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PREFACE 

This thesis contains results of fundamental work carried out on the 0 Zone 

orebody of the Kalahari Goldridge deposit in the Kraaipan Greenstone Belt. 

South Africa. The thesis consists of seven chapters. The introduction (Chapter 1) 

provides a review of the various genetic concepts of banded iron-formation and 

Archaean greenstones as important hosts for gold mineralization. A review of 

major genetic models of gold in these terranes as well as the objectives for th is 

pro~ect is presented. Chapter 2 describes the geological setting of the depo sit. 

The major lithological units on both regional and local scales . and structural 

features that control the ore shoots are also described. 

In chapter 3. the mineralogy and chemistry of gangue and ore minerals in host 

rocks and their re lationship to the mineral ization are discussed. The implication 

of the sil icate mineralogy in the ElF to the metamorphic setting of the host rock 

is inferred. Chapter 4 focuses on geochemical distribution of the elements in 

each lithology in the orebodY. It aimed also to reveals correlation if any. between 

various elements in the deposit to determine the degree of mobility of the 

elements in order to delineate alteration trends. Most importantly. correlation 

between Au and other elements and mass changes accompanying hydrothermal 

alteration is examined to determine a possible geochemical too l for exploration 

in the Kraaipan. 

The basis for chapter 5 is to characterize the chemistry of the ore fluid 

responsible for gold mineralization at the Kalahari Go ldridge deposit and to 

define pressure. temperature and composition (P-T-X) paleo-conditions during 

the mineralization event(s). This has been evaluated based on compositional 



properties of fluid inclusions derived from micro thermometric data along with 

compositional estimates from laser Raman analyses of the inclusions . These data 

have been used in conjunction with the composition of a lteration mineral 

assemblages to constrain ambient chemical conditions during mineralization. 

In chapter 6. the source of hydrothermal fluid as well as the source of sulphur 

and carbon in the fl uid has been evaluated from the light stable isotopes of C. O. 

and S of var ious mineral phases present in the deposit. Chapter 7. the concluding 

chapter. provides a discussion of a model for the mineralization history at the 

Kalahari Goldridge deposit. In particular. the sources of the mineralizing fluid and 

gold. mechanisms of transport and conditions that caused the precipitation of the 

go ld . are discussed. Furthermore. implications for exploring for further deposits 

both on a local and regional scale are highlighted. 
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ABSTRACT 

The Kalahari Goldridge mine is located within the Archaean Kraaipan Greenstone 

Belt about 60 km SW of Mafikeng in the Northwestern Province, South Africa . 

Several gold deposits are located within approximately north - south-striking 

banded iron-formation (BIF). Current opencast mining operations are focused on 

the largest of these (D Zone). The orebody is stratabound and hosted primarily in 

the BIF, which consis ts of alternating chert and magnetite-chlorite­

sti lpnomelane-sulphide - carbonate bands ranging from mm to em scale . The 

ore body varies in thickness from 15 to 45 m along a strike length of about 1.5 

km. The BlF is sandwiched between a sericite - carbonate - chlori te schist at the 

immediate footwall and carbonaceous meta -peli tes in the hanging-wall. Further 

west in the footwall, the schists are underlain by mafic meta-volcanic 

amphibol ite. Overlying the hanging-wall carbonaceous meta - peiites are schist 

units and m~ta-greywackes that become increasingly conglomeratic up the 

stratigraphy. Stilpnomelane-, chlorite- and minnesotaite-bearing assemblages in 

the BlFs indicate metamorphic temperatures of 300 - 450°C and pressures of 

less than 5 kbars . T he BIF generally strikes approximately 3400 and dips from 

60 to 75°E. Brittle-ductile deformati on is evidenced by small-scale isoclinal 

folds, brecciation, extension fractures and boudinaging of cherty BIF units. Fold 

axial planes are sub- paralle l to the foliation orientation with sub-vertical plunges 

parallel to prominent rodding and mineral lineation in the footwall. 

Gold mineralization at the Kalahari Goldridge deposit is associated with two 

ge nerations of subhorizontal quartz-carbonate veins dips approximately 20 to 

40oW. The first generation consists of ladder vein sets (Group lIA) preferentially 

developed in Fe- rich meso bands, whilst the second generation consists of large 
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quartz-carbonate veins (Group lIB), which crosscut the entire ore body extending 

into the footwall and hanging-wall in places. Major struc tures that control the 

ore body are related to meso-scale isoclinal folds with fold axes subparallel to 

mineral elongation lineations, which plunge approximately 067°E. These linear 

structures form orthogonal orientation with the plane of the mineralized shallow­

dipping veins indicating stretching and development of fluid - focusing conduits. A 

second-order controlling feature corresponds to the intersection of the 

mineralized veins and foliation planes of host rock, plunging approximately 

008°N and trending 341°. 

G0iJ is closely associated with sulphides, mainly pyrite and pyrrhotite and to a 

lesser extent with bismuth tellurides, and carbonate gangue. The ore fluid 

responsible for the gold deposition is in the C-O-H system with increased CH4 

contents attributed to localized hydrolysis reaction between interbedded 

carbonaceous sediment and ore fluid. The fluid is characterized by significant 

C02 contents and low salinities below 7.0 wt % NaCl equivalent (averages of 3.5 

and 3.0 wt % NaCl equivalent for the first and second episodes of the 

mineralization respectively) . Calculated values of f02. ranging from 10-29.98 to 

10-32
.
96 bars, bracket the C02-CH4 and pyrite-pyrrhotite-magnetite buffer 

boundaries and reveal the reducing nature of the ore fluid at deposition . 

Calculated total sulphur content in the ore fluid (mLs), ranges from 0.011 to 

0.018M and is consistent with the range 00-35 to 10-IM) reported for sub­

amphibolite facies ore fluids. The close association of sulphides with the Au and 

nature of the fluid also give credence that the Au was carried in solution by the 

Au(HS)2 - complex. Extensive epigenetic replacement of magnetite and chlorite in 

B1F and other meta-pelitic sediments in the deposit by sulphides and carbonates, 

both on meso scopic and microscopic scales gives evidence of an interaction by a 

COr and HzS-bearing fluid with the Fe-rich host rocks in the deposit. This 
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facilitated Au precipitation due to changes in the physico-chemical conditions of 

the ore fluid such as a decrease in the mLs and pH leading to the destabilization 

of the reduced sulphur complexes. Local gradients in f02 may account for gold 

precipitation in places within carbonaceous sediments. 

The fineness of the gold grams ClOOO*Au/(Au + Ag) ranges from 823 to 921. 

This compares favourably with the fineness reported for some Archaean BIF­

hosced deposits (851 - 970). Mass balance transfer calculations indicate that 

major chemical changes associated with the hydrothermal alteration of BIF 

include enrichment of Au, Ag, Bi, Te, volatiles (S and C02), MgO, Ba, K and Rb 

but signifi cant depletion of Si02 and minor losses of Fe203. In addition, 

anomalous enrichment of Sc (average, 1247%) suggests its possible use as an 

exploration tool in the ferruginous sediments in the Kraaipan greenstone terrane. 

Evidence from light stable isotopes and fluid inclusions suggests that the 

mineralized ve ins crystallized from a single homogeneous fluid source during the 

two episodes of mineralization under the similar physicochemical conditions . 

Deposition occurred at temperatures rangmg from 350 to 400°C and fluid 

pressures ranging from 0.7 to 2.0kbars. Stable isotope constraints indicate the 

following range for the hydrothermal fluid; 81BOH20 = 6.65 to 10.48%0, 813CLC = 

-6.0 to -8.0 %0 and 834SLS = + 1.69 to + 4.0%0 . These data do not offer conclusive 

evidence for the source of fluid associated with the mineralization at the Kalahari 

Goldridge deposit as they overlap the range prescribed for fluid derived from 

devolatization of deep-seated volcano-sedimentary piles near the brittle-ductile 

transition in greenstone belts during prograde metamorphism, and magmatic 

hydrothermal flu ids . 
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CHAPTER 1: INTRODUCTION 

1.1 General 

1.1.1: Banded iron-formation 

The term banded iron-formation (BIF) , described by James (1954), was broadly 

classified as banded cherty and siliceous sediments containing 15 % or more iron 

(Fe), and iron-rich bands associated with siliceous and clastic sediments. This 

has subsequently being defined as a chemically precipitated sedimentary rock 

disolaying alternating micro scale (micro band) to mesoscale (meso band) bands of 

oxide, carbonate and silicate facies with quartz (chert), (Gross, 1980; Gross, 

1988), where mesoband is defined as thickness of a few millimetres, and 

microband, defined as repetition of couplets of Fe-poor and Fe- rich laminae 

within the mesobands (Trendall, 1973). These are mostly developed in Archaean 

and Proterozoic terranes (Windley, 1986) . 

Two classifications of BIF based on the (i) environment of deposition, and (iD the 

lithological facies have been accepted widely in literature (Gross and MacLeod, 

1980; Gross, 1988). The first classification scheme is subdivided into Algoma­

and Superior-type BIFs. The latter has a wide distribution in Proterozoic 

terranes and is believed to have formed in near-shore continental shelf or 

shallow basins by low temperature fluids (Laberge, 1973). They are commonly 

associated with carbonates , typically dolomites, quartzites, black shale and minor 

amounts of volcanic rocks (Gross, 1988). The Algoma-type BIF is commonly 

found interiayered in both sedimentary and volcanic successions . T hey are 



generally regarded as chemical sediments precipitated fro m seawater that has 

been enriched in metals from volcanogenic sources (Gross, 1988) . 

The lithological facies concept is defined on the basis of the mineralogical, 

chemical and sedimentation factors. Fo ur main facies have been recognised and 

these incl ude oxide, s ilicate, carbonate and sulphide . The formation of these has 

been attributed changes in environmental conditions related to the pH and Eh 

stability fi elds (James, 1954) . The various facies of the iron formation have been 

host to giant gold deposits worldwide (e.g . Homestake mine in Early Proterozoic 

format ion, South Dakota, Caddey et aI., 1991; Morro Velho in Brazi l, Lobato et 

aI., 2001). 

1.1.2: Gold mineralization in Archaean greenstones 

The Archaean forms an important metallogenic epoch of the Earth's history 

hosting a vast amount of the Earth's mineral deposits includ ing gold, copper­

zinc, iron (Algoma type), nickel , pegmatites, etc. (Boyle, 1979). Mesothermal 

lode Au deposits have been documented (Hodgson et aI., 1993) to consti tute the 

bulk of these deposits with over 60% of the global gold production derived from 

Archaean greenstone be lts . Furthermore, nearly 80 % of the world's largest gold 

deposits occur in Archaean greenstone belts (Hodgson et aI., 1993). Such 

deposits have been mined extensively in South Africa , Canada, Australia, 

Zimbabwe, India and Brazi l. 

Well known deposits include the mines of the Val'Or and Timmins gold camps in 

the Abitibi greenstone belt in Canada; the Barberton and Murchison greenstone 

belt') in South Africa; Morro Ve lho and Raposo mines in Brazil; the Kolar gold 
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deposits in India; the Golden Mile in the Yilgan Province of Western Australia; 

Vubachikwe and Shamva mines in Zimbabwe (Ho and Groves, 1987; Macdonald, 

1986; Foster, 1984). These greenstone terranes are characterised by volcano­

sedimentary rocks with ages varying from 3.5 to 2.3 Ga and intruded by a 

succession of granitoid and gnessic rocks (Windley, 1989). An idealised cross­

section of these greenstone belts provided by Anhaeusser and Viljoen (1986) 

indicate a lowermost sequence consisting of ultramafic to mafic units, an 

intermediate zone consisting of mafic to felsic units and the topmost units 

consisting of sediments. The sediments consist primarily of chemical precipitates 

including cherts, jaspers and BIF. 

Lode gold deposits in Archaean greenstone belts have been classified broadly 

intr' two main subdivisions, (i) vein-associated deposits in metavolcanics or 

intrusive rocks and to a lesser extent in sediments (e.g., Kalgoorlie deposits, 

Eastern Goldfields, Western Australia, Phillips, 1986; Val d'Or gold camps in 

Abitibi, Burrows and Spooner 1989; and several gold deposits in the Barberton 

greenstone belt, South Africa, de Ronde et a!. 1988) and Oi) stratiform­

stratabound deposits in banded iron-formation or Fe-rich cherts (e.g., Mt 

Morgans deposits in the Eastern Goldfield Province, Western Australia, 

Vielreicher et a!. 1994; Vubachikwe deposit, Zimbabwe, Saager et a!., 1987; 

Kolar deposit, India, Hamilton and Hodson, 1986; Lupin deposit, Canada, Lhotka 

and Nesbitt, 1989; and Fumani gold deposits in the Sutherland greenstone belt, 

South Africa, Pre tori us et a!. 1988). The style of gold mineralization in banded 

iron-formation has led to the proposition of three genetic models for its 

deposition. This includes syngenetic, epigenetic and a hybrid of both the 

epigenetic and syngenetic (multistage) models. 
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The syngenetic model proposes that sulphides, carbonates, chert and gold were 

deposited from the hydrothermal fluids on the seafloor during chemical 

sedimentation (e,g" Vubachikwe, Fripp, 1976; Morro Velho, Ladeira, 1991). In 

the epigenetic models (Phillips et a!., 1984; Groves et a!., 1987), it is proposed 

that, gold was introduced from an external source to the iron- formation during 

vein-forming hydrothermal activity associated with later deformation or 

me"3morphic event. The model proposes that gold and sulphides were 

precipitated by interaction between iron-rich host rocks and the hydrothermal 

fluids carrying gold as sulphide complexes in a replacement reaction causing the 

destabilization of the gold-sulphide complexes resulting in gold deposition. This 

conclusion is based on several lines of evidence including j) association of gold 

with veins in many deposits, ii) structural controls of the mineralization in most 

deposits, iii) unequivocal replacement of iron oxides and silicates by sulphides, 

iv) similar ore-element ratios to comfirmed epigenetic gold deposits in mafic and 

ultramafic rocks (Phillips et a!., 1984). In the multi-stage model (e.g. Rye and 

Rye, 1974; Kerswill and Anglin, 1984; Saager et a!. , 1987), it is proposed that 

gold mineralization occurred synchronously with chemical sedimentation of the 

iron-formation. However, gold was remobilised during subsequent 

metamorphism and deformation and was redistributed into late structures. 

The genetic model ascribed to a particular ElF-hosted gold would have 

important implication for its exploration therefore, determining factors should 

identify whether the mineralization is associated with a deformation event with 

the subsequent introduction of gold to the ElF from external source by 

hydrothermal activity during deformation or whether the ore shoot was 

generated by localized redistribution of Au within the iron-formation. For 

example, for deposits in Archaean greenstones ascribed 
. . 

to epigenesIs, 

exploration would target second or third order structures (e.g. fo ld hinges, 
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shears, faults, splays) associated with regional structures transecting BIF units, 

whereas, in syngenetic mineralization, exploration would be targeted along the 

stratified mineralized zones . 

1.2: Objectives 

The Archaean Kraaipan greenstone belt, located in the northwestern province of 

South Africa, has rece ived little geological study in the past. This has largely 

been attributed to the rare occurrence of outcrops obscured by large thicknesses 

of Kalahari sand and calcretes . The potential of the belt as an exploration target 

ha::; also been ignored in the past in favour of the Murchison and Barberton 

greenstone belts due to a combination of lack of knowledge of the geological 

setting, geochronology and history of the hydrothermal activity in the region and 

also lack of known deposits. 

Initial exploration activity by Shell Exploration Inc. which was later intensified by 

the West Rand Consolidated Mines in the Kraaipan region between 1987 and 

1990 led to the discovery of gold, and the subsequent development and mining 

operations of the Kalahari Goldridge mine. This discovery has created a renewed 

interest in the region as a new gold mining district in South Africa. The 

discovery also served to emphasize the need for detailed studies fo r a thorough 

understanding of the geology and the hydrothermal activity in the greenstone 

belt in order to realize its mineralization potential. It is on this basis that the 

current study was undertaken through a collaborative initiative between the 

Department of Geology, Rhodes University and the management of the Kalahari 

Goldridge mine. 
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Four potentially mineable ore bodies, including D Zone, A Zone, Watertank and 

Windmill constitute the ore reserves at the Kalahari Goldridge deposit. The D 

Zone (Fig. 1.1), which forms the subject of this study, is the largest of the 

deposits. Mining operation at an average gold grade of 2.4g/ton in the D Zone, 

began in 1996. 

In order to provide a fundamental knowledge of the hydrothermal activity in the 

Kraaipan greenstone belt, major emphasis of this investigation has been placed 

on the geochemical aspects of the deposit, including the mineralogy and fluids 

associated with the mineralization, to define the sources of the ore components 

and fluid, as well as the mechanism and physico-chemical conditions which 

facilitated the deposition of the gold. It is anticipated that the current study 

would serve as a foundation for future research as well as guide exploration 

activities in the immediate vicinity of the Kalahari Goldridge deposit and the 

Kraaipan regIOn as a whole. On a global scale, the study is envisaged to 

contribute towards the on-going debate on the genetic model of ElF-hosted gold 

in Archaean terranes. 
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Figure 1.1. Photographs showing views of the open-pit of the Kalahari Goldridge mine. 
Top: Looking south of the pit from the top bench. 
Bottom: A view ofthe deposit (looking north) showing the footwall (left) and a face of 
the orebody (BIF) dipping to the east. 
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CHAPTER 2: GEOLOGICAL SETTING 

2.1: Regional Geological Setting 

Tte Kraaipan greenstone belt is located in the Northwestern Province of South 

Africa, and forms part of the Kaapvaal Craton (Fig 2.1). Late Archaean 

Ventersdorp lavas and Tertiary sediments overlie a large portion of the belt, 

thus creating poor exposures . Earlier work on the greenstone belt was 

undertaken by Du Toit (1906) who gave the name Kraaipan to a group of banded 

ferruginous rocks in discontinuous outcrops in the Mafikeng area. Subsequent 

work in the region was undertaken by Rogers (1908), Van Eeden et al. (1963), 

Van Zyl (1972) and SACS (1980). Because of the poor exposures, these studies 

have been unable to establish a clear stratigraphic succession for the greenstone 

belt. 

Recent investigations on the geology of the Kraaipan Greenstone belt 

(Zimmerman and Anhaeusser, 1991; Jones and Anhaeusser, 1993; Anhaeusser 

and Walraven, 1999) have been aided by drill-hole intersections by mining 

compames exploring for extensions of the gold mineralization 1D the 

Witwatersrand basin and hydro-geologic operations for groundwater, as well as 

airborne-geophysical surveys. These studies show that the Kraaipan greenstone 

belt (Fig. 2.2) stretches discontinuously in an approximately north-south 

orientation and falls into two domains: northern and southern domains 

(Anhaeusser and Walraven, 1999). The greenstones in the north consist of three 

narrow NNW-striking belts extending from the Botswana border in the north to 

Delareyville in the south, and consist of metamorphosed mafic volcanic rocks 

interlayered with ferruginous and siliceous sediments. 
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Figure 2.1. Simplified geological map of the Kaapvaal Craton, South Africa, showing 
the distribution of Archaean basement rocks and of greenstone terranes ( modified from 
Anhaeusser and Walraven, 1999). 
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The southern sector is characterized by one greenstone sliver and outcrops 

mainly in the vicinity of Amalia. The volcanic rocks in the greenstones include 

massive, pillowed basalts, and mafic tuff, which has been subjected to variable 

degrees of deformation and hydrothermal alteration. Du Toit (1908), Van Eeden 

et al. (1963), SACS (1980) and Jones and Anhaeusser (1993) have reported 

minor occurrences of serpentinite and accretionary lapilli. The ferruginous 

sediments consist mainly of banded iron-formation and ferruginous chert. Pb-Pb 

isotopic dating of the banded iron-formation indicates a minimum age of 3400 Ma 

(Anhaeusser and Walraven, 1999). Further work by Poujol et al. (2000) from a 

U-Pb dating of plutonic xenolith conformably interiayered with the Kraaipan 

greenstone suggest that the Kraaipan greenstones were older than 3010Ma. The 

regional metamorphic pattern in the Kraaipan region is poorly documented due 

the paucity of outcrop occurrence. However, based on amphibole-chlorite­

epidote assemblage in some volcanic rocks, Anhaeusser and Walraven (1999) 

noted that metamorphism may vary from lower greenschist to amphibolite facies 

grades. 

Kraaipan plutonic rocks 

The Kraaipan greenstone belt has been intruded by a variety of granitoids. 

Zimmerman and Anhaeusser (1991) have classified the plutonic rocks into three 

groups based on the field re lationships, petrology, geochemical and 

geochronological constraints. These include a tonaiite-trondhjemitic gneiss­

migmatite suite, granodiorite-adamellite suite and the Mosita adamellites. The 

oldest group consists of a tonalitic, trondhjemitic and migmatitic gneiss suite, 

with zircon evaporation dates from 3070 to 3162 Ma (Anhaeusser and Walraven 

1999), and U-Pb dates of approximately 3010 Ma (Poujol et aI., 2000) and forms 
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the basement to the supracrustal rocks. The rocks show an extensive coverage 

throughout the Kraaipan terrane. Anhaeusser and Walraven (1999) showed that 

Anhaeusser and Walraven (1999) showed that this group of granitoids are Na­

rich and have subvertical mineral fabric showing a general orientation subparallel 

to the trend of the Kraaipan greenstones. Zircon evaporation (Anhaeusser and 

Walraven, 1999) and U-Pb (Poujol et aI., 2000) dates indicate a range from 2846 

to 2880 Ma and 2880 to 2930 Ma respectively for the granodiorite-adamell ite 

suite. These rocks exhibit an erratic distribution throughout the entire Kraaipan 

reg'on. 

The Mosita adamellites (U- Pb: 2718 Ma, Burger and Walraven, 1979; zIrcon 

evaporation: 2749 Ma, Anhaeusser and Walraven, 1999; U-Pb: 2800Ma, Poujol et 

aI., 2000) form the youngest granitic intrusions in the Kraaipan greenstone 

terrane. These granitoids are mostly buried beneath the Tertiary Kalahari cover 

with only sporadic outcrops. Their presence has been discovered mostly through 

borehole intersections and they occur in the northern sector extending from 

Kraaipan village and Stella to the Botswana border. 

Integrating field with geophysical, petrographic, geochemical and 

geochronological constraints, Anhaeusser and Walraven (1999) proposed that the 

Kraaipan volcano - sedimentary greenstone belt and associated granitoids are 

documented (Anhaeusser and Walraven, 1999; Poujol et al., 2000) to have 

evolved as a result of episodic accretion onto the western boundary of the 

Kaapvaal Craton over a time-span of approximately 250 to 450 Ma. 
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2.2: Local Geology 

Due to limited rock exposure at the Kalahari Goldridge deposit, information on 

the geology has been derived mainly from drill hole intersections and exposures 

in the open-pit operations and sporadic outcrops outside of the mine area. Figure 

2.3 shows a simplified geological map of the open-pit compiled with the aid of 

MSc Exploration geology students at Rhodes University as part of a structural 

geology exercise. Figure 2.4 also shows an idealized section from borehole GDP 

525 showing the various lithologies occurring at the Kalahari Goldridge deposit. 

2.2.1: Lithological units 

The Kalahari Goldridge deposit is located about 60 km southwest of Mafikeng in 

the Kraaipan greenstone belt. Major rock units in the deposit include mafic 

schist, which forms the footwall of the orebody, a BIF horizon, as the main host 

of the orebody and a succession of clastic sediments consisting of phyllite, schist 

and graywacke, which overlie the orebody in the hanging-wall. 

Mafic meta-volcanic rocks 

This unit forms the footwall of the orebody and consists of rocks of basaltic bulk 

composition. The rocks are mostly observed in the pit of the mine with sporadic 

outcrops occurring outside of the mine area. Some of these outcrops have been 

observed further west of the mine, a distance of about 30km along river channels 

(Fig. 2.5). The rocks are highly foliated and have experienced some degree of 

alteration. Actinolite and lesser amounts of epidote, quartz, calcite and 

plagioclase constitute the main mineral assemblage. The calcite and plagioclase 
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Figure 2.3. Simplified geological map of the D Zone open pit at the Kalahari Goldridge deposit. 
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m the assemblage appear secondary as they replace epidote and quartz 

respective ly. In places, evidence of the basaltic protolith is characterized by 

well-preserved pillow structures and amygdales. The immediate footwall unit 

consists of intensively altered mafic schist, which is evidenced by the bleached 

appearance and loss of original basaltic texture. 

The mineralogy consists essentially of carbonate, sericite and quartz in varying 

proportions and minor amounts of chlorite. The schists have strong foliations, 

which parallels the regional trend. 

Banded iron formation (BIF) 

The ElF, which constitutes the main orebody varies in thickness from about 15 

to 45m along a strike length of 1. 5km. It forms a massive unit in the central part 

of deposit but grades into banded ferruginous chert interbedded with chloritic 

schist at the margins towards the hanging and footwall schist. The BIF consists 

of alternating chert and magnetite bands ranging from mm to cm scale 

(mesobands) . Petrographic work indicates that the magnetite and chert 

meso bands may contain micro bands of chert and magnetite respectively, which 

range from 0.1 to Imm. The mineralogy of the magnetite mesobands consists 

mainly of magnetite, with minor amounts of stilpnomelane in less altered 

mesobands in some cases. In more altered sampl es, phyllosilicates, carbonates 

and sulphides predominate over magnetite and quartz. Most abundant silicates 

are chlorites, stilpnomelane and lesser amounts of mica (muscovite and sericite) . 

Chert meso bands range from mm to several cm thick. They are composed of a 

mosaic of polygonal quartz grains with size reaching up to 0.5mm. Occasionally, 

subhedral to euhedral magnetite grains are present, but commonly consist of 

quartz as the primary constituents of these layers. Further description of the 
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mineralogy and the metamorphic implication of the host ElF is provided in 

Chapter 3. Bulk-rock geochemistry (Chapter 4) characterizes the ElF at Kalahari 

Goldridge as Algoma type iron-formation. Thin discontinuous carbonaceous- and 

pyrite-bearing metamorphosed pelites (meta-pelites) ranging between 1 to 2 m 

in thickness occurs discontinuously between the contacts of the orebody and 

footwall and also between the orebody and immediate hanging-wall units. The 

meta-pelites have been subjected to intense deformation as evidenced by the 

tight to isoclinal folding associated with the unit and have a characteristic black 

appearance. In thin section, the meta-pelites consist of thin carbonaceous 

materials anastomosing quartz and carbonate aug ens (Fig. 2.6). 

Interbedded schist 

These are metamorphosed pelitic sediments interbedded with ferruginous cherts 

units within the orebody. The rock consists of two separate units, sandwiched 

between the centrally located massive BIF and the footwall and hanging-wall. 

They form thin lenses or beds generally less than 1 m thick of chlorite-rich 

bands. Centimeter-scale magnetite-rich and cherty bands sometimes alternate 

with the chlorite-rich bands. 

Chlorite, stilpnomelane, muscovite (sericite), carbonate and quartz constitute the 

main mineralogy associated with the pelites. The modal proportion of these 

minerals varies considerably in this unit. In less altered samples, chlorite forms 

the dominant mineral and occurs as dark green in a foliated matrix. Opaque 

minerals such as magnetite and sulphides (pyrite and pyrrhotite) locally occur in 

significant proportions and may constitute about 40-50 % modal abundance in 

some samples. In altered samples, variable amounts of quartz, carbonate and 

sericite occur with their modal abundance related to the degree of alteration. 
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Figure 2.5. Amphibolite outcrop in a river channel about 30km west from the 
Kalahari Goldridge Mine. 

Figure 2.6. Plane polarized photomicrograph showing thin carbonaceous materials 
anastomosing carbonate augens in meta-pelitic sediments at the Kalahari Goldridge 
deposit 
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Hanging- wall sediments 

The hanging-wall is a succession of clastic sediments co ns is ting of meta-pelites 

(phyllites and schist) and greywacke, which consists of graded beds that 

coarsens up the stratigraphy. In general, the phylli tes fo rm the underlying unit 

while greywackes form the top in the sequence. The phylli tes have a 

characteristic black appearance, which is attributed to presence of carbonaceous 

materials . Coarse- grained pyrite mineralization is very commonly associated 

wit;! the phyll ites . Chlorite and variable amounts of quartz, sericite and 

carbonates constitute the main mineralogy in the schist. In hand specimen, large 

pyrite cubic s (l - 3mm) are common in the schi s t. The greywacke consists 

dominantly of quartz with lesser amounts of chlorites and carbonates . 

Within the hanging-wall sediments is a series of fine-grained volcanic and quartz 

(chert) clasts, with shapes ranging from subrounded to oblates and sizes ranging 

up to 50cm in diameter. The volcani c clasts are fine-gra ined and may contain 

coarse-grained pyrites. The large clasts may be debris flow associated with arc 

\'o1canics. Also overlyi ng the graywackes are fine-grained and dark-green 

tuffaceous layer with thickness of approximately 10m. Series of steeply dipping 

dolerite dykes ranging up to about 1 meter thick intrude the ore body in places. 

Crossc utting relationships suggests the dykes postdate the mineralization. 

2.2.2: Structure 

Structural eleme nts at the Kalahari Goldridge deposi t are characterized by 

steeply dipping primary layering and planar shape fabri cs, stretching and 

intersection lineatio ns, as well as brittle structures. Figure 2.7 A illustrates a 
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stereo graphic projection of various structural elements measured in the deposit. 

The earliest tectonic fabric developed in the area is bedding-parallel foliation 

defined by preferred orientation of phyllosilicates and carbonate, which is best 

observed in the schist and phyllites . The foliation is consistent with the regional 

trend of the greenstone belt and shows an average orientation of approximately 

339% 67°E and may be associated with the regional deformation event CD t ) . A 

localized shear deformation related to later deformation (D2), is characterized by 

a narrow mylonite zone, which stretches up to about 5m wide and sandwiched 

between the immediate footwall and the ore body. At the southern end of the 

deposit, truncation of portions of the ElF along the shear zone has resulted in the 

duplication of the orebody. Pyrite and quartz in the mylonite zone have been 

deformed into ellipsoidal shapes. 

The plane of the shear zone hosting the deposit is sub-parallel to the fo liation 

and bedding planes strikes N-S and dips approximately 65°E. Mineral lineations 

are defined by elongate quartz and sulphide growth in the schistose foliation 

plane, and strained clasts in the conglomeritic units in the hanging-wall and 

roddings in ElF's. The mineral lineations trend approximately 108° and have an 

average plunge of 6rE, which is subparallel to the fol iation plane. 

Small-scale isoclinal folds are common in the schist and ElF and have axial plane 

(334% 61°E) subparallel to the foliation planes. Both the plunge of the isoclinal 

foldS axis and the mineral elongation lineation are subparalle l to the foliation and 

fold axial planes. This has been interpreted to be the result of rotation of the fold 

axes into parallelism with foliation plane during the shearing deformation 

(Hilliard, 1996). Large open folds stretch along the entire length of the orebody 

in a north-south direction and plunge steeply to the east with subvertical axial 

planes. 
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Figure 2.7. Stereographic projection Clower hemisphere) of major structural features and the 
distribution of quartz- carbonate veins at the Kalahari Goldridge deposit. A. Stereographic 
projection of poles to bedding plane (crosses). poles to foliation plane (triangles) , poles to 
axial plane of isocl inal fold (circles) , poles to shear plane (stars) and mineral lineations (filled 
circles). B. Stereographic projection of the three groups of quartz-carbonate veins at the 
Kalahari Goldridge deposit: Group I ve ins (filled squares) , Group 11 veins (open squares) and 
Group 1II veins (diamonds) . 
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Small - scale boudins are developed in some mineralized cherty ElF bands, which 

hosts the shallow-dipping extension veins. T he boudins are defined by the 

pulling-apart of Fe- rich and siliceous bands . They are characterized by cm scale 

to rectangular to subrectangular segments separated by extension fractures 

commonly fi ll ed with quartz ± carbonates. The boudins are best and commonly 

developed in more Fe-rich (magneti te-rich) mesobands than the siliceous 

mesobands. This observation provides a useful indicator of the relative 

competence of the magnetite and the s iliceous bands. Large-scale boudins are 

commonly associated with the interbedded chlorite schist where foliated chlori te 

schist wraps around large ElF blocks forming anastomosing networks of boudins . 

At Kalahari Go ldridge deposit, the selective and preferential development of 

extension veins in the magnetite- rich mesobands of the BlF is likely to have 

bee;] influenced by mineralogical composition and textures coupled with low 

tensile strength in the ElF bands. T he re lative co mpetence of the magnetite- rich 

bands may be influenced by the modal proportion of s ilica in each band inducing 

plasticity in the more si liceous bands and also viscosity contrast between layers. 

T hi s conclusion is based on the observation by Lloyd et al. (982) that minerals 

s uch as quartz enhance plastic deformation during the development of mylonitic 

microstructure in polymineralic rocks. This is consistent with field observations, 

which showed that more siliceous magnetite meso bands exhibi t limited fracturing 

and extension veining than more magnetite- rich bands. Further support for this 

is provided by fie ld observations by Foster and Gilligan (1981) who listed 

several observations including gross mineralogy and the mineralogy of the 

individual bands, metamorphic grade, the strain rate and the stress domain, and 

fluid pressure as potential factors for brittle failure in banded iron- formation. 

They asserted that magnetite- rich units are more prone to brittle deformation 

than silicate- rich units . T he close association of the small -scale boudins with 
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bedding-perpendicular extension vems at the Kalahari Goldridge deposit also 

suggests that the deformation was progressive with the initial development of 

necking followed by through-going extension fractures and vein formation. 

2.2.3: Deformational history 

The limited geo logical literature on the Kraaipan greenstone belt. coupled with 

the lack of outcrops. makes attempts to constra in the tectonic history and the 

associated mineralization difficult. However. regional aeromagnetic data and 

local field observations at the Kalahari Goldridge deposit provide some 

information for interpretation of the deformational history and how it relates to 

the mineralization. Hilliard (1996) documented an early regional deformational 

episode D1• which he concluded to be associated with the mineralization and 

major structural features at Kalahari Goldridge deposit. A latter event D2. was 

also concluded by Hilliard (1996) to have resulted in the flexuring of the deposit 

but causing minor effects on the geometry of Dl in the deposit. 

In th is study. observed structural features in the orebody indicate at least three 

deformational episodes. Dl to 0 3. The earliest deformational episode. D1• is 

synchronous with the low-grade regional metamorphism of the greenstone units 

in the region. This is characterized by the NNW-SSE-trending penetrative 

regional schistosity developed subparallel to the primary lithological layering and 

bedding plane. The mine sequence is infe rred to be in a subsidiary shear zone. 

which runs subparallel to a regional shear zone and attributed to the Dl 

deformation event (Hill iard. personal communication). 
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The 02 deformational event was largely ductile and accompanied by crustal 

shortening resulting in the development of the tight isoclinal fo lding, boudins and 

shearing within the BIF. The 02 deformation is likely to have been progressive 

toward a more brittle deformation characterized by extension fractures in more 

competent and Fe-rich BIF. The 02 event is also likely to have orientated the 

axial plane of the tight to isoclinal folds into parallelism "vith the foliation plane 

(Hilliard (996). Further evidence for crustal thickening during this event IS 

commonly exhibited by the buckling of the earliest-formed Group I 

(metamorphic) quartz -carbonate veins. These features also suggest that the 

deformation was due to shortening normal to the NNW-SSE foliation trend. The 

02 event also represent mineralization event and controll ed the geometry of lode 

systems which is characterized by shallow-dipping extention veins . The similar 

structural orientation of the two episodes of the mineralizing veins may suggest t-
thaL mineralization was accompanied by a uniform stress regime in a progressive 

deformation. 

03 is associated with the flexuring of the major N-S belt and development of the 

broad open folds with easterly dipping vertical axial planes. A localized shear 

zone, which truncates the orebody at the southern end, is inferred to be 

associated with the 03 event. The cons istency of the bedding and foliation planes 

in the deposit suggests the 02 and D3 deformational events did not cause major 

changes in the geometry associated with the 0 1 tectonic event. 

2.2.4: Vein systems and geometry 

Structural mapping in the open-pit at Kalahari Goldridge allowed for three broad 

classifications of quartz veins on the basis of structural orientation, mineralogy 
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and cro sscutting relationships. These are identified as Groups T, II and III. 

Chronological relationships between these veins were established based on the 

crosscutting relationships. The structural orientation of veins is illustrated in a 

stereographic projection (Fig. 2.7B) . 

Group I velDS are steeply dipping oriented approximately at 064°/74°S. They 

exhibit a simple mineralogy consisting dominantly of carbonates with variable 

amuunts of quartz. About 90- 95 % of vein - filling material consists of carbonate . 

They are emplaced as lenses extending several centimeters in length and width 

not extending 5 cm. The vein are buckled and distorted in many places, which is 

indicative of compressive deformation. Crosscutting relations hips suggest that 

the Group I veins are the earliest generation, and considered to have been 

emplaced from advecting fluids during regional metamorphism and which is 

attributed to the DJ deformational event. 

Group II velDS are the most dominant of the velDS at the Kalahari Goldridge 

deposit and are inferred to have developed during the D2 deformational episode 

The mineralogy of the veins consists of carbonate, quartz, sulphide s and 

phyllosilicates. Gold mineralization is associated mainly with these veins. The 

orientation of the veins is sub-perpendicular to the foliation of the host rock with 

an average strike of about 174° and dips ranging from about 10° to 400W. The 

adjacent wall rocks to these ve ins display minimal or no evidence of 

displacement. 

The nature of the Group II veins in regard to the size (length and thickness) and 

cro sscutting relationships allows for a further subdivision of into Group IIA and 

Group lIB veins. The Group IIA veins are best developed in the ElF, are 

preferentially and selectively developed in Fe-rich bands, and exhibit regular 
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spacing sub-perpendicular to layering in a ladder array (Fig. 2.8A and B). They 

may extend beyond the Fe-rich bands in places. The thickness of the veins is 

variable ranging from a few millimeters to about 2 cm and their lateral 

extensions generally defined by the width of the Fe-rich band but typically up to 

5 cm, reaching up to about 12 cm where they extend beyond the Fe-rich bands. 

The Group lIB veins (Fig. 2.8B) on the other hand, are massive with thickness 

ranging up to 20 cm and lateral extensions in excess of 20 meters, which cut 

through the entire orebody into the hanging-wall and footwall in places. Banding 

is rare in these veins, suggesting that the veins formed from a single-stage 

depositional event. Carbonate selvages along the contact between the host BIF 

and vein commonly characterize the large veins. Sulphide haloes at the contacts 

measuring up to the several centimeters into the host BIF are commonly seen in 

places. Field relationships indicate that the Group lIB veins postdate the Group 

IIA (Fig. 2.8B). 

The Group III veins are steeply dipping with average orientation of 266°/74°N. 

Carbonates and quartz are the main mineralogy. The veins have uniform 

thickness ranging up to about 10cm, and extending several meters in length. 

Thin pyrite laminations along the selvedges with the host rock are very 

characteristic of the Group III veins. Crosscutting relationships between the 

veins indicate that the Group III veins form the latest sets and show no 

association with gold mineralization. These veins are likely to be associated with 

tectonism processes associated with the D3 deformation episode. 
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Figure 2.8. Photographs showing the mineralized (Group II) quartz-carbonate veins 
in banded iron-formation at the Kalahari Goldridge deposit. 
A: Group IIA vein preferentially developed in BIF mesobands. 
B: Both Group IIA (ladder) veins and Group liB vein cutting through entire BIF. 

27 



2.2.6: Internal structure of mineralizing veins 

The internal structure of Group IIB veins consists dominantly of large subhedral­

to euhedral interlocking grains of carbonate and quartz with elongated quartz 

grains (fibres) at the margins in places. The internal structure of the Group IIA 

veins is dominantly characterized by quartz fibres (Fig. 3 .1). The fibres 

associated with the ladder veins commonly contain s livers of the host rock. T he 

long axes of the fibres are generally paralle l to the mineral elongation lineation 

in the host rock and perpendicular to the vein wall s . T he long axes of the fibres 

in the ladder ve ins are generally s traight with sub-perpendicular orientation at 

high angle to the vein walls and show no evidence of secondary deformation or 

strain. T his is supported by the fact that the vein margins with the bedding 

planes on opposite sides of show no shear di splacement. 

Ramsay (1980) referred to this micro-structural feature as anti - axial veining and 

provided a comprehensive mechanism for its formation. According to Ramsay 

(1 980) , these are commonly developed under low-grade metamorphic conditions 

(e.g., greenschist and sub-greenschist faci es) by a cycle of crack- seal process 

resulting from a build-up of elastic strains in response to ris ing fluid pressure 

(Pr), often induced by poor or limited rock permeability leading to fracture. 

Precipitation of mineral species, diffusion and/or solution mass transfer, leads to 

the sealing of the fracture and the repeat of the cycle . The opening is commonly 

associated with trails of wall-rock fragments or fluid inclusions al igned parallel 

to the wall rock with the central inclusion trails defining the s ite of the initial 

fracture . 
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Studies by some workers (e.g ., Ramsay and Huber, 1983) also showed that the 

fibrous habits in ve ins might be an original feature produced in response to an 

ac tive stress field, by crystals growing in crystallographic continuity with 

adjacent wall-rock minerals . This controls the fibres such that their growth is 

parallel to the displacement path of their wall-rock boundaries as they move 

apart. 

Cox and Etheridge (1983) and Cox (1987) have argued that free-growing fibre 

into a fluid-filled micro-crack produces fibres with the long axes at high angle to 

the growth surface crack-seal increment, irrespective of the sense of 

displacement across the micro-crack. They concluded that the shape of such 

fibres would be growth-surface controlled rather than displacement controlled. 

2.2.7: Fluid pressure and stress regime 

Etheridge (1983), Ridley (1993), and Sibson and Scott (1998), among others, 

have shown that important factors which determine the development of shear or 

extension fracture and fluid discharge, leading to mineralization in a particular 

rock-unit, are the differential stress (a! - ( 3), the rock tensile strength (T) and 

the magnitude of the fluid pressure (Pr) . The difference between the fluid 

pressure and the stre ss acting perpendicular to the opening crack (a N), which is 

known as the effective pressure (Pr - aN), is very critical in the development of 

hydraulic fractures. 

In accordance with the criterion for hydraulic fracturing represented by the 

equation, 
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extension fracture prevails when (al-a3) ,.:; 4 T while shear failure IS 

characterized by conditions where (al - (3) > 6T (Etheridge, 1983). 

Under these conditions, the development of extension fractures or tension 

gashes is characterized by relatively low differential stress and high fluid 

pressures near lithostatic, while shear fracture is induced by high differential 

stress and high fluid pressures. Strongard (1973) also deduced that under 

conditions where a3 is subparallel to lithologic layering, regions of low mean 

stress would be focused in more competent units. Theoretical considerations by 

Ridl3Y (1993) also showed that upwelling fluids are highly focused into such low 

mean-stress zones. Therefore, the extensive shallow- dipping veins associated 

with the BIF can be attributed to high fluid pressures resulting from intensive 

focusing of fluid into the more competent units. In addition, the shallow-dipping 

attitude of the veins is likely to have been controlled by a subvertical minimum 

principal stress (a3). The crack-seal features of Group IIA veins at the Kalahari 

Goldridge deposit therefore suggest vein growth was accompanied by 

supralithostatic fluid pressure regimes. In this case, the average rate of sealing 

kept pace with or exceeded the rate of separation of vein walls (Cox et aI., 

1995). On the other hand, the Group lIB veins indicate features of single-stage 

vein growth, in which case the rate of vein-wall separation is faster than the 

mineral deposition during the period of vein growth (Cox et aI., 1995). These 

features are attributed to the spatial and temporal variation in the effective fluid 

pressure during hydraulic fracturing. Furthermore, the abundance of the Group II 

veins associated with the mineralization indicates that high fluid pressures were 

maintained throughout the gold mineralization stages. 
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2.2.8: Gold mineralization 

The · distribution of gold mineralization at the Kalahari Goldridge deposit is 

largely controlled by lithological variation and structure. Highest concentrations 

of gold are confined to the central part of the orebody within Fe-rich and more 

competent BIF that also forms the most sulphidized section of the orebody (Fig 

2.9). Centimeter-scale sulphidation haloes are associated with the large shallow­

dipring veins (Group rIB) are occur mainly within the BIF. A large proportion of 

the shallow-dipping ladder veins (Group rIA) are confined to the BIF units, which 

indicate that high fluid pressure may have played an important role during fluid 

infiltration and gold mineralization. 

The direction of the oreshoots may be predicted based on the relationship 

between the shallow-dipping veins, mineral lineations and tight to isoclinal folds 

associated with BIF. The mineral lineations trend approximately subparallel to 

the foliation plane and orthogonal to the shallow-dipping veins. Two major 

controlling factors are therefore envisaged to have played active role in the 

localization of gold mineralization at the Kalahari Goldridge deposit (Fig. 2.10). 

The primary structural control is inferred to plunge subvertically, subparalle l to 

the fold axes of tight isoclinal folds plunging approximately 0800 E and orthogonal 

to the shallow dipping mineralized veins. A secondary controlling feature is 

related to the intersection of shallow-dipping extension veins with host rock 

foliation planes plunging approximately 08°N and trending 3410
• 
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Figure 2.9. Distribution of gold mineralization in the D Zone orebody, Kalahari Goldridge deposit. 
Highest grade occur in massive BIF located centrally in the orebody (Figure redrawn from Kalahari 
Goldridge Mine annual report, 1998). 
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N 
Intersection of vein __ ~_~;P'~..L-__ 
and foliation (341 "/OO8"N) 

Mean plane of shallow-dipping 
veins (177"n2"W) 

Mean foliation plane 
(339°/67°E) 

Figure 2.10. Stereographic projection Clower hemisphere), of the 
majorstructurescontrolling mineralization at the Kalahari Goldridge deposit. The 
primary control is illustrated by the orthogonal orientation of the mineral 
elongation lineations (filled circles) to the shallow-dipping (Group ·m ve ins. A 
secondary predicted control is the intersection of the planes of the fo liation and 
the sha llow- dipping veins at approximately 34 1 o/OOsoN. Legends: triangles = 

poles to fol iation plane, squares = poles to plane of mineralised veins, filled 
circles;: mineral eiomlation lineations 
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Chapter 3: MINERALOGY 

3.1 Introduction 

Thp identification of major and minor mineral constituents in all lithologies at the 

Kalahari Goldridge deposit was carried out by standard microscopic studies 

under reflected and transmitted light on thin and polished sections respectively. 

The mineral identification was also supplemented by qualitative X -ray diffraction 

analysis of powdered samples. The textural relationship between gangue and ore 

minerals was determined by a combination of transmitted and reflected light in 

polished thin sections . The paragenetic sequence of primary and secondary 

phases has been facilitated by textural relationships of the constituent 

assemblages. The chemical composition of the minerals was determined by 

e lectron microprobe analysis. 

Fifty thin sections, 30 polished thin sections and 70 polished sections from drill 

cores and pit samples were studied and the mineralogical description of the 

minerals is given below. The principal minerals identified in the studied samples 

in the ore body are silicates, including stilpnomelane, minnesotaite, chlorite, 

quartz and muscovite; carbonates, including siderite, ankerite-dolomite senes 

and calcite; sulphides, such as pyrite, pyrrhotite, chalcopyrite, and native 

bismuth and bismuth telluride . Other minerals such as epidote, actinolite and 

plagioclase were also identified in minor amounts in the altered mafic units in the 

footwall. Recalculation of mineral composition was done on the basis of 11 

oxygens for muscovite, sti lpnome lane and minnesotaite, 14 oxygens for chlori te 

and 2 cations for the carbonates. The relative abundances of the minerals are 

illustrated in Table 3.1. 
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Table 3.1. Modal abundance of principal minerals identified In ore body at the 
Kalahari Goldridge deposit 

HANGING-WALL ORE BODY FOOTWALL 
Graywacke Schist Shale BIF Schist Groun IIA Groun lIB Mafic schist 

Mineral 

Oxides 
magnetite - - - XXXX XX X X -

Quartz XXXX XXX XXX XXXX XXXX XXXX XXXX XXX 
Ilmenite - X - - XX - - X 

Sulphides 
pyrite X XX XX XXXX XX XX XX X 
pyrrhotite - X X XXXX XX X 
ChA 1"-'opyrite - - - XX XX X X -

Carbonate 
siderite - - - XXXX - XX XX -
ankerite-dolomite X XXX XXX XX XXX XXX XXX XX 
calcite X XX X - - - - XXX 

Silicates 
chlorite XXX XXXX XXX XXX XXXX XX XX XXX 
stiipnomelane - - - XXXX XXX XX XX -

muscovite XXX XXX XXX X XXXX X X XXX 
minnesotaite - - - X X - - -
biotite? - - - X - X X -
plagioclase - - - - - - - X 
epidote - - - - - - - X 
actinolite - - - - - - - X 

Bismuth minerals 
native bismuth - - - X - - - -

bismuth telluride - - - X - - - -

Gold - - - XX X X X -

XXXX = Abundant; XXX = Common; XX = less common; X - rare; - = not found. Where abundant> 60 modal 
%, 20 modal %( Common ( 60 modal %, 20 modal % >less common >5 modal % and rare ( 5 modal %. 

