow chart showing analysis techniques and pmc;:dureé employed in this
stady, Some quartzite samples were processed in distilled water after gentle
disaggregation usmg repetitive cycles of freezing and thawing, that was designed to avoid
artificial reduction of the framewark components of the rocks (See Appendix B). The
indurated conglomerate and quartzite samples were crushed in a jaw and an agaie-bowl
crusher. Sepafation of <2, 2-6 and 6-10 pm size fractions was performed by
sedimentation in distilled water (see Appendix C). Each separated size fraction was
examined by X-ray difftaction (XRD) analysis made on an untreated, an ethylene-
glycolated, and a heated aliquot. Some of the <2 jm size fractions were separated into

further sub-fractions (<04 or <0,6, 0,4-1 or 0,6-1, 1-2 pm) by contimuous-flow
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Table 9-1 Concentration of K20, K-Ar isotopic data from separated clay fractions at WDLSM

= .
g |2 S i g | —
g | 28 8 | b E 2 g 3
x 'l 5 ol g ! é | - o § = ~—
g | 2 ! g JF L E g g g B
= 1% |8 = <
‘t <2 um fractions Ma
3: | <2 pm: 197 94281 223t 51661 . 0024{ 1949 50
_ . 0-06 | 1861 9571] 201! 6884 0,0341 1895 48
LAVA: ] ' 06-1 ¢ 727 97621 _ 191} 12397 0061 1926 49
! P i 12 1 15t md!  ad!l ad nd.] 1970 51
i | 26 | <2 i 1L,76i 96431 1921 8288 00391 1903 0
{ P28 ! <« | 457 99070  521] 35584 0,171 1958 44
i | 16 ' <2 | 0671 8563} 801 2056 0,008F 2021 59
(. (29 1 o< 1 697 99291 7791 41703 0204 1932 41
VCR | 1004 | 931! 98541 1025 20233 0,101] 1830 38
; (041 | 937! 0854i 1024} 20232 0,101 1909 0
5. D30 | 12 ¢ 9341 99,720 10421 105790%  0512] 1933 a0
il i <2 i 9331 9961 10471 73611 03561 1940 40
' 17 ! <2 | 6361 98581 683( 20762 0,105( 1888 41
I DGG N i < 7241 ndi  nd!  ad!  ndl 1880 40
P 2t < 6N 99011 6741 20836 0,145| 1875 41
'. 3 | 006 743 99341 8001 44610) 02261 1891 40
. _ ' <2 | 7,81 9931 8471 43044  0216] 1890 40
j _ i 20 i <2 0 797! 9893 897! 27594, 0,131} 1970 41
i GG 35 1 o« 811 996, 886) 745861 0371 1909 | 40
i 36 | <2 | 843! 99631 900! 79454 04041 1881 39
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Average i f'. | ! | 1914
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P 6-10 1 4061 99,671 4661 90099 04251 1967 44
§ CVCR ¢ 6l 20 1 1161 982! 1331 16300 0,076} 1985 52
I pGG ! 17 1210 | 428! 991 4801 30430 0,145 1961 45
S 20 210 1 567 9351 6771 20195 0,092{ 2014 44
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L 36 1 26 L 797 9971 9140 101320 0478| 1965 41
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The separated fractions were dated by the K-Ar method following a procedure close to
- that described by Bonhomize et al. (1975) and etso similar to the description of Dallmeyer
etal (1989); Fig. 9-2isa Schﬂl'm.tlc diagram ofan argon extraction system. The samples
were stored under vacunm for abowt 24h and heated at 1bo °C before Ar analysis to
remove Ar of atmospheric origin. Potassium analyses were: carried out by flame
 spectrophotometry with an accuracy etter than £2%. The spike used for calibration was
enriched **Ar at 99,99% purity. The spike was calibrated in comperison with the GLO-
 glaconite standard with s valus 0f 24,80 % 10%cr® (STP) radiogenio “Ar. The ®Ar*Ar
ratio oftheremdual atmospheric Ar of the mass spectrometer and the extracﬁon line was
also controlled during the course of the study, The decay constants used for age

calculation are those recommended by Steiger & Jiger (1977).

94  Resuits

9.4.1 Petrographical and mineralogical characteristics of the samples

The eubedral morphological characteristics of mica-type alteration minerals interstitial to
detrital quartz grains in the footwall quartzites are shown in SEM photomicrographs (Fig.
938, bandc }.. The TEM photomicrography also reveas the distinctive pseudohexagonal
hypidiomorphic character of single muscovite grais with sharp edges (Fig. 9-3d) which

are assumed fo represent typical features for authigehesis.

Mineral compositions were also subjected to semi-quantitative XRD analysis.
Diffractograms of some illite (used as a genetic term for micaceous material here)-rich
clay fractions of untreated samples showing the first basal reflections in different

lithologies (Fig. 9-4). The results of the XRD study indicate 8 monotonous phyllosilicate
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Fig. 9-3 SEM and TEM photomicrographs showing the authigenic nature of mica-type mineral in the
VCR. a) co-existence of secondary chlotite, quantz and muscovite in between larger defrital quartzite
pebbles; b) euhedral quartz grain intergrown with authigenic muscovite in footwall quartzite;

¢} intergrown, eubedral muscovite and chlorite in apple-green quarizite; and d) separated,
pseudohexagonal, hypidiomorphic muscovite grains from the VCR. g (I)—detrital quartz; q (If)
authigenic quartx; ms--muscovite; ch--chlorite.



