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Figure 2.1 Pan-African tectonic belts in the southern part of Africa (after Miller, 
1983a). 

Figure 2.2 Tectonostratigraphic zones of the Damara Belt (after Miller 1983a). 

Figure 3.1 Lithological map of the upper part of the Duruchaus Fonnation 
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complete breakdown of the units found in the main evaporite sequence 
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Figure 3.2 Stratigraphic column for units of the main evaporite sequence in the 
upper Duruchaus Fonnation. Units are in metres and the scale for this 
column is 1 :300. The numbers in brackets represent sample numbers. 

Figure 3.3 AI-Fe(tot)-Mg diagram for tounnaline grains from the Duruchaus 
Fonnation in the SMZ (after Henry and Guidotti, 1985). Values are in 
molecular proportions; open symbols = rims, closed symbols = cores. 
Fields: l-Li-rich granitoids; 2-Li-poor granitoids; 3-Fe3+-rich quartz 
tounnaIme rocks; 4-metapelites and metapsammites (+Al-saturating 
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Figure 3.4 Ca-Fe(tot)-Mg diagram for tounnaline grains from the Duruchaus 
Fonnation in the SMZ (after Henry and Guidotti, 1985). Values are in 
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metapsammites. calc-silicates rocks; 5-metacarbonates; 6-meta­
ultramafics. 

Figure 3.5 Ternary plot of AI203 (A), CaO+Na20 (CN) and K20 (K), showing the 
trends created by weathering of Upper Archaean upper crust (Condie, 
1993) and the addition of K to the feldspars (a: K-metasomatism; b: 
subsitution of K for Ca,Na in plagioclase) (after Young et al., 1995). 
All values are in molar proportions and CaO represents the amount of 
CaO in the silicate fraction of the rock only. 

Figure 3.6 CIA plot showing the distribution of data for the lithological units from 
the Duruchaus Fonnation in A(AI203)-CN(CaO+Na20)-K(K20) space. 
The average Upper Archaean upper crust composition is from Conqie 
(1993). 
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Figure 3.7 CIA plot showing the distribution of data for the units from the 
Duruchaus Fonnation in A(Ah03)-CN(CaO+Na20)-K(K.20) space 
accord.ing to their positions in the stratigraphy. The average Upper 
Archaean upper crust composition is from Condie (1993). 
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lithologically similar units within the Duruchaus Fonnation. 
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(1981). 
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Figure 3.14 Frequency histogram of eutectic temperatures observed in the aqueous 
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Figure 3.15 Frequency histograms of melting temperatures (Tmice) values observed 
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Figure 3.18 Tmice vs ThH20 plot for halite undersaturated aqueous inclusions from 
the quartz and quartz-dolomite plugs from the Hakos Group and 
Duruchaus Formation. 

Figure 3.19 Molar proportions of cations in the fluid inclusion leachates from the 
quartz-dolomite plugs within the Duruchaus Formation and Hakos 
Group as a function of their mineral hosts. 

Figure 3.20 Molar proportions of cations in the fluid inclusion leachates from the 
quartz-dolomite plugs within the Duruchaus Formation and Hakos 
Group. Subdivisions are on the basis of area of origin within the 
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Figure 3.21 Ternary plots showing the molar proportions of anions in fluid 
inclusion leachates from the Duruchaus Formation and Hakos Group 
as a function of their mineral hosts; for legend see Figure 3.19. 

Figure 3.22 Ternary plots showing the molar proportions of anions in the fluid 
inclusion leachates as a function of their areas of origin in the 
stratigraphy; for legend see Figure 3.20. 

Figure 3.23 Plot of fluid compositional variation of the fluid inclusion leachates 
from the Duruchaus Formation and Hakos Group using a calculated 
C03

2- composition (determined by charge balance calculations). These 
leachates are plotted as a function of (a) their mineral hosts and (b) 
their area of origin in the stratigraphy; for legend see Figures 3.19 and 
3.20. Points represent molar proportions of each element. 

Figure 3.24 Schematic plot showing Na-Br-Cl systematics for sea water and 
associated evaporitic brines (after Kesler et ai., 1995). 

Figure 3.25 (a) Na-Br-CI systematics of fluid inclusion leachates from selected 
plug samples from the Duruchaus Formation and Swakop Group using 
the composition of sea water as a reference. The halite under-saturated 
and over-saturated inclusions are hosted in quartz. Sea water 
composition is quoted from Horita et ai (1991). (b) Enlargement of (a) 
showing the distribution of halite under-saturated inclusions more 
clearly. 

Figure 3.26 Plot showing the distribution of leachates in Na-Br-Cl space, 
subdivided according to their positions in the Damaran stratigraphy. 

Figure 3.27 Multi-element variation diagram for an albitised and associated 
unalbitised pelitic unit within the Hakos Group. Upper continental 
crust values are from Taylor and Mclennan (1981). 

Figure 3.28 Rare earth element plot for the albitised and unalbitised pelitic unit in 
Figure 3.27. Upper continental crust values are from Taylor and 
Mclennan (1981). 
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Figure 3.29 Temperature-Composition diagram for the system NaCI-H20-C02, 
assuming a salinity of 35 wt% NaCleq (after Bowers and Helgeson, 
1983). 

Figure 3.30 Na + ICa2+ +Mg2+ versus CrlC03
2. diagram for fluid inclusion leachates 

from the Duruchaus Formation quartz and quartz-dolomite plugs on 
the basis of (a) mineral hosts and (b) area of origin. col- represents a 
calculated composition on the basis of an existing charge imbalance in 
these leachates. 

Figure 3.31 Geothermobarometry results based on the fluid inclusion data from the 
Duruchaus Formation Plugs and Veins, and Hakos Group Plugs. The 
dashed lines represent isochores for the lowest homogenisation 
temperatures and the solid lines represent the highest homogenisation 
temperatures recorded in the isolated and secondary inclusions. The 
green field represents an estimated peak metamorphic pressure and 
temperature from Kasch (1983a) and Hoernes and Hoffer (1979). 
(Lith=lithostatic pressure; Hyd=hydrostatic pressure). 

Figure 3.32 Ca Excess - Na Deficit plot showing model predictions for different 
processes (after Davisson and Criss, 1996). 

Figure 3.33 Ca-Excess Na-Deficit plot for leachate data from fluid inclusions 
within the Duruchaus Formation plugs and veins, and Hakos Group 
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normalising values are from Taylor and McLennan (1981). 

Figure 4.3 Upper continental crust-normalised multi-element diagram for xenolith 
samples from the farm Moselle. Upper continental crust normalising 
values are from Taylor and McLennan (1981). 

Figure 4.4 Upper continental crust-normalised multi-element diagram for xenolith 
samples from the Nosib Group. Upper continental crust normalising 
values are from Taylor and McLennan (1981). 