3.2 Silicate Minerals 

3.2.1 : Quartz 

Quartz is the most dominant silicate mineral and occurs in all lithologies in the 

deposit. Primary quartz occurs in the chert and less altered chert-magnetite 
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mesobands as finely crystalline, mostly 5- to 30 !lm-sized, equigranular grains in 

bands sub-parallel to magnetite micro bands. Recrystallization of the fine-grained 

quartz is characterized by development of coarser grains and quartz veinlets in 

the cryptocrystalline aggregates. In several bands, the recrytallized grains occur 

as fibrous aggregates parallel or perpendicular to the boundaries, or in radiating 

textures. In brecciated and altered samples, quartz is recrystallised to coarser 

grains in mosaic textures with carbonates and to lesser extent with chlorites. It 

is the principal vein-filling mineral and forms up to 70 % by volume of the Au­

bearing veins. Generally, it occupies the central part of the vein and interstices 

between other minerals. Quartz in tension gashes displays microstructures, 

which indicates that the veins were formed by crack-seal mechanisms. In such 

cases, the quartz exhibits crack-seal fiber growth adjacent to wall rock, with 

quartz, e longated perpendicular to the boundary of the wall rock (Fig. 3.1). The 

quartz in the brecciated samples and some veins typically commonly show low to 

moderate degree of strain as evidenced by undulose extinction in most samples. 

The grain boundaries between adjacent grains are locally sutured. 

Quartz exhibits similar characteristics in the schist units, occurnng as isolated, 

angular to subrounded subhedral grains dispersed in chlorite or sericite matrix. 

Quartz commonly accompanies sericite as replacement of chlorite in altered 

schist samples. In pervasively altered schist samples, quartz occurs sporadically 

and commonly replaced by carbonates (ankerite, ferron dolomite), and is 

characterized by carbonate pseudomorphs in some samples. Quartz in the 

greywacke constitutes >85 % modal abundance. 
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Figure 3.1 . Crack-seal vein growth in Group ITA vein showing quartz fibres developed 
sub-perpendicular to margin of wall rock (BIF). Also shown are growth of chlorite (Chi) 
in the centre and ankerite (Ank) along the vein margins with host rock. Crossed nicols. 
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3.2.2: Chlorite 

Chlorite occurs in all the lithological units at the Kalahari Goldridge deposit. In 

the BIF, chlorites have olive green colours and are coarse grained. Chlorite 

occurs as tabular to equigranular grains intergrown with magnetite and other 

alteration minerals. Inclusions of chlorites are commonly associated with 

s ideri te, magnetite and pyrite . Chlorite is rare in less altered chert-magnetite 

mesobands . In the pe litic sediments , chlorite typically occurs as fine- to 

medium-grained schistose or felt-like mass. The colour is variable from deep 

green in less altered samples to pale blue in highly altered samples . In the 

orebody schist, chlorite occurs as medium- to coarse- grained equigranular 

grains in mosaic texture and commonly in bands. T he colour of chlorite in the 

orebody schist appears to depend on the Fe content, varying from deep green in 

magnetite - absent samples to pale blue in samples containing magnetite 

disseminations . Chlorite associated with the mineralized quartz veins exhibits 

pale green pleochroic co lours and occurs as sheaves rosettes or felt - like 

equigranular aggregates, which may be intergrown with carbonate and quartz in 

a mosaic texture (Figs. 3.1, 3.3A and 8). 

The composition of the chlorite reflects the host rock composition with Fe- rich 

varieties associated wi th the BIF whereas more Mg- rich chlorites occur mostly 

in the veins and the schist. X -ray diffraction of powdered samples shows a 7 A 

chlorite as most dominant in the deposit. 

Mi:::;-oprobe data of the chlorites showing the average compositions are given in 

Table 3.4A to 3.4C. Based on the classification of Hey (1954), the chlorites are 

mainly ripidolite in compositions, with a few samples in the Group lIB veins 

showing composition characteristic of pycnochlorite (Fig. 3.2). 
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Table 3.2A. Summary of microprobe analys is of chlori te in interbedded schist at 
the Kalahari Goldridge deposit. 

Interbedded Schist 
Sample 452/25B DD17/3B 525120 NQH/19B 589/1 9G 

Mean std Mean std ~Iean std Mean std Mean std 
No.of grains 2 4 4 2 2 
No . of anallses 4 8 7 4 4 
Wt% 
SiO, 25.79 0.19 23.46 0.36 23.59 0.47 23.90 0.34 23.35 0.04 
TiO, 0.06 0.01 0.07 0.02 0.07 0.01 0.08 0.00 0.06 0.01 
AI,O, 21.19 0.06 20.92 0.32 21.25 0.95 20.46 0.65 21.24 0.34 
FeO 33.03 0.42 32.93 0.58 36.04 1.03 36.29 1.34 36.85 0.42 
~lnO 0.27 0.01 0.12 0.01 0.11 0.05 0.19 0.00 0.12 0.01 
~lgO 10.01 0.07 8.17 0.33 8.47 0.36 7.47 0.00 6.58 0.13 
CaO 0.09 0.05 0.08 0.03 0.03 0.01 0.05 0.03 0.02 0.02 
Na,O 0.14 0.01 0.03 0.03 0.01 0.02 0.03 0.05 0.05 0.06 
K,O 0.07 0.05 0.02 0.01 0.01 0.01 0.02 0.01 0.04 0.05 

Total 90.64 85.82 89.59 88.50 88.3 1 I Cations l2er formula unit based on 14 ox:tgens 
Si 2.73 2.65 2.58 2.66 2.61 

l AI (iv) 1.27 1.35 1.42 1.34 1.39 
Tetrahedral total 4.00 4.00 4.00 4.00 4.00 

AI (vi) 1.38 1.43 1.33 1.34 1.41 
Ti 0.01 0.01 0.01 0.01 0.00 
Fe2+ 2.93 3.11 3.30 3.38 3.45 
Mn 0.02 0.01 0.01 0.02 0.01 
Mg 1.58 1.38 1.38 1.24 1.10 
Octahedral total 5.91 5.94 6.03 5.98 5.97 

Ca 0.01 0.01 0.00 0.01 0.00 
Na 0.03 0.01 0.00 0.01 0.01 
K 0.01 0.00 0.00 0.00 0.01 
Totals 0.05 0.02 0.01 0.01 0.02 

Temperature °c 346.6 1.0 372.9 3.8 393.6 6.0 369.9 7.4 385.1 0.0 
Fe/(Fe+ Mg) 0.65 0.69 0.70 0.73 0.76 
Activity of Chl-l 8.9E-02 1.3E-01 1.5E-Ol 1. 7E-01 2.0E-01 
Activity of Chl-2 4.1E-03 2. 2E-03 1.9E-03 l.lE-03 6.7E-04 
Activi t:,: of Chl-3 1.7E-04 6.8E-05 6.1E-05 3.5E-05 1.6E-05 
Chl-1 - c1inochlore. Chl-2 - daphnite and Chl-3 - AI -free chlorite. Activity of chlorite calculated according 
to the data of Walshe (1986) . Temperature is calculated based on the data of Cathelineau (1988). 
Formulae for calculating activities are listed in appendix III. std = one standard deviation. -All Fe as FeO 
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Table 3.2B. Summary of microprobe analys is of chlorite in mineralized BIF at the 
Kalahari Goldridge depo sit. 

Mineralized BIF 
Sample NQH/10A 525/12A 589/4 

Mean std Mean std Mean std 
No.of grains 1 3 2 
No. of anal;t:ses 7 8 2 
Wt % 
SiO, 23.48 0.13 22. 86 0.41 22.99 0.86 
TiO, 0.05 0.02 0.06 0.01 0.04 0.02 
AI,03 19.23 0.33 20.44 0.57 19.64 0.05 
FeO- 39.74 0.12 38.30 0.86 37.94 3.70 
MnO 0.07 0.05 0.06 0.02 0.11 0.00 
MgO 4.84 0.11 5.80 0.86 6.62 2.64 
CaO 0.03 0.01 0.07 0.04 0.05 0.04 
Na,O 0.05 0.03 0.06 0.07 0.03 0.02 
K,O 0.03 0.02 0.04 0.05 0.04 0.05 

Total 87.52 87.70 87.46 

Calions Eer formula unit based on 14 oxygens 
Si 2.70 2.61 2.63 
Al (jv) 1.30 1.39 1.37 
Tetrahedral total 4.00 4.00 4.00 

Al (vi) 1.31 1.35 1.27 
Ti 0.00 om 0.00 
Fe2

1" 3.82 3.65 3.63 
~In 0.0 1 om 0.01 
Mg 0.83 0.98 1.12 
Octahedral total 5.97 6.00 6.04 

Ca 0.00 0.01 0.01 
Na 0.01 0.01 0.01 
K 0.00 0.01 0.01 
Total s 0.02 0.03 0.02 

Temperature °C 355.9 387.0 1.5 380.6 12.5 
Fe/(Fe+ Mg) 0.82 0.79 0. 76 
Activity of Chl -j 3.1E-01 2.6E-01 2.4E- 01 
Activity of Chl-2 1.5E-04 4.0E- 04 1.1£-03 
Activit.: of Chl - 3 3.3E-06 9.8E-06 4.0£- 05 

The average formulae in the host lithologies are given as: 

Interbedded schi st : Fe3.23Mg133AI2.73Si2.6s0 lO(OH)s 

BIF: F e3. 77 Mgo.s9AI2.70Si2.620 lO( 0 H)s 
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524/8 
Mean 

4 
8 

22 .87 
0.04 
20.06 
41.70 
0.09 
4.24 
0.04 
0.04 
om 

89.10 

2.61 
1.39 
4.00 

1.31 
0.00 
3.98 
0.01 
0.72 
6.03 

0.00 
0.01 
0.00 
0.01 

385.3 
0.85 

3.7E- 01 
7.6E- 05 
1.4£-06 

13175/2C 532/9 
std Mean 

1 2 
1 4 

0.47 22.13 22 .11 
om 0.05 0.08 
0.53 19.61 20.27 
0.38 36.62 40.44 
0.02 0.16 0.08 
0.39 5.37 4.15 
0.03 0.10 0.08 
0.03 0.24 0.06 
0.01 0.09 0.04 

84.37 87.31 

2.62 2.57 
1.38 1.43 
4.00 4.00 

1.36 1.35 
0.00 0.01 
3.63 3.93 
0.02 0.01 
0.95 0.72 
5.96 6.01 

0.01 0.01 
0.06 0.01 
0.01 0.01 
0.08 0.03 

9.4 381.9 398.4 
0.79 0.85 

2.6E-01 3.7E-01 
3.1E-04 8.5E-05 
7.0E-06 1.5E-06 

std 

0.48 
0.00 
0.38 
0.46 
0.01 
0.76 
0.06 
0.08 
0.06 
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Table 3.2C. Summarl': of micro~robe anal;ises of chlorite in mineral ized veins at the Kalahari Goldridge deQosit 
Group IIA veins Group US veins 

Sa mple 525/12A 13175 !2C 53 1/ 184 PH/6 58B-IOC 532-11A 585-20 587/ 2[-4 0017/183 
Mean SId Mean SId 1.lean std Mean Mean SId Mean SId Mean sId 

No.of grains 3 4 2 I 2 2 3 
No. of analvses 6 8 6 I 5 5 13 
Si02 24.69 0.73 23.41 23.52 0.87 23.71 0.60 25.41 24.37 0.69 25.29 0.49 24 .42 1.17 22.£15 
Ti02 0.04 om 0.05 0.03 0.02 0.05 0.03 0.04 0.07 0.02 0.05 0.01 0.06 0.01 0.07 
A120~ 20.44 0.95 20.28 19.42 0.28 19.58 0.44 19.37 19.61 0.30 21.38 0,47 19.28 1.31 20. 17 
FeO· 33.98 0.82 34.82 36.07 0.69 36.38 0.88 34.88 33.54 1.66 28.97 0.33 32.37 LOB 36.1 1 
MnO O.OB 0.02 0.11 0.04 0.02 0.14 0.04 0. 14 0.12 0 .00 0.08 0.01 0. 17 0.02 0.11 
MgO 8.69 0.72 5.72 7.08 0.59 6.66 0. 14 6.63 9.58 U3 12.18 0.78 9.55 0.39 6.27 
C,O 0.04 0.03 0 .09 0.00 0.01 0.10 0.01 0.00 0.G3 0.02 0.05 0.04 0 .03 0.02 0.00 
Na20 0.05 0.02 0.43 om 0.01 0.01 0.00 0.04 0.02 0.01 0.03 0.02 0.02 0.0 1 0.00 
K,O 0.07 0.07 0.15 0.00 0.00 0.00 0.00 0.00 om 0.00 0.01 0.00 0.00 0.00 0.00 

Total 88.08 85.06 86. 19 86.63 86.51 87.37 88.03 85.90 85.69 

CMions per rormula unit based on II ox .. s ens 
S; 2.70 2.7 1 2.69 2.71 2.86 2.71 2.71 2.74 2.65 
AI (iv) 1.30 1.29 1.31 1.29 1.14 1.29 1.29 1.26 1.35 
Tetrahedral 10lal 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

AI (vi) 1.38 1.47 1.32 1.34 1.43 1.28 1.41 1.30 1.39 
T; 0.00 0.00 0.00 0.0 1 0.00 0.00 0.01 0.00 0.01 
Fe2• 3.17 3.37 3,46 3,47 3.28 3. 12 2.59 3.04 3,48 
>In 0.01 om 0.00 0.0 1 0.01 0.01 0.00 0.02 0.01 
Mg 1.42 0.99 1.21 1.13 1.11 1.59 1.94 1.60 1.08 
Octahedral total 5.99 5.84 5.99 5.96 5.85 6.00 5.95 5.96 5.97 

C, 0.0 1 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
N, 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
K 0.01 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 
Totals 0.03 0.01 0.00 0.01 0.02 0.01 0.01 0.00 

Temperature "c 356.9 6.1 354 .6 358.4 9.0 354.2 24 .0 304.4 354.0 10.0 354.1 10.0 342.2 34,4 373.1 
rel(Fe+ Mg ) 0.69 0.77 0.74 0.75 0.75 0.66 0.57 0.66 0.76 
Activity oC Chi - I 2,4E-03 4.5E-04 9.8E-04 7.3E-04 7AE-04 3.8E- 03 0.01 0.17 0.11 
Activity of Chl-2 1.3E-OI 2.IE-01 1.9E-OI 2.0E-01 1.7E-OI 1.1E-O l 0.05 0.36 0.38 
Activit \· of Chl-3 8.5E-05 l.lE-05 3.2£-05 2.2E-05 2.4 E-OS 1.7E- 04 0.00 0.01 0.00 
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Figure 3.2. Composition of chlori te in various lithologies at the Kalahari 
Goldri dge deposit plotted in the Hey (954) diagram 

Group IIA vein: Fe3.3SMgl17AI266Si2 730 1O(OH)s 

Group IIB vein: Fe3.06MgI5sAI2.64Si27001Q(OH)s. 

The average stoichiometry of the chlorites in the veInS shows some variation 

between Fe and Mg, with the chlorites in the Group IIA veins showing increased 
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Fe contents. This may be attributed to increased pyrrhotite mineralization 

associated with the host BIF during the Group IIA stages of the mineralization 

(see section on sulphides). This is further explained by the fact that pyrrhotite 

accommodates less amounts of Fe therefore. high amounts of pyrrhotite 

associated with the Group IIA stage of the mineralization suggests high amounts 

of Fe is the solution would be partitioned into other Fe-accommodating silicates 

such as chlorite. 

3.2.3: Stilpnomelane 

Stilpnomelane is one of the dominant Fe-silicates occurnng at the Kalahari 

Go ldridge deposit. It occurs mainly in lithologies within the orebody. notably the 

BIF and schi s t. Stilpnomelane exhib its a variety of habits. inc luding fibrous 

aggregates. interlocking acicular grains or lathes. and sheaves and rosettes. 

Sti lpnomelane also shows variety of co lours ranging from pale green to brown 

and reddish-brown (Figs. 3.3 to 3.5) . Stilpnomelane in the deposit occurs 

primarily as a product of hydrothermal alteration. 

In the BIF. sti lpnomelane has vari able abundances in the less altered and altered 

uni ts. It has minor occurrence in less altered BIF. and occurs as fine - to 

medium-grained lathes. tabular bundles or sheaves. or closely associated with 

magnetite micro bands in chert-magneti te mesobands. Most sti lpnomelane in the 

less altered BIF mesobands is green with a few brown varieties and is commonly 

associated with magnetite microbands (Fig 3.3). The magnetite in most of the 

microbands may be partially altered to pyrite. pyrrhotite and sideri te. which give 

an indication of subtle replacement by the hydrothermal fluid along these bands. 
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Figure 3.3. Photomicrographs showing development of green stilpnomelane 
from the reaction of magnetite and quartz in altered BIF microband. 
A. Photograph in plane polarized light. B is crossed polarized photograph of A 
whilst C is taken in reflected light and shows replacement of magnetite by pyrite 
and pyrrhotite along with stilpnomelane in the magnetite band. 
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Figure 3.4. Photomicrographs offerri-stilpnomelane (brown to reddish brown) occurrences at the 
Kalahari Goldridge deposit. A and B occur in mineralized quartz veins. Photograph taken in plane 
polarized light. Stilpnomelane in C to F occur in altered BIF. Photographs taken in crossed polarized 
light. Stipnomelane replaces chlorites (green) along grain boundaries in photographs A to E, whilst it 
replaces magnetite in B. 
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Figure 3.5. Photomicrographs of replacement of chlorite by stilpnomelane of various colours in schist 
in orebody. Replacement typically occur where there is evidence of fluid infiltration either along foliation 
plane or crosscutting vein. 
A and B. Replacement of chlorite band (Chi) by green stilpnomelane (Stilp) and ankerite (Ank). 
Sample 527/28. A and B are same photos taken in plane and crossed polarized light respectively. 
C and D . Reddish·brown stilpnomelane (Stilp) replacing chlorite (Chi) in band. Dispersed opaque grains 
are magnetite grains which have been partially replaced by pyrite and pyrrhotite. Sample 589/12A. 
C and D are same photos taken in plane and crossed polarized light respectively. 
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Stilpnomelane in highly altered chert-magnetite and magnetite meso bands in the 

BIF are normally well crystallized and coarse-grained acicular aggregates, 

sheaves and rosettes. The colour of the stilpnomelane varies from green to 

brown or reddish-brown with the green variety exhibiting high pleochroic 

colours. The brown variety forms the dominant occurrence as interlocking 

acicular or lath-like habit and is intimately associated with fine-grained 

carbonates, where it replaces green stilpnomelane sheaves or chlorites (Fig. 

3.4). Sheaves and laths of stilpnomelane also occur in mineralized veins (both 

Group IIA and Group IIB) primarily as a replacement of chlorite and show mainly 

brown colours (Fig. 3.4A and 3.4B). Stilpnomelane in the altered chert-magnetite 

mesobands is commonly intergrown with sulphides, carbonates and chlorites. 

In the interbedded schist, stilpnomelane occurs as medium- to coarse-grained 

sheaves and rosettes or interlocking acicular or lath-like grains, and exhibits 

similar variety of colours as those in the altered BIF. It commonly develops at 

the expense of chlorite in areas where fluid infiltration is evidenced by 

transgressive veins and fractures . In such areas, the stilpnomelane occurs as 

interlocking laths or fibrous networks along the fluid path (Figs 3.5B and 3.5C). 

Stilpnomelane in the schist is commonly developed in areas containing 

disseminations of magnetite. 

Evidence based on the several textural relationships between stilpnomelane and 

coexisting mineral assemblages in altered lithologies at the Kalahari Goldridge 

deposit s uggest that it developed as a product of ore fluid interaction with wall 

ro ck, with Fe-rich lithologies playing an important role in the growth of 

stilpnomelane. 
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In most Iron formations, pnmary stilpnomelane IS green In colour 

(ferrostilpnomelane) but is highly susceptible to oxidation to the brown variety 

(ferristilpnomelane). It is worth noting that brown stilpnomelane bears strong 

similarity with biotite, such that, their positive identification where they coexist 

can be inhibited. Therefore XRD patterns serves as an important tool to 

distinguish between brown stilpnomelane and biotite. Eggleton (1972) pointed out 

that the high susceptibility of the primary green variety of stilpnomelane to 

oxidation is due to its loose structure, which easily accommodates oxygen in the 

tetrahedral sites on exposure to weathering. The Fe2
+ is subsequently oxidized 

to k'e3
+ yielding the brown colour. Wet chemical analyses (e.g ., Brown, 1971) 

have also shown that the variable colours seen in stilpnomelane are attributed to 

variation in the proportion of Fe2
+ /Fe3

+ in the mineral with Fe2
+ being dominant 

in the green stilpnomelane (ferro-stilpnomelane) and Fe3
+ in ferri-stilpnomelane. 

At the Kalahari Goldridge deposit, the dominance of the brown to reddish-brown 

varieties of the stilpnomelane suggests that a significant proportion of the Fe in 

the stilpnomelane occurs in the ferric state. The X -ray powder diffraction 

patterns of BIF and schist samples in the ore body show a dIDo spacing range 

from 11.86 to 12.2A for stilpnomelane (Appendix V). Miyano (1982) pointed out 

that pure ferrous stilpnomelane has a dJOo spacing of 12.1A, and therefore the 

slight variation in the peak of stilpnomelane observed at the Kalahari Goldridge 

deposit may be attributed to intergrowth of sti lpnomelane with other silicates 

and/or due to the co-existence within stilpnomelane of variable oxidation states. 

The variation of colours of the stilpnomelane in the deposit does not show any 

significant correlation with the associated mineral assemblage. In other words, 

samples containing all colour varieties of stilpnomelane may coexist with 

pyrrhotite, pyrite or magnetite. This observation suggests that the variable 
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colours exhibited in sti lpnomelane may be attributed to weathering possibly by 

the interaction with surface-derived aqueous fluids. 

ThL chemical composition of the stilpnomelane consists of major elements 

including K20, FeO, MgO, Al203 and Si02 (Tab. 3.3). Other components such as 

T i02, Na20, CaO, and MnO have lesser concentrations, usually less than 0.5 wt 

%. The composition shows a wide rang e of Al203 from 4.76 to 9.6 wt %. The 

total Fe as FeO in the stilpnomelane is variable from 32.13 to 32.5 wt %. The 

composition of Fe in the stilpnomelane bears no relationship to host rock as 

occurs with the carbonates and chlorites. The microprobe analyses revealed that 

some of the brown minerals commonly replacing chlorite have compositions 

containing higher Ti02 0.2- 1.48 wt %) and Al203 (14.40-15.79 wt %), which is 

characteri stic of biotite but lower K20 contents ranging from 2.22 to 5.31 wt % 

(Table 3.4). This observation suggests that stilpnomelane was more stable than 

biotite, and could possibly be attributed to low activity of K+ in the hydrothermal 

flu id, as well as high Fe/(Fe + Mg) content of the host rock. 

The K20 composition In stilpnomelane (Table 3.3) is highly variable with the 

degree of oxidation, ranging from about 1.0 wt % in the reddish-brown 

stilpnomelane to about 4.4 wt % in the green variety at the Kalahari Goldridge 

deposit. Generally, the K20 composition in sti lpnomelane has been found to be 

higher in ferro-stilpnomelane compared to ferri-stilpnomelane (Brown, 1971; 

Gole, 1980). Brown (971) reported leaching of potassium in stilpnomelane 

during its oxidation as the main cause of low potassium composition which may 

be attributed to replacement of K that is loosely held in the zeolite structure of 

stilpnomelane by water molecules during oxidation or alteration processes 

(E""leton, 1972; Floran and Papike, 1975). 
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Table 3.3 . Microprobe data of sti lpnome lane in var ious lithologies in the ore bo dy a t the Ka lahari 
In lerbedded schist Mineralized suartz vein 

Sample number 452/2513-1 452/2513-2 4521258-3 525/20-1 525/20-2 NOH -19B 532JIIA 0017/183-1 001 7/183-2 5Z:QV. 53 1/9E 
Group lIB Group liB Group liB 

No. of anab~s 3 2 3 3 I 2 2 2 3 3 3 6 2 
!:.&!our Wr:l:;tI ~'I:S:II Iltlilwg B;llgiiib btlil ..... !l ~t!l:w!l ~tgwll ~'gwD Iililtb btgwil (;lilli blJlw!.I Utliilwl.I ULlI;wg !!ills: btOWIl ~iUis:g !;!;!;,gwlI B=~i:ib l;!;c/:wlI 1~'lllli~b l~rg\':11 t!S;ggiiib D[own 
SiO~ 46.27 47.05 45.02 43.92 44.97 46.62 4 1.41 45.10 45.57 45.79 49.91 43.70 46.77 47.81 46.81 4SA O 46.90 

1';°2 0.01 0.00 0,01 0.00 0 .01 0.Q2 0.09 0.01 0.00 0.01 0.00 0.02 0.01 000 0.00 0.08 0.00 
AI:OJ 4.94 5. 12 6.5 1 7.28 6.74 6.64 8.30 4.90 5.02 5.55 6.46 5.35 5.4 5 5.50 6.3d 8.40 5.83 
FeO· 32.33 32.28 32.80 35.51 35.06 34.18 35,19 32.78 32.50 34.07 32.80 34.89 31.94 33.71 33.34 29.72 33.49 
MilO 0.24 0. 17 0.19 0.08 0 .07 0.19 0.21 0.02 D.o2 0.08 0.09 0.14 0.13 0 .12 0.09 0.08 0 .09 
M,O 4.15 4.55 4.45 3.23 3.11 3. 12 4.23 3.38 3.58 3.30 '.30 2.68 4.23 4.20 4.64 4.67 ·4.78 
C.a 0.23 0.30 0.35 0 .07 0.05 0.48 0.10 D.17 0.29 0.26 0.26 0.67 0. 14 0.17 0.16 0.17 0. 10 
NazO 0.34 0.25 0. 18 0 .39 1.14 0.51 0.10 0.33 0.3 1 0.38 0.22 0.8 1 0.:19 0.10 0.64 0. 54 0.59 
K,O 3.22 2. 7t 1.87 1.(i 4 2.07 1.97 1.69 U6 0.99 1.56 1.84 3.22 3.4 1 1.55 1.09 1.20 1.10 

Total 91.72 92.47 91.40 92.13 93.22 9.1.73 91.31 S' .8j 88.28 91.00 95.88 91.46 92.47 93.16 93. 16 93.26 92.88 

!;;itioos ~r formula uoil ~~sSi~ riI~ J J Im:s.u~ 
5; 3.71 3.71 3.59 3.53 3.58 3.65 3.38 3. 74 3.75 3.69 3.74 3.59 3.70 3.73 3.64 3.66 :-1.67 
AI (iv) 0.29 0.29 0.41 0.47 0.42 0.35 0.62 0.26 0.25 0.31 0.26 0 .41 0.30 0.27 0.36 D.34 0.33 
Tetrahedral total '.00 '.00 ' .00 '.00 '.00 '.00 ' .00 '.00 '.00 ' .00 '.00 ' .00 '.00 4.00 '.00 ' .00 '.00 

AI (vi) 0.17 0 .1 9 0.21 0.22 0.21 0.26 0. 18 0.22 0.23 0.22 0.31 O.ll 0.2 1 0.24 0.23 0. 41 0.20 
T; 0.00 0.00 0.00 0.00 0.00 0.00 0 .01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
r. 2. 17 2.13 2.20 2.39 2.33 2.24 2.40 2.27 2.23 2.:iO 2.06 2.40 2.11 2.20 2.17 1.89 2. 19 
Mo 0 .02 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.0\ 0.01 0.01 0.01 
Mg 0.50 0.53 0.53 0.39 0.37 0.36 0.51 0 .42 0.44 DAD 0.48 0.33 0.50 OA9 0.54 0.53 0 .56 
Octahedral total 2.85 2.87 2.96 3.00 2.91 2.S7 3. 11 2.91 2.91 2.91 2.85 2.85 2.83 2.93 2.95 2.83 2.96 

C. 0.02 0.03 0.03 0.01 0.00 0.04 0.01 0.02 0.03 0.02 0.02 0.06 0.01 0.01 om 0.01 0.01 
N. 0.05 0.04 0.03 0.06 0 .18 0.08 0.02 0.05 0.05 0.06 0.03 0.13 0.06 O.OJ 0.10 0.08 0.09 
K 0.33 0.28 0.19 0. 17 0.21 0.20 0.18 0.12 0.10 0.1 6 0.18 0.34 0.35 0.15 0. 11 0 . 12 0.11 
Totals 0.40 0.34 0.25 0.23 0.39 0.31 0.20 0.19 0.18 0.24 0.23 0.53 0.42 0.22 

F~l(Fe + M~l _0.81 - Q 80 Q 81 0.86 0.86 0.86 0.82 0.84 0 .84 0 .85 0.8 1 0.88 0.8 1 0.82 0.80 O.7R 0 .80 



Table 3.4. Summary of microprobe analysis of intermediate 
biotite-s tilpnome lane at the Kalahari Go ldri dge deposit. 
Sample number 589/4 532-11A 525-12A 
Host rock BIF qtz-vein qtz- vein 

Mean std 
No. of analyses 3 
Wt% 
SiO, 29.71 1.15 
TiO, 1.33 0.17 
AI,O, 15.30 0.50 

FeC' 31.91 0.37 
MnO 0.06 0.01 
MgO 8.54 0.19 
CaO 0.03 0.02 
Na,O 0.06 0.01 
K,O 5.31 0.60 
Total 92.25 

Cations per formula unit based on 11 Qxygens 

Mean 
3 

30.12 
1.48 
14.40 

34.39 
0.05 
6.94 
0.06 
0.02 
3.41 
90.88 

Si 2.49 2.56 
AI (iv) 1.50 1.43 
Tetrahedral lotal 3.98 3.99 

AI (vi) 0.01 0.02 
Ti 0.08 0.09 
Fe 2.23 2.45 
Mn 0.00 0.00 
Mg 1.07 0.88 
Octahedral total 

Ca 0.00 0.01 
Na 0.01 0.00 
K 0.57 0.37 
Inter-layer total 0.58 0.38 
XK 
Fe/(Fe + Mg) 0.68 0.74 
std = one standard deviation 

3.2.4: Minnesotaite 

std 
2 

0.87 27.41 
0.18 1.20 
0.76 15.79 

0.07 37.11 
0.03 0.05 
0.70 6.25 
0.03 0.04 
0.01 0.04 
0.93 2.22 

90.11 

2.38 
1.62 
4.00 

0.00 
0.08 
2.70 
0.00 
0.81 

0.00 
0.01 
0.25 
0.26 

0.77 

Minnesotaite has a mmor occurrence and has been observed mainly in samples 

fro m borehole GDP 527. The minnesotaite grains were identified in samples in 

less altered chert-magnetite mesobands (527/3A and 527/4) where it occurs 

typically as fine- to medium- gra ined rosettes (bow-tie) and colourless grains . In 

sample 527/3A, minnesotaite is associated with quartz, siderite, and pyrite-
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pyrrhotite m individual magnetite-rich micro bands and shows evidence as a 

secondary product from reactions between siderite and quartz, and pyrrhotite 

and quartz. Similar assemblages have been observed in sample 527/4. However, 

in certain bands, green stilpnomelane may be intergrown with minnesotaite in 

addition to the observed assemblages. The paragenetic relationship between the 

stilpnomelane and minnesotaite is unclear due to lack of clear-cut textural 

evidence. X -ray powder diffraction patterns show d-spacing values from 9.17 to 

9.55 A for minnesotaite (Appendix V). 

Figures 3.6A- D illustrates the textural relationship between minnesotaite and 

other mineral assemblages in sample 527/3A. In Figure 3.6A and B, minnesotaite 

occurrence at the interface between siderite and quartz (chert) shows its 

deyelopment by reaction between the two minerals. Relics of magnetite in the 

siderite bands and the occurrence of sulphides (pyrite and pyrrhotite) in the 

siderite bands (Fig. 3.6A and B) show a replacement of the original magnetite 

micro bands by siderite and sulphides. In Figures 3.6C and D, coarse-grained 

minnesotaite sheaves and rosettes are intergrown with sulphides in the original 

magnetite micro band. Pyrite and pyrrhotite shows annealing textures with no 

evidence of mutual replacement, which may be indicative of coeval precipitation 

from the replacement of magnetite. 

Minnesotaite, on the other hand, replaces isolated pyrrhotite grams or 

selectively replaces pyrrohotite where it coexists with pyrite, which suggests 

that minnesotaite postdates both pyrite and pyrrhotite. These reactions are 

envisaged to have occurred through two intermediate steps for each assemblage 

as shown by equations [3 .1] and [3.2]. 
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Figure 3.6. Photomicrographs showing minnesotaite OCCUITences in less altered BIF mesoband 
(sample 527/3A). Photomicrographs A and B show development ofminnesotaite (acicular grains) along 
siderite-quartz boundary. Opaque minerals in A and B are relics of magnetite in nearly complete replace­
ment. Crossed polarized light. Photomicrograph C taken in crossed polarized light, shows minnesotaite 
(sheaves and rosettes) growth in an originally magnetite microband. The magnetite is replaced by pyrite 
and pyrrhotite (D, reflected light) while the minnesotaite selectively replaces pyrrhotite. 
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Magnetite 

siderite 

magnetite 

3FeS + 
pyrrhotite 

s iderite 

quartz 

pyrrhotite 

quartz 

[3.lA] 

[3.lB] 
minneso tai te 

[3.2A ] 

[3.2B] 
minnesotaite 

These reactions suggest that the path taken for the production of minnesotaite is 

largely dependent on the activity of C02 and H2S in the fluid as represented by 

the intermediate steps [3.1AJ and [3 .2AJ at low f02. The occurrence of these 

assemblages in the same thin section suggests that local variation of CO2 and 

H2S activity prevailed during the mineralization. It is not possible, however, to 

determine whether the minnesotaite is associated with ladder vein or large vein 

stage of the mineraliza tion. Also, it is not clear whethe r the minnesotaite formed 

from a prograde or retrograde reaction due to lack of clearly defined 

minnesotaite-stilpnomelane reaction textures. 

Mi.:..,·oprobe analyses of SIX minnesotaite grams m sample 527/3A show 

compositions consisting primarily of Si02, FeO and MgO with minor amounts of 

Al203 and MnO, generally less than 1 wt% (Table 3.5) . Fe/(Fe+ Mg) ratios show a 

range from 0.67 to 0.88 . The average composition of the minnesotaite IS 

represented by the formula Fe223MgO.77Si40lO(OH)2. 
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Table 3.5. Summary of microprobe analysis of minnesotaite (sample 527!3A) 
at the Kalahari Goldridge deposit. 

Sample 527/3A 
Grain 1 2 3 4 5 1 
Wt% 
SiO, 48.05 5l.08 49.97 5l.33 5l.66 52.72 
TiO, 0.00 0.00 0.01 0.00 0.03 0.01 
Al,03 0.46 0.78 0.57 0.66 0.43 0.67 
FeO 39.83 3l.60 34.88 32.04 34.73 32.24 
MnO 0.06 0.16 0.16 0.19 0.19 0.16 
MgO 3.05 7.61 6.30 8.09 6.39 8.75 
CaO 0.02 0.03 0.04 0.02 0.03 0.01 
Na,O 0.02 0.09 0.06 0.01 0.10 0.11 
K,O 0.03 0.51 0.34 0.47 0.26 0.53 

Total 9l.54 9l.86 92.32 92.82 93.82 95.21 

CatiQn~ Q~r fQ[m!Jl~ I.mit ba5~d Qn 11 Q~~geDS 
Si 3.92 3.96 3.93 3.94 3.97 3.94 
Al (jv) 0.04 0.07 0.05 0.06 0.04 0.06 
Tetrahedral total 3.96 4.03 3.98 4.00 4.01 4.00 

Al (vi) 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 2.72 2.05 2.29 2.06 2.23 2.01 
Mn 0.00 0.01 0.01 0.01 0.01 0.01 
Mg 0.37 0.88 0.74 0.93 0.73 0.97 
Octahedral total 3.09 2.94 3.04 3.00 2.98 3.00 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.00 0.01 0.01 0.00 0.01 0.02 
K 0.00 0.05 0.03 0.05 0.03 0.05 
Inter-layer total 0.01 0.07 0.05 0.05 0.04 0.07 

Fe/(Fe+ Mg) 0.88 0.70 0.76 0.69 0.75 0.67 

3.2.5: Muscovite 

Muscovite has a mmor occurrence m the vems and ElF and occurs as flaky or 

tabular coarse grains. Much higher proportions occur in the schists as fine-

grained sericite intermixed with chlorites. Most commonly. muscovite occurs as 

replacement of chlorite schist resulting in the assemblage quartz-chlorite­

caroonate±muscovite±stilpnomelane in the interbedded schist. Sericites are 

particularly widespread in the footwall schist units and consist of the assemblage 
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s eric ite-carbonate-quartz± c hlo rite. Micro pro b e ana ly s e s s how t h at the 

mus covite is phe ngitic in compos ition (Table 3.6) . Ave rage f o rmulae for the 

m u s c ovites in t h e var io u s litho logies are represented a s : 

In t e rbe d de d schist : (K, N a)0.92F eo.33Mgo.14Al2.63S i3.040 10( OH)2 

BIF: (K, N a)o. 79F eo.4oMgo.l1Al2.43S i3.200 1O( OH) 2 

G oup IIA : (K, N a )o. 77Feo.31Mg o.09Al2.52Si3.21 O1O(OH )2 

G roup lIB: (K, Na)0.92F eo.31Mgo.2oAl2A6Si31301O(OH )2 

Table 3.6. S ummary of micro pro b e analys is o f mus covite a t the 

K alaha ri Goldrid ge d e po s it. 
Mean sId Mean sId Mean sId 

No. of analyses 10 7 9 2 
Host rock gtz-vein gtz-vein BIF schist 
Wl % 

SiO, 46.58 1.03 46.06 1.41 45.69 1.18 45.95 
TiO:? 0.64 0.13 0.25 0.04 0.35 0.08 0.42 
AI,O, 31.12 0.98 30.69 0.65 29.36 0.92 33.61 
FeO* 5.51 0.26 5.29 0.38 6.82 2.21 6.00 
MnO om om 0.03 0.02 om 0.01 0.03 
MgO 2.04 0.25 0.84 0.10 1.07 0.27 lAO 
Can 0.03 0.02 0.03 0.02 0.03 om 0.03 
Na20 0.20 0.02 0.16 om 0.15 0.02 0.22 
K,O 10.45 0.20 8.43 0.14 8.54 0.35 10.47 

Tota l 96.57 91.77 92.02 98.13 

Cations per fo rmula unit based on 11 Rxygeos 

Si 3.13 3.21 3.20 3.04 
AI (iv ) 0.87 0.79 0.80 0.96 
Tetrahedral total 4.00 4.00 4.00 4.00 

Al (vi) 1.59 1.72 1.63 1.67 
Ti 0.03 0.01 0.02 0.02 
Fe 0.31 0.31 0.40 0.33 
Mn 0.00 0.00 0.00 0.00 
Mg 0.20 0.09 O.ll 0. 14 
Octahedral total 2.14 2.13 2.16 2.16 

Ca 0.00 0.00 0.00 0.00 
Na 0.03 0.02 0.02 0.03 
K 0.90 0.75 0.76 0.88 
Inter-layer total 0.92 0.77 0.79 0.92 
XK 0.97 0.97 0.97 0.97 

Na/(Na + K) 0.03 0.03 0.03 0.03 
Fe/(Fe + Mg) 0.60 0.78 0.78 0.71 
std - one standard deviation 
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3.3: Carbonate minerals 

Carbonate alteration is a characteristic feature associated with most lode gold 

deposits hosted in Archaean greenstones. The most common carbonates in these 

greenstones include siderite, ankerite, dolomite, magnesite and calcite (e.g., 

Phillips, 1986; Kishida and Kerrich, 1987; Golding and Wilson, 1983). The 

precipitation of the carbonates has been attributed to a reaction between C02-

becring hydrothermal fluid and Ca- , Fe-, Mg-, Mn-bearing silicates or oxides in 

the host rocks (Kerrich and Fyfe, 1981). The type of carbonate present in a 

particular deposit is therefore largely dependent on the host lithologies . Fe-rich 

varieties such as siderite and ankerite are dominant in BIF and mafic rocks 

whereas dolomite and magnesite preside in unltramafic lithologies. 

Carbonate occurrence at the Kalahari Goldridge deposit is wides pread and is 

dominated by siderite and ankerite series with minor amounts of dolomite and 

calcite. Due to the close resemblance of carbonates under the microscope, the 

identification of the carbonates was done in conjunction with X -ray powder 

diffraction and electron microprobe analyses. In most samples, carbonate in the 

deposit commonly occurs as replacement of quartz, magnetite, chlorite and 

sulphides (Fig. 3.7). 

Siderite constitutes the largest proportion of carbonates in the BIF and occurs at 

selvedges of veins in contact with the BIF. In less altered and less deformed BIF, 

siderite occurs in narrow and continuous micro bands replacing magnetite m 

magnetite meso bands. In more altered BIF samples, siderite occurs mostly as 
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Figure 3.7. Photomicrographs (crossed polarized light) showing carbonate alteration at the Kalahari 
Goldridge deposit. A. Replacement of chlorite (ChI) by siderite (Sid) in BIF. B. Replacement of quartz 
(Qtz) in chert microband by ankerite (Ank). C. Quartz (Qtz) replacement by ankerite (Ank) in mineralized 
vein. D. Magnetite (opaque grains) replacement by siderite (Sid) in BIF. 
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coarse anhedral to euhedral granules or as massive aggregates, mainly as 

replacements of magnetite, sulphides or chlorite. The replacement by siderite is 

commonly recognized by the occurrence of magnetite relicts in the siderites, 

retention of pseudomorphic shapes of the opaque minerals or incomplete 

replacement textures. Along the vein selvedges, siderite may form mosaic 

aggregates with quartz. 

Ankerite phases are associated with the schist units and quartz veins in the ore 

body. They range from medium- to coarse-grained in equigranular matrix in the 

quartz veins and as a fine-grained matrix in the schist units. In the veins, 

ankerite is generally more abundant than siderite and commonly replaces quartz. 

In some BIF samples, ankerite replaces quartz in certain chert micro bands (e.g. 

Fig. 3.7B). In places, the entire chert band is replaced by ankerite. Ankerite also 

shows high modal abundance in the schists where it occurs in bands, primarily as 

a replacement of chlorite in discrete bands pseudomorphic of the original chlorite 

bands. Calcite is of minor importance in the BIF and the ore body schist, but 

occurs mainly as fine-grained anhedral grams m the footwall contacts and 

hanging-wall schist, and in late veins in the deposit. 

The composition of the carbonates (siderite and ankerite) determined by electron 

microprobe analyses are given in Appendix XI and summarized in Tables 3.7, and 

Figure 3.8 illustrates the carbonate composition in ternary plot. Calcite was 

determined only qualitatively by X -ray powder diffraction. 

Microprobe analyses of 33 siderite grams m vems and host BIF (Table 3.7) 

exhibit some compositional variations. Siderites associated with Group IIA and 

Group lIB quartz veins exhibit similar compositions containing 0 to 10 mole % 
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Mnr.03, 22 to 40 % MgC03 and up to 3.19 mole % CaC03 in solid solution. In the 

less altered BIF samples (527-3A and 13175/2A), there is enrichment in MnC03 

and MgC03 relative to the more alte red samples . MnC03 contents range between 

1 and 18 mole %, whilst MgC03 varies from 30 and 40 mole %. CaC03 contents 

vary from l.05 to l.96 mole %. Most Fe - r ich siderites are associated with the 

altered BIF samples with compositions showing a range from 64.57 to 93.0 mole 

% FeC03, l.0 to 7. 14 mole % MnC03, 1l.28 to 32.23 mole % MgC03 and up to 

2.52 mole % CaC03 in solid solution. Calculated average formu lae of the s iderite 

are represented as: 

Group IIA veins: FeO.6 1Mgo.35Mno.02CaO.02C03, 

Group IIB veins: FeO.57MgO.33MnO.OSCa0.Q2C03, 

Less altered ElF: FeO.56MgO.36MnO.07CaO.01C03, 

Altered BIF : FeO.74MgO.21Mn0.Q3Cao.02C0 3. 

Summaries of microprobe analyses for 24 ankerite grams from mineralized 

Quartz-carbonate veins and the schist units are shown in Tables 3.7. Ankerite 

compositions from the three schi st sa mple s (452/25B, 525/20, DD17/17) 

analyzed, ind icate a range from 9.4 to 28.11 mole % FeC03, and 15.9 to 36 .69 

mole % MgC03. A relatively re stricted variation occurs in the ankerite associated 

with the veins, which contains 14.1 4 to 22.58 mole % FeC03, 23.12 to 36.98 mole 

% MgC03 and up to 5.54 mole % MnC03. Average fo rmulae of the ankerite were 

determined approximately as follows : 

Interbedded schi st: CaFeo.4Mgo.sMno.1CC03)2, 

Group IIA veins: CaFeosMgo.sCC03)2, 

Group IIB veins: CaFeo.4Mgo6CC03)2. 
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Figure 3.8. Ternary plot of compositions of carbonate occurring in different 
lithologies in the ore body at the Kalahari Goldridge deposit. 

The dominant occurrence of the carbonates in the deposit is generally consistent 

with most Archaean gold deposits reported worldwide (e.g., Golding and Wilson, 

1983; Phillips and Groves, 1984; Phillips, 1986; Kishida and Kerrich, 1987). 

Replacement reactions between carbonates and other pnmary mineral 

assemblages and (stable isotope signatures) suggest that carbonate precipitation 
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in the BIF and other lithologies resulted primarily from fluid interaction with the 

host rocks. This is discussed in further detail in Chapters 4 and 6. The genetic 

implication of the carbonate in the BIF is considered using samples 13175/2A 

and 13175/2B as examples (see Fig.4.2). Sample 13175/2A corresponds to a less 

altered BIF band whilst sample 13175/2B represents a significantly altered band 

that is characterized by extensive ladder veining. The relative degree of 

alteration and bulk composition of the two rocks, discussed in Chapter 4, 

indicates higher carbonate content and a corresponding higher degree of volatile 

composition in the more altered sample. The carbon and oxygen stable isotope 

signatures of carbonates taken from these samples show a range of 0.02 %0 and 

0.35 %0 respectively (see Chapter 6, Table 6.2). These observations constitute 

ample evidence that the minor carbonates observed in the less altered ElF 

samples can be attributed to limited fluid interaction with the ElF. 

3.4: Sulphides and other Opaque Minerals 

Magnetite, pyrite, pyrrhotite and chalcopyrite constitute the mam opaque 

minerals associated with the mineralization at Kalahari Goldridge. Pyrite and 

pyrrhotite form the dominant sulphide phases making probably > 95 volume 

percent of the ore minerals. 

3.4.1: Magnetite 

Magnetite occurs as fine-grained disseminations to coarse-grained euhedral 

crystals. It is generally intergrown with quartz, carbonate, silicates and 

sulphides. In less altered BIF samples, magnetite occurs as small octahedra, 
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generally along monomineralic layers, and as disseminations (Fig. 3.9). Coarse­

grained euhedral crystals are common where significant recrystallisation has 

occurred. Scattered euhedral and granular aggregates are also common at the 

boundaries between magneti te meso bands and quartz veins in some samples. 