243
agsemblage of illite and chlorite ranging from almost pure fraction to trace amounts
depending on the samples and size fractions (Fig. 9-4). The separation and fractionation
procedure has not significantly “contaminated” the size fractions in feldspar grains (Fig.
| 9—4). Quartz is genet;ally present in larger aﬁgunts (Fig. 9-), but it is not affecting the -
K-Ar dates of the phy]Iosﬂlmtas Each sample was examined by X-ray diffraction (XRD)
analysis on untreated, ethylene-glycolated, and heated aliquots, and shows an absence of

pyrophyllite, kaclinite and interlayered clays.

“The il crystalinity index: (ICT) is measured as the width of the (001) XRD pesk of the
illite compor_ient in the size fractions following a technique advocated by Kiibler (1968).
* Basically the sharper the XRD peak, which means in turn the smaller the ICI, the better
is the mineral crystallized and the higher were the temperature conditions of its
crystallization. The ICT is here sharp (Fig. 9-4) and is very consistently between 2,0 and
2.5 which oﬁrmsponds to formation temperatures probably as high as 300 °C. The |
determined polymorphic type is systematically 2M1, confirming high crystallization

conditions (s#e Chapter 4).

942 K-Ar dates | |
The K-Ar dates of the different size fractions extracted from different lithologies are
scaﬂeréd between 1830 and 2054 Ma (Table 9-1). However, most of the results range
from 1863 to 2054 Ma. Plots of all K-Ar dates and selected data for more than one
analysis in the single samples versus size fractions show that the X-Ar dates are not
distinguishable from each other in terms of rack types and alteration zones (Fig. 9-5a) and
that the range in the K-Ar data seems fo be size dependant for all fractions, in particular,

the <2 pm size fractions (Fig. 9-5a, b).
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The K-Ar dates are further subgrouped into <2 pm and 2-10 pm size fractions and plotted
in a frequency histogram, showing distribution of K-Ar ages as a function of size fraction
(Fig. 9-6). It seems that there are twy distributions separately for the <2 yum and 2-10 pm
size fractions althopgh the dates of the <2 pm size fraction largely overlap those of \. , 2-
10 pm size fractions. The K-Ar dates of the <2 um fractions scatter mainly in the range _
. 0f 1890 to 1965 with an average of 1914 Ma, while those of the 2-10 gm ar*n a range
of 1931 to 2054 Ma with #n average of 1982 Ma (Fig, 9-6, Table 9-1). There is a

significant difference of 74 Ma in the averages between the two fractions,

9.5 . Discussion
The results of detailed mineralogical studies of the alteration mineral.assemhlage inthe -
VCR suggest that the sequence underwent pervasive recrystallization and/or neoformation |
of minerals at about 300 °C. This temperaturs based on illite crystailinity indicés and fluid
| inclusion_ nﬁerotﬁarmnmetry (Zhao et gl,, 1994 indicates that the X-Ar isutopic signatures
of the precursor phyllosilicates have effectively been re-set, at least in the small grain sizes.
it is assumed that it or o radiogenic ®Ar has diffised out of the olay- and mica-type
fractions extracted from the low-grade VCR mﬂaseﬁﬁent& and if the K-Ar dates of size
subfractions in the <2 mm range provide very similar ages within analytical uncert_ginty,
it can be taken that the dates provide an indication of the minera] paragenesis (e.g.. review
ﬁy Clauer & Chaudhuri, 1995; Claver et al, in press). Alternatively, if the K-Ar dates
increase as a function of the size fractions, then one might be dealing with-two or more
: genérations of minerals (and/or geological events), or with some preferential loss of Ar

from smaller grains.
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Most of the K-Ar ages reported for the >2um fractions of the VCR fall in the range 1930~
2056 Ma. Any thermally sensitive radiometric age determination in the range 2054-2017
Ma in the Witwatersrand Basin can logically be ascribed to re-setting of isotoﬁe systeras
or neoformation of minerals during the regional climax of Witwatersrand metamorphism
attributable to Bushveld magmatism, as well as the catastrophic bolide impact, crustal
fracturing and fluid flow that accompanied formation of the Vredefort structure,
Altématively, metamorphic retrogression and waning of fluid flaw subsequent to these
events could also explam crystallization of minerals with ages somewhat younger than ca. |
2020 Ma. itis also conceivable that at least two generations of micas are mixed in the
| size ﬁ'gctions, one having a probable age of sbout 1914 Ma or less and the other having
ani age of 1988 or more in aferage. This is supported by the fact that the K-Ar dates of |
the <2 pm fractions from different lithologies in the VCR package, scatter mainly in the
range 1890 to 1970 Ma ages which extend for up to 130 million years after the Vredefort
| cataclysm. It is highly uniikely that these ages would reflect continuous fetrqgression and
 isotope re-setting of the Witwatersrand rocks and a more likely interpretation of these
data should be found in another, unrelated geological event. Such an e;vent dossexistin
the form of the Eburnian orogeny to the West of the craton, which although not yet dated
with precision, is known to have lasted between 1300 and 2000 Ma. As mentioned
previously, this orogeny is also believed to be related to sub-crustal scale, tectonically
driven fluid migrations which could heve affected selected fluid channelways within the
Witwatersmnd Basin (f‘ﬁese et al., 1995). This event may re-set exisﬁng mica-types and
may have been responsible for the newly formation of very fine-grained authigenic
minerals along ﬁartioulaﬂy permeable channelways such as the VCR. Many of the <02

