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SYNOPSIS 

A study of 44 samples from the area revealed that the major primary sulphides, which constitute the 
bulk of the mineralization, are galena, sphalerite, chalcopyrite, and tennantite. The copper mineralization is 
concentrated in the Huttenberg Formation of the Tsumeb Subgroup and in the Nosib Subgroup, and the 
lead and zinc mineralization mainly in the Berg Aukas, Gauss, Auros, Maieberg, and Elandshoek 
Formations of the Otavi Group. 

Antimony, manganese, and silver were detected in all the samples of galena analysed, and selenium in 
four deposits. Silver, iron, and zinc were found within tennantite exsolutions in sphalerite. The 
concentrations of these minor and trace elements are probably too low to affect the economic potential of 
any of the deposits. 

Manganese was also observed in samples of sphalerite, which were found to vary in colour according to 
their manganese content, being dark red when the manganese content is high and ranging through orange to 
yellow as the manganese content decreases. 

The deposits of the Otavi Mountainland are similar in many ways to deposits of the Mississippi Valley 
type, and a similar genesis is proposed for the Mountainland. It is suggested that the genesis involved the 
deposition of sediments and chemical deposits in the Swakop Basin, the leaching of the contained metals 
from the clay particles by the fluid trapped in the sediments, and the transportation of these metals in brine 
solutions. Bacterial action resulted in the formation of hydrogen sulphide, which was then trapped in the 
carbonates and later released when the dolomitic rocks of the area were subjected to folding, faulting, and 
brecciation. On its release, the hydrogen sulphide reacted with the brine solutions to form sulphide deposits 
in the fault and breccia zones. 

SAMEVATTING 

n Studie van 44 monsters afkomstig van die gebied het aan die lig gebring dat die belangrikste primêre 
sulficde wat die grootste deel van die mineralisering uitmaak, loodglans, sfaleriet, chalkopiriet en 
tennantiet is. Die kopermincralisering is gekonsentreer in die Huttenberg-formasie van die 
Tsumeb-subgroep en in die Nosib-subgryep, en die lood- en sinkmineralisering hoofsaaklik in die Berg 
Aukas-, Gauss-, Auros-, Maieberg- en Elandshoekformasie van die Otavi-groep. 

Antimoon, mangaan en silwer is waargeneem in al die loodglansmonsters wat ontleed is en scleen in 
vier afsettings. Daar is silwer, vster en sink binne-in tennantietontmengings in sfaleriet gevind. Die 
konsentrasies van hierdie minder belangrike en spoorelemente is waarskynlik te laag om die ekonomiese 
potensiaal van enige van die afsettings te beinvloed. 

Mangaan is ook waargeneem in sfalerietmonsters wat, wat hul kleur betref, wissel volgens hul 
mangaaninhoud. Hulle is donkerrooi wanneer die mangaaninhoud hoog is en wissel deur oranje na geel 
namate die mangaaninhoud afneem. 

Die afsettings van die Otavi-bergland is in baie opsigte soorfgelyk aan die Mississippivalleiafsettingsen 
'n soortgelyke ontstaan word vir die Bergland aan die hand gedoen. Die idee is dat die ontstaan die afsetting 
van sedimente en chemi:sc afsettings in die Swakopkom, die loging van die metale uit die kleipartikels deur 
die viocistof wat in die sedimente vasgevang is, en die verplasing van hierdie metale in pekelopiossings 
behels het. Baktcriewerking het gelei tot die vorming van waterstofsulfied wat toe in die karbonate 
vasgevang is en later vrygcstel is toe die dolomietgesteentes aan plooiing, verskuiwing en breksiëring 
ondcrwcrp is. Toe die waterstofsulficd vrygestel is, het dit met die pekelopiossings gereageer om 
sulfiedafsettings in die verskuiwings- en breksiesones te vorm. 
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1. INTRODUCTION 
The Otavi Mountainland is situated in the northern region of South West Africa, approximately 

500 km north of Windhoek. 
The copper mines in that area were known and worked by the local inhabitants for generations before 

'the advent of the first European explorers, the Bushmen selling the ore to the Ovambos from the north, who 
were said to be skilled metallurgists. Some of the ore was smelted locally, as shown by the remains of old 
smelters that have frequently been found in the mountains. 

The project on the Otavi Mountainland was initiated in 1977, when the managements of the Tsumeb 
Corporation Limited and the South West Africa Company permitted a study to be made of the sulphide 
Mineralization in the area. The ore-bodies at Tsumeb and Kombat were later excluded at the request of the 
Tsumeb Corporation, and the investigation was therefore restricted to the mineralization found at the 
prospects and abandoned mines of the Mountainland. 

The aims of the investigation were as follows: 
(a) to identify the sulphide minerals present in the different lithostratigraphic units, and to determine 

their paragenttic senuence of formation, 
(b) to study the supergene sulphides of the deposits in the Otavi Mountainland, 
(c) to determine, qualitatively and quantitatively, the trace elements present in the primary sulphides, 
(d) to ascertain the variability of these trace elements and to investigate the causes of any variations 

found, 
(e) to determine whether the quantities of trace elements present in the sulphides could influence the 

economic potential of each deposit, and 
(f) to develop a model of the genesis of these sulphides. 

2. MINERALOGY OF THE COPPER, LEAD, AND ZINC SULPHIDES 
Specimens of the copper, lead, and zinc minerals were collected from 44 localities in the Otavi 

Mountainland. The prospects and mines sampled cover an area of approximately 4500 km' and lie within 
the districts of Tsumeb, Grootfontein. and Otavi. Access to the majority of these locations is along poorly 
maintained roads and tracks. Although the area was not sampled on a grid system because of the 
distribution of the minera'ization. the prospects nevertheless cover virtui-.lly the entire stratigraphic 
succession of the Mountainland. 

Relatively fresh samples from these prospects and mines were taken from the surface and underground 
workings, or from dump material, but no fresh material could be found at the copper prospects of Hoepker 
and Nehlen. and th<: samples collected there consist mainly of oxidized ore. Only a limited number of 
samples were obtained from drill cores, since all the cores obtained from exploration drill holes before 1974 
were discarded after each hole had been logged and specific samples of the core assayed. However, polished 
sections made from the drill cores of a few prospects were obtained from the mineralogical department of 
the Tsumeb Corporation Limited. 

The primary sulphides identified in polished sections prepared from these samples are listed in Tables 1 
to 3. As the mineralogy at most of the deposits in the Otavi Mountainland is similar, these primary sulphides 
are discussed in general. However, the mineralogy of five major prospects and mines, from which samples 
representing each Oi these deposits were available in depth, is examined in more detail. 

2.1. Sphalerite 
Zinc mineralization in the form of sphalerite occurs in most of the formations in the Otavi 

Mountainland. being concentrated mainly in the 21 deposits of the Elandshock Formation. In the seven 
prospects and mines found in the Maieberg, Auros, Gauss, and Berg Aukas Formations, sphalerite is one of 
the major sulphides present. It occurs in economic quantities at Berg Aukas, was mined at Abenab West, 
and is developed in only four deposits in the Huttenbcrg Formation. 

At the majority of the prospects where sphalerite is found, tennantite is present as exsolution blebs 
varying in size from minute to 0.11 mm in diameter. Notable exception? are Gross Otavi. where tennantite 
occurs as a separate phase and not as exsolution blebs in the sphalerite, and Harasib Sinkhole (a few 
hundred metres from the Harasib Potholes), where tennantite is absent. 

It is unlikely that the mineralization at the Harasib Sinkhole and the Harasib Potholes formed at 
different periods or that the composition of the mineralization fluid varied to any great extent, since similar 
amounts of identical major sulphide minerals occur in both these prospects. However, it is possible that the 
tennantite exsolutions are absent at Harasib Sinkhole because the temperature of formation differed from 
that at the Harasib Potholes. 

I 
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TABLE 1 

Primary sulphide minerals in the prospects and mines of the Huttenberg Formaticn 
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TABLE 2 

Primary sulphide minerals in the prospects and mines of the Elandshoek Formation 
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TABLE 3 

Primary sulphide minerals in the prospects and mines of the Maieberg, Auros, Gauss, Berg Aukas, and Nabis and 
Askevold Formations 
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Askevold Nosib SWA Co - - - XXX XX - - - - XXX 

xxx Major constituent xx Accessory constituent x Trace constituent 

At most of the deposits, there were no fine intergrowths of sphalerite with other minerals or evidence 
of extensive mutual replacement. Inclusions of single grains and fine aggregates of pyrite are nor.nally 
present, and show evidence of replacement by sphalerite. 

The sphalerite grains at most of the deposits are badly fractured, and fine galena is invariably present in 
these fractures. Where these two minerals appear in more or less equal quantities, inclusions of one sulphide 
in another are common. The development of a caries texture was noted in many of these samples. Although 
this texture is suggestive of replacement, it is not a reliable indication, nor does it reveal with any certainty 
the sequence of deposition1. 

At Harasib II, a zonal relation exists between the lead and zinc sulphides. Sphalerite is the dominant 
sulphide at the surface outcrop, i.e., the 15 and 30 m levels, whereas galena is the most abundant sulphide at 
the 60 m level2. 

2.2. Galena 
Galena occurs in virtually all the prospects examined, being absent from only a few deposits where 

copper mineralization is dominant. This mineral formed late in the paragenetic sequence throughout the 
Mountainland. and occurs mainly as fillings in cavities and fractures in pyrite, chalcopyrite, sphalerite, and 
enargitc. Where sufficient space was available, large sheet-like grains with numerous triangular cleavages 
formed, which now contain small inclusions of older mineral grains. The copper minerals included in the 
galena are tennantite, tetrahedrite, chslcocite, and covellite. The presence of these primary and supergene 
minerals means that the rate of oxidation and enrichment in the Otavi Mountainland had reached various 
stages at the time the galena was formed. 

The formation of cerussite through the oxidation of galena has taken place in a number of deposits. At 
a few prospects, the galena grains have a rim of neodigenite or covellite. According to Ramdohr', the latter 
minerals arc often precipitated on galena, mainly in deposits rich in copper. (In this report neodigenite is 
used throughout instead of digenite, following RamdohrV proposal.) 

2.3. Pyrite 
Pyrite is the oldest sulphide in the paragenetic sequence, and is common throughout the area 

investigated. 
Fractures and cavities in larger grains are invariable filled with copper, lead, and zinc sulphides. When 

hard minerals, formed early, are subsequently shattered by movements contemporaneous with the 
mineralization, they are commonly invaded along the network of fractures by younger minerals'. Younger 
pyrite stringers and smaller grains of pyritc are included in the sphalerite and the galena, a r.umber of 
individual grains having a coating of iron oxide, which is indicative of oxidizing conditions. 

i 
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2.4. Tennantite 
In the Tsumeb ore-body, tennantite is the most commonly encountered copper mineral4, occurring as 

exsolution blebs in most of the sphalerite grains or as inclusions in galena. 
At the Gross Otavi prospect, large tennantite grains (up to 0,22 mm in diameter) have numerous 

inclusions of bomite, galena, pyrite, and sphalerite. This is the only deposit studied in which tennantite 
developed as a separate phase. At least two periods of tennantite deposition took place at the Gross Otavi 
deposit, where many of the tennantite and other sulphide grains are fractured. The fracturing stops against a 
number of tennantite grains that are younger, having formed in the cavities created by the fracturing. 

2.5. Bornite 
When present, primary bornite occurs as small grains included in chalcopyrite and tennantite. 

Individual bomite grains invariably show enrichment, and exhibit a crust of secondary chalcocite. 
Supergene bomite was seen only at the Tsumeb West Vanadium deposit. 

2.6. Chalcopyrite 
Chalcopyrite is the most common of the ternary copper-iron sulphides5 and, although it is rarely found 

in the Tsumeb ore-body4, chalcopyrite veins form a major or accessory constituent at most of the prospects 
in the Huttenberg Formation. In the Nabis and Askevold Formations it is always the major copper mineral 
present; at Gross Otavi and Nosib mine, large chalcopyrite grains exhibit inclusions of bornite; and, at the 
Deblin nine, which is situated in the southern portion of the Otavi Mountainland near the contact with 
metamorphosed sediments of the Swakop Group, supergene alteration took place along the perimeters of a 
few chalcopyrite grains. At the Deblin mine, the chalcopyrite also contains inclusions of sphalerite and 
graphite. Although the latter mineral is rare in ore deposits, it is well known in regionally metamorphosed 
sediments'. 