Figure 4.5 Chondrite normalised rare earth element plots for selected xenolith 
samples from Ornburu East annd Moselle, and Nosib Group samples 
from the NZ. Chondrite normalising values are from Sun and 
Mcdonough (1989). 
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Figure 4.6 Upper continental crust nonnalised rare earth element plots for 
selected xenolith samples from the Omburu East Structure. Upper 
continental crust nonnalising values are from Taylor and Mclennan 
(1981) . 

Figure 4.7 Upper continental crust nonnalised rare earth element plots for 
selected xenolith samples from quartz plugs on the farm Moselle . 
Upper continental crust nonnalising values are from Taylor and 
Mclennan (1981). 

Figure 4.8 Upper continental crust nonnalised rare earth element plots for 
selected Nosib Group samples from the farm Karachas. Upper 
continental crust nonnalising values are from Taylor and Mclennan 
(1981). 

Figure 4.9 Frequency histograms of eutectic temperatures (T e) observed m 
aqueous inclusions in samples from the western dataset. 

Figure 4.10 Frequency histograms of melting temperatures (Tmice) and 
homogenisation temperatures (T JI20) observed in aqueous inclusions 
in samples from the western dataset. 

Figure 4.11 T hH20 versus Tmice plot for isolated aqueous inclusions from the 
western dataset. 

Figure 4.12 Frequency histograms of eutectic temperatures (T e) observed m 
aqueous inclusions in samples from the eastern dataset. 

Figure 4.13 Frequency histograms of melting temperatures (Tmice) and 
homogenisation temperatures (T JI20) observed for aqueous inclusions 
in sample areas from the eastern dataset. 

Figure 4.14 ThH20 versus Tmice values for aqueous inclusions in samples from the 
eastern dataset. 

Figure 4.15 Compositional plot of the fluid inclusion leachates from the quartz 
plugs and veins from sample areas which fonn the western and eastern 
datasets, showing the variation in the molar proportions of cations in 
the fluid inclusion leachates. 

Figure 4.16 Ternary plots showing the molar proportions of anions in fluid 
inclusion leachates for sample areas which fonn the eastern and 
western datasets; for legend see Figure 4.15. The col- contents of 
these inclusions represents a calculated concentration based on a 
charge imbalance seen in these inclusions. 

Figure 4.17 Na-Br-CI systematics of fluid inclusion leachates from selected plug 
and vein samples from the western dataset using the composition of 
sea water as a reference. Sea water composition is quoted from Horita 
et al (1991). 
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Figure 4.18 Na-Br-CI systematics of fluid inclusion leachates from selected plug 
and vein samples from the eastern dataset using the composition of sea 
water as a reference. Sea water composition is quoted from Horita et al 
(1991). 

Figure 4.19 cr/co? versus Na+/Ca2++Mif+ plot of fluid composition for sampes 
from the western dataset) in terms of ratios of the dominant anionic 
and cationic species of these fluids. Samfles plotting above the 1: 1 line 
indicate a predominance ofCr over C03 -. 

Figure 4.20 CO2-NaCI-H20 phase diagram assuming a salinity of 20 wt% NaCleq 
and a pressure of 1500 bars (after Bowers and Helgeson, 1983). 
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Figure 4.22 C02-NaCI-H20 phase diagram assuming a salinity of 20 wt% NaCleq 

and a pressure of 1500 bars (after Bowers and Helgeson, 1983). 

Figure 4.23 Geothermobarometry results based on the fluid inclusion data from the 
eastern and western Datasets. The dashed lines represent isochores for 
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pressure estimate from Hoffer (1977). (Lith=lithostatic pressure; 
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Figure 4.24 Ca Excess- Na Deficit plot for leachates of fluid inclusions from the 
sample areas within the eastern and western datasets. BFL = Basinal 
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1. Introduction 

1.1 Background: 

The Damara Belt of Namibia is host to a wide range of base metal ore deposits. Those 

of the Mississippi V alley-Type (l\1VT) are particularly sought after and MVT -style 

ore deposits occur at two stratigraphic levels within the Damara Supergroup of the 

Damara Belt. MVT mineralisation is thought to be associated with basinal or orogenic 

brines. It is commonly of the Pb-Zn type, hosted by carbonates, and is epigenetic in 

nature, with karsting playing an important role in creating the pathways for fluid flow 

(Leach and Sangster, 1993). This type of mineralisation is encountered in the Abenab 

Subgroup (Berg-Aukas Formation) of the Otavi Group within the Damara 

Supergroup. The mineralisation is hosted in a dolomitic breccia and the ore minerals 

are predominantly galena and sphalerite which are deposited as open space (karst) 

fillings (Misiewicz, 1988). A variation of the MVT style of mineralisation (also 

thought to be related to basinal or orogenic brines) is the more cupiferous Tsumeb­

type deposits encountered higher up in the stratigraphy of the Damara Supergroup. 

These Tsumeb-type deposits are hosted in discordant, brecciated pipe-like features in 

the carbonates of the upper Tsumeb Subgroup and are characterised by Pb-Zn 

mineralisation with a significant amount ofCu mineralisation also present (Lombaard 

et al., 1986). The two types of ore deposits described above are classified on the basis 

of ore association and stratigraphic level. 

While there is generally agreement on the mode of ore deposition in both the Tsumeb­

type and Berg-Aukas MVT ore deposits (hydrothermal-replacement, epigenetic and 

fracture-filling), the source of the fluids responsible for both these types of 
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mineralisation (and similar deposits in the region) is still a point of contention. The 

four likely candidates that stand out as probable sources for the mineralising fluids 

are: magmatic fluids, prograde metamorphic dehydration fluids, retrograde 

metamorphic fluids and evaporite-derived (connate) fluids. This study focuses on the 

role these evaporite-derived fluids might have played in mineralisation in the Damara 

Supergroup, as well as the geochemical nature of the probable source evaporites. 

1.2 Previous Work: 

1.2.1 Evaporite-derived fluids and metallogenesis 

Evaporites have previously been quoted as probable sources for mineralising fluids in 

the Damara Belt (Miller, 1983a; Schmidt-Mumm and Behr, 1987; Chetty and 

Frimmel, 2000) due to the high salinity of the fluid inclusions found in association 

with Berg-Aukas-type and Tsumeb-type ore deposits in the Otavi Mountainland 

(Chetty and Frimmel, 2000), and minor mineralisation in the Southern Marginal Zone 

(Schmidt-Mumm and Behr, 1987). The Na-CI-Br concentrations of leachates derived 

from fluid inclusions preserved within the gangue minerals associated with MVT 

mineralisation in the Berg-Aukas Fonnation and the Tsumeb-type ore deposits within 

the Tsumeb Subgroup, showed that the high salinity of these fluids was possibly 

derived from interaction with evaporites en route to the locus of deposition (Chetty 

and Frimmel, 2000). 