In altered ElF samples, recrystallization is very s ignificant and magnetite occurs 

as coarse subhedral to e uhedral granular aggregates in the magnetite 

mesobands, as discrete grains or as individual lenses (Fig. 3.9B). In most 

samples, coarse and well developed octahedral magnetite grains characterize 

recrystallization. Extensive reaction and replacement textures are characteristic 

features associated with the deformed or brecciated ElF units. Pyrite, pyrrhotite 

and s iderite are the main replacement mineral s commonly occurring along 

foliat ion planes. Incomplete replacement is commonly seen as relicts of the 

magnetite in the associated minerals. In the interbedded schist, magnetite 

occurs as disseminated grains in a chlorite matrix. Microprobe analyses reveal 

that the magnetite is essentially pure containing relatively low amounts of MgO, 

A1203, Ti02, Cr203 and MnO, which total less than 2 wt percent (Table 3.9). 

Table 3.9. Microprobe analyses of magnetite from the Kalahari Goldridge 
Deposit. 
Sample No. 531/9B 1 531/9B 2 524/8-1 524/8 2 13175/2C 13175-2C 
No . of analyses 2 2 2 2 3 2 
Wt% 
Si02 1.16 0.92 1.15 0.74 0.73 0.17 
Ti0 2 0.1 1 0. 13 0.05 0.05 0.07 0.02 
Al20 3 0.05 0.05 0.02 0.07 0.07 0.00 
Cr203 0.00 0.00 0.02 0.00 am 0.01 
Fe20, 66.27 67.21 66.14 67.14 66.75 67.91 
FeO 31.63 31.68 31.54 31.39 31.18 31.07 
MoO 0.00 0.06 0.01 0.02 0.02 0.01 
MgO 0.04 0.03 0.02 0.06 0.07 0.02 
CaO 0.01 0.00 0.01 0.02 0.01 0.01 

Total 99.26 100.08 98.97 99.49 98.92 99.2 1 
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Figure 3.9. A. Photomicrograph of fine-grained magnetite microbands (black) interlayered with chert 
in less altered chert-magnetite mesobands (sample 116/0511; Crossed nicols). B. Recrystallized magnetite 
grains in altered chert-magnetite mesoband (sample 588/10B; reflected light). 
C. Photomicrograph showing fine-grained stilpnomelane in magnetite microbands in less altered BIF 
(sample 116/05/ 1; plane polarised light). D. Green stilpnomelane growing in magnetite micro bands 
along a micro-ladder vein cutting subperpendicular to the magnetite microband in a less altered chert­
magnetite mesoband (sample 116/0511 ; plane polarized light). NB: Less altered and altered chert-magnetite 
mesobands are shown in Figure 2. 
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3.4.2: Pyrrhotite 

Pyrrhotite shows almost similar abundance as pyrite at the Kalahari Goldridge 

deposit. It occurs as anhedral to subhedral grains ranging in size up to 2cm. It 

commonly occurs replacing magnetite in the ElF (Fig. 3. lOA) or magnetite 

disseminations in the interbedded schist. To a lesser degree, pyrrhotite 

replacement of chlorite also occurs in the interbedded schist, commonly 

associated with dark brown stilpnomelane , carbonate and pyrite assemblages . 

Gold is visibly associated with the pyrrhotites. However, the modal proportion of 

its occurrence is observed to be less than with pyrite grains, despite high assay 

values in pyrrhotite-rich samples. Under such circumstances, the gold may be 

occurring at submicroscopic levels or in lattice sites of the pyrrhotite. The modal 

proportion of pyrrhotite associated with the Group IIA veins is higher than with 

the Group IIB veins . 

3.4.3: Pyrite 

Pyrite is ubiquitous in the deposit occurring in the ElF and schist in the orebody. 

Pyrite also occurs in the meta -pelites and volcanic clasts in the hanging-wall 

sediments. Minor amounts of pyrite are also observed in mineralized veins 

occurring particularly along the contacts with the ElF. Pyrite occurrence in the 

footwall schist is rare. 

In the interbedded schist, pyrite occurs as subhedral to euhedral grams m 

continuous stratiform bands or semi-discrete layers sub-parallel to the foliation 

plane in the schist. The pyrites generally range in size between lOOllm and 

O.5mm, and exhibit cubic to irregular shapes. 

66 

L 



Figure 3.10. Reflected light photomicrographs illustrating textural relationship of opaque minerals 
associated with gold at the Kalahari Goldridge deposit. A. Replacement of magnetite (Mgt) by 
pyrrhotite (Po), sample 589/4. B. Replacement of magnetite (Mgt) by pyrite (Py). C. Textural equili­
brium between pyrite (Py) and pyrrhotite (Po). D. Replacement of pyrrhotite (Po) by chalcopyrite (Cpy), 
sample 0018/ 1811. 
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Pyrite in the ElF occurs as coarse subhedral to euhedral and ranges in size up to 

5mm. Pyrite typically occurs as replacement of magnetite (Fig. 3.10B) and 

chlorite in these rock units. Replacement occurs along the foliation planes and 

laminated bands. The replacement of chlorite by pyrite occurs where evidence of 

fluid interaction is present. Pyrites in the schist generally contain inclusions of 

gangue minerals, which commonly occur in the cores of the pyrite. 

In the ElF, pyrite replacement of magnetite IS typically characterized by sub­

rounded pyrrhotite inclusions, and is commonly associated with inclusions of 

visible gold. Coexisting pyrite and pyrrhotite exhibit annealing textures and show 

no clear evidence of mutual replacement between the two minerals in most 

samples (Fig. 3.lOC). However, small inclusions of pyrrhotite in the pyrites 

suggest pyrrhotite may have preceded pyrite in the crystallization sequence. 

Pyrite 1D the altered BIF is commonly intergrown with other gangue minerals 

(e.g., stilpnomelane, chlorite, carbonate), glVlng evidence of their 

contemporaneous growth from fluid interaction with magnetite. Some pyrites 

have been fractured in places, which is indicative of brittle deformation. Some of 

these fractures and related cracks may be filled with gold grains. No visible gold 
'. 

has been identified with pyrites in the schist. 

3.4.4: Chalcopyrite 

Chalcopyrite forms a minor component of the sulphides and represents the only 

Cu-bearing sulphide present at Kalahari Goldridge. It consistently occurs as 

anhedral replacements of pyrrhotite along grain boundaries and rarely as 

replacement of pyrite (Fig. 3.10D) . Few isolated inclusions have occurred in 

pyrite, some of which are replacements of pyrrhotite in the pyrite in the altered 

68 



BIF. Anhedral masses of chalcopyrite also occur as discrete grams or as 

replacement of pyrrhotite in the schist. 

3.4.6: Bismuth telluride series 

This group of minerals occurs m very mmor amounts and were identified from 

one sample (588/10B). They commonly occur as anhedral isolated grains or 

associated with pyrrhotite and/or gold along grain boundaries. Where it is 

associated with pyrrhotite, it replaces the latter along grain boundaries or occurs 

as inclusions . 

The microprobe analyses of 6 grains are presented in Table 3.10 and, illustrated 

in a Bi-S-Te ternary plot (Fig. 3.11), show compositions ranging from native Bi 

to Bi tellurides in the tetradymite series, which occur at temperatures ranging 

from 200 to 400°C (Marcoux et a!., 1996). Minor amounts of Fe ranging up to 

1.67 wt % occur in all analyzed samples . The lack of sulphur in these minerals 

and the close association with pyrrhotite suggests their deposition possibly 

occurred under conditions of relatively low sulphur activity. 
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Table 3.10. Microprobe analysis of bismuth minerals at the Kalahari 
Goldridge deposit. 
Grain 1 
No. of analyses 1 
Element (Wt %) 
Au 0.28 
S 0.00 
Se 0.00 
eu 0.02 
Te 5.55 
Fe 0.64 
Ag 0.06 
Pb 0.00 
Bi 92.08 

Total 98.62 
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Sulphur (S) o 20 

40 

2 3 
1 1 

0.08 0.00 
0.08 0.02 
0.00 0.00 
0.02 0.00 
0.00 0.00 
1.27 0.72 
0.00 0.00 
0.00 0.00 

96.67 99.10 

98.11 99.84 
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(Bi) 

40 
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80 

Tetradymite • 
BhTezS 

60 

4 5 6 
1 1 2 

0.10 0.00 0.01 
0.92 0.00 0.15 
0.00 0.07 0.03 
0.02 0.00 0.01 
0.00 18.02 8.41 
0.70 0.77 1.67 
0.00 0.02 0.00 
0.00 0.00 0.00 
97.62 81.59 90.38 

99.36 100.46 100.65 

Legend 

<> Composition of bismuth-telluride 
at the Kalahari Goldridge deposit 

• Standard composition of selected 
minerals in the Bi-Te-S system 
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Figure 3.11 . Ternary plot showing the compositional range of bismuth minerals (open 
squares) at the Kalahari Goldridge deposit in the Bi-Te-S system. Shown for reference are 
common bismuth minerals in the ternary system (Marcoux et aI. , 1996). 
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3,4,.7: Gold 

Gold occurs as isolated grains or closely associated with sulphides and gangue 

minerals notably carbonates, mainly in the altered BIF. The gold association with 

the sulphides commonly occurs as inclusions in pyrite (Fig. 3.12), as blebs or 

coarse grains along boundaries of pyrrhotite pyrite and gangue minerals (Fig. 

3.13), as discrete grains (Fig. 3.13C), or as microcrack fillings in pyrite (Fig. 

3.14). Gold is also commonly found together with pyrrhotite (and less commonly 

with gangue and magnetite) as inclusions in pyrite (Fig. 3.15). Minor amounts of 

more Ag-rich gold have been found associated with bismuth minerals (native 

bismuth and bismuth tellurides). The grain size of the gold is highly variable from 

less than 1 to about 1301lm in diameter and subrounded to angular in shape. The 

microscopic investigation showed that nearly 80 percent of visible gold identified 

is associated with pyrite grains that replace magnetite. No gold has been 

identified with pyrite associated with the schist. 

Microprobe analyses of 14 gold grains (Table 3.11) showed only trace amounts 

of Fe, Cu and S. Fineness of the gold grains [lOOO*(Au/(Au + Ag)] ranges from 

823 to 931 (Fig. 3.16) with the lowest values associated with bismuth tellurides 

(823-830). The fineness data have been useful to characterize the environment 

of mineralization. High average and restricted fineness ranges (890-960) have 

been documented (Morrison et aI., 1991) to characterize the Archaean lode 

deposits. In particular, Morrison et al. (991) stated a range below 900 for 

fineness associated with BIF- hosted deposits although individual deposits may 

fall outside this range. 
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Figure 3.12. Photomicrographs of go ld (Au) inclusions in pyrite in BIF at the 
Kalahari Goldridge deposit. 
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Figure 3.13. Photomicrographs of gold (Au) associated with pyrrhotite (Po) in 
BIF at the Kalahari Goldridge deposit. Fig. C also shows the occurrence of 
discrete Au grains. 
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Figure 3.15. Photomicrographs showing textural relationship between 
gold (Au) and other opaque and gangue minerals at the Kalahari Goldridge 
deposit. A. Coexisting Au and pyrrhotite hosted in pyrite. B. Coexisting 
Au and gangue (carbonate) hosted in pyrite and C. Au coexisting with 
magnetite in pyrite host. 
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T able 3.11. Microprobe ana lyses of gold grains associated with ore minerals at the 
K~ lahari Goldridge de12osit. 
Gold grain 1 2 3 
No of anali:ses 4 1 1 

Mean std 
Wt% 
Au 81.28 0.58 82 .57 81.96 
Ag 16.59 0.14 17.04 17.30 
Cu 0.01 0.02 0.01 0.04 
Fe 0.23 0.16 0.39 0.83 
Bi 0.00 0.00 0.00 0.00 
As 0.00 0.00 0.00 0.00 
Te 0.00 0.00 0.00 0.04 
S 0. 12 0.05 0.16 0.00 

Total 98.24 100.17 100.18 

Fineness 830.49 828.91 825.69 

Gold grain 8 9 
No of analx:ses 2 2 

Mean std Mean std 
Element 
Au 91.96 0.45 92.11 0.08 
A~ 6.74 0.09 8.13 0.01 
Cu 0.01 0.01 0.11 0.01 
Fe 0.89 0.36 0.14 0.03 
Bi 0.00 0.00 0.00 0.02 
As 0.00 0.00 0.00 0.00 
Te 0.00 0.00 0.00 0.00 
S 0.12 0.06 0.00 0.00 

Total 99. 73 0.05 100.51 0.15 

Fineness 931.69 918.88 

Gold grain 13 14 
No of anal;ises 3 

Mean std 
Element 
Au 91.52 91.67 0.26 
Ag 8.99 7.99 0.39 
Cu 0.02 0.01 0.02 
Fe 0.15 0.13 0.00 
Bi 0.00 0.00 0.00 
As 0.00 0.00 0.00 
Te 0.00 0.03 0.01 
S 0.11 0.08 0.08 

Total 100.67 99.91 0.48 

Fineness 910.55 919.85 
std = one standard deviation 

4 5 6 7 
1 5 3 5 

Mean std Mean std Mean std 

80.82 85.57 0.48 88.70 0.40 89.54 0.84 
17.34 13.96 0.59 11.09 0.82 10.65 0.27 
0.00 0.02 0.01 0.00 0.00 0.02 0.01 
1.29 0.06 0.04 0.15 0.11 0.11 0.01 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.02 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.14 0.12 0.17 0.09 0. 13 0.06 

99.46 99.75 100. 11 100.43 

823 .35 859.75 888.83 893.71 

10 11 12 13 
2 2 2 1 

Mean std Mean std Mean std 

91.41 0.14 91.77 0.90 86.68 0.07 91.52 
8. 14 0.32 7.89 0.65 11.60 0.34 8.99 
0.04 0.02 0.02 0.02 0.00 0.00 0.02 
0.13 0.01 0.12 0.01 0.2 1 0.10 0.15 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.14 0.01 0.13 0.02 0. 12 0.01 0. 11 

99.86 0.48 99.92 0.24 98.6 1 0.37 100.67 

918.23 920.87 88 1.97 910.55 

Comments: 
1-4 (From sample 588- 108) Au coexisting with bismuth-telluride 
5 (From sample 525-20A) Au inclusion in pyrite 
6-8 (From sample 117/018/1) Au inclusion in pyrite 
9 (From sample 118/21/7) Au-pyrrhotite inclusion in pyrite 
10-11 (From sample 118/21/7) Au in pyrite frac ture 
12 (From sample 118/2/l1) Au-pyrrhotite inclusion in pyrite 
13 (From sample 118/ 21/6 Au-pyrrhotite inclusion in pyrite 
14 (From sample 118/21/6) Au- carbonate inclusion in pyrite 
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In specific examples, Saager et al. (1987) reported a range from 6,69 to 8,12 for 

Ag content in Au grains at the Vubachikwe ElF-hosted deposit in Zimbabwe, 

corresponding to fineness of 933 to 919 , Pretorius et al. (1988) reported the 

composition of Au grains, which corresponds to a fineness range from 930 to 

970 at the Fumani BIF- hosted deposit in South Africa, At Mt. Morgan BIF-hosted 

deposit, Vielreicher et at. (1994) indicated a fineness range from 851 to 889, 

Morrison et al. (1991) attributed the high fineness of gold in Archaean systems 

to sulphidization associated with gold deposition. They showed that Ag transport 

in hydrothermal solution is favoured by the AgCl- whereas gold is favoured by 

the Au(HSlz- complex. Furthermore, a decreased 8S0/8H2S ratio in the 

hydrothermal fluid favours the precipitation of Au rather than Ag (McCuaig and 

Kerrick, 1998), This also implies that higher 8S0/8H2S ratios in the ore fluid 

would favour Ag precipitation. Higher-temperature deposits also show greater 

abundances of Ag than lower-temperature deposits. Morrison et al. (991) also 

associated the consistency in the fineness of gold in Archaean terranes to three 

possible reasons: (1) a unique origin for the style of mineralization, (2) unique 

source of the gold and (3) a mechanism of homogenizing the fineness values 

through post-mineralization and metamorphism. Anhaeusser (1986) stated that 

consistency of gold fineness in general is characteristic of gold that precipitated 

in a single stage in the paragenesis of the ore, Therefore, as pointed out earlier, 

the close association of the bismuth minerals with pyrrhotite (which precipitates 

at low aH2s) and the lower fineness in gold (higher Ag) associated with the 

bismuth mineral suggests that their precipitation occurred at higher 

temperatures, 
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DEPOSIT 

Vubachikwe. Zimbabwe 
Saager e/ al. (1987) 

Fumani , South Africa 
PrefOrills et al. (1988) 

Mt. Morgans, Australia 
Vielreicher e/ al. (/994) 

Ka lahari Goldridge, South Africa 
This study 

Archaean gold deposits (common range) 
Morrison et al. (/99/) 

800 850 

FINENESS RANGE 

900 

FINENESS 

950 1,000 

Figure 3.16. Gold fineness data of selected SIF- hosted gold deposits In 

Archaean greentones. Common fineness range for Archaean gold deposi ts In 

general is included for comparison. 

3.5: Mineral Paragenesis 

Figure 3.17 summanzes the paragenetic sequence of the mineral assemblages 

foun d at Kalahari Goldridge. The sequence has been divided into pre-ore, main 

stage and post-gold mineralization. These relationships establi sh a generalized 

sequence of deposition of the minerals identified in the ore deposit. 

Minerals associated with the pre-ore stage were identified in less altered ElF 

and schis t due to low or minimal fluid-rock interaction and may reflect the 

primary mineralogy associated with metamorphism. Earliest minerals include 
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minnesotaite, ferro-stilpnomelane, magnetite and quartz (chert) in the BIF and 

chlorite, pyrite and pyrrhotite in the schist. Early formed chlorite occurs I' 
throughout the pelitic schist in the ore body and hanging-walL Trace amounts of 

chlorite are also found in the footwalL Early formed sti lpnomelane and 

minnesotaite occur in minor amounts in less altered BIF samples, 

The main stage represents the hydrothermal event and the mam episode of the 

gold mineralization as well as the formation of the bulk of silicates, carbonates 

and opaque minerals present in the deposit. This stage is characterized by brittle 

deLrmation and the subsequent introduction of the hydrothermal fluid and 

equilibration with host rocks. Gold-bearing sulphides (pyrite and pyrrhotite), 

bismuth minerals (native bismuth and bismuth tellurides), carbonates (siderite, 

ankerite) and silicates such as white mica, stilpnomelane and chlorite, 

recrystallised magnetite, and quartz are also associated with this stage. This 

stage is further subdivided into Stages I and II, which are associated with the 

mineralized quartz veining in the deposit. 

The absence of any evidence of mutual replacement between pyrite and 

pyrrhotite at their grain boundaries (e.g. Fig. 3.lOC) makes it difficult to define 

the time relationship between the two minerals. However, high proportions of 

pyrrhotite associated with the ladder vems and the inclus ions of pyrrhotite in 

pyrite as described earlier make it clear that it predates pyrite. The high 

proportion of pyrite associated with the Group lIB veins on the other hand, also 

suggests that stage II accounts for the majority of the pyrites at the Kalahari 

Goldridge deposit. Textural relationships show that chlorite and stilpnomelane 

formed throughout the entire mineralization stage. Native gold appears to be 

coeval with sulphides and other gangue minerals in both s tages I and II. 
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PRE-ORE STAGE MAIN STAGE LATE STAGE 

Stage I Stage 1I 
MINERAL Group llA veins Group lIB veins 

Pytite 

Pyrrhotite ---------- ....... , 

Chalcopyrite 

Native Bi - - - - - - -

B i-telluride ------ -

Gold 

Magnetite 

Stilpnomelane -- - ----

Chlorite - - - - - . 

Muscovite 

Minnesotai te ---------- --------_. ? .......... ? 

Quartz 

Sideli te ----------

Ankerite ----------

Calcite ---------- ---- - - ----

Figure 3.17. Simplified paragenetic sequence for mineralization at the Kalahari Goldridge 
deposit. 
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However, gold in pyrite fractures may be associated with a later stage 

phenomenon where gold is likely to be derived from lattice sites of pyrite or by a 

supergene process. 

Stage III is characterized by late carbonates consisting of calcite and dolomite in 

veins, and sulphides consisting dominantly of pyrites. 

3.6: Metamorphic Implications of the Mineral Assemblage 

Studies reported in literature on the metamorphic grades of BIFs hosting gold 

deposits (Saager et al. 1987; Pretorius et al. 1988; Lhotka and Nesbitt, 1989; 

Vielreicher et al. 1994) indicate a range from sub-greenschist facies to medium­

grade. For example , Vielreicher et al. (1994) reported a magnetite-quartz­

carbonate-minnesotaite mineral assemblage at the Mt. Morgan ElF-hosted gold 

depl)sit, Western Australia, which is characteristic of temperatures below 300°C 

(Miyano and Klein, 1989, see below). Saager et al. (1987) indicated a medium 

grade of metamorphism (400 to 600°C) for BIF at the Vubachikwe deposit in 

Zimbabwe. They described a metamorphic assemblage consisting of 

cummingtonite-grunerite, tremolite, chlorite, quartz, and carbonates (siderite, 

ankerite and calcite). Lhotka and Nesbitt (1989) reported a range of metamorphic 

grades from a low grade (sub-biotite) to medium grade consisting of biotite, 

garnet, grunerite and pyroxene as the prominent mineral assemblage associated 

with BIF at the Contwoyoto Lake-Point Lake gold deposit in the Lupin area, 

Abitibi greenstone belt, Canada. Pretorius et al. (1988) indicated an upper 

amphibolite facies grade (620±70°C) for BIF at the Fumani mine in the 

Sutherland greenstone belt in South Africa. 
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The rare occurrence of outcrops, together with the high degree of alteration 

associated with the host rocks at Kalahari Goldridge makes it difficult in 

constraining the precise metamorphic conditions of the host rocks. The 

mineralogy of a less altered mafic schist sample taken within about 30km of the 

mine consists essentially of chlorite, epidote, actinolite, quartz and minor 

amounts of plagioclase. As documented by Laird (1982), the mineral assemblages 

such as observed in these mafic units, are representative of greenschist to lower 

amphibolite facies grades of metamorphism. Figure 3.18 shows the 

experimentally derived stability relations of common minerals in iron-formation 

(Miyano and Klein, 1989). Minnesotaite and greenalite have been identified as 

index minerals in very low-grade metamorphism possibly within the zeolite or 

prehnite-pumpellite facies in iron formations (French, 1973; Klein and Flink, 

1975; Floran and Papike, 1975, 1978; Frost, 1979). According to these authors, 

minnesotaite stability persists until near the greenschist-amphibolite facies 

transition where it converts to grunerite. 

At Kalahari Goldridge deposit, minnesotaite has been identified in less altered 

BIF as a secondary product from magnetite and siderite. Grunerite on the other 

had, has not been identified in any of the studied samples. The occurrence of 

minnesotaite and the absence of grunerite in the mineral assemblages in BIF 

samples at the Kalahari Goldridge deposit, therefore, can be used to constrain 

approximately the upper thermal limits during metamorphism pnor to 

mineralization. This ranged approximately up to 350°C and pressures less than 7 

kbars. In the absence of retrograde reaction in the altered mineral assemblage, 

the coexistence of chlorite and stilpnomelane in the altered samples suggests 

maximum temperatures of 430°C were attained in the host rocks. Furthermore, 

the absence of chlorite in less altered BIF samples possibly suggests that peak 

metamorphism was synchronous with the mineralization. 
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Figure 3.18. Phase relations of Fe-endmember AI-bearing silicates in Fe-rich 
rocks (redrawn from Miyano and Klein, 1989). 
Abbreviations: Stilp, stilpnomelane; Bio, biotite; Chi, chlorite; Aim, almandine; 
Min, minnesotaite; Gru, grunerite; Zus, zussmasite. Shaded area represents 
stability field of stilpnomelane. 
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Chapter 4: HYDROTHERMAL ALTERATION AND BULK ROCK GEOCHEMISTRY 

4. 1 Hydrothermal Alteration 

4.1.1: Introduction 

T he process of hydrothermal alteration involves the interaction of transgressing 

hydrothermal fluid with wall rock. The patterns of hydrothe rmal alte ra tion 

associated with many ore deposits have been useful tools in exploration to 

delineate mineralized areas. In go ld- related hydrothermal alteration, the 

mineralization may display a lateral variation of mineral assemblage away from 

the fluid source. Vari ous studies (e .g. Phillips and Groves, 1984; Phill ips and 

Brown, 1987 ; Ki shida and Kerrick, 1987; Bohlke, 1989) have s hown that index 

mineral assemblages commonly define the vari ation from local to regional scale . 

T he mineralogical variations as demonstrated in most of these studies are 

largely dependent on the ini tial composition of the hydrothermal fluid , the 

chemical composition and the mineralogy of the host rock, the degree of 

interaction between the transgressing fl uid and host rock, and pressure and 

temperature changes during the alteration process . 

Hydrothermal alteration at the Kalahari Goldridge deposit is very pervasive and 

extends into the surrounding wallrocks in both the footwall and hanging wal l. 

T he exte nsive wall-rock alteration has overprinted the regional metamorphic 

assemblage. The associated mineralogy shows marked relationship with the 

intensity of the alteration and the bulk composition of host rock. Important 

metasomatic changes associated with the alteration include potassic alteration, 

carbonation, sulphidation and chloritization . 
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The vem systems (Chapter 2) suggest at least two episodes of gold 

mir..3ralization existed at the Kalahari Goldridge deposit. Therefore , the 

associated mineralogy observed in the deposit may be associated with multiple 

episodes of fluid interaction with host rock. However, the consistency in the 

alteration assemblages and textural relationships throughout the deposit 

indicates that the wall rock experienced a uniform alteration history from a 

unique fluid source. In the following sections, the various alteration processes 

and their relation to the gold mineralization at Kalahari Goldridge are described. 

4.1.2: Potassic alteration 

Potassic metasomatism at Kalahari Goldridge IS characterized by the 

development of stilpnomelane and muscovite (sericitisation) as the main hosts of 

K in the alteration assemblages. The degree of K-metasomatism is greatly 

influenced by the amount of Al in the host rock. Muscovite is commonly 

associated with the replacement of chlorite and is best developed in the schists 

within the orebody, footwall and hanging-wall and to lesser extent in the BIF. 

The degree of the sericite alteration is apparently controlled by the extent of 

fluid influx. In the footwall and hanging-wall schists, the alteration is most 

intense in areas proximal to the ore body, which have a characteristic bleached 

appearance. The intense alteration is also recognized by the presence of well 

defined foliation in the schist. The degree of alteration is generally uniform in 

the footwall and hanging- wall schist and subparallel to the orebody, with 

complete obliteration of primary mineralogy in the footwall mafic schist proximal 

to (he orebody that decreases away from the orebody. Sericitisation in the 

interbedded schist exhibits variable intensity, which apparently resulted from 

variable fluid access, as demonstrated by the intensity of quartz veining. 
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Stilpnomelane development IS restricted to lithologies in the ore body, both 

interbedded schist and ElF. However, the modal proportion of stilpnomelane in 

the BlF is generally higher than in the schist. The intense K -metasomatism at 

the Kalahari Goldridge deposit suggests the introduction of K by the 

hydrothermal fluid. Equations 4.1 to 4.3 represent typical reactions that may be 

associated with K-:metasomatism at the Kalahari Goldridge deposit. 

7/3!"030, + 13SiOz+ 21/4HzO + FesAlzSi301OCOH). + 5/4K+ = 
magnetite quartz 

4.1.3: Sulphidation 

chlorite 

2Ko.625Fe6AISi30Z1COH)z.3/2HzO + 7/60z + 5/4H+ [4.1) 
stilpnomelane 

Sulphidation at the Kalahari Goldridge deposit is typically marked by the 

abundance of pyrite and pyrrhotite and minor amounts of chalcopyrite. The 

sulphidation is represented by the selective replacement of magnetite by the 

pyrite and pyrrhotite along Fe-rich foliation planes in the ElF as well as in the 

schist. Pervasive replacement can be seen adjacent to contacts of the large 

quartz- carbonate veins with Fe-rich bands of the host ElF, creating em-scale 

sulphide haloes along the vein contacts (Fig. 4.1). Typical reactions representing 

the sulphide replacement can be represented as follows: 

3FesAlzSi301OCOH). + 2K+ + 30HzS + 2202 = 3Si02 + 2KAIJSi301OCOH}z + 15FeSz + 18HzO [4.2) 
chlorite quartz muscovite pyrite 

3FesAI2Si,01OCOH). + 2K+ + 15HzS = 3SiOz + 2KAIJSi,OlOCOH}z + 15FeS + 24HzO + 2H+ [4.3) 
chlorite 

Fe30, + 
Magnetite 

6HzS + 

quartz 

= 

muscovite 

3FeSz + 
Pyrite 
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pyrrhotite 

6HzO [4.4 ) 



Figure 4.1. Sulphide haloes along margins of vein with BIE 
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Fe30. + 
Magnetite 

3HzS = 3FeS + 
Pyrrhotite 

4.1.4: Carbonate alteration 

1I20z [ 4.51 

CariJonate alteration is widespread at the Kalahari Goldridge deposit and is 

marked by the replacement of magnetite layers, chlorite and quartz. The 

carbonate alteration pattern at the Kalahari Goldridge deposit is influenced by 

the lithological variation in the deposit with distribution of the carbonates 

showing a strong association with the Fe content in the host rock. Siderite, 

ankerite-dolomite, and calcite are the major carbonate alteration minerals 

identified in the deposit. Calcite and siderite have not been identified together, 

but individually both co- exist with ankerite . 

Calcite alteration is restricted to the footwall and to a lesser extent in the 

hanging-wall and can be attributed to the breakdown of epidote and plagioclase, 

which is common III less altered mafic schist. Siderite alteration on the other 

hand is limited to the BIF from replacement of magnetite and pyrite. 

Carbonatization by ankerite forms the main mineralogical change in the schist in 

the orebody by the replacement of chlorite as the major metasomatic change. 

Ankeritization also occurs by replacement of quartz in chert bands and veins . 

The modal abundance of ankerite and siderite in the orebody shows a close 

association with increasing intensity of alteration as demonstrated qualitatively 

by X - ray powder diffraction reflecting a greater fluid access. This is illustrated 

in Figure 4.2A and B showing the peak intensities of the carbonates in the X-ray 

pattern of two samples 13175/2A (least altered) and 13175/2B (altered) from 

adjacent bands (Fig . 4.2C). 
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Figure 4.2. X-ray diffraction patterns (A and B) showing relative peak intensities of ankerite (ank) and 
siderite (sid) in adjacent mesobands in sample 13175/2 shown in (C). A, (13175/2A, less altered) and 
B (13175/28, altered). The intensity of the peaks demonstrates the degree of carbonation associated with 
ladder veining in the mesobands. 
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Textural relationships between carbonate and other alteration minerals typically, 

chlorite, pyrite and pyrrhotite indicate at least two generations of carbonate 

occurs at the Kalahari Goldridge deposit. The spatial relationship between these 

minerals (pyrite, pyrrhotite and chlorite) and magnetite suggest that they formed 

as products of interaction of ore fluid with magnetite in the altered BIF samples. 

However, significant replacements of these latter minerals by carbonates also 

occur in some samples. This observation might therefore indicate that, despite 

similarities in vein mineral compositions during the two gold mineralization 

episodes, the textural relationship indicates significant overprints of a later fluid 

evolution, possibly associated with the second episode of mineralization. 

At the Kalahari Goldridge deposit, the high abundance of carbonate alteration 

assemblages is generally a reflection of high activity of CO2 equilibrating with 

the host rock and is similar to many gold deposits in Archaean settings described 

in literature (e.g., Phillips and Groves, 1984; Phillips and Brown, 1987; Kishida 

and Kerrick, 1987; Bohlke, 1989). 

4.1.5: Chloritization 

_ ,Apart from the schist units which host a significant proportion of the chlorite in 

the Kalahari Goldridge deposit, chlorite alteration is commonly associated with 

the altered BIF. Chlorite is generally rare in the least altered BIF samples, which 

is consistent with the general lack of AI- bearing silicates in most iron­

formations worldwide . This also suggests chloritization in the BIF was attributed 

predominantly to hydrothermal alteration . Iron and silica are documented (Klein 

1983), to be the most dominant components in BIFs with average Al contents 

being generally less than 1 wt %, hence chlorite and other AI-bearing in low-
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being generally less than 1 wt %, hence chlorite and other AI-bearing in low­

grade metamorphic iron-formation are thus rare. Therefore, significant 

chloritization associated with the altered ElF units at Kalahari Goldridge deposit 

can be associated with in situ enrichment of Al in detrital components (e.g. 

aluminous clay minerals) resulting leaching of silica in the BIF during alteration. 

Evidence for the leaching of s ilica is demonstrated by the mass-balance 

calculation (see section 4.3 on Bulk Rock Geochemistry), which shows consistent 

depletion in all analyzed samples. 

4.2 Bulk Rock Geochemistry 

4.2.1: Background 

Comparison of unaltered and altered equivalents of host rocks, based on relative 

chemical variations in major and trace elements provides a basis on which to 

decipher the chemical composition of the original fluid composition, due to 

subsequent gains and losses of elements during the hydrothermal process. In 

many gold deposits, the distribution and variation of the major and trace 

e lements also serve to delineate the geochemical haloes around the deposit and 

subsequently to identify pathfinders for the mineralization. Furthermore, the 

variable mobility of the elements during hydrothermal alteration and regional 

metamorphism can be used to define the protoliths of the host lithologies, as well 

as the hydrothermal and metamorphic history. In particular, mobile elements 

provide information about the alteration process, whilst immobile elements retain 

the geochemical characteristics of the protolith. In any given suite of rocks 

representing the various stages of alteration, the mobile elements results in 

changes by real gain or loss in absolute abundance. The immobile elements, on 
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the other hand, change by dilution during addition of new components, or by 

concentra tion through leaching of soluble components, such that simple 

inspection is not sufficient for deducing chemical changes. 

Summaries on the mobility of elements during hydrothermal alteration, (e .g. 

Lesher et al. 1991; Niu and Lesher, et al. 1991) indicates that major elements 

inc;uding Si, AI, Fe, Mg, Mn, Ca and Na are hosted in rock-forming minerals that 

are dissolved or precipitated in reduced, sa line hydrothermal fluids of low pH, 

and hence, are relatively mobile in such fluids. In low-grade metamorphic 

derived- fluids, however, these elements are less mobile due to the slightly acidic 

to near neutral pH and H20-C02-rich composition of these fluids. The rare 

elements (As, Se, Sb , Te, Bi and B), large ion lithophile elements (LILE: Ba, Cs, 

Rb, Sr, Tl, K and Li), volatiles (H20, CH4, C02, H2S) and precious metals (Au, Ag) 

are generally mobile in both hydrothermal and metamorphic fluids. They show 

enrichment in most lode gold deposits relative to their enclosing host rock. The 

low charge to radius ratios of the precious metals and the LILE enhance complex 

formation by these elements, and hence their ability to be transported readily in 

such fluids. The high field strength elements (HFSE: Th, Nb, Ta, Zr, Y, P, AI, Hf 

and Ga) and rare earth elements (REE: La-Lu) are insensitive to alteration. 

These elements are characterized by high charge to radius ratios and hence are 

not readily complexed for transport in hydrothermal fluids. The transition metals 

including Sc, Ti, V, Cr, Ni, Co, Cu, and Zn on the other hand, exhibit var iable 

mobilities depending on the prevailing condition of the hydrothermal fluid. At 

low- to intermediate - grade metamorphic conditions, Cr, Sc, V, Ni, and Ti are 

re latively more mobile than Cu and Zn (Kerrich, 1983; Leitch and Lentz, 1994). 
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4.2.2: Sampling and description of samples 

Sampling for the bulk rock analyses at the Kalahari Goldridge deposit were 

derived from 8 diamond-drill holes from the northern (GDP-452, GDP-529, 

GDP-527), central (GDP-525, GDP- 531, GDP-587, GDP-588) and southern 

(DD-17) parts of the deposit as well as grab samples at cross-sections in the 

open-pit (13175/2A, 13175/2B and 13175/2C) in the D-zone orebody extending 

about lkm north-south. A total of 45 samples have been analyzed fo r major and 

trace elements . These samples represent the major lithological units foun d at the 

Kaiahari Goldridge deposit namely footwall mafic schist, ore body schist, BIF and 

the hanging-wall sediments consisting of schi st, phyllite and graywacke. All the 

analyzed samples have undergone variable degrees of alte ration, which is 

generally refle cted by the modal abundance of the dominant alteration minerals, 

associated with each lithology. 

Samples fro m the footwall schist (DDI7/8, DDI 7/17, 588/26, 527/12A, 525/25A) 

were taken close to the orebody primarily because drill intersection with the 

footwall was limited to within 5 meters of the ore body, except fo r borehole 

DD17 in the southern end of the orebody, which intersected deeper into the 

footwall. Most of these samples have undergone intense alteration. DD 17/8 and 

DD 17/17 represent samples from the same drill core but different stratigraphic 

depths and exhibit some differences in their degree of alteration. DD17/8 was 

sampled near the contact with the orebody. This sample is very altered and its 

mineralogy cons ists essentially carbonate, sericite, and quartz and trace amounts 

of chlori te. Sample DD 17/17 occur about 20 meters into the fo otwall and contains 

significant chlorite, quartz, micas and relicts of plagioclase fe ldspar, which is 

charac te ri stic of the primary (metamorphic) mineralogy. 
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Samples from the interbedded schis t (58817, 588/20A, 525/11B, 525/19, 

452/19B, DD1717) represent pelitic sediments interbedded with the ElF in the 

orebody. Mineralogically, these samples consist of chlorite and quartz with 

variable amounts of sulphides (pyrite and pyrrhotite), stilpnomelane, muscovite, 

carbonate and magnetite. The modal proportions of chlorite, stilpnomelane, 

carbonate and sulphide in these samples vary, and depend on the degree of 

interaction of the rock with the ore fluid. 

Sixteen ElF samples from the ore body were analyzed for major and trace 

element composition. Six of these consist of least altered samples separated 

from slabs showing very little effect of alteration resulting from selective veining 

of quartz-carbonate ladder sets in adjacent bands (e.g., Figs 2.8A and 4.2C). 

These samples are described further in a later section (subsection 4.2.7). The 

altered samples show variable degree of alteration 

Selected samples from the hanging wall consist of two graywackes (452/1B and 

525/1), three schist (588/Q2, 527/X -1 and 527/4), and four shale samples (DD-

17/:~1, 527/1, 525/10 and 452/3A). The hanging - wall sediments, particularly the 

schist and the phyllites are flooded with chert clasts. Therefore careful selection 

was done to avoid such samples as much as possible . 

4.2.3: Analytical methods 

X - ray fluorescence (XRF) of ten major oxides (Si02, A1203, Fe as Fe203, MgO, 

MnO, CaO, Ti02, Na20, KzO and P20S) and volatiles as loss on ignition (LO!), and 

trace elements Zn, Cu, Ni, Co, Cr, V, Ba, Sr, Rb, Sc, Ce, Nd, Nb, Zr, Y and La 

were analyzed on the representative samples using lithium tetraborate fus ion 

disks and powdered pellets at the Department of Geology, Rhodes University. 
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The LOI includes sulphur, C02, H20 and all volatile constituents. The analytical 

measurement IS according to the procedure of Norrish and Hutton (1969). 

Inductively coupled plasma-mass spectrometry (ICP-MS) of the above- stated 

trace elements and additional elements (Au, Ag, Bi, As, W, Sb and Te) was also 

analyzed on the representative ElF samples at the Department of Geological 

Sciences, University of Cape Town. Detailed descriptions of the analytical 

procedures for the XRF and ICP-MS are given In Appendix lIA and lIB 

respectively. The bulk compositional data of analyzed samples are given In 

Tables 4.1 to 4.4. 

Table 4.1. Chemical analyses of hanging-wall sediments at the Kalahari 
Goldridge deposit. 

Graywacke 
Sample No. 45211B 52511 

Wt (%) 
Si02 

Ti02 

Al20 3 

Fe20J total 

MnO 
MgO 
CaO 
Na,O 

K,O 
P,O, 
H,O­
LOI 

Total 

ppm 
Zn 
Cu 
Ni 
Co 
Cr 
V 
Sc 
Ba 
Sr 
Rb 
Ce 
Nd 
La 
Nb 
Zr 
y 

70.56 70.36 
0. 19 0. 22 
15.27 12.01 
1.99 3.75 
0.05 0.08 
0.76 1.39 
2.01 2.75 
4.32 2.23 
2.31 2.24 
0.03 0.04 
0.3 0.12 
2.82 4.34 

100.59 99.51 

27 100 
16 39 
IB 43 
5 13 

60 106 
30 53 
(5 7 

575 459 
49B 262 
63 62 
25 24 
5 11 
12 12 
(5 (5 
72 57 
5 6 

Schist 
5881Q2 5271X-l 52514 

59.32 
0.52 
13.21 
10.57 
0.15 
3.56 
3.63 
0.73 
1.69 
0.11 
0.21 
5.52 

99.21 

126 
84 
157 
32 

345 
13B 
17 

306 
94 
65 
20 
10 
12 
5 

82 
17 

58.42 
0.56 
8.1 2 
11.56 
0.21 
6.1 5 
4.67 
0.1 

0.54 
0.07 
0. 13 
8.74 

99.27 

130 
125 
127 
35 

271 
186 
25 

140 
124 
22 
10 
(5 
(5 
(5 
32 
13 

45.44 
0.78 
11.63 
22.84 
0.41 
3.5 

4.31 
0.08 
1.21 
0. 1 
0.24 
8.27 

9B.Bl 

130 
194 
170 
42 

482 
279 
35 
251 
145 
38 
21 
12 
6 
5 

63 
23 

DDI7IX-l 527/1 

64.15 
0.54 
14.37 

6 
0.09 
3.01 
1.82 
1.66 
3.09 
0.06 
0.1 
5.02 

99.91 

120 
45 
135 
19 

355 
136 
19 

292 
13B 
114 
11 
7 
6 
6 

82 
19 

64.37 
0.57 
13.56 
6.7B 
0.09 
3.84 
1.8 

0.2B 
3.1 

0.08 
0.13 
5.2 

99.81 

175 
59 
187 
27 

466 
144 
20 

399 
82 
115 
15 
9 
8 
8 
78 
21 

Both major and trace elements were analyzed by XRF analytical technique . 
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Phyllite 
525110 

62.43 
0.56 
13.63 
9.26 
O.OB 
3.93 
1.61 
0.06 
2.65 
O.ll 
0.25 
5.23 

99.79 

145 
43 
160 
29 

300 
133 
19 

427 
84 
99 
30 
14 
14 
(5 
UO 
13 

45213A 

63.24 
0.65 
15.06 
8.29 
0.12 
2.49 
1.42 
2.36 
2.04 
0.06 
0.45 
4.49 

100.67 

94 
67 
129 
25 

346 
170 
23 

44B 
229 
68 
17 
12 
B 
5 

102 
13 
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TaLie 4.2. Che mical analyses of interbedded schi st at the 
Kalahari Goldr idge deposit. 

Interbedded schist 
Same:le No. 527/11 452/19B 588/20A 525111B 525119A DD/17 7 

Wt% 
Si02 48.70 46.42 39.28 42.57 60.71 67.80 
Ti02 0.43 0.14 0.20 0.47 0.28 0.34 
AI,O, 7.07 2.18 7.53 6.70 4.97 6.82 

Fe203total 25.75 19.53 30.90 31.49 23.22 16.56 
MoO 0.26 0.30 0.87 0.61 0.21 0.08 
MgO 3.12 2.75 3.92 3.48 2.03 2.41 
CaO 3.46 12.63 4.07 2.77 2.94 1.05 
Na,O 0.06 0.01 0.04 0.04 0.02 0.00 
K,O 0.67 0.14 0.83 0.71 0.27 om 
P20S 0.14 0.13 0.14 0.12 0.09 0.08 
H,O 0.23 0.34 0.34 0.32 0.26 0.05 
LOI 8.57 13.50 11.82 9.59 4.69 4.20 

Total 98.46 98.06 99.93 98.86 98.06 99.39 

ppm 

Zo 142 75 146 172 180 107 
Cu 93 45 73 40 68 68 
Ni 134 138 128 165 97 113 
Co 24 18 15 22 16 58 
Cr 249 566 136 54 7 178 231 
V 146 59 81 161 84 360 
Sc 18 11 22 33 13 13 
Ba 120 51 147 412 68 3 
Sr 69 III 98 49 32 15 
Rb 37 8 24 32 18 <5 
Ce 28 14 40 18 23 23 
Nd 11 4 16 9 12 11 
La 13 7 21 7 9 10 
Nb <5 <5 <5 <5 <5 5 
Zr 53 11 68 33 41 66 
Y 19 10 22 15 12 15 
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_'able 4.3. Chemical anallses of BIF samQles from ~he Kalahari Goldridge deQosit 
Least altered samples Altered samples 

1317512A-l 587/19-1 13175/2C- I 531/28-1 52714 531/28-2 13175128 1317512C-2 527/6D 452/98C 452/108 452/14 588-38 588/9A 588/14A 588/258 
Wt % oxide 

SiD2 72.68 62.72 76.90 83.28 55.58 24.82 32.00 32.04 46.95 41.96 34 .14 43.84 71.33 34.89 62.20 53.53 

TiD2 0.02 0.Q2 0.02 0.02 0.02 0.22 0.03 0.06 0.02 0.18 0.05 0.05 0.05 0.04 0.04 0.02 
Alz0 3 0.08 0.00 0.07 0.00 1.03 1.90 0.37 0.67 0.25 2.23 1.03 0.70 0.68 0.35 0.36 0.07 

FezDJ lotal 20.02 33.64 21.56 13.33 38.25 48.25 45.44 46.96 35.57 37.40 .0.25 33.52 19.60 50.30 25.45 26.78 

MnO 0.35 0.30 0.1' 0.20 D.O' 0.96 0.96 1.07 0.70 0.41 0.68 0.52 0.25 0.74 0.45 0.64 
MgO 0.90 0.77 0.45 0.53 1.16 4.18 2.94 3.36 2.30 3.61 3.70 3.41 1.85 3.00 2.55 2.56 
C.O 1.62 0.65 0.23 0.50 0.8' 3.96 3.16 4.10 2.48 3.27 3.27 3.27 2.22 1.09 0.73 5.62 
Na20 0.02 0.00 0.00 0.00 0.03 0.10 0.05 0.12 0.04 0.02 0.02 0.11 0.18 0.02 0.01 0.01 
K,O 0.05 0.00 0.01 0.01 0.06 0.54 0.10 0.29 0.07 0.0' 0.06 0.17 0.25 0.02 0.01 0.00 

P20 5 0.31 0.09 0.07 D.O' 0.07 0.61 0.22 0.29 0.09 0.18 0.11 0.11 0.27 0.24 0.09 0.10 
LOI 4.16 1.16 0.86 2.19 3.73 11.96 12.59 10.95 11.06 11.00 15.82 13.90 4.17 9.29 8.69 8.71 

H2O- 0.10 O.lD 0.15 0.20 0.06 0.34 0.08 0.11 0.27 0.43 0.29 0.35 0.28 0.'1 0.30 0.3' 
Total 100.29 99.46 100.44 100.29 100.88 97.83 97.93 100.02 99.79 100.73 99.42 99.95 101.12 100.39 100.86 98.38 

ppm 
2n 25.8 36.66 15.21 46.27 47.5 188.47 32.0 38.82 115 79.2 72.4 70.3 17.3 80.9 73.2 310 
Cu 28.5 3.33 3.65 5.14 71.5 5.50 71.4 2.05 104 26.4 18.0 25.3 8.66 10.0 5.64 15.1 
Ni 5.79 12.98 5.50 9.51 7.90 27.68 7.93 6.10 13.4 3 1.6 6.18 18.1 17.9 15.6 7.71 12.3 
Co 1.69 3.09 0.84 1.31 2.46 4.48 6.52 1.22 '.86 9 .• 0 0.89 3.40 3.18 7.0. 3.22 6.36 
Cc 11.6 14.09 14.82 12.01 9.97 38.88 10.5 25.58 22.3 83.0 11.0 21.8 22.8 1'.7 25.8 9.9' 
V 4.25 5.67 4.89 •. 24 '.81 28.18 5.30 7.21 33.8 37.9 13.9 14.9 15.7 8.30 10.6 6.67 
Sc 0.13 0.19 lid lid 0.19 5.79 0.68 1.12 2.55 3.94 0.33 1.16 1.99 0.68 1.84 5.53 
Ba 13.3 1.14 5.06 6.76 9.89 168.81 30.5 38.22 36.2 29.1 26.3 71.5 107 8.50 10.8 42.5 
Sc 17.9 6.95 2.93 5.26 16.9 5'.68 33.9 47.37 51.8 65.8 36.5 50.8 35.6 12.1 9.31 0.54 
Rb 1.68 0.10 0.64 0.97 2.45 40.42 4.86 6.90 3.76 2.73 4.32 9.68 14.8 1.7. 1.12 1.11 
Ce 7.90 6.98 2.45 1.65 5.58 15.92 9.96 11.25 7.31 8.49 9.58 12.3 7.01 9.01 6.92 5.48 
Nd 4.71 3.77 1.45 0.85 2.80 11.16 5.76 6.46 3.73 4.66 4.33 6.45 3.90 4.58 3.83 3.30 
La 4.16 3.35 1.18 0.95 2.66 7.89 5.11 5.48 3.77 4.11 5.27 6.38 4.35 4.66 3.36 2.56 
Nb 0.10 0.15 0.11 0.06 0.16 0.76 0.07 0.11 0.22 0.90 0.18 0.20 0 .23 0.29 0.22 0.24 
Zr 1.27 0 .92 0.43 0.62 1.08 10.14 3.38 3.68 5.19 13.9 1.71 '.00 3.89 3.89 2.97 4.62 
Y 8.39 5.57 1.63 1.20 2.8' 13.02 7.04 7.31 •. 75 6.41 3.83 5.31 8.53 5.77 3.26 6.43 

Ag 0.026 0.01 0.03 0.02 0.11 0.13 0.3. 0.08 0.43 0.23 0.53 0.6' 0.057 0.35 0.0'8 0.12 
Sb 0.22 0.38 0.21 0.1 9 0.6. 0.19 0.37 0.16 0.18 0.23 0 .32 0.36 0.3' 0.51 0.25 l.50 
As 1.33 0.49 0.53 0.73 2.47 •. 22 •. 05 0.40 0 .• 3 5.47 6.36 3.19 0.65 3.20 0.60 1.12 
w 0.57 0.81 1.26 0.69 1.35 1.09 0.45 0.35 0.38 1.78 0.36 1.01 0.86 0.62 0.7 1 1.24 
8i 1.88 lid lid 0.1. 10.1 lid '.75 0.00 7.75 1.72 10.0 36.5 2.1 8 10.8 6.78 3.93 
Te 0.021 lid lid lid 0.60 lid 0.15 0.00 0.38 0.12 0.21 2.80 0.016 0.70 0.66 0. 12 
Au 0.01' 0.01 0.06 0.04 lid 0.18 0.57 0.26 lid lid 0.0' 1 0.1' 0.013 0.076 0.037 0.23 

lid - be/ow detection limit Major elements analysed by X-ray flourescence and trace elements by lCP-MS technique. 
Lower limit of detection for ICP-MS is based on 3 standard deviations of background 
LOr = Loss on ignition 



Table 4.4. Chemical analyses of footwall mafic schist at the Kalahari Goldridge 
deposit. 