Light-brown chalcopyrite rimmed by chalcocite is present at the Dairy Location prosper.. Its 
light-brown colour is probably due to the presence of small quantities of selenium'. 

2.7. Accessory Sulphides 
Germanite and renierite are present only in the Huttenberg Formation. Tetrahedrite. greenockite. 

enargite, and jordanite appear in accessory or trace amounts in a few deposits. 

2.8. Effects of Structural Deformation 
Regional structural deformation continued during the deposition of sulphides in the Otavi 

Mountainland, as illustrated by the shattered pyrite and sphalerite grains pre?ent in most of the d-.-posits. 
The large pyrite grains were shattered and fractured by the continuing tectonic activity, which 

produced a cataclasm and caused the development of cleavage cracks along which the younger sulphides 
were precipitated. The smaller pyrite grains now appear as inclusions in the younger sulphides. 

At the Tsumeb West Vanadium prospect, fine fractures in chalcopyrite allowed enrichment to take 
place in these areas with the formation of bornite. A later period of fracturing affected the pyrite and the 
chalcopvrite. and these fractures are now filled with chalcocite. Where galena inclusions occur in fractures 
in tennantite and ̂ rnite at the Gross Otavi prospect, the fracturing ends abruptly against galena grains and 
then continues beyond the lead sulphide. The lead mineralization is therefore younger than the fracturing. 
• hich, in turn, is younger than most of the copper mineralization. 

The oxidation that has taken place to depths well below the water table in many deposits (Asis Ost. 
Tsumeb West, and Tsumeb West Vanadium) is further proof that the tectonic activity in the area was a 
continuing process. 

From this evidence, it is clear that the regional structural deformation in the Otavi Mountainland was a 
continuing process that spanned almost the entire period of sulphide mineralization. The deformation 
commenced with faulting and brecciation of the country rock, which created loci for the initial pyrite 
mineralization. This early sulphide and the country rock were then subjected to fracturing and shattering, 
which controlled the localization of the copper and zinc mineralization. Further regional structural 
deformation affected the existing sulphide minerals and the country rock, thus creating loci for the 
crystallization of galena. Dissolution of the country rock along these fractures and cracks possibly initiated 
the formation of the present karst topography that is typical of the Otavi Mountainland. 

This feature of continuing tectonic activity together with sulphide mineralization was observed also by 
Edwards', who described how each stage in the paragenetic sequence of the silver-lead mineralization at 
Yerranderie, New South Wales, underwent fracturing before the introduction of the younger sulphides. 

4 
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2.9. Sulphide Paragenesis 
The paragenetic sequence of the primary sulphides present in the Otavi Mountainland shows little 

variation throughout the area, the first six sulphides listed in Figure 1 appearing in most of the prospects 
examined. The age of the other primary sulphides relative to that of these six sulphides could be determined 
in only a few deposits. 

Pyrite is the oldest sulphide in the Otavi Mountainland. Although it is not present in all the deposits, 
there is little doubt as to its paragenetic position in the sequence of sulphide deposition. The large grains 
were shattered and fractured by the regional structural deformation, producing a caiaclasm before any 
other sulphides were introduced into the areas of deposition. A later period of pyrite mineralization is 
represented by small pyrite stringers that are present in sphalerite from the Abenab West and Nosib H 
deposits. 

Microscopic evidence shows that, at a few deposits, primary bornite occurs as small grains included in 
chalcopyrite and tennantite, indicating that it is slightly older than the two latter sulphides. Supergene 
bornite is present only at the Tsumeb West Vanadium deposit. 

From the samples examined, it is apparent that chalcopyrite, sphalerite, and tennantite are of 
approximately the same age, the tennantite forming exsolution blebs as cooling took place. These 
exsolution intergrowths normally supply the best evidence of simultaneous deposition'. The exsolutions of 
sphalerite in chalcopyrite from the Dcblin mine indicate that these two minerals formed 
contemporaneously above 250°C. 

Samples from the Gross Otavi deposit exhibit fracturing that has affected chalcopyrite, sphalerite, and 
tennantite. However, the fracturing stops against a number of tennantite grains, indicating that a later 
period of tennantite mineralization took place at this deposit. 

Of the major sulphides present at the different deposits, galena is the youngest. This sulphide filled 
existing fractures and cavities, and contains numerous inclusions of older sulphides. Nowhere in the Otavi 
Mountainland does galena show any sign of structural deformation, which further emphasizes its age in 
relation to that of the other major sulphides. The only exception is at Abenab West, where, according to 
Verwoerd", there is a foliation in galena caused by localized deformation. 

Enargite. which is present in only a few deposits, is one of the oldest hypogene sulphides'. At 
Kupterberg, jordanite is associated mainly with galena and tennantite, exhibiting replacement by galena in 
places in the form of narrow cross-cutting veinlets7. 

The chalcocite and covellite observed in the samples were formed as a result of supergene enrichment 
of the primary sulphides, and are therefore late in the paragenetic sequence. In places, covellite formed 
from chalcocite owing to copper impoverishment, which means that, in these specific instances, covellite is 
the youngest sulphide in the Otavi Mountainland. 

3. SUPERGENE ENRICHMENT 
In many sulphide deposits, the richest ore is found at the top of the unoxidized zone. This level in many 

piaees corresponds to the present elevation of the water table or to a position of the water table ?. some time 
in the recent geological past". Ground water loses much of its dissolved oxygen by the time it reaches the 
water table. Whether or not there is a relation between the top of the supcrgene zone and the water table 
depends on the rate of percolation of the ground water and the rate at which the dissolved oxygen is used 
during oxidation of the sulphide minerals". The oxidized zone may extend below the water table if fractures 
and fissures in the ore-body permit oxygenated water to penetrate to greater depths before all the oxygen is 
removed from solution. 

"The richest ore commonly consists of sulphide minerals that form replacement relations and are clearly 
younger than the primary sulphides found at deeper levels in the deposit. These secondary sulphides were 
formed by solutions containing metal ions derived from relatively soluble compounds in the oxidized zone". 

The following characteristics make one metal more suitable than another for supergene enrichment: 
low solubility of its sulphide, and relatively high solubility of the compounds it may form with the common 
anions of the oxidized zone. Copper satisfies these qualifications better than most other metals, and is thus 
of importance in terms of supcrgene enrichment". 

In the upper portions of a newly formed ore-body, the copper minerals are oxidized and much of the 
metal goes into solution, since most of the oxidized compounds are fairly soluble as long as the solutions are 
slightly acidic*. The solutions of highest acidity found in nature are those formed by the dissolution of 
volcanic gases and by the weathering of ores containing pyrite". The acidity in the ground water of the Otavi 
Mountainland was most probably derived from the weathering of pyrite, which is found throughout most of 
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the ore-bodies. At many of these deposits, the pyrite is surrounded by haloes of iron oxide, which is the 
result of leaching by ground water. 

Supergene enrichment is evident at all the prospects in the Otavi Mountainland where copper 
mineralization is present. Chalcocite, neodigenite, covellite. and bornite are the supergene sulphides found 
in the different deposits. 

3.1. Chalcocite 
Chalcocite is the most abundant supergene sulphide in the Otavi Mountainland, occurring in virtually 

all the enriched deposits. The dissolved Cur*, which is carried downwards by circulating ground water, 
comes into contact with primary sulphides below the oxidation zone. Because copper sulphides are less 
soluble than sphalerite and pyrite, the following reactions can take place in the zone of enrichment: 

Cu 2 + + ZnS -» CuS + Zn=\ 

8Cu- f + 5ZnS + 4H 2 0 -• 4Cu2S + 5Zn 2 + + 8FT + SO; , and 

14Cu2* + 5FeS2 + 12H 20 - 7Cu,S + 5Fe2* + 24H+ + 3SO^. 

The iron, zinc, and any other displaced metals are carried away and deposited later when the solutions 
reach an oxidizing or less-acidic environment. The Eh and pH values in the ore-body will determine 
whether chalcocite or covellite is formed": chalcocite will form in preference to covellite at a pH value 
greater than 9, whereas either of these minerals will form at a lower pH value, depending on the Eh of the 
system"' (see Figure 2). This leaching effect took place at a number of deposits in the Otavi Mount^inland. 
At the Gross Otavi deposit, it was observed that fractures in some sphalerite grains are filled with 
chalcocite, whereas other grains are surrounded by covellite. The occurrence of these minerals indicates 
that the Eh and pH values varied within the deposit. Similar features were noted in samples fiom the 
Harasib Potholes and Hoinig prospects. 

The copper-enrichment process, which can start with chalcopyrite and end with chalcocite. can be held 
partially responsible for the development of a portion of the iron minerals associated with these enriched 
ores". Rims of chalcocite can be seen round grains of chalcopyrite in samples taken from the Asis Ost 
borehole 12 at a depth of 94,5 to 97,5 m. The iron that was expelled from the crystal structure of the 
chalcopyrite now appears as iron oxide, which forms outer rings round the chalcocite. Other prospects 
where this replacement of chalcopyrite took place are the Dairy Location, Deblin mine, and Gross Otavi. 
Bastin'- proposed that the chemical formula for chalcopyrite should be expressed as Cu2S-Fe2S:i to show 
that the net effect of the development of chalcocite as the end-product of enrichment is the removal of iron 
and sulphur to compensate for its development. 

Primary bornite grains that do not appear as inclusions in other, yi unger sulphides from the Otavi 
Mountainland are invariably enriched. At the Gross Otavi prospect, for example, the bornite grains 
included in tennantite and chalcopyrite exhibit their original grain shapes, whereas individual bornitc grains 
in the same sample appear as relics in chalcocite grains. In samples taken from borehole 22 at the Tsumeb 
West deposit, between 164,6 and 169,2 m, almost all the chalcocite grains have remnants of bornite. This 
phenomenon was also noted a' the Tsumeb West Vanadium prospect. 

Selective replacement plays an important role in supergene enrichment. Titley and Hicks" found that 
bornite was replaced by chalcocite in preference to chalcopyrite. Enrichment in the deposits of the Otavi 
Mountainland follows the same pattern when these two prmary minerals co-exist. At the Gross Otavi 
prospect, fractures in bornite grains are invariably filled with chalcocite, whereas the fractured chalcopyrite 
only occasionally exhibits enrichment by this secondary sulphide. 

In the area investigated, tennantite could be added to this list of selective replacements. The fractures 
in the samples from tl e Gross Otavi deposit also affected the older tennantite, no secondary sulphides being 
associated with the tennantite. 

Similar features were noted by Krieger14 in the Conception del Oro deposit, where chalcocite 
selectively replaced bornite in preferencr to wittichenite (CuJBijSfi). In that deposit, the chalcocite veins in 
the bornite stop abruptly against grains of wittichenite, giving the false impression that the latter mineral is 
younger than the bornite. 

However, the enrichment of tennantite took place in other deposits in the Otavi Mountainland. In a 
sample collected on the surface at the Kupferberg prospect, small relics of tennantite remain in large 
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sheet-like grains of chalet cite. This feature was also noted at the Otjikoto li prospect. Most of the 
tennantite occurring as exsolution blebs in sphalerite from many of the deposits was protected from 
mineralizing fluids by the zinc sulphide. 

When pyrite and chalcopyrite co-exist, the former mineral is rarely enriched by chalcocite until most of 
the chalcopyrite is replaced*. This is because the replacement of chalcopyrite involves a reduction in 
volume, whereas the replacement of pyrite by chalcocite involves an increase in volume. The similarity in 
the composition of chalcopyrite and chalcocite may also play a role1. 

If pyrite is the only sulphide available to the supergene solutions under reducing conditions, it is 
actively replaced. Pyrite grains have been observed in many stages of replacement: from those with thin 
coatings of chalcocite to others where only relics of the original pyrite grains remain1'. In the Otavi 
Mountainland. pyrite grains surrounded by neodigenite occur in samples taken at a depth of 161,5 m from 
borehole CP 3 at the Central prospect. As no chalcopyrite was detected in the samples investigated, the 
circulating copper-rich fluids must have partially replaced the iron sulphide, a phenomenon that is in 
agreement with the observation by Titley and Hicks'-1. 