A microthennometric study of fluid inclusions preserved within quartz-dolomite 

plugs in the lower Hakos Group in the Southern Marginal Zone (SMZ) of the Damara 

Belt by Schmidt-Mumm and Behr (1987), led the authors to the conclusion that a 

highly saline fluid derived by dehydration and leaching of the evaporitic units in the 

Duruchaus Fonnation may have been involved in the mineralising events there. This 
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study also revealed the existence of several phases of fluid activity (preserved as 

inclusions in the quartz-dolomite plugs) which were subdivided by the authors into 

the three main phases (on the basis of the data from aqueous fluid inclusions), i.e., a 

high salinity (up to 38 wt% NaCleq), CO2-poor first phase with homogenisation 

temperatures (Th) between 130-330°C; a high salinity (up to 32 wt% NaCleq), CO2-

rich second phase with Thbetween 180 - 230°C; and a low salinity, CO2-dominated 

third phase. XenolitQic rock fragments present within the quartz-dolomite plugs in the 

lower Hakos Group supported an origin for the fluids preserved as inclusions in these 

plugs, in the Duruchaus Formation of the SMZ (Schmidt-Mumm and Behr, 1987). 

1.2.2 Evaporites in Metamorphic terrains 

The units of the Damara Supergroup in Nambia have been subject to multiple phases 

of deformation and attendant metamorphism (Miller, 1983a). The deformation and 

metamorphic overprinting on the sedimentary units associated with the Damara 

Orogen has made it difficult to identifY possible source evaporites for the Berg­

Aukas-type and Tsumeb-type mineralisation which occurs within the Damara 

Supergroup. Suspected former evaporitic sequences in the Damara stratigraphy have 

been identified, however, in the Gariep Belt (the Chameis Complex) (Frimmel and 

Jiang, 2001) and in the Damara Belt, i.e., the Duruchaus Formation in the Nosib 

Group (Behr et al., 1983a) and the Huttenberg Formation in the Otavi Group (Chetty 

and Frimmel, 2000). 

The Duruchaus Formation in the Nosib Group has been the subject of several 

previous studies, one of the most comprehensive of which is reported in Hehr et al. 

(l983a). Mineralogical and textural analyses on the existing mineral suites of this 

formation, along with fluid inclusions studies, suggests the existence of a preserved 
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palaeo-evaporitic environment; more specifically, a sequence of continental playa­

lake deposits capped by a marine sabkha deposit (Behret al., 1983a). The presence of 

scapolite-bearing pelitic units within the Duruchaus Formation appears to support the 

above interpretation of an evaporitic environment of deposition for these units, 

scapolite commonly being associated with metamorphosed evaporites. However, it 

should be noted that the presence of scapolite within a sequence does not necessarily 

indicate the activio/ of an evaporite-derived fluid, as was demonstrated by 

Dombrowski et al. (1996). These authors studied scapolite-bearing schists within the 

Kuiseb Formation in the Damara Belt and found evidence for the scapolite having 

fonned from locally derived fluids within the Kuiseb Formation and not from an . 

outside evaporitic source. 

Data on the geochemical nature of the Huttenberg Formation evaporites is sparse. 

However, Chetty and Frimmel (2000) found that the Na-CI-Br concentrations offluid 

inclusion leachates from minerals within this fonnation suggests an evaporitic origin 

for the units preselVed there. Fonner evaporites have also been identified in an 

oceanic setting in the Mamora Terrane (Gariep Belt) (Frimmel and Jiang, in press). 

The authors conducted a study on an allochthonous sequence of dolomitic and pelitic 

units which were intercalated with tourmalinite and albitite layers in the Mamora 

Terrane. They found that the facies relationships as well as the whole rock chemistry 

of the units pointed to a marine, evaporitive origin for these units. In particular, the B 

isotopic composition (high a11B values) of tourmaline grains within the tourmalinite 

layers indicated a marine origin for the tourmalinite layers and the units associated 

with them (Frimmel and Jiang, in press). 
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The mineral tourmaline has been found to be useful as a petrogenetic indicator (Henry 

and Guidotti, 1985). It provides a record of unusual chemical and palaeogeographical 

conditions in clastic sedimentary basins, and it is also commonly associated with 

evaporites and stratabound mineral deposits, usually occurring as tourmalinite layers 

(Slack et al., 1984; Henry and Guidotti, 1985; Slack et al., 1993). Henry and Guidotti 

(1985) found that some generalisations can be made in the relationship between 

tourmaline composition and host rock type, using the aluminium, magnesium, iron 

and calcium contents of the tourmaline grains. Using this method, Schmidt-Mumm 

(1989) found that most of tourmaline grains present in the Duruchaus Fonnation were 

probably derived from Ca-poor metapelites and metapsammites. An origin from 

borates previously present within the evaporite sequence in the Duruchaus F onnation 

was thus proposed by Schmidt-Mumm (1989). 

Previous studies which document t~e involvement of evaporites and evaporite-derived 

fluids in generating base metal ore deposits elsewhere include the copper-gold 

deposits of the Copper-Canyon area in Cloncurry (Stewart, 1994) and the ore deposits 

associated with the Olary Block (Willyama Supergroup) in South Australia (Cook and 

Ashley, 1992). In the Copper-Canyon study, detailed mineralogical and textural 

analyses of the metasedimentary rocks, along with a study on the sulphur isotopic 

character of the sulphide ores suggests that the preserved evaporites in the sequence 

played an important role in providing the transporting brines and the source of sulphur 

for the ore deposits (Stewart, 1994). 

Similar work on the Olary Block, west of the Broken Hill deposit in South Australia, 

has led to the identification of former evaporitic rocks in the sequence (Cook and 

Ashley, 1992). These studies focussed on whole rock geochemistry and fluid 
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inclusion work, and many features consistent with evaporitic units were found, 

including high salinities in fluid inclusions and daughter crystals of halite and 

anhydrite present in fluid inclusions. The presence of these evaporites in this region 

presents a possible source for mineralising fluids in the Olary Block and suggests the 

possible existence of evaporitic equivalents in the metamorphosed Broken Hin 

deposit adjacent to it (Cook and Ashley, 1992). Due to the highly metamorphosed 

nature of the Broken Hill sediments, though, any obvious evidence for the presence of 

palaeo-evaporites in the sequence (if they did exist) has been obliterated. 