pm subfractions and even some of the <2 um fractions of the volosnics, the
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éﬁnglomerates, and the qum-tziteé yield a mean K-Ar agé of 190010 Ma . Sucfl an age
 for mica-type minerals cccurring in VCR lithologies has not yet been reported in the
literature to the best of our knowledge. Jnly the whole-rock K-Ar dates by Layer et

al.{1998) approach this value,

“The \?CR is recognized as one of the most severely altered and metamorphosed of the
. conglomerate reef packages in the Witwatersrand Basin. It records evidence, in terms of
-K-Ar ages of micaceous minerals, of extensive isotope re-setting and neoformation of

authigenic minerals in the intervel 2050~1850 Ma. This broad interval is supgested to
~ reflect ét_ least two unrelated geologic.al events, initially coincident with the peak of
Wifwétérsrand Basin metamorphism, which include intrusion of the Bushveld .Complex o
a.ﬁd its satellites, the Vredefort meteorite irﬁpact and the. palaeoprotérozoic Eburnian {or
Kheisian ) orogeny. These events are likgiy to have had a pronounced effect, not only ﬁn
thé VCR, but on.stra.ta throughout the basin , and impinge on the important consideration
of when gold was remobilized arid authigenically concentrated. The absence of earlier
. post'-depositional.events, recorded elsewhere at ea. 2550 Ma and 2300 Ma (Robb et al,,
1997 ) mégests thar, at least in the VCR, the period between 2050 and 1850 Ma was the

most important as far as slteration and gold mineralization are concerned.

9.6 | Summary | |
The minerals were separated into various grain sizes (between 0,4-10 pm) eithmf by
freezing/thawing disaggregation or normal crushing, with subsequent sedimentation and
centrifuging. XRD, SEM, and TEM were employed to cheracterize the mineral separates

in terms of composition, paragenetic sequence and texture (Fig. $-1). The information
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obtained from these techniques was used to interpret the ages obtained from the size

Bactions.

' 'The K-Ar dates define a continuum of ages between ca 1830 Ma and 2050 Ma; this is a
- tem_iéncyfor smaller size fractions to yield younger ages in the range (Table 9-1, Fig. 9-5,.
6). The older ages range of 1931 to 2054 Ma (1988 Ma in average) overlap with the
intrusion of the Bushveld Compiex st 2061-2054 Ms, as well as the 2020 Ma event
" represeated by the Vredefort catastrophism. Both of these eveats bad a pronownced effest
on the isotopic systematics over widsspread arces of the Witwatersrand Basin. The
. younger age range of 1890 to 1965 Ma (1914 Ma in average) is less well constrained and
may be related to Eburnian orégen&sis along the western edge of the Kaapvaal Craton
(Duane et al, 1991; Duane & Kruger, 1991), which resulted in continentai scale fhuid
migration and hydrothermal activity that extended throughout the Griqualand Basin aad

 even into the Witwatersrand Basin.
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10 SUMMARY AND CONCLUSIONS

- 10.1  Nature of alteration associated with the VCR at WDLSM
The aiteration at WDLSM is characterized by bfeac’hing of the hanging wall laves and colouration of
the VCR and footwall quastzites, The e sal . wwis about 1 to 10 1 wide. In detai, a loast seven
Mﬂnmnes are recognized by the alteration mineralogy and geochemistry; they are the DG, WG
" and MC zones in the hanging wall lavas of the Klipriviersberg Group; the RA zone in the VCR itseif,
and the DGG, LDG and GG zones in the footwall quartzites of the Central Rand Group. The
| - altm'atioﬁ mainly comprises the formation of chlorite, quartz, muscovite, albite, su_lphide and
| carbonaﬁ with miinor amounts of epidote, rutile, sphene and talc. The DG zone is characteriied_by
enrichment of chlorite; the WG is ensiched in ca:bﬁnatea;' the MC is predominantly composed of
sphene; the RA is marked by chlorite, muscovite, and sulphides (pyrite, pyn%hotite); the DGG is
entiched in chlorite, muscovite and sulphides (sphalerite, galena, and pyrrhotite>pyrite); the Li)G '
mainly consists of muscovite, chiorite, and sulphides (pyﬁte>pyrrhotite); and the GG is mmnly
| composed of muscovite, Tﬁe AGNQ internal quartzite, which is interbedded with the VCR, is
characterized by enrichment of sphene and muscovite. These characteristics suggest that the alter.atian
is producéd by interaction of hydrothermal fluids with the diverse wall rocks including lm)as, '

conglomerates and quartzites.