A primary copper sulphide in the form of tennantite is present in the samples from borehole CP 3, but 
the galena in which this mineral is included has prevented enrichment from taking place. 

Not all the chalcocite is of secondary origin, since primary chalcocite has been recognized in nature. 
According to Bateman'"', sooty chalcocite is the only mineral indicating supergene origin. Lamellar 
chalcocite with intergrowths of neodigenite and bornite have been observed in samples from the Domingo 
prospect in the Otavi Mountainland, and this association has been regarded as proof of the hypogene origin 
of a portion of the chalcocite in this deposit18. 

3.2. Covellite 
Covellite is another of the secondary copper sulphides found in many of the deposits in the Otavi 

Mountainland. Where this mineral is in contact with a primary sulphide, it has formed as a result of 
enrichment and can be classed as a supergene mineral. 

Anhaeusser and Button" found covellite to be associated with bornite, chalcocite. and neodigenite in 
the Witvlei area. South West Africa, where it represents an alteration product of these minerals in zones 
near the surface. They are of the opinion that covellite is the product of copper impoverishment, which is 
very likely in view of the chemical composition of covellite as compared with those of chalcocite, bornite, 
and neodigenite. 

Most of the covellite in the deposits of the area under investigation is the product of impoverishment. 
At the Asis Ost deposit (in borehole 4 at 48,8 to 51,8 m), the alteration of chalcocite to covellite is a 
common feature. This process has reached various stages. In places, only remnants of chalcocite remain in 
large grain clusters of covellite; elsewhere, thin rims of covellite enclose tne chalcocite At a depth of 67,1 to 
68.8 m. samples from the same borehole show an increase of chalcocite and a decrease of covellite. At the 
Rodgerberg deposit, the amount of covellite in relation to that of chalcocite also decreases with depth 
(borehole 2. at 38.1 to 68.6 m), illustrating that impoverishment has decreased with increased depth. 

In certain samples from the Gross Otavi prospect, chalcocite, which fills fractures in bornite and 
occasionally in chalcopyrite, is partially replaced by covellite along the centres of the fractures. 

Coatings of covellite enclose galena in samples from the Harasib Potholes and Hornig prospects. 
According to Ramdohr', covellite and chalcocite are often precipitated on galena in deposits rich in copper, 
normally in the zone of cementation but sometimes in the oxidation zone. Thi r process can continue until 
the galena has been completely replaced by covellite aggregates of random orientation, or even by 
aggregates oriented parallel to the (100) plane of the galena. 

At the Uitsah North deposit, clusters of cov-.llite grains are present with galena. However, there is 
distinct separation of the covellite from the galena where these minerals are in close association, which 
means that the covellite was not formed by the process of precipitation described earlier. 

It happens also that the displacement of elements may be indirect. After leaving the oxidized zone, f cid 
solutions may have dissolved the more-primary sulphides with the formation of HS or HSS, which may, in 
turn, precipitate copper sulphides as follows: 

ZnS + 2H- -»Zn s ' + H2S. 

O r ' + H-.S -» CuS + 2H , and 

8Cu-' + 5HS + 4H.O - 4Cu,S + SO; + 13H*. 
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The covellite and chalcocite formed in such reactions would not necessarily replace the original 
sulphides, but might form separate crystals". Many of the supergene sulphide grains, which are present 
throughout the area investigated and contain no remnants of primary sulphides, may have formed in this 
way. They may also be the result of total enrichment of the primary sulphide that no longer exists. 

3.3. Neodigenite 
Neodigenite (CusS,) is an independent mineral3 occurring in a number of deposits in the Otavi 

Mountainland. At the Nosib mine in borehole NSB 7 (at 179 m), the enrichment of bornite by the formation 
of neodigenite has reached various stages. In some of the samples, rims of neodigenite have formed round 
the bornite; in others, only relics of the primary sulphide remain in the neodigenite. 

3.4. Bomite 
Bornite that formed as a result of supergene enrichment is relatively rare; it forms mostly as thin 

coatings on chalcopyrite3. The only bornite of supergene origin observed in this investigation is in the 
Tsumeb West Vanadium deposit. In borehole 5 at a depth of 63,7 m, this mineral appears along fine 
fractures, where it enriches chalcopyrite. Where these zones of weakness fractured, further enrichment of 
the supergene bornite took place, with the formation of chalcocite. In the centre of these fractures, the 
chalcocite has been partially replaced by covellite, showing that the initial enrichment by copper has been 
superseded by impoverishment. 

3.5. Galena and Sphalerite 
Notable supergene enrichment of lead and zinc is not known in nature. The absence of a lead mineral as 

a supergene sulphide is due to the very low solubility of lead sulphate and lead carbonate. Any lead taken 
into solution precipitates very close to the source as anglesite or cerussite. These minerals form a protective 
coating round the core of galena, thus preventing further decomposition17. One could assume that anglesite 
would be more common than cerussite, since it forms when oxygen is added. However, in nature this is not 
the case, since cerussite is more abundant'. Because the deposits of the Otavi Mountainland are in a 
carbonate environment, it is to be expected that cerussite would form as the oxidation product of galena 
(see Figure 3). The majority of the galena samples collected on the surface have undergone oxidation, with 
the formation of cerussite. However, this feature is not limited to surface samples, since many galena 
samples from a number of deposits at depth have been slightly oxidized. 

Supergene enrichment of zinc is unlikely because of the high solubility of its sulphides. This element is 
largely removed by surface and ground waters and redeposited elsewhere". The Balmat mine has one of the 
few occurrences c4 secondary sphalerite that formed in nature. This well-defined zone is large enough to be 
mined on a commercial scale"*. 

In copper deposits, enrichment is important in the supergene zone, whereas enrichment of lead and 
zinc takes place in the oxidized zone. In general, the enrichment of lead is greater than that of zinc17. 

3.6. Oxidation of Supergene Sulphides 
Probably the best evidence of the enrichment of secondary copper sulphide is the presence of a zone of 

leached low-grade copper sulphide containing only oxidized copper minerals, which overlies a zone of 
higher-grade copper sulphide that has undergone supergene enrichment. The latter zone is separated, in 
turn, from an underlying primary zone of even lower grade". 

The fact that supergene sulphide minerals are present in the surface outcrops of most of the copper 
deposits in the Otavi Mountainland could indicate that the present geographic surface is relatively young. 
The original oxidation zone that supplied the copper-rich solutions for enrichment at depth may have been 
eroded away at a rate faster than that at which oxidation could take place, thus preventing the formation of a 
normal oxidation zone. A study by Griffis'" of the copper-lead-zinc ratios on the upper levels of the 
Tsumeb mine showed that the ore-body probably reached a height of 610 m above its present outcrop. The 
relatively high pH value of the ground water in this dolomitic environment may also have prevented the 
formation of normal oxidation products. 

The original supergene zone is now exposed to weathering, and a second period of oxidation has set in. 
The formation of cuprite and native copper from chalcocite at the Asis Ost deposit is evidence of this second 
period of oxidation. The decrease in the amount of oxidation with increase in depth is well illustrated in 
samples from drill holes at the Asis Ost prospect. The oxidation of chalcocite, with the formation of cuprite, 
tenorite, and native copper, is almost complete at 76,2 m, whereas, at 90 m, only a thin rim of cuprite 
surrounds the chalcocite grains. 
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Another example of the leaching of a supergene sulphide is the impoverishment of chalcocite with the 
simultaneous formation of covellite observed at a number of deposits. 

4. MINOR AND TRACE ELEMENTS 
Mineral sulphides often contain small amounts of minor and trace elements as impurities in solid 

solution, as adsorbed films, or as small solid or liquid inclusions. 
The minor and trace elements in sulphide minerals have been investigated for many decades. Initially 

the analyses were of a qualitative nature aimed at the finding of new elements. As the emphasis has shifted 
from qualitative to quantitative analyses, the aisns have changed'2", minor and trace elements now being 
used to established genetic relations between ores and ores or between ores and source rocks, to establish 
the directions of movement taken by mineralizing fluids, and to serve as geothermometers21. 

One of the aims of this investigation was the determination of whether the different trace elements 
present in the sphalerite, galena, and tennantite of the various prospects in the Otavi Mountainland could 
be used as an aid in the determination of the mode of genesis of these sulphides. The distribution of trace 
elements was investigated both on a stratigraphic and a regional scale throughout the Otavi Mountainland. 

The samples analysed for trace elements by X-ray-fluorescence spectrometry included 19 sphalerite 
and 21 galena samples. As the emphasis of this project was on the econcmic potential of the ore deposits, 
the trace elements in pyrite, a ubiquitous mineral in most of the deposits, were not determined. Quantitative 
analyses were carried out for the following trace elements: silver, arsenic, cadmium, cobalt, copper, iron 
gallium, germanium, manganese, molybdenum, lead, and antimony in sphalerite, and silver, manganese, 
antimony, and zinc in galena. 

Analyses with the electron microprobe were carried out on selected polished sections, since insufficient 
material was available from all the prospects for analysis by X-ray-fluorf :>ce spectrometry. Because of 
the insensitivity of the electron microprobe at very low concentrations, onl me minor elements present in 
sphalerite and tennantite exsolmions could be determined. However, these analyses provided valuable 
information on the variation in composition of sphalerite within single polished sections. 

J . 1 . Trace Elements in Sphalerite 
The following elements were detected in the 19 sphalerite samples taken from different localities in the 

Otavi Mountainland. 

4.1.1. Antimony 
Antimony was detected in all the samples analysed, at values ranging from 16 to 136p.p.m. (see Table 

4). Although much of the antimony reported to be present '. •> sphalerite can be accounted for by the 
presence of contaminating minerals, mainly galena2", a small quantity may be contained in the sphalerite 
crystal lattice. El Shazly et al." found that a number of galena-bearing sphalerites contain no antimony, 
which, they feel, lends support to the contention that galena cannot account for all the antimony detected in 
a sample of sphalerite. It is possible that the sulphides mentioned above were formed from a liquid that 
contained no antimony. 

Sphalerite samples from low-temperature ores in England and Wales commonly contain antimony, 
whereas the high-temperature deposits from Cornwall, France, Portugal, Spain, and Nigeria tend to be free 
.)f this element. Antimony has been found to be a constituent of sphalerite from shallow-seated deposits of 
the Mediterranean region, but absent from deep-seated ore-bodies2-. 

If the antimony in the sphalerite from th. Otavi Mountainland formed as a result of contamination by 
galena, the following should hold good. 

(1) There should be an increase in the antimony content with an increase in the lead content of the 
same sample of sphalerite. This is not the case, as can be seen in Figure 4, where a random 
distribution is shown for antimony versus lead. 

(2) An increase in the antimony content of the sphalerite should correspond to an increase in the 
antimony content of the galena. In Figure 5 it can be seen that no such relation exists, but that an 
increase of antimony in the sphalerite is coupled with a decrease of the lead in the galena from the 
same prospect, as deduced from the negative slope of the linear regression. Antimony is therefore 
present as a trace element in the sphalerite crystal structure. 

The relation between the distribution of this element in sphalerite and galena is discussed in more 
detail in Section 4.2.1. 

