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ABSTRACT 

This study is focussed on the petrographic and isotopic aspects of 
the crystallization processes. taking place in carbonate-hosted Berg 

_ Aukas-type Zn-Pb-V deposits of the Otavi Mountain Land in Northern 
Namibia. Numerous studies have shown that ore formation in 
Mississippi Valley-type deposits. bears a close relationship with 
carbonate diagenesis and basin evolution. The application of 
isotope (Sr , 0, C) techniques as regards to timing and mechanisms of 
ore-forming processes, as a possible tool in exploration. is 
especially emphasized in this study. 

Detailed petrographic and isotope-geochemical investigations were 
carried out in the Late Precambrian deposits of Berg Aukas. situated 
just north of the town of Grootfontein. in addition to the Odin 
Prospect situated to the east of Kombat Mine. Both ore deposits 
display many similarities, but also show differences concerning the 
facies-bound character of the host rock, which is related to the 
paleogeographic position and the tectonic framework. In spite of 
these differences, similar complex diagenetic textures and 
structures suggest a comparable diagenetic evolution. 

Isotope-geochemical analyses have been performed on samples of 
consecutive crystallization generations, or dolomite types. This 
was checked petrographically using cathodoluminescence, and sample 
homogeneity was monitored by means of X-ray diffraction. The 
results reveal significant isotopic trends, which are interpreted to 
reflect the diagenetic evolution of the respective basin. 

A consistent strontium isotope trend is noted, and in both cases 
studied the later crystallization generat:ions are enriched in 
radiogenic strontium, as compared to the _earlier .ones, which tend to 
approximate the strontium isotope composition of contemporaneous 
seawater. The increase in 87 Sr/••sr ratios in subsequent diagenetic 
generations is explained with the pore fluids evolving towards more 
radiogenic compositions with advancing diagenetic stages. The 
influence of basinal brines enriched in radiogenic strontium as a 
consequence of the reaction with Rb-bearing phases, especially 
detrital (clay) minerals hosted by underlying basement . rocks, is 
considered to be most likely. 

Stable isotope investigations carried out on identical samples also 
show certain trends, though these are less pronounced compared to 
the strontium studies. In general , the later crystallization 
generations are depleted in the heavy isotope of carbon and oxygen, 
which is explained in terms of changing physico-chemical conditions 
of the system, in combination with changing fluid compositions 
during the coarse of diagenetic evolution. 

By combining petrographic and isotopic observations. the genetic 
hypothesis for the ore deposits at Berg Aukas and Odin can be 
significantly constrained. In both cases, a model is proposed based 
on basinal brine migration during advanced diagenetic stages. These 
brines were enriched in radiogenic strontium due to the interaction 
with basement rocks. 

Thus, the combination of petrographic and isotope-geochemical 
meth ods has proved to constitute a powerful tool in tracing the 
diagenetic evolu tion, and in an exploration sense may be used to 
identify imprints of fluid circulation, which mobilized and 
concentra ted metals during various stages of basin evolution. 
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1. INTRODUCTION 

1.1 Preface 

The Otavi Mountain Land (OML) is an approximate 10 000 km 2 ore 

province, located at the eastern extremity of the exposed carbonate 

platform in the south of the Congo craton. The carbonates were 

deposited between 830 - 760 Ma (Miller, 1983) and were later 

affected by the Pan African orogeny, to form the northern foreland 

of the Damara orogenic belt. The region encompasses the 

settlements of Otavi, Tsumeb and Grootfontein, which are situated 

in the north-eastern part of Namibia (Fig. 1.1). 

ws 

n-s 

21·s 

OT AVI 
MOUNTAIN 
LAND CEZG 

Hint: ~ 

F t.z..ur:L.J~l : 
of the OML. 

Locality map showing the regional setti ng 

Stratigraphically, this carbonate platform has been subdivided into 

three groups, the Nosib, Otavi and Mulden Groups (SACS, 1980), as 

illustrated in Table 1.1. 
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Exploitation of the Cu-Pb-Zn-V province has been on-going since 

1890, with production having been centered around Tsumeb, Kombat, 

Berg Aukas and Abenab. Two major styles of mineralization known as 

the Tsumeb-type and the Berg Aukas-type, can be distinguished in 

the OML. The Tsumeb-type is a mineralogically complex, 

cupriferous, polymetallic mineralization confined to the upper 

Tsumeb Subgroup (Tab. 1.1). A similar style of mineralization 

known as Tschudi-type, occurs in the overlying Mulden Group. 

is a mineralogically simple, stratiform, Cu mineralization. 

Table 1.1: Stratigraphy of the OML (SACS, 1980). 

Informal 
Sequence Group Subgroup Formation Lithozone Lithology 

. Kombat Kombat Formation: slate: sub-arkose and pebbly 
sandstone near base 

Mulden and Tschudi Formation: feldspathic sandstone. sub-
greywacke: argillite and conglomerate 

Tschudi interbeds in basal portion 

Disconformity 

TS Dolomite. bedded light to medium grey; oolitic chert 
and stromatolite layers near top 

Hiittenberg TI Dolomite, bedded dark grey; limestone, shale and 
chert interbeds 

T6 Dolomite. bedded light grey; abundant chert; 
stromatolite interbeds in lower pan 

Tsumeb Elandshoek TS Dolomite, bedded and massive light grey 

T4 Dolomite, massive light gr~y 

Damara Otavi Maieberg T3 Dolomite, thinly bedded light and dark grey 

T2 Limestone. bedded light and dark grey 

Chuos Tl 
Disconformity 

Tillite, quartzite, shale, minor dolomite and limestone 

Auros Dolomite, bedded and massive light to medium grey; 
limestone. marl, shale, oolite and stromatolite 
interbeds 

Abenab Gauss Dolomite, massive light to dark grey; local oolite and 
stromatolite interbeds 

BergAukas Dolomite. laminated and massive light and dark grey; 

Disconformity 
black limestone, shale 

Varianto Quartzite. conglomerate. arkosic mixtite. dolomite, 
ferruginous shale 

Nosib Askevold Phylli1ic agglomerate, luff: epidosite 

Nabis I Feldspathic quartzite. arkose, conglomerate 

Grootfontein Basement Complex 
Unconformity 

J Granite . gneiss. ma fie schist 

This 

Average 
thickness 

(m) 

> 700 

240 

300 

300 

1 200 

180 

700 

200 

350 

750 

550 

750 

The Berg Aukas-type is a Zn-Pb-V variety, and has been compared 

previousl y with Mississippi Va lley-Type ( MVT) deposits ( Misiewicz , 

1988). Mineralization of this type is confined to the l ower parts 

of the Abenab Subgroup. 
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To date, the basic exploration strategy has been to concentrate 

around old workings in order to evaluate known deposits, and to 

locate possible extensions to these . Exploration techniques have 

included various geophysical methods in addition to surface 

sampling geochemistry. Success of such methods have been hindered , 

however, due partly to the karstic nature of the country rock, as 

well as the abundance of surficial calcrete. 

The aim of this thesis is to characterize mineralizing fluids and 

to q·uantify fluid-rock interaction, in order to improve the chances 

of discovering additional base metal deposits in the OML. To 

concentrate the effectiveness of this research, only Berg Aukas­

type mineralization was considered. For this reason, study sites 

have been restricted primarily to the immediate vicinity of the 

Berg Aukas mine. However, a lesser number of samples have been 

collected from two other mineral occurrences found within the 

Abenab Subgroup carbonates, namely the Odin and Clubhead Prospects. 

Previous studies on base metal mineralization (Frimmel, 1988; 

Gorzawski, 1989; Gorzawski et al., 1990; Frimmel & Niedermayer, 

1991) have shown that O, C and Sr isotopic ratios are particularl y 

useful to monitor the interaction between mineralizing fluid and 

carbonate host rock. For instance, Gorzawski (1989, 1990) makes 

use of 0, C and Sr isotope ratios to reconstruct the diagenetic 

evolution of carbonate rocks, whilst Frimmel (1988) succeeded in 

differentiating between syngenetic and epigenetic mineralization 

based on 87 Sr/ 86 Sr ratios. 

The prime objectives of the pro j ect are threefold. Firstly, to 

invest iga te t he i sotopic character i sti c s o f the d if ferent c arbonate 

generation s a ssoc i ated with va r io us i n filtr a tion e vent s. Second ly, 

to establish the source and type of these fluids , and thirdly to 

r ecogn ize poss ibl e isotopi c a lterat i on haloe s a r ound sites of 

mineralization . One of the fluids that infiltrated the carbonate 

host sedi ment , must have be e n r e s po n sible for the dolo mi t iz a t ion, 

therefore a special focus will be on the various dolomitization 

models. 

Assuming Berg Aukas - type mi n eralizati.on to be epigen etic, isotopic 

disequilibrium with the h o st rock shou l d be expected. An attempt 

will thus be made to e st ablish the spati al distances over which 
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fluid-rock interaction has taken place. With a sufficiently large 

database, the differences i n isotopic composition of mineralized 

and non-mineralized host rocks may then be used, not only to model 

fluid-rock ratios, but in an attempt to measure the proximity to an 

ore body . 

1.2 Carbonate-hosted, Stratabound Base Metal Deposits 

The term "carbonate-hosted stratabound base metal deposits" refers 

worldwide to a large number of economically important ore deposits . 

The largest part of these occurrences include the so-called MVI 

deposits. 

MVT deposits owe their commonly accepted name to the fact that 

several classical districts occur within the drainage basin of the 

Mississippi River, central U.S.A., and have traditionally supplied 

the major portion of that country's Pb and Zn production, currently 

among the largest in the world. Many attempts have been made to 

characterize the main geological features of this enigmatic type of 

deposit . Among the better known are those of Ohle (1959, 1980), 

Callahan (1964), Hoagland (1976), Anderson and Macqueen (1982), and 

Sverjensky (1986). 

MVT Pb-Zn deposits are often hosted in carbonate rocks, which are 

usually platformal in origin and almost invariably dolostone. The 

major control in a vast majority of d i stricts is irregular 

discordant or tabular breccia bodies ( Ohle, 1985; Sangster, 1988). 

Deposits are consequently discordant and strata-bound but not 

strati form. They are not obviously related to igneous intrusions. 

Ore mineralogy is simple with pyrite, marcasite, sphalerite and 

galena being t h e mo s t common , altho ug h the r elat ive minera l 

ab un da n ce s ma y va r y between deposits a nd dis t ricts. Ba r ite a nd /o r 

fluo r ite a r e acces sor y miner als i n some d i s tr icts, but, i n a 

majority of cases, these minerals are entirely absent . The 

mineral s a r e c ommo n ly, but n ot inva r iab l y, coa r s e- g r a i ned . 

Su l p h ide textures i n MVI d e posits a r e ex t remely var i e d a nd ra n ge 

from massi v e to disseminated. A very common textur e consists of 

coarse - g r ained clusters or individual crystals of sulphides, 

together with sparry white dolomite, occurring as cement between 
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angular carbonate breccia fragments. The large crystal size of MVT 

sulphides is usually taken to indicate slow precipitation and 

crystal growth. 

Pb and Zn are the most common elements that determine economic 

~iability. In some districts silver is an i~portant by-product, 

but in most deposits it is negligible. Barite and fluorite may 

also been found in some deposits (Sangster, 1990), in addition to 

the elements cadmium and germanium. 

The ore-hosting breccias are considered to have resulted from 

dissolution of the more soluble sedimentary layers, with subsequent 

collapse of overlying beds (Ohle, 1985; Sangster, 1988). The major 

mineralizing processes appear to have been open-space filling 

between breccia !raiments and replacement of fragments or wall 

rock, although the relative importance of these processes varies 

widely between deposits. 

1.3 Dolomitization Models and Recrystallization 

The correct interpretation of isotopic data from dolomites is 

ultimately linked to the understanding of the process of 

dolomitization. 

The "dolomite problem" has often been cited as a major conundrum of 

sedimentary geology (Fairbridge, 1957; Lippman, 1973; Morrow, 

1982a; Ricketts, 1983). Precambrian carbonates in particular have 

been singled out as an important part of this problem, because they 

consist predominantly of dolostones. The hypothesis that 

Precambrian dolostone represents the direct (primary) precipitation 

of dolomite from seawater was popularized by Chilingar (1956), and 

more recently by Tucker (1982). 

Based on sedimentary fabrics and stable isotope criteria, Tucker 

(1982) further suggested that dolomite precipitated in a manner 

that was analogous to calcite and aragonite. That is to say that 

dolomite precipitated in fibrous, bladed, and rhombohedral crystal 

forms, as dolomite sediment and dolomite cement . However, it is 

the view of Ricketts (1983) that most Precambrian dolostones 

represent replacement of original limestone or calcareous sediment, 
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and that such dolostone· sequences can be interpreted in much the 

same way as Phanerozoic dolostone sequences. 

It is not the authors intention to resolve which of these views is 

correct, but more to present a brief inventory of current ideas and 

models pertaining to dolostones and the process of dolomitization. 

Prior to presenting a bri~f. description of published dolomitization 

models, it is important to note that several conditions must be 

satisfied for any of these models to be applicable for a particular 

type of dolomite. According to Morrow (1982a) these conditions, in 

their simplest form are as follows: 

a) The amount of Mg 2
• available for dolomitization must be 

adequate to form a given mass of dolostone (i.e. source of Mg 2
•). 

b) A mechanism is required to deliver the available Mg 2 • to 

the dolomitization site. This mechanism may also be required to 

deliver a small amount of CQ3 2
- ions to the dolomitization site and 

carry away Ca 2 • ions. 

c) The composition of a proposed dolomitizing solution must 

be conducive to dolomitization. 

1.3.1 Hypersaline Basin and Seepage Reflux Model 

One of the first models proposed for dolomitization on a large 

scale was the Seepage Refluxion or more simply, the Reflux Model 

(Adams and Rhodes, 1960). In this model (Fig. 1.2) open marine 

water evaporates as it passes landward across a hypersaline shelf 

lagoon. The resulting increase in density of these evaporated 

waters causes them to infiltrate the underlying sediment and to 

move seaward by seepage, through the seaward-dipping beds. The 

cycle of fresh marine replenishment of lagoon waters and seaward 

seepage of brines is the mechanism by which Mg 2
• is continually 

transported to the sediment, the source of Mg 2
• being the sea water 

itself. 
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The dolomitization reaction probably occurs after a large amount of 

gypsum (or anhydrite) has precipitated and the Mg/Ca ratio 

approaches 9.0, sufficiently high to inhibit the effect of 

salinity. Furthermore, the increase of the C03 2 -/Ca 2
• ratio that 

occurs during gypsum or anhydrite precipitation may also aid 

dolomitization. 

1.3.2 Burial Compaction Model 

Compaction of fine-grained sediments during burial involves the 

progressive expulsion of pore water. Commonly large shale masses 

contain carbonate reef bodies and are either underlain or bordered 

by thick shelf carbonate sequences. A part of the Mg 2 •-bearing 

compaction water may pass through adjacent limestones and cause 

dolomitization (Fig. 1.2). The Mg 2 • required for dolomitization is 

derived primarily from the pore water (Jodry, 1969; Mattes and 

Mountjoy, 1980). 

Kinetic inhibitions associated with the formation of dolomite at 

near-surface conditions are greatly reduced in deep burial 

environments, largely due to the increase of temperature with 

depth. Furthermore, the time available for dolomitization is much 

greater in deep subsurface environments than in the near-surface 

environments of early dolomitization (Mattes and Mountjoy, 1980). 

However, it should be noted that the problem of the supply of Mg 2 • 

for dolomitization is an important constraint in deep burial 

environments. Morrow (1982b) reported that on a basinwide scale, 

the order of hundreds of cm 3 of compacted shale are required for 

the dolomitization of 1 cm 3 of laterally adjacent limestone. In 

burial environments greater than 2000 m, the transformation of 

montmorillonitic clays to illite is accompanied by the release of 

Si••, Fe 2
•, Ca 2

• and Mg 2
• ions to pore solution, thus allowing 

authigenic ankerite, ferroan dolomite and chlorite to precipitate 

as cements in some sand-shale sequences (Boles, 1981 ) . 

According to Morrow (1982b) it is unlikely that there is sufficient 

volume of fluid at such depths, to move these ions l a terally and s o 

participate in t~e solution of large amounts of limestone and 

c ont e mporaneous precipitation o f dolomite. Al t hou g h s mall amounts 
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of dolomite may be associated with this model, the ease of 

dolomitization at the higher temperatures of deeper burial is 

countered by the progressive loss of the raw materials for 

dolomitization (i.e. pore fluids and their ions), as burial 

compaction proceeds. 

1.3.3 Coorong Model 

The Coorong Lagoon in southern Australia was known to be an area of 

dolomite formation since the later 1920s. Past work (Von der 

Barch, 1976; Muir et al., 1980) has established the Coorong Lagoon 

as a model for early dolomitization in many ancient sequences of 

aphanitic dolomite that are not associated with evaporites (Fig. 

1 • 2 ) . 

Ephemeral lakes are filled during the humid winter months by 

groundwater seepage and are evaporated to partial or complete 

dryness during the summer months. Extremely fine-grained calcian 

dolomite mud and magnesite forms in the landward ephemeral lakes, 

under the influence of continental groundwater or in the zone of 

mixing between sea water and continental water. Such dolomite (and 

magnesite) precipitation is aided by groundwater dilution and by 

the high CQ3 2 - concentration of the alkaline groundwater (Morrow, 

1982a). Though the source of Mg 2 • ions has not been identified 

with certainty, dolomite forming close to the coast may have 

derived their Mg 2 • directly from sea water, whilst dolomites 

forming further inland retained Mg 2
• ions from the groundwater, 

which in turn had been derived from the possible weathering of 

basic volcanic rocks. 

Due to the predominant role of fresh groundwater, the Coorong 

Lagoon Model may be regarded as a specific type of the more 

generalized mixed-water or dilution model. 

1.3.4 Sabkha Model 

Another well-documented setting for penecontemporaneous dolomite, 

the sabkha environment, is restricted to those dolomit e s with 
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accompanying evaporite minerals. Illing et al. (1965) provided the 

first comprehensive report on the Holocene intertidal and 

supratidal dolomite that had replaced aragonitic sediments exposed 

on sabkha surfaces bordering the Qatar Peninsula on the Persian 

Gulf. 

In essence, the dense Mg 2 •-bearing hypersaline floodwater brines 

sink downward and flow seaward through the sediment by seepage 

refluxion (Fig. 1.2). Dolomitization of the underlying intertidal 

and subtidal sediments occurs to a depth of 2 to 3 m beneath the 

sabkha surface, in regions landward of the continuous algal mat 

(Bush, 1973). McKenzie et al. (1980) have developed an alternative 

model for sabkha dolomitization based on a process which they 

termed "evaporative pumping". In this process, a continual flow of 

seawater moves landward through the sabkha sediments to replace 

groundwater lost by evaporation at, or near the sabkha surface. 

Regrettably, this mechanism does not provide the volume of flow of 

ion-bearing groundwater necessary for extensive dolomitization. 

The Sabkha Model may be regarded as a specific example of the 

Reflux Model modified slightly by the process of evaporative 

pumping (Morrow, 1982b). 

1.3.5 Mixed-Water Model 

The Mixed-Water or Dilution Model was first proposed by Hanshaw et 

al. (1971), who documented the first large-scale system of deep 

burial dolomitization under the influence of fresh groundwater, in 

the deep confined Tertiary carbonate aquifer of Florida (Fig. 1.2). 

They emphasized the role of active groundwater circulation in 

supplying marine-derived Mg 2 • for dolomitization. 

It has since been argued (Land et al., 1975) that such c arbonates 

were dolomitized penecontemporaneously by the interaction of marine 

and fresh groundwater in a shallow coastal aquifer, and suggested 

that many ancient platform dolomites which lack evaporites and are 

depleted in both trace elements (e.g. Na•, Sr 2
•) and the relatively 

heavier stable isotopes ( 18 0, 13 C), ma y have formed in a similar 

manner. However , vast differ e nces i n the ch e mi cal and isotopic 

c omposition between dolomites that have formed un de r the influence 
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of freshwater and those formed from hypersaline brines, has led to 

an emphasis on these types of data as criteria in choosing between 

the Mixed-Water Model and other models (Morrow, 1982b). It should 

be stressed that uncertainties in the interpretation of chemical 

and isotopic data preclude their use in model discrimination in the 

absence of other data. 

In the Mixed-Water Model, dolomitization occurs within the zone of 

mixing of fresh groundwater with phreatic seawater. The Mg 2 • ions 

for dolomitization are derived primarily from seawater, and the 

delivery mechanism is the continual circulation of seawater induced 

by the flow of fresh groundwater. Dilution of saline solutions 

causes slow precipitation which favours dolomite precipitation 

(Folk and Land, 1975), and the high CQ3 2
- concentration in many 

dilute continental groundwaters may also promote the precipitation 

of dolomite. 

1.3.6 Solution Cannibilization and Pressure Solution 
Dolomite 

Solution Cannibilization (Goodell and Garman, 1969) refers to the 

derivation of Mg 2 • for dolomitization from the dissolution of 

magnesian calcite and reprecipitation of low-magnesian calcite. 

Though some examples of partial dolomitization, such as dolomitized 

burrow fillings, have been explained by solution cannibilization, 

but for more complete dolomitization other sources of Mg 2
• are 

required (Morrow, 1982b). 

More recently, the phenomenon of pressure solution along solution 

seams and stylolites has been cited as a major cause of 

dolomitization (Wanless, 1979). The source of Mg 2
• ions in 

pressure solution dolomitization is by solution cannibilization of 

Mg 2
• from pre-existing magnesian calcite during pressur e solution 

(Wanless, 1979). Complete dolomitization is thought to result from 

the concentration of dolomite along solution seams as a relatively 

insoluble residue. Unfortunately, this model suffers from the 

difficulty in reconciling the deep burial setting of most 

stylolites with the co mmon pre-burial conversion of magnesian 

cal ci te to low-magnesian calcite (Morrow, 1982b). For large 

amounts of dolomite other sources of Mg 2
• are re quir ed . 



1.3.7 Tectonic or Hydrothermal Dolomite 

Many coarsely crystalline, white sparry dolostones that have cross­

cutting relationships with the enclosing strata have been 

designated as "tectonic" or "hydrothermal" dolomites in older 

studies (Stanford, 1962). However, the common absence of other 

hydrothermal minerals implies that many of these dolostones have 

other origins. The relationship of some dolostone masses to faults 

may merely reflect the fact that groundwater movement in aquifers 

tends to be much more rapid along subsurface fault zones, enhancing 

diagenesis. 

1.3.8 Recrystallization 

In 1965 Folk proposed the word "neomorphism" as a "comprehensive 

term of ignorance" to embrace "all transformations between one 

mineral and itself or a polymorph ... whether the new crystals are 

larger or smaller or simply differ in shape from the previous ones. 

It does not include simple pore-space filling; older crystals must 

have gradually been consumed, and their place simultaneously 

occupied by new crystals of the same mineral or a polymorph" (Folk, 

1965, p21). 

The term includes two in situ processes: polymorphic 

transformation, and recrystallization. It is valuable because it 

can be used when it is certain that a carbonate fabric has been 

modified in situ, but it is not known whether polymorphic 

transformation or recrystallization or both were involved 

( Bathurst, 1971). 

Recrystallization includes any ch anges in the fab ri c of a mineral 

or a monomineralic sediment (Folk, 1965). Several changes are 

known to occur with this process, which include crystal volume, 

crystal shape and crystal lattice orientation. In the context of 

thi s study, the term recrystallization shall primarily be 

restricted to the mineral dolomite, and will include the various 

fab rics of neomorphic dolospar observed during this study. An 

attempt will thus be made to determine diffe ren t recrystallization 

events, based on petrographic and isotopic data. 
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1.4 Material and Methods 

The main part of the work for this study was carried out on the Zn­

Pb-V mine at Berg Aukas, some 20 km north-east of the town of 

Grootfontein. The mine itself ceased operations in 1978 as a 

result of poor metal prices and underground water problems. Whilst 

operating, Berg Aukas mine was a high grade, low tonnage mine with 

a small scale of operations, milling only 11 000 tons of ore 

monthly. The mine had an average ~rade of 22% comprising 17% Zn, 

5% Pb and 0.6% V20s. 

This study is based on a period of 18 months of geological 

exploration conducted by the author at Berg Aukas, on behalf of 

Gold Fields Namibia Limited. The studies in the area include 

detailed mapping, sampling and carbonate petrography. In a second 

stage XRD, AAS and isotope determinations (Sr, O, C) were carried 

out on distinct mineral phases of petrographically well 

characterized samples in order to trace geochemically the post­

depositional history of the Berg Aukas area. 

Another aspect of this study involved the sampling and isotopic 

investigation (Sr, C, 0) of the gangue and host carbonates at the 

Clubhead and Odin Prospects. Though similar in mineralogy compared 

to Berg Aukas, the ore associated with both of these prospects lies 

stratigraphically higher in the sedimentary succession. 