The major mineral paragenetic assembiage of the VCR-relpted alteration zones is chlorite-muscovite -

quartz - albite - su'phide - carbonate + rutile * sphene = epidote < tale. Higher temperature minerat
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assemblages, such as K-feldspar, amﬁhibolite, pyroxene and garnet, are not observed at WDSLM.
] This indicates overall mesothermal physicochemical conditions for the alteration, which is consistent
; wifh regional metamorphic conditions of greenstone facies metamorphism as described by Phillips et
a, (1989). | |

Alblte is commonly abserved inihe strongly altered DG, RA, DGG and LDG zones, where ii replaces
_ su!phld&e or occurs as alblte-quartz-calclte veins. These characteristics mdlcate that albite postdates
ﬂ.llphldlzailﬂn. Intensxve chlont:zaﬁonm strongly altered zones, together with the local devalopmcnt |
of talc in the GG and MC zones indicates that the hydmthexmal solutions were rich in Mg*. The -
- widespread occurrence of muscovite in all the altéra_tion zones suggests that the solution: sere also
enriched in K. Ensichment of carbonate in the WA in the hanging wall lava and ocousrences in the
RA - zones #nd DGG zone footwall quartzite indicate ermchment of Ca” in the solutions. .
Sulphidization (pyrite, pyrrhotite, chalcopyrite, galena, and sphalerite) indicates that the soltions

were enriched in Fe*%; Cu*?; Pb*2, Zn'®, and §*2.

102 Geochemistry of whole rocks |

Samples of hanging wall lava from WDLSM have been classified as subalkine basalt-andesite, but
some samples deviate from the standard compositions. This may be a résult of hydrothermal
altérat_ion. The guartzites from the DGG, GG zones and AGNQ are grouped into Fe-sandstone, |
arkose-subarkose, and ithareites (Fig. 6-8). The division of the quartzites is based o their original

rock bhéractezistics, and an allowance is made for hydrothermal alteration.
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The hanging wall lavas at WDLSM are characterized by enrichment of Fe,0;, and K,0 but depletion
of MgO, CaO and Na,O relative to the Kliptiviersberg Group lavas which represeat the least altered
rocks, The VCR (RA zone} is characterized by enrichment of MgO, CaO, and K0, but no obvious
depletion of other elements in comparison with other Witwatersrand conglomerates, Major oxides
of the quartzites from both DGG and GG zoneg are similar, but the DGG zone is relatively eariched
in Fe,0,, Mg, and Na,O and depleted in Ca0 and K,0. The AGNQ imternal quarizite, however, is |
diﬁ’erent from the DGG and GG zones, and is enriched in ALO,, Ca0, and K ,0 relaxiw; to the
| strongly altered footwaﬂ quartzite (DGG). The bu]k compositions of the ma;or rock types and
alterafion zones (lavas, RA, DGG, GG, AGNQ) in the study area clearly controlled the nature nfthe '

© various alteratmon assemblages present.

For trace elements, the hanging wall lavas st WDLSM are characterized by enrichment of Ba, Cu,
and Zn, and by depletion of Rb amd S, in comperison with the Kliptiviersberg Group (Fig. 5-23). The
RA zone (VCR conglamerates) is enriched in Zn, and depleted in Cr relative to the VCR data from
Elandmand Gold Mine (Fig. 5~13). The difference in trace element pattern between the Upper Uit
and Lower Unit conglomerates of the VCR at Elandsrand Gold Mine (Fig. 5-1%), together with the
similasity of the VCR in terms of the trace elements to the hanging wall lavas support the concept of |
. incofpomtion of lava materials into the VCR (Chapter 5), rather thmpresence of-diﬁ"erept source
areas '#s suggested by Henckel and Sghweitzer (1994). Truce clements in the DGG are si:hilar.to
those of the GGzon’es, however congentrations of Cu and Zn in the DGG zone are much higher than

in the GG zone.
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Mobile trace elements, in particular, Sr, Rb, Ba, Cu, Zn are most likely to be affected by hydrothermal
ﬂmdswhile imreabile trace efements (Nb, Zx, Ti, V, Cr, Co, Nf) rathar represent the primary s:gnature
of the original rocks. The fine-grained AGNQ internal quartzite, for example, has a similar pattern
in terms of immobile trace elements as the footwall shale in the Booysens Shale Formation (Kimberley
Shale). This suggests that it may be affected by iis original textures, but it is also likely to be
influenced by incorporaticn of voleanic ash which is also supported by existence ot internal lavas in
~the VCR.

Chenucal prdﬁles of the boreholes BHi 169 and a'undérground section (Fig. 5-24, 25, 26, 27) show
a systernatic relative change in fgﬁos of §i0,, Fe,0,, Ca0 and Na,O versus ALO, and those of Cu,
Zn, Rb, Sr, Ba versus V. These are probably related to hydrothermal alterﬁl:iom However,
enrichment of imﬁabile elements {Cr, Nj, Zr, ¥, Nb) in the DGG‘ Zone may indicate presence of a

paleoweathering zone on VCR unconformity as suggested by Palmer et al (1989) and Ritger (1990).