When plotted on a regional scale, the ant.moity values in the southern portion of the Mountainland 
increase in a northerly direction (Figure 6), i.e.. away from the metamorphosed marbles and schists of the 
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TABLE 4 

Minor and trace elements (in parts per million) in sphalerite from the Otavi Mountainland 

Sample Prospect 
no. or mine Sb Co Mn Mo Ag Cu As Ga Ge cd Fe Fe* Pb 

22 Harasib Sinkhole 93 13 438 12 92 252 49 37 141 2 019 2 238 0.22 246 
23 Hómig 57 23 259 13 153 2 957 69 56 70 1 680 2 806 0.34 10 047 
24 Wolkenhaben 106 32 403 11 121 1 294 69 66 86 4 111 6 500 I,!3 8 773 
25 Berg Aukas 68 13 610 21 92 981 95 25 123 1 576 3 786 0,03 5 058 
26 Harasib Main 50 13 562 18 125 3.8 40 71 69 1 714 3818 0.46 10 107 
27 Auros 110 30 245 24 92 817 0 77 8 2 374 3 442 0,40 8 824 
28 Gauss 136 27 175 20 99 423 30 16 115 3 896 1 009 0.66 3 430 
29 Baltika 31 34 1 000 12 100 1 057 140 35 324 2 776 10 100 0.57 2 535 
30 Berg Aukas 51 8 337 15 87 567 67 26 230 1440 2 058 0.11 450 
3) Uitsab East 61 20 438 16 87 183 9 92 62 2 002 4 293 0,38 145 
32 Harasib II 82 20 712 29 117 1 895 106 44 427 2 206 6 020 0,62 7 310 
34 Abenab West 78 45 600 23 115 118 179 64 172 2 024 9 006 15 628 
35 Abenab West 104 30 662 12 165 2 282 80 48 281 2 273 4 670 0.02 9 940 
36 Tigerschlucht 7! 24 503 20 103 93 68 48 82 2 554 3 513 0.55 11 828 
37 Berg Aukas 59 29 533 11 91 1 493 25 45 93 1 610 5 268 1 042 
38 Heinrichberg !6 26 180 13 138 336 0 71 58 1 482 1 885 0.15 11 956 
39 Berg Aukas 68 22 498 17 148 839 150 6 93 1 397 6 089 0 447 
40 Rietfomein 92 37 563 8 86 425 55 51 120 2 576 4 861 0.73 7 051 
41 Uitsab Prospect 67 31 410 15 219 1 532 40 310 90 1 748 3 115 0.16 13 637 
42 Tsumeb West 27 2.55 
43 Berg Aukas 0.41 
44 Gross Otavi 0 
45 Central 0.15 
46 Harasib Potholes 0.37 
47 NosibH 0.39 
48 Nosib A 0.51 
49 Abenab West 0.53 
50 Uitsab North 0.02 

* Determined by eleclron-microprnbe analysis. Value in mass per cent. 

Swakop Group, which is believed to have influenced the deposition of the sulphides and their associated 
trace elements. This is in accordance with the well-known fact that higher values of antimony are 
concentrated in sphalerite formed at lower temperatures. This east-west trend is restricted to the 
south-western portion of the Otavi Mountainland. In the central area, the contours strike from north to 
south, a pattern that is found to exist in the distribution of other trace elements. The points on which the 
contours in the east are based are widely scattered and of limited significance. 

4.7.2. Cobalt 
This clement is present in concentrations lower than 50 p.p.m. in all the samples analysed. The average 

values in all the formations vary between 8 and 45 p.p.m. El Shazly et al. •- are of the opinion that maximum 
concentrations of cobalt are probably related to low-temperature deposits. The cobalt content of samples 
from the Central District, New Mexico, was found by Rose-' to range from 10 to 1000 p.p.m. When these 
values were plotted against distance from the outcrops of the Hanover-Fierro or Santa Rita Stocks, 
whichever was closer, a zonal relation was found24 (see Figure 7.) This relation is similar to that found when 
the percentage of iron in the sphalerite from the Central District was plotted against distance from the 
nearest stock2'. This feature therefore implies that the cobalt concentration increases with an increase in the 
temperature of formation — a phenomenon that is common to the occurrence of cobalt in sulphides in 
general, as confirmed by Rostov2". The mineralogical zoning away from the stocks, coupled with the 
information on the sequence of deposition, i.e., the association between sphalerite in which the cobalt 
concentration is low and young chalcopyrite and galena, indicates that this sphalerite was deposited later 
than that in which the cobalt concentration is high". Analyses done by Rose-1 on single sphalerite crystals 
indicate that the appreciable changes in the cobalt concentration occurred with time. 

The actual distribution of cobalt in the Otavi Mountainland appears to be influenced by temperature. 
When plotted against the iron concentrations in sphalerite from the Mountainland, the cobalt concentration 
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displays a linear relation with the corresponding iron values (see Figure 8). As discussed in Section 4.1.4, an 
increase in the iron content of sphalerite is believed to indicate an increase in the temperature of formation 
of the suiphide. If this is so. the cobalt content of the sphalerite in the Otavi Mountainland increases with 
temperature, which is in agreement with the findings of Rose 2 3 " and Rostov.-'*. 

When contoured according to regional distribution, the cobalt concentration in the sphalerite from the 
Otavi Mountainland decreases with an increase in distance from the Swakop Group, i.e., from south to 
north (see Figure 9). 

4.1.3. Manganese 
The manganese values, determined by X-ray-fluorescence spectrometry, vary from 175 to 1000 p.p.m. 

The anomalously high manganese concentration at the Balttka deposit is not due to contamination by other 
minerals included in the sample, as will be enlarged upon when the colours of the sphalerite are discussed 
later in this Section. 

The graphical correlation of manganese with iron shows that there is an increase in the iron content of 
sphalerite with an increase in the manganese content (see Figure 10). F.-yklund and Fletcher7, Sims and 
Barton-", and Boyle and Jambor-" found a similar trend between manganese and iron in sphalerite from the 
Star mine in the Coeur d'Alene District of Idaho, the Central District of Colorado, and Keno Hills in the 
Yukon, respectively. 

This trend is possibly due not only to the influence of temperature but to »u~ ?f»ivity of sulphur, which 
can affect the concentrations of manganese in sphalerite and pyrite in the same way that it affects the 
distribution of iron in these minerals. Sims and Barton2" found that the ratio ->f manganese in pyrite to that 
in sphalerite increased by one order of magnitude for each two orders of magnitude of sulphur activity. 

When plotted o- a regional scale, the manganese values exhibit a decreasing trend with an increase in 
distance from the Swakop Group (see Figure 11). The concentric pattern here is similar to that for antimony 
(Figure 6). 

There is only a slight correlation between the colour of the sphalerite from the Otavi Mountainland and 
the iron content. However, it was found that the colour changes are related to the manganese content 
(Table 5). The sphalerites with a high manganese concentration are dark red. and range through orange to 
yellow as the concentraiion of this element decreases. 

TABLE 5 
Colour of sphalerite from the Otavi Mouitainland as related to the concentration of trace 

elements 

Prospect Mn Fe Ge Cd 
or mine* Colour* p.p.m. p.p.m. p.p.m. p.p.m. 

Baltika i Wine red 1 000 10 100 324 2 776 
Harasib II 1 Wine red 712 6 020 427 2 206 
Abenab West Dark orange 662 4 670 281 2 273 
Berg Aukas Orange 610 3 786 123 1 576 
Abenab West Yellow, orange 600 9 006 172 2 024 
Rietfontein Yellow 563 4 861 120 2 576 
Harasib Main s*. Reddish brown, yellow 562 3818 69 1 714 
Berg Aukas c Yellow, dark yellow 533 5 268 93 1 610 
Tigerschlucht c Yellow, orange 503 513 82 2 554 
Berg Aukas 6 to 50 3 Yellow, red 498 6 089 93 1 397 
Uitsab East Q 

^ 
Yellow, orange 438 4 293 62 2 002 

Harasib Sinkhole O Yellow, orange 438 2 238 141 2 019 
Uitsab Prospect C Orange, red 410 3 115 90 1 748 
Wolkenhaben 1> 

«5 
Yellow 404 6 500 86 4 111 

Berg Aukas Light orange, yellow 337 2 058 230 1 440 
Hornig e Yellow, orange 259 2 806 70 1 680 
Auros Yellow 245 , 3 442 8 2 374 
Heinrichbcrg Pale yellow 180 1 885 58 1482 
Gauss Yellow 175 1 009 115 3 896 

'Arranged in order (if decreasing manganese concentration. 
+ Where a colour is mentioned second, it is present in minor i|uanfilie» 
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Bumham10 states that the manganese content in a single sphalerite crystal remained fairly constant 
within a specific colour zone, but underwent a tenfold decrease across a colour zone, i.e., from brown to 
greenish grey. Similar changes in colour occurred as the iron content decreased. Burnham30 is of the opinion 
that the same, or closely related, factors govern the distribution of manganese and iron in sphalerite, and 
that the colour change is caused by the decrease in iron in the sulphide crystal. The inferred influence of 
manganese on the colour change in sphalerite mentioned earlier indicates that the findings of the present 
study are not unique to the Otavi Mountainland. 

4.1.4. Iron 
The iron content of sphalerite from the Otavi Mountainland, as determined by X-ray-fluorescence 

analyses, is extremely low (from 0,10 to 1,01 per cent by mass) compared with that of other sphalerite 
deposits2"-11-32. The sphalerite from south-western Ontario and Daniels Harbour have similar low iron 
values, but this is explained by the absence of pyrite or any other iron sulphide in the ore™. 

The fact that iron can concentrate in patches in sphalerite — a feature originally observed by Scott and 
Barnes34 — may be the reason for the apparent discrepancy between some of the iron concentrations in 
sphalerite (see Table 4) as determined by X-ray-fluorescence analyses on powdered briquettes, and spot 
analyses by use of the electron microprobe. 

Linear relations exist between iron and cobalt and between iron and manganese. Temperature, which 
affects the distribution of iron in sphalerite to a certain extent, must therefore have a similar influence on the 
distribution of cobalt and manganese. This effect has been noted by other investigators21- ->:~2". Rose-'" found 
that the distribution of cobalt tended to be more regular than that of iron; the distribution of cobalt on a 
regional scale in the Otavi Mountainland appears to be more significant than that of iron (Figures " and 1 ? 
respectively). 

In many of the polished sections examined, pyrite grains appear as inclusions in the sphalerite. 
Electron-microprobe analyses were carried out in a determination of the influence of these pyrite grains on 
the distribution of iron in the sphalerite. Points close to, and a short distance from, the contact between 
these sulphides were analysed. In all cases, the sphalerite from the Otavi Mountainland was found to have a 
higher iron concentration in the immediate vicinity of pyrite inclusions. This iron concentration decreases 
with an increase in distance from the pyrite grains (Table 6). which means that, depending on the fugacity of 
the sulphur, there is equilibrium or partial equilibrium between the sphalerite and the pyrite only in the 
immediate vicinity of the pyrite grains. The pyrite grains near whith these analyses were done varied from 
euhedral to rounded, and appeared either as total or partial inclusions in the sphalerite. However, Rose-' 
found that, in the Central mining districts of New Mexico and Utah, the sphalerite near pyrrhotite and 
exsolution blebs of chalcopyrite was lighter in colour than the rest of the sphalerite owing to the depletion of 
iron in that area. 

TABLE 6 

Iron concentration in sphalerite in the vicinity of pyrite from the Otavi Mountainland 

Close Short distance away 
Prospect or mine Fe, mass % Fe, mass % 

Berg Aukas 0,57 0,07 
U it sab East 1,06 0.27 
Harasib Potholes 0,49 0,41 
Nosib H 0,61 0.44 
Nosib A 3,04 0.45 
Baltika 0,61 0,25 
Abenab West 0,51 0,04 
Abenab West 2,15 1,37 
Harasib II 1.55 0,63 
Berg Aukas 0,65 0,10 
Abenab West 0,65 0,40 
Berg Aukas 0,48 -
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Numerous exsolutions of tennantite were observed in most of the sphalerite from the Otavi 
Mountainland. whereas exsolutions of chalcopyrite in sphalerite have been noted elsewhere by many 
investigators'-'-'-''. Graton and Harcourt" are of the opinion that, since more iron and copper can be 
incorporated in sphalerite at a high temperature, there is a strong possibility that chalcopyrite exsolutions 
will form in the sphalerite on cooling. The inference by these authors and Rose" — that the iron content of 
sphalerite is one of the controlling factors in the >rmation of chalcopyrite exsolutions — could afford a 
possible explanation for the lack of copper-iron-sulphur exsolutions in the sphalerite from the 
Mountainland. 

On the other hand. Ramdohr1 found a sphalerite that was very low in iron and that contained abundant 
chalcopyrite exsolutions. He is of the "«imon that a low iron content could favour the solubility of 
chalcopyrite in sphalerite in contrast to the findings of reliable investigations". The low iron content and the 
presence of arsenic in the sphalerite from the Otavi Mountainland may have favoured the formation of 
tennantite. instead of chalcopyrite, exsolutions. 