In all the selected localities, similar textures and structures 

suggest a partially comparable diagenetic history. In each area 

petrographic analysis permits the classification of different 

mineral generations according to their position in the 

crystallization sequence. Preferred objects for sampling have been 

the different generations of recrystallized dolomite and sparry 

dolomite. Furthermore, samples were collected which exhibit 

different dolomite generations; one of them appears to have a close 

association with ore mineralization. Care was taken that only 

those dolomite fabrics were sampled, whose diagenetic 

crystallization generations were megascopically visible. Each 

sample was checked for mineral contamination by microscopy a nd XRD, 

and subsequently analyzed for their isotopic composition. In order 

to avoid cross-contamination between different dolomite generations 
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in one sample, each sample used for the isotopic studies was 

checked by means of cathodoluminescence. 

Isotopic studies of Sr, C and O constitute an important part of 

this study, and therefore a brief overview of the isotope 

geochemistry of these elements will follow, as taken from Faure 

(1986) and Gorzawski (1989). Special emphasis will be placed upon 

isotopic modifications during diagenesis, and the application of 

these techniques in an attempt to characterize mineralizing fluids 

and to quantify fluid-rock interaction. The analytical procedures 

used for the measurement of isotopic ratios of Sr, C and O appear 

as appendices of this thesis. 

1.4.1 Strontium 

Sr has four stable isotopes: 84 Sr, e•sr, 88 Sr, and 87 Sr. Whilst 

geological processes do not cause any isotope fractionation, the 

variation of the isotopic composition result from the decay of 87 Rb 

to 87 Sr. Natural variations of 87 Sr are very small due to the low 

Rb content and the relatively low proportion of 81 Rb in naturally 

occurring Rb, as well as the long half-life period (50 x 10' years) 

of 87 Rb. 

Significant differences in the Sr isotopic compositions exist 

between the earth's mantle and the crust, and are usually presented 

as the ratio 87 Sr/ 84 Sr. Young ocean basalts with a Rb/Sr ratio of 

normally< 0.1, typically have 87 Sr/ 84 Sr which range from 0.701 

(tholeites) to 0.706 (alkali-basalts), whereas crustal material 

(Rb/Sr= 0.25-0.35) is characterized by higher 87 Sr/ 84 Sr ratios 

from 0.720 to 0.730 (Faure & Powell, 1972; Hedge, 1974). 

As regards to Sr isotopes in carbonate rocks, two fundamental 

aspects should be considered: Firstly, the seawater Sr isotope 

composition during sedimentation, and secondly, the influence of 

the diageneti c e volution on the 87 Sr / 84 Sr r atios. 

As reported by Burke et al. (1982), temporal variations of the 
07 Sr / 0 •sr ratio of seawater throughout geological times have been 

recognized . Such Sr isotope vari a tions result f rom c hanges in the 

r elative proportions contribut e d to the marine Sr from different 
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sources, such as old crustal rocks, young basic and intermediate 

volcanic rocks, and marine carbonates. 

Since most of the results obtained in this study are Sr ratios 

characterizing different diagenetic stages, the possibilities of 

diagenetic changes on the 87 Sr/ 8 •Sr ratios should be described. 

Veizer and Compston (1974) reported that for an open diagenetic 

system, marine influence would not alter the 87 Sr/ 8 •Sr ratios, 

whereas an input of volcanic rocks or hydrothermal solutions with a 

lower Sr isotope ratio could cause a diminution of the 87 Sr/ 8 •Sr 

ratios. Conversely, a continental influence would increase the Sr 

ratios due to the higher content of radiogenic Sr in continental 

waters. In most of the known cases, diagenetic effects tend to 

increase the Sr isotope ratios (Veizer and Compston, 1974; 

Gorzawski et al., 1989). 

In general, an increase in Sr isotopic ratios during diagenesis can 

be attributed to the Rb-content of the host rock. But, the Rb 

contents of carbonate rocks are generally low. Veizer and Compston 

(1974) discussed the possibility that element exchange in situ 

between silicate and carbonate phases, can take place during late 

burial diagenesis, initiated by load pressure. Such an exchange 

would depend on the abundance of clay minerals present within the 

sediment. 

As in the case of the present study, where phyllosilicate-free 

samples were selected, an alternate process is sort to account for 

increased Sr ratios in diagenetic carbonate minerals. Such a 

process is the equilibration of the minerals with diagenetic fluids 

enriched at different degrees in radiogenic Sr. The level of 

enrichment would depend on the source of such fluids, in addition 

to the media through which they have been transported. 

An attempt will be made in this study to apply this theory, in an 

effort to characterize the various carbonate generations associated 

with hydrothermal infiltration events, in particular those fluids 

associated with Pb-Zn mineralization. 
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1.4.2 Carbon 

c has two stable isotopes, 12 C and 13 C, with relative abundances 

of 98.89% and 1.11% respectively. The ratios of these isotopes are 

reported in the form of the 5 notation in per mil, and the 

international standard used is calcium carbonate of the Peedee 

Belemnite (PDB). All 5-values (see Appendix VII) given in this 

thesis are based on the PDB standard . 

C occurs in the oxidized state, mainly as CO2, carbonate ions in 

aqueous solution, and as carbonate minerals. The reduced form of C 

occurs in organic compounds and in coal. This distribution 

accounts for a large isotope fractionation in nature, which results 

in a natural variation range of C isotopic compositions. 

Organic matter and sedimentary carbonates are the two main sources 

of C, but are quite different from each other due to the existence 

of two different reaction mechanisms: The first being a kinetic 

isotope effect during photosynthesis, resulting in a concentration 

of light 12 c in organic material; The second mechanism involves a 

chemical exchange effect between atmospheric CO2 and dissolved 

HC03 - -, which leads to an enrichment of 13 C in the bicarbonate. 

The o 13 C of recent marine carbonate sediments ranges between +4 and 

-2 per mil, and the temperature dependence of the C isotope 

fractionation between calcium carbonate and dissolved bicarbonate 

was determined by Emrich et al. (1970) as 0.035 per mil per 0 c. As 

a result of this, the C isotope composition in the crystallizing 

carbonate should become heavier with increasing temperature. Due 

t o the f act that dolomite has yet t o b e s y nthesized at 2 5°C, it is 

presently not possible to determine th e exa ct iso t opi c 

frac t ionation between dolomite and water at sedimentary 

t empera t ures . 

As CO 2 is relative ly i nsol u b le at d ia genet ic P - T condit ions, t h e 

C iso t op i c c ompos i t i o n of carbo n ate sediment remains very close to 

i ts initial value ( Land, 1980). However, diagenetic processes may 

cause a shift in the isotopi c c omp osi ti on of newl y f ormed 

( recr y stallized) c arbonat es , o ften towa r d s light e r 6 1 3C va l ues. 

S uch shi f t s in t h e iso topi c composition ma y be the res ult of a n y of 

t h e f o ll owing t hr e e me c hani s ms: 
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a) The oxidation of organic matter to release light C, which 

would then contribute to the total HCO source for carbonate 

precipitation. 

b) Progressive in situ depletion of the heavier isotopic 

components in carbonate reservoirs during crystallization. For a 

system closed to fluid migration, concentration of the heavier 

isotope in earlier formed carbonates would deplete the residual 

fluid, and hence the source for later crystallizing carbonates in 

1 :sc . 

c ) Recrystallization in the presence of depleted pore fluids, 

as a result of the aforementioned process. 

1.4.3 Oxygen 

O has three stable isotopes, 10 0, 17 0, and 18 0, with relative 

abundances of 99.76%, 0.04% and 0.2% respectively . Owing to the 

greater abundance and the greater mass difference, the 18 0/ 1 "0 

ratio is normally determined and expressed as 6 18 0. Two standards 

can be used to report O isotope compositions: PDB and SMOW 

( standard mean ocean water), though PDB is normally used when 

dealing with sedimentary carbonates. The relationship between PDB 

and SMOW is as follows: 

0 18 0 <BHOlll : 1.03086 0 18 0 <PDlll + 30 . 86 

(After Friedman and O'Neil, 1977) 

This relationship is based on: the fractiona t ion between CO2 and 

water ( a= 1.04 12 ), the fractionation betwe e n CO2 produced from PDB 

c alcite by 1 00% phosphoric acid treatment and CO2 equilibrated with 

SMOW (a = 1.0 00 22), a nd the f ract ion a t i on between H3PQ 4- li b e rat e d 

CO2 a n d calc i te ( a= 1 .01025) . 

As mentioned earli er it is n o t po ss ible at present to dete r mine t h e 

e quili b rium isot o pe fra c tionation between d o lomite, cal c ite, and 

wa ter at low temperatures, a nd hence e xtrap o lati on s mu st be made 

fro m high temp erat ur e ex p e r ime n t s. The relatio n ship bet ween 

6 18
0c ar bon a t •, 0 1 8 0 ".t•r , a n d temper a tur e is fa i rly well 
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established (Friedman and O'Neil, 1977), and may be expressed as 

follows: 

lnacalclte-water = 2.78 X lQhT- 2 
- 2.89 

where Tis in °K. 

known. 

For dolomite this relationship is imperfectly 

One problem does arise, which is most pertinent to the dolomites 

analyzed in the present study, this being that many dolomites have 

undergone one or more recrystallization events. Land (1980) 

reports that most ancient dolomites are depleted in 18 0 with 

respect to recent examples. Such depleted dolomite must have 

formed either at elevated temperatures or from fluids depleted in 
18 0 relative to seawater (or both). 

Recent studies carried out by Gorzawski et al. (1989) when dealing 

with stable isotope variations in carbonate cements and rocks, had 

established that small isotopic changes of O and/or C in 

sedimentary carbonates are common features which can be used to 

c haracterize diagenetic evolution. For instance, a decrease in 

6 18 0 during subsequent diagenetic stages has been reported during 

progressive diagenesis (Meyers and Lohmann, 1985; Moore, 1985). 

Several possibilities exist which can account for diagenetic 

modifications of the O isotopic composition in carbonate rocks: 

a ) Variations in temperature conditions. 

b) The introduction of isotopically "light" or "heavy" 

f luids. 

c) Pro gressive c han g es in porewater c omposit ion . 

d) A co mbi na tio n in a ny of t he a bove factors. 
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1.5 Regional Geology, Evolution of the OML During the 
Pan African Cycle 

1.5.1 The Damara Province 

The Damara Province has been subjected to intensive research since 

1974, most of which was coordinated under the auspices of the 

International Geodynamics Project. Significant contributions 

include those of Martin and Porada (1977), Porada (1979, 1983, 

1985), Miller (1979, 1983), Mason (1981), Martin (1965, 1978, 
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1983a, 1983b), Hartnady (1978), Miller and Hoffmann (1981), and 

Kroner (1981, 1982). 

The intracontinental arm of the Damara orogen, which separates the 

northern Congo Craton from the southern Kalahari Craton, is divided 

into several zones (Fig. 1.3), each distinguished on the basis of 

stratigraphy, structure, grade of metamorphism and aeromagnetic 

expression (Miller and Hoffmann, 1981; Miller, 1983). 

The basal sequence of the Damara is the Nosib Group, a 

predominantly elastic sequence with minor volcanic rocks and 

evaporites, which were deposited in five north-east trending 

grabens (Fig. 1.4). 
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It is postulated (Porada, 1985) that graben development commenced 

with the Northern Rift approximately 900-800 Ma ago . Porada also 

argues that rifting was initiated by crustal stretching above a 

passive mantle, as opposed to a rising mantle plume as was earlier 

suggested (Porada, 1983). 

Following the terrestrial sedimentation in the Nosib grabens, rapid 

downwarping along the early graben structures resulted in an 

encroaching sea. Marine transgression proceeded from west to east, 

commencing with the deposition of a turbiditic sequence (Swakop 

Group) in the Pan African proto-Atlantic ocean (Miller, 1983). 

Carbonate sequences at the base of the Swakop Group developed 

eastwards, as the transgression progressed. The Abenab Subgroup, 

the lowermost portion of the Otavi Group, developed on the stable 

Northern Platform along the margins of the early Nosib Northern 

Rift. 

Table 1.2: Geochronological evolution of the Damara orogen 
(from Kroner, 1982). 

455-440 

510-455 

520-500 

550-540 
580-550 

640 - 560 

650-620 

750±35 

76 6 ±7 6 
830 - 760 

840±13 

10 5 0 - 900 

Ma 

Ma 

Ma 

Ma 
Ma 

Ma 

Ma 

Ma 

Ma 
Ma 

Ma 

Ma 

Uplift and cooling, closure of Rb-Sr isotopic 
systems 
(F4) leading to basement mobilization and formation 
of dome structures, emplacement of late granite 
Uplift of central belt, activation of Okahandja 
Lineament and emplacement of Donkerhoek Granite. 
Nappe tectonics in southern part of belt 
Intrusion of post-F3 granites, peak of metamorphism 
(F3) with intrusion of syntectonic Salem-type 
granite, folding of Molasse in marginal areas 
Uplift in central belt, deposition of Molasse -
Nama Group (south) and Mulden Gr oup ( north) 
(F2) and strong metamorphism , g enerati on of 
r e gional foliation, intrusion o f syntectonic 
granitoids in c entral part of be lt 
Emplacement of pre-F 2 dior i t e , (F1) of unknown 
regional si gnificance 
Intrusion o f p o s t- No si b f elsic Abbabi s dy kes 
" Geosyn clinal Pha se" : deposition of Swakop a n d 
Ot a v i Group s , e mpla cemen t of Matc hles s 
a mph i b o li te belt a t a bo u t 775±33 Ma 
Empl acemen t of pret e ct o n i c Oas syen ite, acid 
volcanism o f upper Nosib 
"Early rift i ng phase": Fo r mati on of elongate 
graben zones, depositi on o f elastic sediments of 
lower Nosib Gr o up, min o r b imodal vol c anis m 
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The lower and upper parts of the Swakop and Otavi Groups are 

separated by the Chuos Formation, an unsorted diamictite assemblage 

marking a period of widespread crustal disturbance. The origin of 

this regional marker horizon is still uncertain, though current 

views vary between a glaciomarine origin to that of a deep water 

debris fl ow (Mi 11 er, 19 8 3) . 

The commencement of orogenesis between 650-620 Ma (Kroner, 1982), 

resulted in deep east-west trending paleo-valleys on the Northern 

Platform, which were syntectonically filled with intramontane 

molasse of the Mulden Group. In the eastern portion of the 

Northern Platform, Mulden sediments have a disconformable 

relationship with the underlying carbonates. 

is more strongly developed towards the west. 

Such a disconformity 

A summary of the geochronological evolution of the Damara orogen, 

as compiled by Kroner (1982), is presented in Table 1.2. 

The regional metamorphic grade of the Northern Platform area can be 

inferred as lower greenschist (T ~ 300°C), based on the following 

evidence: 

a) Dolomite and quartz remain stable; absence of talc (with 

the exception of minor talc in quartz veins); absence of tremolite. 

b) Illite crystallinity data (Ahrendt et al., 1978). 

c) Absence of biotite in the metapelites, but significant 

presence of chlorite, muscovite, quartz and albite - indicative o f 

a lower greenschist facies. 

S imilarl y, t he approximat e a ge of metamorphi s m l i e s wi t h in a 

r el atively na r r ow ra nge, a n d incl ude val ue s of 46 0 Ma ( Ahrendt a t 

a l . , l 9 7 8 ) an d 4 5 5 Ma ( C l au er &. :z r oner , 1 9 7 9 ) , b o t h o f •,.; h i ch use 

t he K/ Ar dat ing method . A va l ue of 443 ± 67 Ma was cal c ulate d by 

Kr on er ( 19 82) , based o n tne f<b / Sr i:::; oc hr on u ll tl 1c: . .;s ke v old 

e pi dosite . 

Such age s a r e y o un ger t h a n the age f or th e Central an d So u th e rn 

Da mara n me tamo r p h ism ( between 550 -54 0 Ma J , a n d would sugg e s t that 
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these ages are either cooling ages or represent a younger 

metamorphic event in the north. 

1.5.2 Geology of the OML 

The regional geology of the OML was first documented by Sohnge 

(1957), who collated the results of regional mapping conducted by 

geologists of the Tsumeb Corporation Limited (TCL) and the South 

West Africa Company (SWACO). Subsequent studies of the OML were 

attempted by Grabler (1961), Hedberg (1979), Van der Westhuizen 

(1984) and Misiewicz (1988), all of which used Sohnge's work as a 

basis. 

Figures 1.S · and 1.6 represent a simplified geological map and 

cross-section respectively of the OML, which essentially remained 

unchanged since Sohnge compiled it in 1957. 

The OML is the best known portion of the Northern Platform due to 

its abundant mineral occurrences. The principal rock types exposed 

are carbonates of the Otavi Group, which were deposited on elastic 

and metavolcanic sequences of the Nosib Group, in addition to 

remnants of lower Proterozoic granites . and gabbros, which form the 

basement complex. The molasse sediments of the Mulden Group 

unconformably overlie the Otavi Group. 

Geographically, the OML is a rugged and densely wooded terrain, 

with higher relief areas dominated by carbonates, which typically 

exhibit a karst topography. Much of the lower relief flatlands and 

valleys are masked by a superficial sand and calcrete cover. 

Basement lithologies are poorly exposed, but are known to be widely 

occurrent, based on exploration drill hole intersections. 

The structural setting of the OML is relatively si mple, initiated 

by the orogenic processes brought about by continent collision, 

which followed the spreading of the Congo and Kalahari cratons. As 

discussed in the previous section, the basement topography of the 

OML was characterized by rift grabens, which formed at the eastern 

limit of the Northern Rift. The land surface was subsequently 

folded, at the onset of Damaran orogenesis, to form a series of 

east-west trending, steeply dipping synclines and antic lines. 

2 3 
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Figure 1.6: Geological cross-section through the OML. 

Two phases of folding have been recognized in the OML (Misiewicz, 

1988). The first phase of folding (F,) was the most intense, and 

was the result of compressional forces from the north and south. 

This event commenced after the deposition of the HUttenberg 

Formation, the uppermost unit of the Tsumeb Subgroup, and prior to 

and concurrently with the deposition of the Mulden Group. F, 

folding is characterized by tight and in places overturned east­

west trending folds. 

The second phase of folding (F2) was initiated by mild east-west 

compression, resulting in the low-sinuosity re-folding of F, 

synclines and anticlines. The F2 event was also accompanied by 

widespread jointing and fracturing, between 650 and 620 Ma. 

1.6 Review of Genetic Models for the Ore Deposits 

A summation of the genetic models which have been proposed for the 

ore deposits of the OML is presented by Misiewicz (1988), extracts 

of which will be described in this section. However, due to the 

greater economic significance of the Tsumeb and Kombat mines within 

the OML, these deposits have been subjected to a g rea te r l e vel of 

investigation, compared to Berg Aukas mine and similar deposits. 

For this reason, the following models are mainly applicable to 

Tsumeb-t y pe mineralization, unless otherwise stated. 
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1.6.1 Magmatic Origin Model 

A model based on magmatic processes was developed primarily for the 

Tsumeb deposit. The concept was reviewed by Lombaard et al. 

(1986), based on the supposed evidence that the so-called "pseudo­

aplite" in the Tsumeb deposit is an igneous rock. The model 

suggests that the metals were derived from a magmatic source, 

related to the emplacement of igneous bodies intruded at depth 

beneath the Otavi Mountains. 

The model has generally been rejected, based on the agreement that 

the "pseudo-aplite" is clearly a feldspathic sandstone, having 

originated from the Tschudi Formation (Misiewicz, 1988). 

Furthermore, the hypogene mineralization post-dates the emplacement 

of the sandstone (Lombaard et al., 1986). 

A similar theory was proposed (Sohnge, 1964; Allsopp and Ferguson, 

1970), suggesting that the calcitic alteration at Tsumeb might have 

a carbonatitic origin, since it and the Tsumeb West pipe lie 

virtually on the Tsumeb West geofracture. This is an east-north­

east extension of the Cape Cross-Okarusu lineament, along which a 

number of alkaline and carbonatitic complexes have been emplaced. 

Allsopp and Ferguson (1970) tested the theory with Sr isotopes, and 

found that the 87 Sr/ 86 Sr ratios do not correlate with those typical 

of carbonatites. 

1.6.2 Basin Dewatering Model 

A basin dewatering model was first proposed by Emslie (1980), to 

account for Kombat and Berg Aukas-type mineralization . This was 

later modified by Misiewicz (1985), who used the genetic models 

p roposed for the Pine Point deposit in Canada ( Kyl e , 1 98 1; Ander s on 

and Mac que e n, 19 8 3 ; Ca rven, 1985 ) as a ba s i c f r a me work. 

The model a s appli e d t o the OML incorporates the e volution of 

hydrothermal brines in a deep geosynclinal trough due t o compaction 

a nd s ubsequent diagene s is . The me chani s m i nvolves t he leachin g o f 

me t a l s from the s edi ment ar y p i le, and t he mov e me nt of h ighl y s aline 

metallif erous fl uids. Th e tempe r atur e nec e ssary for s u c h a pr ocess 

lies in th e ra n ge 100 - 250 °C , with condui t s for flu i d mig r a t io n 
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being provided by rift-grabens, growth faults, unconformities, and 

other basement fractures. The mineralization would preferentially 

be deposited in a carbonate host, in sites produced by solution and 

collapse during hydrothermal karsting. 

Such karstic features may also host a source of S, to provide a 

chemical means of sulphide precipitation. However, there is 

uncertainty as to the exact nature of this S source. It has been 

suggested (Misiewicz, 1988), that the Smay have been made 

available directly from evaporitic sequences within the carbonates. 

Emslie (1980) estimated that an ore body of one million tons, with 

a grade of 3 ppm (combined Cu, Pb and Zn), would require a source 

volume of some 100 km 3
• 

1. 6. 3 Mixing Model 

The "mixing model", proposed by Allsopp et al. (1981), is a 

variation of the dewatering model, as it was first perceived by 

Emslie (1980). The model was designed to explain the anomalous 

differences in Pb-isotope data, which exists between the various 

types of ore bodies found in the OML. It is postulated that the Pb 

leached from two different sources, thus generating ores of 

different Pb-isotopic character. As the hydrothermal fluids 

migrate, they will adopt different isotopic signatures, depending 

on the rock types through which these fluids percolate. 

1. 6. 4 Berg Aukas Model 

The current status as to the genetic model designed to account for 

the Berg Aukas Zn-Pb-V deposit, is reflected in the model described 

by Misiewicz (1988). The sequence of events leading to the 

formation of the Berg Aukas deposit commenced with the deposition 

of Nosib elastics, an~ the subsequent deposition of carbonates i n a 

localized basin. A nearby basement granite dome in addition to a 

regional fracture pattern had influenced the pattern of 

sedimentation, by generating a series of unconformities beneath and 

within the carbonates. 
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The Damaran orogeny was responsible for providing structurally 

induced conduits, which facilitated the movement of hydrothermal 

fluids originating from basin dewatering of the Swakop Trough 

(Misiewicz, 1988). A basal unconformity in the vicinity of Berg 

Aukas acted as an aquiclude surface, having guided the inferred 

brines toward the overlying porous and permeable carbonates. 

Permeability barriers within the carbonates, in the form of 

carbonate mudstones, may then have initiated karsting and ore 

deposition, assuming an adequate source of S to have been present. 

Subsequent oxidation by circulating meteoric waters concentrated 

the ore body, and deposited vanadium which was transported as 

calcium metavanadate complexes. The V was derived either from the 

weathered components of the gabbros in the underlying basement 

complex, or from sediments which were derived from the basement. 

2 t 
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2. GEOLOGICAL AND PETROGRAPHIC INVESTIGATIONS IN 
THE VICINITY OF THE BERG AUKAS MINE 

2.1 Introduction - Field Work and Sampling 

Mapping and sampling of the study area were conducted during 1989-

1991, using an exploration grid which had initially been 

established for various soil geochemical and geophysical surveys. 

The north-south trending lines were cut perpendicular to an east­

west base line, with a spacing which range from 40 m (in close 

proximity to the mine) to 120 m. Appendix I is a geological map of 

the study area, on a scale of 1:10 000. 

Representative samples were selected from boreholes, in addition to 

all the major outcrops at obvious changes in lithology. Sample 

localities are indicated in Figure 2.2, which represents a 

geological interpretation of the mapping data. Due to inferred 

structural complications and calcrete covered intervals within the 

study area, no reliable correlation between outcrops or features 

could be accomplished. Additional samples were taken from drill 

core which had been drilled subsequent to the closure of the mine. 

Regrettably, the core of some 150 holes which were drilled whilst 

the mine was functioning had been discarded just prior to mine 

closure. 

The different lithotypes distinguished are listed in Table 2.1. 

Due to the extent of neomorphic alteration and extensive calcrete 

cover over a large portion of the study area, lateral relations 

between lithotypes are difficult to determine. However; an attempt 

was made to characterize a particular lithotype on the basis of 

colour and depositionally derived features (where these have been 

preserved). All of the rocks at Berg Aukas have been 

diagenetically altered to varying degrees. The least altered 

samples retain a fine-grained micritic fabric which occasionally 

contains reasonably well-preserved allochems. Sedimentary 

laminations have been preserved in some of the finer grained units, 

whereas the coarser grained units appear massive. The more altered 

samples within any lithotype are composed of a hypidiotopic to 

xenotopic dolomite mosaic, that may contain "ghosts" of allochems 

or shows no retention of any primary sedimentary features. 