Relative gains of mobile elements (MgO, Ca0, K,0) in the VCR(RA zone) conglomesates are’
evident, and there are matched with depletions of the same elements in the other alteraﬁon'zones. For
example, MgO and Ca_O in the hanging.wall lavas, and K,O in the DGG zone are depleted. In
addition, relative losses of Fe,0; and Na,0 in the VCR are matched by enrichments in the other
zones. For example, Fe,Q,, and Na,0 are enriched in the hanging wall lavas, and DGG zone
qix;nrtz:ites. This indicates that a local chemiéal exchange of mobile components took place within and
around the VCR conglomerates due to hydrothermal alte'ratiﬁn. Enrichments of Cu and Zn in the
hangianall Iavas and the DGG zone footwall quartzite are probably related to drmlation of tﬁese

clements from the VCR conglomerates, On the basis of the geochemistry of different alteration zones,



255
it is suggested that the fluids responsible for t.he alteration assemblages in and around the VCR have
remobilised some major and trace clements in such a way that this system appears to havereﬁminéd
relatively .c.losed; depletion ir: certain elements of one alferation ~one is matched by concomitant

enrichments in adjacent alteration zones, and vise versa,

103 Mineral geocicmistry |
Chlorite-group. minerals in the VCR snd the Witwatersrand Basin are identified as sudoite,
éﬁlpuqmen:ane and ripidolite. They reptes;m different environments and were possibly formed at
 different stages during metamorphism sind hydrothermal alteration, Detrital pyrite is distinguishalle
frommth:gemc pytite in terms of the Co/Ni ratios, indicating that both types of pyrite were generated
in different environments. The detntal pyrite représents the original sulphide suurce for the VCR,
whereas the authigenic pyrite formed during post-depositional hydrotheml_al activity. The source of
detrital smphida;s and heavy minerals was probably mainly from veins in gravitoids with minor
. amounts from other sources as evidenced by the characteristics of the above mentioned detrital pyrite
geochemistry ( (Fig. 6-8). The chemical compositions of banded s;”  » ~ " “erred to be
produced by fizid infitration during hydrothermal alteration, Some authig. g-.:  :  saloopyrite
show ennchment in Ag, This is indicative of remobilisation of precious metals (Ag, Au?) during

mineralization:,

" The mineral geochemistry of almost all the analysed minerals, such as chlorite, muscovite, albite,
pynte, chalcopyrite, sphalerite and galena, from the différent rock types and alteration zones indicate
that variations of some elements in these minerals are controlled by their host rocks which buffered

fiuid and authigenic mineral compositions. This suggests that the authigenic minerais were formed
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in & rock-dominated system during peak hydrothermal mineralisation and alteration.

104 The nature of the fiuids associated with the alteration of the VCR
The mlcroth= aometry of flaid inclnsions ﬁ'qm vein quartz and amygdales in the resencch area
indicates that the hydrothermal fluids were H,0-NaCl solutions, with moderate to high salinities of
8023 wi% NaCl equivalent (’emci). The final homogenization temperatures of the inclusions from
vein guartz range from 140 to 170 °C, with an average of about 156 °C, and final ice melting
temperaturss are between -11 .to -5 °C, cotresponding to salinities of 8 to 12 wt% eNaCl, Fluid
- indlusions from quartz amygdales indicate final homogenization temperatures of 140 to 180 °C, with
an average of about 159 °C and salinities of 10 to 23 wi% eNaCl. The plot of the salinity versus
 homogenization temperatures shows two populations: (1) low salinity, ranging from 10 to 15 Wi%
eNaCl, and (2) high salinity, from 19 to 23 wi% eNaCl. These salinities may indicate two types of
" saline fluids duting the hydrothermal processes, but this proposition requires additional studies of

 fiuid inclusions,

| Recently a summary and study of fluid inclusions from vein quartz in the Witwatersrand Basin by.'
Drennan (1997) and references therein, indicates four types of fiuid inclusions: (1) H,0-NaCl (2 to
15w eNad), with total homagenization temperatures {Th) of 120 to 170 °C; (2) H,0-CO,NaCl
(5 to 30 wi% NaCl equiv.), with Th of 230°C; (3) F,0-CO,-CH,-N,-NaCi (8 to 10 wi% eNaCl),
with Th of 230 to 280 °C; (4) CH,-N,rich vapours, with Th of -40 to -80 °C. The results of limited
study of§ ad inclusions during this sudy indicate fluids similer to the Type 1 of Dreanan (1997) and |

theresul . ' .etal (1995).
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Chlorite and muscmutegentuemmmeterswere applied in this study to determine the tempersture of
mineral formation. 'I'heluwﬁhandmtermedmteFe coniwntsafauthlgemcchlomemtheprasent study
are suitable for the chiorite geothermometer (Walske, 1986), and give estimated temperatures from
2900 313°C, which are in good agreement with the chlorite temperature data (305-310 °C) from
Megyer et al. (1990). A higher temperature range of 350457 °C is also estimated from the muscovite
~ geothermometer. This is consistent with the peak metamdrphic temperatures of 350 °C for the
Witwatersrand Basin (Wallmach and Meyer, 1990). However, low temperature and pregsure minerals
 such as chlorite and 1M muscovite are also observed at WDLSM. Kaolinite was slso reported in the
Witwatersrand Basin (Zhou et al., 1994), The IM muscavite and chlorite (Ch) yield temperatures
of 155245 °C (Table 7-1, 2), which indicates the presence of 2 low temperature authigenic miseral
assemblage, rglaiixéeto the higher temperature chlorite and muscovite in the VCR. This may imply

two periods of thermal activity and hydrotbermal fluids in the VCR during hydrothermal alteration.