Many investigators attribute the variation in colour of the sphalerite solely to the variation in iron 
content of this sulphide. Warren and Thompson"1 noted that, in general, less iron was present in the 
lighter-coloured sphalerite than in the darker varieties. Other investigators who reached this conclusion are 
Graton and Harcourt1' and Williams'-'. The conclusions drawn by Burnham'" wúh regard to the iron 
content of sphalerite have been mentioned. Rose' 1 drew up a table in which the iron content of sphalerite is 
related to colour. This table is applicable only to the area he investigated, for. if it were universal, the 
sphalerites from the Otavi Mountainland would all be pale yellow or white. The sphalerites investigated 
during the present study range from wine red to pale yellow, and are related not only to the iron 
concentration of the sulphide (as shown in Table 5) but mainly to the manganese concentration of the 
sulphide. This could be due to the low iron content of the sphalerite. 

4.7.5. Molybdenum 
In I 933, molybdenum was detected in sphalerite from the Tsumeb orc-oody, and has been found in 

sphalerite from other low-temperature types of deposits17. 
The molybdenum values in the samples from the Otavi Mountainland vary from 8 to 29p.p.m. 

Contoured on a regional scale, the values increase from south to north (Figure 13). The regional plot of the 
molybdenum-to-iron .atio displays the same trend (see Figure 14). which means that the concentration of 
molybdenum in sphalerite increases with distance from the metamorphosed sediments of the Swakop 
Group. 

4.1.6. Silver 
This element was detected in all the samples of sphalerite from the different ore deposits in the Otavi 

Mountainland that were analysed, and has values ranging from 86 to 219 p.p.m. Some of this silver may be 
due to small inclusions of galena or tennantite. but at least a portion is incorporated in the sphalerite. 

4.7.7. Copper 
It i* debatable whether all the copper detected in the sphalerite from the Otavi Mountainland is derived 

from tennantite '^solutions. The copper values (between 93 and 336 p.p.m.) in the samples from Uitsab 
Hast. Harasib Main. Tigcrschlucht. Harasib Sinkhole, and Heinrichberg— none of which has termanttte 
exsolutions — tend to support this statement. Two of the highest copper values in sphalerite were detected 
in samples free of tennantite (Hdrnig 2957p.p.m.. and Uitsab Prospect 1532p.p.m). The substitution of 
copper for zinc therefore appears to be possible, which is in accordance with the findings of Wedepohl ,H. 

Analyses with the electron microprobe were carried out so that the influence of the tennantite 
exsolutions on the copper concentration of the sphalerite could be determined. Points close to, and a short 
distance from, the contact between these two sulphides were analysed. Similar analyses were conducted on 
a sample from the Gross Otavi prospect, where the sphalerite is in contact with chalcopyrite. In all instances, 
the copper concentration of the sphalerite (or iron concentration of the chalcopyrite) decreases with 
distance frem these contacts (Table 7). From these results it is evident that copper is present as a trace 
element in the sphalerite from the Otavi Mountainland. but that its concentration is influenced by the 
proximity of copper sulphides that arc of the same age or older than the zinc sulphide. 

4.1.8. Cadmium 
Warren and Thompson"' aver that, if greenockite is not present in a sulphide mineral complex, 

cadmium occurs in sphalerite in solid solution. Grecnockite has been determined in the Tsumeb ore-body'. 
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TABLE 7 

Iron and copper concentration in sphalerite in the vicinity of 
tennantite and chalcopyrite from the Otavi Mountainland 

(Values in mass %) 

Gose to A distance from 
Prospect or mine tennantite tennantite 

Nosib A 

Cu Fe Cu Fe 

Nosib A 0.46 0,25 0 0,38 
Rietfontein 0 0.75 0 0.80 
Baltika 0,4 0,52 0 0,61 
Abenab West 0,27 0,06 0 0.03 
Abenab West 0,21 0.25 0 0.31 
Wolkenaben 0,29 1,27 0 1,14 
Gauss 0,61 0,68 0 0,64 
Harasib II 0,16 0.60 0 0.62 
Berg Aukas 0,32 0,13 0 0,12 
Berg Aukas 0,16 0 0 0 
Heinrichberg 0,19 0,14 0 0,15 
Berg Aukas 19 0,68 0.03 0 0,05 Berg Aukas 19 

Gose to A distance from 

Gross Otavi 

chalcopyrite chalcopyrite 

Gross Otavi 
Cu Fe Cu Fe 

Gross Otavi 0.64 0.87 0 0.02 

but was found (by electron-microprobe analyses) in only two prospects studied in the present investigation. 
The concentration of cadmium in sphalerite from the Otavi Mountainland varies from 1397 to 

4111 p.p.m., the lowest concentrations being determined in samples collected from four levels of the Berg 
Aukas mine. The lack of correlation with the results for iron probably means that temperature is not a major 
controlling factor in the distribution of the cadmium. This is confirmed by the random distribution pattern 
displayed on a regional scale. 

Most of the sphalerites that are dark in colour have relatively high concentrations of cadmium. Two 
notable exceptions are the yellow sphalerites, which have the highest cadmium concentrations (see Tabic 

-u 
4.1.9. Gallium 

Goldschmidt and Peters'" proposed that gallium exists in sphalerite in the forms GaAs. GaSb. GaP. 
and GaS, the first three of these compounds having the same structure as sphalerite. However. Warren and 
Thompson'" have expressed reservations with regard to the existence of GaAs and GaSb. They"' examined 
33 gallium-bearing sphalerites, and found that only 9 of these contained arsenic and 15 antimony. They also 
comment that all antimony-bearing sphalerite contains lead and copper, indicating the presence of lead 
antimonides or tetrahedrite, or both. 

Several investigators have found that gallium is usually concentrated in deposits formed at low 
temperatures-- '*'"'. However, as reported by Fleischer-", Kullerud found no correlation between gallium 
and the temperature of formation. 

There is a random distribution of gallium and iron in sphalerite from the different prospects in the 
Otavi Mountainland. and it is apparent that no correlation exists between the distribution of gallium and the 
temperature of formation in the ore investigated. 

4.1.10. Germanium 
The presence of this element has been related by several investigators-- '"' to low-temperature deposits. 

Hall and Heyl4" found that the highest germanium values occurred with the highest iron concentrations in 
sphalerite. This distribution pattern, in which the germanium concentration increases with the iron 
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concentration, is in contradiction to the findings of Graton and Harcourt '•• and HI Shazly et al. '-"-'. It therefore 
appears that, depending on the conditions under which deposition took place, the concentration of 
germanium in sphalerite may vary, and that its concentration is not controlled by temperature alone. The 
original concentration of germanium in the mineralizing fluid, the influence of the country rock, and the 
barometric conditions at the time of deposition may also affect the final concentration of this element. 

Germanium is present in all the analysed samples from the Otavi Mountainland in concentrations 
varying from 8 to 427p.p.m. 

Rose'' noted that, as the germanium concentration of sphalerite increases, the sulphide becomes 
tinged with pink. A similar trend was found in the sphalerite from the Otavi Mountainland (Table 5). the 
highest germanium concentration being found in two red sphalerite samples, and the lowest in a yellow 
sphalerite. 

4.1.11. Arsenic 
The arsenic content of sphalerite was measured to show whether it is related to the tennantite 

exsolutions present in the sulphide. Values of between 0 and 179p.p.m. arsenic were determined by 
X-ray-fluorescence spectrometry. As was done for copper, the concentration of arsenic in the immediate 
vicinity of tennantite was determined by analysis with the electron microprobe. The results show that there 
is no detectable concentration of arsenic in the immediate vicinity of any tennantite exsolutions. 

The regional distribution of arsenic decreases with an increase in the distance from the Swakop Group, 
which lies 10 the south of the Mountainland (Figure 15). In Figure 16. it can be seen that there is a linear 
correlation between the concentrations of iron and arsenic in the sphalerite from the different prospects. As 
the concentration of iron in sphalerite is controlled by temperature", this correlation implies that 
temperature is one of the controlling factors in the deposition of arsenic. 

4.2. Trace Elements in Galena 
The trace elements found in the galena, which occurs in virtually all the prospects examined, include 

antimony, manganese, silver, and selenium. 

4.2.7. Antimony 
The concentration of this element, which is normally present in all primary galena, was found, in the 

analysed samples from the Otavi Mountainland. to range from 26 to 432p.p.m. (Table 8). F.arlier 
investigators-"--- found that higher concentrations of antimony are usually associated with galena from 
high-temperature deposits. In addition, the crystal habit appears to affect the concentration, since 
octahedral crystals of galena contain less antimony than cubic crystals, and this difference can vary'- by a 
factor of 10. 

The occurrence ot antimony in galena is therefore in complete contrast to its occurrence in sphalerite. 
where it is more often associated with low-temperature deposits. This implies that, in addition to the 
temperature, the pressure, and the composition of the mineralizing fluia. the minerals in which the trace 
element is concentrated play a part in its distribution. 

If the temperature of formation is a controlling factor, the concentration of antimony in sphalerite and 
galena should be inversely proportional. This was found to be the case, as can be seen in Figure 5. The 
distribution of antimony in the sphalerite and galena of the Otavi Mountainland therefore supports the 
findings of F.I Shazly el al.--. 

However, those investigators-- consider that grain size may influence the concentration of antimony in 
galena, since they found a higher average concentration of antimony in fine-grained samples than in 
coarse-grained specimens. No such relation could be established for the galena from the Otavi 
Mountainland. 

Although tetrahedrite was noted as a minor mineral at three localities (Gross Otavi, Uris. and Berg 
Aukas). it has not contaminated the galena, since no abnormally high values of antimony were observed in 
any of the samples from these deposits. 

4.2.2. Manganese 
In all the samples analysed, this element was present at concentrations ranging between 62 and 

139p.p.m. (Table H). It has been proposed-" that some, if not all, the manganese detected in galena isdue to 
contamination by admixed sphalerite. Samples from the Otavi Mountainland were therefore analysed for 
zinc in galena. The concentrations determined varied from 62 to 65 366p.p.m.. which could be ascribed 
largely to minute inclusions of sphalerite in the galena. If the manganese present in the galena were due only 
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TABLE 8 

Trace elements (in parts per million) in galena from the Otavi Mountainland 

Sample 
no. Prospect or mine Sb Mn Ag Zn 

1 Uitsab Opencast 149 100 42 207 
2 Berg Aukas 120 101 311 61 608 
3 Central 68 132 308 4 774 
4 Tigerschlucht 250 86 425 826 
5 Harasib Potholes 233 69 486 557 
6 Uitsab Prospect 254 87 419 302 
7 Abenab West 220 115 521 65 366 
8 Uitsab East 290 97 446 249 
9 Auros 26 92 380 238 

10 Gauss 71 76 387 2 952 
11 Berg Aukas 121 96 347 3 532 
12 Wolkenhaben 74 91 450 2 369 
13 Uitsab North 209 96 423 323 
14 Harasib II 5<; 97 346 515 
15 Hórnig 139 95 427 89 
16 Uitsabpad 432 62 599 81 
17 Harasib Sinkhole 150 111 412 76 
18 Rietfontein 191 101 455 3 178 
19 Berg Aukas 300 107 300 2 200 
20 Heinrichberg 292 139 454 125 
21 Harasib Main 236 108 482 62 

to the admixed sphalerite, 'he value for manganese should increase with that for zinc, depending on the 
concentration of manganese in the sphalerite. No such relation was established (Table 8). For example, the 
manganese concentration in the sphalerite from Heinrichberg (Table 4) is one of the lowest in the 
Mountainland (180 p.p.m.). The galena from the same prospect (Table 5) has the highest manganese value 
of all the deposits (139p.p.m.), whereas the zinc concentration is one of the lowest (125p.p.m.). 

El Shazly et al.'1 are of the opinion that manganese in galena is more likely to be concentrated in a 
high-temperature deposit. Figure 17 shows that, in galena from the southern and central portions of the 
Otavi Mountainland, there is a decrease in manganese concentration with an increase in the distance from 
the Swakop Group. This is in agreement with the findings of El Shazly et al. -"- if it is assumed that the Swakop 
Group affected the deposition of the sulphides in the Otavi Mountainland. 