Table 2.1: Lithotypes and associated depositional 
environments of Berg Aukas carbonates. 

Code Lithotype 

A Finely laminated dolomite 

8 Dark grey boundstone 

C bark grey rhythmite 

D Light grey dolomicrite/ 
dolo-arenite 

E Laminated mudstone 

F Light grey boundstones/ 
dolo-arenite & oolite 

G Pale grey dolomicrite 

H Dark grey dolomicrite 
with conglomerate 

I Laminated limestones 

2.2 Surface Geology 

Depositional Environment 

Deep shelf carbonates 

Toe-of-slope bioherms and 
bioclastic detritus 

Slope rhythmites 

Carbonate sand shoals 
(platform margin) 

Tidal mud flats 

Organic reef with sands on 
platform edge 

Open platform 

Lagoonal muds with channel 
conglomerates 

Basin and slope carbonates 

The general geology of the Berg Aukas area has previously been 

described in some detail (Sohnge, 1957; Weilers, 1959; Schreuder, 

1969; Gavine, 1979; Misiewicz, 1987). However, past geological 

descriptions failed to distinguish between primary sedimentary 

features and the overprinted alteration features . This study 

attempts to separate these two attributes, though the degre e of 

neomorphic alteration of the initial carbonate can be so intense, 

that it has been necessary to infer the original nature of the 

sediment, based on the nature of both overlying and underlying 

units. It will become apparent, in the subsequent sections, that 

significant differences exist between both the stratigraphic 

setting and structural interpretations presented by previous 

workers, compared to what is to be presented in this study. 

A geological plan of the study area on a scale of 1:10 000 is 

appended (Appendix I), and constitutes numerous lithotypes as 

mentioned earlier. No inference as to the stratigraphic setting of 

the different lithotypes has been made on the plan. Similarly, 
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only those structural features which can be seen in the field have 

been included on the plan. Appendix II represents a series of 

cross-sections as based on the surface geology. Once again, no 

inference has been made as to any major structures present, and 

furthermore, owing to the extensive calcrete and soil cover in 

places, lithological contacts can only be estimated. 

Dominant rock types include dolomicrites, laminated dolostones, 

dolomitic boundstones/cryptalgal laminates and limestones (Table 

2.1). As opposed to the limestones, which are generally brownish 

in colour, the dolomites vary in colour from a dark grey/black to a 

very pale grey. The majority of the carbonates at Berg Aukas 

appear massive, with the exception of the occasional 

laminated/rhythmitic units and those boundstone units whose 

stromatolitic components are still preserved. 

2.2.1 Lithostratigraphy 

The carbonate rocks of the Berg Aukas area form the base of the 

Abenab Subgroup, the lowermost stratigraphic unit of the Otavi 

Group. These platform carbonates rest unconformably on rift-fill 

elastics and metasediments of the Nosib Group to the north of the 

study area (Hedberg, 1979; Misiewicz, 1988), and abut against a 

major mafic intrusive, known locally as the Grootfontein Mafic Body 

(GMB), which sub-outcrops to the south-east. 
A 

Significant differences were noted in this study, as regards to the 

stratigraphic setting of the so called Berg Aukas and Grootfontein 

"Synclines", as described by Misiewicz (1988). In essence, both 

these synclinal features are not synclines. For the case of both 

the larger "Grootfontein Syncline" and the smaller "Berg Aukas 

Syncline", there are extreme differences in the lithological 

composition of the opposing limbs which constitute each of the 

individual "synclines". This can be observed in Appendix II, where 

section A-A' is drawn across the northern part of the "Grootfontein 

Syncline"; section B-B' transects the "Berg Aukas Syncline"; and 

sections C-C' and D-D' both transect the "Grootfontein Syncline" 

further to the south west. 

Such differences in lithology on opposing limbs of both "synclines" 
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Figure 2.1: Genetic stratigraphy of the Berg Aukas area 
(not drawn to scale). 

is, according to this study, the result of major structural 
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movement, as opposed to lateral facies changes as proposed by 

Misiewicz (1988). 

An idealized stratigraphic column as proposed for the Berg Aukas 

area is presented in Figure 2.1, whilst a comparison of the 

lithostratigraphic units as proposed by Misiewicz (1988) is 

presented in Table 2.2. 

Table 2.2: Relationship of Abenab Subgroup formations 
to previously described units (lg= light grey; dg = dark 
grey; dol = dolomite; 1/stn = limestone; b/stn = boundstone). 

This Study Misiewicz (1988) 
Strat. Code Description Description Code Strat. 

Auras 
Fm. 

-

Gauss 
Fm. 

T 
Be rg 

I 

H 

G 

F 

E 

D 

laminated 1/stn 

dg dolomicrite 
with conglomerate 

lg dolomicrite 

lg b/stn 
/dolo-arenite & 
oolite 

laminated mudstone 

lg dolomicrite/ 
dolo-arenite 

brown 1/stn 

? 

massive lg dol 

? 

? 

lg colloform dol 

recrystallized lg 
dol 

massive lg dol 

(0Aa3) 

(0Aa2) 

(OAglc) 

(OAglb) 

(OAgla) 

(0Ab4) 

T 
Auras 

Fm. 

l 

I 
Gauss 

Fm. 

l 
T 

Berg 
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Aukas 
Fm. 

C 

B 

dg rhythmite 

dg boundstone 

laminated dg dol 

stromatolitic lg 
dol (0Ab3) 

(0Ab2) 

Aukas 
Fm. 

l A laminated mudstone laminated lg dol l 
N O S I B G R O U P M E T A S E D I M E N T S 

It should be noted that the lithostratigraphic units used by 

Misiewicz (1988) were adopted from the nomenclature used by mining 

geologists at Berg Aukas, during the period when the mine was 

operational. Th~ stratigraphic setting so described may well have 

been applicable for the comparatively small confines of underground 



development , but diffi c ulties soon arise when applying this 

stratigraphic concept on a more regional scale. Furthermore, it 

would appear that little regard was taken in delineating pre-, syn­

and post-depositional structures. 

For instance, terms such as "laminated dark grey dolomite" (0Ab4) 

are readily associated with "recrystallized light grey dolomite" 

(OAglb) and "light grey colloform dolomite " (OAglc) . In this case 

syn-depositional descriptions are used in the same context as post­

depositional descriptions. It is regrettable that a broad 

(regional) picture of the sedimentary domains of the carbonate 

sequence is lacking. 

During this study an attempt has been made at delineating 

lithozones, based on defining lithofacies associations, lithofacies 

cycles and increments of sedimentation within the sequence as such, 

and within specific lithozones. Beukes (1989) described how the 

application of the basic principles of genetic stratigraphy, can be 

used to distinguish between "sedimentary" and "tectonic" 

stratigraphic contacts, especially with regards the recognition of 

low-ang l e strike-slip and / or bedding plane faults. Such principles 

have been applied in this study. 

The stratigraphic column proposed in this study is based purely on 

the attributes described earlier, and little inference has been 

given to the altered/recrystallized appearance of the rock. A 

geological interpretation of the study area, incorporating the 

stratigraphic zones presented in this study appears in Figure 2.2, 

whilst Figure 2.3 represents a series of cross-sections based on 

the inferred geological setting . 

2.2.2 Structure 

34 

In describing the structural setting of Berg Aukas, it is important 

to realize that there is very little surface expression as to the 

occurrence of any major structural features. Apart from extensive 

surficial calcrete development, the extent of neomorphic alteration 

may well have masked any earlier structural features. 
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Figure 2. 3: A ser i 'es of cross-sections based on inf erred 
surface/structural geology. 
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To account for the geological interpretations presented in Figures 

2.2 and 2.3, it is envisaged that there was an early phase of 

"extensional tectonics", followed by a later period of "compressive 

tectonics". 

Extension in the basement rocks resulted in the development of 

regional grabens, followed by the development of syn-tectonic 

basins, and subsequent subsidence. Basement-controlled graben 

faults then propagated upwards through the overlying sediments. 

Such a scenario is represented in Figure 2.4 as taken from Roering 

(1989), and represents a cartoon of a carbonate coastal / shelf half­

graben, and the various sedimentary facies associated with it. 

8T ARVEO BASIN 

CARBONATE 
COAST AL/SHELF HALF-GRABEN 

figure 2.4: Carbonate coastal/shelf half-graben showing 
the associated carbonate facies (after Roering, 1989). 

Both the Nosib and Otavi Groups would have been deposited on the 

northern flank of a graben over basement extension faults (normal 

faults), termed here as half-grabens, as illustrated in Figure 2.5. 
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Evidence for such syn-tectonic sedimentation in the Berg Aukas area 

include soft-sediment slump-structures of various orientations 

within the lowermo.st boundstone unit, on the northern limb of the 

so called Berg Aukas "Syncline". As shown in Figure 2.2, 

the half grabens are separated by cross-faults, which strike 

oblique to the main graben edge. 

(b) 

(a) 

............. . . . . . . . . . . . . . . . ·.·.·.·.·.·.·.· .. ·.·.·.·.·.· . ..-::::::::a'-Jr...·.·.·.·.·.·.·.·.·.·.·.·.·.·.· . . ·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·. 

/:/?\:/{i{l[][\!\!l\\l\\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\ 

Figure 2.~: Structures developed above basement extension 
faults. (a) Distributed extension within sedimentary wedge 
coupled to basement faults. Tops of basement blocks are 
eroded. (b) Gravity slide on starved basin margin above 
extended basement - note repetition of section. 
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During a later period of compressive tectonics, older normal faults 

were reactivated as reverse faults. This type of inversion 

tectonics is illustrated in Figure 2.6. and a good presentation as 

to the geometrical characteristics of inversion, is presented by 

Hayward and Graham (1989). The shortening due to compression is 

largely taken up by reverse movement along the faults, with only 

limited shortening being taken up by buckling. 

With continued compression, thrusting is developed along new 

shallow-angle-zones of movement as shown in Figure 2.7. 



Such a structural s c enario for Berg Aukas differs greatly from the 

model propose d by Misiewicz (1988), as illustrated in Figure 2.8, 

a - extension 

b - contraction 

Roll-off / Roll-on Model 

Figyre 2.~: Development of 
hangingwall basins during 
extension (a) and compression 
(b) on a stepped fault system 
during regional subsidence . 

NORTH 

NSN1 

+ + 
+ + 

+ + + + + 

Ore-Body + + 

INVERSION OF ROLL-OVER 

Figure 2.7: Collapse of roll 
-over with the development of 
back thrusts and a shallower 
compressional ramp breaking 
through under the extensional 
block. 

SOUTH 

V 

V 

V V 

G.M.B. V 

V 
V V 

V V -- - --/ 
V V V / 

/ V ? / V 
./ 

Figure 2.Ba: The tectono-stratigraphic setting of the 
Berg Aukas "syncline", after Misiewicz (1988). 

39 



NORTH SOUTH 

•2 

V 

0 V 

V V 

V 

--- V V 

+ + V ...... 
+ + +' ........ V V 

+ + + ' ' V 

' V + + + + ' V 

+'- / / 
+ y -- '\ V V 

'\ 
V 

Figu~~--2_.Jl_b: The tectono-stratigraphic setting of the 
Berg Aukas syncline as proposed in this study. 

which compares a section across the Berg Aukas "Syncline" as 

proposed by Misiewicz (Fig. 2.8a) with that proposed in this study 

(Fig. 2.8b). 

2.2.3 Alteration 

It has been emphasized in previous sections, that precise 

identification of Berg Aukas carbonates for the purpose of 

environmental interpretation is difficult, due to their 

susceptibility to diagenetic alteration. Prevailing neomorphic 

crystallization, cementation, and mineralogical replacement of the 

original carbonate sediment, may result in a mat of dense crystal 

fabric. 

An attempt was made to qualify, and to a lesser extent quantify, 

the degree of recrystallization or neomorphic alteration on a 

megascopic scale. Parameters would include the visible extent of 

alteration, in terms of replacement dolospar which may occur in 

fractures and vugs, in addition to the grain size of individual 

carbonate crystals. The presence of silicified fracture- and vug-
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filled material, was also used as a measure of the degree of 

alteration. 

For the purpose of this study, the following alteration groups were 

derived: 

i ) Poorly developed neomorphic alteration: The rock may 

have a minor component of finely crystalline microspar, but appears 

unaltered. Primary sedimentary laminations may well be preserved. 

ii) Slightly neomorphosed, finely crystalline rock: The rock 

consists almost exclusively of fine- to medium-crystalline 

microspar. 

rare. 

Col.loform textures and coarse dolospar inclusions are 
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i i i ) Moderately recrystallized/neomorphosed rock: The rock is 

medium- to coarsely-crystalline, with minor development of 

colloform textures and replacement dolospar. Selective 

silicification of cryptalgal and stromatolitic laminations are 

common within the boundstone units. 

iv) Intensely recrystallized/neomorphosed rock: The rock 

appears coarsely crystalline, with a major component of coarse 

dolospar. Colloform textures are abundant, and the degree of 

silicification is higher than in the previous types. 

Figure 2.9 is a reduced sketch of the Berg Aukas area and reflects 

the state of rock alteration, based on the aforementioned criteria. 

There would appear to b e a close ass ociation between the extent of 

recrystallization and the inferred lithofacies. This may in part 

reflect the porosity and related grain size of the initial 

carbonate. For instance, the laminated mudstones appear to be 

poorly recrystallized, whereas the more porous stromatolitic 

horizons appear to be moderately to intensely recrystallized. 

The extent of recrystallization may also reflect the degree of 

secondary porosity, derived either by the dissolution of the 

original carbonate, or by tectonic processes. Once again a degree 

of caution is required to distinguish "sedimentary" from "tectonic" 

stratigraphic contacts. 



2.2.4 Types of Brecciation 

Three broad types of brecciation have been observed within the Berg 

Aukas area, and can be described as follows: 

i ) Karst-fill/collapse breccia: This type comprises of 

dolomitic clasts of varying size, supported by a well consolidated 

matrix of either dolomitic mud or a coarser carbonate sand (Plates 

2.la and b). This is considered to be the result of primary 

karsting, as opposed to secondary karsting which is characterized 

by the occurrence of an assortment of poorly consolidated breccia 

blocks cemented by predominantly calcite and descloizite (Gavine, 

19 79). 

ii) Tectonic breccia: As illustrated in Plate 2.lc, this 
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breccia type is more the result of tectonic movement, as opposed to 

chemical dissolution and collapse as in the karst associated 

breccia types. It is generally observed that the physical 

disturbance of the rock post-dates the formation of the primary 

recrystallization event. The porosity generated by brecciation was 

subsequently occluded by a medium- to coarsely-crystalline, white 

sparry dolomite. 

i i i ) Solution breccia: This describes a breccia type which 

is believed to have formed by the chemical dissolution of the 

initial dolomite. The matrix consists of a secondary carbonate 

which may display varying degrees of recrystallization. In the 

example presented here (Plate 2.ld), the initial lighter coloured 

dolo micrit e has undergone dissolution, to be replaced by a coars e r 

and darker-coloured recrystallized dolomite. Secondary porosity 

has subsequently been occluded by a coarser, milky white dolospar. 

It is possible that the sites for chemical dissolution may have 

been initiated by fractures. Such a breccia type may be similar to 

the replacement breccia described by Gavine (1979). Furthermore, a 

solution breccia will differ from a tectonic breccia, in that a 

solution breccia will not show any obvious signs of movement of 

clasts or other rock fragments. 



Q. b. 

Plate 2.1: Types of brecciation as found at Berg Aµkas:­
Karst-fill/collapse (a and b); Tectono-solution (c) and 
solution type (d). 
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2.3 Types of Ore Bodies 

According to mine records, there are 3 broad types of ore body that 

can be found at Berg Aukas. These are the Northern Ore Horizon 

(NOH), the Central Ore Body (COB), and the Hanging Wall ore body 

(HW). Figures 2.10 and 2.11 represent a composite underground plan 

of the Berg Aukas mine, and a simplified section through the 

deposit, respectively. A brief description of each type follows. 
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2.3.1 The Northern Ore Horizon (NOH) 

The NOH comprises 3 lenses of stratabound, largely oxidized 

sulphides, lying on the contact between the Massive Grey Dolostone 

and the Light Grey (recrystallized) Dolostone (Misiewicz, 1988). 

The mineralization of this ore body strikes east-west and dips 

steeply to the south, in conformity with the local bedding. 

The mineralized lenses have been subjected to considerable 

oxidation and brecciation. According to Weilers (1959), a typical 

lens would consist of a massive sulphide at the base, comprising 

coarse grained sphalerite and galena in ratios of approximately 

Ho.1 shift 
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3.4:1. The upper portion of the sulphide body is usually oxidized 

into predominantly willemite, and subordinately smithsonite and 

cerussite. Primary and oxidized sulphides are capped by a 

dolomitic breccia enriched in descloizite. 

Such ore lenses are in sharp contact with the host dolostone, and 

usually incorporate a system of cavities in close proximity to the 

ore lens. Caliche sand and mud enriched in descloizite have been 

found to occlude these cavities. 

2.3.2 The Central Ore Body (COB) 

As documented by Misiewicz (1988), the COB is a term used for a 

discordant brecciated pipe-like body which extended vertically, 

from the Massive Grey Dolostone contact into the hanging wall. 

Though similar to the Hanging Wall ore bodies, the COB is 

distinguished by a higher grade of ore. 

The COB was exposed on surface as a series of mineralized mud­

filled fractures, but was not greater than 40 x 10 min extent. 

Below surface it developed into an elliptical body, due to the 

concentration of a complex network of steeply dipping north-south 

fractures (Schreuder, 1969). 

The ore was extensively oxidized and enriched in vanadiferous muds 

and breccia. The breccia consisted of clasts of barren dolostone, 

supported by a matrix consisting of partially oxidized sphalerite 
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and galena intermixed with vanadiferous caliche. According to mine 

records, cavities found in close proximity to the COB, were 

frequently lined with massive willemite and descloizite. 

2.3.3 The Hanging Wall Ore Body (HWOB) 

The HWOB collectively includes all those north-south trending 

lenses of steeply dipping ore-filled fractures, which were 

developed in the Light Grey (recrystallized) Dolostones, 

stratigraphically above the NOH. Unlike the NOH body, the HW ore 

is near vertical in orientation, and does not appear to have any 

stratigraphic control as such. Though this type of mineralization 



i s o f similar grade to that of the NOH , i t's d evelopment was mo re 

er r atic . Such a n a t tribute made this type of ore b ody less 

favourable for e f fi c ient mining. 

2.4 Types of Mineralization 

2.4.1 Hypogene Mineralization 

The mineralogy of the hypogene ores as found in the Berg Aukas 

deposit, have been described in detail by Markham (1958a) and 
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Emslie (1979). In essence, the hypogene mineralogy is dominated by 

primary sulphides, consisting of sphalerite and galena, with lesser 

amounts of pyrite . 

A reflected light study of polished briquettes was carried out by 

Misiewicz (1988), who compiled the following table of hypogene 

mineralogy (Table 2.3): 

Table z.._d : The hypogene mineralogy of Berg Auka s 
( * denotes an ac cessory mineral) . 

Sphalerite ZnS 
Galena PbS 
Pyrite FeS2 * 
Tennantit e Cui 2AS4S 1 3 * 
Jordanit e Pb l 4AS 7 s 2 4 * 
Enargite Cu3FeS2 * 
Chalcopyrite CuFeS2 * 
Ren i er i te Zn3(AsO:s)2 * 
Dolomite CaMg(C03)2 
Calcite CaCO:s 
Quartz Si02 

2.4.2 Supergene Mineralization 

The Berg Aukas deposit has been subjected to extensive supergene 

enrichment, with the supergene ores contributing substantially to 

the total reserve (Misiewicz, 1988) . The mineralogy is varied and 

has been described in two unpublished reports: by Markham (1958b) 



and von Rahden (1963). The supergene minerals found at Berg Aukas 

are summarized in Table 2 .4. 

Of all the supergene minerals, willemite is the most important and 

most widely distributed (Markham, 1958b). It occurs in all parts 

of the mine, and it has been estimated (Misiewicz, 1988) that up to 

Table 2.4 : The supergene mineralogy of Berg Aukas. 

Galena PbS 
Chalcocite Cu2S 
Covel lite CuS 
Greenockite CdS 

Willemite Zn2Si04 
Smithsonite ZnCO::s 
Cerussite PbCO:s 
Calcite CaCO:s 
Dolomite CaMg(CO:s)2 
Aragonite CaCO:s 
Quartz Si02 

Goethite FeO(OH) 
Hematite Fe20:s 
Descloizite PbZn(V04)0H 
Malachite Cu2(CO:s) ( OH)2 

40% of the total zinc resource occurs in this form . 
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An equally important supergene ore mineral, but not as extensively 

developed as willemite, is smithsonite. Markham (1958b) notes that 

it is mor e common in the upper portions of th e COB, and i s an 

alteration product formed by the replacement of sphalerite. 

Cerussite is not a well developed phase, accounting for less than 

1% of the ore minerals. It forms by replacement of galena and is 

often found within the supergene ores. 

Descloizite occurs throughout the supergene fraction, and Berg 

Aukas has been reported as being the world's leading accumulation 

of this mineral (Misiewicz, 1988). It is often found as vug and 

fracture fill associated with karst-fill/collapse breccias. 
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2.5 Petrographical Studies 

For the petrographical investigation of the Berg Aukas area more 

than 60 thin sections (of which 26 are polished thin sections) have 

been examined. Most of the thin sections were prepared at the 

mineralogical laboratory of Tsumeb Corporation Limited (TCL) in 

Tsumeb, whilst the remaining thin sections and all of the polished 

thin sections were prepared at the Department of Geology and 

Mineralogy, University of Cape Town. Most of the sections prepared 

by TCL were routinely stained with alizarin to distinguish calcite 

from dolomite. 

Four broad dolomite texture groups were observed in the Berg Aukas 

rocks. The crystal fabrics are informally designated fabrics A-D 

for this discussion. The fabrics described below are found iti 

varying amounts within all of the lithotypes listed in Table 2.1. 

Most samples contain more than one of the fabrics described. In 

general, fine-grained fabrics become less common and coarse-grained 

fabrics become more common as samples become more recrystallized. 

A summation of the dolomite types are listed in Table 2.5, which is 

followed by a more detailed account of each type. 

Table-2...,_~: Characteristics of dolomite types. 

A 

B 

Dolomite Fabric Components 
Type 

Micritic: 

Mosaic: 

diffu s e, micron sized crystals 

- fine to coarsely crystalline 
dolomite, anhedral to subhedral 
crystals 

C White sparry: - coarse white dolomite spar 

D Colloform: - coarse, cl ear "bladed" 
scalenohedral dolomite 

i) Type A - Micritic dolomite: Consists of diffuse micron­

sized, clear, subh~dral crystal~ scattered throughout matrices of 

otherwise unaltered or partially altered dolomitic mudstone (Plate 
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2.2a). Laminations are common and may be due either t o differences 

in crystal size or to layers of dark, amorphous material. In hand 

specimen micritic dolomite is more commonly light grey to creamy in 

colour, though a dark grey/black equivalent has been observed at 

Berg Aukas. 

ii) Type B - Mosaic dolomite: A broadly defined category 

which includes a variety of textures and crystal forms. It 

incorporates most homogeneous and inhomogeneous areas and patches 

of crystalline dolomite. Though a broad group, it may be sub­

divided into 3 sub-groups, on the basis of crystal size as follows: 

B1 - Fine crystalline dolomite. Consists of anhedral to 

subhedral crystals less than 0.1 mm (usually <0.05 mm) in size, 

that are tightly intergrown, causing a low porosity (Plate 2.2b). 

B2 - Medium crystalline dolomite. Consists of anhedral 

to subhedral crystals which are 0.1 to 0.5 mm in size and are 

tightly intergrown. With the exception of the larger crystal size, 

medium crystalline dolomite resembles fine crystalline dolomite in 

appearance (Plate 2.2c). 

B3 - Coarse crystalline dolomite. Consists of crystals 

ranging from 0.5 to greater than 1 mm (Plate 2.2d). Straight 

crystal boundaries are more c o mmon in this dolomite type, and tend 

to be anhedral to subhedral in shape, resembling the xenotopic 

fabric described by Gregg and Sibley (1984). 

Mosaic dolomite is typically light grey in colour, though medium to 

dark grey varieties have been observed in the field. 

iii) Type C - White sparry dolomite: A medium crystalline to 

very coarse (up to several millimeters) dolomite spar (Plate 2.2e). 

Such dolomite may occur with mosaic (Type B) dolomite or as a 

fracture/void fill, and displays distinct growth zonation with a 

coarsening of crystals towards the center of the space which this 

dolomite occludes. Where voids have been preserved associated with 

this dolomite, the spar crystals are euhedral facing inward toward 

the void, indicating ·growth into open space. Contacts between 

white sparry dolomite and mosaic dolomite may be sharp (<1 mm) in 

the case of a fracture fill, or may be gradational over 



Plate 2.2a: 
(BA 74; PPL ) 
Micritic do!. 