Footwall mafic schist 
DD1 7/8 DD17/16 588/26 525/25A 527/12A 452/28A 

Wt% 
SiO, 45.55 45.87 50.56 53.77 48.43 44 .48 
TiO, 0.35 1.66 1.23 1.33 1.15 1.32 
AI,O, 10.85 14.07 16.41 14.13 15.39 17.56 

Fe20 3lolal 10.23 14.95 12.24 13.15 8.93 14.3 
MnO 0.13 0.17 0.28 0.24 0.13 0.16 
MgO 11.85 6.77 2.12 1.91 4.15 3.46 
CaO 8.55 6.87 5.39 5.4 8.3 6.82 
Na,O 0 1.46 2.66 1.64 0.91 0.08 
K,O 0.01 0.02 0.61 0.4 2.39 3.06 
P,O, 0.04 0.2 0.13 0.12 0.12 0.14 
H,O 0.23 0.23 0.37 0.16 0.1 0.16 
LOI 11.63 6.45 7.21 5.89 9.29 9.3 

Total 99.41 98.72 99.21 98.13 99.27 100.84 

ppm 
Zn 112 165 90 107 99 116 
Cu 64 104 151 101 135 10 
Ni 339 150 68 47 167 114 
Co 53 15 24 17 103 41 
Cr 809 213 165 61 156 187 
V 199 101 404 443 387 437 
Sc 39 43 44 49 46 51 
Ba <5 II 52 25 257 229 
Sr 50 75 101 108 88 59 
Rb <5 <5 20 15 72 68 
Ce <5 16 8 10 7 8 
Nd <5 10 5 8 5 <5 
La <5 <5 <5 <5 <5 <5 
Nb <5 <5 <5 <5 <5 <5 
Zr 17 80 54 74 68 71 
Y 9 34 24 30 22 25 
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4.2.4: Inter-element correlations 

The correlation coefficients for some of the elements palrs m the vanous 

lithologies are given in Table 4.5. A negative correlation between Fe203 and Si02 

(Fig. 4.3A) is consistent with the general observation in iron-formation as a 

consequence of their bimodal composition such that any variation in one major 

component (e.g. Si02) is reflected in the other major components, otherwise 

known as the closure effect. Similarly, an antithetic relationship between Si02 

and MnO (Fig. 4.3B) is indicative of closure effect between carbonate and quartz 

Table 4.5. Correlation coefficient for selected elements pairs 
in rock units at the Kalahari Goldridge deposit 

Orebody Footwall 
Element l2air BIF Interbedded schist Mafi c schist 

Y-P205 0.52 0.46 0.92 
MgO-LOI 0.91 0.66 0.68 
Fe203-Si02 -0.93 0.78 0.1 
MnO-Si0 2 - 0.85 0.84 0.73 
Ti02-V 0.67 0.98 0.99 
Cr- V 0.77 0.15 0.54 
MgO-CaO 0.49 0.11 0.75 
MnO- Fe20 3 0 .71 0.86 0.34 
Sr-CaO 0.85 0.79 0.70 
Au-Ag 0.30 
Au-Sb 0.27 
Au-As 0.36 
Au-W 0.27 
Au-Bi 0.34 
Au-ie 0.18 
K-Rb 0.94 
K-Ba 0.92 
Rb-Ba 0.96 
Rb-Sr 0.55 
Co-Ni 0.82 
AI20 3-Zr 0.83 
Ti02-AI20 3 0.88 
Ce- La 0.99 
Ce-Nd 0.96 
Ti02-Zr 0.87 
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in the ElF. A strong positive correlation is displayed between Lor and MgO (r = 

0.91, Fig. 4.3C) in rocks in the orebody (ElF and schist) and this is indicative of 

significant proportions of C02 in the volatile phase resulting from carbonate 

alteration. 

Figure 4.3D illustrates the scatter plot between P205 and Y in all the vanous 

sample groups. A strong positive correlation between P205 and Y in the BIF 

provides evidence for the environment of formation as deep-sea sediments 

shown by the line representing the trend for deep-sea sedimentation (Marchig et 

al. 1982). These authors showed that phosphorous in the deep-sea is hosted in 

detrital apatite with enrichments in Sc, Y and rare earth elements, providing a 

typical positive correlation between P and Y, Sc or La in the deep- sea 

sediments . In contrast, metalliferous sediments or exhalates do not have 

correspondingly high Y values because of the mobilization of P by hydrothermal 

leaching and co precipitation with iron-hydroxide excluding Sc, Y and La. 

Figure 4.4A - D illustrates overall positive correlations between the following 

pairs in all the lithologies: V- Ti02 (r = 0.98), V-Cr (r = 0.78), MgO-CaO (r = 

0.52) and MnO-Fe203 (r = 0.82). The correlation between MgO and CaO (Fig . 

4.4A) is attributed to Ca- Mg substitution during carbonate crystallization. 

Variable degrees of alteration and mobilities of the two elements in each 

lithology possibly account for the dispersion of the data. In Figure 4.4B, a strong 

positive correlation between Fe203-total and MnO in the ore body lithologies 

(schist, r = 0.85; ElF, r = 0.71) possibly reflects formation of Fe-rich carbonates 

(ankerite and siderite) in these lithologies. 
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Figure 4.3. Elemental variation in lithologies at the Kalahari Goldridge deposit. 
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Y-Ti02 and Y- Cr plots (Fig. 4.4C and 4.4D respectively) , display an overall 

coherent correlation. Excluding one sample point, Y and Ti02 display very strong 

positive correlation in both the interbedded schist (r =0.98) and footwall mafic 

schist (r =0.99). 

Several element palrs, including Sr-CaO, K20-Ba, K20-Rb, Ni-Co, and Ba-Rb 

exhibit significant positive correlations in the BIF (Figs. 4.5A-D). These 

elemental pairs exhibit similar geochemical properties and significant mobilities 

in hydrothermal fluids. In general, the plots display significant increases in these 

elements in the altered units in comparison with the least altered units, which is 

consistent with the mobility of the elements during hydrothermal alteration. High 

positive correlation exists in K20-Ba (r = 0.92), Rb-Ba (r = 0.96) and K20-Rb (r 

= 0.94) variations in the mineralized BIF (Figs. 4.5A-C). These elements are 

hosted by K-bearing minerals (e.g., biotite, muscovite) and makes significant 

substitution among each other due to their similar ionic radii (Ba, 1.34A; Rb, 1.45 

A and K. 1.33A). At the Kalahari Goldridge deposit, stilpnomelane and muscovite 

constitute the main K-bearing mineral in the deposit. Therefore significant 

increases of these minerals in the altered units suggest that they were derived 

from the hydrothermal fluid. Variations between Rb and Sr (Fig. 4.5E) show much 

scattering, which indicates limited co- enrichment or depletion between the two 

elements. 
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Figure 4.5F illustrates a well defined positive correlation between Sr and CaO, 

which is indicative of crys tallographic substitution of Sr (ionic radius l.l SA) for 

Ca (ionic radius l.OlA) in the carbonates. The two elements show enrichments 

and some degree dispersion in the more altered samples. The enrichment is 

consistent with increased carbonation in the more altered BIF samples whereas 

the dispersion can be attributed to variable mobility of the two elements during 

alteration. 

Co and Ni exhibit a s ignificant positive correlation (r = 0.74). The two elements 

also exhibi t higher abundances in the samples showing higher degrees of 

alteration (Fig. 4 .5E), and may be attributed to partitioning of these elements into 

the sulphides associated with the alte red magnetite meso bands, res ulting from 

substitution fo r Fe in the sulphides . 

T he scatter plots between Au and other rare elements (As, Bi, W, Te, Ag and Sb) 

shown in Figures 4.6A-F are erratic and indicate no apparent correlations . T he 

lach. of correlation between Au and these elements is quite uncertain. However, 

Au shows an overall co-enrichment in Bi, Te and Ag (see next section). As 

pointed out by Eilu et al. (997), these elements exhibit variable geochemical 

dispersion in different environments or deposits . In other words, an element 

useful as a pathfinder in one deposit may not be useful in another deposit. Such 

variations, they concluded, refl ect the nature of the fluid s, solute sources and/or 

fluid-rock exchange during subsequent transport from so urce region to 

depositional s ite . 
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4.2.5: Chemical comparison of Kalahari Goldridge BIF with other iron-formations 

The compansons between BIFs have always been wrought with several 

problems based on the fact that banded iron-formations are very 

inhomogeneous, resulting from various scales of banding and the diversity of 

assemblages that can occur with fairly similar bulk compositions (Klein, 1983). 

On this basis, only general comparisons can be made. 

At the Kalahari Goldridge deposit, a comparison of the less altered BIF samples 

with major element compositions of other worldwide BIFs, summarized in Klein 

(1983), indicates relatively high Si02 contents against a common range up to 68 

wt % in most worldwide BIFs. In some isolated cases, higher Si02 ranging up to 

88 wt % has been documented in some BIFs (e.g. 16.1 to 87.2 wt %, Klein, 1978; 

26 .6-86.5 wt %, Lesher, 1978; 6-88 wt %, Dymek and Klein, 1988; 30.51- 90.43 

wt %, Manikyaba et al., 1993). The high variability in Si02 in these samples 

reflect variation in chert- or quartz-rich banding associated with the BIF. On the 

basis of Fe as Fe203-total and Si02 as major constituents, Manikyaba et al., 

(1993) classified as ferruginous cherts, samples containing < 15 wt % Fe203-

total and the rest Si02, and cherty BIF for samples containing> 15 wt % Fe203-

total and the remainder silica. On this basis, the BIF at Kalahari Goldridge with 

an average Fe203-total 25.36 ± 10.28 wt % and 70.23 ± 11.09 wt % for Si02 

may be classified as cherty BIF. It should however be noted that, despite the 

restri cted range in composition of the less altered BIF samples, due to the 

limited data points, the range may not represent the complete spectrum of 

compositions that are likely to occur in the area. 
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In an attempt to classify the environment of depositions for the BIF hosting the 

gold at Kalahari Goldridge deposit, the average concentration of the transition 

elements metals in the Kalahari Goldridge samples are compared to average 

Algoma- and Superior-type BIF (Fig 4.7) based on the data of Gross and 

McLeod, (1980), which are summarized in Table 4.6. The Kalahari Goldridge plot 

shows a close resemblance in shape with that of Algoma-type BIF indicating that 

the BIFs at Kalahari Goldridge were deposited in a similar environment to 

Algoma-type BIF. The subparallel relationship between the Kalahari Goldridge 

transition elements with the Algoma type also suggests uniform dilution of the 

Kalahari Goldridge BIF samples. This could be attributed to silica dilution by 

cherty bands given their high concentration in the Kalahari Goldridge BIF. 

Table 4.6. Average transition metal data from the Algoma- and Superior-type 
BIFs (Gross and McLeod, 1980) and Kalahari Goldridge (this study). 

Algoma Superior Kalahari Goldridge (this study) 
Sc 8 18 0.2 
V 109 42 4.8 
Cr 118 112 12.5 
Co 41 28 1.9 
Ni 103 37 8.3 
Cu 149 14 22.4 
Zn 330 40 34.3 
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4.2.6: Mass balance analysis of alteration 

4.3.6.1: Method of calculation 

The method of Grant (1986) was used for mass balance calculations to determine 

che mical changes resul ting from metasomatic reac tion at the Kalahari Goldridge 

deposit. T he Grant's isocon approach is a modifi cation of the original by Gresens 

(1967) and is defined by the equation, 
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e/' = lVPIM" reP + ~ej [4.5] 

Where e/' and eP represent the concentrations of the component i in the altered 

and original rocks respectively. AP and M" represent the masses of rock 

contained in an equal-sized rock volume before and after alteration respectively 

and ~ei is the change in mass of the component i during alteration relative to the 

initial mass of the system. 

Grant (1986) deduced that ~c,. = 0 for an immobile element. Therefore 

identification of immobile elements reduces equation [4.5] to e/' = lVPIM" reP} 
and plots on a straight line through the origin where e,ll and eP represent the x 

and y coordinates respectively, and the slope lVP 1M" is equivalent to the ratio of 

equivalent masses of immobile components in the original and altered samples. 

When the slope of the isocon is determined, the mass change ~ei for each 

component can be calculated by the rearrangement of equation [4.5] as, 

A positive mass change indicates addition of that component and a negative mass 

change indicates a depletion of that component. 

As the application of mass balance calculations in alteration assemblages 

requires the knowledge of the chemical and mineralogical composition of both 

primary host rock and its altered equivalent, a great drawback was presented at 

Kabhari Goldridge due to the lack of totally unaltered samples for comparison 

with the altered equivalents. This is primarily due to the following reasons: 
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CD. an intense hydrothermal alteration affecting the entire host assemblages m 

the mine area, and 

(ii). thick overburden of Kalahari sand and limited diamond drilling in the 

Kraaipan volcanic belt which hosts the Kalahari Goldridge deposit. However, 

attempts were made to separate least altered samples from certain ElF bands, 

defined by a lack of ladder quartz veining in these bands as shown for example, 

in figs. 2.8A and 4.2C. These samples are characterized by fine and undeformed 

layering of magnetite and chert. Their petrography also shows conspicuous 

differences in mineralogy from the altered equivalents that show evidence of 

intense metasomatism. Furthermore, the volatile constituent (LOO is consistent 

with the minimal occurrence of hydrous silicates, carbonates and sulphides 

compared to the altered equivalents. 

In this study, sixteen selected ElF samples consisting of five least altered were 

compared with eleven altered samples for the mass balance calculations. The 

average composition of the five least altered ElF samples was used to evaluate 

the net mass change of major and trace elements for each of the eleven altered 

ElF samples as described above. The immobile elements were determined based 

on the method of MacLean and Kranidiotis (1987) who proposed that binary plots 

of typical immobile elements (Ti, Zr, Y, Nb, Al and REE) should yield linear 

arrays, with high correlation coefficients (r = 0.90 - 0.99) that pass through the 

origin and bulk composition. In this study, a series of binary plots of these 

immobile elements (Fig. 4.8A-F) identified Ce and La as the most immobile pair 

as their binary plot showed a high correlation coefficient (r = 0.99) and the linear 

regression through the bulk composition passes through the origin (Fig. 4.8A). La 

or Ce could therefore be used for the mass change calculations. 
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4.3.7.2: Mass changes in altered ElF 

Using the Grant (1986) approach in equation [4.5], the mass balance calculation 

was done assuming constant Ceo Therefore, the mass change is calculated such 

that MO/MA = CACe/COCe for constant Ce is, LlCj = COCelC/ceC/'-cF The elemental 

changes, calculated as gains (positive symbol) and losses (negative symbol) of 

each element in the individual altered BIF samples, initially expressed in g/100g 

(for major elements) and mg/lOOg (for trace elements) of unaltered rock, and 

cor,-/erted to percentage mass change relative to the unaltered ro ck is presented 

in Table 4.7 and illustrated in Figure 4.9. 

It is important to note that the calculated mass balance does not represent 

absolute changes as would be determined if the parent rock was homogeneous 

and chemically unaltered. The ElF samples may be heterogeneous due to the 

fact that each band may contain variable proportions of chert (quartz) and 

magnetite. Secondly, some of the altered ElF samples contain cm- scale ladder 

quartz veins, which could not be separated physically. 

Inspection of percentage mass change for individual samples indicates that silica 

is consistently depleted in significant amounts whilst MgO and Lor experienced 

enrichment in all samples. The depletion of silica can be attributed to significant 

lea,ching by the hydrothermal fluid and deposition in open-space fracture s in 

addition to quartz precipitated from the hydrothermal fluid. Evidence for the 

leaching of Si02 is provided by the significant replacement of quartz by 

carbonates in chert bands and recrystallized quartz in altered ElF. MnO, CaO, 

Na20, K20 and H20 experienced enrichment in most of the samples and on 

average showed enrichments of 74%, 122%, 203%, 143% and 38% respectively . 
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Table 4.7. Calculated mass change (%l in alte red BlF using the equatio n of Grant (1986) assuming constant Ceo 

_:-:-_--:"'L"'eost altered ==7A"I"te~r"ed=B",IFc.,..,=:-:---::::-=--:c=;:-:---:c=:-:c:-==:::-__ 
Sample No. Mean of 5 ::iamples (Table 4.3) 531/28-2 13175/2C-2 13 175/28 527/60 452/9BC 452/108 452/14 588-38 588/9A 588/14A 588/258 l..1ean std 

SiO, 
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25.36 

0.21 
0.76 
0.77 

om 
0.03 

0.11 

2.42 

0.12 

ppm 

34.27 
22.43 
8.33 
l.88 

12.49 
4.77 

0.10 
7.24 
10.00 
1.17 
4.91 
2.71 
2.46 
0.12 
0.86 
3.92 
0.04 
0.33 
1.11 
0.94 
2.42 
0. 13 
0.02 

-89 

276 

149 

- 4 1 

44 
70 
59 

206 

535 

65 

53 
- 13 

70 
-92 

2 
-26 
-4 
82 

1644 
620 
69 

971 
o 
27 
- 1 
99 
262 
2 
2 

-83 
17 

- 64 
-100 
- 100 
136 

-80 

38 

23 

- 19 

127 
93 
133 

39 1 

386 

13 

98 
-61 

-51 
-96 
- 68 
-72 
- 11 
-34 
377 
131 
107 
159 
o 
4 
- 3 

- 59 
86 

-19 
-9 

-79 
-84 
-84 

- 100 
- 100 
384 

-78 

-16 

-22 

- 12 

128 
89 
101 

121 

86 

-7 
155 
-68 

-54 
56 
-53 
70 
-59 
-46 
223 
106 
66 
104 
o 
4 

2 
- 69 
92 
-12 
332 
-44 
79 
-77 
- 4 

-41 
1084 

-55 

-33 

-29 

- 6 

129 
103 
116 

125 

80 

-46 

206 

50 

124 
211 

7 

74 
20 

375 
1566 
235 
247 
116 
o 
-8 
3 
25 

302 
-19 
659 
-63 
-74 

-73 
115 
105 

-100 

-67 

457 

430 

-17 

10 
166 
138 

13 

-13 

- 12 

154 

99 

29 
-34 
11 2 
181 
272 
344 

2053 
125 
269 
31 
o 
- 4 
-6 

329 
798 
-8 

238 
-61 
176 
6 

-60 
- 48 

-100 

-75 

53 

122 

- 19 

68 
148 
117 

8 

10 

-51 

233 

23 

8 
-59 
- 62 
-76 
-55 
49 
63 
85 
86 
89 
o 

-19 
9 

-24 
1 

-50 
607 
-51 
192 
-80 
112 
-13 
-11 

-75 

4 

19 

-47 

2 
79 
70 

334 

152 

-61 

129 

13 

-18 
-55 
-13 
-28 
-31 
24 

350 
294 
103 
232 
o 
-5 
4 

-31 
85 
-46 
566 
- 56 
15 

-57 
503 
794 
14 1 

-29 

106 

102 

- 46 

-14 
70 
102 

1112 

558 

64 

21 

61 

-65 
-73 
50 
19 
28 
131 
1260 
933 
149 
787 
o 

24 
38 

216 
52 
3 

-28 
-59 
- 36 
-37 
-91 
- 63 

-73 

26 

-19 

7 

93 
113 
-23 

19 

-61 

15 

107 

80 

27 
-76 

103 
-36 
-6 

259 
-37 
-35 
- 19 
o 
-9 
2 

3 1 
143 
-21 
388 
-15 
55 

- 64 
141 
203 
75 
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Figure 4.9. Mass changes of major and trace elements during hydrothermal alteration at the 
Kalahari Goldridge deposit. Gains and losses are expressed in percentage relative to least altered 
samples. 

115 



The consistent enrichment of volatiles (LOD, which consist dominantly of C02, 

H2S and CH4, is a reflection of intense carbonate and sulphide precipitation in the 

deposit, whilst H20 enrichment is associated with hydrous phases such as 

chlorite and stilpnomelane. Gains in MgO, CaO and MnO are also consistent with 

the intense carbonate alteration associated with the deposit. Na20 and K20 

enrichment is ascribed to the presence of stilpnomelane and muscovite, as the 

main hosts in the deposit. Fe203-total experienced minor depletion in all samples 

witi: average values of approximately 20%, whilst P20S remained relatively 

unchanged on average. The minor depletion of Fe suggests that a large 

proportion of Fe in the host rock has been retained as sulphides and carbonates 

in the altered ElF. The Fe released is attributed to have been and deposited in 

the quartz veins mostly as sulphides, carbonates and chlorites. 

The transition elements Ni and Cr were generally insensitive to alteration at the 

Kalahari Goldridge deposit. Cu was depleted moderately while Co, Zn, V and Sc 

experienced enrichments, with Sc showing consistent and very high relative 

enrichment ranging up to 4754% absolute enrichment (average, 1349 %). The 

rare elements and precious metals are characterized by variable average 

enrichments in Au (211 %), Ag (268%), Bi (65%), Te (88%) and As (22%), while 

Sb and W were depleted by approximately 19% and 50% respectively. 

The large ion lithophile elements, Ba, Sr and Rb have been added from the 

hydrothermal fluid. Enrichment of Sr (91 %) can be ascribed to ankerite formation 

sympathetically with CaO, while Ba and Rb, which alongside with K20, may be 

attributed to the extensive K -metasomatism, with these elements being 

incorporated in muscovite and stilpnomelane. 
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Of the high field-strength elements (Zr, Y and Nb) and rare earth elements (Nd 

ane La), which are traditionally considered immobile, the rare-earth elements Nd 

and La were generally unchanged, which is consistent with their isochemical 

behaviour. However, the high field strength elements Zr, Y and Nb experienced 

some mobility. Zr and Nb showed enrichments of approximately 228 and 42 % 

respectively, whilst Y experienced a minor depletion of 10 %. Typical immobile 

elements Al (as A1203) and Ti (as Ti02) exhibit variable and co- varying mass 

changes with average enrichments of 86% and 65% respectively. Their co­

variation suggests that these elements were derived from a common source. 

A number of studies (Ludden et aL 1984; Golding et aI., 1990; Moritz and 

Crocket, 1991; Eilu et aI., 2001) have demonstrated that the mobile behaviour of 

these "immobile" elements during alteration in Archaean lode gold deposits. In 

these studies, the mobile behaviour of these elements was attributed to the 

intense carbonatization association with these alterations. This contention has 

been demonstrated by Langmuir (1979) who showed that in fluids containing high 

levels of C02, these "immobile" elements, due to their high valence favour the 

formation of stable carbonate complexes, and hence are easily transported in the 

hydrothermal fluid. These observations and the extensive carbonate alteration at 

the Kalahari Goldridge deposit provide ample evidence for significant mobility of 

Zr, which may be hosted in accessory phases particularly zircon. Given the 

paucity of Al in pristine BIFs and its low solubility in hydrothermal solution, its 

enrichment in the altered BIF units, as evidenced by the presence of AI-bearing 

phyllosilicates such as stilpnomelane, chlorite and muscovite, indicates that Al 

ma',' have been sourced from detrital components (e .g. aluminous clay minerals) 

in the terrigenous sediments interbedded with the BIF by in-situ enrichment 

through leaching of silica from these clay minerals. 
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Chapter 5: ORE FLUID CONSTRAINTS 

5.1 Fluid Inclusion Geochemistry 

5.1.1: Introduction 

Fluid inclusion application has been an integral part in the study of ore genesis 

for decades. The primary aim of the study is to characterise the P-T-X 

evolution of the vein-forming hydrothermal fluids. These studies are based on 

the assumption by Roedder (1984), that the volume and compos ition of the 

examined fluid inclusion have remained constant since the entrapment of the 

inclusion. 

The interpretation of the P-T-X characteristics of the fluid inclusion reqUires 

careful measurement of phase changes in the inclusion during freezing-heating 

runs. These phase changes, namely, (j) final melting temperature of C02 (Tmco2), 

(ii) final melting temperature of ice (Tmiee), (iii) dissociation temperature of 

clathrate (Tmelathrate), (iv) homogenization temperature of C02 and CH4 

(ThCO:JThCH4) and (v) final homogenisation of the C02-H20-NaCI and H20-

NaCI inc lusions (Thtotal) are compared with published experimental data to 

calculate composition, salinity and density of the fluid. The TmC02 determines 

the purity of C02 phase in the inclusion. The triple point of pure C02 is -56.6°C. 

The Tmiee was used to determine salinity of H20-NaCI (type lID inclusions (Hall 

et aI., 1988). In the presence of C02 vapour, C02 liquid and aqueous liquid, the 

clathrate dissociation temperature serves as an alternative for the salinity 

estimate of C02-H20-NaCI inclusions to avoid the high salinity estimates using 
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Tmiee in the C02-H20-NaCl system (Bozzo et at.. 1975. Collins 1979. Diamond. 

1992). The addition of NaCl to the pure C02-H20 system shifts the C02-H20 

clathrate melting point (lO°C) to lower temperatures. In contrast. the presence of 

other volatiles. such as CH4• causes the opposite effect to that of NaCl. resulting 

in the dissociation temperatures above lO°C. Therefore all salinities calculated 

from clathrate melting temperatures for CH4-bearing inclusions represent 

minimum values. 

The temperature of total homogenization of an inclusion defines its bulk density. 

In addition. the total homogenization temperature of fluid inclusions generally 

provides minimum temperature estimates. Assuming immiscibility did not occur. 

trapping temperature can only be estimated if a pressure correction is applied. 

HC·;iever. where evidence of immiscibility is present. the total homogenization 

temperature equals the temperature of trapping (Touret. 1977; Ramboz et at.. 

1982). 

5.1.2: Sampling and classification of inclusions 

The selection of samples formed an important part of the fluid inclusion study. 

since the samples to be studied must be representative of the mineralization 

event. Therefore. for the purpose of this study. emphasis was laid on quartz 

vems associated with the gold mineralization. The quartz samples were 

restricted to those. which showed minimal effects of deformation. in order to 

ml)11mlSe post-entrapment modifications of fluid inclusions. Also. 

microthermometric data were coHected on inclusions. which showed no necking 

characteristics. A total of twenty mineralized quartz vein samples (8 from Group 

IIA and 12 from Group IIB veins) and two samples. one each from the 
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un mineralized steeply-dipping veins (thus, Group I and the Group III veins) were 

selected for the fluid inclusion petrography and microthermometry. 

Microthermometry was restricted to primary or pseudo-secondary fluid 

inclusions, based on the general assumption that the volume and composition of 

the original trapped fluid (primary or pseudo-secondary inclusions) have 

remained constant since their entrapment (Roedder, 1984; Sterner and Bodnar, 

19::;4). Therefore primary and pseudo secondary inclusions provide information 

about the mineralizing fluids . Secondary inclusions on the other hand, may 

provide information on the later geological history of a crystal. The criteria for 

classifying the inclusions were based on the work of Roedder (1984). The term 

"primary" was used for inclusions that occur in random clusters or in isolation. 

The term "pseudo-secondary" was applied to inclusions that generally occur in 

orientated arrays within grain boundaries, whilst "secondary" was applied to all 

inclusions that occur in abundance as trails along healed fractures. 

5.1.3: Inclusion Petrography 

In this study, three main types of fluid inclusions were identified based on their 

composition from micro thermometry and number of phases present at room 

temperature (21-22°C) . These are designated as type I, type II and type III 

inclusions. 

Type I inclusions are represented by one-phase carbonic liquids at room 

temperature . The inclusions consist of variable mixtures of C02 and CH4, ranging 

from C02-dominant to CH4-dominant fluids. Type I inclusions occur as clear to 

dark inclusions and commonly exhibit characteristic negative crystal shapes. 

Some inclusions contain a thin film of water between the carbonic fluid and the 
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inc;usion walls. C02-rich inclusions nucleate a bubble on cooling below room 

temperature. CH4 -rich inclus ions have been identified in one sample (525/21) 

taken in close proximity to the footwall black shale unit. They nucleate a bubble 

at temperature s below -100°C. The type I inclusions occur in subordinate 

amounts compared to type II and III inclusions . 

Type II inclusions contain two- (e.g., Fig 5.IA,B) or three-phase aqueous­

carbonic fluids at room temperature. The three-phase inclusions consis t of 

aqueous liquid, carbonic liquid and vapour. The two-phase fluid inclusions are 

the most abundant of type II inclusions, and consist of aqueous and carbonic 

liquids. The type II constitutes the maiority of inclusions occurring in the 

mineralized (Group II) ve ins. The carbonic phase nucleates a bubble on cooling 

below room temperature . Their shapes range from irregular and ellipsoidal to 

nearly rounded. The volume proportion of the carbonic phase is generally 

variable from 50 to 95 percent. 

Type III inclusions consist of aqueous liquid and vapour phases at room 

temperature (Fig. 5.IC). They have degree of fill (FH20) in the range of 80 to 95 

volume percent liquid in the mineralized veins, and about 50 to 85 volume 

percent in the Group III veins. One-phase aqueous inclusions were identified in 

some mineral ized quartz veins. However, due to the absence of a vapour phase 

and their inability to nucleate a bubble on cooling, phase transition 

measurements could not be carried out on these inclusions . Most type III are 

secondary in origin and exhibit degree of fill (> 95 %) . The inclusions are 

generally subrounded to irregular e longated shapes with size varying from 5 to 

2511m. Type III inclusions form the dominant population in the late quartz veins. 
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Figure 5.1. Photomicrographs of fluid inclusions in mineralized veins at the 
Kalahari Goldridge deposit. A. Types I and II inclusions in Group rIA (ladder) 
vein. B. 2-phase type II (liquid carbonic and aqueous phases) in Group IIB veins. 
C. 2-phase type III inclusions (liquid H,o and vapour) in Group IIB vein. 
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5. 1.4: Microthermometry 

5.1 .4.1 Analytical methods 

Microthermometry was conducted on 178 pnmary flu id inclusions from twenty 

mineralized quartz vems and two non - mineralized quartz vems. 

Microthermometry was performed at the Department of Geology, Rhodes 

University using a Linkam THMS 600 heating/freezing stage attached to a Nikon 

microscope with a X50 objective lens. Freezing runs were done using liquid 

nitrogen aided by a LNP cooling pump connected to the stage while heating runs 

were performed by a thermal resistor with a TM-93 control unit. The lower and 

upper limits of the stage are respectively - 180° and + 600°C. Calibrations were 

performed using pure water and C02 inclusions and potassium dichromate 

provided by the manufacturer. 

Samples were first frozen rapidly to temperatures below - lOODC and then heated 

s lowly at a rate of 0.5 to 1.0°C/min at temperatures below 31°C. Heating rate 

was increased to 5 to 10°C/min until total homogenization. The accuracy is 

estimated to be within ± 0.5°C for phase transition temperatures below -20°C, ± 

0.2°C between -20DC and 3lDC and up to ± 5DC for temperatures above 150°C. 

Freezing of inclusion was done rapidly to below -lOO°C to avoid the nucleation 

of meta - stable phases. 

In this study, the following SIX phase transition temperatures were measured 

during heating runs: (i) final melting temperature of C02 (TmC02), (ii) final melting 

temperature of ice (Tmiee), (iii) dissociation temperature of clathrate (Tmclathrate), 

(iv) homogenization temperature of C02 and CH4 (ThC02/ThCH4) and (v) final 

homogenization of the COr H20-NaCI and H20-NaCI inclus ions (Thtotal) . 
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5.1.4.2.' Mjcrothermometry results 

The results of the micro thermometric data for all the vems are given m 

Appendices VI to IX and summarized in Tables 5.1 to 5 .5. 

i i5arly quartz Vein (Group 1) 

Fluid inclusions from the samples of Group I quartz vems were generally too 

small to be examined . Their size ranged up to 5pm. Inclus ions consist dominantly 

of type I and type II. Measurements were made on twelve inclusions in the Group 

I quartz samples. These consist of 6 type I inclusions and 6 type II inclusions. 

The melting temperature of one solid C02 in type I inclusion occurred at -60.3°C. 

The melting temperatures of solid C02 in the type II inclusions showed 

depressed values (- 59.5 to - 62°C) in comparison to the melting temperature of 

pure C02. Homogenization of C02 for both type I and II inclusions was to the 

liquid phase . Thco2 values vary from 9.7 to 14.5°C, and from 9.4 to 14.0°C for 

type I and type II inclusions respectively. Clathrate melting temperatures range 

from 9.0 to 16°C. Six homogenization temperatures were attempted fo r type II 

inclusions: three inclusions homogenised to the vapour phase between 280 and 

290°C and three inclusions decrepitated prior to homogenization at temperatures 

between 247 to 263°C. 
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Table 5.l. Summary of micro thermometric 
veins at the Kalahari Goldridge deposit. 
Inclusion type Type I 

CO2 ± CH, 

T"' .J2 (OC) -60.3 n= 1 
Tm;oe (OC) 

Thclath'ate (OC) 

data of inclusions in Group I quartz 

Type II 
CO2-CH, - H20 - NaCI 

- 60.0 to -59 .5 n=6 

9 to 16.0 n=6 
Thc02 (OC) L/V 9.7 to 14.5 (L) n=6 9.4 to 14.2 n=6 

ThtotalL/v (OC) 280 to 290 (V) n=3 

T decreoitation (OC) 247 to 263 n=3 

Pco, (g/cm3
) 0.79 to 0.82 n=6 0 .79 to 0.82 n=6 

Paoueou, (g/cm
3

) 1.005 n=2 

Pbulk (g/cm
3

) nd 

Salinity (wt % NaCI) 2.03 n=2 2.03 n=2 
L = homogenizatIOn to liquid phase, V - homogenizat IOn to the vapour phase. 
n = number of observations nd = not determined 

ii. Ladder quartz vein (Group 11 A) 

Fluid inclusions in the Group IIA quartz ve10S are not common. Petrographic 

studies shows that most of the samples are free of fluid or contain inclusions 

generally not sui table for microthermometric measurements (less than 211m). T he 

Group IIA veins samples are dominated by type I and II inclusions. 

Microthermometric measurements were conducted on 56 inclusions in Group IIA 

quartz veins. Because of the small size of the inclusions and poor optical 

visibility at low temperatures, Tmc02 could only be measured on 23 of the 56 

inclusions . Only one type I inclusion was identified in the Group IlA veins, and 

indicated Tmc02 of - 59.5°e. The Tmc02 of the type II inclusions range from 

-6 l.9 to - 57.2°e (Fig. 5.2A). 

Table 5.2. Summary of micro thermometry data of fluid inclusions 10 ladder 
mineralized vein (Group IIA) at the Kalahari Goldridge depo sit. 
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Inclusion type 

Tmco, (DC) 

Tmice (Oe) 

Thclathrate (OC) 

Theo, (DC) 

ThCH., (DC) 

Thw",L/V (DC) 

T decreDitation (OC) 

PCH4 (g/em3
) 

Peo, (g/em3
) 

3 
Paaueous (g/em ) 

Ph,1k (g/em3
) 

Salinity (wt % NaCI) 

Type 1 
CO, or CH, 

-59.5 

10.1 to 15.9, (L) n = 4 

0.82 to 0.78, n = 4 

Type II 
CO,- CH, - H,O- NaCI 

-61.9 to -57.2, n = 22 

7.5 to 15, n = 42 

- 4.3 to 21.9 (L), n = 42 

268 to 307 (V), n = 13 
210 to 284 , n = 22 

0.89 to 0.73 , n = 42 

0.992 to 1.029, n = 25 

0.83 to 0.88, n = 9 
o to 5.4 1. n = 25 

Type III 
H,O-NaCI 

- 3.9 to -2.5, n = 10 

255 to 283 (L/V), n=4 
245 to 268 , n = 5 

1.021 to 1.036, n = 10 

4.18 to 6.3, n = 10 
L - homogenization to the i1qUld phase. V - homogenizatIOn to the vapour phase . 
n = number of observations 
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shows a discrete mode between 10 and 12.5°C (Fig. 5.2B). The range of Thco2 

corresponds to C02 densities from 0.88 to 0.73g/cm3 based on the data of Ely et 

al. (1989). 

Clathrate dissociation temperatures in type II inclusions yielded values from 6.4 

to 14.8°C (Fig. 5.3A). Fluid salinity estimates were calculated for inclusions with 

clathrate me lting temperatures lower than 10°C (6.4 to 9.8°C) after the data of 

Bozzo et al. (975). These correspond to minimum salinities ranging from 0.41 to 

5.41 wt% NaCI equivalent (Fig. 5.3B). Salinity cannot be determined on type II 

inclusions with Tmelathrate higher than 10°C. The type II inclusions with depressed 

Thco2 show corresponding higher Tmcla,hrate , greater than 10°C, which indicates 

the presence of significant amounts of CH4 in the inclusions . The presence of 

CH4 in these inclusions has been confirmed by Raman spectroscopy (discussed in 

section 5.l.4) . 

Salinities calculated from the Tmiee of the type III inclusions (-2 .5° to -3.9°C, Fig . 

5.4A) indicate a range from 4.18 to 6.3 wt % NaCI equivalent (Fig. 5.4B), using 

the data of Hall et al. (1988). Most type II inclusions decrepitated prior to total 

homogenization, which indicates high pressures generated by the volatiles 

notably C02 ± CH4. Decrepitation occurred in the range from 210 to 270°C (Fig. 

5.5A) with some inclusions decrepitating close to homogenization. Total 

homogenization occurred from 270 to 307°C (Fig. 5.5B), and occurs dominantly 

in the vapour phase. The total homogenization temperatures of the two type III 

inclusions occurred in the range from 270 to 283°C (Fig. 6B) into the liquid or 

vapour phase but mostly in the vapour phase. 
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IIi. Large quartz vein (Group lIB) 

The Group lIB quartz veins contain type 1, II and III fluid inclusions . The type II 

inclusions form the largest population of inclusions in the veins. The size of the 

inclusions is variable from about 5 to 20pm with a mean of about lOpm. Most of 

the observed type III inclusions in the ve ins occurred as secondary inclusions . 
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Figure 5.5. Histograms showing decrepitation and total homogenization 
temperatures of type 11 inclus ions in Group llA veins 

Melting temperatures of solid C02 showed significant depression from the triple 

point value of -56. 6°C. Values range from - 56.8 to -64 .3°C (Fig . 5.7A), 

indicating the presence of other volatiles (CH4) In the inclusions. The 

homogenization of C02 occurred dominantly in the liquid phase and showed a 

wide spread from 8.4 to 24.2°C with three dis tinct modes 00 - 12.5°C; 15.0 -
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17.5°C; and 20 - 22.5°C; Fig. 5.7B) . T he range of homogenization temperatures 

corresponds to C02 densities from 0.70 to 0.87 g/cm3
. Homogenization 

temperatures of three CH4-rich inclusions vary between - 95 to - 97 .0°C in the 

liquid phase. 
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Figure 5.6. Histograms showing decrepitation and total homogenization temperatures 
of type III inclusions in Group IIA veins. 

No sol id phases were observed in these inclusions on further warming beyond 

the triple point of pure C02 (-56.6°C), which indicates that the inclusions were 

essentially pure methane . Clathrate melting temperatures of most type II 

inclUsions (Fig. 5.8A) occurred from 7.0 to 13.3°C. The fluid salinities from the 

clathrate temperatures range from pure water to 5.77 wt % NaCI equivalent (Fig . 

5.8B). Ice melting temperatures of the type III inclusions vary from -1.9 to 

-3.1°C (Figure 5 .9A), corresponding to salinity estimates from 3.23 to 5.11 wt% 

NaCI equivalent (Fig. 5.9B). 

130 



Tarle 5.3 Summary of microthermometric data of Group lIB veins at the Kalahari 
Goldridge deposit 
Inclusion type 

Tmco, ('e) 
Tmjce (Oe) 

Thclathrate COe) 
Thco, ('e) L!\' 
ThcH• (Oe) 

Th"",L!V ('e) 
Tdecrepitation (' e) 

PCH. (g/cm3
) 

Pco, (g/cm3) 

PaQueous (g/cm3) 

Pbo" (g/cm3) 

Salinity (wt % Naell 

Type I 
CO, or CH, 

- 64 .3 to -58.5. n = 6 

8.4 to 14.8 (Ll, n = 6 

0.83 to 0.79, n = 6 

Type II 
CO, -CH. - H,O- Nael 

-61.0 to -57.0, n = 56 

7 to 13.3, n = 80 
9.1 to 24.2 (Ll n = 80 

248 to 310 (V) , n = 41 

195 to 275 n = 39 

0.82 to 0.70, n = 80 
0.992 to 1.025, n = 77 

0.76 to 0.89, n = 36 
0.0 to 5.77, n = 77 

Type III 
H,O-Nael 

-3.1 to -1.9, n = 9 

271 to 306 (L or V), n = 6 

235 to 255, n = 3 

1.014 to 1.027, n = 9 

3.71 to 5.11. n = 9 
L - homogenizatIOn to liquid phase. V - homogentzatlOn to vapour phase. 
n = number of observations 
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As with the Group IIA vems, several type II inclusions decrepitated before 

reaching homogenization . The decrepitation temperatures vary from 214 to 

270°C (Fig. 5.lOA). The total homogenization temperatures showed a range from 

254 to 310°C, mainly to the vapour phase (Fig. 5.lOB). Primary type III inclusions 

yielded temperatures from 271 to 306°C (Fig. 5.11B) . Some of the inclusions 

decrepitated before homogenization, suggesting that the inclusions may contain 

minor amounts of volatiles. No clathrates were observed in the type III 

inclusions . Howeve r, Bodnar et a!. (1985) showed that clathrate format ion in 

inclusions with C02 contents less than 4 mole percent might be optically 

invisible. Some type III inclusions, which show similar features to primary 

inclusions, homogenised at low temperatures between 122 to 220°C. These 

inclusions were, however, considered to be secondary due to the low 

temperatures and may reflect late-trapped fluids. 
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temperatures of 

iv. Late quartz vein (Group IJI) 

The Group III vems contain all three types of inclusions. However, type III 

inclusions form the dominant population. Table 5.4 shows the summary of 

micro thermometric data of the late veins . The Tmco2 in three analyzed inclusions 

shows significant depres sion from - 60.1 to -70.0DC. Ice melting temperatures 

range from 0.5 to -3.5DC and are equivalent to fluid salinities in the range from 

0.8 to 5.71 wt % NaCI. The dissociation temperature of clathrates exceeds lODC, 

consistent with significant CH4 contents as recorded in the Tmco2. Observed C02 

homogenization temperatures range from 0.7 to 9.9°C. Total homogenization 

134 



temoerature s of the type III inclusions show a relatively wide range from 217° to 

362°C, either in the liquid or vapour phase . Of the two type II inclusions, one 

homogenized in the vapour phase at 220°C, whilst the other decrepitated at 

249°C. 

Table 5.4. Summary of microthermometric da ta of inclusions in Group III veins at 
the Kalahari Goldridge deposit 
Inclusion type 

Tme02 (OCl 
Tm;ce (OCl 

Thclathrate (OC) 

The02 (OC) LIV 

Type I 
CO2 ± CH. 

-70.0, n = 1 

9.7 to 14.5 (U, n = 6 

T ype II 
CO2-CH.-H20-NaCI 

- 65.0 to -60.1, n = 2 

11.5 to 13 .0, n = 2 

1.6 to 9.9 (U, n = 2 

Type III 
H20-NaCI 

0.3 to -3. 5, n = 9 

T h,otal LIV (OCl 220 (V), n = 1 217 to 355 (L or V), n = 9 

T d.:.~ . eoilation (OCl 249, n = 1 

Pe02 (g/c m
3

) 0.88, n = 1 0 .83, n = 1 

Paa"eo", (g/em
3

) nd 

P bulk (g/em3
) nd 

Salini ty (wt % NaCl) nd 
L - homogeni zatIOn In the liquid phase. V - homogenizatIOn to vapour phase . 
n = number of observations. nd = not determined. 

5.1.5: Laser Raman Spectroscopy 

0.998 to 1.022, n = 9 

1.05 to 5.71 n=9 

Twenty fluid inclusions in 6 quartz vein samples were analysed by laser Raman 

microprobe at the Department of Physics, University of Witwatersrand for 

vo!;:;tile species including C02, CH4, H2S and N2. The fluid inclusions are 

representative of samples from the Group IIA and Group IIB quartz veins. 
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5.1.5.1: Analytical method 

The analyses were carried on a Jobin- Yvon T64000 Raman microprobe using an 

Olympus BX40 microscope attachment and a liquid Nrcooled CCD detector. An 

Ar ion laser of 514.5nm was used as the excitation radiation and source power of 

500mW. Spectral resolution was better than 2cm- l . The beam was focused to a 

spot size of approximate ly 3J.lm using an Olympus objec tive with a lOOX 

magnification and numerica l aperture of 0 .9. A small confocal pinhole size 

(O.5mm) was used to reduce the vertical dimension of the laser focus and thus 

minimize the quartz mineral host bands. A spectrum of the quartz adjacent to the 

inclusion but at same depth was recorded as a sample to serve as a blank for 

atmospheric N2. because the optical path of the laser in the atmosphere can give 

atmospheric N2 signals. 

5.1.5.2: Results 

The Raman spectral regions enabled analysis of C02. N2. H2S. CH4 and H20. The 

calculated compositions from the Raman spectra are given in Table 5.5 and 

examples of the spectra for samples PH/6-004 and 525/25-002 in the Group IIA 

and Group lIB ve ins respectively in Figures 5.12 and 5.13. 