4.2.3. Silver 
The silver in the galena analysed varies from 42 to 599p.p.m. (Table 8). The distribution of this 

element is influenced by temperature, the highest concentrations occurring in galena formed at high 
temperature2"--'. El Shazly et al." found that, like antimony, silver occurs in higher concentrations in 
fine-grained galena than in the coarse-grained variety, but this finding does not hold good for galena from 
the Otavi Mountainland. However, the effect of the silver concentration on the crystal habit of galena is 
similar to that of the antimony concentration, since selective adsorption of silver atoms (in the form of 
argentite) on the octahedral faces of the crystals retards their growth"'. 

4.2.4. Selenium 
This element was detected in galena from the mineral deposits at Tsumcb West Vanadium, Dairy 

Location, Friezenberg, and Uris. The values determined by electron-microprobc analyses, according to 
mass, are as follows: 0,11 per cent, 0,13 per cent, 0,18 per cent, and 0,21 per cent respectively. 

4.3. Trace Elements in Tennantite 
Electron-microprobe analyses of tennantite exsolutions revealed the presence of the following major 

and minor elements: silver, cadmium, iron, and zinc (Table 9). 
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TABLE 9 

Electron-microprobe analyses for zinc, cadmium, silver, and iron in tennantite 

Zn Cd Ag Fe 
Prospect or mine mass % mass % mass % mass % 

Uris 6,15 0,08 0,05 1,87 
Gross Otavi 9,66 0,38 0,07 0,07 
NosibA 6.47 0,09 2,16 
Baltika 8,01 0,94 4,47 
Abenab West 8,36 0,25 1,22 
Gauss 5,13 0,12 4,97 
Abenab West 6,33 0,98 2,87 
Berg Aukas 10,30 0,30 0,44 0,73 
U it sab East 6,76 0,29 1,93 
Heinrichberg 10,23 0,29 1,54 
Harasib II 4,65 0,25 4,52 
Berg Aukas 8,61 0,50 0,71 

Silver, iron, and zinc replaced copper in the tennantite lattice3. As all the tennantite grains, except 
those from the Gross Otavi prospect, appear as exsolutions in sphalerite, the zinc was obviously derived 
from the latter mineral. At the Gross Otavi deposit, the tennantite is associated with sphalerite, and the zinc 
present may also have been derived from this source. 

The silver content varies from 0.05 to 0,94 mass per cent. Although there is no correlation between 
these values and those determined in the sphalerite by X-ray-fluorescence spectrometry, the higher silver 
values in the tennantite exsolutions could account for a portion of the silver detected in the zinc sulphide. 

The iron concentration of the tennamite is considerably higher than that of the sphalerite in which it 
appears. This means that the iron present in the mineralizing fluid concentrated in the tennantite 
exsolutions in preference to the sphalerite. The influence of temperature on the concentration of iron in the 
tennantite is illustrated by the linear correlation between the iron concentrations of tennantite and 
sphalerite (Figure 18). 

The tennantite with the lowest iron concentration (0,07 mass per cent) was obtained from the Gross 
Otavi prospect. This relatively low concentration is nevertheless greater than that of the iron present in the 
sphalerite from the same deposit, in which tennantite appears as a separate phase and not as exsolutions in 
sphalerite. It can therefore be concluded that, where tennantite and sphalerite appear together in the Otavi 
Mountainland, either as exsolutions or in close association, the tennantite has a greater affinity for iron than 
the sphalerite has. 

The electron-microprobe analyses described in Section 4.1.4 show that there is no change in the iron 
content of the sphalerite close to tennantite exsolutions. It is possible that, owing to the relatively low 
concentration of iron in tennantite, any influence or change in the concentration of iron in the sphalerite 
may be below the detection limit of the electron microprobe. 

Although a variety of trace elements are present in all sulphides from the Otavi Mountainland, they 
occur in concentrations that are too low to influence the economic potential of any of the deposits. Except 
for cadmium, which is present in quantities greater than lOOOp.p.m.. with a maximum of 4111 p.p.m., the 
concentrations of the majority of the trace elements are lower than 1000 p.p.m. Although these findings are 
based on the analyses of only a few samples from each prospect, they give an indication of the added 
possible potential of each deposit. 

It must be remembered that the deposition of ores takes place in an open system under 
non-equilibrium conditions, and that changes in the composition of the ore fluid probably take place with 
time. These changes in composition can take place as a result of processes occurring at the source of the fluid 
and of reactions with the wall rock through which the solution is moving. Changes in the temperature, the 
composition of the ore fluid, and the degree of chemical equilibrium are possible causes for variations in the 
trace-element content of the sulphide minerals. 

5. COMPARISON WITH MISSISSIPPI VALLEY DEPOSITS 
A large percentage of the known lead-zinc deposits of the World occur in carbonate rocks that have 

undergone only minor tectonic disturbances1'. The Mississippi Valley type of deposits, as they have become 
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known, have a number of features in common, which, according to Ohle44, Beales and Jackson4', and 
Jackson and Beales", are as follows. 

1. There is an absence of any apparent igneous activity and of igneous rocks that could be potential 
sources of ore solutions. 

2. The deposits occur in limestone or dolomite. 
3. The ore is often related to positive geological structures such as basement highs, calcareous sand 

banks, or gal reefs. 
4. The deposits consist mainly of bedded replacements and vein deposits. Solution activity, 

brecciation, slumping, collapse structures, and thinning are common. 
5. The majority of these deposits formed at relatively low temperatures. 
6. The ore-bodies are most common in passive structural regions. 
7. Their mineralogy is simple, and the precious-metal content is usually low. 
8. The ore-bodies occur at shallow depths relative to the present surface. 
The following compa-jtive study of these characteristic features is based on a comprehensive paper on 

the Mississippi Valley type of deposits by Ohle44. and illustrates the striking similarity between those 
deposits and the sulphide deposits of the Otavi Mountainland. 

A fundamental characteristic of all deposits of this type is the absence of igneous rocks that can be 
regarded as potential sources of ore solutions. Any igneous activity is considerably older than the host rock 
in which the ore-bodies occur. For instance, the granitic rocks in the Otavi Mountainland form the 
basement on which the dolomitic sequence was deposited, and are therefore considerably older than the 
sulphide mineralization. 

The majority of the Mississippi Valley type of deposits occur in limestone or dolomite, and range in age 
from Late Cambrian to Jurassic. The dolomitic rocks of the Otavi Group are of the Late Cambrian period. 

In many instances, the ore-bodies of Mississippi Valley deposits are related to structurally positive 
areas. The structures themselves may have diverse origins, some being original sedimentary features, and 
others the result of folding or faulting. Positive geological structures such as basement highs and algal reefs 
are common features in the Otavi Mountainland. 

Many of the ore-bodies appear in bedded replacements that have yielded vast tonnages of sulphide 
minerals. Ore-bodies of various sizes occur in pipe-like brecciated structures, whereas others may be 
rel- ted to solution subsidence and collapse structures, which are typical of karst topography — features that 
fit the mineralization in the Otavi Mountainland very well. 

As early as 1933, Newhouse'" determined the temperature of formation of sphalerite in a number of 
deposits of the Mississippi Valley type. He reported that the majority of the sphalerite in the Tri-State was 
deposited at between 115 and 135°C. whereas that in the Upper Mississippi Valley region was formed 
between 80 and 105°C. Similar results consistent with the geological characteristics of the deposits were 
obtained by Baily and Cameron17 on sphalerite samples from the Bottom Run lead-zinc deposits of the 
Upper Mississippi Valley. The Tsumeb ore-body, which probably formed under the same temperature 
conditions as most of the other deposits in the Otavi Mountainland. has been described by Sohnge' as a 
leptothermal deposit. The very low iron content of all the sphalerite examined is further evidence of the low 
temperature of formation of these deposits. 

Although the ore is most commonly located in passive structural regions, folding and faulting are not 
unknown, and the structures thus formed may be occupied by large vein deposits. The majority of the ore 
deposits in the Otavi Mountainland occur along the flanks of folds or in fault and breccia zones. 

Although galena and sphalerite are the major ore minerals in deposits of the Mississippi Valley type, 
copper, cadmium, indium, germanium, cobalt, and silver occur either as separate minerals or as trace 
elements in lead and zinc sulphides. Each deposit or district may have its own characteristic mineral 
assemblage, but each is unmistakably a member of the Mississippi Valley type. Galena, sphalerite, and 
copper minerals are the major constituents in the Otavi Mountainland. and contain all the elements 
mentioned in minor or trace amounts. 

In nature, many of the Mississippi Valley deposits descend to less than 300 m below the surface, 
although deposits have been found at depths as much as 600m below the surface. The occurrence of the 
majority of the ore deposits in the Otavi Mountainland is similar. 

The dolomitic and limestone rocks and the sulphide deposits of the Otavi Mountainland therefore 
exhibit all the above-mentioned characteristics of Mississippi Valley deposits. This indicates that the mode 
of genesis of the sulphides in the Mountainland is probably similar to that proposed for other 
low-temperature lead-zinc deposits. 
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6. TRANSPORTATION AND DEPOSITION OF METALS FROM BRINES 
An understanding of the geochemical model that is postulated for the sulphide mineralization in the 

Otavi Mountainland requires a knowledge of the transportation and deposition of metals in brine solutions. 
The significance of chloride in a fluid that transported metal ions was originally noted by Bastin1-. 

During his investigation of the copper deposition in the Red Beds and the composition of the transporting 
solutions, which had moderate temperatures and pressures, he recognized the importance of the chloride 
and sulphate concentrations of a number of ground-water samples. 

In recent years, much research has been done on possible methods of transportation of ore at relatively 
low temperatures, and a great deal of attention has been given to fluid inclusions in sulphides that formed at 
low temperatures and to the transportation of metal ions in brine solutions. 

6.1. Brine Solutions 
The discovery of the Red Sea and Salton Sea brines revealed the presence of vast quantities of base 

metals that are associated with these chloride brines4". Anderson4" pointed out that lead and zinc can be 
transported in slightly acidic brines rich in chloride. Precipitation can take place due to cooling, 
neutralization, dilution, or an increase in reduced sulphur. This increase can result from the mixing of the 
chloride brine with a solution having a higher concentration of hydrogen sulphide. Quantitatively, this 
means that 100 000 000 tons of ore with a metal content of 1 per cent can form over a period of 10 000 
years if IOp.p.m. of metal are precipitated from a solution with a reasonable rate of flow, or in 100 000 
years if I p.p.m. of metal is precipitated'". 

The hydrothermal synthesis of chalcopyrite has been carried out at temperatures of 400. 450. and 
500 °C. distilled water and solutions of 2 m and 4 m sodium chloride being used as solvents. Water was 
found to be completely ineffective in dissolving, transporting, and depositing chalcopyrite, whereas the 
saline solutions deposited amounts greater than those needed to account for the natural deposits of this 
sulphide. The 2m solution was found to be more effective than the 4m mixture'". 

The low migration capacity of copper as a chloride complex is considered to be an important constraint 
in the deposition of copper from a brine with a low concentration of sulphur'1. This does not mean that 
copper cannot be transported in a brine solution and deposited from it. At the Salton Sea, 5 to 8 tons of 
scale, carrying 20 per cent copper, precipitated in a discharge pipe at one of the wells during a test period of 
three months. The minerals identified include bornitc. chalcocite, neodigenite. chalcopyrite. and 
tetrahedrite. Because of the low sulphide concentration, the lead and zinc remained in solution. The copper 
concentration in the original solution was approximately 6 p.p.m., and the lead and zinc concentrations 90 
and 500p.p.m. respectively"''. 

6.2. Importance of Hydrogen Sulphide 
Pore space in carbonate rocks is frequently filled with fluids rich in hydrogen sulphide. This hydrogen 

sulphide may have been produced by anaerobic bacteria using the sulphate commonly found in carbonate 
formations1'. The temperature of formation deduced from fluid inclusions is usually higher than 100°C, 
which means that the area in which the hydrogen sulphide would form — if produced by bacteria from 
sulphates — would be adjacent to, and cooler than, the area of deposition". No upper limit for the 
temperature at which reducing bacteria can grow has yet been defined; bacteria have been identified in 
springs with temperatures of over °0°C V \ 

Alternatively, the hydrogen sulphide may have been formed by bacteria in the area of deposition long 
before the introduction of the brine solutions. The hydrogen sulphide would remain locked in the carbonate 
rucks, where it would be preserved' until its release at a later stage, possibly by structural deformation of 
the dolomites and limestones. It would then react with the recently introduced brines tofor.n the sulphide 
deposits '. The concentration of hydrogen sulphide in carbonate reservoirs has been found to be as high as 
8n per cent". Hydrogen sulphide that is produced in sandstone-shale sequences is precipitated with iron in 
the form of pyrite, and is therefore removed from the system'"'. This pyritc can form a geochemical barrier 
and cause precipitation of other sulphides at a later stage''. Precipitation of sulphides can also take place 
where the hydrogen sulphide fluids mix with the chloride brines in the "plumbing system'". 