Plate _ .. 2.2b : 
(BAD 2/la ; XP ) 
Mosaic do!. -
fine . 

Plate . 2.2c: 
(GS-1; XP ) 
Mosaic do!. -
medium . 
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Plate 2.2d: 
(GS-15; XP) 
Mosaic dol. -
coarse. 

Plate 2 .. 2e: 
(BAD 8/8; XP ) 
White sparry 
dolomite. 

Plate 2.2f: 
(GS-7; XP) 
Colloform 
dolomite. 
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several millimeters, with the gradational boundary characterized by 

crystal overgrowths. 

iv) Type D - Colloform dolomite: Consists of medium to very 

coarse (up to centimeter-sized) anhedral to euhedral, white to pink 

crystals with a distinct "bladed" shape. The term "colloform" is 

used here in a textural sense as described by Roedder (1968), and 

includes radial structures consisting of fibrous/bladed, acicular, 

or columnar crystals which develop approximately perpendicular to 

fracture walls or void linings (Plate 2.Zf). Crystal grains which 

constitute this dolomite type often exhibit undulose extinction 

when viewed under crossed polars in thin section. Such features as 

undulose extinction are closely related to the features of "saddle" 

dolomite as reported by Radke and Mathis (1980), whilst the overall 

description of this dolomite type closely reflects that of 

"Baroque" dolomite (Mattes and Mountjoy, 1980; Horton and De Veto, 

1990; Horton and Geissman, 1990). 

As a result of the variation in terms of size and shape of these 

"colloform" textures, and their widespread occurrence throughout 

the dolostones of the OML, a special section has been set aside in 

Chapter 5 in an attempt to describe the evolution and formation of 

these features. 

2.6 Host Rock Mineralogy 

54 

The mineralogy of the host carbonate was established by means of X­

ray diffractometry (XRD), and by limit e d electron microprob e data. 

XRD analyses were performed on finely ground air dried rock powder 

of all the fabric types which were sampled for the isotope study, 

as discussed in the previous section. 

XRD data were obtained using a Philips semi-automated X-ray 

diffractometer equipped with a graphite monochromator and CuKa 

radiation, generated at 40 kV and 30 mA. Whole rock, random powder 

patterns were scanned from 20° to 53° using the step-scan mode, 

with the data being captured on magnetic disc using a micro 

computer. For a more detailed account of the machine parameters 

the reader is referred to Appendix IV. 



The following three tasks were performed: 

a) Determination of the presence of calcite and quartz in 

the predominantly dolomite rich samples; 

b) determination of the degree of non-stoichiometry by 

observing the shift of the dolomite 104 peak, based on the method 

of Lumsden (1980); 

c) determination of the degree of dolomite crystallinity by 

comparing the ratios of the dolomite 104 and dolomite 110 peaks, 

using the method of Lumsden & Chimahusky (1988). 

For the semi-quantitative evaluation of each of the samples, 

heights of selected peaks were measured and their sum equated to 

100%, the results presented here being peak height proportions, as 

9pposed to corrected modal proportions. Identification was based 

on the 104 reflections for both dolomite and calcite, whilst the 

101 ·reflection was used for quartz. A summation of this data is 

presented in Table 2.6. 

Dolomite is clearly the most dominant mineral type present in most 

of the rock samples studied, with the exception of occasional 

siliceous veinlet or void fill (Q2-lc). However, some c alcite 

contamination is present in some of the samples, though the mineral 

seldom exceeds 5% in mode. Special attention will be given to 

these samples in the following chapter, when discussing O and C 

isotope geochemistry. 

Examples of diffractograms which illustrate the common tri-mineral 

assemblages (dolomite-calcite-quartz) appear in Figures 2.12 (a to 

e). The following groups are evident: dolomite only (Fig. 2.12a); 

dolomite and minor calcite (Fig. 2.12b); dolomite and quartz (Fig. 

2.12c); dolomite with minor quartz and calcite (Fig. 2.12d); and 

lastly quartz with minor dolomite (Fig. 2.12e). 
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The second task attempted using the XRD method was that of 

determining the degree of non-stoichiometry of the host dolomite, 

by means of observing the shift of the dolomite 104 reflection with 

respect to an internal standard reflection. The method used is 

that of Lumsden (1980), who defines non-stoichiometry as the degree 
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to which the original depositional fabric has been altered by the 

growth of dolomite crystals, i.e. to measure the departure from the 

ideal stoichio~etric composition Cao . ~Mgo. ~co3. 

Table 2.6: Semi-quantitative evaluation of Berg Aukas 
samples determined by XRD. 

Peak Intensity c/s 
Sample Fabric Qtz Cal Dal Qtz Cal Dal 

No. Type ( 1 0 1 ) (104) (104) % % % 

BAD 14/3 A 571 462 12093 4 4 92 
BAD 7/la A 21042 100 
Ql-4a A 712 30922 2 98 
Kl-la A 20490 100 
Kl-2a A 613 17757 3 97 
Kl-3a A 29389 100 
BAD 14/2 A 316 22006 1 99 
BAD 15/13a A 20988 100 
BAD 2/la B 1698 42024 4 96 
Q2-la B 1731 25 366 6 94 
Q2-lb B 19444 100 
Kl-le B 15 7 9 81774 2 98 
BAD 15/12 B 
BAD 15/13b B 1840 43392 4 96 
BAS-la B 497 24737 2 98 
BAS-lb B 1423 30802 4 96 
BAS-2a B 1588 27859 5 95 
BAS-2b B 4892 45236 10 90 
BAS-3a B ' 2175 36288 6 94 
BAS-3b B 2941 43733 6 94 
HB-la B 3685 22194 14 86 
HB-lb B 56763 100 
HB-2 B 30831 100 
BAD 2/8 B 365 30 100 
BAD 2/3 B 10788 145 23 43 57 
BAD 2/2 B 38251 8618 82 18 
BAD 2/7a B 5434 29711 15 85 
BAD 2/lb C 7009 126056 5 95 
BAD 2/7b C 126409 100 
BAD 7/4b C 16221 82467 16 84 
Ql-4c C 7737 46951 14 86 
Ql-10 C 
Q2-lc C 45108 465 99 1 
Kl-le C 3485 68581 5 95 
Kl-2c C 1740 89745 2 98 
BAD 15/13c C 65282 100 
BAD 7/3 C 37942 2713 93 7 
BAD 7/lc D 61655 100 
BAD 7/4a D 80886 100 
BAD 7/2a D 77603 100 
Ql-4b D 84697 100 
Kl-lb D 5 37 39333 1 99 
Kl-ld D 1390 48093 3 97 
Kl-2b D 2281 215 37392 6 1 93 
Kl-3·b D 5-52 53701 1 99 
Kl-3c D 91748 - 100 
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Figures 2.12~ 1 b: Examples of X-ray diffractograms 
illustrating the groups, (a) dolomite only; (b) dolomite and 
minor calcite. 
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Figures 2.12c,d: Examples of X-ray diffractograms 
illustrating the groups, (c) dolomite and quartz; (d) dolomite 
with minor calcite and quartz. 
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Figure~~~: Example of an X-ray diffractogram illustrating 
a predominantly quartz rich group. 

Lumsden succeeded in determining the relationship between the Ca 

content and the d-spacing of the dolomite 104 reflection. 

Table 2 . 7 : Mole % of CaC03 in Berg Aukas samples as 
determined by XRD. 

Sample dol,10•> hal,200> do 1 < I O 4 > Corr. Nc.co:s 
No 2e 2e A mole % 

BAD 2/la 30.94 31.68 2.886 50.0 
BAD 2/lb 30.90 31.62 
BAD 2/2 30.90 31.62 
BAD 2/3 30.94 31. 6 6 
BAD 2/7b 30.90 31.66 2.888 50.6 
BAD 2/8 30.86 31.60 2.886 50.0 
BAD 7/la 30.92 31.66 2.886 50.0 
BAD 7/lc 30.90 31.64 2.886 50.0 
BAD 7/2a 30.92 31. 66 2.886 50.0 
BAD 7/3 30.90 31.66 2.888 50.6 
BAD 7/4a 30.94 31.66 
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The subtle shift in the position of the 104 reflection can be 

accurately measured when compared to the nearby 200 reflection of 

halite, which is used as an internal standard. 

Table 2.Q: Dolomite crystallinity of selected Berg Aukas 
samples based on XRD peak intensity ratios. 

Peak Intensity c/s 
Sample Fabric Dal Dal I < 0 I S l / 

No. Type (015) ( 110) I < I IO l 

BAD 14/3 A 703 1360 0. 52 
BAD 7/la A 1224 2073 0.59 
Ql-4a A 1485 2060 0.72 
Kl-la A 1043 1757 0.59 
Kl-2a A 1034 135 3 0.76 
Kl-3a A 1403 1921 0. 7 3 
BAD 14/2 A 1010 1174 0.86 
BAD 15/13a A 1062 1303 0.81 
BAD 2/la B 1303 1669 0.78 
Q2-la B 1002 1092 0.92 
Q2-lb B 1185 1416 0.84 
Kl-le B 85 3 1019 0.84 
BAD 15/13b B 1158 1194 0.97 
BAS-la B 1213 1283 0.94 
BAS-lb B 1140 1470 0.77 
BAS-2a B 958 1336 0.72 
BAS-2b B 934 1048 0.89 
BAS-3a B 1239 1325 0.93 
BAS-3b B 989 1179 0.84 
HB-la B 1020 115 3 0.88 
HB-lb B 1183 1058 1. 12 
HB-2 B 1185 1451 0.82 
BAD 2/8 B 1446 1498 0.96 
BAD 2/3 B 1026 1091 0.94 
BAD 2/2 B 392 479 0.82 
BAD 2/7a B 1334 1277 1. 04 
BAD 2/lb C 1484 1165 1. 27 
BAD 2/7b C 7 5 3 913 0.82 
BAD 7/4b C 898 705 - 1. 27 
Ql-4c C 1127 15 72 0.72 
Kl-le C 902 885 1. 02 
Kl-2c C 1144 11 79 0.97 
BAD 15/13c C 1126 999 1. 13 
BAD 7/3 C 35 7 400 0.89 
BAD 7/lc D 1400 1432 0.98 
BAD 7/4a D 1208 1082 1. 12 
BAD 7/2a D 1249 1130 1. 10 
Ql-4b D 1446 1427 1.01 
Kl-lb D 1148 1056 1. 09 
Kl-ld D 919 925 0.99 
Kl-2b D 865 939 0.92 
Kl-3b D 1349 1303 1. 03 
Kl-3c D 1342 1245 1. 07 
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The linear relationship between the dolomite 104 peak position and 

abundance of CaC03 in dolomite is as follows: 

NcaCD3 = (333.33 * d) - 911.99 (after Lumsden, 1980) 

where: NcaC03 =mole% CaC03 in dolomite 

d = observed d < 1 o 4 > in A 

A representative selection of fabric types was chosen for this 

method, the results appearing in Table 2.7. Inspection of the data 

suggests that all the dolomite fabrics present are near perfectly 

stoichiometric, with an equal distribution of Ca and Mg ions within 

the crystal lattice. 
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The third task attempted by XRD was to determine the degree of 

crystallinity, following the method of Lumsden & Chimahusky (1988). 

The technique involves comparing the peak intensities of the 

dolomite 015 and 110 reflections. The results of this exercise are 

listed in Table 2.8, which also includes the fabric type as defined 

by petrographic observation. A simple graphical plot of peak 

intensities for the dolomite 015 and 110 peaks, is presented in 

Figure 2.13. 

The gradient of the best fit lines depicted in Figure 2.13 

represents the ratio of the size of the (015)/(110] peaks. The 

mean values for each of the different dolomite types is listed in 

Table 2 . 9. 

Table 2.9: Mean values of I,01:11/I,1101 peaks for different 
dolomite types . 

dolomite type I,01:s,/I,110, 

A. micritic 0.69 ( ± 0. 11 ) 
B. mosaic 0.89 (± 0. 09) 
C. white sparry 1.01 ( ± 0.20) 
D. colloform 1. 0 3 ( ± 0.06) 

It would appear from the above data that a corre l ation exists 

between the degree of dolomite crystallinity, as deuuced 

petrographically, and the ratio of the size of the 0 15 / 110 dolomi t e 

p eaks. A ma rke d differ e nc e in cry s t a llinity e x i s ts b e twee n the 

micritic dolomite and the white sparry dolomite, whilst that of 

both the mosaic dolomite and the colloform textured dolomite has a 

similar crystallinity signature, as deduced by means of XRD. 

Hence, this technique would supplement petrographic observations 

pertaining to the degree of coarseness or crystallinity of a 

sample, though an increase in the crystallinity index 

(I , 01:11/I,1101) does not necessarily follow the diagenetic sequence 

of forma tion, of the different dolomite types. 

No relationship exists between nonstoichiometry and either crystal 
J • :~ 

size or the amount of dolomite in a sample. However, it is 

possible, to some extent, to deduce the relative degree of dolomite 



crystallinity by means of XRD, and furthermore to possibly use this 

technique as a r o ugh measure as to th e degree of recrystallization . 

2.7 Cathodoluminescence 

Selected polished thin sections of dolomite samples in the Berg 

Aukas and Odin areas were examined with cathodoluminescence. This 

method is based on the effect that every mineral which gets an 

electronic irradiation emits one or two characteristic colours of 

luminescence (CL). The electronic irradiation is emitted from a 

cathode with a high-tension between 10 - 20 kV, and the non-thermal 

electron beams are led directly onto the sample. 

For the purpose of this study, a Technosyn Model 8200 Mk II at the 

Electron Microscope Unit of the University of Cape Town was used. 

Photomicrographs were taken on a Wild M400 optical system, using 

KODAK ESS ektochrome rated at 1600 ASA. 

In carbonates, the resulting colours may depend on the following 

(Gorzawski, 1989): 

i) Variations in the crystal structure or the distance 

between the atoms. 

ii) The chemical composition of the mineral, which largely 

depends on the chemical composition of the fluid from which the 

carbonate has crystallized. 

iii) The diagenetic evolution of the rock. 

6 3 

In the present study the colours observed in CL are listed in Table 

2.10. 

Table 2.10: The different colours observed in CL associated 
with various mineral types. 

MINERAL 

dolomite 
galena 
quartz 

CL 

red - red (-orange) - yellow 
black 
dark red/brown 



Plate _ 2.3a: 
(Kl-2; CL) 
Micritic/coll­
form contact. 

Plate 2.3b: 
(Kl-2; CL) 
Coarse spar/ 
colloform 
contact. 

Plc}te 2.3c: 
(Q2-la; CL) 
Spar, micrite 
& quartz. 
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o. c; "'""' 

Plate 2.3d: Relationship between coarse white spar 
and colloform dolomite, as seen in PPL (Sample OS-2). 

Plate 2.3e: Same section as above, as seen in CL. 
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Plate 2.3f: Relationship between mosaic dolomite 
and quartz, as seen in PPL (Sample Ql-10). 

Plate 2.3g: S~me section as above, as seen in CL. 
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Plate . 2.3h: 
(OS-2; PPL) 
galena & 
different dol. 
types. 

Pl9te 2.3i: 
(OS-2; CL) 
As above 

Pl ate 2-=...J.j : 
(OS-2; CL) 
Similar to 
above. 
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The cathodoluminescence results succeed in distinguishing between 

the different dolomite types, and furthermore to establish a 

chronological order of dolomite crystallization. The differences 

in the different dolomite types, as seen at Berg Aukas, can be 

described as follows: 

i) Type A - Micritic dolomite: This finely crystalline 

dolomite is characterized by a a reddish-orange colour when viewed 

in CL, as illustrated in Plates 2.3a,c. It would appear that this 

dolomite constitutes the major portion of all the dolomite types. 

ii) Type B - Mosaic dolomite: Though varying in crystallinity 

from fine to reasonably coarse, the characteristic colours of this 

dolomite type as seen in CL, appear to be a mottle of brighter reds 

and oranges. This is evident in Plates 2.3g,i,j. It would seem 

likely that mosaic dolomite is a comparatively later formed 

dolomite, as it tends to occlude fractures and may be closely 

related to sulphide mineralization . 

iii) Type C - White sparry dolomite: This dolomite phase has a 

distinct bright orange / yellow co l o ur, and would appear to occlude 

further secondary porosity. This dolomite type has also been seen 

to host sulphide mineralization and silicification phenomena, 

though the dominant silicification would postdate this dolomite 

stage. The exact relationship between this dolomite type and the 

mosaic dolomite, could not be clearly resolved using CL microscopy. 

iv) Type D - Colloform dolomite: This dolomite · type is 

characterized by alternating bands of lighter and darker reds, as 

seen in Plates 2.2a,b,e. This dolomite type is strongly 

recrystallized which builds up complex diagenetic textures and 

structures. Such colloform features are often associated with the 

micritic dolomite, and may actually have formed as a result of the 

dissolution of the initial dolomite. 

There is no doubt that cathodoluminescence is a remarkably useful 

technique to use, especially in distinguishing between the 

different dolomite types, far more so than relying purely on 

differences in grain size. 
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3. ISOTOPE - GEOCHEMICAL STUDIES (Sr, C, 0) 

3.1 Introduction and Sample Description 

As described in the previous chapter, petrographical studies of the 

Berg Aukas dolostones display several phases of recrystallization, 

dissolution, and reprecipitation processes. It is anticipated that 

the isotope-geochemical investigations on the different mineral 

generations, or which has loosely been referred in this thesis as 

"fabric types", should contribute to the identification of the 

fluids from which the various recrystallization processes had taken 

place. Furthermore, particular care will be taken for those 

mineral generations which are directly associated with Pb and Zn 

sulphide mineralization, in a bid to identify the ore-forming 

fluids. 

Sr, C and O isotope ratios were determined in samples from the 

entire Berg Aukas area. The samples analyzed in this study 

correspond to different petrographically defined groups or "fabric 

types", which have been defined in section 2.5 of the previous 

chapter. Particular attention was also given as to whether or not 

a particular dolomite type was observed to be associated with 

sulphide mineralization. 

Extreme care was taken in separating the different dolomite types, 

and for those samples that are associated with sulphide 

mineralization, every effort was made to exclude any sulphides from 

. the sample. Each sample was scanned by XRD to determine the level 

of homogen e ity, and to semi-quantify the degree of mineral 

contamination, especially in terms if calcite as this would be 

significant when interpreting the C and O isotope data. 

As regards to the samples submitted for Sr isotopic analysis it is 

important to note that there is a negligible input in terms of clay 

minerals or any other K-rich minerals. This was verified 

petrographically and with the aid of XRD, and hence it is assumed 

that there is essentially no Rb in the system. Following this 

premise, it is further assumed that the 87 Sr/ 8 •Sr ratios presented 

in this study reflect the initial 87 Sr;••sr ratios of each of the 
;_-: 

dolomite types that were sampled. 
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Table ).1: Carbonate s~mples from Berg Aukas used for 
isotope studies (lg= light grey; mg= medium grey; 
dg = dark grey; rec= recrystallized; min= mineralized). 

Sample 
No. 

BAD 14/3 
BAD 7/la 
Ql-4a 
Kl-la 
Kl-2a 
Kl-3a 
BAD 14/2 
BAD 15/13a 

BAD 2/la 
Q2-la 
Q2-lb 
Kl-le 
BAD 15/12 
BAD 15/13b 
BAS-la 
BAS-lb 
BAS-2a 
BAS-2b 
BAS-3a 
BAS-3b 
HB-la 
HB-lb 
HB-2 
BAD 2/8 
BAD 2/3 
BAD 2/2 
BAD 2/7a 

BAD 2/lb 
BAD 2/7b 
BAD 7/4b 
Ql-4c 
Ql-10 
Q2-lc 
Kl-le 
Kl-2c 
BAD 15/13c 
BAD 7/3 

BAD 7/lc 
BAD 7/4a 
BAD 7/2a 
Ql-4b 
Kl-lb 
Kl-ld 
Kl-2b 
Kl-3b 
Kl-3c 

Fabric 
Type 

A 
A 
A 
A 
A 
A 
A 
A 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

C 
C 
C 
C 
C 
C 

. C 
C 
C 
C 

D 
D 
D 
D 
D 
D 
D 
D 
D 

Description 

light brown karst-fill mudstone 
lg/creamy dolomicrite 
lg dolomicrite 
lg dolomicrite 
lg dolomicrite 
lg dolomicrite 
lg dolomicrite (min) 
lg dolomicrite 

lg rec dolomite 
lg rec dolomite 
m-dg rec dolomite 
lg rec dolomite 
lg rec dolomite (min) 
lg rec dolomite 
lg rec dolomite 
lg rec dolomite (min) 
lg rec dolomite 
lg rec dolomite (min) 
lg rec dolomite 
lg rec dolomite (min) 
lg rec dolomite 
lg rec dolomite (min) 
lg rec dolomite (min) 
lg laminated dolomite 
dg laminated dolomite 
dg dolomite 
dg dolomite (boundstone) 

coarse white dolospar 
coarse white dolospar 
white dolospar 
coarse white dolospar 
coarse white dolospar + quartz 
coarse white dolospar 
white dolospar 
white dolospar 
coarse white dolospar 
white dolospar (min) 

colloform vein 
coarsely-bladed colloform 
colloform 
colloform 
colloform 
colloform 
colloform vein 
colloform - lg 
colloform - dg 
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Table 3.1 lists all the samples that were used for the isotope 

study, and includes a brief description of each of the samples. 

Tab],JL_3. 2: Results of AAS analyses on Berg Aukas samples 
(n/a = no assay). 

Sample Fabric Cu Pb Zn Mn Sr Fe Ca Mg 
No. type ppm ppm ppm ppm ppm % % % 

BAD 14/3 A 810 1700 1200 240 so 0.97 19.4 9.6 
BAD 7/la A 3 28 135 15 0 170 n/a 22.5 13.2 
Q1-4a A 4 10 37 270 80 0 . 1 1 20.8 12.7 
Kl-la A 4 15 101 320 80 0.11 21. 9 12.3 
K1-2a A 5 18 132 130 90 0.02 22.5 13.0 
K1-3a A 22 20 209 450 90 0.32 22.3 12.8 
BAD 14/2 A 4 33 640 35 0 130 0.23 21. 7 12.4 
BAD 15/13a A 3 14 124 340 110 0.11 21. 4 12.8 
BAD 2/la B 5 41 38 260 100 n/a 21. 8 12.6 
Q2-1a B 3 11 14 440 150 0.04 21. 4 12.5 
Q2-1b B 2 16 21 340 120 0.05 22.9 13.0 
Kl-le B 4 24 101 1760 130 0. 12 22.4 12.2 
BAD 15/12 B 6 533 594 430 90 0.07 21. 0 12.6 
BAD 15/13b B 3 23 50 360 80 0.08 21. 3 12.7 
BAS-la B 5 277 780 400 120 0. 16 21. 8 12.8 
BAS-lb B 10 1600 1040 480 130 0.28 21. 6 12.7 
BAS-2a B 3 87 560 370 15 0 0.09 21. 5 13.2 
BAS-2b B 4 139 650 250 100 0.10 16.2 9.5 
BAS-3a B 7 23 31 7 570 170 0. 12 21. 1 12.8 
BAS-3b B 11 67 500 540 130 0.22 1 8 . 1 10.9 
HB-la B 2 226 1380 450 60 0.05 20.5 12.6 
HB-lb B 7 940 2430 400 70 0.07 20.0 12.0 
HB-2 B 3 192 2130 390 90 0.07 22.0 13. 1 
BAD 2/8 B 7 96 77 340 140 n/a 22.9 13.1 
BAD 2/3 B 6 21 33 170 140 n/a 14.5 10.0 
BAD 2/2 B 4 18 17 160 50 n/a 6.0 3.0 
BAD 2/7a B 8 14000 1630 5 30 180 n/a 1 9 . 7 11. 2 
BAD 2/lb C 6 25 18 1250 140 n/a 20.6 11. 7 
BAD 2/7b C 5 41 101 400 160 n/a 14.0 7.2 
Ql-4c C 8 20 108 1280 130 0. 19 20.9 12.6 
Ql-10 C 13 17 17 820 170 0. 10 22.4 13.0 
Kl-le C 4 58 178 290 15 0 0.03 23.0 12.5 
Kl-2c C 33 310 590 1670 130 0.11 21. 7 12.4 
BAD 15/13c C 3 30 130 2110 150 0 .11 21. 9 13.0 
BAD 7/3 C 3 15 152 80 30 n/a 3. 3 1. 9 
BAD 7/lc D 6 260 478 170 80 n/a 22.4 13.0 
BAD 7/4a D 6 62 76 380 100 n/a 22.2 13.0 
BAD 7/2a D 3 44 58 390 100 n/a 22.1 12.5 
Kl-lb D 3 16 68 370 90 0.08 22.8 12.7 
Kl-ld D 4 47 137 440 100 0. 11 22.1 12.8 
K1-2b D 5 64 377 230 60 0.04 20.9 12.1 
K1-3b D 18 70 134 270 80 0.30 21. 1 12.6 
K1-3c D 19 24 68 230 80 0.21 21. 0 12.6 
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Si02 
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2.8 
0.7 
2.0 
0.6 
1. 2 
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1. 8 
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1. 0 
0.2 
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23.9 
1. 9 

13.2 
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0. 3 
0.2 
3.8 
1. 2 

80. 1 
0. 3 
0. 1 
2.9 
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7.2 
2.0 
3. 1 



The prefix to the sample numbers has been devised to provide an 

approximate sample locality as follows: 

BAD 

BAS 

Ql,2 -

Kl,2 -

HB 

Berg Aukas Diamond drillhole (near mine) 

Berg Aukas Surface (near mine) 

Quarry 1 or 2, respectively 

Kopje 1 or 2, respectively 

Heinrichsberg 

3.2 Geochemistry of Carbonates 

In all the carbonate samples used for isotopic investigations, the 

Sr contents were determined by AAS-analyses carried out by 

the TCL laboratory in Tsumeb, in addition to several other elements 

as listed in Table 3.2. A description of the analytical technique 

and likely errors is given in Appendix V. 