C02 displayed two peaks. the strongest peak occurring from 1375 to 1376 cm-1 

and the second peak from 1287 to 1291 em-I. The Raman spectra for CH4 

showed peaks ranging from 2912 to 2916 cm- I Broad bands in the region around 

3200 em-I and 3400 cm-I indicated fluid inclusions containing water and 

dissolved salts respectively. Neither N2 nor H2S was detected in any of the fluid 

inclusions . C02. N2. H2S and CH4 were not detected in the aqueous inclusions. 
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Table 5.5 Raman microprobe data for fluid inclusion in mineral ized ve ins at 
the Kalahari Goldridge deposit 

Gaseous phases (mol %) 
(Juartz 
sample Inclusion No . Inclusion type CO2 CH, N2 H2S CO2/CH, 
Group IIA 
EH/6S EH/6S- 00 1 2-phase type II 77.6 22.4 - - 3.5 

EH/6S- 002 2- phase type II 89.6 10.4 - - 8.6 
EH/65- 003 2-phase type II 73.3 26.7 - - 2.7 
EH/6S-004 2- phase type II 87.8 12.2 - - 7.2 

PH/65 PH/6-001 2-phase type II 54.4 45.6 - - 1.2 
PH/6-002 2-phase type II 87 .1 12.9 - - 6.8 
PH/6- 003 2-phase type II 86.4 13.6 - - 6.4 
PH/6-004 I-phase type I 57.1 42.9 - - 1.3 

Group liB 
531/16B 531/16B-00I 2-pha se type II 82.0 18.0 - - 4.6 

531/16B- 002 2-phase type II 84.8 15.2 - - 5.6 
531/16B-003 I-phase type I 31.9 68 .1 - - 0.5 
531/16B- 004 I-phase type I 94.6 5.4 - - 17.5 

532/1 1A 532/11A -00 1 I-phase type I 66.1 33.9 - - 1.9 
532/11A-002 2- phase type II 82.4 17.6 - - 4.7 
532/11A- 003 I-phase type I 91.3 8.7 - - 10.5 

525/21 525/21-001 2-pha se type II 55.8 44 .2 - - 1.3 
525/21-002 2-phase type II 42.0 58.0 - - 0.7 
525/21- 003 2-phase type II 24.2 75.8 - - 0.3 

T he Raman analyses show that the carbonic phase of the inclus ions consis ts of a 

mixture of C02 and CH4. Estimates of C02 and CH4 contents in inclus ions in the 

Group IIB veins ranged from 24 to 95 mol % and 5 to 76 mol % respective ly. In 

the Group IIA veins, the C02 content is variable between 54 and 90 mol % whilst 

CH4 ranges between 13 and 45 mol %. The C02/CH4 ratio in the flu id inclusions 

is highly variable from C02-dominant to CH4-dominant, even within a single 

sample . The inc lusions In the Group IIB veins show a wider variation in the 

C02/CH4 ratios from 0.3 to 17.5, in comparison to the inclusions in the Group IIA 

veins , which varied from 1.2 to 8 .6 (Table 5 .5) . 
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Petrographic, microthermometric and laser Raman investigations of the fluid 

inclusions suggests that the ore fluid responsible for the vein formation 

associated with gold mineralization at the Kalahari Goldridge deposit was of low 

salinity and consists of a mixture of aqueous and carbonic (C02 + CH4) 

components. The presence of minor amounts of volatiles (C02 ± CH4) in the 

aqueous inclusions is indicated by the frequ ent decrepitation of these inclusions 

prior to total homogenization . The presence of these volati les may also account 

for the relatively higher salinities in the aqueous inclusions in comparison with 

the aqueous-carbonic inclusions. As explained previously, minor amounts of C02 

± CH4 « 4 mol %) in aqueous inclusions may cause optically invisible clathrates 

(Bodnar et a!., 1985), and hence cause an increase in the salinity of the residual 

fluid due to the exclusion of electro lyte (e.g., NaCl, KC1, CaCI2) from the 

clathrate structure . These salinity estimates therefore represent maxImum 

values for the ore fluid. 

The wide Thco2 range between 7.5 and 25°C with three distinct modal 

populations (10 - 12.5°C, 15 - 17.5°C and 20 - 22.5°C) associated with the large 

veins apparently corresponds to an extended pressure range during fluid 

entrapment. The modal peak of the Thc02 (10 - 12.5°C) in the Group IIA veins on 

the other hand, shows a restricted range giving an indication of a protracted 

pressure range. Giving consideration to the similarity of the fluid compositions 

anG overlapping total homogenization temperatures of the type II and type III 

primary inclusions in both the Gro up IIA and lIB veins, it can be deduced that the 

ore fluid from which the veins crystallized possibly evolved from a single 

parental source under isothermal conditions . The time relationship between 

mineralization associated with the Group IIA and Group lIB veins is considered to 

be a progressive event based on the overlapping of the modal Thc02 peak in the 

Group lIA veins and that of the first modal Thc02 peak of the Group lIB veins. 
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The wide variation of C02 densities has also been attributed to heterogeneous 

trapping and fluid unmixing resulting from fluctuation of fluid pressure during 

hydraulic fracturing (Touret, 1977; Ramboz et a!., 1982; Sibson et a!. 1988), 

differential leakage of H20 from aqueous-carbonic inclusions (Watson and 

Brenan, 1987; Hollister, 1990) or partial mixing of variable amounts of two 

homogeneous fluid s of different compositions (Pichavant et a!., 1982; Ramboz et 

a!, 1982), 

Criteria proposed by Ramboz et a!., (1982) for identifying the presence of fluid 

unmixing include : 

(j) the two types of inclusions must occur in the same region and must 

show clear evidence that the fluids were trapped 

contemporaneously ; 

(ii) the two members of fluids s uspected to have been trapped 

contemporaneously, must homogenize at the same temperature (or 

within the same temperature range), One must homogenize to the 

liquid phase (L + V => L), and the other to the vapour phase (L + V 

=> V); 

(iii) if one inclusion type decrepitates before homogenising, the other 

must behave similarly, 

The situation at Kalahari Goldridge, meets the criteria (ii) and (iii), However, it is 

unlikely that fluid unmixing dominated the observed variation in C02 densities in 

the Group IlB veins considering the dominant occurrence of the aqueous­

carbonic inclusions and the rare occurrence of immiscible end-member pairs, 

which characterize the presence of fluid immiscibility, 
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An effect of miXIng of different compositions as a possible cause for the wide 

spread in C02 density is likely to be reflected in a s imilar variation in the oxygen 

isotopic signatures of fluids from these veins. However, the oxygen isotope 

signatures suggest uniform fluid composition (see section 6.2 on carbon stable 

isotopes), whilst post-entrapment modification through loss of H20 is not 

supported by textural evidence. Furthermore, field evidence indicates that the 

Group lIB veins post-date the Group IIA veins. Therefore a post-deformational 

event capable of producing such variation of fluid density in the Group lIB veins 

would produce a similar fluid inclusion assemblage in the Group IIA veins. 

The significant occurrence of CH4 and the wide variation of the C02/CH4 ratios in 

the ore fluids bring into question the source of the CH4 and whether it played any 

role in the precipitation of the gold. Possible sources of CH4 can be attributed to 

fluid interaction with dispersed organic materials, which characterise diagenetic 

to low-grade sedimentary units such as the BIF units hosting the gold at Kalahari 

Goldridge (e.g . Mullis, 1987) and/or the thin discontinuous carbonaceous phyllitic 

units sandwiched between the footwall and the orebody. The significant variation 

in the C02/CH4 ratio can be attributed to local fluctuation in f02 promoted by 

variable fluid pressures during trapping. 

As noted earlier, aqueous inclusions at Kalahari Goldridge have mInor 

occurrence in comparison with carbonic or mixed carbonic-aqueous inclusions . 

This observation can be attributed to extraction of H20 for hydration of 

phyllosilicates (e.g. chlorite, sti lpnomelane and muscovite), particularly 

stilpnomelane, which hosts extra water molecules in its zeolite structure. In 

addition, hydrolysis reactions between ore fluid and carbonaceous materials In 

the host rocks (2C + 2H20 = C02 + CH4) could also result in the loss of H20 in 

inclusions. 

141 



5.2: Pressure-Temperature Constraints on Au Mineralization 

A combination of fluid inclusion data and composition of mineral assemblage can 

be used for the P-T estimates associated with the Au mineralization at Kalahari 

Goldridge . The pressure and temperature existing during hydrothermal alteration 

and quartz vein formation are important parameters to constrain the physico­

chemical conditions during gold precipitation. These estimates are based on the 

assumption that the alteration mineral assemblage was synchronous with the 

gold precipitation. Another assumption is that the P-V-T-X characteristics of 

the original fluids were preserved after trapping. Changes in the composition of 

the inclusion after trapping can render the interpretation of fluid inclusion data 

difficult or impossible. Such changes can be effected by post-trapping 

deformational events, which can be accompanied by recrystallization and fluid 

re - equilibration (Roedder, 1984). At Kalahari Goldridge, compelling evidence 

points to the fact that most of mineral assemblages particularly in the BIF, 

resulted from hydrothermal alteration, and thus were synchronous with the gold 

precipitation, whilst analyzed fluid inclusions show no evidence of post­

entrapment modifications. 

5.2. 1: Temperature estimate 

Temperature estimates during mineralization are derived from the fluid inclusion 

data and compositional variations of chlorite in the alteration assemblages and 

mineralized veins . The total homogenization temperature of fluid inclusions 

provides minimum temperature estimates, in the absence of fluid immiscibility, 

and therefore a correction factor based on an independent geothermometer is 

required . 
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At the Kalahari Goldridge deposit, overlapping total homogenization 

temperatures of inclusions in the mineralized veins in the range of 255 to 310°C 

and the rare evidence of fluid immiscibility suggest that minimum temperatures 

remained in this range during vein formation. In view of the widespread 

occurrence of chlorite in the alteration assemblages, chlorite geothermometry 

has been used to obtain the temperature existing during hydrothermal alteration. 

The experimental work of Cathelineau and Nieva (1985) and Cathelineau (1988) 

showed that the Al content in the tetrahedral sites of chlorite correlates 

positively with temperature. These experiments also documented that the effect 

of pressure on the geothermometer is negligible . 

Microprobe analyses of chlorites in Au-quartz veins, ElF and interbedded schist 

yie lded mineralization temperatures from 345 to 400°C (Table 3 .4A-C, Figs. 5.14 

and 5.15). A general observation of the estimated temperature is that the highest 

values exist in the altered ElF samples, whilst the lowest temperatures are 

recorded in the veins . The low values in the veins would suggest that these 

temperatures represent final filling temperatures, as vein crystallization is 

associated with the wanIng stages of the hydrothermal fluid during 

mineralization. Further constraints on the temperature are based on the 

coexistence of s iderite - pyrite -pyrrhotite-magnetite assemblage in the alteration 

zor:~. The assemblage defines the upper stability limit of the temperature during 

the alteration process, based on the experimental data of Seguin (1971) of phase 

relations in the Fe-C-O-S system. The data of Seguin (1971) documented that 

this assemblage are stable up to a temperature of 382 ± 13°C at 2kbar. 
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5.2.2: Pressure estimates 

The pressures existing during the mineralization at Kalahari Goldridge can be 

constrained using calculated isochores of primary inclusion densities from 

representative fluid inclusion compositions in the mineralized veInS, In 

coni unction with independent temperature estimates from chlorite crystallization 

temperatures in the mineralized quartz veins and alteration assemblages. The 

isochores define the traiectory in P-T space along which the fluid was trapped 

and are generally calculated based on the assumption that the inclusions are a 

closed system. They are thus a constant-volume and constant-mass system so 

that independent temperatures or pressures allow for the interpolation of other 

variables. 

Thp isochores for aqueous inclusions were calculated USIng the equation of 

Zhang and Frantz (1987) with average values of Thtotal. Isochores for one- phase 

carbonic inclusions (C02-rich, CHcrich or C02-CH4) were calculated using the 

modified Redlich-Kwong (MRK) equation of Holloway (1981), based on average 

fluid densities, giving consideration to the tight clustering of the homogenization 

temperatures . The geometrical ideal mixing procedure of Brown and Lamb 

(1989) was used to construct isochores for the mixed aqueous-carbonic (C02-

CH4-H20-NaCl) inclusions. In this method, the location of the mixed fluid 

isochore is assumed to lie between the intersection of isochores of the end­

member fluids H20-NaCI and C02, which constitute the ternary fluid system 

(C02-H20-NaCl), scaled to the volume percent C02. In determining the position 

of the end-member isochores in the C02-H20-NaCI system, Brown and Lamb 

(1989) used the MRK equation of Kerrick and Jacob (1981) for the C02 phase, 

and the formul ation of Zhang and Frantz (1987) for the H20-NaCI phase for 
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aqueous densities < 19m-3, or their modified verSlOn of the Zhang and Frantz 

(1987) equation for aqueous densities> 19m-3. 

In this study, the isochore for the aqueous end- member was determined using 

the Zhang and Frantz (1987) equation modified by Brown and Lamb (1989) and 

the MRK equation of Holloway (1977, 1981) for the C02 end-member isochore, 

instead of the Kerrick and Jacob (1981) equation, because the former takes into 

account the CH4 contents in C02. Furthermore, Duane et a l. (1992) demonstrated 

that incorporating about 4% CH4 into C02 causes error in pressure estimates in 

the range of 15 to 20%. The volume percent of the carbonic phase was 

calculated based on the graphical data of Schwartz (1989), which is itself based 

on the experimental data of Gehrig (1980) and Bowers and Helgerson (1983) at 

40eC, and utilizes the C02 density, Th'e'al measurements of the C02-H20-NaCl 

inclusions and salinity of the inclusions. This approach el iminates the visual 

estimation of the volume fraction, which can be associated with significant 

uncertainties due to irregular shape of the inclusion, extent in the third 

dimension and optical effects re lated to differences in the refractive indices of 

the various phases (Brown and Lamb, 1989). Furthermore , the choice of 40°C by 

Schwartz (1989) is based on the observation by Burrus (1981) that, at 

ten,;Jeratures s lightly above the critical point of C02 (= + 31°< T < 50°C), 

coexisting phases of C02 and H20-NaCl act as pure end members since solubility 

of H20 in C02 is less than 0.6 mole percent and that of C02 in H20 is less than 3 

mole percent at these temperatures and pressures below 500 bars . However, 

errors due to the mutual solubility of C02 and H20 have been corrected for in the 

graphical approach. 

On the basis of the wide Thc02 for inclusions in the Group lIB veins, the lowest 

and highest bulk density data were appli ed to determine the isochores, whilst 
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average values were used for inclusions associated with the Group lIA veins, due 

to the tight clustering of Thco2. The calculated isochores for the various fluids 

associated with the mineral ization at the Kalahari Goldridge deposit are 

presented in Figures 5.16A and B. Given the temperature interval 345 to 400°C 

determined from the chlori te compositions, projected entrapment pressures 

range from approximate ly 0.75 to 2.0 kbars for the large mineralized veins, and 

1.0 to 2.0 kbars for the ladder veins . 

The projected pressures for the given temperature range (345 - 400°C) 

consistently show overlapping values for the carb on-containing inclusions from 

1.7 to 2.0 kbars for both mineralized veins. Such tight pressure constraints for 

the carbon-bearing inclusions in both mineralized vein systems suggest that the 

fl uids must have equilibrated under similar P- T conditions during mineralization. 

Ttl.. aqueous inclusions, on the other hand, show steep isochores with lower 

entrapment pressures ranging from approximately 1.0 to 1.5 kbars in the Group 

lIA veins and, 0.7 to 1.3 kbars in the Group lIB veins , suggesting that they were 

trapped during the later stages of the veining. 
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5.3: Physico-chemical Conditions of the Ore Fluid System 

One of the major aims of this study is to define the composition of the ore fluid 

responsible for gold deposition at Kalahari Goldridge as well to as constrain the 

physicochemical parameters , which controlled the transport and deposition of the 

gold. Combinations of mass action relationships are useful for the calculation of 

such thermodynamic parameters as f02, IS, XC02 and pH of the fluid system. 

These parameters provide a fundamental understanding of the fluid composition , 

mode of transport and depositional mechanism of the gold. Defined conditions 

can also be compared with fluid associated with gold deposition in other 

Archaean systems worldwide. 

At Kalahari Go ldridge, mass action relationships of end-member compositions of 

alteration assemblages, as well as fluid inclusion compositions were used to 

constrain the thermodynamic parameters . (e.g ., Neall and Phillips, 1987; Bohlke, 

1989; Cassidy and Bennet, 1993; Zhou et aI., 1994) . Mineral reactions written 

from three chlorite end-members, cl inochlore {Mg5AI2Si401Q(OH)s - Chi-I}, 

daphnite {Fe5AI2Si40lQ(OH)s) - Chl-Z} and AI-free chlorite {Mg6Si401Q(OH)s, -

Chl-3}, the Fe end-members of carbonate (FeC03) and sti lpnomelane 

(Ko.625Fe6AISis021(OH)5.625·3/ZH20) were used for the calculation of the 

physicochemical parameters. 

5.3.1: Basis for the thermodynamic calculation 

Thermodynami c data for the calculations were taken from Walshe (986) for 

chlorites, Miyano and Klein (989) for stilpnomelane , and Robie et ai. (978) for 

siderite, magnetite and hematite. Data for pyrite, pyrrhotite and siderite were 
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taken from Helgeson (969). Assuming ideal mIxmg, the activities of the end-

member compositions are calculated from microprobe data usmg the activity 

models of Walshe (986) for chlori te, and Miyano and Klein (989) for 

stilpnomelane. The activity of siderite is calculated from the Fe/(Fe+ Mg) ratio. 

Magnetite, pyrite and pyrrhotite show nearly ideal composition and therefore a 

unit activity is assume d. Unit activity is also assumed for liquid water. Fugacity 

coefficients of gaseous species are taken from the data of Ryzhenko and Volkov 

09'11). Activity coefficient of aqueous species (e .g. YH2S) is calculated using the 

modified Debye-Hiickel equation and data in Helgeson et al. (981) and 

Truesdell (1984). Expressions and formulae used for calculating activities and 

activity coefficients are listed in Appendix III. 

5.3.2: Oxygen fugacity (£02) and total sulphur content (ad 

The f02 and aES at Kalahari Goldridge are constrained usmg mass action 

relationships involving the mineral assemblage carbonate, magnetite, pyrite, and 

pyrrhotite, and fluid inclusion compositions at 350°C and 1.7 kbar (e.g. Neall and 

Phillips, 1987). Mineral reactions for the calculations are represented as: 

FeC03 + 
s iderite 

+ 3FeC03 

siderite 

FeS + 
pyrrhotite 

+ 

5/6MgsSi,O lOCOH)s + FesAI2Si,O lOCOH)s + 5C02 = 
Chl-3 Chl-2 

[5.1] 

[5 .2] 

5FeC03 + MgsAhSi,COH)s + 1O/3Si02 + lO/3H 20 [5.3] 
Siderite Chl-l quartz 
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The £02 and aH2s are calculated with equations (5 .1) and (5.2) res pective ly. T he 

fC()~ used in the reaction is calculated from equation (5.3). The calcul ated values 

for the ElF, Group IIA and lIB veins are presented in T able 5.6. The calculated 

f02 ranges give an overall range from 10-29.98 to 10-31. 24 (Group IIA veins, 10-30.72 

to 10-30.47; Group lIB veins, 10-3092 to 10-29.90 and ElF, 10-31.24 to 10-30.34). In view 

of the common occurrence of CH4 and C02 in fluid inclusions in mineral ized 

veins, the f02 can also estimated according to the reaction : 

Assuming equi librium is estab lished among the invo lved species . The equilibrium 

constant for the reaction is calculated from the equation of Ohmoto and Kerrich 

(1977). The XCH4 and XC02 were derived from the Raman data for fluid 

inclusions. Given that high CH4/C02 ratios occur in inclusions proximal to 

carbonaceous meta-peli tes , which is attributed to the hydrolysis reaction 

between carbon and the ore fluid, the lowest CH4/C02 ratios are assumed to 

represent the original ratios pnor to fluid in teraction with the carbonaceous 

ro cks. T herefore, XCH4 and XC02 in the fluid are calculated using CH4/C02 ra tios 

of l.2 and 0 .3 for the Group IIA and Group IIB veins respectively. Thi s gives £02 

values of 10-3296 fo r the Group lIA veins and 10-32.12 for the Group lIB veins. 

These estimates provide minimum f02 conditions of the ore fluids associated 

with mineralization . T he combined data give f02 for ore fluid conditions 

associated with gold mineralization ranging from 10-29.98 to 10-32.96. T hese 

estimated redox conditions of the ore fluid bracket the C02-CH4 buffer (10-33.5) 

and pyri te -pyrrhotite - magnetite buffers (10-30.80) as shown in Figure 5.17. The 

overall aH2s varies from 10-2.4 4 to 10-2.23 (ElF: 10-2.44 to 10-2.29; Group lIA veins: 

10-239 to 10-2.23 and Group IIB veins : 10-2.36 to 10-2.32). Using an activity 
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coefficient of 0.32 for H2S, this corresponds to an overall range of 0.018 to 

O.OllmEs in the ore fluid. T he estimated IS contents are consistent with most 

sub-amphibolite facies Archaean gold-ore fluids, which fall in the range 10-35 to 

lO- l mEs (Mikucki and Ridley, 1993). 
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Figure 5.17. Stability fie ld of selected mineral phases as a function of logaH2S and 
logf02 at 350°C and l. 7kbars. Thick lines represents reaction boundaries between Fe­
oxides and sulphide phases. The CO2-CH, redox buffer is shown as heavy dashed lines. 
Shaded area represents ore fluid condition at the Kalahari Goldridge deposit and is 
constrained by the siderite-pyrite- pyrrhotite assemblage and fluid inclusion 
composition. 
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5.3.3: C02 composition in ore fluid 

During progressIve interaction of C02-rich ore fluid with wallrock, the original 

mineral assemblage in the wallrock commonly buffers the onset of hydrothermal 

alteration to low C02 values of the ore fluid. Increasing alteration is marked by 

an increase in the CO2 composition in the ore fluid, reaching the ini tial 

composition in the most al te red units . The ini tial C02 composition can therefore 

be represented by the mineral assemblage in the most in tensely altered wallrock 

in the deposit. On this basis, the composition of C02 in the ore flu id at the time of 

mineralization have been calculated for a number of meso thermal lode gold 

systems using isobaric T - XC02 univariant curves (e.g., Kishida and Kerrich 

1987; Clark et a!. 1989; Neall and Phillips 1987) or isobaric- isothermal activity­

XCU2 univariant curves (e.g., Kishida and Kerri ch 1987; Cassidy and Bennet 

1993) with mineral compos itions in the alteration assembl age . 

At Kalahari Goldridge, the mineral assemblages associated with each mineralized 

veining event (Groups IIA and IIB) cannot be distinguished due to the broad 

similarities in the mineral composition in the host rock. To avoid any ambiguity, 

the XC02 in this study is calculated independently based on coexisting carbonate 

and chlorite in each vein under isobaric conditions of 1. 7 kbars for the Group IIA 

veins and a range of 1.3 to 1.7kbars for the Group IIB veins. An equilibrium 

reaction In the system FeO-AI20 3- Si02-H20-C02-MgO of end-member 

composition is derived to constrain the composition of C02 in the ore fluid at the 

time of mineralization according to equation 5.3. 

Iso bari c T-XC02 curves for the mineralized veins (Fig. 5. 18) at the tempera ture 

range for the mineralization (350 - 400°C) at Kalahari Goldridge gives XC02 
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ranges of 0.06 to 0. 16 for the ore fluid associated with Group IIA veins and 0.05 

to 0.14 for the Group lIB veins. 

The estimated composition at Kalahari Goldridge is consistent with the 

calculated XC02 compositions for most Archaean gold systems, spanning from 

0.05 to 0.25 (Mikucki and Ridley, 1993). For BlF-hosted gold deposits, XC02 

values ranging from 0.09 to 0.22 have been determined (Mikucki and Groves, 

1990). The range of estimated composition for both sets of veins shows that the 

fluid associated with veining possibly evolved from the same homogenous 

parental source . The estimated fC02 shows higher magnitude in the ElF than the 

veins and may be attributed to the fact that fluid infiltration and equilibration with 

the host ElF resulted in the significant loss of the C02 to the host BlF during 

carbonation. 

Table 5.6. Calculated logfC02, logf02 and log8H2s in mineralized veins 

and ElF at the Kalahari Goldridge deposit. 
Lithology Sample No. logfC02 

Group lIA veins 525/12A 2.40 
13175/2C 2.29 
531/184 2.05 

PH/6 2.04 
588-10C 2.55 

Group lIB veins 532- 11A 2.48 
585- 20 1.98 

587/2C-4 1.98 
DD 17/183 2.11 

BIF NQH/lOA 2.54 
525/12A 2.53 

524/8 2.52 
13175/2C 2.53 

532/9 2.50 
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-30.44 
- 29.98 
-30. 92 
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-2.35 
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-2.35 
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-2.33 
- 2.29 
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5.3.4: pH estimate 

Derivation of the pH conditions of the fluid during gold precipitation require the 

salinity estimate from fluid inclusion data and ratios of main cations notably 

Na + /K+ from cation exchange equilibria involving mineral assemblages in the 

altered wall rock. The salinity data assume K+ and Na+ as the dominant cation 

species in the solution. The molal concentrations of Na+ and K+ are thus 

generally approximated to equal the salinity of the ore fluid: 

mNa+ + mK = mer [5.5] 

The quantitative estimate of the pH at Kalahari Goldridge cannot be estimated 

due to the absence of Na-bearing minerals in the depo sit, making the Na+ /K+ 

ratio estimate impossible. T herefore, based on the avai lable information, only the 

directi on of the pH can be deduced. In this case, two major metasomatic 

reactions can be used to define the shift in the pH during mineralization. This 

inv -:-: lve s the assemblage stilpnomelane-chlorite -quartz-carbonate represented 

by equations 5.6 and 5.7. 

125/3SiOz + 35/6Chl- 3 + 35/12HzO + 12Chl-2 + 25/4K+ = 

lOStilp + 25/4W + 7Chl-l [5.6] 

where X = Fe + Mg + Mn 

In the above reactions, the formation of stilpnomelane (stilp) and carbonate is 

associated with the consumption of K+ and C02 from the fluid and the 

concomitant release of H+ in both reactions to the fluid . The net consequence is 
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the lowering of the pH of the fluid, which plays a significant ro le 10 the gold 

solubility (see Chapter 7). 
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CHAPTER 6: STABLE ISOTOPE GEOCHEMISTRY 

6.1: Introduction 

Re('8nt advanc ement in the understanding of stable isotope systematics such as 

the fractio nation behaviour of the isotopes in a variety of geological 

environments has brought significant insight into the genesis of fluids associated 

with lode gold deposits in sub-amphibolite facie s terranes (e.g ., Ohmoto and Rye, 

1979; Taylor, 1974, 1979). Prior to this, the origins of hydrothermal fluids from 

which mesothermal lode gold deposits in low- grade metamorphic terrains were 

generated have been a subject of constant debate for decades. As the main 

constituents in most of these high-temperature fluids, the stable isotopes of 

carbon (C), sulphur (S), hydrogen (H) and oxygen (0) have been used 

extensively in these studies, based on gases extracted from mineral phases 

associated with these deposits. 

As part of this study, gases were extracted from alteration minerals to analyze 

for S, C and 0 isotopic compositions in these mineral s. Minerals prepared for 

isotopic analysis include quartz (O-isotopes), carbonate (0 - and C-isotopes), 

pyrite and pyrrhotite (S-isotopes), and fluid inclusions (C-isotopes). These 

studies aimed to (i) characterize the isotopic composition of the minerals and to 

investigate any variation in the differe nt host li thologies, (ii) determine whether 

iso topic equilibrium was established during the mineralization and (iii), identify 

the source of the hydrothermal fluid as well as the source of s ulphur and carbon 

in the fluid . 
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6.2: Sulpur Isotope Geochemistry 

6.2.1: Sampling and analytical technique 

Forty sulphide samples (including 14 pyrrhotites and 26 pyrites) from the 

mineralized veins and host rocks at the Kalahari Goldridge deposit were 

examined for the ir sulphur isotope signatures . Optically pure samples of the 

sulphides were handpicked with the aid of a binocular microscope from coarsely 

crushed vein and host rocks. Sulphides from the vein and host BIF consist of 

large euhedral grains measuring up to 4mm. Samples from schist interbedded 

with BIF were separated from thin sulphide laminations or in some cases from 

massive sulphide aggregates . 

Following the procedure of Yanagisawa and Sakai (1983), the sulphides were 

first decomposed with HN03 and the resultant aqueous sulphate precipitated as 

BaS04. The BaS04 was heated with vanadium pentoxide (V205) and silica glass in 

a highly evacuated glass line to liberate the sulphur as S02. The sulphur isotopic 

ratio of the S02 gas derived was determined using a Finnigan MAT delta E mass 

spectrometer at the Geological Institute, University of Tokyo by Dr. Akira Imai. 

T he isotopic compositions are expressed in 834S %0 relative to Canon Diablo 

Troili te (eDT). 

6.2.2: Results 

The S-isotope data are given in Table 6.1 and graphically illustrated in Figures 

6 .1 to 6.3. Pyrites in the BIF show a 834S range from + 2.93 to + 4.94 %0 whilst 

the pyrrhotite range is from + 2.71 to + 3.69 %0. Two analyzed pyrite samples 

160 



from the Group IlA veins showed 834S values of + 2.8 to + 4.25 %, whilst the 

pyrrhotite samples showed a restricted range from + 3.64 to + 4.24%' for the 

three sample analyses. The 834S signatures of pyrite in the Group IlB veins vary 

from + 2.69 to + 4.25 %, whilst pyrrhotite ranges fr om + l.95 to + 4.05 %'. 

Lie':test 834S values were found In sulphide associated with the schist 

interbedded with BIF, and are less than + 2.0%'. Four of the seven samples 

showed depleted values from -l.23 to - 0.47 %" and the other three samples 

showed slightly positive values from + 0.78 to + l.85 %' . The observed isotopic 

values of the sulphides in the veins and the host BIF fall within the range of + 1 

to + 6 %, exhibited by most Archaean meso thermal gold deposits derived from 

reduced hydrothermal fluids (Kerrich, 1989). 

In isotopic studies of sulphides in black shales in Maine, USA, Oliver et a!. (1992) 

pointed out that at low fluid fluxes, kinetic effects may be important operating 

parameters which would result in reactive mineral species such as pyrrhotite 

equilibrating with the fluid, whilst less reactive minerals like pyrite retain their 

isotopic values prior to the fluid interaction. On the other hand, they noted that 

when large fluid fluxes of sulphur-bearing fluids infiltrate sulphide-bearing rocks 

with isotopic composition distinct from the average sulphur values of the host 

rock, there is potential for considerable change and homogenization of the 

sulphur isotopic values. On this basis, it can be concluded that the slightly 

positive S-isotopic values of sulphides in the schist can be attributed to 

precipitation of remobilized diagenetic sulphides In the schist by the 

hydrothermal fluid during gold precipitation. 
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Table 6.1. Sulphur isotope composi tion of sulphides from the Kalahari Goldridge 
deposit 

Sample No. 6:
l4

S", riteCp) 634Sp~ rrhOlj le(po) j,634Spy_ po Isotopic 
Sample Source 

(%,) (%,) (%,) Temp ('C) 

587-8F +3.27 +4.05 -0.78 Group lIB vein 
NQH-IOB + 3.98 +3.78 0.2 952 Group fIB vein 
587-7 +3.36 + 2.88 0.48 518 Group lIB vein 
589- 13C +3.55 Group IIB vein 
NQH-lOA + 1.95 Group liB vein 
585-7A +2.69 Group lIB vein 
585-IOB +3.80 Group lIB vein 
DDI7 - 4A +3.84 Group IlB vein 

532-7B +4.25 + 3.71 0.54 472 Group IIA vein 
532-7A + 2.80 Group IIA vein 
588 - 10/5 + 4.24 Group IIA vein 
589-6C + 3.64 Group I1A vein 

534/300 +4.94 BIF 
534/318 + 4.20 BIF 
NQH- 5 + 4.45 BIF 
527 lOB + 3.65 BIF 
~.ISH-W + 4.15 BIF 
585-BD + 3.71 BIP 
588-lOB + 3.10 +3.40 -0.3 BIF 
587-1 8B + 2.71 BIP 
525- 18A + 2.69 BIP 
KLG/W-7 +4.55 BIF 
MSH/W-4 +4.36 BIF 
MSH/3 + 4.56 + 3.69 0.87 314 BIF 
13175-2B +2.93 BIP 
MSH/W-I +3.90 BIP 

588- 21A -0.54 Massive pyrrhotite in interbedded chlorite 
schist 

529-16A -0.59 Pyrite vein perpendicular to foliation in 
interbedded chlorite schist 

529-16B/PD - 1.23 Pyrite vein perpendicular to foliation in 
interbedded chlor ite schist 

529-16B/PL -0.47 Pyrite parallel to foliation in interbedded 
chlorite schist 

587- 18A + 1.25 Chlorite schist trapped in quartz vein 

452-24B +0.78 Pyrite parallel to foliation in interbedded 
chlorite sc hi st 

MSH/W-6 + 1.85 Pyrite parallel to foliation in interbedded 
chlorite schist 
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Host rock (sulphide) g"S range 

Interbedded schist (pyrrhotite) 

Interbedded schist (pyrite) 

BIF (pyrrhotite) -
BIF (pyrite) 

Group HA vein (pyrrhotite) -
Group I1A vein (pyrite) 

Group lIB vein (pyrrhotite) 

Group HB vein (pyrite) 

I I I I 

-2 o 2 4 6 8 
834S per mil (eDT) 

Figure 6.1 834S range for sulphides in various lithologies at the 
Kalahari Goldridge deposit. 

6.2.3: Sulphur isotope geothermometry 

The temperature of the mineral ization at the Kalahari Goldridge deposit may be 

evaluated based on coexisting pyrite and pyrrhotite in several parts of the ore 

assemblage . Because the application of the sulphide geothermometry is based on 

equilibrium sulphur-i sotope fractionation between coexisting sulphur-bearing 

phases (Ohmoto and Rye, 1979), it provides a base to determine whether 

equil ibrium was attained during sulphidization at the Kalahari Goldri dge deposit. 
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Ohmoto and Rye (1979) noted that s uccessful application of the geothermometer 

depends most importantly on the contemporaneous crystallization of the mineral 

~ 

" 0. 
E 
'" ~ 
'-q 
0 :z: 

A 
6,--------------------------. 

5 

4 

3 

1-

0 
0 

Mean: 3.5 ± 0.5 per mi l. Pyrite in mineralized veins 

N=8 

-

I 

2 3 4 5 6 

8"S per mil (CDT) 

7 

~ 

" 0. 
E 
'" ~ "-
0 
0 

:z: 

B 
8 

Mean = 4 ± 0.6 per mil Pyrite in BIF 
N = 12 

61-

4 -

2 1-

0 I I I 

0 2 3 4 5 6 7 

8"S per mil (CDT) 

Figure 6.2 . Histograms showing sulphur isotope composition of pyrite in mineralized 
veins (Group IIA and Group liB veins) "A" and BIF "B". Kalahari Goldridge deposit. 

pair and furthermore, the mineral pairs must be formed in equilibrium with 

solution under uniform temperature and chemi cal condi tions (e.g., pH, f02). 

The fra ctionation between pyrite and pyrrhotite (lI834SPY_po) derived from 834S 

sig':a tures of the sulphides show a scattered range from - 0.78 to 0 .87 %0 (Table 

6.1). Using the experimental data of Ohmoto and Rye (1979), most of the pairs 

yielded anomalously high temperatures from 472 to 95 1°C outside the range 

obtained from chlorite geothermometry (350 to 400°C) except one sample , which 

yielded a temperature of 315°C. T his observation suggests that although the 

pyrite-pyrrhotite pair exhibi ts textural equi librium in most of the ore mineral 

assemblages examined, their precipitation may have occurred out of isotopic 

equilibrium with the ore fluid. 

164 



5 

4 
~ 

" 0. 
E 
'" 3 ~ 

"-' 
0 
0 

;Z; 
2 

A 
Mean = 3.5 ± 0.7 per mi l. N-8 
Pyrrhotite in mineralized veins 

r- ,----

r-

r- e---

r-

2 3 4 5 6 7 

8"S per mil (COT) 

3 

:r.: 2 
0. 
a 
'" ~ 

"""' o 
o ;z; 

B 
Mean :: 3.\ ± 0.4 per mil N= 4 
Pyrrhotite in BIF 

r-

r-

I I 
2 3 4 5 

8" S per mil (COT) 

Figure 6.3. Histograms of sulphur isotope composItIOn of pyrrhotite in mineralized 
veins "A", and ElF "E" a t the Kalahari Goldridge de posit. 

6 

Such disequilibrium could be the result of (j) isotopic exchange from fluids of 

variable source, (ii) continued isotopic exchange between the sulphide-pair after 

precipitation, or (iii) the crystallization of the sulphide-pair occurring at 

temperatures below 200°C (Ohmoto and, Rye 1979). 

At the Kalahari Goldridge deposit, glVlng consideration to the restricted 

estimated total sulphur composition shown in Chapter 6, the high temperature 

estimate of the mineralization (350-400°C) and the overlapping parage netic 

relationship between pyrite and pyrrhotite, it can be concluded that continued 

isotopic exchange between the sulphid e- pair after precipitation IS the most 

probable cause of the isotopic disequilibrium between the sulphides. 
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6.2.4: Estimate of 634S of the primary ore fluid (634SCL:S). 

The sulphur isotope composition of the hydrothermal sulphides reported above 

can be used to define the source of the sulphur responsible for sulphidation at 

the deposit. The experimental work of Ohmoto and Rye (1979) showed that the 

S-isotopic composition of the sulphides is controlled primarily by the ambient 

temperature. f02 and pH as well as the sulphur isotopic composition of the 

original fluid. 634SCL:S). Therefore. interpretation of the source of the sulphur must 

take into consideration these parameters. 

At the estimated temperature range for the mineralization at the Kalahari 

Goldridge deposit (350 - 400°C). the fractionation between the pyrite and H2S 

(t.034Spy_H2S). and between pyrrhotite and H2S (.6,034Spo-H2S). according to the data 

of I)hmoto and Rye (1979). ranges from 1.03 to 0.98 %, and 0.26 to 0.22 %, 

respectively. Therefore. given the estimated 634S composition of the sulphides. it 

can be deduced that the pyrite and pyrrhotite precipitated from fluids with 

634SH2S of approximately + 1.69 to + 3.94 %, and + 1.72 to + 4.00 %, respectively 

(i.e .. 634SH2S = 634Si - j'..j. where IJ.j is the fractionation between sulphide species j 

and H2S). The isotopic relationship between the 634SCL:S) and H2S given by the 

equation of Ohmoto and Rye (1979) is summarized as; 

where R is the mole ratio IJ.SO/-/ IJ.H2S in the fluid. and IJ.so/- -H2S is the 

frC'rtionation between S042- and H2S given as 634SS04
2- - 634SH2S (Ohmoto and Rye 

(1979). 

166 



At 350 and 400°C, the fractionation between SO/- and H2S is 19.5 and 17.6 

respectively, according to the data of Ohmoto and Rye (1979). The R factor in 

the equation depends on the ambient pH and the f02 and can be derived from the 

following equation 6.2, 

As discussed in Chapter 5, the quantitative estimation of the pH has not been 

possible due to lack of some parameters. However, the low oxidation state of the 

fluid estimated from fluid inclusion data and stable alteration mineral assemblage 

suggests that H2S would be the predominant species in the ore fluid. 

Furthermore, Ohmoto (1986) showed that when pyrrhotite occurs as a stable 

phase at temperatures less than 500°C, ore fluid pH is < 6 and H2S is the 

dominant sulphur species in the fluid and R < 0.01. It may therefore be concluded 

that the isotopic composition of the ore fluid would have 834S(L:S) approximately 

equal to 834SH
2
S (i.e. 834S(L:S) = 834SH 2S). In this case, the fluid from which the 

sulphides precipitated would have 834SH2S ranges from approximately + 1.69 to 

+ 3.94%0 and + 1.72 to + 4.0 %0 respectively for pyrite and pyrrhotite. This 

therefore concludes that the sulphides in the veins and BIF were depo sited from 

a fluid with a unique S-isotopic composition with 834S(L:S) of the fluid varying from 

+ 1.69 to + 4.0%0 . 
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6.2: Carbon and Oxygen Isotope Geochemistry of Carbonates 

6.2. 1: Sampling and analytical procedure 

Forty three carbonates derived from vems and whole-rock samples at the 

Kalahari Goldridge deposit were analyzed for C- and O-isotopes. The veins 

consist of seven mineralized (8 Group IIA and 5 Group IIB veins) and nine non­

mineralized late (2 Group I and 7 Group III) vein samples. Whole-rock samples 

were taken from footwall (5 samples), ElF (7 samples) and the hanging wall units 

(2 meta-greywackes, 5 schists and 2 phyllites) . 

Sample preparation was according to the procedure of McCrea (1950) . 10 to 50 

mg of powdered sample were reacted with 100% H3P04 in a V-tube and C02 was 

evolved at different temperatures depending on the carbonate phase present in 

the sample. C02 was evolved in a steam bath for calcite and ankeri te-dolomite at 

25 and 50°C respectively for at least 4 hours. C02 from siderite was evo lved in a 

paraffin bath at 100°C for at least 6 hours. T he evolved C02 was analyzed for C­

and O-isotopic composition using a Finnigan MAT 252 mass spectrometer at the 

De,artment of Geological Sciences, University of Cape Town. The C- and 0-

isotopic data are presented in the standard notation of 1)
13C and 1)

180 

respectively. Measurements are made with respect to the Pee Dee Belemnite 

(PDB) for carbon and Standard Mean Ocean Water (SMOW) for oxygen. 
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6.2.2: Results 

The carbon isotope data are given in Table 6.2 and illustrated in Figures 6.4 and 

6.6. The o13C range for carbonates in the mineralized veins varies from -8.0 to 

-5.6 %, (-8.0 to -6.8 %, for the Group IIA veins, and - 6.5 to -5.6 %, for the Group 

lIB veins). The non-mineralized late (Group lID veins indicate a ol3C range from 

-3.7 to -l.0 %, (average -2.0 ± 0.9 %" 1a). The isotopic composition of one fluid 

inclusion sample derived from the Group lIB vein (sample NQH16A) indicated a 

013C = -6.9 %' . 

The 013C signatures of carbonates from the whole-rock samples sho w the 

following ranges: ElF (-6 .7 to -4.8 %,; average, -6.1 ± 0.5 %'), hanging-wall 

me'3.-sediments (-6.9 to -5.0 %, ; average, - 6.1 ± 0.7 %'), and footwall schist 

(- 6.1 to - 3.3 %,; average, -4.8 ± l.3 %'), Table 6.2. These ranges broadly 

overlap the data for the mineralized veins except for minor excursions to higher 

values in two of the footwall samples (529/21 and 525/25A). It is possible that 

the higher isotopic s ignatures in some of the footwall samples could be attributed 

to fluid equilibration at lower temperatures or an interaction with later fluids of 

different isotopic character. 
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Table 6.2. Carbon and oxygen isotope compos ition of ve in and whole-rock carbonates from 
the Kalahari Goldridge deposi t. 

VEIN SAMPLES 
Mineralized veins 
MSHIW-3A Group IIA ankerite - 7.5 -7. 1 to -7.7 9.8 5.2 - 6.3 
1317 Sl~C Group IIA ankerite -7.2 -5 .7 to -7.3 9.1 4.4 - 5.6 
QH/21A Group IIA ankerite -7.5 - 7.0 to -7.62 10.5 5.9 - 7.0 
QH/21B Group IIA ankeri te - 7.2 - 6.7 to -7.32 10.2 5.6 - 6.7 
QH/22A Group IIA ankerite -8.0 -7.5 to -8. 12 9.3 4.7 - 5.8 
QH/22B Group IlA ankerite - 7.8 -7.3 to -7.9 10.0 5.4 - 6.5 
QH/22C Group IIA ankerite -6.8 -6.3 to - 6.92 9.9 5.3 - 6.4 
531/9C Group IIA siderite -6.9 - 6.4 to -7.0 11.5 5.9 - 8.0 

PH/OlO Group liB ankerite -5.5 - 6.2 to -6 .7 10.0 5.4 - 6.5 
NQH/15A Group liB ankerite -6.5 -7.1 to -7.5 (-6.91, F.j) 8.8 4.2 - 5.3 
531/15B Group liB siderite -5. 1 10.8 5.2 - 7.2 
589/12 Group liB siderite -5.9 10.8 6.2 - 7.2 
588/X5 Group liB siderite -5.3 12.2 7.6 - 8.7 

Non-mineralized ve ins 
DDI7/X5 Group III dolomite -1.9 15.3 
534/295m Group III dolomite -1.0 17.0 
13175/2D Group III dolomite -1.5 15.2 
529/6B Group III dolomite -1.5 15.5 
52917B Group III ankerite -3.7 14.5 
NQH/005 Group III ankerite -2.9 14.7 
NQH/007 Group III ankeri te -1.5 15.3 

529/15 Group I calcite -1.9 12.8 
NQH/013 Group I dolomite -2.7 11.7 

WHOLE-ROCK SAMPLES 
BIF (ore body) 
13175/2A less altered ankerite -5.7 10.0 5.0 - 6.1 
13175/2B altered BlF ankeri te -5.6 10.3 5.3 - 5.5 
525/23CWR altered BIF ankerite -5.4 9.3 4.3 - 5.5 
529/13 allered BIF ankerite - 5.8 11 .8 6.7 - 8.0 
588/19B altered BIF siderite -6.0 12.1 8.1 - 8.8 
531/9CWR altered BIF siderite -6.7 12.7 8.7 - 9.4 
529/298 less al tered siderite -5.8 13.3 9.3 - 10.0 

Hanging-wall sediments 
529-3 schist ankerite -6.6 9.4 
525- 58 schist ankerite -6.3 9.5 
527-Xl schist ankerite -5.4 12.4 
588-1 schist ankerite -5.0 11.6 
588- 1 schist calcite -6.9 8.7 
525-1 graywacke ankerite -6.2 9.6 
529-1A graywacke ankerite -6.5 9.3 
525-10 meta- pelite ankerite -5.2 10.6 
DDI7-Xl meta-peiite ankerite -6.6 11.4 

Footwall sediments 
0017-8 schist calcite -5.9 9.8 
525/25A schist calcite -3.5 10.5 
529-21 schist calcite -3.3 12.5 
527-12A schist calcite -6.1 10.5 
588-26 schist calcite -5. 1 10.9 
Ol80fluid was calculated using a temperature range of 350 to 400°C with the fractionation equations of Becker and 
Clayton (976) for siderite-water and Mathews and Katz (977) for ankerite-water. 
F.l = rlUld inclusion 
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Figure 6.4. 81'C range of carbonates in veins and host rocks at the Kalahari 
Goldridge deposit. 
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6.2 3: Estimate of 613C of the primary ore fluid (613C2;C) 

The source of carbon in most lode gold deposits can be traced by the 613C of 

carbonates due to their widespread occurrence m these deposits. The 

widespread carbonation in these deposits also shows the significant occurrence 

of oxidized carbon species in these fluid s. The oxidized species in the 

hydrothermal fluid may originate from a magmatic source , from oxidation or 

hydrolysis of reduced carbon species in sediments, metamorphic rocks, or from 

leaching of carbonate minerals (Ohmoto and Rye, 1979) . 

As with the sulphur isotopes, the carbon isotope composition is also controlled 

by the temperature, f02, pH at deposition, and the carbon isotopic composition of 

the source fluid, 613CL C (Ohmoto, 1972; Ohmoto and Rye, 1979). The isotopic 

fractionation between the oxidized species (C02, H2C03, HC03 - and C032-) is 

generally minimal. However, fract ionation between the reduced (CH4) and 

oxidized carbon species can be very large because the proportions of these 

species are affected by changes in the physico-chemical conditions of the fluid 

system (Ohmoto, 1972). 

In aqueous fluids, Ohmoto (1972) demonstrated that C02 is present as the CO2 

molecule and H2C03 and their sum expressed as H2C03 (apparent). However, C02 

occurs as the predominant species in solution above 100°C, therefore: 

[6.3) 

The isotopic composition of other carbon species m solution IS related to 

613CL C0 2 by the expression: 
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[6.4) 

where !1i = relative isotopic enrichment between the specIe i and H2C03(app) 

(Ohmoto, 1972; Ohmoto and Rye, 1979; Ohmoto, 1986). As noted previously, 

siderite and ankerite form the dominant carbonates in the mineralized ve ins and 

show uniform 813C values . There are no experimental fractionation values for 

these carbonates and C02. However dolomite fractionation da ta can be used for 

ankerite because of the similarities in their crystal structure and acid 

fractionation factor. 