1.3 Aims of the Study: 

While the geochemical data outlined in the papers in the previous section are 

consistent with the existence of palaeo-evaporites in each stratigraphy, the link 

between the ore deposits and the evaporitic sequences in these regions seems to be 

intuitive. The application of more clear cut criteria linking the source of the 

mineralising fluids and the ore deposits needs to be examined, as well as the 

establishment ofa geochemical signature (in terms of fluid chemistry and whole rock 

chemistry) diagnostic of former evaporitic sequences in metamorphic terrains (like the 

Olary Block and Broken Hill terrain in Australia, and the Damara Belt of Namibia). 
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Using the Damara Belt as a type area, the following aims were used in this study to 

attempt to reach this end. 

to determine the geochemical character of suspected former evaporites and 

their associated connate fluids in the metamorphosed Damara Supergroup, 

with the aim identifYing a geochemical signature diagnostic of palaeo­

evaporitic sediments and their associated connate fluids in metamorphic 

terrains; 

to determine if the depositional environments of the former evaporites can be 

deduced on the basis of their fluid and whole rock geochemistry (marine vs 

continental evaporites); 

to determine if the connate fluids derived from these evaporites could be 

linked to metallogenesis in the Damara Supergroup by comparing the 

geochemical character of these evaporitic-derived fluids with the geochemistry 

of fluids seen to be associated with base metal mineralisation within the 

Damara Supergroup. 

This research was carried out in three parts: (i) by establishing a geochemical 

signature (in terms of whole rock and fluid chemistry) for palaeo-evaporitic units in 

the Damara Belt using a suitable type locality/formation where the presence offormer 

evaporites and their associated connate fluids has been established; (ii) testing this 

signature in unknown areas where the presence of evaporitic units and their associated 

fluids has been suspected but not proven~ and (iii) determining the possible role that 

these fluids played in metallogenesis in the Damara Belt. 
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Introduction 

1.3.1 Selecting the type localitylformation 

The type locality/formation selected for the first part of the study was the Duruchaus 

Formation within the Nosib Group. This formation is well exposed in the Southern 

Marginal Zone of the Damara Belt and was chosen for the following reasons. 

Sedimentological and mineralogical evidence quoted in (Behr et al., 1983a) provides 

convincing proof that a continental palaeo-evaporitic environment did exist in the 

Southern Marginal Zone during Nosib times. The presence of distinct, distinguishable 

sedimentary cycles deposited in different facies domains, i.e., sediments representing 

a central playa lake associated with sediments of the surrounding mud flats, as well as 

the presence of silicate pseudomorphs of sodium carbonate and sodium sulphate 

precursors (shortite, natron, trona and thenardite) within the sequence, seems to 

suggest that a continental playa lake deposit is preserved in the Duruchaus Formation 

within the Nosib Group (Behr et al., 1983a). The Duruchaus Formation therefore 

represented a good starting point for this study on Neo-proterozoic palaeo-evaporites 

and their associated connate fluids in metamorphic terrains. 

In addition to the above, the following should also be noted. The criteria for 

identifYing and classifYing evaporites (distinguishing marine and non-marine 

evaporites) are three-fold, i.e., sedimentological, mineralogical and geochemical 

(Hardie, 1984). Past studies on the Duruchaus Formation, Behr et al. (1983a) being 

the most prominent among them, have focussed on the first two criteria 

(sedimentological and mineralogical). Deformation and attendant metamorphism of 

palaeo-evaporites in such terrains as the Damara Belt makes these criteria the more 

subjective of the three. This part of the study aimed to add to the above studies from a 

geochemical perspective, by establishing geochemical criteria for identifYing and 
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classifying suspected palaeo-evaporites in metamorphic terrains on the basis of their 

whole rock compositions and the compositions of their associated fluids. 

1.3.2 Selecting the test localities 

The criteria for selecting test localities were two-fold. Firstly, the areas selected 

needed to be localities where the activity of evaporitic fluids has been suspected but 

not evaluated. Secondly, the areas selected needed to be associated with epigenetic 

base metal mineralisation. The field areas that were found to be the best in combining 

these two criteria were areas which encompassed the upper Swakop Group and upper 

Otavi Group stratigraphy in the Northern Zone of the Damara Beh, and it was here 

where test localities were selected. 
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2. Regional Geological Setting 

2.1 Introduction 

The geology of Namibia is to a large extent dominated by rocks related to the 

Damaran Orogen. Units associated with the orogen form part of the syste~ of Upper 

Proterozoic Pan-African belts of Africa and the Brasiliano belts of South America, 

which are related to the splitting up of the southern African and South American 

continents approximately 750 Ma ago (Tankard et al., 1982; Miller, 1983a; Frimmel 

et al., 1996b; Hoffman et al., 1996). Exposed remnants showing evidence of this and 

subsequent geological and tectonic events, are preserved within three distinct belts. 

These comprise a southern coastal arm (the Gariep Belt) which links up with the 

Saldania Belt along the southern coast of South Africa; a northern coastal arm (the 

Kaoko Belt) which links up with the West Congolian Belt in Angola; and a north-east 

trending intra-continental arm (the Damara Belt) which disappears beneath Kalahari 

cover in the east, but is thought to link up with the Katangan Belt of the Zambian 

Copper Belt (Tankard et al., 1982; Miller, 1983a) (Figure 2.1). 

The geology of the Damara Belt has been the subject of several detailed studies 

(Miller, 1983a; Hoffmann, 1989). This has led to the unravelling of a complex series 

of geological events which incorporate sedimentation, deformation, metamorphism 

and plutonism. Within the Damara Belt one therefore finds a wide variety of 

preserved sedimentary facies marking the progression from initial rifting and 

spreading, to subsequent ocean closure and eventual continental collision. This 

sequence of events has resulted in the complex association of meta-sedimentary facies 

exposed today. 
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Congo Craton 

tN 

Figure 1.1 Pan-African tectonic belts in the southern part of Africa (after Miller, 
1983a). 

2.2 Tectono-Stratigraphy 

The Damara Beh has been divided into several zones on the basis of stratigraphy, 

structure, grade of metamorphism, plutonic rocks, geochronology and aeromagnetic 

characteristics (Miller, 1983a). From north to south they are, the Northern Platform 

(NP), Northern Zone (NZ), Central Zone (CZ), Okahandja Lineament Zone (OLZ). 

Southern Zone (SZ), Southern Marginal Zone (SMZ), and Southern Foreland (SF), 

which passes into the Southern Platform (SP) (Miller, 1983a) (Figure 2.2). The 

boundaries between these zones are of varied description. Most form linear features 

and they can be structural boundaries (NZ-CZ, SMZ-SF), lineaments (CZ-OLZ. NZ­

NP?), or stratigraphic boundaries (SZ-SMZ). The OLZ-SZ boundary represents a 

poorly defined tectonic line dividing zones of low pressure metamorphism (OLZ) and 

high pressure metmorphism (SZ). Together the OLZ and SZ are referred to as the 
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Khomas Trough (Martin and Porada, 1977). Hoffinan (1989) proposed a revision of 

some of these tectonostratigraphic terms and the revised terms are presented and 

defined in Table 2.1. 

t9" . 