Results show that the Sr content covers a fairly broad range of 50 

to 180 ppm for both the micritic (A) and mosaic (B) dolomite types, 

whilst the white sparry dolomite (C) tends to have higher Sr 

concentrations of between 130 and 170 ppm. Colloform textured 

dolomite (D) typically shows lower Sr concentrations of between 60 

and 100 ppm. 

As regards to the other elements that were assayed, Cu has a 

particularly low concentration (Figure 3.la) of between 1 and 35 

72 

ppm, with mosaic dolomite having the lowest concentration. Both Pb 

and Zn have similar concentrations and distribution patterns 

between the different dolomite types (Figures 3.lb and c). Unlike 

Cu, the concentration of Pb and Zn is highest in mosaic dolomite, 

with values exceeding 1600 ppm, whilst values less than 600 ppm are 

common for the remaining dolomite types. The concentration of Mn 

is highest in the white sparry dolomite (Figure 3.ld), with values 

exceeding 2000 ppm, whilst concentrati~ns of less than 600 ppm are 

common for the other three dolomite types . 

Concentrations of Ca and Mg remain constant for each of the 

different dolomite types, and the distribution of Fe shows no 

·prefe·rence for any particular dolomite type. 
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Figure .3.1: Selected element concentrations with respect 
to Sr c onc en t ration for different d ol omite types . 

3.3 Sr Isotope Studies 

The results of the Sr isotope investigation are listed in 

Table 3.3, which also contains the Sr concentrations in ppm 

for all the samples that were analyzed. 

ratios are displayed graphically as a function of the Sr 

concentration, subdivided into the different dolomite types A - D. 

All the Sr isotope analyses were carried out at the Radiogenic 

Isotope Facility of the University of Cape Town, using a VG Sector 

Thermal Ionization Mass Spectrometer. Results have been 



adjusted to the NBS standard SRM 987 (Mean ° 7 Sr/ 0 •sr = 0.710281, 

Standard Deviation= 0.000011, n = 14). A brief description of the 

technique is given in Appendix VI. 

T~ble 3.3: Isotopic results (Sr, C, 0) on dolomite samples from 
the Berg Aukas area. 

Sample 
No. 

BAD 14/3 
BAD 7/la 
Q1-4a 
Kl-la 
K1-2a 
K1-3a 
BAD 14/2 
BAD 15/13a 
BAD 2/la 
Q2-1a 
Q2-1b 
Kl-le 
BAD 15/12 
BAD 15/13b 
BAS-la 
BAS-lb 
BAS-2a 
BAS-2b 
BAS-3a 
BAS-3b 
HB-la 
HB-lb 
HB-2 
BAD 2/8 
BAD 2/3 
BAD 2/2 
BAD 2/7a 
BAD 2/lb 
BAD 2/7b 
BAD 7/4b 
Ql-4c 
Ql-10 
Kl-le 
Kl-2c 
BAD 15/13c 
BAD 7/3 
BAD 7/lc 
BAD 7/4a 
BAD 7/2a 
Ql-4b 
Kl-lb 
Kl-ld 
Kl-2b 
K1-3b 
Kl-3c 

Sr 
(ppm) 

50 
170 

80 
80 
90 
90 

130 
110 
100 
150 
120 
130 

90 
80 

120 
130 
15 0 
100 
170 
130 

60 
70 
90 

140 
140 

50 
180 
140 
160 

130 
170 
150 
130 
15 0 

30 
80 

100 
100 
100 

90 
100 

60 
80 
80 

a1sr/ 
86 Sr 

0.711675 
0.709040 
0.709131 
0.709559 
0.707822 
0.709866 
0.709924 
0.710417 
0.709535 
0.708809 
0.708955 
0.713075 
0.709520 
0. 710189 
0. 710261 
0.710417 
0.709962 
0.7 ·10112 
0.710380 
0. 710397 
0.712777 
0.713932 
0.712936 
0.708966 

0.71L1633 
0.716349 

0.714627 
0.717375 
0.708184 
0.714426 
0.716034 
0.713725 
0.708524 
0.709975 
0.710833 
0.710455 
0.708958 
0.709650 
0.709200 
0.708518 
0.709651 

2o std 
dev 

0.0011 
0.0009 
0.0010 
0.0009 
0.0008 
0.0009 
0.0010 
0.0010 
0.0009 
0.0010 
0.0009 
0.0010 
0.0008 
0.0008 
0.0010 
0.0009 
0.0010 
0.0009 
0.0010 
0.0008 
0.0008 
0.0009 
0.0010 
0.0008 

0.0009 
0.0009 

0.0008 
0.0010 
0.0013 
0.0010 
0.0010 
0.0024 
0.0008 
0.0009 
0.0009 
0.0008 
0.0016 
0.0010 
0.0009 
0.0011 
0.0009 

0 /oo 

-2.29 
6.14 
4.42 
2.87 
4.23 
2.85 

3.75 
4.35 
2.45 
3.02 
1. 51 
2.76 
2.83 
3.28 
2. 76 
4.02 
3.93 
2.91 
4.20 
2.23 
3. 12 
2. 12 
2.99 
3.20 
2.73 
2.43 
4. 15 
1. 32 
3.16 
3.61 
2.91 
3. 16 
4.52 
2.76 
4.10 
3.96 
3.95 
3.61 
3.69 
3. 15 
4. 16 
3.52 
4.12 
3.59 

& l so 
PDB 
0 /oo 

-6.16 
-2.64 
-4.72 
-7.63 
-4.21 
-7.34 

-5.90 
-1.08 
-4.90 
-3.50 
-8. 79 
-7.36 
-6.50 
-6.00 
-6.50 
-5.63 
-5.81 
-7.75 
-5.62 
-8.78 
-8.45 
-9.10 
-2.34 
-5.96 
-6.37 
-9.10 
-6.32 

-11.32 
-7.20 
-7.74 
-9.99 
-4.45 
-5.66 

-10.73 
-6.30 
-5.83 
-5.25 
-4.56 
-5.55 
-9.38 
-5.19 
-8.48 
-5 .-4 3 
-7.89 

& l so 
V-SMOW 

0 /oo 

24.56 
28.18 
26.04 
23.04 
26.57 
23.34 

24.82 
29.79 
25.86 
27.30 
21.84 
23.32 
24.21 
24.72 
24.21 
25. 10 
24.92 
22.92 
25.11 
21.86 
22.20 
21. 5 3 
28.49 
24.76 
24.34 
21. 5 3 
24.39 
19.24 
23.48 
22.93 
20.61 
26.32 
25.07 
19.84 
24.41 
24.90 
25.49 
26.21 
25.19 
21.24 
25.56 
22.16 
25. 31 
22.77 
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Flg_y~e___J_,_Z: 87 Sr/ 86 Sr ratios with respect to Sr concentration 
for the different dolomite types in Berg Aukas. 

It is clear that the majority of samples from all the different 

fabric types have been strongly enriched in radiogenic 87 Sr 

compared to seawater, which had an inferred 87 Sr/ 86 Sr ratio of the 

order of 0.709 during Precambrian times (Burke et al., 1982). Such 

a 87 Sr/ 80 Sr ratio also lies within the range of 0.7068 to 0.7091 at 

800 ± 50 Ma, as published by Veizer et al. (1983). 

The majority of micritic (type A), colloform (type D) and to a 

lesser extent mosaic (type B) dolomite types, have 87 Sr/ 86 Sr ratios 

between 0.708 and 0.711. The balance of the mosaic dolomite 

samples display a greater degree of enrichment in radiogenic Sr, 

with 87 Sr/ 86 Sr ratios ranging from 0.712 to 0.714. The greatest 

degree of enrichment is characterized by the white sparry dolomite, 

which has 87 Sr/ 86 Sr ratios between 0 . 714 and 0.718. The 

distribution of 87 Sr/ 86 Sr ratios with respect to each generation of 

dolomite is represented in Figure 3.3, and includes the range of 
87 Sr/ 86 Sr ratios for gangue carbonate. 

Such high isotopic signatures like those of the white sparry 

dolomite (fabric C), indicate that the fluids having precipitated 

these later carbonates were considerably enriched in radiogenic 



87 Sr compared to seawater. It must once again be highlighted that 

there are no K-rich minerals in any of the dolomites which were 

sampled, and therefore it is assumed that contribution of 

radiogenic Sr brought about by the decay of radioactive 87 Rb, 

within the rock system is negligible. Therefore, the 87 Sr/ 8 bSr 

ratios presented in this study are assumed to reflect the initial 
87 Sr/ 8 •Sr ratios of each of the dolomite types that were sampled, 

and hence characterize the isotopic nature of the fluids which were 

responsible for the precipitation of the different dolomite types. 
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Fl.&Y..re 3~: 87 Sr/ 80 Sr ratios with respect to fabric types 
in Berg Aukas carbonates (M = associated with Pb & Zn 
mineralization). 

The 87 Sr/ 8 •Sr ratios of gangue carbonate which appear spatially to 

be closely related to sulphide mineralization, are also plotted in 

Figure 3.2, and are almost identical to those ratios of the mosaic 

dolomite type. These are also strongly enriched in radiogenic Sr, 

with a mean of 0.711919 (n=6). It is of interest to note that the 

colloform dolomite (type D), has 87 Sr/ 8 •Sr ratios within the range 

of the micritic dolomite, and differ greatly from the 87 Sr/ 80 Sr 

ratios of the gangue carbonate. 
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3.4 C and O Isotope Studies 

The results of the C and O isotope analyses are l i sted in Table 3.3 

and plotted in Figure 3.4. 

The majority of samples analyzed have 6 13 C values between +1 and 

+5 °/00 with respect to the PDB standard, which are comparable with 

other sedimentary marine carbonates (Land, 1980). A single sample 

(BAD 14/3), which is a lithified karst-fill mud, is significantly 

depleted with a 6 13 C value of -2.3 °/aa. Gangue carbonates 

associated with sulphide mineralization have similar values to the 

other fabric types that were sampled. 

The 6 18 0 ratio s of the different fabric types range from 19 to 30 
0 /00 with respect to the Vienna - Standard Mean Ocean Water (V­

SMOW) standard, and are generally depleted in the heavy isotope 

compared to modern carbonate sediments, but are within the typical 

range for ancient dolomites influenced by diagenetic modification 

(Veizer & Hoefs, 1976). 
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Figure 3.4a: Plot of 6 18 0 (per mil, V-SMOW) with respect 
to fabric type. 
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In a broad sense, an isotopic trend with advancing diagenetic stage 

can be observed (Fig. 3.4b), with the fabric types becoming 

increasingly depleted in the heavy isotope, in the sequence A-D-B­

C. A similar trend exists for 87 Sr/ 86 Sr ratios as depicted in 

Figure 3.2. 
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The stable isotope results of Berg Aukas carbonates are summarized 

in Figure 3.5 where the 6 13 C results are plotted against their 

accompanying 6 10 0 values. 

The highest 6 19 0 value is of the order of 30 per mil (mosaic 

dolomite) which is in good agreement with syngenetic marine 

dolomite, as deduced from the fractionation curve at 30°C for a 

tropical sea (Friedman and O'Neil, 1977). The depletion in 10 0 in 

subsequent generations as depicted in Figure 3.5, may well 

represent a combination of increasing temperature and changing 

fluid/rock ratios. A gradual decrease in 6 13 C may be due to an 

increase in maturation of organic matter present in the host 

sediment. 

The possibility does exist however, that when dealing with ancient 

dolomites the 6 10 0 ratios of these rocks are not those obtained 

during dolomitization, but have been altered to varying degrees 

during burial and neomorphism (Land, 1980). Hence, interpretation 

of O isotope ratios of dolomites does warrant a degree of caution. 
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4. COMPARATIVE ISOTOPE STUDY IN THE ODIN AND 
CLUBHEAD PROSPECTS 

4.1 Introduction and Local Geology 

Samples were collected from two other mineral occurrences in the 

OML, namely the Odin and the nearby Clubhead Prospects. Due to the 

close proximity of both these prospects, they will be assessed as a 

single entity, and will hence be referred to as the Odin Prospect. 

The prospect lies within the dolomites of the Gauss Formation 

towards the stratigraphic middle of the Abenab Subgroup, on the 

northern limb of the locally dominant Uitkomst syncline. This Pb­

Zn prospect bears many similarities to the significantly larger 

Berg Aukas deposit, and for this reason it was considered most 

suitable to collect a number of samples from this prospect, as part 

of a comparative study. 

The following geological account of the Odin Prospect is a summary 

extracted from an unpublished company report on a routine 

exploration mapping and evaluation project (Deane, 1989). 
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Figure 4.t: Locality map of the Odin Prospect. 
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The Odin Prospect is situated to the north east of Kombat, as 

illustrated in Figure 4.1. A geological map of the prospect, 

modified from the original map compiled by Deane, is presented in 

Figure 4.2. 
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Figure 4.2: Geological plan of the Odin Prospect 
(modified after Deane, 1989). 

4.1.1 Lithology 

Two major facies were recognized by Deane (1989) at Odin: a Mega­

domal Stromatolite Facies, and an Oolite Shoal Facies. 

i) Mega-Domal Stromatolite Facies: This is, 

stratigraphically, the lowermost facies and consists of two 

interfingering sub-facies: i) a light to medium grey, massive to 

thickly bedded boundstone unit with abundant colloform development, 

and ii) a light to medium grey, massive to thickly bedded dolomitic 

grains tone. The colloforms in the former unit are mostly sub-

rounded, exceed 5 mm in diameter, and consist of a coar.se/bl-aded 

dolomite. Some colloforms are silicified, and thus display a 
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positive weathering. In the latter unit 1 colloforrn textures are 

developed only sporadically. 

Apart from the colloforms ·being smaller (<5 mm), the stromatolitic 

build-up is not as prolific. However 1 the mega-domes themselves 

are much larger, ranging in basal diameter of 0,5 - 2 m with a 

distinctly low amplitude 1 and adopt a biohermal appearance. 

Occasional oolites may be found in this unit, which is interpreted 

as representing washed in material from a more proximal shoal. 

ii) Oolite Shoal Facies: This facies directly overlies the 

Hega-domal Stromatolite Facies, and consists of a light to medium 

grey, well-sorted oolitic dolomite. 

The two major facies described here have been interpreted by Deane 

(1989) as representing a sudden change from a relatively deep, sub­

tidal environment (mega-dome facies), to a shallow sub-tidal 

setting above mean wave base, thus indicating a major regression. 

4.1.2 Structure 

The structural setting at Odin is dominated by the east-west 

trending Uitkomst syncline, on the northern limb of which the 

prospect is located. A series of shear events have been recorded 

at Odin. Those trending east-west (Figure 4.2) 7 which have a 

strong vertical component of movement, are thought to have been 

associated with the development of the local syncline. Those shear 

zones trending northeast-southwest are thought to have developed 

later than the ~ast-west shears, during periods of regional 

warping. Furthermore, it is believed that sulphide mineralization 

at Odin was concentrated along these later shear zones 7 one of them 

denoting the adjacent Clubhead Prospect. 

Local faulting is also evident at Odin, which together with the 

excessive jointing, may have influenced karstification in the area. 
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4.1.3 Alteration 

All the dolostones in the vicinity of the Odin Prospect have 

undergone varying degrees of recrystallization. The host 

grainstones appear to be coarsely crystalline in places, and the 

occurrence of a coarsely-crystalline, white dolospar is also 

common. The distribution of colloforro textures within the 

dolostones has already been discussed, and irrespective of size, 

these consist mostly of a radial growth of coarsely 

crystalline/bladed dolomite. Silicification of some colloforms, 

especially the larger variety, is also quite common, resulting in 

these textures displaying a positive weathering. 

Two phases of mineralization were observed at Odin: i) a primary 

hypogene phase and ii) secondary supergene enrichment. The former 

lead to the precipitation of galena and sphalerite, which occur as 

large euhedral crystals (up to 1 cm) in the host dolostone, in 

addition to the cores of some colloforms. This type o( 

mineralization may also occur as disseminated blebs within the host 

rock. 

Supergene mineralization is restricted to small karstic features, 

and accounts for localized high concentrations of galena, cerrusite 

and smithsonite. 

4.2 Saaple Description 

As for Berg Aukas, petrographical studies of th e Odin dolostones 

suggest a complex recrystallization history. To assist with any 

comparison with Berg Aukas samples, the different mineral 

generations or fabric types have been assigned the same alphabetic 

coding (A,B,C,D). A listing and brief description of the samples 

selected from the Odin area appear in Table 4.1. A similar sample 

identification code is used as for Berg Aukas, providing an 

approximate sample locality, as follows: 

OD 12 -

OS 

CH 

Odin Diamond drillhole (No. 12) 

Odin Surface 

Clubhead Surface 



J~ble 4.1: Carbonate samples from the Odin and Clubhead Prospects 
used for isotope studies (lg= light grey; mg= medium grey; 
dg = dark grey; rec= recrystallized; min= mineralized). 

Sample 
No. 

CH-la 
OD 12/4b 
OS-1 
0S-4b 
0S-3b 
OD 12/4a 
0S-2b 
CH-lb 
CH-le 
0S-3a 

Fabric 
Type 

A 
B 
B 
C 
C 
C 
C 
C 
D 

Description 

lg/creamy dolomicrite 
lg rec dolomite 
lg rec dolomite 
white dolomitic microspar 
coarse white dolospar 
white dolospar (min) 
white dolospar (min) 
white dolospar (min) 
colloform 
quartz vein 

Unlike at Berg Aukas, sulphide mineralization appears to have a 

distinct association with white sparry dolomite (fabric type C) at 

Odin. Furthermore, a single sample was collected from a quartz 

vein which is proximal to the mineralized sulphide zone at Odin. 

4.3 Results 

4.3.1 Petrographical Studies 

For the petrographical investigation of the Odin area thin sections 

in addition to polished thin sections were examined. As in the 

case of the Berg Aukas dolostones, the same four dolomite crystal 

fabric groups were recognized, and are similarly designated fabric 

types A - D (refer to section 2.5). 

Despite there being a broad similarity in terms of the general 

petrographical appearance between Berg Aukas and Odin dolostones, 

there are two differences which may be pertinent when comparing 

these two areas. Firstly, in the case of the Odin Prospect it was 

observed that sulphide mineralization appears to be directly 

associated with the white sparry dolomite (fabric type C), unlike 

the relationship with mosaic dolomite (fabric type B), as is the 

case at Berg Aukas. Secondly, the colloform textures common at 

both occurrences differ in terms of size. Whilst such features 

seldom exceed 10 mm at Odin, colloforms several centimeters in 
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width have been observed at Berg Aukas. Though the relevance of 

such observations may not be of immediate significance, it is 

worthwhile to bare these in mind. 

4.3.2 Host Rock Mineralogy 

XRD analyses were performed on finely ground powder of all the 

fabric types, in addition to a single specimen collected from a 

silica vein. A semi-quantitative evaluation of each sample 

presented as peak height proportions, is presented in Table 4.2. 

Table 4.2: Semi-quantitative evaluation of Odin and Clubhead 
samples determined by XRD. 

Peak Intensity c/s 
Sample Fabric Qtz Cal Dol Qtz Cal Dol 

No. Type ( 1 0 1 ) (104) (104) % % % 

CH-la A 19729 100 
OS-1 8 22663 100 
OS-4b C 7584 314 172 94 4 2 
OS-2b C 18428 100 
OD 12/4a C 20979 100 
CH-lb C 877 21437 4 96 
CH-le D 1097 47087 23 77 
OS-3a * 635 79 9557 87 13 

Note: * = dolomite sample associated with a quartz vein 

With the exception of a single specimen, all of the samples are 

free of calcite. In the case of sample OS-4b, which resembles a 

white sparry carbonate in hand specimen, there is a high level of 

silica contamination in addition to a relatively minor calcite 

component. 

Similarly, the white sparry dolomite (CH-lb) and the colloform 

dolomite (CH-le) sampled from the nearby Clubhead Prospect, have a 
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distinctly siliceous component. It is of interest to note that the 

silica vein which was sampled (OS-3a) yielded some 13% of dolomite, 

thus a portion of this sample was retained for Sr isotope analysis. 
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To allow for comparison with Berg Aukas dolomite fabric types, the 

degree of crystallinity of Odin specimens was determined by XRD, 

the results appearing in Table 4 . 3. 

Table 4.3: Dolomite crystallinity of Odin and Clubhead 
samples based on XRD peak intensity ratios. 

Peak Intensity c/s 
Sample Fabric Dol Dol I ( I Is I/ 

No. Type ( 115) ( 1 1 0 ) I I I I O I 

CH-la A 958 1228 0.78 
OS-1 B 1105 1604 0.69 
0S-4b C 200 240 0.83 
0S-2b C 298 197 1. 51 
OD 12/4a C 206 256 0.80 
CH-lb C 809 1014 0.79 
CH-le D 823 943 0.87 
0S-3a * 314 261 1. 20 

Note: * = dolomite sample associated with a quartz vein 

The same data has been combined with that of Berg Aukas samples and 

presented graphically in Figure 4.3. 
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Figure 4.3: Dolomite crystallinity as determined by XRD 
for both Odin and Berg Aukas. 



The few dolomite crystallinity data of the different fabric types 

collected from Odin samples show a good correlation with similar 

fabric types sampled from Berg Aukas. 

4.3.3 Isotope - Geochemical Studies (Sr, C, 0) 

The results of the Sr, C and O isotope investigation are listed in 

Table 4.4, which also contains the Sr concentration in ppm, as 

determined by AAS, for all the samples that were analyzed. 

Table 4.4: Isotopic results (Sr, C ' 0) on dolomite samples from 
the Odin and Clubhead Prospects. 

Sample 6 1 :sc 51 so 51 so 
No. Sr e7sr/ 2a PDB PDB V-SMOW 

(ppm) 8 "Sr std dev 0 /oo 0 /oo 0 /oo 

OD 12/4b 90 0.712178 0.0008 2.05 -7.35 23.33 
OS-1 70 0.710773 0.0008 1. 02 -4.96 25.79 
OS-4b 100 0.711164 0.0009 1. 12 -8.59 22.05 
OS-3b 130 0.716334 0.0009 2.61 -6.99 23.70 
OD 12/4a 100 0.710627 0.0008 2.41 -8.44 22.21 
OS-2b 100 0.711631 0.0009 2.20 -5.91 24.81 
OS-3a 30 0.721393 0.0008 (insufficient co 2) 

CH-la 110 0.707765 0.0009 3. 51 -2.66 28.16 
CH-le 80 0.714804 0.0010 2.73 -8.83 21.80 
CH-lb 80 0. 715924 0.0011 3.26 -8.12 22.54 

87 

A plot of 87 Sr;s•sr ratio versus Sr concentration for each of the 

fabric types is presented in Figure 4.4, and compares values of 

Odin samples with those of Berg Aukas. A similar plot is presented 

in Figure 4.5, which illustrates s 1 sr/ 8 "Sr ratios with respect to 

fabric types for both Odin and Berg Aukas samples, in addition to 

highlighting which of the samples were gangue dolomite. 

A single • 1 sr;••sr ratio of the micritic dolomite (type A) sampled 

at Odin has a value of 0.7078, which is a little lower compared to 

the Berg Aukas equivalents. A 87 Sr/••sr ratio of 0.710 for a 

sample of mosaic dolomite (type B) from Odin is comparable with 

those at Berg Aukas. A relatively broader range of 87 Sr/ 8"Sr 

rat~os is evident for the sparry dolomite (type C) sampled from 

Odin compared with those of Berg Aukas, with values ranging from 



0.711 to 0.717. A single colloform specimen (type D) sampled at 

Odin had a significantly higher 97 Sr/ 96 Sr ratio of approximately 

0.715, compared to the equivalent samples collect ed at Berg Aukas. 
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As regards to the dolomite which is associated with a quartz vein 

which was sampled at the Odin Prospect, a comparatively high 

87 Sr/ 00 Sr ratio of the o rder of 0.721 was measured. 

As is the case for Berg Aukas Sr isotope data, there are no K­

bearing minerals in any of the dolomites which were sampled from 

the Odin Prospect, and therefore it is assumed that the 

contribution of radioactive 01 Rb is negligible. 