At 350 and 400°C, the fractionation between ankerite and C02 is l.8 and 2.1 %0 

respectively. In thi s case, the ankerite in the Group lIA veins would have 

precipi ta ted from a fluid with 813CLC02 ranging from - 10.1 to -8 .6 %0 at these 

temperatures. Ankerite in the Group lIB veins would have precipitated from a 

fluid with 813CLC02 values ranging from = -8.6 from - 7.4 %0. 

Under conditions of equilibrium, the principal carbon speCIes In hydrothermal 

sOlution CH4 and C02, can be re lated to 813CLC according to the expression, 

where R is the mole ratio of C02/CH4 in the fluid, and !1CH4- C02 is the equilibrium 

fractionation factor between C02 and CH4 (Ohmoto, 1972; 1986) . 

!1C02-CH
4 

at Kalahari Goldridge is calculated to be 22 %0 at 350°C and 19 %0 at 

400°C using the data of Bottinga (1969). The C02/CH4 ratio in fluid inclusions 

examined by Raman mi croprobe ranges from l.3 to 8.6 in the Group IIA veins , 
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and 0.3 to 17.5 for inclusions in the Group lIB velDS (Chapter 5, Table 5.4). 

However, at Kalahari Goldridge, a general observation indicates that much of the 

CH4 may be derived locally by partial reduction of H20-C02 hydrothermal fluid 

by organic materials in the meta-pelites underlying the orebody and in host BIF 

and therefore may not represent an intrinsic component of the original ore fluid. 

The highest C02/CH4 ratio would most possibly reflect the original content of the 

fluid . This is based on a comparison with isotopic studies of fluid inclusions by 

Kruelen and Schuiling (982), which demonstrated that, in a closed system, the 

13C enrichment of C02 in fluid inclusions closely depends on the C02/CH4 ra tio 

during equilibration. Therefore, the absence of CH4 in the fluid tends to preserve 

the original ol3C value in the fluid. Kruelen and Schuiling (1982) also noted that, 

at low C02/CH4 ratios, l3C enrichment corresponds to an increase in isotopic 

fractionation. 

On this note , the calculated o13CLC of the ore fluid associated with Group IIA vein 

mineralization would range from -7.8 to -6.3 %" and from -7.6 to -6.0 %, for 

mineralization associated with the Group lIB veins. The close overlap of the 

esLmated 813CLC of the ore fluids associated with both mineralized vein sets 

suggests that the fluid evolved from a homogenous parent source. Further 

evidence supporting this conclusion comes from the o13C of fluid inclusions 

derived from the one Group lIB vein sample (NQH/16) with 813C = -6.9 %, and 

gives an indication of the consistency of the fluid isotopic composition. 

The 8180 values of carbonates in the Group lIB veins show a restricted range 

from 8.8 to 12.2 %, with an average of 10.5 ± l.2 %, ( 0). The 8180 values for the 

Group lIA ve in carbonates vary from 9. 1 to 1l.5 %0 with an average of 10.0 ± l.3 

%'. The 8180 for the non-mineralized late veins (Group lID are isotopically 

heavier, ranging from 12.8 to 17.0 %, (average 15.4 ± 1.4, 10). One non-
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mineralized early vein (Group D indicated 813C and 81S0 values of - 2.7 %0 and 

11. 7 %0 respectively. 

The 81S0 values of carbonates derived from the whole-rock samples show a 

restricted range with no obvious distinction from the mineralized ve ins samples. 

The whole-rock samples give the following 81S0 ranges: BIF (9.3 to 13.3 %0; 

average, 11.4 ± 1.4 %0) , hanging wall sediments (8 .6 to 12.4 %0; average, 10.3 ± 

1.3 %0) and footwall schist (9.8 to 12.5 %0 ; average, 10.8 ± 1.0 %oJ . The carbon 

anG oxygen isotopic compositions of these carbonates fall within the range 

reported in most Archaean gold deposits, whi ch show a range from -11.0 to + 0.5 

and 9.1 to 15.4 %0 respectively (Kerrich, 1989). 

The whole-rock carbonates are more enriched in ISO than the vein carbonates. A 

major factor controlling this phenomenon may have been heavy host-rock 81S0 

composition buffering the ore fluid composition through fluid-rock interaction. 

Supporting this interpretation is the highest 81S0 isotopic value re corded by the 

least altered whole-rock BIF sample (529/298) suggesting a low fluid-rock 

interaction. Siderite also shows consistent enrichment in ISO over ankerite in the 

deposit. A similar enrichment pattern is observed in other lithologies where 

different carbonates have been analyzed. For example, carbonates in the late 

veins show ISO enrichment in the order dolomite>ankerite>calcite (Table 6.2). 

Assuming isotopic equilibrium in the temperature range 350° to 400°C, and using 

the s iderite-water fractionation equation of Becker and Clayton (1976), sample 

531/9C in the Group IIA veins indicates that the 81S0 of the hydrothermal fluid 

(8 IS
O"20) ranges from 6.9 to 8.0 %0 and from 6.2 to 8.7 %0 for the siderite samples 

176 



in the Group lIB veins. The calculated 81SOH20 exhibited by the 81SOsiderite in the 

BIF shows relatively higher 81S0 values from 7.5 to 9.8 %0 . 

Also, usmg the dolomite-water fractionation equation of Mathews and Katz 

(1977) for ankerite, the 81SOH20 established from samples MSH/W-3A and 

13175/2C in the Group IIA veins varies from 4.4 to 6.3 %0 . The Group lIB vein 

ankerite samples (PH/OlD and NQH/16A), on the other hand, indicate a 

calculated 81SOH20 , ranging from 4.2 to 6.5 %0 . The fluid isotopic composition in 

the BIF, using the ankerite-water fractionation, also shows relative enrichment 

in ISO ranging from 4.7 to 8.3 %0. The 81S0 value of the hydrothermal fluid in 

equilibrium with ankerite calculated using the dolomite-water fractionation 

equation of Mathews and Katz (1977) indicated a range from 4.4 to 7.0 %0 for the 

hyorothermal fluid from which crystallization took place in the Group IIA veins, 

and a range from 4.2 to 6.5 %0 for fluid associated with the Group lIB veins . 

Similar calculations for ankerite from the BIF whole-rock samples showed 

enrichment in ISO with 81S0 ranging from 4.7 to 8.3 %0. The variance in the 

calculated 81S0 values of the ore fluid from the siderite-water and ankerite­

water fractionation equations suggests the two minerals were in disequilibrium. 

A companson between vem carbonates at the Kalahari Goldridge deposit 

indicates a progressive increase in the 813C signatures from the mineralized to 

late veins in the order Group IIA veins (-8.0 to -6.8 %0) < Group liB veins 

(-6.5 to -5.6 %0) < late veins (Group III) (-3.7 to - l.0 %0) . A summary by Rye and 

Ohmoto (1974) and Ohmoto and Rye (1979) revealed that such variation has been 

observed at several studied deposits, where an increasing trend of 813C occurs in 

carbonates formed late in the paragenetic sequenc e of the mineralization. 

Ohmoto and Rye (1979) attributed this sequence to CD decreasing temperature, 
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(ii) increasing C02/CH4 ratios in an evolving fluid system, and/or (i ii) contribution 

of CO2 from other sources resulting in a progressive increase in the 13C/12C 

ratio. 

Temperature gradient is an unlikely factor for the observed trend at the Kalahari 

Goldridge depo sit , s ince temperature estimates from both fluid inclusion total 

homogenization and alteration assemblage minerals (chlorite) suggest 

temperatures were fairl y constant during the veining system (Chapter 5) . The 

relatively narrow ranges of the 813C of carbonates in the mineralized veins and 

host ElF also s uggest that the possibility of mixing of varied fluids is also 

unl ikely. Therefore , a possible cause of the systematic variation of 813C in the 

veins could be attributed to an increase in the oxidation state of an evolving fluid 

(increasing C02/CH4 ratio) sys tem, resulting from local fluid interaction with the 

graphitic rocks or immiscible separation of C02 + CH4 in the hydrothermal flu id. 

During fluid un mixing, the reduced species (CH4), being more volatile , partitions 

fav,:,urably into the vapour phase relative to the oxidized species (C02) and acts 

to oxidize the residual aqueo us fluid. In this way, the later evolved fluids would 

be enriched in the heavier isotopic carbon, 13C, due to the fa ct that the heavier 

isotopes are fractionated into the higher molecular weight spec ies under uniform 

conditions. Ohmoto and Rye (1979) also noted that in fluid- graphite interaction 

where redox conditions favourably control the fractionation between 813CLC and 

813Ccarbonate, the precipitated carbonates yield 813C signatures at low oxygen 

fugacity condi tions resulting from an increasing proportion of the reduced (CH4) 

to oxidized aqueous carbon species and a subsequent increase in the C02/CH4. 
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Figure 6.6. Variation of carbon and oxygen isotope composition of carbonates 
in ve ins (filled symbols) and whole-rocks (open symbols) at the Kalahari 
Goldridge deposit. 

Evidence suppor ting this interpretation is illustrate d in Figure 6.6, which shows a 

positive correlation between 813C and 8180 of these carbonates . Further 

supporting evidence is the observed increasing pyrite contents from the Group 

IrA to the Group III (late) veins. In addition, although no C02/CH4 ratio data are 

available for the Group III ve ins, a comparison between the Group IrA and the 

Group lIB veins show highest C02/CH4 ratios in the Group lIB vems . 

FUI ~hermore, the Group IIA veins being paragenetically earlier than the Group 

lIB veins, Figure 6.6 shows that samples from the Group IIA veins indicate 

lowest isotopic values, implying the original fluid had lowest C02/CH4 ratios due 



to the fact that temperatures during crystallization were fairly uniform and 

hence, uniform fractionation between C02 and CH4 took place. 

The tight clustering of carbon isotope compositions of the whole-rock samples 

throughout ore body (ElF), footwall and hanging-wall units suggests that 

hydrothermal alteration during the minerali zation was highly pervasive under 

uniform temperature . Furthermore, as observed in most Archaean lode gold 

systems, the host rocks contained minor amounts of carbonates prior to 

mineralization, due to earlier alteration events such as metamorphism. As a 

result, the carbon isotope composition of the carbonates associa ted with gold 

mineralization in these rocks may represent mixtures of carbon isotope 

composition of varied origin and therefore attempts to constrain the source of 

the carbon in these deposits can be misleading. However, the closely uniform 

813C signatures of carbonates in the mineralized veins and the host rocks 

throughout the deposit at Kalahari Goldr idge suggests tha t the host rocks 

contained little or no carbonate prior to minera lization. T his also indicates that 

the carbon in the ore fluid was derived from the same source, therefore the 813C 

of the carbonates can be used to trace the primary 813C of the ore fluid. 

6.3: Oxygen Isotope Geochemistry of Quartz 

6.3.1 Sampling and analytical procedure 

Ten vein-quartz samples consisting of nine samples from the mineralized veIn 

system (2 Group IIA and 7 Group lIB veins) and one from a non-mineralized late 

(Group III) veins were analyzed for oxygen isotope composition. 
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According to the method of Borthwick and Harmon (982), lOmg of powdered 

quartz sample «200mesh) were reacted with CIF 3 at 600°C overnight. The 

purified oxygen produced was converted to C02 by hot platinized carbon rod. 

The C02 produced was measured by a Finnigan MAT252 mass spectrometer at 

the Department of Geological Sciences, University of Cape Town. The oxygen 

isotope ratio 6180 is reported relative to SMOW and analytical precision is 0.2 %0 

Ocr). 

6.3.2: Results 

The results of 6180 are shown in Table 6.3 and illustrated in Figure 6.7. The two 

mineralized vein samples MSH/W-3 and 525/ 23C show /) 180 signatures of 12.3 

and 14.5 %0 respectively. Samples from the Group lIB veins range from 12.0 to 

14.1 %0 . The late non-mineralized vein (Group III) sample DD1 7/X6 indicated 

significant enrichment in 180, with a /) 180 val ue of 19.2 %0 . Within the Kalahari 

Goldridge depos it no significant difference exists between the values for Group 

lIA and the Group lIB veins . 

Using the quartz- water fractionation equation of Matsuhisa et a!. (979), and 

assuming a temperature range of 350 to 400°C, the /) 180 of the hydrothermal fluid 

responsible for the Group lIA vein mineralization varies from 7.0 to 10.5 %0, and 

ranges from 6.9 to 10.0 %0 for the fluid responsible for mineralization associated 

with the Group IIB veins. 
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Table 6.3. Oxygen isotope composition of quartz from quartz- carbonate 
veins at the Kalahari Goldridge deposit. 
Sample Source lithology 8180,u,,,,(%o) 

MSH/W-3 Group IIA 12.3 
525/23C . ,1 . .4 .5 

PH/OlO 
NQH/ 10A 
588/12 
NQH/16A 
589/12 
PH/Oll 
531 - 16B 
588/X5 

Group IlB 13.2 
12.6 
13.0 
12.0 
12.0 
14.1 
12.5 
12.2 

7.0 - 8.3 
9.2 - 10.5 

7.9 - 9.1 
7.3 - 8.6 
7.7 - 9.0 
6.7 - 7.9 
6.7 - 7.9 

8.7 - 10.0 
7.2 - 8.4 
6.9 - 8.1 

DD17-X6 Group III 19.2 
8ISOn,;d calculated using the quartz-water fractionation data of Matsuhisa et al. (979). 

6.3.3: Mineral-pair geothermometry 

Quartz-carbonate pairs in the alteration assemblage have been used to calculate 

fluid temperatures during mineralization. The quartz-carbonate mineral pairs 

also served to establish if equilibrium was maintained during the precipitation of 

the minerals. The data for the coexisting quartz-carbonate pairs are shown in 

Table 6.4. Combining the siderite-water fractionation equation of Becker and 

Clayton (1976) and the quartz-water fractionation equation of Matsuhisa et al. 

(1979), gives temperatures estimates of 182 and 208°C for the two quartz­

siderite pairs derived from the Group lIB veins. The quartz-ankerite pairs were 

also calculated combining the data of Matsuhisa et al. (1979) and the dolomite­

water data of Mathews and Katz (1977). The calculated temperatures from the 

quartz-ankerite pairs indicate very low temperature ranging from 20 to 56°C 

(Table 6.4). 
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Table 

Host rock (minera l) Range of 8"0 

Footwall mafic schist (carbonate) 

Mineralized BIF (carbonate) 

Group 1 veins (carbonate) -
Group IIA veins (quartz) 

Group IlA veins (carbonate) 

Group lIB veins (quartz) -
Group lIB veins (carbonate) 

Group III veins (carbonate) 

Hanging-wall sediments (carbonate) 

I I I 

6 8 10 12 14 16 18 20 

0"0 per mil (SMOW) 

Figure 6.7 . 6180 ranges of quartz and carbonates in vein and host 
rocks at the Kalahari Goldridge deposit. 

6.4: Oxygen isotope composition and fractionation of coexisting 
carbonate pairs . 

quartz-

Samnle Source lithology SlllOquartz (%,) 8IBOcarbonale(~) Mineral pair .o.Quarcz -carbonate{"') Temp. r'C) 
~ISH/W 3 Group IIA 12.3 9.8 quartz ankerite 2.5 56 

PH/OIO Group lIB 13.2 10.0 Quartz-ankerite 3.2 21 
NQH/16A 12.0 8.8 Quartz-ankerite 2.1 22 
531-16B 12.5 10.8 quartz-siderite 1.7 182 
588/X5 12.2 10.8 quartz-siderite 1.4 209 

DDI7-X6 GrauE III 19.2 16.3 guartz-dolomite 2.9 36 
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The lower temperature estimates relative to the independent temperature 

estimates which range from 350 to 400°C from chlorite geothermometry may 

reflect retrograde equilibration of the quartz-carbonate fractionation during 

cooling. This is consistent with the observation by Clayton et a1. (1968) that 

carbonates are texturally less resistant than quartz to retrograde isotope 

exchange. 
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Chapter 7 : GENETIC MODEL FOR MINERALIZATION 

7.1: Existing Genetic Models 

A wide consensus of opmlOn based on data from many Archaean greenstone 

belts (Perring et a!., 1987; Groves, et a!. , 1987b; Groves, et a!., 1988; Colvine et 

a!., 1988) has documented that gold mineralization in these terranes has been 

formed from low-salini ty C02-H20- rich hydrothermal fluids channelled from 

laterally continuous and deep-seated ductile shear zones at approximate depths 

of 10-15km (Groves et a!., 1987b), during the late stages of greenstone belt 

deformation and metamorphism. For economic viable deposits within these major 

fault systems, these models propose that large volumes of the gold-bearing fluid 

mu"t be focussed through chemically favourable host-rock sequences of variable 

permeability and competence. The low tensile strength of the competent rocks 

induces hydraulic fracturing which serves as conduits for vein crystallization and 

associated mineralization (Phillips and Groves, 1983; Houstoun, 1987; Cox et a!., 

1991; Ridley, 1993) . In relatively impermeable lithologies, such as shales, there 

may be obstruction of hydrothermal circulation and enhancement of gold 

deposition where ore fluids are ponded (Groves et a!., 1987b). 

These conceptual models have been inferred from the structural disposition of 

many gold deposits in Archaean greenstone be lts, which is the most important 

feature controlling the distribution and geometry of Archaean lode gold deposits 

(Groves et a!., 1987b). These structures reflect movement on trans-craton shear 

zones and different structural s tyles of the mineralization resulting from variation 

in the orientation of the regional stress field and strength of the host rock 

(Groves and Foster, 1993). In particular, the go ld deposits occur in, or close to, 
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extensional fractures and shear zones, which are characterized by quartz-vein 

sets, laminated veins and breccias (Groves e t aI. , 1988). The gold-bearing shear 

zones, which can be traced for hundreds of meters up to tens of kilometers, are 

essentially secondary or ter tiary structures re lated to the more ductile craton­

scale shears. 

Several models have been proposed to account for the mechanism of deposi tion 

of gold in mesothermal lode gold systems (see section 7.3 .2). In Archaean 

greenstone belts, the deposition of the go ld is induced by Fe-sulphide 

precipi tation, which destabilizes gold sulphur-complexes, caUSIng gold 

precipi ta tion in Fe-rich lithologies such as BIF, tholeiitic basalts and dolerite s . 

Also, a change in f02 and/or pH resul ting from fluid interaction with wallrock or 

phase separa tion, induces gold precipitation. Fluid inclusion studies suggest that 

the emplacement temperature of the lode gold deposits was in the range 200-

450°C with most available data clustering around 250-350°C, and pressures 

ranging from 1-4.5 kbars, but mostly 1- 2 kbars (see Perring et aI., 1987 for 

summary) . 

Def'!J ite the general agreement on the conceptual models stated above, there 

exists divergence of opinion on the so urce of the ore fluids and the ore fluid 

components. Various models have been proposed to account for the origin of 

gold mineralization in Archaean greenstones . These include metamorphic 

(Kerrick and Fryer, 1979; Kerrick and Fyfe, 198 1; Groves and Phillips, 1987), 

magmatic (Burrows et a!. 1986; Wood et a!. 1986; Burrows and Spooner, 1987; 

Cameron and Hattori, 1987) or by a submarine volcanic activity (exhalative 

model, Hutchinson et aI., 1971; Seyfried and Janecky, 1985; Boyle, 1987) . These 

are summarized below. 
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7.1.1: Metamorphic model: 

The metamorphic fluid model (Fig. 7.1A), proposed by Groves et ai. (1984) and 

Groves and Phillips (1987) was based on several studied deposits in Western 

Australia, in which they observed that the vast majority of gold deposits occurs 

in vo lcanic-dominated sequences of greenstone belts, with most of the large 

deposits hosted by Fe-rich units such as tholeiitic basalts, dolerites, and BIFs, 

and a few deposi ts hosted by granitoids-gneissic terranes enclosing the 

greenstone belts . They also observed that major deposits are remotely emplaced 

from voluminous granitoids surrounding the greenstone belts. In addition, the 

contacts between the granitoids and the greenstones were characterized by 

limited alteration. The fluid associated with the mineralization is envisaged to 

have been generated by devolatization reactions in deep-seated volcanic piles 

near the brittle-ductile transition under greenschist to amphibolite facies 

metamorphi sm. These fluid s are focused and channeled upwards into structural 

conduits such as shear zones, faults or hydraulic fractures by stress-controlled 

dilation (seismic pumping). In this process, fluid is drawn into the source region 

of an "earthquake" and expelled along structural conduits when rapture occurs 

(Sibson, 1987) . The model advocates that gold was an indigenous constituent of 

the deep-seated volcano-sedimentary rocks and that extensive fluid in teraction 

with host rocks during passage of the fluid scavenged trace metals from the 

enclosing rocks and deposited in chemically conducive sites where they may 

form economic deposits. These fluids have been documented (e .g. Ho et ai., 

1990) as being characterized by low salinities « 2 wt % NaCI equivalent) due to 

low concentrations of halogens in rock-forming minerals, H20-C02-rich (15-25 

mol % C02), alkaline to near-neutral in pH, with densities of 0.7 to 0.8g/cm-3
. 
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Figure 7.1. Schematic diagrams showing the genesis of gold mineralization in Arcahean greenstone 
belts. A. Metamorphic model showing evolution of H,o-CO,-Au fluids from devolatization of amphi­
bolite-facies greenstones and convection in fault zones that penetrate granitic basement (after Perring 
et al.,1987). B. Magmatic-granitoid model showing the generation of granitoids above mantle plume (a) 
and above lamprophyric magmas (b), evolving H,O-CO,-Au-Pb fluids throughout diapiric ascent. 
C. Possible gold-sulphide mineralization based on the exhalative model in submarine environment 
(reproduced from Anhaeusser, 1986). , -_. 
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7.1.2: Magmatic model: 

The magmatic model (Fig . 7.1B) is based on evidence from the close spatial 

association of several of these deposits with felsic igneous intrusions as well as 

from stable isotope studies and ore fluid compositions. This mode l, argued by 

Burrows et a1. (1986) and Wood et a1. (1986), showed close geochemical 

s imilarities of ore fluid associated with granitoid-related Mink Lake and 

Hollinger-McIntyre deposits respectively in the Abitibi greenstone belt in 

Canada (i.e. both are H20-C02-rich, salinities of 4 .0 ± 2.0 and 5.6 ± 1.2-wt. % 

NaCI equiv.; cS l80H20 = + 4.7 ± 0.5%0 and + 6.0 ± 1.9%0 and cS l3C = -3.0 ± 1.5 %0 

and -3.3 ± 0.4 %0) . In addition, basing their argument on comparable carbon 

isotope signatures of 14 other gold deposits (- 3.1 ± 1.3%0) in the Timmins area 

in Canada, with the Hollinger-McIntyre and Mink Lake deposits, these authors 

proposed a magmatic fluid source for Archaean lode deposits . Their conclusion 

was further supported by comparable data with those of the largest greenstone­

hosted gold deposit, Golden Mile in Kalgooriie, Western Australia whose carbon 

isotope signature (-3.4 ± 0.4 %0) is indistinguishable from the Canadian deposits. 

The conclusion of Burrows et a1. (1986) and Wood et a1. (1986) IS further 

supported by Burnham (1979) who documented that C02-rich fluids, commonly 

associated with metamorphic fluids, can be generated in first evolved 

hydrothermal fluid s from felsic magmas at pressures below 2kbars. These fluids, 

according to Burnham (1979), should also be enriched in brine as the halogens 

are strongly partitioned into the aqueous phase of the hydrothermal fluid. 

However, this effect is counteracted by small amounts of C02 in the aqueous 

phase which tend to suppress the concentration of alka li s in the fluid, resulting in 

relatively C02-rich and halogen-poor fluids. This model assumes that gold and 
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related ore-forming elements have been partitioned into silicate magmas 

generated by anatexis of either mantle or crust, and transported to the upper 

crust where they are partitioned into exsolved H20-C02 magmatic fluids. 

7.1.3: Exhalative model 

This model postulates that deposition of ore was the result of exhalation of the 

ore consti tuents through hot springs and fumaroles during volcanism and 

subsequent sedimentation on the sea floor of the volcanic basins (Hutchinson et 

aI. , 1971; Seyfried and Janecky, 1985; Boyle, 1987). The exhalative model 

originally advocated to account for massive sulphide deposits, has been extended 

to the formation of certain gold deposits in Archaean greenstone terranes, 

typically gold mineralization in chemical sediments such as banded iron­

fo rmation (e.g. Hutchinson and Burlington, 1984; Saager et aI., 1987). In this 

model (Fig. 7.lC), the extrusion of lava to shallow depths beneath the seafloor is 

thought to have provided heat for deep convection of seawater resulting in 

water-rock interaction at high temperatures up to 400°C. Sustained water-rock 

interaction leaches base and precious metals in volcanic rocks in large enough 

volumes to produce ore-forming fluids. High concentrations of H2S from a 

combination of sources are leached along with the metals. Sulphides, sulphates, 

silica and gold are then precipitated from fluids exhaled on the seafloor in 

response to decreasing temperature and increasing pH resulting from conductive 

cooling and mixing with ambient seawater at or near the seafloor. 
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7.2: Genetic Models for the Kalahari Goldridge Deposit 

In the preceding chapters , discussions based on field observations, analytical and 

empirical data have been presented and aspects of the mineralization at Kalahari 

Goldridge were considered. In the subsequent sections, an attempt is made to 

integrate these data to propose a genetic model for the Kalahari Goldridge 

deposit. In particular, the geochemical constraints and the source( s) of the ore 

fluid and gold, major controll ing fa ctors on the go ld transport and depositional 

processes are cons idered, as well as implications for mineral exploration . In 

addition, a comparison is made with other BIF-hosted gold deposits in other 

Archaean greenstone terranes worldwide. 

7.2.1: Fluid Evolution 

7.2.1.1: Ore fluid characteristics 

Evidence from fluid inclusions and sta ble iso topes in the two sets of mineralized 

veins indicates a homogeneous fluid chemistry during mineral ization at Kalahari 

Goldridge and that precipitation occurred under relative ly isothermal conditions 

C350-450°C) during both stages of mineralization at high flui d pressures ranging 

from 0.7 to 2.0 kbars. Assuming a lithostatic fluid-pressure gradient, this 

corresponds to depths from 2.5 to 7.0 km. Microthermometric and Raman 

analyses of fluid inclusions indic ate that the hydrothermal flu id consisted of a 

low-salinity aqueous-carbonic mixture. The ore - fluid salinities estimated from 

clathrate and ice-melting temperatures show values less than 7 wt % equivalent 

NaCI (average, 3 wt % NaCI equivalent) . The calculated f02, ranging from 10-33.85 
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to 10-29.98, lies between the CH4-C02 and pyrite-pyrrhotite-magneti te buffers, 

indicating the relatively reduced nature of the ore fluid. Estimated 2:S of the ore 

fluid ranges from 0.01l to 0.018m and lies in the range prescribed for Archaean 

go ld-ore fluids in sub-amphibolite facies. 

The fluid is characterized by a wide variation of CH4/C02 ratios, as determined 

from fluid inclusions, with highest ratios observed in veins within carbonaceous 

phyllites. Based on this observation, the increased CH4 content in the fluid is 

attributed to localized hydrolysis reactions between hydrothermal fluid and 

carbonaceous phyllites underlying the orebody. Hence, flui ds containing lowest 

CH4/C02 ratios are inferred to represent the primary so urce fluid that migrated 

through hydrofractures at the onset of mineralization. Similar variation in the 

CH4/C02 ratios has been reported in a number of gold deposits worldwide (e.g., 

Guilhaumou et a!. , 1990; Cox et a!., 1991; Ridley and Hagemann, 1999). In most 

cases, these deposits are hosted in graphitic or carbonaceous environments. T he 

variations in the CH4/C02 ratios have been attributed to one or a combination of 

the following factors : 

un mixing of an originally mixed C02-CH4-H20 fluid. 

2. heterogeneous mixing of end-member CH4- rich and C02-H20-rich fluid s 

under isobaric conditions. 

3. variable degrees of interaction of COZ-H20 fluid s with carbonaceous 

sediments . 

Taking into consideration the factors discussed above, the very restricted 

overall range in the 813C values of the mineralized vein carbonates (-2%0) at 

Kalahari Goldridge indicates that the fluids from which carbonates were 
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deposited, were similar in composition and origin and therefore militates against 

a mixing model for the CH4/COZ ratio variation. At the temperatures considered 

for deposition for the mineralized veins (350 to 400°C), it is unlikely that fluid 

un mixing played a significant role considering the small shift in 513C. The 

variable CH4/COz ratios pertaining to the fluids at Kalahari Goldridge is more 

likely to reflect incomplete re-equilibration of primary inclusions with 

carbonaceous sediments due to continuous deformation. In which case, some of 

the original vein-forming fluid composition would be preserved. 

7.2.1.2: Source(s) of fluid and ore components 

The stable isotopic data from the alteration mineral assemblages at the Kalahari 

Goldridge deposit provide important constraints to define the possible sources of 

the fluids and the components associated with the gold mineralization. 

Calculations of the 534SHZS value of using pyrite -HzS and pyrrhotite - HzS 

fractionation factors and independent temperature estimates, indicate that 

primary ore-fluid isotopic 534 S2:S varies from + l.69 to + 3.94 %0 and + l. 72 to 

+ 4.0 %0 respectively. The overlapping and restricted 534 S2:S values suggest that 

the sulphides were precipitated from a homogenous fluid. In samples containing 

co-existing pyrite and pyrrhotite assemblages, fractionation between the 

sulphides varies widely and may indicate precipitation occurred out of isotopic 

equilibrium. The calculated 534S2:S values fall within the range for magmatic 

sulphides (-3 to 3 %0 , Ohmoto and Rye, 1979). In the light of the calculated range 

for 834S2:S of the ore fluid, the sulphides at Kalahari Goldridge could have been 

derived directly from a magmatic source, or by dissolution of magmatic-derived 

sulphides in volcanic terranes such as greenstones by reduced metamorphic 
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fluids traversing through the volcanic sequence (e .g., Lambert et ai., 1984; 

Kerrich, 1987). 

The carbon isotope composition of the hydrothermal fluids (S13CLc), calculated 

from S13C of the carbonates in the auriferous veins at Kalahari Goldridge has a 

range from - 6.0 to - 7.8 %0. This overlaps with the values provided by Ohmoto 

and Rye (979) fo r average crusta l carbon (-5 ± 3 %0) and carbon derived from 

the mantle (- 5 ± 2 %0). Thus, the estimated S13CLC range for the Kalahari 

Goldridge deposit does not provide a definitive source for the carbon. The 

carbon in the hydrothermal fluid may therefore be due to either a magmatic 

contribution, or alternatively, it may be attributed to metamorphic reworking of 

mantle - derived carbonation developed along major faults or shear zones (Groves 

and Phillips, 1987; Groves and Foster, 1993). 

The SlBO isotopic compositions of quartz and carbonates from the auriferous 

veins provide constraints on the isotopic composition of the hydrothermal fluid 

(SlBOH20) associated with the gold mineral ization at the Kalahari Goldridge 

deposit. The SlBO H20, based on the /i180 of quartz showed a narrow range from 

7.0 to 10.5 %0 (mean, 8.2 ± 1 %0) for the hydrothermal fluid from which the Group 

lIP. quartz veins crystallized, and 6.7 to 10.0 %0 for the Group liB veins. The 

calculated /ilBOH20 from /i1BO of s iderite from the Group liB veins indicated a 

comparable range from 6.9 to 8.4 %0 (mean, 7.3 ± 0.8 %0) . Similar calculations 

based on the /i180 of ankerite yielded lower /ilBOH20 values (5.4 ± 0.8 %0) . The 

calculated /ilBOH20 value of the hydrothermal fluid from the oxygen isotope data 

of carbonates and quartz from the mineralized veins overlap the range for 

magmatic (+ 6 to + 11 %0) and metamorphic (+ 5 to + 25 %0 ) fluids (Taylor, 1974; 

1997) . 
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7.2.2: Gold transport and deposition model 

7.2.2.1 : Gold solubiMy and transport 

Gold is known to occur In two oxidation states (Au + and Au3+) in solutions. 

Seward 0973; 1984) showed that Au+ is the most dominant species in high­

temperature geological solutions due to its high stability in low oxidation 

potential solutions that characterize these fluids, while Au3+ is negligible . 

Experimental studies by several workers (e.g., Henley, 1973; Seward, 1973; 

Shenberger and Barnes, 1989; Zotov et a!., 1989; Hayashi and Ohmoto, 1991: 

Benning and Seward, 1996; Gibet et a!., 1998) have documented mechanisms for 

transporting gold in high-temperature geological systems associated with gold 

deposits. Important complexes identified in these experiments responsible for 

gold transport include the chloro-complex, AuCI2- (Henley, 1973; Zotov et a!., 

1989) and sulphide complexes (Au(HS)2-, Seward, 1973; Shenberger and Barnes, 

1989; Hayashi and Ohmoto, 1991; AuHSo, Benning and Seward, 1989; Gibet et 

a!., 1998; and HAu(HS)02, Hayashi and Ohmoto, 1991). The experimental work 

demonstra ted that the transporting ability of gold as sulphide complexes occurs 

at low saliniti es and f02 but at variable pH conditions. These s tudies documented 

that the Au(HS)2- complex, for example, is predominant in neutral to slightly 

acidic pH conditions, whilst the AuHSo and HAu(HS)2° complexes are stable in 

acidic conditions .. In contrast, the AuCI complex is important in more acidic and 

high salinity H2S-poor conditions at relatively high f02. The solubilities of these 

species are expressed by the reactions: 
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Au + 2H,S('Ql ; HAu(HSho('Ql + 1/2H, 

Au + 2H,S(aQl ; Au(HS)o('Ql + 1/2H, 

Au + 2Cr('Ql ; AuCI' -('Ql 

[7 .2] 

[7.3] 

[7.4] 

Other Au complexes considered by Seward (993) to be of potential importance 

in high-temperature hydrothermal fluids include tellurium-bearing ligands 

(Au(Te2)HS2-, Au(Te2)z2-, Au(TeS)l- and AuTe23-) , Au(NH3)2 +. and Au(CN)z -. The 

ubiquitous presence of C02 in fluid inclusions in Archaean gold deposits has also 

led some authors (e .g. Kerrick and Fyfe, 1981; Phillips e t al. 1983) to suggest 

that the gold carbonate complex, (Au(HC03)2-, may be important in hydrothermal 

ore-forming solutions. However, experimental data are lacking to val idate these 

suggestions. Giving consideration to the close association of the gold with 

sulphides, and the chemical conditions of the ore fluid derived from the fluid 

inclusion studie s and the alteration mineral assemblage at the Kalahari Goldridge 

deposit , gold transport in ore fluids is likely to have occurred as Au(HS)z . 

Figure 7.2 illustrates the gold solubility contours of the Au(HS)2- complex as a 

function of f0 2 and pH fo r the Kalahari Goldridge depos it constructed at 350°C, 

with average L:S composition in ore flu id = O.014m (Table 5.6), and average 

salinity L:CI of O.5m from fluid inclusion data (Tables 5.1 and 5.2), using an 

activity coeffi cient for the Au(HS)z- complex (YAu(HS),-) '" 1, calculated by the 

method of Renders and Seward (1989). The concentration of gold in the fluid can 

be calculated given the f02 and pH conditions. However, the lack of data for 

calculating the pH fo r Kalahari Goldridge ore fluids precludes calculation of the 

precise gold solubility. Therefore, this can only be speculated based on the 

ge:-::;ral assumption that the pH of hydrothermal ore fluid s typically ranges from 

5 to 6.5 (Seward, 1993). On this basis, the concentration of gold in the Kalahari 
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Goldridge ore flui ds would fall within the range from 0.1 to 511mg/kg CO. 1 to 

5ppb) at the estimated f02 range from 10-32.96 to 10-29.98 
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Figure 7.2. Solubility contours for gold as Au(HSh- at T = 350°C, 2:S = 0.014m and 
2:Cl= 0.5m, shown as a function of f02 and pH at Kalahari Goldridge deposit. 
Thermodynamic data for calculating gold solubility contours are from Helgeson 
(1969), Robie et al. (1978) and Shenberger and Barnes (1989) 
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7.2.2.2: Depositional models 

Gold deposition is fundamentally controlled by factors which induce changes in 

the gold- bearing hydrothermal fluid. This invariably affects the solubility of the 

gold complex by destabilizing it, and efficiently removes gold from solution. 

Broadly, fo ur processes have been invoked as the principal mechanisms for 

destabilizing the gold-complexes in hydrothermal ore solutions. These include CD 

tempera ture decrease (iil dilution, (iii) phase separation and (iv) fluid interaction 

with wall rock. One or a combination of these could trigger gold precipi tation in 

the high-tempera ture ore fluids. 

Temperature 

The effect of temperature is shown to have little signifi cance with regard to gold 

deposition in Archaean lode gold systems (e.g ., Seward, 1973; Phillips and 

Powell , 1993 ; Benning and Seward, 1996). Benning and Seward (996) showed 

that gold solubili ty decreases with dec reasing temperatures, but at condi tions 

below whi ch mesothermal lode gold deposits can occ ur «200°c). Benning and 

Seward (996) also indicated that the cooling effect of gold-sulphide complex 

solution reduces the total sulphur content. However, a t tempe ratures greater 

than 350°C, the effect is nullified by the high gold solubility at such 

tempera ture s. 

Dilution 

Dilution as a mechanism for gold deposition has been attributed to the mixing of 

two or more contrasting fluid compositions (e.g ., Cox et aI., 1991; Anderson et 

aI. , 1992). For example, mixing of deeply sourced fluid s and surface-derived 
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fluids, or mixing of metamorphic and deeper magmatic or mantle-derived fluids 

due to varied chemical conditions or temperatures . In gold deposits where fluid 

mixing operated in gold precipitation, the evidence of fluid mixing is monitored in 

fluid inclusions, where such changes are represented by the co - occurrence of 

twv chemically and/or contrasted physically contrasting types of fluid inclusion 

in the same sample, resulting from successive trapping of different fluids 

(Pichavant et aI., 1982). Stable isotopes of oxygen have a useful role in 

monitoring such processes. Isotopic signatures would be marked by wide 

variation if the mixing fluids have different isotopic compositions (McCuaig and 

Kerrich, 1998). 

Phase separation 

Phase separation results as a response to episodic pressure drops during 

hydraulic fracturing. Evidence for phase separation as a mechanism for gold 

precipitation is closely associated with primary fluid inclusions hosted in gold­

bearing quartz veins, such as the coexistence of end-member aqueous and 

carbonic inclusions , heterogeneous trapping of C02-H20-rich fluid s, and a wide 

range of C02 homogenization temperatures (e.g., Robert and Kelly, 1987; Sibson 

e t al. 1988; Fedorowick et aI., 1991; Ansdell and Kyser, 1992). During phase 

separation, volatiles such as C02, H2S, H2, S02 and CH4, etc. are partitioned into 

the vapour phase. However, the reduced species, H2S, H2, and CH4 are more 

volatile and are lost preferentially to the oxidized species C02, S02, S03. This 

acts to oxidize the residual fluid by increasing the activity of SO/- and 

decreasing the reduc ed sulphur (H2S) ac tivity according to equation 7.5 

(Drummond and Ohmoto, 1985 ; Naden and Shepherd, 1989). 
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On the other hand, the loss of C02 and H2S causes a rise in the pH in the residual 

solution (equations 7.5 and 7.6) . 

According to the above reactions, phase separa tion would generally result in pH 

increase , oxidation and the reduction in the total sulphur content of the ore fluid. 

However, Bowers (1991) showed that with gold deposition accompanying phase 

separation, there are competing effects in the relative magnitudes of the changes 

of these parameters involved in the ore fluid, where the Au is carried as a 

b i c:~Jphide complex according to the reaction: 

Au + 2H2S ; Au(HS)2- + H+ + 1I2H2 [7.7], 

It was shown that while H2S loss pushes the reaction to the left, which facilitates 

Au precipitation, an increase in pH resulting from equations 7.5 and 7.6, and H2 

loss will drive the reaction to the right, resulting in increased Au solubility. Thus, 

whether or not gold precipitation will take place depends on the initial oxidation 

state and pH conditions of the fluid and the relative magnitude of the f02 and pH 

ll1creases. 

Fluid-rock interaction 

In fluid-rock interaction , mineralization is attributed to chemical reaction 

between circulating hydrothermal fluid and wall rock. As hydrothermal fluid 

infiltrates wall rock, disequilibrium occurs between circulating fluid and 

surrounding wall rock, resulting in the precipitation of new mineral phases or 

dissolution of wall rock components as well as changes in the physico-chemical 
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conditions (e.g .. pH. f02. L:S. and L:C) of the ore fluid. to facilitate the 

establishment of chemical equilibrium. T hese processes are characteristic in the 

development of hydrothermal alteration in wall rocks. and have been identified as 

an important mechanism for producing large average - grade gold deposits 

(Groves and Foster. 1993). 

In Fe-rich sediments such as dolerites. basalts and iron-formations. the 

precipitation of sulphides and carbonates in the form of pyrite. pyrrhotite. 

siderite and ankerite may be cliarac teristic features . This consequently leads to 

a chemical modification of the fluid by lowering the L:S and destabilizing the 

gold-complexes with the subsequent precipitation of go ld (Phillips and Groves. 

1983 ; Groves and Phillips. 1987). 

In carbonaceous sediments . fluid-wall rock interaction results in the generation 

of CH4 in the fluid. which consequently decreases the redox condition of the 

fluid. thereby promoting gold precipitation by destabilizing the gold-complex 

according to equations 7.9 and 7.10 (Springer. 1985; Cox et al.. 199 1; Phill ips et 

al.. 1996) . 

[7.10] 

Fluid-rock interaction also causes pH decrease by K - and C02-fixation reactions 

in wall rocks resulting from acid production by these reactions (e.g .. Kishida and 
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Kerrick, 1987). Therefore, in rocks with low pH buffering capacity, gold 

precipitation can be facilitated. 

At the Kalahari Goldridge deposit, evidence from fluid inclusions, stable isotopes 

and composition of certain alteration assemblages (e.g ., chlorite) do not support 

major changes in temperature, mixing or flu id unmixing as potential parameters 

to have caused gold precipitation. In addition, the re latively narrow range of the 

isotopic compositions of carbon, sulphur and oxygen in mineral phases 

associated with the mineralization indicates an evolution of the ore flu id from a 

homogenous unique source and rules out any possibilities of mixing of variable 

fluid sources . 

Intense brecciation, extensive wall rock alteration and close association of gold 

with sulphides and carbonate gangue in altered samples suggest that gold 

precipitation was largely due to the decrease in sulphur activity resulting in the 

destabilization of the gold-complex and the synchronous precipitation of gold 

and Fe-sulphides . Furthermore, extensive K - metasomatism and carbonation 

associated with wall rock alteration shown in equations 5.6 and 5.7 (Chapter 5) 

and which is reproduced below, also indicate that decrease in pH possibly played 

an important in gold depos ition at Kalahari Goldridge. 

1 25/3Si02 + 35/6Chl- 3 + 35/12H20 + 12Chl-2 + 25/4K+ = lOStilp + 25/4H+ + 7Chl-l [5.61 

X2+ + CO2 + H20 = XC03 + 2H+ [5.71 where X = Fe + Mg + Mn 

The high Au values in certain areas close to carbonaceous phyllites suggests 

that local reduction in f02, is also likely to have activated gold precipitation. 
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7.3: Genetic Implication 

7.3.1: Significance of competency contrast 

In spite of some irregular distribution of high gold grades at the Kalahari 

Goldridge deposit, the most economically viable part of the orebody appears to 

lie in the most competent and Fe-rich part of the s tratigraphy, which consists of 

the BIF unit in the central portion of the orebody. This section of the orebody is 

characterized by brecciation and shearing. The localization of high gold grades in 

the BIF units and the associated fracturing and shearing, outlines the importance 

of host-rock competence and fluid focusing in ore deposition, where low-tensile 

rocks serve as important sites for fluid focusing and localization of ore deposits. 

This relationship has been documented by several workers (Cox et ai., 1991; 

Ridley, 1993) and has been widely observed in Archaean gold deposits. 

In particular, Foster and Gilligan (1987) documented that the geometry of lode 

deposits in iron-formation depends largely on the rheological behaviour, either 

in a brittle or ductile manner. They noted that when subjected to high fluid 

pressures and high strain rates, magnetite-rich iron-formations in low-grade 

metamorphic rocks are more prone to brittle deformation. At Kalahari Goldridge, 

the close association of boudins and tight isoclinal folds in the cherty BIF are 

characteristic of ductile deformation. However, the selective extension veins in 

Fe-rich layers in the BIF, indicate that brittle deformation was prominent. This 

suggests that mineralization at the Kalahari Goldridge deposit was accompanied 

by a brittle-ductile deformation. 
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The less permeable pelitic lithologies, which sandwich the ElF horizon may have 

acted as fluid barriers to upwelling hydrothermal flu ids that localized the flow of 

flu id in the more competent BIF units, thereby facilitating hydraulic fracturing 

and subsequently promoting subhorizontal vein growth. It is worth noting that 

although the pelitic sediments interbedded with the ElF are less mineralized , 

fo liation planes in these sediments as well as lithological disc ontinuities between 

ElF and pelitic sediments are also likely to have served as initial conduits for 

upward migrating ore fluids. In places, this is evidenced by the complete 

replacement of narrow magnetite mesobands in terlayered with schi st by 

pyrrhotite. These observations are consistent features of most mineralized 

greenstone sequences in which the competency contrast of the host rock plays a 

major role in the localization of the advecting ore fluid (e .g. Phillips and Groves, 

1983; Houstoun, 1987) . 

7.3.2: Influence of chemical condition of host rock 

Examination of assay samples at the Kalahari Goldridge depo sit indicates that 

sulphide-rich samples in the BIF give consistently high gold grades. In contrast, 

samples from pelitic schist in terbedded with the BIF give low go ld grades. The 

veins associa ted with the mineral izat ion rarely carry significant gold in 

themselves but gold is closely associated with sulphides and carbonates in the 

altprat ion assemblage. Most of the vis ible gold occurs as inclusions in pyrite. 

The gold also occurs in textural equilibrium with the sulphides and carbonate 

gangue and in microcrack-fillings in pyrite . The high carbonate and sulphide 

alteration associated with the Fe-rich ElF and the close association of gold 

within the alteration zone provides evidence that the chemical conditions of the 

host BIF (high Fe/Fe+ Mg) played a cri tical role in controlling gold deposition 

(re fer to Fig. 2.8). Locally, high go ld values have been found in close proximity 
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to carbonaceous phyllites at contacts between the footwall and BIF horizon. The 

occurrence of gold in pyrite fractures may indicate introduction of gold during a 

later deformational event. This may be remobilized from earlier gold associated 

with the alteration event or gold released from lattice sites of the early 

sulphides. The observations as outlined above, suggest that fluid access via 

hydraulic fracture played a critical rol e in the distribution of the alteration zone 

and Au distribution and that Au was added to the iron-formation from an external 

source. 

7.3.3: Comparison with other Archaean deposits 

Se",'.=ral features associated with the Kalahari Goldridge deposit are comparable 

with epigenetic gold deposits in other Archaean iron-formations described by 

several authors (e .g., Phillips et a!. 1984; Wyman et a!., 1986; Groves et a!., 

1987; Lhotka and Nesbitt, 1989; Vielreiher et a!., 1994; Newton et a!., 1997). In 

all these deposits, a close genetic relationship has been observed between 

quartz veins, sulphides and Au distribution in alteration zones. The mineralized 

veins served as conduits for introduction of ore solution. Fluid interaction with 

host rock along fluid conduits resulted in selective replacement of iron oxides 

and iron silicates by sulphides and carbonates, which are characteristic features . 

These features provide authentic evidence that Au and associated elements (e.g., 

As, S, Bi, Te and Ag) were derived from an external source and added to the 

iron formation. 

The ore shoots in most Archaean lode gold deposits are documented as 

occurring at intersections between shear zones or major faults and other planar 

structures, and also exhibit plunges that are subparallel to mineral elongation 
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lineations in the host rock, which emphasizes a structural relationsh ip between 

stretching and the development of fluid-focusing conduits (Groves and Foster, 

1993). In particular, the gold mineralization hosted by BIF is stratabound and 

exhibi ts strong structural control, with the ore shoots commonly associated with 

linear structures, fold closures resulting from structural thickening of BIF, minor 

fold structures, fault and shear fr actures (Cox et al. 1991: Peters, 1993). 