21" 

23" • 

2" . 

l00km 

ttf 2(/ 

Angola 

Namibia 

Pre-Damaran basement 

D Sample Areas 

NP - Northern Platfo(m 
NZ - Northern Zone 
CZ - Central Zone 
OlZ - Okahandja Lineament Zone 
SZ - Southern Zone 
SMZ - Southern Marginal Zone 
SP - Southern Platform 
NNC - Naukluft Nappe Complex 

Ou - Outjo 
T - Tsumeb 
Ot - Otavi 
OJ -Otjiwafongo 
K - Khorixas 
Whk - Windhoek 

Figure 2.2 Tectonostratigraphic zones ofthe Damara Belt (after Miller 1983a). 
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Table 2.1 Stratigraphic table for units of the Damara Supergroup in the northern, 
central and southern parts of the Damara Belt (from Hoffman. 1989). The Swakop 
Terrane corresponds to the Central Zone of MiHer (1983a); Hakos Terrane = Southern 
Marginal Zone; Khomas Terrane = Okahandja Lineament Zone. The Chuos 
Formation of the Otavi Mountains has been renamed the Ghaub Formation (Hoffman 
and Prave, 1996). The Y-axis represents decreasing age and the shaded areas are 
missing sequences. 
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2.3 Geological Evolution of the DtlmtU'tI Belt 

The stratigraphic subdivisions of the Damara Supergroup used in the Damara Belt are 

presented in Table 2.1. The sequence of deposition of these units and the interpreted 

environments of deposition are outlined in the following geological history of the 

Damara Belt. 

The Damara Supergroup connnences with the basal Nosib Group which is comprised 

of units that are thought to represent basin fill sequences deposited during a period of 

rifting in the Damara Belt (Miller, 1983a). Rifting is thought to have been initiated 

approximately 750 Ma years ago (Frinnnel et 01., 1996b; Hoffinan et 01., 1996), 

resulting in the formation of three rift grabens into which the Nosib Group sediments 

were deposited. These consisted of fluvial and fine-grained shallow water basinal 

clastic sediments which interfingered with lacustrine (playa lake) carbonates and local 

evaporites beds (Bebr et 01., 1983a; Hoffinann, 1987). Significant bimodal volcanism 

associated with basin edge faults occurred towards the end of Nosib times in the 

northern rift (between 756 Ma and 746 Ma) (Hoffinan et 01., 1996), with only minor 

volcanic activity in the two southern rift grabens (Miller, 1983a). 

Widespread subsidence across the Damara Belt followed this period of volcanic 

activity and led to the development of the Khomas Sea (Miller, 1983a; Hoffinann, 

1989). Deposition of the shelf carbonates and massive turbidite sequences of the 

Hakos and Swakop Groups took place in the southern and central parts of the Damara 

Belt at this time, and the massive platform carbonates of the Otavi Group were 

deposited in the north. The turbiditic units and carbonates were no longer confined to 

rift grabens and were overlapping, extending beyond the shoulders of the rift grabens 

(Hoffinann, 1989; Miller, 1983a). 
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This period of massive carbonate and turbidite deposition was interrupted by a period 

of glaciation at the end of the deposition of the Abenab Subgroup (Otavi Group) and 

Ugab Subgroup (Swakop Group). The Chuos Formation which overlies the Ugab 

Subgroup in the central parts of the Damara Belt, and the Ghaub Formation which 

overlies the Abenab Subgroup in the north, are characterised by units with tillite-like 

features (Miller, 1983a; Hoffinann and Prave, 1996). These units are thought to be 

glaciogenic diamictites (prave and Hoffmann, 1995, Kennedy et al., 1998) that 

correspond to the Varangian glacial episode (-600 Ma). An equivalent record of this 

glaciation is not preserved in the Hakos Group possibly due to a discordance seen at 

the base of the Kudis Subgroup (Hoffmann, 1989). The thickness and continuity of 

units in the upper parts of the Swakop and Otavi Groups which lie above the Chuos 

and Ghaub Formations reflects a stable depositional environment for the remainder of 

Swakop and Otavi times. 

The greatest amount of subsidence recorded in the Damara Belt is by far in the 

Khomas Trough where up to 13km of flysch sediments accumulated (Kuiseb schists 

of the Swakop Group). Towards the top of this sequence, reflecting its deepest part, a 

succession of passive margin, deep water fans are preserved (Hoffinann, 1983). 

Within this sequence one also finds a 350km long belt of metabasic rocks with 

MORB affinities, called the Matchless Amphibolite Belt. These metabasic units are 

thought to represent the early stages of continental separation when spreading in the 

Damara Belt reached its maximum. 

The change from spreading to convergence in the Damara Belt commenced with the 

subduction of the sea floor units of the Khomas Sea below the Congo Craton in the 

northwest (Miller, 1983a). This subduction and the eventual collision of the Congo 
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and Kalahari Cratons resulted in widepsread metamorphism, deformation and the 

large-scale emplacement of granitic bodies (particularly in the CZ), in the 

intracratonic arm of the Damara Orogen. Miller (1983a) used these syn-tectonic 

granitic bodies in the CZ to approximate the age of closure of the Khomas Sea at 650 

Ma. 

The final closure of the Khomas Sea in the Damara Belt was accompanied and 

followed by uplift and denudation of high-lying areas. The Otavi and Swakop Groups 

are overlain by continentally derived molasse-type deposits, i.e., the Mulden Group in 

the north and the Nama Group sedimentary rocks in the south. Deformation of the 

sequence of units which make up the Mulden Group suggests that the deposition of 

these units was syn-tectonic. The deposition of the Nama Group metasedimentary 

units in the southern part of the Damara Belt is also interpreted to have been syn­

tectonic due to deformation of these units along the northern edge of the Southern 

Platform. The Nama Group units further south, though, were less affected by the 

deformation events described above and are relatively flat-lying (Miller, 1983a). 

Three main periods of deformation associated with the orogenesis described above 

can be recognised in the Damara Belt. The first two, Dl and D2, are associated with 

continental convergence and continent-continent collision, and produced south-east 

vergent structures related to the north-west subduction described above (Miller, 

1983a). The south-east vergent macro- and micro-structures recording these two 

events are present throughout the orogen, but they may be temporally distinct in 

different parts of the Damara Belt, i.e., Dl and D2 in the northern part of the Damara 

Belt (NZ, NP, CZ) are generally older than Dl and Dz in the SZ and SMZ (although 

some phases of deformation in the CZ and SZ may be contemporaneous) (Miller, 
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1983a). A third phase of deformation. 03. also related to continental collision can be 

recognised in the CZ. 0 3 is associated with isoclinal folding of the structures 

produced by 0 1 and 02 (Miller, 1983a). 