The 87 Sr/ 86 Sr ratios of the gangue dolomite sampled from the Odin 

Prospect range from 0.711 to 0.715, which is similar to the 
87 Sr/ 80 Sr ratios of the gangue dolomite sampled from Berg Aukas. 
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Results of C and O isotope analyses (Figures 4.6 and 4.7) carried 

out on Odin samples show little variation when compared to similar 

samples collected at Berg Aukas. However, the single & 18 0 for the 

Odin colloform dolomite (fabric type D), is noticeably depleted in 

the heavy isotope compared to its Berg Aukas analogues. 
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The trends to higher 87 Sr/••sr ratios and lower 6 1 ~c and 6 1 •0 

values from type A - D - B - C, as observed for the Odin Samples, 

is similar to that found at Berg Aukas. 

It would appear that the noticeable differences between the Odin 

Prospect and Berg Aukas deposits, is that the sulphide 

mineralization is hosted by sparry dolomite at Odin unlike the 

mosaic dolomite host which is the case at Berg Aukas. Furthermore, 

it would appear that the colloform dolomite at Odin is more 

enriched in radiogenic Sr, compared to the Berg Aukas equivalents, 

whilst the micritic dolomite at Odin is less enriched in radiogenic 

Sr compared to those sampled at Berg Aukas. 
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5. POST DEPOSITIONAL ALTERATION 

Having presented the results of detailed petrographic and isotope­

geochemical investigations in the previous chapters, an attempt 

will be made to reconcile and interpret this data in terms of post 

depositional alteration. This shall include probable models for 

dolomitization and colloform development, in addition to physico­

chemical conditions leading to the formation of the Zn-Pb sulphide 

deposits at Berg Aukas. 

5.1 Dolomitization 

Controversy continues over the relative responsibility of 

dolomitization models in accounting for extensive ancient dolomites 

(Zenger and Dunham, 1988). In determining the origin of a 
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particular dolomite type at Berg Aukas, it is necessary to examine 

the collective evidence from the field to the laboratory, as rarely 

do one or a few criteria prove to be reliable. 

Average concentration and isotopic values for the four principal 

dolomite types described in this study, are listed in Table 5.1. 

Table 5.l: Average concentration of Sr and mean values 
of C, 0 and Sr isotopes for Berg Aukas dolomites. 

Dolomite 
Type 

A Mi er i ti C 

B Mosaic 
C White sparry 
D Colloform 

Sr 
(ppm) 

100 
115 
147 

86 

+4.1 
+2.9 
+2.8 
+3.7 

6 1 eo 
PDB 

-5.3 
-6.2 
-7.7 
-6.4 

51 eo 
V- SMOW 

+25.4 
+24.4 
+22.9 
+24.3 

0.709679 
0.710638 
0.714419 
0.709529 

In Figure 5.1, Berg Aukas dolomites are compared with various 

genetic types of dolomite. 

C and C isotopic values for Berg Aukas dolomites are compared with 

fields of values for other varieties of dolomite from the geologic 

record, as shown in Figure 5.2. 
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Figure 5.1: Bar graphs for 6' 3 C and 6 1 •0 comparing Berg 
Aukas dolomites with various genetic types of dolomite (after 
Mattes and Mountjoy, 1980). 

It has already been described in Chapters ;2 and 3, that all of the 

dolomites found at Berg Aukas have undergone varying degrees of 



recrystallization or neomorphic alteration. It is of relevance to 

note, however, that the Otavi Mountain Land is a metamorphic 

terrain (Miller, 1983), and though a very . low-grade one, it is 

• - ~iciritic dolomite 
+ - Mosaic dolomite 
o - White sporry dolomite 
A - Collotorm dolomite 

l, 

1. Early diagenetic dolomite - after f/water limestone 
2. Ear1y diagenetlc dolomite replacing marine limestone 
3. Late diagenetlc, low temper'Jture dolomite 
4. Hydrothermal dolornite 

(Mo':tn and Mountjoy, 1960) 

5 . Evoporotive marine dolomite (McKenzie, 1961 ) 
II. Bunal dolomite ( Moore et al, 19!\ll) 

0-18 (PD8) 

delta C-13 (PDB) 

figure~: Carbon and oxygen isotope values for Berg Aukas 
dolomites compared with fields of values for various genetic 
types of dolomite (Mattes and Mountjoy, 1980; McKenzie, 1981; 
Moore et al., 1988). 

logical that even the oldest dolomite generation must have been of 

neomorphic/metamorphic origin. It is not surprising therefore, 

that the stable isotope data should plot into the field for late­

diagenetic/burial dolomite, as depicted in Figures 5.1 and 5.2 . 

Although petrographic and field evidence suggest a platform shelf 

environment, with depth of carbonate precipitation and 

sedimentation inferred to be moderately shallow, it would be 

misleading to make any inference as to the precise origin of the 

dolomite as such. 
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Results of O and C isotope analyses for the four dolomite types 

defined in this study, are given in Chapter 3. They indicate that 

carbonates from Berg Aukas are remarkably homogeneous in their 

stable isotope composition, but $how a noticeable though slight 

isotopic trend with paragenesis (Fig. 5.1). 

The 6 18 0 values of all the dolomite generations plot in the range 

of 19 to 29.5 per mil. Dolomite samples of generation B vary in a 

similar range as the oldest generation A. However, with advancing 

diagenesis, consistent differences in the oxygen isotopic 

composition are recognized. The dolomite of generation Dis 

slightly depleted in 18 0 compared to generation B, and similarly 

generation C is slightly depleted compared to D. 

A similar situation exists with the C isotopic composition of the 

same samples (Fig 5.1). The host rock (generation A) yield o 13 C 

values which vary within a narrow range from approximately +3 to +6 

per mil. The other samples analyzed from Berg Aukas range in a 

similar order of o 13 C. A clear trend is visible once again, with 

both generations Band C being slightly depleted in 13 C in 

comparison to generation A. 

Summarizing the results obtained one can state that despite the 

fact that the variation ranges in the isotopic compositions of C 

and Oare relatively small, consistent trends are observed. In 

such a case, there is a significant evolution towards lighter 

isotopic composition with advancing diagenesis. This trend is 

independent of any association with ore minerals in the samples 

analyzed. 
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The relatively narrow range of O isotope variation is indicative of 

the lack of significant meteoric influence, as discussed by Allan & 

Matthews (1982) and Gorzawski (1989). 

In a burial environment, changing temperature conditions may become 

an important factor for isotope fractionation processes. 

Crystallization of the different dolomite generations at 

progressively increasing temperatures would result in a progressive 

depletion of 18 0 in the crystallizing dolomite. This could also 

account for a depletion in 13 C, but since the equilibrium isotopic 

fractionations between dolomite and water at low temperatures still 



have to be exactly determined, the rise in temperature expected 

with advancing diagenesis is difficult to quantify from the 

isotopic data. 

A mixing effect is necessary to explain the stable isotope 

composition of the dolomites presented in this study. The C and 0 

isotopic ratios of the fluid, from which the dolomites precipitate, 

change in composition due to changing mixing ratios with the host 

rock, and due to the contribution of an incoming fluid with 

probably a different and possibly depleted isotopic composition. 

However, even an influxing brine enriched in 18 0 would be possible, 

providing the temperature of crystallization was high enough. It 

should be noted, however, that high temperatures are unlikely, 

bearing in mind the temperature normally associated with relatively 

shallow burial . . A possible source of light C is by the oxidation 

of organic matter dispersed in the host rock or from other parts of 

the basin, within which the sediments were precipitaied. 
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The effect of mixing is also reflected in the 87 Sr/ 86 Sr ratios, 

(Chapter 3, Fig. 3.3) whereby equilibration took place between an 

incoming fluid which is relatively rich in radiogenic 87 Sr, and the 

Sr contained in the dolomite host rocks. As discussed in Chapter 

3, the host rocks (generation A) display a Sr isotopic composition 

very close to seawater, which had a 87 Sr/ 86 Sr ratio of the order of 

0.709 during the Precambrian (Veizer et al., 1983). 

Subsequent generations of dolomite (types D, Band C) become 

progressively enriched in radiogenic 87 Sr compared to the host 

rock, and this is probably brought about as a result in increasing 

brine/host rock ratios (Gorzawski, 1989). As will be discussed in 

Section 5.4 of this chapter, it can be assumed that with an 

advancing diagenetic stage, the basinal brine became progressively 

more radiogenic by exchange reactions with detrital material which 

formed part of the host sediment, or basement rocks. 

5.2 Formation of Colloforms 

In this study, the term "colloform" refers to a rounded, more or 

less spherical texture, consisting of radial fibrous, acicular, or 



columnar crystals that have grown approximately perpendicular to 

sets of lithol ogical bands (Plate 5.1 ). 

A proposed mechanism for colloform formation and development in 

sphalerite ores is presented by Roedder (1968), the principle of 

which may well be applicable to the formation of similar structures 

in dolomites. In brief, Roedder refutes earlier suggestions that 

colloform textures are the result of crystallization of colloidal 

gels, and may even may been transported as colloidal sols. Roedder 

did show that colloform textures in sphalerite ores revealed 

crystal growth features, that cannot have formed by crystallization 

from gels. He further suggests that most, and perhaps all these 

textures, grew directly as minute druses of continuously euhedral 

crystals projecting into an ore fluid or any other source fluid. 

During this study, numerous colloform-textured dolomites were 

sampled and cut for polishing. Furthermore, discrete samples were 

collected from as many of the individual colloform bands as 

possible, in addition to any other dolomitic components which may 

constitute the rock. An example of this is illustrated in Plate 

5.1, which shows a polished slab, having been cut perpendicular to 

the oblate colloform textures. A list of isotopic values for the 

material sampled is presented in Table 5.2. 

Various isotopic trends for colloformal dolomite, in addition to 

the other dolomitic components found at Berg Aukas, have already 

been discussed in Chapter 3. A brief summary as to the pertinent 

characteristics of colloform-textured dolomite as found at Berg 

Aukas follows: 

a) Tend to be found in areas of tectonic instability and 

are often associated with solution breccias. 

b) Radial structures consisting of fibrous/bladed, acicular, 

or columnar crystals, which are white to pink in colour, which 

develop approximately perpendicular to fracture walls or void 

linings. 

c) Crystals often exhibit undulose extinction, simila~ to 

"saddle" dolomite. 
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d) Alternating lighter- and darker-red bands when viewed in 

cathodoluminescence, and is often associated with micritic 

dolomi te (Plate 5.2). 

-~la_t....fL~.1: A polished surface showing colloform texture in 
dolomicrite of the Gauss Formation, in the vicinity of 
Kop j e 1. For isotopic analyses of spots (a) to (e), see 
Table 5.2. 

e) Sr concentrations are generally lower compared to 

the other dolomite types. 

f) Sr, 0 and C isotopic data are similar to those values 

reported in the host rock (micritic dolomite - type A). 
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Tabl_~_hZ: Isotopic analyses of sample spots (a) to (e) taken 
from a colloform texture (specimen Kl-1). 

Sample Dolomite Sr 87 Sr/ 8 "Sr 51 so 51 3c 
Type (ppm) 0 /oo 0 /00 

(V-SMOW) (PDB) 

a dolomicrite 80 0.709559 23.04 +2.87 
b colloform I 90 0.708958 21.24 +3.15 
C colloform II 150 0.708184 26.32 +3.16 
d colloform III 100 0.709650 25.56 +4. 16 
e mosaic dol. 130 0.713075 21.84 +1.51 



Plate 5.2: A photomicrograph of part of a colloform texture 
(a) in contact with micritic dolomite (b), as seen in 
cathodoluminescence. 

Isotopic evidence suggests that the dolomite which comprises the 

colloforms crystallized relatively early in the diagenetic history 

of the rock, predating both the mosaic and white sparry dolomite 

types. Whilst sharp crystal conta c t exist between colloform 

crystals and both coarse white spar and mosaic dolomite, the 

contact with micritic dolomite is interpenetrant . Furthermore, 
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close examination of the micritic dolomite ("a" in Plate 5 . 1), 

shows how the colloform banding mimics the outline of the micrite. 

This may suggest that precipitation of colloform dolomite developed 

in response to the dissolution of the micritic dolomite . The same 

can be said when viewing the contact between the host micritic 

dolomite and colloform dolomite in cathodoluminescence (Plate 5.2). 

Once again the colloform banding mimics the outline of the micrite, 

and furthermore the characteristic colour of the colloform bands 

due to luminescence, is similar to that of the host micrite. 

The opinion of Roedder (1968) is shared in this study, in that the 

dominant parameter controlling the formation of colloform textures 

is a relatively high degree of supersaturation, which results in 

high rates of nucleation and crystallization . All crystallization 

from solutions indicates some degree of supersaturation. If the 

degree of supersaturation is low, crystal growth rates will also be 



low, but as spontaneous nucleation is then in significant or 

completely absent, all precipitated mat erial may collect o n onl y a 

few nuclei present. The average size of the individual crystal s 

would vary with the rates of precipitation. 

A question the reader may well ask is "what initiates colloform 

development, and what causes their distinct texture"? 

In response to the first part, it is likely that the initial rock 

had undergone a period of structural deformation which may have 

involved sedimentary slumping at a very early stage, which may 

certainly have been pre-burial and possibly whilst the rock was not 

yet fully lithified. This is verified by 87 Sr/ 86 Sr ratios which 

are close to seawater values. Whatever the structural mechanism, 

the initial carbonate was fractured to invoke a secondary porosity, 

which would provide likely conduits for the migration of locally 

derived connate marine water. 

This would have been followed by the local dissolution of the 

micrite, and the later re-precipitation of the more coarsely 

crystal line colloform dolomite, derived from a supersaturated 

carbonate solution. 

Relatively high degrees of supersaturation are easy to achieve in 

solutions of materials of low solubility ( Roedder, 1968), and 

carbonates would certainly be no exception to this . 

The near-spherical appearance of colloforms is considered to be 

attributed towar ds a surface tension phenomena. An alternative 

process for the formation of these spherical forms would be the 

radial diffusion from point sources, and subsequent precipitation 

of substances in concentric (Liesegang) shells (Roedder, 1968). 
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However, the fact that colloform banding can imitate the outline of 

the host carbonate (Plate 5.1), has led the author to believe that 

these spherical structures are formed by replacement processes. 

Whereby the host micrite is subject to dissolution induced by the 

early formation of a secondary porosity, and subsequently re­

pre~ipitated into the space generated by the dissolution process. 

Furthermore, the inherent secondary porosity is mostly preserved to 



be occluded by latter dolomite generations, such as mosaic dolomite 

and sparry dolomite. 

The individual bands which constitute the colloform texture are 

considered to be the product of element partitioning. Searl (1990) 

described a similar phenomena in dolomitized limestones, whereby 

void-filling ankerite displays well developed sector zonation, 

analogous to the banding which constitutes the colloform texture 

described in this study. 

According to Searl (1990), sector zonation is a consequence of the 

non-equivalence of surface cation sites on growing crystal faces, 

and is preserved where crystal growth was faster than the rate of 

cation diffusion in the lattice. However, Searl also reports that 

lattice diffusion in carbonates is negligible at diagenetic 

temperatures, and hence an alternative explanation is sort. 

Searl (1990) proposed that sector zonation is a function of pC02. 

As pC02 builds up as a result of the maturation of organic matter 

in the surrounding sediment, dolomite will approach equilibrium 

with the surrounding fluid. The subsequent release of fluid along 

fault planes and/or fractures within the host rock, will lead to a 

reduction in_ pC02 and the subsequent re-adjustment of the pH to 

match the new equilibria with dissolved CO2. Such a situation will 

thus generate dolomite supersaturation, and the subsequent 

precipitation of dolomite, until such time as equilibrium is re­

attained and the pC02 starts to build up prior to the next 

structural/tectonic event. Searl (1990) believes that it is the 

continued oscillation in pC02 and therefore the CQ3 2 - concentration 

levels, which give rise to highly competitive sector boundaries. 

Such a scenario may well account for the distinct sector zonation 

or banding in colloform textures as sampled from Berg Aukas, and 

the fact that such textures are found to be associated with 

inferred areas of structural deformation, may further reinforce 

Searls' model for sector zonation. 
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5.3 Fluid/Rock Ratio During Mineralization 

Studies Df carbonate diagenesis have endeavoured to determine how 

processes of water-rock interaction have controlled the textural 

and geochemical evolution of the diagenetic products (Banner et 

al., 1988). Quantitative models are developed to determine the 

simultaneous variations in several isotopic and elemental 

parameters as a function of water-rock interaction . This study 

employs the method described by Blattner (1985), that of the 

calculation of fluid/rock (F/R) ratios on the basis of simple mass­

balance equations by modelling Sr, C, and O isotopic shifting 

capacities . 

In this section F/R ratios have been calculated for the mineralized 

Berg Aukas dolomite, and will be used to examine the significance, 

if any, of . Sr, 0 and C isotopic ratios for quantifying fluid-rock 

interaction in such a carbonate system. 

The theoretical rationale of this study is based on · the assumption 

that any fluid with an isotopic composition which differs from that 

of the infiltrated rock, has th e potential to be modi f ied during 

interaction with the host rock (Frimmel, 1991) . Since there must 

be an exact balance between the amount o f an isotope gained by the 

fluid and the same isotope species lost by the rock, the relative 

isotope s hifts in any zone of interaction can provide a 

quantitative measure of the interacting masses of fluid and rock. 

The respective F/R ratio can be calculated in terms of a simple 

mass-balance equation governing any fluid-rock interaction in a 

closed sys t em , d escr ib e d b y Bl at t ner (1 985) a s f o ll o ws : 

where: cR, cF = concentration by weight of the isotopic 
element (C, O, Sr) in the rock and fluid, 
respectively. 

OR, oF = the isotope shift for completely reacted 
or exchanged rock and fluid, respectively. 

F, R = cumulative fluid throughput and the 
infiltrated rock, in mass units, 
respectively. 

( 1 ) 
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The expressions F.cF,oF and R,cR.oR are known as isotopic shifting 

capacities (Blattner, 1985), and must be of opposite sign. 

Fluid that may have passed through without reacting would not show 

an isotope shift. Consequently, a mass of isotopically exchanged 

rock determines a minimum mass of fluid with which it must have 

reacted with, regardless of reaction kinetics or flow patterns 

(Frimmel, 1991). In actual systems, such as those described for · 

Berg Aukas, the quantitative use of mass balance is limited by 

difficulties in measuring the composition of the passed fluid . It 

will be shown, however, that this limitation may be overcome by 

modelling fluid-rock interaction with respect to different 

elements. 

Furthermore a "closed-system" behaviour, where all fluid 

simultaneously equilibrates with the rock, can be distinguished 

from an "open-system" behaviour where a series of infinitely small 

aliquots of fluid equilibrates and then leaves the system. In the 

latter case fluid-rock interaction can be quantified by the 

relation : 

F / R = ln[(F / R ) c. + 1] ( 2 ) 

where (F/R)c. is cal c ulated for a "closed-system" from equation 1 

( Taylor, 1977; Valley, 1986; Frimmel, 1991). In the case of Berg 

Aukas , Sr 2
• has been introduced int o the system as there are 

insuf f icient phyllosili c ates and other Sr-rich miner a l s within the 

Berg Aukas dolostones to explain th e amount of Sr present. 

F urt h e rmore, the mere presence o f a si gn i f i cant ly si zed ore b o dy a t 

Berg Au ka s c an o nly be explained by the infiltrati on o f an external 

flui d. 
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It is logical ther efo r e , that F / R r a tios be presen ted fo r an "open­

sys t em" situation. To facilitate the c omparison between F/ R ratios 

calculated for different species, they will be calculated as volume 

ratios. 

5.3.1 Sr Isotope Shift 

Wi thin the Berg Auk a s deposit the mosai c dolomite (fabri~ type B), 

which appears to host the sulphide mineralization, displays 
97 Sr/ 8 bSr ratios in the range 0 . 7095 and 0.7139 (Fig . 5.3b). 



Oth e r data groupings in c lude the colloform dolomite ( fabri c type 

D), which ranges f r o m 0. 70 85 to 0.7108 and the whi te sp a rr y 

d o l o mit e ( fabric typ e C ) whose 87 Sr/ 86 S r ratios h a v e th e highest 

values of between 0.7137 and 0.7173. 
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In view of Sr concentrations between 30 and 180 ppm (Fig. 5.3a) and 

an extremely low Rb/Sr ratio, the measured isotopic ratios are 

effectively initial ratios, and in the c ase of the mineralized 

mosaic dolomite this can be regarded as reflecting that of the 

mineralizing fluid. 



Th e mi cr itic dolomite (fab ri c ty pe A), whi c h appears 

petrographically to be the leas t altered of the dolomite types 

found at Berg Aukas, has 87 Sr/ 86 Sr ratios which range from 0.7078 

to 0.7105. Though the range is reasonably broad, the mean value 

compares well to that of Pre-Cambrian seawater, which is 

approximately 0.709 (Veizer et al., 1983). 

Equation 2 has been applied to calculate F/R ratios for an "open 

system" situation. For the case of mineralizing fluid, OR is the 

difference between the most altered rock immediately adjacent to 

the sulphide mineralization which has precipitated out of that 

fluid, and the unaltered original host rock composition. The 

isotopic shift of the fluid OF, represents the isotopic variation 

for each of the fluids which had infiltrated the host rock. For 

such a case the host rock is represented by the micritic dolomite 

(type A), whilst separate calculations will be attempted for the 

mineralizing fluid (type B) and that fluid which had precipitated 

the coarse dolospar (type C). 
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The variation in 81 Sr/ 86 Sr ratios of the different dolomite types, 

as depicted in Figure 5.3, can be attributed to two factors: 1) the 

variation is a functi on of the distance to the cause of the 

alteration, such as the site of mineralization or any other fluid 

source, and 2) the variation may reflect a random regional trend. 

Based on pet rographic studies using cathodolumines cence as 

described in Chapter 2, it will be assumed that the variation of 
07 Sr/ 06 Sr ratios is a function of the distance to the cause of the 

alteration and not a random regional variati on . Potential fluids 

that have altered the dolomi cri te (type A) isotopically are those 

which precipitated dolomite types Band C. However, as described 

in Chapter 2, sulphide mineralization appears to be directly 

related to the mosaic dol omit e (type B), and not the coarser 

dolospar (type C). As the colloforms (type D), do not appear to 

bear any relationship with a mineralizing fluid, and neither do 

they show any significant isotopic difference with the host 

dolomite, they shall be excluded from further consideration in this 

context. 

Two separate fluids have been studied here, which are considered to 

be directly related to the following dolomite types: 



B 

C 

mineralizing fluid associated wit~ mosaic 
dolomite 

fluid responsible for the precipitation of 
white sparry dolomite 

The following calculation applies to deduce the volumetric F/R 

ratio for closed and open systems. An illustration depicting the 

various isotopic shifts is presented in Figure 5.4 . 
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Given the following parameters, where"*" denotes an average value 

as listed in Table 5.1: 

Assumed density of rock ( b R ) = 2.85 gem- 3 

Assumed density of fluid ( b F) = 1. 2 gem- 3 

Initial [Sr] in host rock ( CR ) in ppm = 100 * 

Initial [Sr] in fluid ( C F ) in mg/1 = assign values 

Initial [Sr] in fluid ( C F ) in ppm = (mg/1)/density 

Isotope shift for fluid B (OF B ) = 0.7140 - 0.7090 
= 0.0050 

Isotope shift for fluid C (OF C ) = 0. 7175 - 0.7137 
= 0.0 038 

Isotope shift for rock (OR B ) = 0.7140 - 0.7078 
= 0.0062 
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Isotope shift for ro c k (oR c) = 0.7175 - 0.7078 
= 0.0097 

Hence, for a clos~d system: 

FIR ratio (in mass units) = ( 3 ) 

Using (3) and density values for OR and oF: 

Volumetric F/Rc. ratio 
(closed system) 

Using (4) for an open system: 

Volumetric F/Ro. ratio 
(open system) 

= 

ln(vol F/Rc. + 1) 

( 4 ) 

( 5 ) 

To plot a volumetric F/Ro. ratio versus Sr concentration graph, 

known values ( c R, OR, OF, OR, OF) are substituted into the afore-

mentioned expressions. Assumed values of CF ( in mg/1) are 
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Figure 5.5: Relationship between Sr-content in 2 different 
fluids (B = mineralized; C = white sparry dolomite) and 
calculated F/R ratio for an open system. 

repeatedly substituted into the same expressions, and a note was 

made of the corresponding volumetric F/Ro. ratios. 
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The least known factor is the Sr concentration o f the reacting 

fluid (CF ) which cannot be measured directly. Taking a relatively 

high salinity into account, as it can be expected in ore-forming 

fluids reacting with shallow marine carbonates, a CF-value between 

10 and 200 mg/1 is considered to be realistic. A graphical 

presentation of the calculated volumetric F/R ratios (open system) 

as a functi o n of initial Sr concentration appears in Figure S.S. 

Assuming a CF-value between 10 and 200 mg / 1, the corresponding F/R 

volume ratios (open-system) for the mineralized fluid (8) and the 

colloform-forming fluids (D) are quite similar, ranging from 1.0 to 

4. 1, a nd 1 . 0 to 4 . 0, r espect iv e ly. Th e F/R v olume rati o f or s p a rr y 

dolomite precipitating fluids (C), have significantly higher F/R 

ratios which range between 1.5 and 4.8 . 