In cbmbinstion with the T~-P isochores from the fluid inclusions, the trapping temperatures,

~ determined by independent geothermometry of chlorite and muscovite, are at 290 to 350 °C, and

the;se temperatures give the trapping pressures for the fluids of 2,2 to 3,2 kbar, with an average of '
2,7 kbar, These pressures are close to the fithogtatic pressures of 2,2 to 2,4 kbar, calculated from the

maxinmm stréﬁgraphid thickness of 8 to 9 km for the ﬁaﬂging wall overburden (the Ventersdorp and

Transvaal Supergroups). These T-P conditions are consistent with régional metamorphism of

greenschist facies at 350 2 50°C and 3 kber (Phillips et al., 1989; Phillips and Law, 1994). Therefore

flie maximum T-P values for the aiteration in the VCR are 350 °C and 3,2 kbar. Based on the

maximum temperatures of 350 °C and the maximum stratigraphic thickness of 9 km, a lithostatic
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thermat gradierit of 39 °C/km for the VCR is estimated, which is close fo the geothermal gradient of
 40-50 °C/km (Wallmach and Meyer, 1990; Gibson and Stevens, 1997).

The estimated £, fis, Sy finsyy and pH values are: logf,,=29,7; logfi, (Py/po) = -11,1; log g
=2,53; 108 sy = ~2,5; and pH= 5 (neutral). These values indicate that the finids reponsible for
mineralization and alteration were in a reduced, near neutral pH environment during peak

metamorphismi in the VCR,

10,5 - Sources of the fluids inferred from stable isotope geochemistry

© The-&™S values for authigenic pyrite and other sulphides (pyrrhotite, sphalerite, galens, chaleopyrite)

in the VCR span a narrow range from between -0,6%o and ~'1,8%, and between -1,5 and 1,0%,
sespectively, whioh is similar to those determined for the detrital pyrite (-1 0 5,6%). As described
in .Chapter 8, the sulphur isotope signature for detrital pyrite suggests & detivation from ﬁ magmatlc
sourcé (Jensen &'Dechow, 1964; Hoefs et al., 1968; Chukrov et al,, 1970; Hattori et al,, 1983;
Férster, 1986; Drennan, 1997). Under reduced and neutral pB physicochemical conditions, the
sulphur isotope compositions of the fluids were livde fractionated (5™5 values <#2%e) so that the
5*8 values of authigenic pyrite and pyrrhotite, sphalerite, galena, chalcopyrite are representative of
the total sulphur isotope compositions of the fluids, In this case, it is suggested that the restricted %8
values for the authigenic pyrite, pyrrhotite, sphalerite, galena, and chalcopyrite reflect a mainly -
homogeneous ;mgm for the sulphur, which may be produced from the remobilization of sulphur
derived from the. detrital pyrite, Detrital pyrite and other heavy minerals are largely from a single
source which is related to megmatio lithologies inctuding the hydrothermally sliered granitoids

(HAGS) (Hallbauer, 1982; 1984; Robb & Meyer, 1985; Hallbauer, 1986), extinot volcanic smokers
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(EVS) (Hoefs, et 1, 1968) or shallow marine hydrothermal discharges (Hutchinson & Viljoen,
1988), |

“The hanging well lavas have 880 values ~ *between 6,1 and 8,3 %e and the VCR shows 80 values
ranging fom 9,1 to 10,6%s. The 870 values of quartzites range from 9.4 to 10,4%.. The § O values
ofvein and amygdale quartz in the VCR are betvreen 9,6 and 11,3%, Authigenic calcite shows %0
values in a range from 8,9 10 9,7%:. Muscovite in the VCR and quartzite has 50 values ranging
ﬁom 7,2 to 7,8% and from 7,4 to S,S%o. The 8D values for muscovi.te. in the VCR range from -31

Qﬁ%. The estimated §2°0 and 8D values for hydrothermal fluids in equﬂibﬁmﬁ with muscovite
at 350 °C are between 1,9 and 4,4%a, and be_tween =27 and -39%e, repectively, This “.;gests that the
hydrothermal fiuids in ﬁe “JCR were derived from metamorphic fluids (Fig, 8-6), pésm‘h]y reiaied to
multiple processes of degassing, pore-water release and dewatering of fine-grained sediments (DRGS)
during the peak of metamorphism in the Witwatersrand Basin, as suggested by Stevens et af (1996)

and Drennan (1997).