The deformation in the SZ and SMZ culminated in the thrusting of the basal Hakos 

Group rocks over the relatively undeformed Nosib Group rocks in the SMZ, and, in 

the final stages of thrusting in the Naukluft Nappe Complex (Behr et ai., 1983b). Late 

stage movement of these thrusts is thought to have been facilitated by the intrusion of 

a highly saline, fluid dolomitic mush derived from the evaporitic Ouruchaus 

Formation in the SMZ along thrust planes (Behr et al., 1983a, b). 

2.4 Geology olthe SMZ (Hakos Te,.,.ane) 

2.4.1 Stratigraphy 

The Nosib Group metasedimentary units form the basal units in the SMZ. The 

dominant rock type within this group is a medium-grained, moderately sorted 

feldspathic quartzite. Together with basal and intraformational conglomerate, this 

quartzite makes up the Kamtsas Formation at the base of the Nosib Group. Various 

fluvial sedimentary features are preserved in these units including cross-bedding, 

fining upward sequences and wedge-like channel deposits, suggesting a fluvial 

depositional setting (lUUbich, 1970). 

The upper part of the Nosib Group in the SMZ is characterised by a calcareous, pelitic 

facies, the Ouruchaus Formation. The lower part of this formation is dominated by 

pelitic units with subordinate sandstone and conglomerate (Hoffmann, 1987). The 

upper part of the sequence is characterised by what is thought to be a metamorphosed 

playa and sabkha evaporite sequence (Hoffmann, 1987; Behr et ai., 1983a). This 
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upper sequence is also dominated by pelitic units but the subordinate units here are 

albitite layers, sandy dolomite layers with albite pseudomorphs, and concordant and 

discordant brecciated dolomitic units. 

The Nosib Group is overlain by the Hakos Group in the SMZ (Table 2.1). Hoffmann 

(1989) recognised a basal dolomitic sequence, with minor marbles, which follows 

conformably on the Nosib Group units and termed this sequence the Coas Formation. 

The Kudis Subgroup overlies this formation and its base is marked by a regional 

discordance. The Kudis Subgroup commences with the Waldburg Formation (Corona 

Formation of SACS, 1980 and Miller 1983a) and consists of graphitic schist with 

intercalated quartz-mica schist, quartzite, conglomerate and dark grey dolomitic 

marble. Towards the top of this formation, the sequence interfingers with the 

overlying Blaukrans Formation (Hoffmann, 1983). The Blaukrans Formation consists 

predominantly of schistose units, except in the western part of the SMZ, where it is 

interbedded with thick quartzite and a turbiditic quartz-graphite schist of the 

Hakosberg (Hakos Formation of SACS, 1980) and Auas Formations. This sequence is 

interpreted to reflect a deeper water environment (Miller, 1983a; Hoffmann, 1989). 

The overlying Vaalgras Subgroup in the SMZ consists of the basal Naos Formation 

(formerly the Chuos Formation of SACS, 1980), and the overlying Melrose, Samara, 

Mahonda, Haris and Gomab (River) Formations. The Naos Formation is characterised 

by tillite-like features and has been interpreted to represent a glaciogenic diamictite 

(Hoffmann, 1989). It is overlain by the Melrose Formation which is dominated by 

green chlorite-garnet schist and a greyish mica schist, and the Samara Formation 

(present only in the extreme south-western part of the SMZ) which consists 

predominantly of dolomitic units (Hoffmann, 1989). These formations are overlain by 
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the quartzite and schist of the Mahonda and Haris Formations, and the amphibolite of 

the Gomab River Formation. The quartzite of the Mahonda and Haris Formations 

shows several features which are consistent with deep water fan deposits and indicate 

a distal, deep water depositional enviroment at this time (Hoffinann, 1983). The 

Gomab River Formation forms the top of this sequence in the SMZ. 

2.4.2 Structure 

Four deformation events are distinguished in the SMZ. The first two, Dl and D2, 

produced overturned to recumbant Fl anf F2 folds accompanied by intense, south­

eastward thrusting (Hoffinann, 1983; Miller, 1983a). The thrusting involved the 

overriding of highly deformed, deep water facies in the north-western SMZ over the 

more shallow water facies (less intensely deformed) preserved in the south-east 

(Hoffinann, 1983). 

The D3 and D4 events in the SMZ produced open, north-east trending and east-west 

trending basement domes. These later periods of deformation are also thought to have 

resulted in the steepening of the thrust planes associated with the Dl and D2 events. 

The SMZ is broadly divided into a northern subzone marked by intense deformation 

containing thrust sheets of Damaran and pre-Damaran rocks, and a less deformed 

southern subzone containing thrust sheets of mainly pre-Damaran rocks (Kasch 

1983c; Hoffinann, 1983). 

2.4.3 Metamorphism 

The metamorphic history of the southern Damara Belt has been a source of debate 

between various authors. Kasch (1983a) provides evidence for polymetamorphism in 

the southern part of the Damara Belt. Microtextural analysis of a suite of syn-tectonic 
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and post-tectonic metamorphic minerals from the SMZ and SZ, as wen as gamet­

biotite geothermometry and gamet-plagioclase geobarometry done on the same 

mineral suite, suggested the existence of two metamorphic events in these areas 

(Kasch, 1983a). Geothermometry revealed the existence of two thermal peaks, one 

reaching 590°C during Dz (Ml), and the other reaching 570°C post-tectonically (M2) 

(Kasch, 1983a). Corresponding pressures were calculated at 9-10 kbar during Ml and 

6-8 kbar during M2 for the sample areas in the SZ and SMZ . 

Hoffer and Hoemes (1979) and Hoffer (1983) suggested that only one prograde 

metamorphic event accompanied the deformation in the southern part the Damara 

Beh. Hoffer (1983) examined the mineralogical changes in a quartz muscovite­

bearing metapelite which extends over large distances south of Windhoek in the SMZ. 

He found that the area is defined by a flat temperature gradient and that the isograds 

are spaced over large distances. The reactions in the petites which define these 

isograds were found to form a regular succession of zones (and isograds) defined by 

univariant and bivariant AKFM-reactions. The evidence presented in these papers 

therefore indicates that the area under investigation in the SMZ was affected by one 

metamorphic heating event. Oxygen-isotope studies done on mineral pairs from the 

sample area indicate a temperature interval of between 480°C and 580°C (Hoernes 

and Hoffer, 1979). Pressure estimates for the area using a gamet-plagioclase 

barometer were in the range of6-9 kbar (Hoffer, 1983). 
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2.5 Geology of the NZ (Swakop Ten'ane and Olav; Mountainland) 

2.5.1 Stratigraphy 

The Nosib Group in the Northern Zone commences with the basal Nabis Formation 

which consists predominantly of feldspathic quartzite with subordinate polymictic 

conglomerate (Hedberg, 1979; Miller, 1983a). Fluvial sedimentary features are wen 

preserved within this sequence and suggest a fluvial depositional setting for these 

units. 