5.3.2 0 and C Isotope Shift 

As with Sr isotopes, equations 1 and 2 can be solved for stable 

isotopic shifting capacities as well. 

OR/OF is usuall y expressed as: 

In this case the ratio 

where: 

OR 5f(rock) - 61(rock) 
= ( 6 ) 

OF 8 1(fluid) - 5f(rock) + A 

oR, oF = isotope shift (C,O) for rock and fluid 
respectively. 

81, of = initial and final isotopic values (in 
standard per mil notation), respectively. 

~ = of(rock) - of(fluid) 

The micritic dolomite samples which remained relatively unaltered 

wi th respec t to their Sr isotope composition (corresponding to 

contemporaneous seawater), are characterized by higher o 13 C and 

8 18 0 values; with 8 13 CPoe values of +2.8 to +4.4 per mil and 

6 18 0v - sNow values of +23 to +28 per mil. A similar isotopic 

a l teration with resp e ct to C a nd O is noted f o r the mosaic dolomite 

s a mples, whi c h have been eff ec ted by the mineralizing fluids; with 

0 13
CPD8 Valu e s Of +2 t O +4 per mil a nd 0 1 8

0 v - S NO W Va1UeS Of +21 . 6 

t o +25.2 p er mil. T h e se rang e s of 8 10 0 a nd 8 13 C v a lues f o r Be rg 

Aukas d o l omit e s a r e r epr es e n ted graphi c all y in Figure 5 .6. 
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Thus, th e values 61 and 61 for the r ock can be measur ed from 

outside of (m icriti c dolomite) an d from with in the aureo le (mosaic 

dolomite) as an average +25.5 and +2 3 .4 per mil for 0, and +3.6 and 

+3.0 per mil for C, respe c tively. 

It is unfortunate that unlike the 97 Sr/ 96 Sr ratios presented in 

this study, the isotopic variation of both O and C isotopes within 

the various dolomite types is too large, and that between them too 

small to calculate meaningful F/R ratios. Despite this, an attempt 

has been made in determining the limits of the initial 6 19 0 value 

of the fluid, which may subsequently be used to set constraints on 

the temperature of fluid reaction with the host rock. 

A major uncertainty in deducing the physical conditions during 

fluid-rock interaction is the lack of direct measurements of the 

fluid's isotopic composition before reacting. Furthermore, the 0 

isotope fractionation between dolomite and water is strongly 

dependent on temperature (Friedman & O'Neil, 1977), thus providing 

a reasonable thermometer, assuming the isotopic composition of the 

fluid is known. This is illustrated in Figure 5.7, which is a plot 

~f 6 19 0, (fluid) as a function of temperature, as calculated using 

expression (7). 

Given the following parameters: 

Temperature of equilibration (T.q) in K 

18 0 of host rock ( 18 0hr) 

18 0 of mineralized fluid ( 180.d 

Hence, 

= 

= assign value 

= 25. 5 ° / 0 0 

= calculated 

( 7 ) 

A similar calculation was made for the white sparry dolomite 

(generation C), whereby 10 0hr assumes an average value for type C 

dolomite. 

An upper limit for the temperature of equilibration (T.q) is given 

by the homogenization temperature for primary fluid inclusions as 

measured in sphalerite. Misiewicz (1988) concluded that the 

homogenization temperature ranges from 97° to 205°C for sphalerite, 
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whil s t Ypma (1984) had obtained hig her v a lues , wh o se results from 

sphaler ite d eter mi n ati ons r ange fr o m 230 ° t o 250° C. 
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Berg Aukas dolomites (A - micritic; B - mosaic; 
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Ba s ed on the 87 Sr/ 06 Sr ratios presented earlier in this chapter for 

the mineralized dolomite (type B), it is proposed that the 

mineralized fluids had been derived from a metamorphic origin. 

Sheppard (1986) rep9rts that metasediments typically have 6 18 0 

values within the range +3 to +20 with respect to the SMOW 

standard, after having applied the H- and 0-isotope fractionation 

fac t ors. The relatively large 180/ 16 0 variations reflect the wide 

range of compositions of the sedimentary (authigenic and detritic 

minerals) and meta-igneous parent rocks, and the range of 

temperatures where isotopic fractionation fa c tors tend to be quite 

variable. 



With ref erence t o Figure 5.7, 6 10 0, value s of the mineralizing 

fluid of between +3 and +20 would correspon d to a temperature rang e 

of between 50 and 300°C, respectivel y. 

The observed isotopic shifts for both O and C can be attributed to 

the activity of CO2 and/or CH., and H20, As regards to this, the 

presence of graphite and sulphides is greatly significant. Likely 

fluid components which could coexist with graphite includes CO2, 

H20, CH. and H2. According to Holloway (1984), these species will 

mix to form a single homogeneous fluid, at temperatures above 

400°C, whilst at lower temperatures they will unmix into carbonic 

fluid (CO2 or CH.) and an H20-rich liquid. 
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~i_g__ure 5.7: Changes in 6 10 01 (fluid) as a function of 
temperature. 

Holloway further calculated that the fluid composition coexisting 

with graphite at T.q < 400°C and P.q > 0.3 kb, will be either CO2 -

H20 or CH. - H20, depending on the f02. 

Needless to say, sulphides were present in the mineralizing fluid 

in the form of galena and sphalerite, and graphitic material has 

been documented in numerous Berg Aukas borehole logs. Furthermore, 

the presence of initially sulphides as opposed to sulphates would 
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suggest a low f02 was evident at the time of mineralization. For 

thi s reason, it will further be assumed that H20 was the important 

fluid species responsible for the observed O isotope shift. 

5.4 Source of Mineralizing Fluid 

Sulphide mineralization appears to be directly related to the 

mosaic dolomite (generation B), and hence the isotopic data 

obtained places some constraints on the possible type of fluid 

causing the sulphide mineralization at Berg Aukas. Of the various 

types of metal-transporting waters, the only ones which could be 

characterized by 87 Sr/ 86 Sr ratios around 0.712 are either meteoric, 

certain magmatic, or metamorphic waters (Frimmel and Papesch, 

1990). 

Meteoric waters typically have 0 10 0 of less than O per mil, and 

hence dolomite that had recrystallized solely in the presence of 

fluids derived from a meteoric origin, should exhibit a more 

distinct shift to lower 0 10 0 than is observed. Similarly, magmatic 

waters can be excluded as a likely source of mineralizing fluid, as 

they generally have 87 Sr/ 86 Sr ratios much lower than 0.712 (Kessen 

et al., 1981), with the exception of waters derived from an S-type 

granitoid magmatism with considerable crustal contamina t ion 

(Frimmel and Papesch, 1990). However, there is no evidenc e for any 

such intrusion younger than the Berg Aukas dolomites. 

An ° 7 Sr/ 0 bSr ratio of 0.712 can well be accounted for by the 

presence of regional metamorphic fluids, enriched in radiogenic 
87 Sr due to the interaction with Rb-bearing rocks . Such rocks 

would include the metasediments of the underlying Nosib Group. It 

is quite likely that the isotopic ratios derived from the 

mineralized mosaic dolomite, strongly suggests that metamorphic 

fluids were a major component of the ore-forming solutions. 

As regards to the subsequent recrystallization of the different 

dolomite types, such as the coarse white dolospar, there is a 

distinct shift toward slightly lower o 13 C and more substantially 

lower 0 10 0 values (Figure 5.6). This shift would suggest that the 

mineralizing fluids must have been derived from an external source, 
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as would be expected for an open - system behaviour for the Berg 

Aukas dolomites during recrystallization. 
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6. GENETIC MODEL 

The main features which should be considered for a genetic model 

can be summarized as follows: 

Berg Aukas occurs in dolomitic units deposited in peritidal 

environments during the period 830 - 760 Ma (Kroner, 1982), and is 

located on the eastern margin of the Northern Platform Zone of the 

Damara Oregon, and so constitutes the eastern extremity of the OML. 

Subsequent uplift in the central belt of the orogen resulted in the 

deposition of Mulden Group elastic sediments at approximately 640 -

560 Ma (Kroner, 1982), which produced burial exceeding 3.6 km 

(SACS, 1980). 

Sedimentological observations suggest in Berg Aukas a strong 

association between the occurrence of ore and sedimentological 

facies of the host rock. The dolomitic horizons hosting the ore 

body is made up mainly of barrier dolomitic grainstones (dol-

arenites). The ore lenses, however, do not occur randomly in all 

parts of the host grainstones. They show a c lear link t o 

inter cala ti ons of micritic d o lomite, with a c company ing a lgal mats 

and stromatolitic horizons attributed to tidal flat and lagoonal 

facies. 

The ore paragenesis ( Zn - Pb) is very simple, it is pyrite poor and 

typical for MVT deposits, as will be discused later o n in this 

chapter. It differs significantly from other major c arb onate-

hosted deposits in the OML, which are predominantly C~ ri c h, and 

a re situat e d in c lo se p rox imit y to a ma j or unc onfo r mity wh i ch 

separates the Tsumeb Subgroup from the overlying Mulden Group 

sediments. For the case of the deposits at Tsumeb and Kombat, 

there is a close association with feldspathic sandstones. 

Abundant, megascopically visible, diagenetic textures and 

structures reflect a complex diagenetic history. Widespread 

dolomite dissolution is observed, especially in breccia structures. 

In terms of primary mineralization, the paragenetic sequence is 

simple and constant throughout the deposit. It can be summarized 

in the following three generations: 1) a fine grained micritic 

~olomfte (and associated colloform textures) which is free of 

sulphide mineralization, 2) medium- to coarse-grained mosaic 
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dolomite associated with sphalerite and/or galena, and 3) a coarse 

sparry dolomite which is barren of sulphide mineralization. The 

presence of a single parageneti~ sequence, in terms of primary 

sulphide mineralization, is an argument favouring a single ore­

forming event. 

The diagenetic evolution of the Berg Aukas deposit has been traced 

combining petrographic and isotopic data. Significant isotopic 

trends were found, and physicb-chemical constraints concerning the 

genesis of the deposit are derived. 

The Sr isotope analyses of host rocks and gangue reveal important 

characteristic features. An examination of the data presented in 

Chapters 3 and S, shows that the 97 Sr/ 0 •Sr ratios obtained for the 

host rock average at 0.709, which is close to the assumed Sr 

isotopic composition of seawater during the Precambrian. Small but 

significant isotopic trends are recognized and reflect the 

evolution history of the fluids during the formation of the ore 

deposit. The later generations or dolomite types are always 

slightly enriched in radiogenic 97 Sr compared to the earlier ones. 

The results reveal the introduction of a fluid relatively enriched 

in radiogenic 97 Sr, whi ch is probably due to circulation through 

Rb-bearing detrital material. It is considered likely that the 

underlying Nosib Group meta -sediments is the most probable source 

of radiogenic 87 Sr. 

The O and C isotope ratios of the dol omites sampled, lie within a 

very narrow range, but show a trend towards lighter i sotopic 

composit ion in the later crystallization generations. Such a trend 

is more pronounced for the 6 10 0-values compared to 6 13 C-values. 

Such isotopic shifts can be explained in part by increasing 

temperature, and as significant meteoric influence can be excluded, 

metamorphic waters should be considered as a likely cause for the 

isotopic shifts. 

6.1 Genetic Model for Berg Aukas 

The model proposed here for Berg Aukas is similar to that described 

by Gorzawski (1989) in his study of the San Vicente Pb-Zn deposit 



in Cen tral Pe ru . This mo del i s base d o n the intr o d uc ti o n o f Zn-

and Pb-bearing metam o rphic wa t er , h a ving formed in response to a 

regional metamorphism. In particular, acc o rding to this model the 

Berg Aukas deposit had been formed during late stages of diagenesis 

under considerable burial. 

The upper temperature limit indicated by O isotopes (240 to 300°C) 

is similar to the fluid inclusion data presented by Misiewicz 

(1988) and Ypma (1984), which ranges from 97° to 205°C and 230° to 

250°C, respectively. Abiogenic reduction of sulphates at or near 

the ore site, and the subsequent introduction of metamorphic waters 

charpcterized by Sr isotopic ratios slightly high~r than 

contemporaneous seawater, is likely to be the main factor 

controlling ore formation. Leaching of detrital material derived 

from Precambrian meta-sediments of the Nosib Group, would explain 

such Sr ratios . 

The ore-forming process at Berg Aukas is envisaged as a single 

stage event, chara c terized by a definite ore-fluid evolution as 

determined b y var i ous phy si c o - chemica l constraints ( T, eH, pH etc ). 

Such pr o cesses would control the precipitation and /o r d i ssolution 

of min e rals, in a ddition to influencing changes in isot opic ratios 

of the ore fluid. 

Some c onstra i nt s c an be me nt ioned con c erning th e t i me and dynamics 

o f the migration of the Pb - and Zn - bearing fluid. If a temperature 

of o r e fo rmation is assumed to be o f th e or der o f 250°C, it is most 

unli kel y th a t s u c h hi g h t e mp era tures a l o n e can b e th e p r odu c t o f 

b u rial. A ma j or tectoni c even t ( F3) took p l ace b e twe e n 580 and 55 0 

Ma, which resulted in the f o lding of the Molasse sediments of the 

overlying Mulden Group (Kroner, 1982) . Kroner also reports that 

the peak of metamorphism occurred in the northern part of the 

Damara Orogen sh ortly after, at 550 to 540 Ma . 

Movements related to the upli f t in the central belt of the Damara 

Orogen at 640 to 560 Ma (Kr oner, 1982), could have indirectly 

influenced t h e fluid dynamics. This would have taken the form of a 

fluid expulsion, wh e reby the initial metal reservoir would have 

been the elastics sediments of the lower Nosib Gr9up, which 

infilled rift grabens. 

116 



Subse quent te c tonic act ivit y wa s responsible for pr ov iding 

struc tural conduits, which assisted in directing the movement of 

hydrothermal fluids. The basal unconformity with the underlying 

Nosib Group at Berg Aukas, behaved as an aquiclude surface, which 

guided the metaliferous fluids towards structurally, lithologically 

and chemically favourable traps, in the overlying porous and 

permeable carbonate rocks. 

Subsequent oxidation by circulating meteoric waters would have 

concentrated the sulphides and deposited V, which was transported 

as calcium metavanadate complexes (Misiewicz, 1988). It is thought 

by Misiewicz, that the V had been derived either from the weathered 

components of the underlying gabbros in the basement complex, or 

from sediments which were derived from the basement. 

Mineralization is intimately associated with an intricate karst 

network, and the ore is hosted by breccia bodies. Supergene 

enrichment has been responsible for a varied ore mineralogy which 

includes descloizite, willemite, smithsonite, cerussite, sphalerite 

and galena. 
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6.2 Comparison with MVT Deposits 

A detailed presentation of Sr isotope trends during diagenesis in a 

variety of ore-bearing carbonate basins thought to be MVT in 

origin, is presented by Gorzawski et al. (1989). It has been 

mentioned in earlier chapters that isotope studies can provide 

important constraints on the diagenetic evolution of carbonate 

rocks, and the ore minerals associated with them. Specifically the 

study of 87 Sr/ 86 Sr ratios has proved to be extremely successful in 

order to pin down the timing of diagenetic events (Gorzawski et 

al., 1989). 

This section will compare the results of Sr isotope analyses 

carried out on a variety of MVT ore -bearing carbonates, with those 

obtained from the Berg Aukas deposit. Furthermore, similarities 

and differences as regards to other geological features will also 

be discussed . 



In Figure 6.1 the results of Sr isotop e s analyses obtaine d in this 

study, are di s played together with th os e obtained for several MVT 
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F_ig_ure 6_. __ 1: Variation ranges of Sr isotope compositions in 
Berg Aukas (BA) compared to data for other MVT districts. Sar 
= Sardinia, SV = San Vicente/Peru, Alp = Alpujarrides/Spain, 
Neu= Neuquen/Argentina, Pal - Pallieres/France (Gorzawski et 
al., 1989). Aug= Auglaize quarry, Pug= Pugh quarry, Elm= 
Elmwood, Gra = Gratz-Lockport, Sal = Salem (MVT deposits, USA, 
Kessen et al., 1981) . Pin = Pine Point/Canada (Medfor et al., 
1983), Vib = Viburnum Trend/Missouri, USA (Lange et al., 
1983). The values are normalized to the assumed 
contemporaneous strontium isotope composition of seawater 
after Burke et al. ( 1982). 

deposits in both North and South America as well as Europe. The 

figure distinguishes between the various ranges in gangue (open 

bars) and ore minerals (including carbonates clearly associated 

with ore minerals, solid bars). In order to facilitate the 

comparison, the results have been normalized to the assumed value 

of the respective seawater composition. 

The variation range comprises values from close to zero (Sardinia, 

Auglaize) to very strong increases (Viburnum Trend, Berg Aukas), 

with respect to the 117 Sr/••sr ratios of their respective seawater 

compositions. In a first approximation (Gorzawski et al., 1989), 
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Ta.bl.e _6._1: Comparison of Berg Aukas with other MVT deposits 
(+=in agreement with MVT deposits). 

Mississippi Valley-type deposits 

Host rock character and alterati.on 
A. Shallow water carbonates 

B. Certain stratigraphic horizons are 
the principal producers, but 
mineralization extends over a large 
stratigraphic interval 

C. Unconformities beneath and within 
the mineralized stratigraphic 
interval controls facies patterns 

D. Most ore deposits are confined to 
dolomitized areas 

E. Recrystallization is common 

F. Silicification has developed to 
varying degrees 

Re_g..i on S true t ure _and ...... gr.ound _p_re.1>si.ra ti on 
A. Districts occur proximal to domal 

features 

B. Major faults and fault breccias 
are important in locali z ing ore 

C. Permeable horizons allow extensive 
lateral movement of ore solutions 

D. Ground prepared by minor faults 
and fractures 

E. Ground further prepared by solution 
and collapse through the action of 
groundwaters related to uncon­
formities 

Local structural controls 
A. Sedimentary structures 

1) Ridges or bars 
2) Reefs and reef-like structures 

3) Submarine slide breccias 

4) Lateral facies changes 

B. Tectonic structures 
1) Folds 

2) Minor faults and fractures 

Berg Aukas 

+ 

Ore is hosted by a 
single stratigraphic 
horizon 

A single major uncon­
formity exists beneath 
the deposit 

Ore deposit occurs 
exclusively in dolomite 

+ 

+ 

No major domal features 
have been recorded 

t 

No extensive lateral 
movement can be observed 

+ 

Ground preparation by 
dissolution import ant in 
concentrating secondary 
mineralization 

Not observed 
Bioherms are present -
effect on mineralization 
is unknown 
May have given rise to 
solution breccias 
Ore deposit restricted 
to a grainstone unit 

Flexing has been of use 
in creating fractures 
Fractures play a major 
pa~t in the plumbing 
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C. 

Tab.l .e 6_ ... .1.: (continued) 

Mississippi Valley-type deposits 

3) Fault breccias 

Solutional structures 
1) Solution collapse breccias 
provide transport and host 
mechanism for ore fluids. 
Collapse structures may occur near 
or parallel to major faults; a 
great variety of shapes. is exhibited 
by the resultant breccia bodies 

Ore ....... char.a ct er. 
A. Open space filling of vugs, 

fractures, and breccias is the 
principal manner of ore occurrence 

B. 

C. 

D. 

Veins are locally associated with 
predominantly stratiform ore 

Size of ore deposit is controlled 
by t he size of the local controlling 
structure 

Most deposits are relatively low 
grade 

Mi nera 1 o.g:i. 
A. Principal minerals are restricted 

to a small number 

B. Principal ore minerals have simple 
chemical compositions 

Berg Aukas 

system, in localizing 
the ore deposit 
Not directly associated 
with mineralization 

Solution collapse 
appear to be 
the dominant ore-bearing 
structures 

Much of the primary ore 
is deposited within 
irregularly shaped vugs 
in breccias and host 
rock 

True veins have not been 
reported 

+ 

Grade is high - often 
exceeds 15% combined Zn 
and Pb 

Principal primary 
minerals are sphalerite 
and galena. Numerous 
s eco nd a r y minerals are 
found 

Primary ore minerals are 
simple sulphides 
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it appears that for those deposits characterized by a predominantly 

stratiform geometry and a clear facies control (left part of Figure 

6.1), the absolute difference of the 87 Sr/ 80 Sr ratios are 

significantly smaller than in non-stratiform ore deposits (right 

part of Figure 6.1). This trend can be explained in terms of early 

versus late diagenetic timing of the ore forming processes. 



Ho we ver, ot he r facto rs , su c h as the hy drodynamic s o f the basin, the 

l i thologi ~al chara c teristics such as the amount of Rb-bearing 

minerals, and the paleogeographic position within the basin, 

including the vicinity to the basement, should also be considered 

(Gorzawski et al., 1989). 

It would appear from Figure 6.1, that Berg Aukas has reached an 

advanced evolutionary stage, and hence the broad range of the Sr 

isotope ratios for both ore-bearing fluids and the host carbonate. 

Such a · trend is similar to the data reported for the Viburnum Trend 

deposits in the USA. However, i~ is possible that some of the 

sampl~~ analyzed did contain traces of Rb, hence causing higher 

87 Sr/_8 "Sr ratios. 

A comparison of the Berg Aukas deposit with other MVT deposits is 

presented in Table 6.1. As can be seen in this table, the Berg 

Aukas deposit offers many similarities to "typical" MVT deposits, 

and despite differences in grade and lateral extent of the ore 

b o dy, it may well be incorporat e d in to the family of MVT deposits. 

6.3 Implications for Further Prospecting 

121 

One of the prime o bj ec tives of this study was t o re c ognize possible 

isotopic alteration haloes around sites of mineralization. 

Furthermor e , it was anticipated to establish spatial distances over 

whi c h fluid-rock interaction ha d taken place, by means of modelling 

th e k ine ti cs of fl u i d fl ow , and subs e quent l y a tt e mpt to meas ure th e 

pro x imity to an ore body. 

It is unfortunate that this aspect of the study was not possible 

due to the foll o wing reasons: 1) Inaccessibility to underground 

workings and limited surface and borehole core samples, failed to 

provide an adequate three-dimensional coverage of the existing ore 

body; 2) The broad range of isotopic data within sample types, and 

the comparatively narrow range of values between sample types, 

proved too unreliable to attempt any meaningful modelling of the 

kinetics of fluid flow. 

However, most of the techniques des c ribed here can indirectly be 

applied to exploration, allowing for some constraints to be made . 



It must be emphasized that none of the techniques described here 

will give any indication as to the size and grade of a potential 

ore body. The techniques will merely provide an indication as to 

whether or not the necessary ore-bearing fluids had infiltrated a 

particular site of interest, assuming of course that the 

mineralization is of Berg Aukas type. 

Results of this study have shown that by means of 

cathodoluminescence, it is possible to distinguish the different 

generations of dolomite, and by careful examination, it is further 

possible to associate any sulphide mineralization with a particular 

generation of dolomite. In a ~imilar fashion, it has also been 

demonstrated that 87 Sr/ 86 Sr variation ranges also constitute a 

sensitive tool for determining the different generations of the 

host carbonate. This in itself, also provides a means of 

approximating the stage of basin evolution. This method has the 

disadvantage that the increase of radiogenic 87 Sr depends on the 

amount of Rb-bearing minerals present in the basin. However, this 

method has the important advantage that within a given basin or 

local depositional center, this last parameter can be modelled. 

Therefore, each evolution stage is "finger-printed" in its' cement 

or crystallization generations by the Sr isotopic signatures, which 

generally tend toward increased values with advancing diagenesis. 

Assuming that petrographic and cathodoluminescence studies succeed 

in identifying the particular carbonate generation associated with 

sulphide mineralization, it would then be possible to place an 

approximate age of th e mineralizing event, with respect to the 

diagenetic history of the host rock. 

On a regional scale, it would then be possible to compare the 

various sulphide-bearing carbonates within the OML, based on their 

individual isotopic signatures. Armed with the necessary isotopic 

information concerning the host dolomite, and its relative 

diagenetic age, the exploration geologist would then be in a 

position to determine whether or not the necessary mineralizing 

fluids had infiltrated the area of interest or not. This would all 

assume, of course, the correct classification of the ore-bearing 

fluid has been made, and that any likely input of Rb-bearing 

minerals within the area of interest is negligible. 
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Owing to the ex c essive costs of usin g some of the mo re traditional 

geophysi ca l and geochemi c al techniques) the study of Sr isotope 

ratios provides a comparatively cheap means of identifying and 

recognizing ore-bearing fluids. To use this method objectively, 

would require strict control as to the sampling of the different 

carbonate generations, using the techniques described in this 

study, as opposed to the standard whole-rock geochemical sampling 

currently practiced. 

As regards to the usefulness of O and C isotopes, though 

significantly cheaper to analyze compared to the Sr method, results 

presented in this study have shown that the use of stable isotopes, 

for the purpose of differentiating between the different carbonate 

generations, is less effective. 
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7. SUMMARY AND CONCLUSIONS 

The present study focuses on geochemi c al aspects of the 

crystallization processes in carbonate-hosted Zn-Pb-(V) deposits, 

during the diagenetic evolution of the enclosing sedimentary basin. 