Although the lengths of the orebodies are highly variable, the width is largely 

controlled by the thickness of the BlF with ore shoots commonly exhibiting 

down-dip continuity. Examples of the structural controlling features of these ore 

shoots, have been reported in several BIF-hosted deposits (e.g. Fumani, 

Pretorius et aI., 1988; Mt. Morgans, Vielreicher , 1994; Santa Craze, Newton et 

al.. 1997). At the Fumani mine in South Africa, Pretorius et al. (1988) observed 

Au mineralization to be concentrated parallel to mineral e longation lineation 

wi thin shear zones in BIF. Similarly, at the Santa Craze BIF-hosted deposit in 

Western Australia, Newton et al. (1997) also determined the plunge of the shoots 

to correspond to the intersection between the BlF and sub-horizontal quartz­

carbonate veins. Similar relationship was reported at Mt. Morgans in the Yilgarn 

block of Western Australia where Vielreicher (1994) noted economic gold 

mineralization within faulted and fo lded pyrite-rich zones in oxide facies ElF. 

Evaluation of textural relationships, geochemical data and structural information 

at the Kalahari Goldridge deposit, suggests that gold mineralization postdates 

chemi cal sedimentation of the ferruginous host rock and therefore supports an 

epigenetic model. Furthermore, the low base metals associated with the sulphide 

mineralogy rules out possible submarine volcanic activity for the genesis of gold 

at Kalahari Goldridge. 
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An epigenetic model for the mineralization IS supported by the following 

observations: 

l. Close association with hydrothermal alteration and quartz-carbonate 

extens ion veins which crosscut li thological layering of host BIF. 

2. Meso- and micro-scale foliation-parallel replac ement of magnetite by 

pyrite, pyrrhotite and siderite along vein contacts with host BIF. 

3. Close association of Au with sulphides in altered BIF samples and 

4. Absence or minimal occurrence of sulphidization and carbonation as well 

as low Au tenors in less alte red BIF samples . 

7.4: Model for Exploration 

In most gold terranes, conventional geochemical methods have commonly been 

used for exploring concealed deposits . In thi s method, coherent correlation 

between Au and rare ele ments such As, Bi, W, Te, Sb and Se has proved useful 

in targeting concealed deposits. At the Kalahari Goldridge deposit, the current 

study has revealed no coherent correlations between Au and these elements and 

therefore makes it difficult to use typical pathfinder elements as an exploration 

tool. However, despite lack of coherent correlation between Au and other gold­

related rare elements, the mass action calculation shows that an increase in Au 

is accompanied by co-enrichment in some major (K, Mg and Na) and trace 

elements (As, Te, Bi and Ag, Rb, Ba, Zr and Sc). On this basis, it is suggested 

that all trace elements that show anomalous enrichment (As, Te, Bi, Ag, K, Rb, 

Ba, Zr and Sc) with Au at Kalahari Goldridge should be used as pathfinders in the 

BIFs, but particularly, the extremely high enrichment of Sc may serve as an 
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important geochemical tool for exploration 10 ferruginous sediments 10 the 

Kraaipan region. 

Empirical observations of 013C and fluid composition in mineralized quartz veins 

and geochemical analyses of host rocks also suggest that the zone of wall rock 

alteration may define potential targets for exploration in the Kalahari Goldridge 

area. Several lines of evidence suggest that the stable isotope da ta on mineral 

phases from alteration samples reflects the flu id/rock ratios operating during 

alteration. In particular, carbonate alteration by fluid interaction with wall-rocks 

from a discrete conduit may show a systematic decrease in carbonate content 

and increase in carbonate 013C with increasing distance from the conduit, due to 

evolution of a finite reservoir of the fluid carbon as observed in several 

Archaean lode Au deposits. In most cases , the stable isotope composition of 

carbonates in wall rock show a systematic variation with proximity to the fluid 

conduit that is commonly characterized by ve ins. 

At the Kalahari Goldridge deposit, the coherent 013C values of carbonates in 

mineralized veins and ElF provide evidence tha t ore fluid equilibration with host 

rock took place during the mineralization episode. T he absence or minimal 

occurrence of carbonates in the least altered ElF further s uggests that carbonate 

precipitation was largely due to the ore fluid associated with the mineralization. 

In addition, the heavy 013C s ignatures of carbonates in the early metamorphic 

veins (Group I, - 2. 7 to -2.0 %0) in comparison with the mineralized veins (-8.0 to 

-5 .6 %0 ) and altered BIF (-6 .7 to -5.4 %0), suggest the 013C signatures may be 

used to di stinguish between alteration by metamorphic fluids and mineralized 

zones in the Kalahari Goldridge area. 
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7.5: Conclusions 

The gold was mobi lized by a deep-seated transgressing fluid and focused into 

structurally structural controlled sites and chemically favourable Fe-rich 

sediments. The characteri stics of the ore fluid suggest that Au was transported 

as a sulphide complex, Au(HS)2-. Gold deposition was largely controlled by linear 

structures charac terized by mineral elongation and the intersection of planes of 

shallow- dipping quartz-carbonate veins and host BIF. The overall competence of 

the BIF and the high Fe contents provided an ideal site for hydraulic fracturing 

and gold deposition respectively. Differences in competence between the BIF 

and enclosing pelitic sediments resulted in brittle-ductile deformation in the BIF 

and consequently creating favourable conduits for ore - fluid ingress into the host 

rock. The high silica content of the BIF is also likely to have enhanced ductile 

shearing in the BIF during deformation. Gold precipitation was facilitated by the 

interaction between ore flu id and the chemically Fe-rich sediments resulting in 

extensive carbonation, sulphidation and K -metasomatism. In particular, 

sulphidation reactions led to a decrease in the mLs, while the dual effect of K­

metasomatism and carbonation led to the decrease in the pH. These effects 

destabilized the Au(HS)2 - complex and consequently depositing gold. The gold 

mineralization was associated with two structural events, which were separated 

in time during a D2 deformational event. 

The stable isotope and fl uid inclusion data do not provide an unequivocal 

distInction between a magmatic or metamorphic fluid source for mineralization at 

Kalahari Goldridge deposit. However , the rela tive ly narrow range of the ore fluid 

isotopic compositions of carbon, sulphur and oxygen suggest that the fluid 

evolved from a homogenous unique source. 
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Parameter Archaean Barberton This study (Goldrid!1e) 

T"C 200-450 290-310 340-400 
Pnuid (Kbars) 1.0-3.0 (generally 1.0-2.0) -0.9 0.75- 2.0 
XCO, 0.03-0.25 (generally 0.10-0.15) -0.1 0.05-0.16 
Salinity (wt % NaCI eQuiv.l < 6 (generally <2) 5-6 0.0 to 5.77 (mean = 3.25±0.25) 
10gfO, (bars) -33 to -29.7 (reducing) nfa -32 .96 to -29 .98 (red ucing) 

m"S 10 to 10-3.5 
nfa 0.Dl 1-0.018 

pH near-neutral to alkaline 

p"'id(gfcm3
) 0.8-0.9 (generally 0.9) 0.76-0.88 

13C cS carbonate (%.) -10 to + 2.2 (generally -8.5 to - 2.5) - 4.5 to - 2.5 -7.56 to -5.42 

cS 13Cnuid ("') -7.0 to + 1 (generally -4 to -2) n/a -7.37 to -6.0 
180 cS Quartz ("') + 8 to + 16 (generally + 11 to + 14) +12to+ 13 + 11.96 to + 14.54 
"0 cS fluid (%.) + 2.5 to + 10 (generally + 5 to + 8) + 5.1 to 5.8 + 6.65 to + 10.48 
34 o Spyrile (~) + 0.8 to + 8.1 (generally + 1 to + 5; + 1.4 to + 3.9 + 2.69 to + 4.94 

Golden Mi le -9.5 to -1.6) 
034S pyrrhotite (~) + 1.95 to + 4.05 
"S o [Iuid (%,) + 1 to + 3 nfa + 1.69 to + 4.0 

Data for Archaean from Perr ing et al. (1987) except m"S (Mikucki, 1998). Data fo r Barberton from de Ronde et al. (1992). n/a = not available. 



The lack of data on the Kraaipan greenstone belt with respect to history of the 

mineralization and fluid evo lution precludes any regional comparison. Available 

data on the nature and composition of the ore fl uid associated with several 

deposits in the Barberton greenstone be lt (de Ronde et aI., 1992) also on the 

Kaapvaal Craton, however, exhibit some intrinsic differences from that of 

Kalahari Goldridge (Table 7.n This s uggests that go ld mineralization in both 

greenstone belts was possibly associa ted with discrete fluid events. A 

comparison of the Kalahari Go ldridge data with other worldwide deposits shows 

that it falls within the range reported for Archaean lode deposits in other 

cratons. This lends credence to the fact that unique fluid hi story and physico­

chemical conditions are associated with gold mineralization in Archaean 

greenstone belts. 

An important distingui shing feature of the Kalahari Goldridge deposit from 

several s tudied BIF- hosted deposits is the relatively high potassic enrichment 

consisting typically of sti lpnomelane and muscovite. In most BIF-hosted gold 

deposits, potass ic enrichment is negligible because of the low concentration of 

A1203 in the BIF to stabilize K-bearing phases (Groves et aI., 1985). 
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Appendix I 

L ogge db ore h 1 o es at t h K 1 h . G Id 'd e aa an 0 n 1ge mme. 
Thickness/m Description 
GOP 529 c,""-,,,tion 13250 
0-52 Chlorite schist with quartz-carbonate veins with disseminated to euhedral pyrite crystals. Cong]omer ic pebbles in places. 
52-75 Gra:.wack e 
75-96 Undifferentia ted chloritic/meta -pelit ic sequence with pyrite mineralization in meta-pelite. 
96- 106 Interbedded chlorite schist/chert SIF. Euhedral pyrite in magnetite-rich bands of SIF and thin continous of pyrite in schist units. 

Quartz-carbonate veins (96-97: 97.11-97.41 inclined at 50Q
) . 

106- 124 Brecciated massive cherty BIFwith intense veining and pyrite/pyrrhotite replacement. Very high gold grades 
124-154.1 Interbedded chlorite schist/cherty BIF with folding in places. Unit cut by dolerite dyke (J 40-143m). 
154-175.6 Banded chen . Less sulphide replacement. Intersection by dolerite dyke (l62-164.2m). 
75.n to n f h • twall fi ; 

f)J'53 1 C, , i n 13350 
0-90 Gray\\ acke 
90-104 Undifferentiated sequence of meta-pelite and sc hi st. Quartz and pyrite stringers in places . Mafic dyke from 10 1 - 102m 

f 
104- 147.25 Interbedded chlorite schist/cherty SIF. Quartz-carbonate and pyrite veins at low angle. 

Intense pyrite/pyrrhotite replacement. Quartz-carbonate vein (I47-147.25m). 
147.25-168.9 Interbedded chlorite schist/chert BIF. Highly folded 063.7-164.7m). 
70-178.3 Footwall mafic schist (hip;hly bleached). 

GOP 588 Cmw", t;on 13350 
0-231 Graywacke. Conglomeritic from 143 to 145m. 
231 - 267 Undifferentiated schist/meta -pelite sequence. 
267-307 Interbedded chlorite schist/chen 81F . Quartz-carbonate veining in places (291-292m; 293-394ml. 

Carbonaceous meta-pelite sequence from 30S-307m. 
307-332 Intensely brecciated cherty BIF. Pyrrhotite replacement in entire section. Significant microfolds in places 

m-~~~ Interbedded chlorite/chert SIF with minor folding in places. Quartz-carbonate vein from 383-386m. 
7-3 Fnntv.all mafi. ~chi t. 

r.DP 52 f Cm, -secti 13350 
0-23.5 Undi fferntiated sch ist/meta-pelitic sequence with disseminated pyrite in meta-pelites. 
23.5- 43.6 Interbedded chlorite schist/chert BIF. Ma fic dyke from 36.31 to 4 1m. 
43.6-1 17 Cherty BIF with intense pyrrhotite and pyrite replacement. 
11 7- 133.4 Interbedded chlori te schist/chert SIF with microfolding at 125.4 to 125.7m. High p) rite concentration in fractures. 

133k'n<loLj,ol, 
quartz-carbonate vein in places. 
E.o.QJ.'@.1l JTI.a.fic scl:1isL 

GDP 532 Cross-sec ron 13650 
0-49 Graywacke unit. Conglomeritic from 4 to 16m and 25 to 37m. Mafic dyke intersection. 4.5 to 6m. 
49- 74 Undifferentiated schist/meta-pelitic unit. Chloritic from 49.4 to S6.3m. 
74-121 Interbedded chlorite/chert SIF. High grade in more brecciated and folded areas (75-108m). 

carbonaceous meta-pelites (114.4-1 I 5.8m) and (119.6-121). Multiple quartz- carbonate veining. 
121-132 
i 32 ,o;od of hof, 

Massive cherty BIF with intense replacement of magnetite by pyrite/pyrrhotite. 
i Fo~'w'H m,r;~ "hi". 

IGOP 587 Cm"-,, t;on 13650 
0-172 Undifferentiated schist/meta pelitic sQuence. Disseminated pyrites in meta-pelites. 
172-199 Interbedded chlorite/ chert Blr.Pyrite/quartz veining. Dolerite dyke intersec tion (180- 187.0m). 
199-215 Massive chert BIF. Intense fracturing and high gold grades. Minor foldings in places. 
215-253 

1253 '0 eod of hoi, 
Interbedded chlorite/chert SIF.Pyrite/quartz veining. Quartz vein ing (233 .8-234.8mJ. 
IF~~tw~il'mafic schist. 

IGDP 525 C, , - ;on 13650 
0-19.2 Graywacke. Very conglomeritic from 0.0 to 1O.2m. 
19.2-47.7 Undifferentiated schist/meta- pelitic sequence. Abundant quan z-carbonate stringers in unit. 
47 .7- 55.0 Interbedded chlorite schist/chert SIF. 
55-73 Brecciated cherty BIF. lntensse pyrite/pyrrhoti te mineralization and high gold grades. 
73-104.3 Fine interlayering of chert/chlorite BIF. Carbonaceous meta-peJites from 84 -86m and 99 to 100.Sm. Fine lamination of pyrite 

t04.3 '" .nd or hof 
along foliation plane of meta-pelite. 
Footwall mafic 'schist 

IGDP 527 C,m-",,;on 13950 
0-35 Undifferentiated schist/meta-pelitic sequence . Meta-pelites from 30 to 35m 
35-43 Interbedded chlorite schist/cherty BIF. Carbonaceous meta-pelites unit from 38.7 to 41.23m 
43-61 Highly brecciated Cherty-SI F with intense pyrite/pyrrhotite replacement. High grade ore. 
61 - 78 Interbedded chlorite sch ist/chert BIF. Minor folding and kinks. Fine pyrite lamination in schist unit. 
78 to ,nd of hoi. Footwall ma fic schist. 

IGDP 452 Cmw",t;on 13950 
0-30m Graywacke 
30-35 Undifferentiated chlorite schist/ carbonaceous meta-pelites. 
35-4 1 Interbedded chlorite schist/cherty BlF. 
41-60 .26 Massive cherty SIF and intensively brecciated.Cut by several quartz- ca rbonate veins and pr rite/pyrrhotite replacement. 

Thin layer of carbonaceous meta-petite (50.7-51.8Sm) . Banded chert from 51.85-60.26m 
60.26-80.66 Interbedded chlorite schist/cherty BtF. 
80.66-87.36 Thin layer of carbonaceous meta-pelitcs. Pyrite laminations in foliation plane. Also pyrite veins cutting at high angles to core. 
87.36-89.66 Banded chert interlayered with thin beds of carbonaceous meta-pel ites . 

9' .9 , '" nf h f 
1~~art7. stringers abundant throughout. Commonly replacement of magnetite by pyrite-pyrrhotite-carbonale. 

'ootw til m fie ~( hi~t. 



APPENDIX II 

Appendix IIA: X-RAY Flourescence (XRF) 

Major elements and volatiles as loss on ignition (LOD were determined for all 

lithologies while trace el ements were determined for selected samples using the 

XRF technique of Norrish and Hutton (1969) . All analyses were performed at the 

Department of Geology, Rhodes University using a Phillips PW 1410 XRF 

spectrometer operated at 55kV and 40mA using Ku-emission lines for all major 

and trace elements except Ba where an L spectral line was used. All counting on 

spcc::tral line peaks for trace elements was fixed at 200 seconds and 100 seconds 

for backgrounds . 

Selected homogenous samples from drill cores were washed and air-dried. 

Portions of these samples were jaw-crushed into smaller fragments. These were 

then crushed in swing mill into fine powder. 

Combined volatiles (H20+ , C02 and S) were determined by loss on ignition (LOD. 

About 2 gm of sample was weighed into platinum crucibles. This was placed in 

an oven maintained at 100DC overnight. The weight loss is calculated as loss on 

ignition of H20 - . The crucibles with the samples were again ignited at 1000DC for 

about 6hrs. Further weight loss corresponds to other volatiles including C02, 

S02, S03 and H20+ . 

Major oxides except Na were analysed in dupl icates on glass disks prepared 

from the fusion of ashed powder samples, lithium tetraborate , lithium carbonate 

and lanthanum oxide flux. Trace elements consisting of V, Sc, Ba, Nb, Y, Zr, Rb, 

Zn, Cu, Ni, Co, Cr and the major oxide Na were analysed on 5g pressed powder 



pellets usmg boric acid as backing agent. Corrections were made for spectral 

and tube-peak interferences, instrumentation drift, background intens ities and 

matrix effects . A number of international locally prepared s tandards were used 

for calibration for analysed e lements. These include NIM-N, BCR, GSP, AVG, G-

2, DTS, PCC, NIM-G, SHVQ, SCQ, SDC, S-15 and S-12. The lower limits of 

detection ClId) for the trace elements were determined from the computer 

program of Marsh (1979) and presented below. 

Element lld/ppm Element lld/ppm 

Zr l.73 Ni 2.85 

Y l.77 Co 2.77 

Sr 1.75 Cr l.77 

Rb l.82 V 2.59 

Sa 1.7 Nb l.88 

Zn 2.58 Ce 5.57 

Cu 2.92 Nd 2.97 

La 2.59 



Appendix lIB: ICP-MS Analysis 

50 mg of sample powder are digested in closed teflon beakers using ultra - clean 

HF and HN03. The digested samples are re-dissolved in 5% HN03 for analysis. 

Calibration is by external standardisation using a range of standards made from 

commercial multi-element so lutions . All analyses are done on a Perkin Elmer! 

Sciex Elan 6000 ICP-MS at the University of Cape Town using a standard cross­

flow nebuliser and a Scott-type spray- chamber. Typical instrument operating 

conditions are as follows: nebuliser gas flow: -0.8 L/min, main gas flow: - 15 

L/min, auxi liary gas flow: -0.75 L/min, ICP RF power: 1100 W. Typical 

instrument sens itivity (for Rh103): -20 000 cps/ppb. Internal standards used: 

Rh103, In 115, Re187, Bi209. The lower limi ts of detection Old) for the trace 

elements are given in the table below. 

Element lid/ppm Element lid/ppm 

Zn 0.0511 La 0.0033 

Cu 0.03 13 Nb 0.0086 

Ni 0.0435 Zr 0.05 12 

Co 0.0143 Y 0.0056 

Cr 0.3267 Ag 0.0008 

V 0.0657 Sb 0.0094 

Sc 0.1 551 As 0.0037 

Ba 0.028 W 0.0998 

Sr 0.0863 Bi 0.0015 

Rb 0.0017 Te 0.0037 

Ce 0.0074 Au 0.0014 

Nd 0.0058 



Appendix lIC: Microprobe Analysis 

All analytical data of mineral compositions were acquired by wavelength 

dispersive (WDS) and energy dispersive (EDS) spectrometers using a Jeol CXA-

733 Superprobe at the Department of Geology, Rhodes University. Analyses 

were performed on carbon- coated polished thin sections and briquettes. The 

carbonate analysis was performed using EDS at 15kV operating voltage and 

20nA beam current at 100secs counting time . The silicates, electrum and ore 

minerals were obtained by WDS at 15kV operating vo ltage and 20nA beam 

cur rent for silicates, and 20kV and 30nA for electrum and ore minerals. Counting 

time was maintained at 20 seconds for all elements. Calibrations were done using 

int(.;"national standards and data corrected using ZAF corrections. Data reduction 

was done using the software package Probe fo r Windows. 

Appendix IID: X - ray diffraction (XRD) 

XRD data were obtained from bulk-rock powder samples usmg a Phillips 

PW1390 automated diffractometer with graphite monochromator and CuKu­

radiation to define principal minerals. Operating conditions were maintained at 

40kV operating voltage and 30nA current. Scan range were set from 0 to 60° 

(28) at a speed of 15sec/degree at intervals of 0.05°. The phase identification 

was done semi-automatically using Phill ips X -Pert analytical package. 



Appendix III 

:0 Debye-HUckle equation (Helgeson et ai., 1981) 

Log 'Ii (T,Il = -A(T}·zl-;fI + B'(T), I 

1 + an)' B(T}';fI 
where, 

'l; = the activity coefficient of the Jth ion present In small concentrations In the 

so lution . 

A, Band r are mo lal Debye-Hockle parameters defined at a particular temperature . 

r = true ionic strength of the solution. 

a; = coeffici ent representing the distance of closest ions in the electrolyte so lution is 

taken from Truesdell (984) 

Z; = charge on the Ith species. 

B' = dev iation function from the mean activity coefficient at 25°C. 

The mean activity coefficient 'l± = [('l.r '('l-) v-prv 

where 

v. = number of moles of cations in 1 mole of a given salt, 

v_ = number of moles of anions in one mole of a given salt and v = number of moles 

of ions in one mole of a given salt. 

(ii). CO2 density calculation (Ely et ai., 1989) 

The saturated liquid density A:m (g/cm3) along the liquid-vapour curve between -56° 

and + 31°C is given by: 

A:02Cliq) = {(b1, o.35 + b2,2 + b3,3)/0 + b,To.6s) + l.O}· A: 

A:02(vap) = MWco2'Pco2/RTZ 

PC02 = exp(al,1.9 + a2 + a3/TR + a,TR + asT2R + a6T3R) 

Z = l.0 + PR/TR(Ze-l.O) x (l.O + T03SCc 1 + T R(c2 + TR(c3 + c,TR)))) 

r 

r 



Where , 

Pc02 = densi ty of CO2 in g/cm3 of liquid or vapour CO2 

Tc = CO2 critical temperature (304 .127°K); Pc = CO2 critical pressure (73.7479bars) ; 

Pc = 0.466504 g/cm3
; R = 83 .145cm3kJ/moleK; Zc = PCMWC02/(RPcTe); 

PR = PIPe; Peo2 = vapour pressure along the liqu id-vapour curve in bars ; T R = T/Te, T 

in Kelvin; and '( = 1.0-T R. The coefficients a;, b; and C; are given in the table below. 

equation 1 equation 2 equation 3 
ai bi ci 

1 22.1121612 2.0012154 20.73159133 
2 20.75 11 138 - 1.648614 -68.35708515 
3 - 13.591939 2.2667362 76 .95423388 
4 -13 .164693 -0.46534 -30.13409019 
5 24 .366 1239 
6 -14 .059953 

(iii). Density calculation of aqueous chloride solution 

The density of aqueous chloride solution (P'e) is calculated by the regression 

equation of Potter and Brown (1977): 

P'e = (1000po + MN,clmPo)/(lOOO + A ompo + Bof71312po + Com 2po) 

where Po = the densi ty of water at 40°C in g/cm3 = 0.99164, 

MN,el = molecular weight of NaCI = 58.5, 

m = the molal concentration of NaCI in so lution 

Ao = 17.45, Bo = l.71 and Co = 0.040. 

(iv). Salinity [(Bozzo et al. (1975); Hall et al. (1988)] 



(j) Estimate from c lathrate melting temperatures: 

Salinity from clathrate melting temperatures is estimated based on the data of Bozzo 

et al. (1975) : 

Salinity (wt % NaCI) = 15.52022 - 1.02342t - 0 .05286t2 

Where t = clathrate melting temperature in °C. 

(jj) Estimate from ice me lting temperatures: 

Salinity est imate from the ice melting in H20-NaCi inclusions is based on the data of 

Hall et al. (988): 

Salinity (wt % NaCl) = 0.00 + 1.788 -0.044282 + 0.00055783 

Where 8 = depr ession of freezing point in degree Cels ius. 

(v). Equation of state of Zhang and Frantz (1987) 

P = Al + A2 T 

with 

A, = 6.100xlO-3 + (2 .385x lO- ' -a,)Th-(2.855xlO-3 + a, )Th'- (a3Th+ a,Th')m 

A, = a, + a,Th + 9.88xlO-6T1r + (a3 + a, Th)m 

Where m = molality; Th = homogenization temperature ; ai, a2 , a3 and a, are 

constant fit to the data set provided in the table be low for NaCl-H20 system 

NaCl-H20 28.7300 -0.06477 -0.2009 0.00319 

(vi). Activity Models [Miyano and Klein (1989); Walshe, (986)] 

Stilpnomelane: = 23.l(XFe.oct)6(XAl .tet)(Xsi.te t)8; Miyano and Klein (989) 

Minnesotaite: = (XFe.oct)3(Xs; .tet)4 ; Miyano and Klein (1989) 

[ 



Chlorite (Clinochlore, daphn ite , and AI-free chlorite; Walshe, 1986) 

Clinochlore (chi-I) = 59.72(XMg.Oct)5(XAI.Oct)B)(Xs;.tet)(XAI.tet) 

Daphnite (chl-2) = 59.72(XFe.Oct)5(XAI.Oct)6)(Xs; .tet)(XAI.tet) 

A.I-free chlorite (chl-3) = (X' lg.Oct)6(Xs;.tet)2 

(vii) . Equilibrium Isotopic Fractionation Equations 

Quartz (Qtz)-Water (H20) : 1000InaQ"-H20 = 3.34 [l06/T2 - 3.31] (t = 250-500°C) 

Matsuhisa et al (1979). 

Siderite (Sid)-Water (H20): 1000lnas;d-H20 = [2.S9(106/T2) - 2.S1] 

Becker and Clayton (1976), 

Dolomite (do!) = Ankerite(ank) - CO2: 

10001na dol-C02 = [-S.914/T3*108 + S.737/T2*106 -lS. 11/T*103 + S.44] (Ohmoto and 

Rye, (1979) , t,,; 600'C) . 

Pyrite (py) -H2S: 1000lnapY-1-l2s =[O.40/T2*106] (Ohmoto and Rye, (1979), t = 200°-

700°C) 

Pyrrhotite (po) - H2S: 10001napo-H2s =[0.1O/T2*106] Ohmoto and Rye, (1979), t = 200° 

-600°C 

C02-CH. : 1000lna co2- CH. = [22 166/T - 13.S6] Bottinga, (1969), t = 200° -SOO°C. 