The §13C values of late-stage vein calcite in the VCR are between -8,4 and -10,0%o. The estimated |
6%C values of calcite equilibrated with graphite at 350 °C ﬁnge from -20,0 to -18,4%,, This suggests
that the carbon in the fluids in the VCR is organic in origin. This is consistent with the results of
Klemd et al. (1994), Robb et af, (1994, 1997) and Dregnan (1997).

- 10.6 Age of alteration in the VCR
The age of alteratton in the VCR has been dxscussed in detail in Chapter 9 (K-Ar dating). The K-Ar
dates define a continuum of ages between 1830 Ma and 2054 Ma; there is a tendency for smaller size
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fractions fo yield younger ages within this range, The older age range of 1931 to 2054 Ma (average

| 1988 Ma) o_veﬁaps the 2020 Ma event represented by the Vredefort catastrophe and is close to the
age range of 2061-2054 Ma for the intrusion of the Bushveld Complex and its satellites. Both of these

events had a pronounced effect on the isotopic systemahcs over widespread areas of the
Witwatersrand Basin. The younger age range of 1890 to 1965 Ma (1914 Ma in average) is less well
constrainied and may be related to Eburnian orogenesis between 1800 to 2000 Ma (Friese et al, 1995)
along the western edge of the Kaapvaal Craton, This event resulted iﬁ cuntin_é’ntal scale fluid
migratioﬁ and hydrothermal activity that extended throughout the Griqualand Basin and into the -

Witwatersrand Basin (Duane, 1991; Duane et al., 1991).

107 Dmplications for Cu, Ph, Zn, Ag and Au mineralization in the VCR

Aut}ugemc pyrite, pyrrhotite, galena, sphalerite, and chalcopyrite formed in the various alteration
.zpnes as described previously, and these are replaced by albite, muscovite and chlorite. The ore-
forming fluids possessed moderate to high selinites of 8 to 23 wt% eNaCl. Mole fractions of H,S in
tha inclusion fluids are between 0 to 0,014, with an average of ﬁ,0047 (Drennan, 1995). This suggests
thﬁt base metals (Cu, Pb and Zn) were transported as chloride complexes ju the fluids, such as;

[CuCLJ®; [CuCl]"; [PbCL], [ZnCl,] (Barnes, 1979; Seward, 19844).

Gold ocours as detrital grains, authigenic grams associated with pyrite, arsenopyrite, chalcopyrite,
galena, sphalerite, quartz and carbonates, and in aggregates of chiorite flakes in the VCR (Henckel
aﬁ.i Schweitzer, 1994; Smits, 1994; Robb and Meyer, 1995). This indicates that gold is closely
M 10 sulphides. isased on experimental results, the bisulphide and dichloride gold complexes such

a8 Au(HISY* and AuCi* (Seward, 1984b) are considered to be the principal gold complexes trans-
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ported in the hydrothermal fiuids. Under moderate P-T conditions, the bisulphide gold complex is the
predominant gold species (Seward, 1984b; Shenberger and Barnes, 1989; Hayashi and Qhmoto,
1991). Based on the physicochemical conditions described in the present study, it is also suggested
that the gold in the VCR was transported mainly as the bisuiphide gold complex in the fluids. This
is consistent w1th the gold occurrences and estimated P-T conditions oftﬁe fluids. Meyer et_ai.
(1994), and Robb and Meyer (1995) discussed an association of gold with pyrite in the Witwatersrand
Basin, using 2 model of electrochemical reduction of the Au(HS)* complex at a mrﬁce of & mixed
np.-type pyrite modified from Méiler and Kirsten (1994); the transport of gold as a thio-gold complex
" in the Wits Basin was also prop;}sed by Drennan (1997), based on fluid inclusion data. The
- suggestmm of a bisulphide gold compiex are suitable for the VCR due to its similar geologicﬂ setting

. and geochemical characteristics to Witwatersrand reefs,

‘Based ﬁn 2 study of the uﬁcro-tmdun;e and chemistry of compact round pyrite and associated gold
émmnulations in the Witwatersrand réet‘s, Meyer et al. {1994) proposed that gold was preferentially
* deposited on chemically heterogeneous pyrite surfaces by an electrochemical mechanism. Due to the
semiconductive properties of sulphide mincrals, goid is mainly accumulated and reduced by possible
absorption and movement over short distances on pyrite surfaces. This stpdy favors the suggestion
of Meyer et al. (1994) that remobilization of Au occuired over short distances in a rock-dominated

system, as previously discussed in this chapter and Chapter 6, 7.

10.8 Models for the alteration in the VCR
Based on detailed studies of the geology, mineralogy, geochemistry, physicochemical conditions,

stable isotope geochemistry and dating, 2 schematic diagram is constructed to iflustrate the post-
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stable isotope geochemistry and dating, a schematic diagram is constructed to illustrate the post.
depositional evolution and paragenetic sequence of mineralization for the VCR (Fig. 10-1), In this
diagram; a po.ssible paleoweatheting stage is excluded in the model because it is not weli-defined. |
Therefore, the metamorphism and hya: cthermal alteration associated with the VCR are generalized

into three stages described as follows:

(1) Burial Metamorphism (BMT) at ca 2550 to 2300 Ma (Fig. 10-1a).