Volcanic units form a large part of the sequence in the Northern Zone Nosib Group 

and the basal Nabis Formation is overlain by, and intercalated with, two volcanic 

formations. The Naauwpoort Formation in the western NZ is made up predominantly 

of a1kaline to peralkaline ignimbrite with minor felsic volcanic units (Miller, 1980). 

The Askevold Formation in the eastern NZ is made up of green tuffaceous units with 

minor green epidotised lavas (Hedberg, 1979). The Nosib Group volcanic rocks are 

present mainly in this northern graben in the NZ and are thought to be related to basin 

edge faulting (Miller, 1980; Hedberg, 1979). 

Evaporitic units similar to those seen in the Duruchaus Formation in the Nosib Group 

of the SMZ have not yet been encountered in the Nosib Group of the NZ. However, 

discordant, brecciated dolomitic units with associated albititic and dolomitic xenoliths 

bearing a striking resemblance to the units of the Duruchaus Formation have been 

encountered in the NZ of the Damara Belt (Weber et al., 1983). The presence of these 

xenoliths in the NZ suggests the presence of buried evaporitic units similar to those 

seen in the SMZ, in the northern graben as well. 
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The Nosib Group is overlain by the Ugab Subgroup (Swakop Group) throughout most 

of the NZ, except in the extreme northeastern part of the NZ where it is overlain by 

the Abenab Subgroup of the Otavi Group. The U gab Subgroup in the CZ consists 

essentially of dolomite, cross-bedded quartzite and quartz-biotite schist of the R()ssing 

Formation. In the NZ, the Ugab Subgroup consists of the siliceous and calcareous 

turbiditic units of the Okotjize and Okonguarri Formations, respectively (porada and 

Wittig, 1983). The Okotjize Formation is thin in the west, and thickens eastward as it 

becomes intercalated with the Okonguarri Formation. 

The Ugab Subgroup is overlain by the Khomas Subgroup which commences with the 

diamictite of the Chuos Formation. This poorly sorted tillite-like unit has been 

speculated to have originated by various means, i.e., a glacio genic origin (Miller, 

1980; KrOner and Rankama, 1972), deposition by sedimentary mass flows 

(Schermerhorn, 1975), or a combination of the two (Hoffinan, 1983). Recent 

chemostratigraphic evidence, however, seems to indicate that the diamictite is of a 

glacio genic origin (Kennedy et al., 1998). 

The Chuos Formation is overlain by the dolomite and limestone of the Karibib 

Formation, which, in turn, is overlain by the metapelite and metagreywacke of the 

Kuiseb Formation. The latter are thought to represent turbiditic sequences deposited 

in a deep water marine environment (Hoffimmn, 1983). 

The Abenab Subgroup which overlies the Nosib Group in the northeastern NZ 

commences with the basal Varianto Formation. This formation is made up of a 

sequence of poorly sorted units containing angular, matrix-supported clasts. An origin 

as a sedimentary mass flow for these units has been proposed by Hedberg (1979). 
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However, the presence of isolated dropstones within these units and the regional 

correlation of the Varianto Formation with the Chuos Formation of the Eastern 

Kaokoveld, seems to indicate that a glaciogenic origin for these units is more likely 

(Hoffinann and Prave, 1996; Botha, 1960 - in Martin 1965). 

The Varianto Formation is overlain by the Berg-Aukas, Gauss and Auros Formations. 

The intercalated carbonate and clastic sequence of the Berg-Aukas Formation is 

thought to represent a transitional succession between the Nosib and Otavi Groups. 

The overlying Gauss and Auros Formations consist essentially of carbonate 

(limestone and dolomite) layers with subordinate shales and associated marker 

stromatolites. These units are indicative of a relatively stable, shallow marine, 

platform environment. 

The Tsumeb Subgroup overlies the Abenab Subgroup and it commences with the 

basal Ghaub Formation (previously the Chuos Formation; Hoffinan and Prave, 1996). 

The environment of deposition of this diamictite has been similarly ambiguous like 

the Chuos Formation and Varianto Formation, with both a glaciogenic origin and 

sedimentary mass flow origin being proposed (Schermerhorn, 1975; KrOner and 

Rankama, 1972). More recently, Hoffinann and Prave (1996) presented stratigraphic 

evidence (the correlation of this diamictite with a glacio genic diamictite horizon in the 

Eastern Kaokoveld) and morphological evidence (the presence of well preserved 

dropstones, and bedded dolo stones suggesting glaciomarine sedimentation) in support 

of a glaciogenic origin for these diamictites. The authors have also proposed a 

revision of the regional correlation of the Chuos Formation advocated by SACS 

(1980). The relationship between the Ghaub Formation and Chuos Formation of the 

Swakop Terrane, however, remains unclear. 
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The Maieberg and E1andshoek Formations which overlie the Ghaub Formation consist 

essentially of (varied) dolomitic units. The HOttenberg Formation is also dominated 

by dolomitic layers (containing silicified stromatolites). with subordinate limestone, 

chert and shale layers. The thickness of the units within these three formations as well 

as the continuity of these units over large areas suggests the existence of a stable, 

shallow marine environment over a large area, throughout the period of deposition 

(Miller, 1983a). The uppermost Kombat Formation consists essentially of shale and 

dolomitic lenses and represents a possible deeper water facies equivalent of the 

HOttenberg Formation (Hoffinann, 1989). 

The Otavi Group is overlain by the continentally derived clastics of the Mulden 

Group. The basal Tschudi Formation consists of feldspathic sandstone and arkose 

with minor greywacke. A fining upward sequence is seen as one crosses into the 

overlying Owambo Formation which consists of siltstone and sandstone units with 

dolomite layers, shales and minor limestone appearing towards the top of the 

sequence (Miller, 1983a). Shallow marine conditions are therefore indicated towards 

the end of Mulden times. The Mulden Group fonns the uppermost sequence of units 

intheNZ. 

2.5.2 Structure 

Dl and D2 are preserved in the northern zone as east-west trending, northward vergent 

folds. DI produced open east-west trending. upright to northward vergent folds which 

pre-date the deposition of the Mulden Group (Miller, 1980). ~ was more intense 

resulting in tighter, northward vergent folds of similar orientation to D1• The 

northward thrusting of Swakop Group rocks over the younger rocks in the north is 

also thought to be associated with this deformation event (Miller, 1983a). The 
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overlapping of the FJIF2 fold structures produced several dome-like interference folds 

in the NZ (Weber et 01., 1983; Miller, 1983a). 

Various V-shaped deformation structures like the Mitten fold, Hannonie structure and 

Ornburu East Structure, which occur between Khorixas and Outjo (Figure 2.2), 

provide evidence for an earlier phase of east-west compression (pre-dating Dl) in the 

NZ (Weber et 01., 1983). This phase of compression is overprinted by the DJ and D2 

events and results in complicated intererence folds in these areas. The final phase of 

deformation in the NZ is marked by northeast-southwest trending (post-metamorphic) 

fracture and crenulation cleavages, and kink folds (Miller, 1980; Weber et 01., 1983). 