Other investigators are of the opinion that sufficient reduced sulphur can be transported in the brine 
solution that carries the metal chlorides to precipitate the metal ions in the form of sulphides. Nriagu and 
Anderson'1 found experimentally that, at a pH value of 5. lead at concentrations of 1.10. and 100 p.p.m. 
could be transported together with 10 "'. 10 '\ and 10 T moles of reduced sulphur per kilogram of solution, 
respectively. However, in some brines, reduced sulphur of higher concentration has been found coexisting 
with comparable quantities of lead. 
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Studies on fluid inclusions have been found to provide the best information relating to ore solutions 
and the temperatures prevalent at the time of deposition. Temperatures and salinit^s measured in primary 
sphalerite and in calcite crystals from the southeast Missouri lead district range from 95 to 125 °C and 20 to 
30 mass per cent respectively5*. Similar results were obtained by other investigators, who noted that the 
sulphur is present in these fluids mainly in the form of sulphate57 w , and that the composition of these fluid 
inclusions is similar to that of deep connate brines". The absence of hydrogen sulphide in fluid inclusions is 
probably due to the total fixing of this sulphide by the formation of sulphide minerals4'. 

6.3. Importance of Rock Porosity and Permeability 
The porosity and permeability of the rocks play an important role in the localization of ore-bodies. 

Although most limestone and dolomitic rocks are considered to be very dense, permeability tests carried 
out by Ohle w showed that all rocks, except possibly volcanic glass, have a finite ability to transport fluid. 
When a rock contains a fluid under pressure, I .akage (which will be proportional to the permeability of th;' 
rock, the viscosity of the fluid, and the difference in pressure) will take place in the direction of the nearest 
flow outlet. Ohle'*" considers that, in all probability, a sufficient volume of dilute ore solution could pass 
through carbonate rocks to account for all the ore deposits found in them. 

It has been found that porosity is enhanced by complete dolomitization ". i.e., the process in which 
limestone is wholly or partially converted to dolomitic limestone by replacement of the original calcium 
carbonate with magnesium carbonate, usually through the action of magnesium-bearing water. It can occur 
penecontemporaneously with, or shortly after, deposition of the limestone, or during lithification at a later 
period, and is commonly accompanied by recrystallization and by shrinkage of volume, leading to the 
formation of pores, cavities, and fissures"". This process normally precedes deposition of the ore and can be 
regarded as preparing the ground for the ore fluid. Permeability tests on Mississippi Valley carbonates 
revealed that vast quantities of meteoric water can move through them". Breccia and fault zones increase 
the permeability of the host rock and tend to channel the mineralizing fluids. 

There is therefore sufficient proof that metals can be transported at low temperatures in brines from a 
source area and deposited as sulphides in structures in which hydrogen sulphide is liberated. Carbonate 
rocks are also sufficiently porous *nd permeable to permit ore fluids to pass through them, tiius allowing the 
formation of ore deposits. 

7. GENESIS OF THE SULPHIDES 
The present concept of the genesis of the sulphide mineialization in the Otavi Mountainland is that it is 

of low-temperature hydrothermal origin'•'". However, modern concepts concerning metal transporation 
and ore deposition, as well as the results obtained during the present study, have led to the framing of a new 
model for the genesis of the sulphides in the Otavi Mountainland. 

The similarity between the sulphide deposits and the areas of deposition in the Otavi Mountainland 
and in the other Mississippi Valley deposits mentioned earlier, means that their modes of origin were 
probably similar. The processes that gave rise to the ore solutions should therefore be very similar in all 
instances44. 

In hydrothermal deposits, the ore-bodies are associated mainly with igneous intrusions that were the 
source of the mineralizing fluids forming the deposits in their vicinity. Outcrops of granite are present in the 
Otavi Mountainland. They are not intrusive in the Damara Supergroup but form the basement on which the 
sediments and chemical precipitates were deposited. Proof of this is the presence of inclusions of granite and 
other granitic material in the conglomerate and sandstone of the Nabis Formation"-1. Folding and erosion 
brought these granites to the surface, and they now appear in the centres of anticlines. 

Because there is no intrusive igneous body in the Otavi Mountainland, a feature that is common to 
Mississippi Valley deposits, a source for the metals present in the ore-bodies must b•• sought elsewhere. A 
possible source is the dolomitic and clastic rocks of the Otavi Group. Most ore metals are preseni in 
sedimentary rocks in varying quantities, the largest amounts occurring in shales". The dolomite, limestone. 
and shale of the Otavi Mountainland contain quantities of lead and zinc that are above the average. If the 
country rocks that have been eroded away had the same metal content as those analysed, and if these metals 
had been concentrated, they could have contributed substantially towards the formation of ore deposits in 
the Mountainland. 

A further possibility is that the leaching of the rocks through which the mineralizing fluids moved could 
have provided metals that were deposited later. However, it must be remembered that, in the evaluation of 
a sedimentary unit as a source of metals, the analysis of a rock sample cannot indicate the original metal 
concentration, since the amount of metal that has been removed cannot be determined"'. The concentration 
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of copper, lead, and zinc in the carbonates and shales, coupled with the vast area ccvered by these country 
rocks, could easily have supplied sufficient material to produce the ore-bodies in the Otavi Mountainland. It 
has been calculated"4 that only 3 p.p.m. of copper, iead. and zinc need to be removed from a source area with 
a volume if 1 !)<) km ! to produce an ore-body containing one million tons of metal. 

However, the marbles and schists of the Swakop Group, which cover a vast area to the south of the 
Otavi Mountainland. are considered by the present investigator to be the main source of metals in the 
formation of the ore deposits. 

7 1. Deposition of Base Metals in the Swakop Basin 
The Swakop Group of the Damara Supergroup which lies to the south of the Otavi Mountainland. was 

formed by the deposition of sediments and chemical deposits derived from pre-Damara rocks. These 
pre-Damara rocks probably contained base metals in a disseminated form, i.e., as sulphide, oxide, or 
carbonate. Traces of copper and small deposits of base metals are *idespread throughout the pre-Damara 
basement*"'. 

Erosion of the provenance area and subsequent deposition of the material in the Swakop basin would 
represent a concentration of these metals relative to that in the pre-Damara rocks. Transportation of the 
metals may have taken place in solution or as clastic material together with the sediments. 

The presence of numerous small deposits of copper, lead, and zinc minerals in the Swakop Group is 
proof that these elements were deposited in the area, and that at least a portion of these elements was later 
concentrated to form these small deposits. Two of the larger copper-lead-zinc deposits in the Hakos 
Subgroup of the Swakop Group are found on the farms Oamites and Hohwarte. These deposits, as well as 
the numerous traces of copper occurring at other places in this subgroup, are probably of syngenetic 
origin"'. Similar deposits are found in the Khomas Subgroup, the Matchless. Gorob. and Hope mines being 
among the most important. 

7.2 Leaching of Metals during Diagenesis 
Numerous experiments have been curried out to show that metals can be absorbed and adsorbed by 

carbonates and shales during deposition, and that they can be de-orbed during diagenesis. Temple and I.e 
Roux'" carried out experiments showing that .he desorption of metals from clays, presumably by 
displacement of the sodium ions, was in descending order Zn -C u 'Fe Ph. Although the results obtained 
do not give the magnitudes of desorption during diagenesis. they indicate possible mechanisms of metal 
concentration These desorbed metals would then have been available for transportation from the basin to 
another area of deposition". 

As the sediments and metals were being deposited in the Swal;op basin, a large volume of water would 
have been trapped by clay particles. At the start of compaction, a vast surface area of sedimentary particles 
would have been exposed to this fluid trapped in the sediment, allowing the leaching of metals from the .lay 
particles — a process that would continue as diagenesis progressed. 

ITiis vast extent of contact between the fluids and the solids would never again be possible in the history 
of the sedimentary unit'';. and large volumes of liquid, carrying dissolved salts and metals leached from the 
sediments, would therefore have been expelled. Von Lngelhardt" slates that the interstitial fluids 
contained in sediments can be mined hy normal flow. These fluids, usually aqueous solutions, are always 
involved in cliagenetic reactions, and the transportation of substances is either through flow or through 
normal diffusion. 

The progressive dewatering of sediments can continue to a depth'" of approximately 6100m. The 
porosity of mudstone and shale at "00 m is about 25 per cent™. This porosity decreases progressively with 
further burial, resulting in the driving off of vast volumes of liquid that mav contain dissolved metals and 
salts". 

As the depth below the surface increased, the temperature of the liquid in the sediment would rise. 
L.ven when the water content of a clay is reduced to 35 per cent, its volume can be measured in billions of 
kilolitres per cubic kilometre of sediment''. The discharge of formation water during the early stages of 
compaction is probably predominantly upwards, but a large volume moves laterally through the most 
transmissive aquifers71. Although ground water does not circulate "at depths exceeding 600 m. the water of 
compaction can move at i;reater depths as compaction continues'1". 

The metamorphism of argillaceous rocks with the formation of phyllites and schists would expel more 
liquid '. Large amounts of water enter the biosphere from areas wher: structural deformation and 
metamorphism take place. This water v ould migrate from an ir^a of high temperature and pressure to an 
area of low temperature and pressure. 
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With the precipitation of carbonate material, the metal ions originally present in the water would be 
trapped in the chemical deposit. The removal of metal ions from these dolomitic rocks would be similar to 
that described earlier for the leaching of pelitic rocks. In this case, however, it would be necessary for the 
fluid to be sufficiently reactive to leach the dolomitic rock and remove the metal ions from the leached area. 
If carbonates are metamorphosed, the amount of carbon dioxide and water combined in the stable mineral 
decrease as the grade of metamorphism increases. Carbon dioxide and water would therefore be liberated, 
so that, after the completion of metamorphism, the rock (as compared with the parent rock) would be partly 
or wholly depleted of its volatile components7-. The metamorphism of the rocks of the Swakop Group 
would provide a mechanism by which the temperature of the liquid would be increased. The connate waters 
could be ore-forming fluids at any stage from diagencsis through intense metamorphism*11. 

7.3. Origin of Mineralizing Brines 
The increase in the temperature, coupled with the salt concentration of the expelled fluid, would result 

in a brine containing metal chlorides, the metal ions being dei ^ed from the argillaceous and calcareous 
rocks of the Swakop Group. The presence of primary anhydrite in metasediments of the Nosib Group, 
which underlies the Swakop Group, supports the assumption that concentrated saline solutions may have 
been trapped in the sediments of certain parts of the basin71. Chlorine and bromine form virtually no 
insoluble minerals, and their migration is not affected by alkaline-acid or oxidizing-reducing 
environments'1. This step would represent a considerable increase in the local concentration of the metals 
now prese.it in the brine as compared with that in the sediments. 

The distance covered by this brine solution before it reached the area of deposition would not have had 
to be very great since the volume of rock to the immediate south of the Oti vi Mountainland is large enough 
to supply the metal ions necessary to form the different sulphide ore-bodies'". The marbles and schists of the 
Swakop Group, which formed to the south of the Mountainland as a result of the regional metamorphism, 
acted as a large reservoir, ensuring a continuous supply of brine to the dolomitic rocks of the Otavi Group, 
which had un Jergone low-grade regional metamorphism (Figure 19). 

7.4. Formation of Hydrogen Sulphide and the Deposition of Metal Sulphides 
The presence of algal beds and stromatolitic horizons in the lithos'ratigraphic units of the Otavi 

Mountainland indicate that conditions were ideal for bacterial action to take place, resulting in the 
formation of hydrogen sulphide (Section 6). The hydrogen sulphide formed in this way was trapped in the 
carbonates1'. 