The model is constructed such that either hydrothermally aitered granitoids (HAGS) (Hatibauer,
1982; 1584; Robb & Meyer, 1985, Hallbauer, 1986), extinct voleanic smokers (EVS) (Hoefs, st al,,
1968) or shallow marine hydroﬂxém:al discharges (Hutchinson & Viljeoﬁ, 1988) could have beeh t_hg

dominant sources 1o supply detrital particles of Au, Ag and other heavy minerals,

The BMT mamly covers the whole period of deposition of the Transvaal Sequence. Existam;g of |
BMT has been discussed in Chapter 7. This is supported by petrographic and fluid inclusion study
(c.g. Frimmel, 1994, 1997; Stevens et al., 1996; Drennan, 1997} and age dates (Robb et al., 1990,
1996). The processes included recrystallizaﬁon of authigenic and porous pyrite, and tlay minerals,
such as chlorite, muscovite and pyrophyllite. The dewatering of.the fine-grained sediments (DFGS)
was possibly a major pmcé:';s. ‘The resultant fluids moved upwards and towards the basin mgrgin
along major faults, microfractures, foresets, bedding plane, and pores of the sediments, The peak P-T
cbﬁditions were about 300 °C and 3 kbar with & geothermal gradient of about 28 “C/km (Frimmel.,

- 1997).

Catagenetic maturation of primitive algal materials took place at diagenesis section and released
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. occurred at about 2300 Ma (Robb et al., 1994; Drennan et al., 1997; Drennan, 1997). Hydrocarbons
migrated through the sediments and into underlying/adjacent granific rocks and underwent
ﬁolymerizaﬁon and condensation due to the effect of ionizing radiﬁtion in the proximity of deirital

L .

(2) Peak Hydroth .mal Alteration (PHA) (Fig. 10-1b). The PHA took place between 2054 - 2020
'Ma. The heat engine was driven by either Bushveld intrusives and s satellites (BIS) or the Vredéﬁ)_rt
Cataclysm (VDC) or both. Psendotachylite, sills and dykes were possibly also part of the heat engine,
* Fauits, dykes and fractures comprised the fiid channels. The metamorphic fiuids moved along faults,
fractures, dykes and sills and gave rise to h}'drpthermsl almlﬁﬁdn_. The metamorphic ﬂuid§ were
_ characterized by envichment of K, Na, Ca, Mg, C, Cl, Cu, Pb, Zn, and possibly some Au and Ag
(Chapter 5, 6). Alteration took place in all lithologies of the VCR and along discontinuities, such as
| faults, dgkes, and even pseudotachylites, Seven alteration zones were recognized within and around

the VCR, namely the DG, WC, MC, RA (VCR), DGG, and GG zones.

Mineral éssemblagas of &l alteration zones mainly comprise muscwiie - chlorite ~ quartz - albrce -
" epidote - caloite - talc - pyrite i pyrrhotite - galena - chalcopyrite - sphaleﬁ:g. Chemical exchanges

between d:ﬁ'e.rent alteration zones were common. In the DG, WC and MC zones of lavas, Si, X, Fe,
| Cu, Zn, and (Au) were gained, but Mg, Ca and Na were lost; the RA zone shows gains qf'Mg, Ca
- and X, and losses of Fe and Na; the DGG zone shows gains of Mg, Fe, Na, Cu, Zn, (Pb), and (Au),

and losses of Ca, and K.

The hydrothennal alteration took plece in & rock-dominated system, as indicated by the underground



267

| .geology,_ alteration mineralogy and geochemistry, and sulphur and oxygen stable isotopes of minerals

: and buli mcks The ﬂmds were metamorphic solutions derived from bagin-wide dewatesing of rocks
during regiohal metamorphism of green schisf facies. The fluids ascended along fants, joiut.é, and
dykes, micro-sedimentary structures, and brought Cu, Pb and Zn ore-forming elements, and Na-K-

- Ca-Mg-C-C1 components info the alteration zones, These fuids were active at 290 to 350 °C, and

2,2 to 3,2 kbar, with logf, less than 10™, and logf;; of 10, and neutral pH values of about 5.

(3) Eburnian brdgeuy Retrograde (EOR) stage (Fig. 10-1c). It is defined as 2 long-lived thermal
event winch rélated to sub-crustal scale, :wionicauy driven fluid migrations (Friese et al,, 1995). The
 eatistence of this event in this study .is recorded by the.yom.ager nmge of the K-Ar dates (1850 -1960
Mz} and the low temperaiure mineral assemblage of muscovite (1M), and chiorite (repiacement of |

. detrital muscovite) (150-245 °C). The alteration is locally around or nearby the discontiuities.
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 APPENDICES

APPENDIX A Chemical compositions of chalcopyrite, pyrrhotite, sphalerite, galens and

pentlandite.
 APPENDIX B CRYOSTAT technig=s for disaggregation of rock samples.
APPENDIX C Natural precipitation technique for extraction of > 2 ww fractiony of clays.

APPENDIX D Ultraeentrifugﬁtioﬁ technique for extraction of <2 pm fractions of clays.
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