v: II dat . on , , 1,h,ri ~ rip n , , it 

i 3e( din~ piane :So) Minerai i S(eep veins (Group ]) Shallow veins (Group ]) 
I Strike i itri <e L y T Y Dip I Strike Di D 

~~~ 62 ~:, 75 ~i :;~ i~ 
336 71 342 66 050 69 086 80 201 ' 5 
349 70 356 67 078 73 O!:l3 86 177 44 
346 67 330 69 087 64 098 83 246 20 
359 65 371 60 067 79 lOl 56 190 18 
349 70 335 63 069 82 066 68 125 14 
349 76 338 68 078 75 092 67 165 22 
341 80 342 60 108 61 030 53 220 23 
331 65 331 61 075 67 036 78 235 14 
331 85 329 78 079 66 065 55 200 27 
335 65 325 66 082 68 084 70 238 21 
360 75 340 70 079 65 060 72 180 26 
356 75 329 78 049 65 069 88 155 17 
008 70 325 66 068 65 069 85 210 8 
356 71 340 70 043 70 113 85 180 16 
3t,,! 61 339 59 082 70 035 65 220 19 
308 69 341 59 070 68 200 25 
354 72 349 61 080 45 190 20 
339 75 344 64 073 65 , 165 15 
14 80 348 58 049 50 ~~~ ~~ 195 23 

339 75 347 67 092 70 165 35 
315 70 320 72 098 71 292 68 207 37 
346 69 350 60 043 75 275 74 151 25 
353 70 005 61 057 70 292 68 211 33 
322 76 348 65 08 1 70 275 74 240 36 
321 62 305 65 065 75 3lO 88 150 20 
330 66 335 80 017 70 269 52 149 19 
296 62 352 65 051 75 255 76 123 31 
336 54 014 66 063 45 295 72 109 16 
4 71 344 64 048 65 254 85 191 lO 

316 59 065 72 26 1 82 184 lO 
352 61 072 72 253 60 126 15 
316 56 1 1 069 59 252 82 244 31 
341 60 i 070 79 250 73 169 lO 
345 64 

~:6 ~~ 067 76 265 76 155 21 
330 68 015 72 260 65 144 40 
345 74 340 47 045 60 275 75 171 26 
344 62 319 57 050 61 238 86 180 10 
3·16 67 314 58 045 64 248 85 161 8 
340 69 344 78 090 59 154 30 
327 66 340 76 090 62 168 22 
319 67 100 68 155 16 
342 70 I 11 5 58 162 14 
329 71 i 011 50 161 21 
350 63 ~. 065 75 121 lO 
329 61 
339 56 3~~ ~9 349 54 
011 60 350 80 
001 62 337 79 
25 62 342 69 

340 68 333 75 
360 64 
334 64 , S< ike Join" DiD 341 70 
332 64 ~ 12 ~~ 356 66 
356 66 

t~i 
lO 

324 74 20 
334 67 lO 
009 66 19 
357 53 191 35 
020 65 236 11 
OlO 68 236 20 
015 65 lO2 18 
010 68 165 8 
005 60 155 30 
OlO 68 125 21 
339 65 142 20 
006 62 139 19 
000 68 033 23 
342 64 276 66 
334 77 165 15 
348 22 275 8 
340 76 205 35 
337 67 207 59 
330 66 186 45 
335 67 065 87 
335 73 
324 72 
328 65 
335 65 
337 60 
334 66 
343 62 
346 

~6~ ~~ 



Appendix V: X -ray data of Fe-silicates at the Kalahari Goldridge Mine 

Chlorite 
Sample No. LilholQ~Y 

588/ 5 Interbedded schist d spacing 14.04 7.00 4.70 3.53 
Intensity OlIo) 14 100 16.85 56.17 

5B8/20A Interbedded schist d-spacin g 14.l0 7.05 4.70 3.52 
Intensity ([/10) 10 100 17.1 94.9 

527i9B altered BIF d-spacing 14.08 7.09 4.71 3.53 
Intensity (1/10) 13.33 100 20 56.66 

527111 Interbedded schist d-spacing 14.09 7.05 4.6B 3.52 
Intensity 0/10) 14.04 100 17.13 91.19 

452/l0A altered BlF d-spacing 14.24 7.07 4.72 3.53 
Intensity OlIo) 15 100 32 60 

452,20D Interbedded schist d-spac ing 14.29 7.20 4.72 3.54 
Intensitv Wlo) 13.33 100 13.35 50 

Minnesotaite 
S;lmQie No Host litholo~v 

527/3A less altered SIF d spacing 9.17 
Intensity (VIa) 100 

527/3B less altered I31F d-spacing 9.55 
Intensity (IIlo) 100 

527/4 less altered SIF d-spacing 9.4 5 
Intensitv 01[0) 100 

Stilonomelane 
Samnle No Host litho!oQV 

52713B less alteredBIF d spacing 12. IB 
Intensity (VIa) 100 

527/6D altered BlF d-spacing 12.00 
Intensity 0110) 100 

527/BA altered BIF d-spacing 12.12 
Intensity (1/10) 100 

527/9B Interbedded schist d-spacing 12.14 
Intensity (1/10) 100 

452/10" altered BIF d-spacing 12.IB 
Intensity Olio) 100 

452/20D Interbedded schist d-spacing 12.I B 
Intensity (1110) 100 

588/6 Interbedded schist d-spacing 12.12 
Intensity (Illo) 100 

5BB/ 9A altered BIF d-spacing 12.10 
Intensity (Ilia) 100 

5BB/20A Interbedded schist d-spacing 12.11 
Intensity OlIo) 100 

13175/28 altered BIF d-spacing 12. 10 
Intensitv WIo) 100 

\ 



Appendix VI: Microthennometric data of individual inclusions in Group I quartz veins at the Kalahari goldridge deposit. 
Sample no. Type of inclusion No. of phases Tmcu~ Tmice Thclalhnl{! Theo2 Thtotal PC02 PaQUI'ous Salinity 

Room temp C21-22°C) °C °C °C °C °C g/cm3 g/cm3 (wt% NaCl) 
NQH-013 
NQH-013 
NQH-013 
NQH-013 
NQH-013 
NQH- 013 
NQH-013 
NQH-013 
NQH-013 
NQH-013 
NQH-013 
NQH-013 

Type I 

T ype II 

v = Homogenization to the vapour phase: L 

1 nd 9.7L 0.819 
1 nd 11.5L 0.809 
1 nd 13.5L 0.796 
1 nd 13.5L 0.796 
1 nd 14 .5L 0.789 
1 -60.3 12.9L 0.8 
2 - 60.0 9.0 12.2L 263D 0.804 1.005 
2 - 59.5 9.0 12.9L 2490 0.8 1.005 
2 -61.1 13.5 9AL 2470 0.821 
2 -61.9 15.0 13.5L 280V 0.796 
2 -61.0 15.5 14.0L 290V 0.793 
2 -62.0 16.0 14.2L 290V 0.791 

Homogenization to the liquid phase; 0 Decrepitation 

2.03 
2.03 

Sal:nity 
(molal) 

0.35 
0.35 

X C02 Xc02 Xll2() XNaCI 

- .-------------------------------



Appendix VIII : Microthermome tric results of individual inclusions in Group lIB quartz veins at the Kalahari Goldridge deposit. 
Sample number Inclusion type No. of phases TIIlco2 Tmice Thcl3lhr~te Thc"l ThcH'l Th\O{al Peo' P"oueous Salinity Salinity Vcoz(40°C) XcC" ! Xc02 XIl20 XN3C1 P~u lk 

Room teme (21-22QC) "c "C "C "c "C "C s/cm3 s:lcm3 (wt% NaC!) (molal) gral2hic estimate ca lculated gtem3 

52512 1 Type II 2 57.6 8.5 20.4L 2660 0.74 :'012 3.00 0.53 
525/21 2 -57.1 8.5 20.8L 285V 0.74 1.012 3.00 0.53 0.75 0.51 0.48 0.52 0.005 0.81 
525121 2 -57.6 8.1 20.9L 2630 0.74 1.018 3.76 0.67 
525/2 1 2 -57.5 8.0 17.8L 303V 0.77 1.019 3.95 0.70 0.78 0.56 0.53 0.47 0.006 0.82 
525121 2 -57.6 8.B 19.1L 2360 0.75 1.008 2.42 0.42 
525121 2 - 60.5 8.0 13.7L 285V 0.79 1.019 3.95 0.70 0.8 0.59 0.57 0.43 0.005 0.B4 
525121 2 - 61.0 11.2 16.5L 30BV 0.7B 
52512 1 2 -58.5 9.0 21.3L 2480 0.73 1.006 2.03 0.35 
525/21 Type I 1 -96.5 
525121 1 -96.4 
525121 1 -96.0 
525/21 1 - 64.3 8.4L 0.83 
589/3 Type II 2 -57.6 8.1 16.1L 282V 0.78 1.018 3.76 0.67 0.8 0.59 0.56 0.43 0.005 0.83 
589/3 2 - 60.0 8.0 1O.3L 284V 0.82 1.019 3.95 0.70 0.8 0.6 0.57 0.42 0.005 0.86 
589/3 2 9.0 20.6L 250D 0.74 1.006 2.03 0.35 
589/3 2 8.3 20.8L 248V 0.74 1.015 3.38 0.60 
589/3 2 7.5 18.9L 1950 0.76 1.025 4.87 0.88 
589/3 3 9.0 24.2L 2330 0.70 1.006 2.03 0.35 
589/3 2 -57.2 7.0 16.8L 310V 0.77 1.032 5.77 1.05 0.93 0.8 0.81 0.19 0.004 0.79 
589/3 2 8.0 22.3L 264V 0.72 1.019 3.95 0.70 0.9 0.77 0.73 0.27 0.003 0.75 
589/3 3 7.6 19.2L 2440 0.75 1.024 4.69 0.84 
589/3 3 9.2 19.5L 2080 0.75 1.003 1.63 0.28 
589/3 2 9.4 1O.9L 2300 0.81 1.000 1.23 0.21 
589/3 2 7.8 9.3L 250D 0.82 1.022 4.32 0.77 
589/3 2 9.6 1O.0L 274V 0.82 0.997 0.82 0.14 0.74 0.52 0.49 0.5 1 0.001 0.86 
589/3 2 9.0 12.1L 282V 0.80 1.006 2.03 0.35 0.7 0.44 0.44 0.56 0.004 0.87 
589/3 2 9.0 9.3L 287V 0.82 1.006 2.03 0.35 0.69 0.42 0.43 0.57 0.004 0.88 
589/3 Type III 2 - 1.9 2550 1.014 3.23 0.57 

532/ 11A Type II 2 -57.9 9.5 20.1L 270V 0.75 0.999 1.03 0.18 0.8 0.56 0.55 0.45 0.001 0.80 
532/11A 3 -57.1 9.2 21.9L 290V 0.73 1.003 1.63 0.28 0.67 0.37 0.38 0.62 0.003 0.82 
532/ 11A 2 - 57.9 9.5 13.7L 255V 0.79 0.999 1.03 0.18 0.88 0.67 0.71 0.29 0.001 
532/11A 2 - 57.4 8.2 20.3L 300V 0.74 1.016 3.57 0.63 0.78 0.53 0.52 0.47 0.005 0.80 
532/11A 2 -59.6 8.4 13.9L 2510 0.79 1.014 3.19 0.56 
532/11 A 2 -58.4 8.5 16.1L 2480 0.78 1.012 3.00 0.53 
532/11A 3 9.2 23.8L 305V 0.71 1.003 1.63 0.28 0.68 0.38 0.38 0.61 0.003 0.80 
532/11A Type III 3 -2.4 306V 1.020 4.03 0.72 
532/11A 2 - 2.7 290L 1.023 <1.49 0.80 
532/11A 2 - 2.8 295L 1.024 4.65 0.83 
532/11A 2 -3 305L 1.026 4.96 0.89 
525/16B Type II 3 -56.S 8.7 23.4L 277V 0.71 1.010 2.62 0.4 6 0.76 0.49 0.48 0.5 1 0.00'1 0.78 
525/16B 2 -59.1 8.0 9.1L 280V 0.82 1.019 3.95 0.70 0.8 0.6 0.58 0.42 0.005 0.86 
525/16B 2 -59.0 7.9 14.7L 300V 0.79 1.020 4.14 0.74 0.79 0.57 0.55 0.44 0.006 0.84 
525/16B 2 8.5 20.5L 2140 0.74 1.012 3.00 0.53 
525/16B 3 8.1 21.4L 2680 0.73 1.018 3.76 0.67 
525/16B 2 -57.8 8.5 16.0L 2500 0.78 1.012 3.00 0.53 
525/16B 3 - 57.0 8.9 21.3L 2480 0.73 1.007 2.22 0.39 
525/16B 2 -57.2 9.0 IB.8L 2560 0.76 1.006 2.03 0.35 
525/ 16B 2 -58.0 9.8 IO.5L 295V 0.81 0.995 0.41 0.07 0.62 0.28 0.35 0.65 0.00 1 0.88 
11 7/02/3 Type II 2 -58.5 9.0 13.2L 2310 0.80 1.006 2.03 0.35 1.01 
117/0213 2 -57.0 8.9 11.1L 290V 0.81 1.007 2.22 0.39 0.6 0.33 0.33 0.66 0.005 0.89 
11 7/02/3 2 - 57.9 10.0 15.3L 303V 0.78 0.992 0.00 0.00 0.5 0.25 0.24 0.76 0.000 0.89 
11710213 2 - 58.1 9.0 11.9L 2420 0.81 1.006 2.03 0.35 
11 7102/3 Type III 2 -3.1 271L 1.027 5.11 0.92 

V - Homoge nization to the vapour phase ; L - Homogenization to the liquid phase; D - Decrepitation; nd - not determined 

- --- -.-



Appendix VIII continued. 
-- - - ----

Sample number Inclusion type No. of phases Tmc02 Tmic:e ThctaLhrale Thco2 ThcJU Th!o~ J PC02 Paoueous Salinity Salinity Vc02(40"Cl Xc02 Xco, XIl20 XNaC L P bu!k 

Room ternE (21-ZZUC) "c "c "C "C "C "c s/cm3 sIems (wt% NaCO (molat) graphic estimate calculaled R/cm 

MSH/w 1 Type II 2 -57.6 9.5 16. 1L 2600 0.78 0.999 l.03 0.18 
~ISH/W-l 2 -5S.5 9.4 15.SL 2560 0.78 1.000 l.23 0.21 
MSH/W-I 2 -60.5 8.9 13.0L 2560 0.80 l.007 2.22 0.39 
MSH/W-l 2 -58.9 9.0 1l.2L 305V 0.81 l.006 2.03 0.35 0.69 0.41 0.43 0.57 0.004 0.87 
525/16B Type It 2 -60.0 9.9 1O.8L 239D 0.8 1 0.993 0.21 0.04 
525/16B Type III 2 -2.1 2500 l.016 3.55 0.63 
525/16B 2 -2.7 2350 l.023 4.49 0.80 
525-16B 2 -2.4 280L l.020 4.03 0.72 
587/8D Type II 2 -57.1 9.6 20.1L 290V 0.7S 0.997 0.82 0.14 0.6 0.32 0.32 0.68 0.002 0.85 
587/8D 2 lO.O 19.6L 301V 0.75 0.992 0.00 0.00 0.6 0.25 0.32 0.68 0.000 0.85 

588/18C Type It 2 -57.3 7.8 2 1.5L 295V 0.73 l.022 4.32 0.77 0.8 0.6 0.55 0.45 0.006 0.79 
5881l8C 2 7.7 19.3L 288V 0.75 1.023 4.51 0.81 0.82 0.62 0.59 0.41 0.006 0.80 
588/18C 2 -57.3 S.O 16.8L 2450 0.77 l.019 3.95 0.70 
588/18C 2 -57.1 7.9 15.2L 308V 0.78 1.020 4.14 0.74 0.78 0.56 0.53 0.46 0.006 0.84 
588/18C 2 -58,4 8.0 13.7L 291V 0.79 l.019 3.95 0.70 0.79 0.58 0.55 0,44 0.006 0.84 
588/18C 2 -58.3 8.3 16.1L 2210 0.78 1.015 3.38 0.60 
588/18C 3 7.6 23.8L 305V 0.71 1.024 4.69 0.84 0.81 0.6 0.55 0,44 0.007 0.77 
588/18C 2 -57.2 7.5 16.6L 290V 0.77 l.025 4.87 0.88 0.84 0.64 0.63 0.37 0.006 0.81 
588/18C 2 7.6 15.0L 2300 0.79 1.024 4.69 0.8' 
588/18C 2 8.0 17.SL 291V 0.77 1.019 3.95 0.70 0.8 0.58 0.56 0.44 0.006 0.82 
588/18C 2 8.3 20.5L 278V 0.7' 1.015 3.38 0.60 0.77 0.55 0.51 0.49 0.005 0.81 
117/02/6 Type II 2 -60. 1 13.3 9.9L 293V 0.82 
117/02/6 2 -59.0 13.0 lO.6L 288V 0.81 
117/0216 2 -56.9 9.5 14.4L 303\' 0.79 0.999 l.03 0.18 0.6 0.33 0.33 0.67 0.002 0.87 
117102/6 2 -57.3 9.5 11.5L 299V 0.81 0.999 l.03 0.18 0.6 0.33 0.33 0.66 0.002 0.88 
117/02/6 2 -57.6 9.5 16.SL 2680 0.77 0.999 1.03 0.18 
117/02/6 2 -5S.3 8.1 14.5L 295V 0.79 1.018 3.76 0.67 0.77 0.55 0.52 0,47 0.006 0.S4 
531/16B Type II -6l.5 14 .8L 0.79 
531116B -59.5 13.3L 0.80 
531116B -59.7 1l.0L 0.81 
531116B -59.5 lO.9L 0.81 
531116B 1 -59.9 7.9 17. 1L 2400 0.77 l.020 4.14 0.74 
53119B 2 8.6 17.0L 273V 0.77 l.0 11 2.81 0.49 0.87 0.63 0.68 0.32 0.003 
531/9B 2 -57.3 8.5 18.2L 2260 0.76 1.012 3.00 0.53 
531/9B 2 8.4 17.0L 2460 0.77 l.014 3.19 0.56 
53119B 2 9.0 19.6L 2250 0.75 1.006 2.03 0.35 
531/9B 3 -57.2 9.2 21.5L 254V 0.73 1.003 1.63 0.28 0.89 0.7 0 .71 0.29 0.001 0.76 
531/9B 3 -57.1 8.9 22.6L 221D 0.72 1.007 2.22 0.39 
531/9B 2 - 59.9 7.5 I 1.4L 2520 0.81 l.025 4.87 0.88 
53119B 2 -60.0 7.9 11.9L 2000 0.81 l.020 4.14 0.74 
531/9B 2 -60.2 7.8 13.8L 2380 0.79 1.022 4.32 0.77 
531/9B 2 -58.0 9,4 IS .3L 275V 0.76 1.000 1.23 0.21 
53119B 2 -58.8 9.2 14.5L 2630 0.79 1.003 1.63 0.28 
531/9B I -58.5 12.5L 0.80 

V - Homogenization to the vapour phase; L - Homogenization to the liquid phase; D - Decrepitation; nd - not determined 



Appendix IX: Microthermometric data of individual inclusions in Group III quartz veins at the Kalahari Goldridge deposit. 
Sample no. Type of inclusion No. of phases Tmeo ' Tmice Thcl3thrate The02 Th,otal Pea2 P OQUCOUS Salin;ly Sa linity 

Room IernE (21 -22°C) °C °C °C °C °C g/em3 g/em3 (w l% NaCD (malaD 
NQH 005 Type I 1 70 0.7 0.88 
NQH-005 Type II 2 -60.1 11.5 9.9L 2490 0.83 
NQH-005 2 -6S 13 1.6V 220V 
NQH- OOS Type 1lI 2 -2.6 283L 1.022 4.34 0.78 
NQH-OOS 2 -0.6 249L 0.999 LOS 0.18 
NQH-005 2 O.S 3SSL 0.998 0.88 O.IS 
NQH-OOS 2 -3 .S 362L 1.031 5.71 1.04 
NQH-OOS 2 -3.4 300L 1.030 S.S6 1.01 
NQH-OOS 2 -1.8 260V 1.013 3.06 0.54 
NQH-005 2 -0.8 300V 1.00 1 1.4 0.24 
NQH-005 2 - I 350L 1.004 1.74 0.30 
NQH-OOS 2 -2.4 2 17V 1.020 4.03 0.72 

V - Homogenization to the vapour phase; L = Homogenization to the liquid phase; 0 - Decrepitation 



Appendix XA: Microprobe analyses of individual chlorite grains in interbedded 
interbedded schist at the Kalahari Goldridge deposit. 

Interbedded schist 

Sample 452-258 452-258 DD17-38 DD17-38 DD17-38 DD17-38 525-20 
No. of analyses 2 2 2 2 3 

SiO, 25.92 25.65 22 .97 23.73 23.41 23.73 23.36 
TiOz 0.07 0.06 0.07 0.09 0.06 0.08 0.06 
Al, 03 21.15 21.24 20.72 20.59 21.25 21.13 21.15 
FeO 33.33 32.73 32.28 33.16 32.68 33.62 34.64 
MnO 0.27 0.28 0.12 0.11 0.10 0.14 0.13 
MgO 10.05 9.96 7.81 8.51 7.99 8.39 8.69 
CaO 0.12 0.05 0.08 0.04 0.11 0.09 0.03 
Na, O 0.15 0.13 0.06 0.02 0.06 0.01 0.00 
K,O 0. 10 0.03 0.02 0.02 0.04 0.02 0.03 
Total 91.17 90.12 84.12 86.26 85.68 87.20 88.08 

Si 2.73 2.73 2.65 2.67 2.64 2.64 2.59 
AI (iv) 1.27 1.27 1.35 1.33 1.36 1.36 1.41 
Tetrahedral total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

AI (vi) 1.36 1.39 1.46 1.39 1.47 1.41 1.35 
Ti 0.01 0.00 0.01 0.01 0.00 0.01 0.00 
Fe2

'" 2.94 2.91 3.11 3.12 3.09 3.13 3.21 
Mn 0.02 0.03 0.01 0.01 0.01 0.01 0.01 
Mg 1.58 1.58 1.34 1.42 1.34 1.39 1.43 
Octahedral tota l 5.91 5.91 5.92 5.95 5.92 5.95 6.02 

Ca 0.01 0.01 0.01 0.00 0.01 0.01 0.00 
Na 0.03 0.03 0.01 0.00 0.01 0.00 0.00 
K 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
Totals 0.06 0.Q4 0.03 0.01 0.03 0.01 0.01 
Temperature (OC) 345.88 347.30 374.11 367.34 374.77 375.55 392.02 
Fe/(Fe+ Mg} 0.65 0.65 0.70 0.69 0.70 0.69 0.69 
XAI.Tet 0.32 0.32 0.34 0.33 0.34 0.34 0.35 
XSi.Tet 0.68 0.68 0.66 0.67 0.66 0.66 0.65 
Xt\I.Oct 0.23 0.24 0.25 0.23 0.25 0.24 0.23 
XFe.Oct 0.50 0.49 0.52 0.52 0.52 0.53 0.53 
XM;I.Oct 0.27 0.27 0.23 0.24 0.23 0.23 0.24 
Act. of Daphnite 9.05E- 02 8.84E-02 1.31E-Ol 1.22E-Ol 1.29E- Ol 1.27E-01 1.33E-Ol 
Act. of Clinochlore 4.06E-03 4.l4E-03 1.95E-03 2.44E-03 2.01E-03 2.22E-03 2.37E- 03 
Act. AI-free Chlorite 1.70E-04 1.69E-04 5.87E-05 8.35E-05 6.00E-05 7.12E-05 7.71E-05 



Appendix XA cont inued. 

interbedded schist 

Sample 525-20 525-20 525 20 NQHI19B - 1 NQH/19B 2 589/19G 589/19G- 2 
No. of analz:ses 3 2 2 2 2 2 

Si02 23.67 24 .20 23 .11 23.66 24.13 23.32 23.38 
TiO, 0.06 0.08 0.07 0.08 0.09 0.07 0.05 
AI,O, 22.02 21.88 19.95 20.00 20.92 21.00 21.48 
FeO 36.09 37.1 3 36 .30 35.35 37.24 37.15 36.55 
MnO 0.10 0.17 0.06 0.19 0.19 0.12 0.11 
MgO 8.37 8.82 8.01 7.47 7.47 6.68 6.49 
CaO 0.01 0.02 0.04 0.08 0.03 0.01 0.03 
Na20 0.03 0.00 0.03 0.07 0.00 0.00 0.10 
K,O 0.01 0.00 0.02 0.02 0.01 0.01 0.08 
Total 90.36 92.30 87.60 86.92 90.08 88.35 88.26 

Si 2.57 2.58 2.61 2.67 2.64 2.61 2.61 
AI (iv) 1.43 1.42 1.39 1.33 1.36 1.39 1.39 
Tetrahedral total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

AI (vi) 1.38 1.32 1.26 1.34 1.34 1.38 1.44 
Ti 0.01 0.01 0.01 0.01 0.0 1 0.01 0.00 
Fe2'" 3.27 3.30 3.43 3.34 3.41 3.48 3.41 
Mn 0.01 0.02 0.01 0.02 0.02 0.01 0.01 
Mg 1.35 1.40 1.35 1.26 1.22 1.11 1.08 
Octahedral total 6.02 6.04 6.05 5.97 6.00 5.99 5.95 

Ca 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Na 0.01 0.00 0.01 0.01 0.00 0.00 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Totals 0.01 0.00 0.01 0.03 0.00 0.00 0.04 
Temperature (OC) 399 .84 396.70 385.97 364.67 375.12 385. 11 385.12 
Fe/(Fe+ Mg) 0.71 0.70 0.72 0.73 0.74 0.76 0.76 
XA1,Tet 0.36 0.36 0.35 0.33 0.34 0.35 0.35 
XSi.Tct 0.64 0.64 0.65 0.67 0.66 0.65 0.65 
XAI.Oct 0.23 0.22 0.21 0.22 0.22 0.23 0.24 
XFe.Oct 0.54 0.55 0.57 0.56 0.57 0.58 0.57 
X~hf.OcI 0.22 0.23 0.22 0.21 0.20 0.19 0.18 
Act. of Daphni te 1.50E-01 1.46E-OI 1.65E-OI 1.63E-01 l.78E-01 2.06E-01 2.04E-OI 
Act. of Clinochlore 1.8IE-03 1.98E-03 1.55E-03 1.24E- 03 1.04E-03 6.93E-04 6.46E-04 
Act. AI-free Chlorite 5.3IE-05 6.36E-05 5.2IE- 05 3.93E-05 3.08E- 05 1.76E-05 1.52E-05 



At!t!endix J;.B: Microprobe analyses of individual chlori te grains in mine ra lized BIF at the Kalahari goldr idge deposit. 
Minera lized BIF 

Sample NQH/IOA 525/12A-I 525112A-2 5251I2A-3 58!l/4-1 589/4-2 524/8-1 524/8-2 524/8-3 524/8-4 13175/2C 532/9-1 532i!J-2 
t:lc a( ~Dab'SfS Z 2 3 3 1 1 , 3 I • 1 2 2 

S iO~ 23. 48 22 .71 23.3 3 22.55 23.60 22.38 23.08 22.25 22.80 23.36 22.13 22.45 21.76 
TiO? 0.05 0.07 0.06 0.05 0.05 0.03 0.05 0.0£ 0.04 0.04 0.05 0.09 0.08 
At"o.1 19.23 20.66 20.87 19.7 J 19.67 19.60 19.52 20.32 19.74 20.67 19.61 20.54 20.00 
F,O 39.74 39.17 38.28 37.46 35.32 40.5£ 41.76 41.84 41.17 42.05 36.62 40.11 40.76 
hlnO 0.07 0.06 0.09 0.04 0. 11 O.ll 0.08 0.09 0.10 0.07 0.16 0.08 0.07 
HgO 4.84 4.81 6.34 6.24 8.49 4.75 4.42 3.67 4.54 4.35 5.37 4.69 3.62 
C,O 0.03 0.07 0.04 0. 11 0.08 0.02 0.04 0.07 0.03 0.01 0.10 0.04 0.13 
l'a?O 0.05 0.14 0.Q1 0.02 0.04 0.02 0.03 0.07 0.04 0.01 0.24 0.12 0.01 
K,o 0.03 0.09 0.00 0.03 0.08 0.00 0.01 0.01 0.00 0.00 0.09 0.09 0.00 
Total 87.52 87.79 89.01 86.30 87.45 87 .4 7 BB.98 88.39 88.45 90.56 84.37 88.20 86.43 

s; 2.70 2.60 2.ul 2.61 2.65 2.60 2.64 2.57 2.62 2.1)2 2.62 2.57 2.57 
AI (h) 1.30 1.4 0 1.39 1.39 1.35 1.40 1.36 1.43 1.38 1.38 1.38 1.43 1.43 
Tetrahedral total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 ' .00 4.00 4.00 4.00 4.00 4.00 

Ai (vi) UI 1.39 1.36 1. 31 1.26 1.28 1.27 1.34 1.29 l.a I U6 1.35 1.35 
T; 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
Fe~' 3.82 3.75 3.58 3.62 3.32 3.94 3.99 4.04 3.95 3.94 3.63 3.85 4.02 
Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 om 
11, 0.83 0.82 1.06 1.08 1.42 0.82 0.75 0.63 0.78 0.73 0.95 0.80 0.64 
Octah~dral total 5.97 5.98 6.01 6.02 6.02 6.05 G.03 6.02 6.03 6.02 5.96 6.01 6.02 

C, 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.0 1 0.00 0.00 0.01 0.00 0.02 
N, 0.01 0.03 0.00 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.06 0.03 0.00 
K 0.00 om 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
Totals 0.02 0.05 0.01 0.02 0.03 0.01 0.01 0.03 0.01 0.00 0.08 0.04 0.02 
TemDerature ('C) 355.87 388.77 386.21 386.16 371.68 389.43 375.85 398.37 382.93 383.93 381.88 397.43 399.39 
Fe/(Fe · !<Ig) 0.82 0.82 0.77 0.77 0.70 0.83 0.84 0.86 0.84 0.84 0.79 0.83 0.86 
XA,I.T~' 0.32 0.35 0.35 0.35 0.34 0.35 0.34 0.36 0.35 0.35 0.34 0.36 0.36 
X~ ... T'·' 0.68 0.65 0.65 0.65 0.66 0.65 0.66 0.64 0.65 0.65 0.66 0.64 0.64 
XAI.o.:, 0.22 0.23 0.23 0.22 0.21 0.21 0.21 0.22 0.21 0.22 0.23 0.22 0.22 
X ~.o.:, 0.G4 0.63 0.60 0.60 0.55 0.65 0.66 0.67 0.66 0.65 0.6 1 0.64 0.67 
X~I •. Oc' 0.14 0.14 0. 18 0.18 0.24 0.1 4 0.12 0.10 0.13 0.12 0.16 0.13 0.11 
Act. of Daphnite 0.31 0.31 0.23 0.23 0 .1 4 0.34 0.36 0.41 0.35 0.36 0.26 0.33 0 .4 1 
Ac\. of Ciinoc hlore 1.49£-04 1.53£-04 5.1 4£-04 5.4 2E-04 2.05E-03 1.32£-04 8.60E-05 3.87£-05 1.02E-04 7.70E-05 3.14E-04 1.30E-04 4.05E-05 
A~t. AI - [r~~ !::;:hIDrit~ 3.29E-Q§ 2.81E-0£ l.25E-Q~ 1.40E-O~ 7.64 E-Q~ ;:.63£-06 1.66E-02 l2;·l2;lE-07 1·9l2;E-06 1 aUi;-06 6.97£-Q6 2.~~' - Q:fi 5.73E-07 



Appendix XC: Microprobe analyses of individual chlorite grains in mineralized veins at the Kalahari Goldridge 

deposit. 
Group lIA veins 

Sample 525/12A 525/12A-2 525i12A-3 13 175/2C 531/184 -1 531/184-2 531/184-3 534/184m PHi6-1 PH/ 6-2 
No. of analyses 2 2 2 2 4 3 4 3 3 

SiOt 23.93 24. 74 25.40 23.41 23.58 22.63 24.36 24.72 23.28 24.13 
Ti02 0.04 0.04 0.05 0.05 om 0.05 0.03 0.05 0.03 0.06 
Alf)3 19.35 21.07 20.92 20.28 19.33 19.20 19.74 22.54 19.90 19.27 
FeO 34.68 33.07 34. 19 34 .82 35.95 35.45 36.82 36.08 37.01 35.76 
~lnO 0.10 0.07 om 0.11 0.02 0 .03 0.06 0 .05 0.17 0.12 
I\ lgO 7.90 9.31 8.86 5.72 6.79 6.70 7.76 7.31 6.56 6.76 
CaO 0.08 0.02 0.04 0.09 0.00 0.00 0.0 1 0.03 0.10 0.09 
Na20 0.03 0.07 0.04 0.43 0.01 0.03 0.01 0.02 0.0 1 0.01 
K_O 0.15 0.03 0.03 0.15 0.00 0.00 0.00 0.00 0 .00 0.00 

Total 86.26 88 .41 89.58 85.06 85.69 84.08 88.78 90.79 87.06 86.21 

S; 2.72 2.70 2.68 2.71 2.72 2.66 2.70 2.65 2.65 2.76 
Al (iv) 1.28 1.30 1.32 1.29 1.28 1.34 1.30 1.35 1.35 1.24 
Tetrahedral total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

AI (v i) 1.31 1.40 1.43 1.47 1.34 1.33 1.29 1.50 1. 33 1.35 
T; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 om 
Fe2

' 3.34 3.05 3.12 3.37 3.46 3.49 3.42 3.24 3.53 3.41 
~I" 0.01 0.01 om 0.01 0.00 0.00 0.01 0.00 0.02 om 
1.lg 1.34 l.51 1.4 2 0.99 1.17 1.18 1.28 1.1 7 l.ll 1.15 
Octahedral total 6.00 5.97 5.99 5.84 5.97 6.00 6.00 5.9 1 5.99 5.93 

Ca 0 .01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
Na 0.01 0.02 om 0.0 1 0.00 0 .0 1 0.00 0.00 0.00 0.00 
K 0.02 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Tota ls 0.04 0.02 0.02 0.01 0.00 0.01 0.00 0.01 0.02 0.01 
Temperature (DC) 350.36 358.12 362.35 354.62 351.59 368.58 355.09 372.39 371. 19 337.26 
Fe/ (Fe+ Mg) 0.71 0.67 0.69 0.77 0.75 0.75 0.73 0.73 0.76 0.75 
X A1Tet 0.32 0.33 0.33 0.32 0 .32 0.33 0.32 0.34 0.34 0.31 
X Si.T.,1 0.68 0.67 0.67 0.68 0.68 0.67 0.68 0 .66 0.66 0.69 
XA1.Oct 0.22 0.23 0.24 0.25 0.22 0.22 0.21 0.25 0.22 0.23 
XFdxt 0.56 0.51 0.52 0.58 0.58 0.58 0.57 0.55 0.59 0.58 
XAt.I.Oct 0.22 0.25 0.24 0.17 0 .20 0.20 0.21 0.20 0. 19 0.19 
Act. o f Daphnite l.SlE-Ol 1.07E-01 1.21E-Ol 2.lOE- 0 1 1.92E-Ol 1.96E-Ol 1.69E-01 1.66E-0I 2.10E-01 1.83E-Ol 
Act. of Clinochlore 1.57E-03 3.19£-03 2.39£-03 4.SlE- 04 8.29E-04 8.49E-04 1.26E-03 1.02E-03 6.58E-04 7.98E-04 
Act. AI- free Chlorite 5.68E-05 1.19£-04 8.06E-05 1.06E- 05 2.55E-05 2.51E-05 4.39E-05 2.62E-05 1.82E-05 2.53E-05 



Append ix XC continued. 

Group lIB veins 
Sample 532/11A 532iIIA 585/20 585/20 587/2C-I 587/2C- 2 587/2C-3 587/2C-4 0017/183 
No. of analyses 3 2 2 2 4 3 3 3 2 

SiDz 23.88 24.86 25.64 24.95 25.58 25.26 23.31 23.52 22.95 
TiOz 0.08 0.05 0.06 0.04 0.06 om 0.05 0.05 0.07 

AltO) 19.40 19.83 21.05 21.72 17.93 18.40 20.25 20.55 20.17 
FeD 34.72 32.37 28.73 29.20 33.97 32.08 31.67 31.76 36.11 
1\lnO 0.12 0.12 0.08 0.09 0. 15 0.21 0.18 0.16 0.11 
"lgO 8.78 10.38 12.73 11.62 9.44 10.13 9.23 9.42 6.27 
CaD 0.02 0.05 0.07 0.02 0.04 0.02 0.05 0.00 0.00 
Na20 0.01 0.02 0.04 0.02 0.02 0.03 0.01 0.02 0.00 
K,O 0.01 0.01 om 0.01 0.00 0.00 0.00 0.00 0.00 

Total 87.04 87.69 88.4 0 87.66 87 .1 8 86.19 84.74 85.48 85.69 

2.36 2.42 2.72 2.73 2.74 
5; 2.69 2.73 2.73 2.69 2.85 2.82 2.65 2.65 2.65 
Al (iv) 1.31 1.27 1.27 1.31 J.lS 1.18 1.35 1.35 1.35 
Tetrahedral total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4. 00 4.00 

AI (vi) 1.28 1.29 1.37 1.44 1.21 1.25 1.37 1.38 1.39 
Ti 0.01 0.00 0.01 0.01 
Fe2• 3.27 2.97 2.56 2.63 3.17 3.00 3.02 2.99 3.48 
Mn om 0.01 0.00 0.00 0.01 0.02 0.02 0.02 0.01 
M, 1,47 1.70 2.02 1.86 1.57 1.69 1.57 1.58 1.08 
Octahedral total 6.03 5.97 5.96 5.94 5.96 5.95 5.97 5.97 5.97 

Ca 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Na 0.01 0.0 1 0.02 0.00 0.00 0.01 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Totals 0.01 0.02 0.02 0.01 0.01 0.0 1 0.01 0.00 0.00 
Temperature (' C) 361.02 346.92 347.08 361.15 308.10 317.07 371.37 372.42 373.09 
Fe/ (Fe+ !\!g) 0.69 0.64 0.56 0.59 0.67 0.64 0.G6 0.65 0.76 
X\t.Tcl 0.33 0.32 0.32 0.33 0.00 0.00 0.00 0.00 0.00 
XSi.Tet 0.67 0.68 0.68 0.67 1.00 1.00 1.00 1.00 1.00 
XALOct 0.21 0.22 0.23 0.24 1.00 1.00 1.00 1.00 1.00 
X~'e_OcI 0.54 0.50 0.43 0.44 0.00 0.00 0.00 0.00 0.00 
X~IR.OcI 0.24 0.28 0.34 0.31 1.00 1.00 1.00 1.00 1.00 
Act. of Daphnite 1.30E-OI 8.52E-02 4.35E-02 5.42E-02 3.0IE-01 4.21E-Ol 2.37E-OI 4.71E-Ol 3.80E-OI 
Act. o[ Clinochlore 2.41E- 03 5.24E-03 1.34£-02 9.72E-03 1.46E-Ol 1.98E-OI 1.68E-OI 1.53E-OI 1.07E-OI 
Act. AI-free Chlorite 9.52E-05 2.48E-04 7.08E-04 4.30E-04 1.24E-02 1.29E-02 1.28E-02 6.60E-03 1.67E-03 



AQQendix XIA: MicroQrobe anal)'ses of individual s iderite grains in BIF at the Kalahari Goldridge deQosit 
Less- Alte re d BIF Altered ElF 

Sample number 527/3A-I 52·.~!3A-2 527/3A-3 527/31\-4 13 175/2A 13175/2A 13175/21\ 13175/2 ':-3 13175/2C-4 S88/1Qe 2 588/ IOC-3 532/9-10 532/9-11 
~lImll~[ Q[ i1Dill:ises 2 2 I I I 1 J 2 3 1 J 2 
Fe D 37.09 36.80 36.80 34.20 37.03 39.90 38.53 JlG.fi4 50.34 50.70 49.08 45.9;-) 42 .95 
MnO 5. 18 5. 18 4.7'1 11.55 1.32 1.26 0.75 3.37 2.95 1.23 0 .88 4.95 1.29 
'vlgO 15.39 14.82 15.30 11.72 10.45 13.46 13.98 7.64 4.65 3.73 4.98 7.35 12.08 
C,O 0.66 0.77 0.57 1.04 1.03 0.36 0.45 0 .52 0.59 0.28 0.43 0.32 0.78 

Total 58.32 57.58 57.41 58.52 52.83 54.98 53.7 \ 57.07 58.5 1 55.94 55.37 58.50 57.09 

Cations on the basis o f 2 (Fe+ Mg+ Mn+ Cal 
Fe 1.05 1.06 1.06 1.00 1.21 1.22 1.19 1.44 1.61 1.72 1.65 1.43 1.29 
Mn 0 .1 5 0. 15 0.14 0.:-1<1 0.14 0.04 0.02 0.1 1 0. 10 0.04 0.03 0. 16 0.04 
Mg 0.78 0.76 0.78 0.61 O.G I 0.73 0,77 0 .43 0.27 0.23 0.30 0 .4 1 0.64 
C, 0.02 0.03 0.02 0.04 0.01 0 .01 0.02 0.0 2 0.02 0.0 1 0.02 0.01 0.03 

Fc/(Fc+ Mg) 0.58 0.58 0.57 0.62 0 .67 0.62 O.Gl 0.77 0.86 0.88 0.85 0.78 0.67 

Molecula r ~ro[!ort ion of carbonales 
FeCD, 52 .54 52.99 52.88 50.20 60.36 60.80 59.48 72.01 80.74 85.99 82.63 71.29 61 .32 
,.lnCO, 7.45 7.55 6.90 17.1 8 7 .13 1.94 1.17 5.40 4.78 2.11 1.50 7.78 1.96 
MgCOJ 38.83 38.04 39.17 30.66 30.3!i 36.55 :l8.46 21.54 13.28 11.28 14.91 20.31 32.23 
CaCO, 1.18 1.12 1.05 1.96 2.15 0.70 0.89 1.05 1.20 0.62 0.93 0.63 1. 50 

Ac tiv ity of FeCDJ 0.53 0.53 053 0.50 0.60 0.6 1 0.59 0.72 0.81 0.86 0.83 0.7 1 0.64 

AQQendix XIA continued. 
Altered BIF 

Sample number 532/9 12 532/9 13 532/9- 14 525/12A-9 524/I:S - i 524/8-2 524/8 3 i32/11A- 532/l1 A-2 NQll/lOA 53 1/184- 1 587/2C-2 58712C-3 588/1OC- i 
tilll!lll:C[ Q[ ilD al:t::;i i:i 1 3 2 1 3 " 2 I 4 7 2 4 3 4 
F,O 48.69 43.9 1 4B.G8 45.97 47.29 45. 10 50.58 47.01 44.1 3 49 .83 43.14 48 .22 46.n 48.62 
MoO 1.07 1.69 0.30 0.83 0.60 1.5 1 0.G5 1.14 4.52 1.25 0.60 2.37 2.70 1.16 
MgO fl.67 11.89 4.79 8.G8 6.61 9.68 5.S4 9.17 8 .4 6 5.56 11.68 Ull 2.42 H.26 
c,o O.SCi 0.93 1.16 0.73 0.47 0.81 US 0.89 0.19 0.67 0.64 2.09 3.16 0.84 

Total 56 .99 f)8.41 54.93 56.21 54.98 57.09 57.91 58.54 57.29 57.3 1 56.06 54 .59 55.01 58.88 

Cations o n the bas is or 2 (Fc+ Mg+ t.·ln+ Cal 
Fe 1.56 1.29 1.65 1.45 1.57 1.39 1.62 1.42 1.38 1.61 1.32 1. 70 1.62 l.4B 
Mn 0.03 0.05 0.01 0.03 0.02 0.05 0.02 0.03 0.14 0.04 0.02 0.08 0.09 0.04 
Mg 0.38 0.62 0.29 0 .49 0.39 0.53 0.32 0.51 0.47 0.32 0.64 0. 12 0.15 0.45 
C, 0.02 0.03 0.05 0.03 0.02 0.03 0.05 0.03 0.01 0.03 0.03 0.09 0.14 0.03 

re/(rc+ Mg) 0 .80 0.67 0.85 0.75 0.80 0.72 0.84 0 .74 0.75 0.83 0 .67 0.93 0.92 0.77 

t.lolt-cular I2roQorlion of carbonates 
FeC03 78.06 04.57 82.51 72 .72 78.45 69.47 80.82 71.04 68.94 80.50 65.98 85.03 80.82 74.12 
t.lnCO:1 1.74 2 .5 1 0.51 1.33 1.01 2.35 1.04 1. 75 7.14 2.05 0.93 4.23 4.73 1. 78 
r .... lgCO j 19.05 3LIS 11.47 24.47 19.55 26.59 15.78 25 .49 23.54 16.00 31.84 6.01 7.15 22.45 
CaCOJ 1.14 1. 74 2.52 1.<18 l.00 1.60 2.35 1.72 0 .38 1.10 1.25 4.73 7.00 1.65 

Activity of FeC03 0.78 0.65 0.83 0 .73 0.78 0.69 0.8 1 0.71 0.69 0.81 0.66 0.85 0.81 0.74 



Appendix XIB: Microprobe analyses of individual ankerite grains in interbedded schist 
at the K3Lihari Goldridge de120sit 

Schist 
Sample number 452/258-1 452/258 2 525/20 DD17/38 1 DD17/3B-2 DDl7/38 3 
NumQ~[ Qf gngIY!i~~ 2 2 1 1 2 2 
FeO 19.82 16.50 19.59 10.77 7.70 13.65 
MnO 3.07 3.17 2.12 0.67 0.76 0.82 
MgO 6.31 9.01 7.37 14.35 16.86 11. 71 
CaO 28.41 28.38 28.37 32.87 33.86 29.71 

Total 57.60 57.05 57.46 58.66 59.18 55.89 

Cations on the basis of 2 (Fe+ Mg+ Mn+ Cal 
Fe 0.56 0.46 0.55 0.27 0.19 0.37 
Mn 0.09 0.09 0.06 0.02 0.02 0.02 
Mg 0.32 0.45 0.37 0.65 0.73 0.57 
Ca 1.03 1.01 1.02 1.06 1.06 1.04 

Fe/(Fe+ Mg) 0.64 0.51 0.60 0.30 0.20 0.40 

Molecular 12ro12ortion of carbonates 
FeC03 28.11 22.88 27.50 13.61 9.40 18.61 
MnC03 4.41 4.45 3.02 0.85 0 .94 1.13 
MgC03 15.90 22.26 18.45 32.31 36 .69 28.43 
CaC03 51.58 50.40 51.03 53.22 52.97 51.84 

Activity of FeCO, 0.28 0.23 0.28 0.14 0.09 0.19 



Appendix XIC Microprobe analyses of individuai carbonate grains in Group IIA (l adder) ve ins a t the Ka l~ hari Goldridge deposit 
Ankerite Siderite 

Sample number 5251l2A- I 5251l2A-2 531/184-2 5311184 3 PH/6 PH/6 PH/6- 1 13175/2C-l G25/12A 3!i25/12A 45~5/ 1 2A 5525/12A fifi2f}/12A-Bl:H75/2C-588/1OC-l 
~!lwge [ c[ aoal!lses 2 1 3 3 3 3 3 2 3 3 1 3 1 3 4 
FeU 15.42 13.74 13.34 18.19 15.64 16.06 16.63 15.87 37.89 39.91 39.40 38.32 40.89 39.94 48.62 
MnO 1.69 1.88 1.29 0.9 1 3.45 2.39 2.25 3.2 1 2.06 0.91 0 041 0.96 0.70 4.11 1. 16 
MgO 10.40 to.63 11.34 8.1 4 8.68 8.7 1 8.5 1 9.99 14.78 14.59 14. 27 14 .48 10.90 12.85 8.26 
CaD 26.81 27.39 26.97 25.84 27.30 25.51 26.22 26.02 1.70 0.80 0.36 0.28 0.68 1.19 0.84 

Total 54.32 53.64 52.94 53.08 55.07 52.66 53.60 55.08 56.43 56.22 54 .44 54.03 53.1 7 58.08 58.88 

Cations on the basis of 2 (Fe+ Mg+ Mn+ Cal 
Fe 0.44 0.39 0.38 0.55 0.4 5 0.48 0.47 0.45 1.11 1.18 1.20 1.17 1.32 1. 17 1.48 
Mn 0.05 0.05 0.04 0.03 0. 10 0.07 0.05 0.09 0.06 0.03 0.01 0.03 0.02 0.12 0.04 
Mg 0.53 0.54 0.58 0.43 0.44 0.47 0.49 0.51 0.77 0.77 0.77 0.79 0.63 0.67 0.45 
Ca 0.98 1.01 1.00 0.99 1.01 0.98 0.99 0.95 0.06 0.03 0.01 0.01 0.03 0.04 0.03 

Fe/(Fe+ Mg) 0.45 0.42 0.40 0.56 0.50 0.5 1 0.49 0.47 0.59 0.6 1 0.61 0.60 0.68 0.64 0.77 

l\-Iolec utar QroQQrtion of carbonales 
FeCOJ 22.03 19.72 19.22 27.26 22.48 24.08 23.47 22.58 55.3 1 58.80 59.96 58.56 66.06 58.30 74.12 
MnCOJ 2.44 2.73 1.88 1.38 5.02 3.62 2.43 4.63 3.04 1.36 0.63 1.48 1.15 6.07 1.78 
MgCO:1 26.47 27. 19 29.12 21.74 22.23 23.28 24.73 25.33 38.46 38.32 38.70 39.42 31.38 33.41 22.45 
CaCO.1 49.06 50.36 49.79 49.62 50.28 49.02 49.38 47. 46 3.19 1.52 0.70 0.54 1.41 2.23 1.65 

Act ivity of FeCO:l 0.22 0 .20 0.19 0.27 0.22 0.24 0.23 0.23 0.55 0.59 0 .60 0.59 0.66 0.58 0.74 



XID: 
Ankerite 

Sample number 532/9 1 532/9-2 532/9-4 585/20A- l 585/20A-2 585/20A-3 585/20A- 4 585120A-5 
~llml:!f[ Q( alH!lys~s 2 2 3 3 3 3 3 3 4 3 5 3 
FeO 13.11 14.35 13.27 10.59 12.34 9.62 11.25 11.84 14.73 15.89 39.01 38.41 37.51 
MnO 3.98 3.65 3.70 1.89 1.50 0.77 1.63 l.59 2.11 0.97 5.82 4.55 6.36 
MgO 10.25 9.47 10.69 13.77 12.41 15.70 12.50 12.64 10.1 6 9.78 12.52 12.61 12.99 
CaO 29.11 29.5 1 28.00 29.54 29.11 29.10 30.17 28.44 25.44 25.96 0.69 0.35 1.68 

Total 56.45 56.99 55.66 55.80 55.35 55.19 55.56 54.51 52.44 52.60 58.04 55.92 58.54 

Cations on the basis of 2 (Fe+ Mg;+ Mn+ Ca) 
Fe 0.36 0.39 0.37 0.28 0.34 0.25 0.30 0.33 0.44 0.47 1.146 1.17 1.08 
Mn 0.11 0 .10 0.10 0.05 0.04 0.02 0.04 0.04 0.06 0.03 0. 173 0.14 0.19 
~Ig 0.50 0.16 0.53 0.66 0.60 0.74 0.60 0.62 0.54 0.52 0.655 0.68 0.67 
Ca 1.03 1.04 1.00 1.01 1.02 0.99 1.05 1.01 0.96 0.98 0.026 om 0.06 

Fe/(Fe+ ~Ig) 0.4 2 0.16 0.11 0.30 0.36 0.26 0.34 0.34 0.45 0.48 0.64 0.63 0.62 

Molecular QroQortion of carbonates - - --- -- ---- -- - -- --

FeC03 18.04 19.73 18.45 14. 14 16.84 12.72 15.24 16.35 21.80 23.52 57.28 58.25 54. 16 
MnC03 5.54 5.08 5.21 2.56 2.07 1.03 2.24 2.22 3.16 1.46 8.65 6.99 9.30 
MgC03 25.12 23.21 26.48 32.76 30.18 36.98 30.17 31.1 1 26.80 25.79 32.76 34.08 33.43 
CaC03 51.31 51.98 49.86 50.53 50.91 49.27 52.36 50.33 48.24 49.23 1.31 0.68 3.11 

Act ivity of FeC03 0.18 0.20 0.18 0.14 0.17 0.13 0.15 0 .16 0.22 0.24 0.57 0.58 0.54 



Appendix XII : List of samples from the Kalahari Goldr idge Mine 
Drill ~~lle: DO 17~~ction: 12950 "". Drill hole: GDP 529 Section: 13250 Drill hole: GOP 589: Section: 13250 

Sam Ie no. De Ihlm Location in de sit Sam Ie no. De thlm Location in de sit Sam Ie no. De thlm Location in deoosit 
X-I 115.21 Hanging wall 1 256.65 Hanging .... al1 lA 434.03 Hanging wall 
X-2 139 Hanging wall 2 265.65 Hanging wall lB 434.11 Hanging wall 
X-3 145 Hanging wall 3 274.91 Hanging wall 2 435.35 Orebody 
X-4 149.1 Hanging wall 4A 279.90 Hanging wall 3 440.84 Orebody 
lA 151.27 Orebody 4B 280.00 Hanging wall 4 442.52 Orebody 
lB 151.37 Orebody 5 282.58 Hanging wall 5 445.76 Orebody 
lC 151.51 Orebody 6A 283.95 Orebody 6A 454.10 Orcbody 
2 154.5 Orebodr 6B 284.11 Orebody 6B 454.21 Orcbod,. 

3A 156.1 Orebody 6C 284.17 Orebody 6C 454.32 Ore body 
3B 156.34 Orebody 60 284.28 Orebody 60 454.43 Orebody 
4A 158.02 Orebody 6E 284.49 Orebody 7A 455.99 Orebody 
4B 158.12 Orebody 7A 292.79 Orebod;- 7B 456.13 Orebody 
4C 158.22 Orebody 7B 292.95 Orebody 8.1 460.11 Orcbody 
5 158.54 Orebody 7C 293.16 Orebody 8B 460.20 Orebody 
6 163.01 Orebody 70 293.33 Orebody 8e 460.35 Orebody 
7 166.02 Orebody 8 293.64 Orebody 80 460.45 Orebody 

X-5 178 Orebody 9A 296.50 OrebodY 8E 460.56 Orebody 
X-6 180.92 Orebody 90 296.70 Orebody 9A 462.00 Orcbody 
X-7 182.5 Orebody 9C 296.80 Orebody 9B 462.08 Orebody 
X-8 183 Orebody X-I 298.65 Orebody 9C 462.13 Orebody 

8 189.84 Footwall X-2 299.77 Orebody 10 462.42 Orebody 
9 190.1 Footwall lOA 301.12 Orebody 11 473.17 Orebody 
10 193.48 Fooman lOB 301.20 Orebody 12A 474.41 Orebody 
11 195.06 Footwall IOC 301.34 Orebody 12B 474.59 Orebody 
12 199.94 Footwall llA 302.24 Orebody 12C 474.69 Orebody 
13 203.14 Footwall liB 302.40 Orebody 13A 475.86 Orebody 
14 204.05 Footwall llC 302.60 Orebody 13B 475.98 Orebody 
15 215.94 Footwall 12A 305.19 Orebody 13C 476.06 Orebody 
16 216.93 Footwall 12B 305.39 Orebody 130 476.18 Orebody 

17A 225 Footwall 12C 305.50 Orebody 13E 476 .19 Orebody 
17B 225.12 Footwall 120 305.60 Orebody 13F 476.25 Orebody 
17C 225.18 Footwall 12E 305.85 Orebody 14A 477.58 Orebody 

13 309.92 Orebody 14B 477.64 Orebody 
14A 320.27 Orebody 15A 477.7 1 Orebody 
14B 320.43 Orebody 15B 485.6 1 Orebody 
14C 320.46 Qrebody 15C 485.79 Orebody 
15 323.53 Orebod)' 150 485.91 Orebody 

16A 336.48 Orebody 16A 486.03 Orebody 
16B 336.84 Orebody 16B 494.34 Orebody 
17 341.18 Orebody 16C 494.58 Orebody 
18 342.48 Orebody 17A 495.55 Orebody 
19 351.10 Orebody 17B 495.70 Ore body 
20 359.27 Orebody 17C 495.84 Orcbody 
21 362.92 Footwall 170 495.94 Orebody 

17E 496.01 Orebody 
18 499.22 Orebody 

19A 504.17 Orebody 
19B 504.23 Orebody 
19C 504.32 Orebody 
190 504.36 Orebody 
19E 504.48 Orcbody 
19F 504.57 Orebody 
19G 504.73 Orebody 
19H 504.80 Ore body 
20A 510.30 Orebody 
20B 510040 Orebody 
20C 510.49 Orebody 
200 510.59 Orebody 
21 516.64 Footwall 
22 517 .64 Footwall 
23 526.80 Footwall 
24 527.20 Footwall 



Appendix XII continued. 
Drill hole: GOP 588: Section: 13350 Drill hole: GDP 524: Section: 13350 Drill hole: GOP 524: Section: 13650 

Sam Je no. De [him Location in deposit Sl'lmple no. Deplh/m Location in depo~it Sa~-':;-le no. D~-"th/m Location in denasi! 
Q-l 374.86 Hanging wall lA 210.49 Orebody 1 162.27 Hanging wall 
Q-2 391.44 Hanging wall lB 210.53 Orebod): 2A 169.45 Orebody 
lA 401.72 Hanging \\ all lC 210.55 Qrebod)- 2B 169.55 Orehod )? 
lB 401.81 Hanging wall ID 210.67 Orebody 3A 170.35 Orehody 
lC 401.85 Hanging wall IE 210.96 Orebody 3B 170.5 Orebody 
ID 401.89 Hanging wall IF 211.03 Orebody 3C 170.65 Orebedy 
IE 401.92 Hanging wall 2A 216.71 Orebody 4 172.78 Orebody 
IF 401.94 Hanging wall 2B 216.87 Orebod~ 5 172.84 Orebod}' 
2A 403.19 Hanging wall 3A 2 17.38 Orchody 6 174 .6 Ore body 
2B 403.31 Hanging wall 3B 217.57 Orchod} 7A 176.55 Orebody 
3 424.94 Orebody 4A 220.93 Ore body 7B 176.65 Orebody 

4A 430.5 Orebody 48 221.02 Orebody 7C 176.7 Ore bod)" 
4B 430.58 Orcbody 5 222.65 OrcbodY BA 189.47 Orebody 
4C 430.71 Orebody 6A 223.99 Orcbody BB 189.52 Orebody 
5 431.33 Orebody 6B 224.26 Orebody BC 189.58 Orcbody 

X-IA 432.1 Orebody 7 228.36 Orcbody 9A 191.34 Orcbod,. 
X-IS 432.36 Orebody 8 236.2 Orebody lOA 192.26 Ore body 

6 437.01 Orebod)' 9A 236.62 Orebody lOB 196.76 Orcbod)' 
7 444.24 Orcbod) 9B 250.29 Orebod) lOC 196.84 Orebody 
B 445.5 Orebody lOA 250.5 Orebody 100 196.86 Orebody 

X-2A 447.4 Orebody lOB 253.67 Orcbody llA 196.91 Orcbody 
X-2B 447.54 Orebody lOC 253.81 Orcbody liB 204.4} Ore body 

9A 452.11 Orebody l1A 259.73 Ore body 12A 204.6 Ore body 
9B 452.26 Orebody 118 259.8 Orebody 12B 205.06 Orcbod)" 
lOA 45B.69 Orebod}" 12A 259 .91 Orcbody 13 205.19 Orebod}" 
lOB 458.83 Orebody 128 260.07 Orebed)' 14 205.7 Orebedy 
lOC 458.99 arebody 12C 259.91 Orebedy 15A 205.9 Orcbod)" 
100 459.11 Orcbody 120 260.07 Orcbedy 15B 205.9B Orcbedy 
11A 461.82 Orcbody 13 266.46 Orebedy 15C 216.06 Orebody 
118 461.94 Orebody 14 273.27 Footwall 150 216.15 Orebody 
llC 462.08 Orebody 15E 216.22 Orebody 
X-3 463.29 Orebod)" 16A 218.02 Orcbody 
X-4 463.77 Orebody 16B 2 18.08 Orcbedy 
lID 463.9 arebody 17A 220.05 arebody 
12 463.97 arebody 17B 220.17 arebody 

13A 465.48 arebody 17C 220.2 1 Orcbody 
13B 465.58 Orcbody 170 220.24 Orcbody 
X-5 467.39 Orcbody 18A 222.59 arcbody 
14A 468.31 Orcbody 1BB 222.72 arcbody 
14B 469.52 Orcbody 18C 222.82 arebody 
15 469.52 Orebod}' 19A 225.7 Orebody 
16 474.45 Orcbody 19B 225.87 Ore body 
17 480.27 Orebody 19C 225.93 Orebody 

1BA 487.93 Orebody 20A 232.42 Orebody 
1BB 488.01 Orebody 20B 232.56 Orebody 
1BC 488.05 Orebody 20C 232.7 Ore body 
19A 496.11 Orebod)" 21 239.01 Orebody 
19B 496.18 Orebody 22 244.3 Ore body 
19C 496.26 OrebQdy 23A 246.86 Orcbody 
190 496.32 Orebody 23B 247.02 Orcbody 
20A 505.69 Orcbody 24 255.0B Footwall 
20B 505.82 Orchody 25A 259.26 Footwall 
218 506.96 Orebody 25B 259.38 Footwall 
22A 512.63 Orcbody 25C 259.45 Footv.all 
22B 512.74 Orebody 
22C 512.85 Orebody 
23 514.71 Orebody 

24A 521.32 Ore body 
24B 521.42 Ore body 
24C 521.46 Orcbod)" 
25A 523.64 Foot\\ al1 
25B 523.85 Footwall 
26 526.82 Footwall 



Aopendix XII continued. 
Drill hole: GOP 587; Section: 13650 Drill hole: GOP 527: Section: 13950 Drill hole: GOP 452; Section: 13950 

Sam Ie no. De th lm Location in de osit S3m Ie no. Oe thlm Location in deo()',it Samole no. Deoth/m Location in delloOsit 
1.\ 373.77 Hanging wall X-1 182.9 Hanging wall 1A 236.67 Hangin~ wall 
1B 373.98 Orehedy 1A 189.2 Hanging wa!! 1B 236.86 Hanging wall 
2A 376.03 Orcbody 1B 189.31 Hanging wall 2A 243.55 Hanging \\ all 
2B 376.17 Orcbedy 2A 196.92 Orcbedy 2B 244.77 Hanging waU 
2C 376.3S Orcbed)' 2B 197.080rcbedy 3A 247.9 Hanging wall 
2D 376.55 Orcbed}" 3 200.21 Qrched)' 38 248.2 Hanging wall 
3.\ 379.97 Orchod)' 4A 201 Orebody 4A 252.7 Hanging wall 
3B 380. 14 Orchedy 48 201.08 Orebody 4B 252.85 Hanging wall 
4A 390.84 Orcbed)' 4C 201.15 Orebody 5A 273.98 Orebedy 
4B 390.99 Orebody 4D 201.27 Orebody 5B 274.07 Orcbed) 
5 392.04 Orebody 5A 206.120rebody 5C 274.11 Ore body 
6 394.23 Ore body 5B 212.21 Orebody 5D 274.14 Orebody 
7 396.02 Orebody 6A 212.89 Orebody 6 281.02 Orebody 

SA 402.37 Orebody 6B 213.10rebody 7 281.5 Orebody 
SB 402.42 Orebodr 6C 213.14 Orebody S 2S2.2 Orebody 
SC 402.66 Orebody 6D 213.20rcbody 9A 285.09 Orebody 
SD <102.83 Orebody 7 217.48 Orebody 98 285.21 Orebody 
SE 402.91 Ore body SA 222.71 Orebody 9C 285.3 Orebody 
BF 403 Orcbody S8 222.83 Orebody 9D 285.46 Orebody 
9 405.77 Orcbody SC 222.86 Ore body IDA 292.29 Orebody 

lOA 409.15 Orebody SD 222.97 Ore body lOB 292.39 Orebody 
lOB 409.38 Ore body 9A 225.66 Ore body 11.\ 294 Orebody 
11A 411.87 Orebody 9B 225.7 Orehody 11B 296.07 Orebody 
11B 412. 15 Orehody 9C 225.81 Orebody 12 296.1 Orebody 
11C 412.82 Orehod,' lOA 227.03 Orebody 13 297.37 Orebody 
12 412.85 Orebody lOB 227.09 Orebod)- 14 302.07 Orebody 

13A 415.02 Orebody lOC 227.27 Orebody 15 302.33 Orehod,· 
13B 415.13 Ore body 11A 231 Orebodr 16A 302.63 Orehody 
13C 415.26 Orebod;- 11B 23 1.06 Orebody 16B 302.S Orebody 
13D 415.39 Orebody 11C 231.19 Orebody 17A 305.19 Orebody 
13E 415.5 Ore body 12A 237.35 Footwall 17B 305.26 Orebody 
13F 4 15.6 Orebody 12B 237.61 Footwall 17C 305.37 Orebody 
13G 415.66 Orebody 12C 237.96 Footwall 17D 305.45 Orebod)· 
13H 415.76 Orehody 1SA 306.61 Orebody 
14A <120.13 Orebody 1SB 306.72 Orebody 
14B 420.39 Ore body 1SC 309.3S Orebody 
15 429.2 Orebody 19A 308.48 Orebody 

16A 429.44 Ore body 20A 310.22 Orebody 
16B 429.51 Ore body 208 310.33 Orebody 
16C 434.24 Orebody 20C 310.42 Orebody 
17A 434.39 Orehody 20D 3 10.5 Orehody 
17B 436.88 Orebodr 20E 310.65 Orebody 
1SA 437.15 Orebody 21 316.08 Orebody 
1SB 443.97 arebody 22A 316.92 Orebody 
X-I 447.4 Orebody 22B 316.9S Orebody 
X-2 447.54 Orebody 22C 317.05 Orebody 
19 4<\8.2 Orebodr 23A 319.03 Ore body 
20 452.71 Orebody 23B 319.06 Orebody 
21 453.71 Ore body 23C 324.84 Ore body 

22A 453.77 Orebody 24A 324.77 Orebody 
22B 453.98 Orebody 24B 324.84 Orebody 
22C 454 .2 Orcbody 25A 32S.33 Orchody 
23A 455.13 Footwall 25B 328.49 Orehody 
23B 455.28 Footwall 26A 329.6 Orebody 
24C 455.6 Footwall 26B 329.7S Orebody 
X-3 463.77 Footwall 27 332.28 Footwall 

2SA 340.24 Footwall 
2SB 340.48 Footwall 



Appendix XII continued 
Samples from orebody in open pit Floating samples from pit 

Sam Ie no. Pnsilion in it Deseri Ii n Sam Ie no. Oeseri tion 
114/02/ 1 03180- 13230N) south pit Quartz-calcite vein EH- QOl BIF 
114/02/2 (l3180-13230N) south pit BIF EH-002 BIF 
114, 0213 (13180-13230Nl south pit Quartz - calcite vein EH-003 BiF 
114/02/4 031BO-13230N) south pit BIF EH-004 BIF 
116/005/ 1 (l334D-13380N) central pit BIF EH-005 BIF 
117/17/ 1 (l3730- 13780N) north pit BIF EH-Q06 BIF 
117/17/ 2 03730-13780N) north pit Quartz-calcite vein EH - 007 BiF 
117/1713 03730- 13780N) north pit BIF EH-003 SIF 
117/17/4 (13730-13780N) north pit BIF EH-009 BIF 
117/ 1811 (I3780-13830N) north pit BIF EH-OIO Schis t in hanging wall 
117/02/3 03480-1354QN) central pit BIF EH-Dll BIF 
117/D2/4 {13480-13540Nl central pi t BIF EH- D12 BIF 
114/02/6 (I3480-13540Nl central pit BIF PH-DO l SIF 
114/02/8 (13480-13S40N) central pit BiF PH-002 BIF 
114/02/9 (13480- 13540N) central pit BIF PH - 003 SIF 
lI8l2l/ l U3930- 13980N) north ph BIF PH-004 BIF 
11 8/2 1/2 Cl3930-13980N) north pit BIF PH-DOS BIF 
118/21/3 (13930- 1398DN) north pit SIF PH-006 BIF 
118/21/4 0393D- 13980N) north pit BIF PH-D07 \"olcanic clast in hanging wall 
118/21 /5 03930- 13980Nl north pit BIF PH-008 BIF 
118/21/6 (13930-13980N) north pit BIF PH-009 Tuff in hanging wall 
118/21/7 (l393Q-1398DN) north pit BIF NQH-DOI Quartz-carbonate vein 
118/21/8 (l393D-1398DN) north pit BIF NQH-002 SIF 
118/21/9 (1393D-13980N) north pit BIF NQH-003 BIF 
118/21/10 03930-13980Nl north pit BIF NQH-004 BIF 
11 8121/11 U3930-13980N) north pit BiF NQH-005 BIF 
118/21/12 U3930- 13980N) north pit BIF NQH-006 BiF 
11 812 II I 3 (13930-13980N) north pit BIF NQH-007 Quartz-carbonate vein 
118/21/14 (l393D-13980N) north pit BIF NQH-ODS BIF 
118/21/15 (l3930-13980N) north pit BIF NQH-009 BiF 
118/21/16 0393Q-13980N) nor th pit SIF NQH-OIO SIF 

NQH-Oll BIF 
NQH-OI2 BIF 
NQH-DI3 Schist 
NQH-014 BIF 
NQH-DI5 BIF 
NQH- 016 BIF 
NQH-D17 BIF 
NQH-018 BIF 
NQH - DI9 Schist 
MSH/W- l SIF 
MSH/W- 2 BIF 
13175/2A BiF 
13 175/2B BiF 
1317S/2C SIF 
131775/2D BIF 