The folding, faulting, and brccciation of the dolomitic rocks, which took place in the Otavi 
Mountainland during the deformation of the Swako "<roup deposits, released the trapped hydrogen 
sulphide. The brines migrated from the high-grade etamorphic areas of the Swakop Group to the 
less-affected dolomitic rocks of the Otavi Group, where they reacted with the hydrogen sulphide to form 
sulphide deposits in the fault and breccia zones. These deposits consist mainly of lead and zinc with 
subordinate copper. The tectonic activity, which initially created the loci in which the sulphides were 
deposited, continued during the time of mineralization. In this way. areas in which the younger sulphides 
could be formed were continually created. 

The distribution of trace elements in these sulphides was influenced by the decrease in temperature as 
the brine migrated northwards. According to the literature, the trace elements iron, cobalt, manganese, and 
arsenr. have higher concentrations in sphalerite from the same metallogenic province formed at relatively 
higher temperatures. The concentration of these face elements in the sphalerite from the Otavi 
Mountainland decreases with an increase in the distance from the Swakop Group. The amount of antimony, 
which is usually concentrated in sphalerite that formed at relatively low temperatures, increases with an 
increase in the distance from the Swakop Group. The metals migrated away from the high-temperature 
areas, which were rendered almost impermeable by metamorphism, to the fractured loci in the Otavi 
Group, which were less affected71. This implies that the mineralization in the Otavi Mountainland is late 
syntectonic to early post-tectonic with regard to the deformation of the Damara Supergroup, which took 
place approximately 550 million years ago. As the brines migrated through the carbonates and shales of the 
Otavi Gro"o, the met 'I content may have been replenished as a result of leaching of the country rock 

7.5. Influence of Pseudo-aplite on the Concentration of Copper in the Huttenberg Formation 
Primary copper minerals in the form of tennantite and chalcopyrite are dominant in the ore deposits of 

the Huttenberg Formation in the Otavi Mountainland. This is the only formation in which the pseudo-aplite 
appears, which leads to the supposition that there is a correlation between the copper mineralization and 
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the pseudo-aplite. In his study of mineralization in the Otavi Mountainland, Clark*1 noted that, wherever 
aplite intrusions occur, the minerals arc predominantly cupriferous. 

Pereira"' regards the presence of copper, arsenic, and antimony as indications that volcanic action 
played a role in the concentration of these elements. Wilson" noted that copper associated with nickel and 
cobalt in sulphide ores could be related to intrusive masses, whereas copper occurring with lead and zinc in 
an ore-body could not be related directly to any particular intrusion. 

If the findings of Pereira75 are correc* -»nd the n^ndo-aplite is of volcanic origin, it may explain the 
presence of tennantite as a major copper mineral in the Huttenberg Formation. It has been determined that 
the injection of pseudo-aplite took place after the main period of folding77. This injection may have taken 
place at the time of the fracturing and faulting of the dolomitic rocks in the Otavi Mountainland, when the 
trapped hydrogen sulphide was released and the mineralizing brines were introduced from the south. This 
would account for the intimate association between the copper, lead, and zinc mineralization in a number of 
the deposits. If this is so, it means that the lead-zinc mineralization in the Otavi Mountainland was formed 
mainly by migrating brines, whereas most of the copper mineralization resulted from volcanic activity. 

7.6. Oxidation and Supergene Enrichment 
After the cessation of hypogene mineralization, the upper portions of the sulphide ore-bodies were 

oxidized. This resulted in the removal of zinc in solution, which was deposited elsewhere as oxides, and the 
supergene enrichment of the copper below the oxidation zone. The low solubility of the lead carbonate 
encp'sting the lead sulphide prevented the removal of the latter from the deposits. The type of minerals 
formed in the oxidation zone would depend on the pH value of the ground water in this carbonate 
environment. 

Subsequent erosion of the surface of the Otavi Mountainland, possibly at a rate faster than that of the 
oxidation of the sulphides, removed most of the initial oxidation zone that had formed at all the deposits. 
This is in agreement with the findings of Grítfís'", who showed that the Tsumeb ore-body was probably 
610m higher than its present outcrop. The original supergene zone was therefore exposed to weathering, 
and a second period of oxidation and enrichment started with the formation of oxides and carbonates. This 
second period of oxidation, which extended to a considerable depth in many deposits — in some cases to 
below the supergene zone — was facilitated by deep-penetrating faults and fissures. Dissolution of the 
country rock along these fissures possibly initiated the formation of the present karst topography that is 
typical of the Otavi Mountainland. 

8. SUMMARY 
The copper, lead, and zinc sulphides of the Otavi Mountainland outcrop in the dolomitic rocks of the 

Damara Supergroup. The major primary sulphides, which constitute the bulk of the mine, alization at the 44 
deposits studied, are galena, sphalerite, chalcopyrite, and tennantite. The copper mineralization is 
concentrated in th * Huttenberg Formation of the Tsumeb Subgroup and in the Nosib Group. Lead and zinc 
mineralization i- .ound mainly in the Berg Aukas, Gauss, Auros, Maieberg, and Elandshock Formations of 
the Otavi Group. 

In the majority of the prospects in which sphalerite occurs, tennantite is present as exsolution blebs that 
vary in size from minute dots to 0,11 mm in diameter. The sphalerite grains at most of the deposits are badly 
fractured, and fine galena fills the fractures. Galena is present in virtually all the prospects in the Otavi 
Mountainland, occurring mainly as ca\ity- and fracture-fillings in pyrite, chalcopyrite, sphalerite, and 
enargite. It is absent from a few deposits where copper mineralization is dominant. 

Pyrite is a ubiquitous mineral throughout the area investigated, and is the oldest mineral in the sulphide 
paragenetic sequence in the Otavi Mountainland, followed — in that order — by bornite, chalcopyrite. 
tennantitc, sphalerite, and galena. Minor amounts of enargitc. germanite, renierite, tetrahedrite, and 
jordanite formed at different times during the paragenetic sequence. Fractures and cavities in larger pyrite 
grains are invariably filled with copper, lead, and zinc sulphides. A younger pyrite generation is represented 
by stringers in a number of deposits in the Mountainland. 

Tennantitc and bornite are present in minor quantities in the different prospects, except in the Gross 
Otavi deposit, where they constitute the major portion of the copper mineralization. Although chalcopyrite 
is a rare mineral in the Tsumeb ore-body, it is present in varying quantities in the majority of the copper 
deposits in the Otavi Mountainland. 

The regional structural deformation in the Otavi Mountainland was a continuous process spanning 
almost the entire period of sulphide mineralization. It started with faulting and brecciation of the counry 
rock, which created the loci for the initial pyrite mineralization. Later, this early sulphide and the country 
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rock were subjected to fracturing and shattering, which controlled the localization of copper and zinc 
mineralization. Further regional structural deformation affected the existing sulphide minerals and country 
rock, creating loci for the crystallization of galena. 

Supergene enrichment *ook place in all the copper deposits in the Otavi Mountainland, with the 
formation of chalcocite and, to a lesser extent, neodigenite, bornite, and covellite. These supergene 
sulphides are found at the surface outcrops of all the copper deposits. 

Selective enrichment took place in a number of deposits, primary bornite and chalcopyrite undergoing 
enrichment in preference to tennantite. Many fractures in the two former minerals are filled with chalcocite 
and neodigenite respectively, whereas similar fractures in the tennantite were unaffected. 

The majority of the covellite present is the product of copper impoverishment, and formed from 
supergene chalcocite. Elsewhere it formed from the enrichment of primary sulphides or by precipitation 
from copper-rich fluids. 

The geochemical study revealed the presence of a variety of trace elements in all the sulphides in th; 
Otavi Mountainland, but their concentrations are too low to affect the economic potential of any of the 
deposits. 

The relatively low variation in trace-element concentration within the sulphides examined can be 
ascribed to the uniformity of the conditions at the time of deposition. As the host rock in virtually all the 
deposits is dolomite, it can be assumed that the areas of deposition and the temperature of formation, based 
on the low variation in the iron concentration of the sphalerite, were fairly similar. 

The geographical distribution of some trace elements indicates that zonal changes occurred in the 
average concentration of the elements. 

The values for iron, cobalt, arsenic, and manganese in the sphalerite decrease from south to north in the 
Otavi Mountainland, whereas those for molybdenum and antimony increase. The regional distribution of 
these elements indicates that the metamorphosed schists and marbles of the Swakop Group. which lie to the 
immediate south of the Mountainland, had a definite influence on the distribution of trace elements in the 
sulphides. Other trace elements detected in the sphalerite were cadmium, germanium, gallium, silver, and 
copper, which, in contrast to tlu/se mentioned earlier, do not show a distinct regional trend. 

It is assumed that all the sphalerite in the Otavi Mountainland was deposited more or less 
simultaneously. The concentrations of copper and iron in the sphalerite were affected by the presence of 
tennantite, chalcopyrite, and pyrite. The copper concentration in the sphalerite inceases noticeably in the 
immediate vicinity of tennantite exsolutions. The decrease in iron concentration with an increase in the 
distance from the included pyrite grains means that equilibrium or partial equilibrium existed between the 
pyrite and sphalerite only in the immediate vicinity of the grain boundaries at the time of formation of the 
sphalerite. The low iron content of the sphalerite from the Otavi Mountainland. coupled with the 
low-intensity wall-rock alteration, points to a low temperature of formation. 

The colour of the sphalerite from the Otavi Mountainland is related mainly to its manganese content. 
The sphalerites with a high manganese content are dark red in colour, ranging through orange to yellow as 
the quantity of this element decreases. In contrast to other sphalerite deposits, there is only a slight 
correlation between the iron content and the colour of the sphalerite from the Otav i Mountainland, possibly 
because of the very low concentration of iron. 

Antimony, manganese, and silver were detected in all the samples of galena analysed, and selenium 
was found to be present in four deposits in the Mountainland. Owing to the influence of the Swakop Group, 
the distribution of these trace elements is similar to the regional distribution pattern displayed by the trace 
elements in sphalerite. 

Silver, iron, and zinc are present in varying quantities within the tennantite exsolutions in the sphalerite 
examined. Where tennantite and sphalerite co-exist, either as exsolutions or in close association, the 
tennantite has a greater affinity for iron than has sphalerite. 

The sulphide deposits of the Otavi Mountainland exhibit a number of features that are characteristic of 
Mississippi Valley deposits. 

Vast quantities of base metals are found in association with brines that can originate in sedimentary 
basins. These brines can transport large amounts of metals in the form of chlorides and bromides to areas 
where hydrogen sulphide is available, usually in carbonate rocks, resulting in the deposition of sulphide 
minerals. The hydrogen sulphide can therefore be produced by bacteria using the sulphate that commonly 
occurs in carbonate formations. After its formation, the hydrogen sulphide is locked in the host rock and 
released at a later stage, possibly by structural deformation, to react with the recently introduced brines. 

The marbles and schists of the Swakop Group, which lie to the south of the Otavi Mountainland, are 
considered to be the provenance area of the lead, zinc, and a portion of the copper mineralization in the area 
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investigated. The expulsion of metal ions and salts from the sediments during diagenesis of the group 
mentioned initiated the formation of mineralized brines. Further leaching of the rocks and the migration of 
these brines started during the metamorphism of the Swakop Group. The brines migrated from the 
high-grade metamorphic rocks in the south to the less-affected dolomitic rocks of the Otavi Mountainland 
in the north, which were subjected only to greenschist fades of metamorphism. 

The major copper deposits in the Otavi Mountainland are found in the Hiittenberg Formation of the 
Tsumeb Subgroup in association with pseudo-aplite, an arenaceous rock that is probably of volcanic origin. 
It is considered that the injection of pseudo-aplite when the brine permeated the dolomitic rocks of the 
Otavi Mountainland accounts for the intimate association between the copper, lead, and zinc 
mineralization in a number of deposits in the area investigated. 
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FIGURE 1. Genetic sequence of primary and secondary sulphides in the Otavi Mountainland 
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FIGURE 2. Stability relations among some copper compounds in the system Cu-H,0-O.-S-C0, at 
25"C and 1013,3 kPa (1 atm) total pressure (after Garrels and Christ"') 
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FIGURE 13. Regional distribution of molybdenum (in parts per million) in sphalerite 
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FIGURE 19. The distribution of the SwaKop Group in South West Africa 
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