The application of isotopic methods as a tool in order to constrain 

mechanisms and timing of ore-forming processes, was especially 

emphasized. For this purpose, detailed petrographic and (isotope-) 

geochemical investigations have been carried out in two carbonate­

hosted deposits displaying similarities (stratigraphy, diagenetic 

fabrics), but also subtle diversities concerning mainly the facies­

bound character. Whilst the principal study centered on the Berg 

Aukas deposit; a minor comparison was mad e with the Odin/Clubhead 

Prospects. 

The main characteristics can be summarized as follows: 

i) Geolo_gy,.._pal.eoge_ogra11)1y_.,. __ and ___ facies - Both ore deposits 

occur in Upper Precambrian (830 - 760 Ma) dolomitic units of the 

Gauss F o rmation of the Abenab Sub-group . Thoug h the sedimentary 

uni ts of both areas wer e depos ited on a peritidal platform along a 

rift margin, th e ore is b ound t o a d ol 0 miti zed g r ainstone fa c ies 

for the case of Berg Aukas , whil st at Odi n both oolitic grainstone 

and stromat olit i c facies pla y host t o primary sulphide 

mineralization. In terms of tectoni c framework, both o re bodies 

are similar as regards to their ass o c iat ion with synfor mal features 

and high-angled shears. A maj or basal un co nformi ty is evident at 

both lo c alities, whi c h separates the ba sal Nos ib Group meta­

sedime n ts, and the overlying carbonates. 

As the sulphide mineralization is situated within the uppermost 

part of the Gauss Formation (boundstones and oolitic grainstone 

facies) at Odin, unlike the underlying grainstone facies at Berg 

Aukas, the degree of burial at Odin is inferred as being marginally 

less compared to Berg Aukas. 

ii) PetrQ.gTa.Q_hy_._ore_ tex_tures and __ st.ructures - From a 

macroscopic point of view, both Odin and Berg Aukas rock types are 

dominated by complex diagenetic textures, comprising intense 

dissolution-precipitation phenomena, solution cavities, 

impregnation of pore space and colloform structures. 
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Petrographical studies resulted in identifying several phases of 

dolomitization, recrystallization, and to a lesser extent 

silicification, which appear closely associated with ore formation. 

For the case of Odin, the white sparry dolomite (generation C) 

would appear to be the host rock of the ore minerals, unlike Berg 

Aukas, where the mosaic dolomite (generation 8) is the gangue rock. 

As regards to the colloform structures, it is of interest to note 

that the size distribution of these textures differ between Berg 

Aukas and Odin, with those found at Berg Aukas being significantly 

larger and more intensely developed, compared to their Odin 

equivalents. Furthermore, evidence of sulphide mineralization 

occluding the cores of colloform textures has been _noted at Odin, 

unlike Berg Aukas, where such a phenomena has not been observed. 

As regards to the white sparry dolomite (generation C), this 

dolomite type appears petrographically to be more coarsely grained, 

compared to their Odin counterparts, and this feature is reflected 

when comparing the dolomite crystal linity data as determined by X­

ray diffraction. 

The ore paragenesis is simple for both Odin and Berg Aukas 

deposits, dominated by Zn- and Pb-sulphides and poor in Cu, which 

appears typical for MVT deposits. 

i i i ) Sr i sot o Q...e. s tu di es. - Th i s turned out to cons t i tut e an 

excellent tool in order to constrain the relative timing of the 

evolution of the carbonate host rocks. 87 Sr/ 80 Sr analyses were 

carried out on samples collected from both Berg Aukas and Odin. 

Consistent trends are ob se rv e d in the data, and a distinction will 

be made between relative and absolute variations between the two 

ore deposits. 

The relative trends are similar in both of the areas studied. In 

both cases the later crystallization generations are enriched in 

radiogenic 87 Sr compared to earlier ones. This consistent trend 

towards increasing 87 Sr/ 80 Sr ratios with advancing diagenetic 

stages is one of the main results of this study. By comparing 

these results with similar studies carried out in France and Peru 

(Gorzawski, 1989), it may be concluded that the trend observed in 

this study corresponds to the general rule that minerals forming ·at 



the end of th e diageneti c c rystalliza tion sequence are, in general, 

more radiogenic than those f o rming at the beginning. 

The increasing Sr ratios in the subsequent diagenetic generations 

are explained by equilibration during crystallization with the Sr 

isotopic composition of the fluids involved. The results indicate 

that the diagenetic evolution of each dolomite generation was 

determined by fluids with different isotopic composition. 

87Sr/86Sr 

0.7~1 
0.120 I -, 

I 
0.716 ~ 

0.71tl~ 

I 
0.114 I 

i 

o:nzJ 
0.710J 

I 

0.706 
* 

* 

seawa .er 
0.7061 

.__....._~_.....__. _ _.I _____ ....... I __..__.......__.I ___ _ 
A D B C Q A D B C 
Odin Prospect Berg Aukas 

* 2 Single Data Point I a Mineralized 

Ftgy,re 7.1: Comparison of the variation ranges of the Sr 
isotope ratios for the different dolomite generations, as 
sampled from Berg Au kas and Odin . (A = micriti c d ol. , B = 
mosaic dol., C = sparry dol., D = colloform dol., Q = 
carbonate in quartz vein) 

The 87 Sr/ 86 Sr ratios measured in single samples reflect a certain 

mixing proportion between the Sr contained in the host rock, and 

the strontium contained in the circulating fluid. In the last 

generations, the fluid/host rock ratio is significantly higher and 

therefore the values are increasingly more radiogenic. 

The absolute variations, which involve s the magnitude of the Sr 

isotope ratios for each of the dolomite generatio
0

ns, are well 

/ 
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documented f o r Berg Auka s s a mp l es . Ho wev e r , du e t o t h e limite d 

data av a i l ab le f o r Odin sa mp l es , only a p p roxi ma te di f f e r e n c es 

between the two dep o sits c an b e a ttempt eq. The re su l ts o btain e d 

are summari z ed i n Figure 7.1, in wh i ch f o r b oth l oc a lities studied, 

the ranges of 87 Sr / 80 Sr ratios of the diff erent c arbonate 

generations (highlighting those asso c i a t e d with s ul p h ide 

mineralizati o n ) , ar e c ompared with the S r i s o t o pe co mp o siti o n o f 

contemporaneous seawater (aft er Bur k e et al . , 198 2 ). 

Despite the limited data for t he Odin Prospe c t, an inten s e 

enrichment in radiogenic 87 Sr can be obse r ved in both areas. Two 

factors may be considered to be mainly resp o nsible for the 

differen c es in the increase of the 9
.
7 Sr / 80 Sr rati o s: 1) the a mount 

of detri tal ma terial in the basin, and 2 ) time (in terms of th e 

evolution stage of the basin and its fluids). 

It appears that the magnitud e of the variation range of the 

87 Sr/ 80 Sr rati o s in a given area provides inf o rmation on the 

diagenetic stage and on the provenance of the participating fluids . 

I n general, the process of diagenetic evolut io n is a cc ompanie d by 

an incre a se in the 87 Sr / 80 Sr rati o which is r e lated to the exchange 

with detrital mat eria l in s itu, and / or t o the influx of fluids 

display i ng more radiogeni c co mp o s i tions. 

Finally , it c an b e s aid that 8 7 Sr / 8 0 Sr v aria tion ranges c onstitute 

a sensiti ve too l for dete r mining the stage o f basin evolution, 

assuming the a mo unt of Rb-bearing minerals is negligible . 

Furthermore, providing one is able to recognize a particular 

c a rbonate generation to b e directly associated with sulphide 

mineralization, one could thus approximate the relative age of 

mineralization, with respect to the evolutionary history of the 

basin. 

1 2 7 

*iv) C isoto_Q_ic_compositions. - These vary in a narrow range, 

which is typical for most marine carbonate rocks. However, despite 

s u btle variations between the different generations of dolomite, 

results indicate an almost general trend towards lighter isotopic 

composition in the later crystallization generations. This trend 

is o bserved at Odin as well as Berg Aukas . The C isotope 

composition s must ther e f o r e be regarded in terms o f an ~va lving 

fluid, slight ly but c ont i nu o usly ch a nging i ts co mpositi o n du r i n g 



c rystallization , u nd e r c onditions o f buri a l diagenesis and a steady 

increase in temperatures. 

v) O __ isoto:Q_ic compo_si_ti_on_s - As with the C isotope 

compositions, a similar but more pronounced trend is observed with 

the O isotope compositions from the different areas studied. 

Depleted 6' 0 0 values are typi c al of ancient dolomitic rocks, and 

with advancing diagenesis a clear trend is recognized. The later 

crystallization generations are gen e rally depleted in ' 0 0 compared 

to the earlier ones. Such a trend wo uld be in agreement with 

decreasing isotope fractionation due to increasing temperatures, as 

the host sediments are subjected to progressive burial and 

compaction. In addition, the intr o ducti o n of isotopically lighter 

basinal fluids and differen i mixing rati o s, may also influence the 

isotopic composition of diagenetic carbonates. 

Significant meteoric influence can be excluded, since the extended 

range of the O isotope compositions which would have been expected 

i s not recognized. 

In summa ~y , the isot o pi c investigatio ns o n c onsecutive 

crystallization generations succeeded in r ecognizing differences in 

the isotopic compositi o n, according to the position of the sample 

analyzed, with respect to the diagenetic crystallization sequence. 

With advancing diagenesis, the 07 Sr/ 8 bSr ratios show an increasing 

radiogenic trend and, to a lesser extent, the isotopic compositions 

of C and O become progressively lighter. 

As an aid t o exploration, the interpretation of these isotopi c 

evolution trends, in combination with petrographic data may allow 

one to place constraints on the relative timing and mechanism of 

ore formation in the Berg Aukas and Odin areas, assuming the 

crystallization generation which is associated with mineralization 

has been successfully recognized. In both the areas studied, ore 

formation is viewed in close relationship with the circulation of 

metal-rich basinal fluids, during the late stages of diagenesis, 

under the influence of a regional metamorphism. These fluids were 

enriched in radiogenic 97 Sr, due to the interaction with detrital 

sediments within the basement rocks. 
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Though this study faile d to provid e a means of quantifying the 

proximity of mineraliza l ion in a given three-dimensi onal space, it 

would be possible to deduce whether or not the fluid responsible 

for mineralization, had infiltrated a particular area of interest. 

1 '") ( .,_ _ 
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APPENDIX III 

D.e.t a_i l _ed __ Sam11.l e __ Lo.ca 1 i t.i es. 

1. BOREHOLE SAMPLES 

Abbreviations: = 
= 

Powder 
Polished Briquette 
Thin Section 

Pd 
PIB 
TIS 

PITIS = Polished Thin Section 

* = Local Gold Fields Namibia grid 

Sample No. Borehole No. Collar Position Depth (m) Type 
Northing Easting below collar 

X- Y+-

(Local Origin 22°5, l9°E) 
Berg Aukas M~flg_ 
BAD 211 BAD 2 
BAD _ 211a, b 
BAD 2 1 2 
BAD 213 
BAD 215 
BAD 217 
BAD 2/7a,b 
BAD 2 1 8 
BAD 711 BAD 7 
BAD 7/la,b,c 
BAD 7/ 2 
BAD 71 2a 
BAD 7 13 
BAD 71 4 
BAD 714a,b 
BAD 7 15 
BAD 716 
BAD 717 
BAD 718 
BAD 719 
BAD 7/10 
BAD 1412 BAD 14 
BAD 14/3 
BAD 15 112 BAD 15 
BAD 15 I 13 
BAD 15113a,b,c 

274456.2 77221.5 

" 

274031.9 77868.2 
" 

274527.1 7849 0 .8 

274472.5 785 2 7.2 

(Kombat Mine grid) 
Q.p.in Pros11ect_ 
OD 1211 OD 12 X-257150.0 Y-93715.0 
OD 1212 
OD 1213 
OD 1214a,b 
OD 1215 
OD 1216 

15. 5 

58.2 
69.2 

110.0 
150.0 

167.5 
1. 0 

11. 5 

59.5 
111. 5 

170.0 
201. 0 
225.0 
256.0 
25 7. 0 
282.0 

3.5 
26 . 4 
32. 1 
41.8 
4 3. 6 
67.3 

TIS, PITIS 
Pd 

Pd, TIS, PIB 
Pd, TIS 

TIS 
PI TIS 

Pd 
Pd, TIS 

PI T/S 
Pd 

TI S, PI TIS 
Pd 
Pd 

TI S, PI TIS 
Pd 

p / T / '3 
T I S 

PI T/S 
P/T IS 
TIS 

Pd, PITIS 
Pd 

Pd, PITIS 
P! TI S 

Pd 

P/ B, PITIS 

TIS 
Pd, PI TIS 

TIS 
PI TIS 



2. SURFACE SAMPLES 

Sample No. Locality Name Northing Easting Type 
X- Y+ 

(Local Origin 22 "S, 19 "E) 
Ber_g __ Aukas. 
BAS-1 Mine Kopje - trench 274672.5 78218.1 P/T/S 
BAS-la,b .. .. Pd 
BAS-2 .. 274636.2 78163.6 P/T/S 
BAS-2a,b .. .. Pd 
BAS-3 Mine Kopje - s . adit 274663.4 78472.6 P/T/S 
BAS-3a,b Pd 
Ql-1 Quarry 1 272763.6 83108.9 P/T/S 
Ql-2 " 
Ql-4 .. 
Ql-4a,b,c Pd 
Ql-5 P/T / S 
Ql-6 
Ql-7 
Ql-10 .. Pd, P/T/S 
Q2-1 Quarry 2 272818.2 83163.5 P/T/S 
Q2-la,b,c .. Pd 
Kl-1 Kopje 1 273381.7 79436.2 P/T/S 
Kl-la,b,c,d,e Pd 
Kl-2 P/T/S 
Kl-2a,b,c Pd 
Kl-3 P/ T/S 
Kl-.3a,b ,i: Pd 
HB-1 Heinrichsberg 27 7927 .1 79390.7 P/T/S 
HB-la,b Pd 
HB -2 Pd, P/T/S 
GS-15 Gro o tf o ntein Syn c line 276781.6 79508.9 TIS 

(Kombat Mine grid ) 
Odin Pro S_l?fil t 
OS-1 Odin X-257140.0 Y-93738.0 Pd,P/T/S 
OS-2 X-257173.0 Y-93715.0 P/B, P/T/S 
0S-3a,b X-257138.0 Y-93607.0 Pd, T/S 
OS - 4 b X- 257320.0 Y-93820.0 Pd, TIS 
OS-5 " X-257166.0 Y-9-3720.0 TIS 

Clubhe~d _Pr~SReCt 
CH-1 Within shear zone Grab sample P/T/S 
CH-la,b,c " Pd 



APPENDIX IV 

X- Ray ____ Di.f fr.a c.t .. i.o.n ... - .. Ana l_y t _i _ca 1 _ Te.chn_i_que s 

1. REFERENCE DATA 

The following table lists the peak reflections for quartz, calcite 

and dolomite, as taken from the Joint Committee for Powder 

Diffraction (JCPD) cards 5-0490, 5-586 and 11-78 respectively. 

Quartz Calcite Dolomite 
dA 28 (hkl) dA 28 ( hkl) dA 28 (hkl) 

4.26 20.85 100 3.86 23.04 102 4.03 22.06 101 
3.34 26.66 101 3.03 29.43 104 3.69 24. 12 012 
2.46 35.22 110 2.84 31.44 006 2.88 30.99 104 
2.28 39.48 102 2.49 36.00 110 2.67 33.56 006 
2.23 40.31 111 2.28 39.48 113 2.54 35.34 015 
2. 12 40.78 200 2.09 43.18 202 2.40 37.39 110 
1. 98 45.82 201 1. 9 3 47.16 204 2. 19 41.18 113 
1. 82 50.21 112 1. 91 47.53 108 2.06 43.82 021 
1. 80 50.72 003 1. 8 7 48.55 116 2.01 44.99 202 

1. 6 3 56.60 211 1. 85 49.31 024 
1.60 5 7. 45 212 1. 80 50.60 018 

1.7 9 5 1 . 14 116 
1. 78 51. 30 009 

Note : Conversion tables from unit A to 0 28, based on the 
CuKa, su b- peaks were used in the compilation of this table. 

2. MACHINE PARAMETERS 

Th e f ol lowin g mac hine parameters were used for ea c h of th e 3 tasks 

that wer e performed by XRD: 

i ) I~s!L_~: General scan to record the homogeneity of each 

sample. 

Generator Voltage 
Generator Current 
Radiation Source 
Filter Type 
Slits 

Recording Mode 

40 kV 
30 mA 
CuKa 
graphite monochromator 
~

0 divergent slit 
~

0 receiving slit 
1° anti-scatter slit 
step-scan 



Step Size 
Count Peri od 
Range 

0.02 °28 
1 sec 
20 .. 53 °28 

i i ) T a_s k _ B : A short s ca n was performed on a few randomly selected 

samples, to determine the degree of non-stoichi o metry (see text for 

details). 

Generator Settings 

Recording Mode 
Step Size 
Count Period 
Range 

(as for Task A) 

step-scan 
0.02 °28 
4 sec 
30.50 - 32.00 °2e 

iii) Task _C: To determine the degree of dolomite crystallinity 

(see te xt for details). 

Generator Settings 

Recording Mode 
Step Size 
Count Period 
Range 

(as for Task A) 

step-scan 
0.02 °2e 
4 sec 
dol,01!1) 35.10-35.60 °2e 
dol, 110) 37 .20-3 7.60 °2e 



APPENDIX V 

. AAS ...... - .... Ana.ly t i .. cal _Tec.hni_que 

The following points briefly describe the laboratory procedures for 

the determination of selected element concentration, by means of 

Atomic Absorption Spectrometry (AAS). 

a) Rock samples were pulverized and 100g of sample were 

retained. 

b) Analysis of the elements Cu, Jb, Zn, Mn, Fe and Sr 

required a single digestion, where 0.3g of sample was 

dissolved in 60% perchloric acid. Matrix matching 

(stabilizer) was done with a combined oxalic acid mixture 

of 0.5% oxalic acid, 3.5% perchloric acid, 0.7% potassium 

chloride and 0.3% aluminium nitrate to make up a specific 

volume. 

c) After mixing, the solution was aspirated and the various 

concentrations of elements were determined by atomic 

absorption using a Perkin Elmer 2830/PE 3030 Atomic 

Spectrometer. These results were compared according to 

the calibrated standards for ea ch of the elements. 

d) Regular check samples (duplicates) were assayed. A 95% 

confidence limit was considered acceptable . High range 

standards were used t o check th e instrument. 



APPENDIX VI 

Sr __ I$oto_pes - _Ana_lyti_ca). Techniques 

1. EXTRACTION OF STRONTIUM 

The following points briefly describe the sequence of events for 

the extraction of the Sr component of the carbonate samples that 

were submitted for analysis. Sample preparation took place in a 

clean, dust-free environment, as part of the Radiogenic Isotope 

Facility at the University of Cape Town. 

a) Split approximately 100mg of the required sample. 

b ) Add distilled 0.62N HCl to the sample, and heat 

a t 10°c overnight. 

c) Centrifuge the sample to remove any undissolved material. 

d) Dry solution on a hotplate . 

e ) Add 1ml 2.5 N disti lled HCl , and centrifuge. 

f) Pass the s o lution through cation exchange c o lumns, 

c alibrated fo r the removal of Sr. 

g ) Dry sample. 

h ) Add a single drop o f 7N distilled HN03 and dry 

down. 

2. MASS SPECTROMETRY 

Individual Sr samples were taken up into solution using a mixture 

of 0.48N H3P04 (to enhance ionization) and 2% HN03, and were loaded 

onto single de-gassed tantalum filaments. 



/ 

Analyses were carried out on a VG Sector Thermal Ionization Mass 

Spectrometer, with data cor r ec ted f o r mass fra c ti o nation using a 
80 Sr/ 88 Sr ratio of 0.1194 . 

The following is a summary of the standard values obtained during 

the analysis period: 

Standard used = NBS Standard SRM 987 

Values compiled for period = 02/02/91 to 14/03/91 

Number of analyses = 14 

Mean 87 Sr;••sr = 0.710281 

Standard deviation = 0.000011 

Minimum value = 0.710263 

Maximum value = 0.710305 



APPENDIX VII 

S_t ab 1 e I .so to~s · - Ana lyt _i cal_ Techni 9...ues 
and _ Terminol.QZY 

1. ANALYTICAL TECHNIQUES 

For C and O isotope measurements of carbonates, the carbon dioxide 

requested for the analyses was liberated from powdered samples by 

reaction with 100% phosphoric acid. 

X-ray diffraction analysi_s of each sample had revealed varying 

degrees of calcite contamination in the predominantly dolomitic 

samples. For this reason, the method of Al-Aasm et al. ( 1990) was 

employed, which involves the method of selective acid extraction at 

different reaction temperatures. 

The powdered carbonate samples were reacted at 25°C for 2 hours, 

after both sample and a c id had been degassed under vacuum and left 

to equilibrate for 2 hours at a temperature of 25.2° C. The evolved 

CO2 was c olle c ted and an a lyzed for 6 10 0, 6 13
( (cal c ite ). The 

reacti o n was allowed to continue for a further 22 hours at 25°C, 

after which the CO2 was discarded. The sample was then reacted for 

24 hours at 50°C, the CO2 produced during this time would then be 

collected and analyzed for 6 10 0, 6 13 C (dolomite ) . 

The O isotopic composition of the CO2 extracted was determined 

using a VG Mi c romass 602E d o uble c ollector ratio mass spectrometer. 

0 isotope data are reported relative to the V-SMOW (Vienna -

Standard Mean Ocean Water) standard, whilst a Namaqua marble was 

used as an in-house laboratory standard. 

The following expressions were used to correct the "raw" data (645 

and 646 peak positions) collected from the mass spectrometer, to 

5 18 0 and 5 13 C values: 

i ) For samples reacted_ at 25°C: 

6 18
0v-SNOW : [Q.99679 * (646 + 0.QQ9 * 645)] t 6.095 

= [1.03795 * (545 0.0338 * 546)] - 22.109 



ii ) For ____ s_a_mp_les .. r .e_a_c_ted .... at __ S_0_° C: 

c_a _l c__i _t_e 

8 18 0v - SP10W = [0.9980 * (846 + 0.00 9 * 845)) +•7.346 

dolomite 

8 19 0v-SP10W = [0.9964 * (846 + o·.009 * 845)) + 5.701 

8 13 CPDB = (the Same equation aS for 25°C) 

The results are expressed using the "per mil" ( 0 /oo) notation. 

The relationship between the PDB and V-SMOW scales has been 

established by Coplen et al. (1983) as: 

8 190v-SP10W = 1.03091 8' 8
0PDB + 30.91 

or 

= 0.97002 6 18 0v-8NOW - 29.98 

2. STABLE ISOTOPE TERMINOLOGY 

The terminology and mathematical rati o nale of stable isotope 

geochemistry is briefly summarized below. 

2.1 The Isotope Exchange Reactions 

Isotope exchange reactions are equilibrium reactions in which the 

isotopes of a single element are ex c hang e d between two substances. 

For the general case of an isotope exchange reaction between two 

substances A a nd B, where the subscripts 1 and 2 refer to the 

molecules totally substituted by the light and heavy isotope, 

respectively: 

aA, + bB 2 ( 1 ) 

The equilibrium constant for this reaction is written in the usual 

way: 

(AdA, ) & ( 2 ) ; ' 
K = 



2.2 The Fractionation Factor a 

Th e is o t opic fr ac tionation fa c t or between two substances A and Bi s 

defined as: 

a A - e = RA/Re ( 3 ) 

where = 18 0 / "•0, 13 C/ 12 C 

In terms of 6 values this expression becomes from (1): 

(1000 t OA ) 
= ---- - ----- - --

(1000 + 6a) 

Th e 6 value is defined as: 

6. 

a nd R. 

R a , d 

= [ ( R. - R. , d ) /R. , d ) J * 1 0 3 0 
/ o o 

= 

= corresponding ratio in standard 
e.g. SMOW, V-SMOW, PDB 

( 4 ) 

( 5 ) 

The fractionati on fa ctor a i s related to the equilibri um constant 

in the f o ll o wing way: 

( 6 ) 

K = a = 

It is a us eful mathematical fact that 10 3 1n (1.0X) is approximately 

equal to X. Values of a are normally very close to unity, for 

example 1.0025. Theref ore wh ere a= 1.0025, l0 3 lna = 2 . 5. That 

is, l0 3 lna is the "per mil fractionation" or the 0
/00 

fractionation. For perfect gases, lna varies as l/T 2 and 1/T in 

high- and low-temperature limits respectively. In addition to 

this, smooth and often linear curves have been obtained when l0 3 lna 

is plotted against l/T 2
, for experimentally determined 

fractionation factors between mineral pairs or mineral-water pairs 

(e.g. Friedman and O'Neil, 1977) . 

approximated by the value: 

This l0 3 lna is very well 

= 10 3 lnaA-e ( 7 ) -
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