2.5.3 Metamorphism 

Metamorphism in the NZ appears to be mainly of low to very low grade (Miller, 

1980). Metamorphic temperatures tend to decrease from west to east (Miller, 1980, 

Ahrendt et 01., 1983). Cordierite present in units in the extreme western part of the NZ 

suggests the influence of slighty higher metamorphic temperatures in this part of the 

NZ (Gunter. 1970). This corresponds to a high temperature region seen in the western 

CZ as well (Miller, 1983a). Arendt et 01. (1983) on examination of a cross-section of 

units from Kamanjab to Sesfontein in the northern Damara Belt, also found evidence 

to support this shift from a low metamorphic grade in the east to a higher grade of 

metamorphism in the west, reaching the sillimanite isograde near the coast. 

Chlorite-Biotite-Muscovite-Quartz assemblages in the eastern NZ define an isograde 

following a thrust contact between the Swakop and Mulden Groups in the NZ (Hoffer, 

1977). This assemblage represents an estimated pressure of metamorphism of2.5 kbar 

and peak metamorphic temperature of 430-450°C. and is thought to be syn-D2 in age. 
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Slightly to the north of this area, the biotite-in isograd is thought to occur within 

pelitic rocks just south of the Otavi Mountainland (Frimmel et 01., 1996a). This 

corresponds to an estimated peak metamorphic temperature of 300°C to 400°C for this 

area. 

Other than the metamorphic features listed above, thermal aureoles associated with 

post-tectonic granitoids are also present in the NZ. These aureoles can be up to 12km 

wide and can locally complicate the regional metamorphic overprint (Miller, 1983a). 
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3.1. Sample Selection & Analyses - The e 
Locality 

3.1.1 Introduction 

The Duruchaus Formation stratigraphy is best exposed in the Gurumanus and 

Geelkop Domes, south of Windhoek, in the SMZ (Figure 2.2). A thick, relatively 

undisrupted section through the Duruchaus Formation stratigraphy is preserved within 

a tectonic half-window in this area. 

3.1.2 Sample Selection 

A complete section through the main evaporite sequence of the Duruchaus Formation, 

adjacent to the Gurumanus and Geelkop Domes, was initially mapped and sampled 

(Figure 3.1). Selected samples from lower down in the Duruchaus Formation 

stratigraphy were also collected at suitable intervals to gain a relatively complete 

picture of the upper Nosib Group stratigraphy in this part of the Damara Belt (Figure 

3.2). 
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Figure 3.2 Stratigraphic column for units of the main evaporite sequence in the upper 
Duruchaus Formation. Units are in metres and the scale for this column is 1:300. The 
numbers in brackets represent sample numbers. 
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Sample Selection & Analyses (The Type Locality) 

Stratigraphy continues unchanged or with very slight variation. 

Coarsely and finely laminated micaceous sandstone; usually 
soft and weather pink-brown; ripple marks and convolute 
bedding is corrunon in finer units. 

Fe-dolomite units -Weathers brown-black and fresh surfaces 
are pink-red. 

Grey Quartzite - Finely and coarsely laminated grey 
arenaceous units with well developed ripple surfaces; finer­
grained layers rich in K-feldspar. 

Sandy Dolomite - Finely laminated (recrystallised?) dolomite 
with albite pseudomorphs; becomes more massive further up 
the sequence; weathers brown-black, fresh surfaces are pink­
red. 

Albitite - Predominantly quartz-albite rock. Appears massive 
and recrystallised and is corrunonly overlain by breccias; 
weathers light brown and fresh surfaces are pink; well 
developed ripple surfaces are corrunon. 

Breccias - Consists of albite fragments in a sparry carbonate 
matrix; layers are not consistent in thickness (laterally). 

PeliticiPsammitic Sequence - Finely laminated blue-grey petite 
and psarrunite showing well preserved sedimentary structures 
(dessication cracks and ripple surfaces); finer- grained units are 
biotite-rich, and some units show prominent K-feldspar-quartz 
veining, subordinate carbonate layers and minor concordant 
breccias. 

Figure 3.2 (coutinued) 
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Sample Seleetion & Analyses (!be Type LoaaUty) 

3.1.3 Field Relations 

The stratigraphy below the main evaporite sequence consists of a monotonous series 

of pelites intercalated with iron-stained sandstone, pebbly sandstone and carbonate 

rocks, cuhninating in a dark iron-rich carbonate facies which outlines the rim of the 

Gurumanus Dome (Figure 3.1). The main evaporitic sequence which lies above these 

units consists :largely of pelitic units with intercalated massive (recrystallised?) pink 

albitite and brown-black sandy dolomite which contains albite pseudomorphs. 

Concordant breccias are encountered on various levels in the stratigraphy typically 

overlying the albitite, with iron-rich dolomite units present at the top of the sequence. 

Pelitic units also overlie the main evaporite sequence, being intercalated with 

occasional carbonates and psammitic units until the top of the sequence is reached 

(Figure 3.2). Each of these lithotypes were sampled within the main evaporite 

sequence, and a select number of samples were taken from below the main evaporite 

sequence. 

The lithotypes mentioned above are folded tightly into a disharmonic fold in the area 

mapped (Figure 3.1). A number of cross-cutting quartz-feldspar veins also occur 

within the main evaporite sequence (overprinting the stratigraphy). This overprinting 

is mild in some areas, i.e., veins interfingering with the quartzite, and more extensive 

in others (the stratigraphy of the extreme western part of the mapped area appears 

completely obliterated by extensive albitisation of the meta-sedimentary rocks). The 

western zone consists almost exclusively of massive pink albitite and silicified 

breccias, and marks the western extent of the mapped and sampled area. An additional 

set of samples in the form of an albitised and associated unalbitised pelitic unit within 

the Bakos Group was also collected. 
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Sample Selection & Analyses (The Type LocaUtI) 

Discordant quartz-dolomite plugs, representing further post-lithification mobilisation 

of fluids, are present at various levels in the stratigraphy. These plugs vary in size 

from less than a metre in diameter, to tens of metres across and consist of well formed 

quartz crystals intergrown with subordinate dolomite and haematite crystals. The 

plugs, along with discordant and concordant quartz veins present in some units, were 

sampled within the Duruchaus Formation and the overlying Hakos Group, as 

representing a possible remobilisation of evaporitic fluids previously trapped within 

the main evaporite sequence of the Duruchaus Formation. Xenolithic rock fragments 

commonly occur within these plugs. Sandy dolomite, iron dolomite and breccia 

similar to the in situ units in the Duruchaus Formation stratigraphy were found within 

these plugs. These xenoliths were sampled along with the quartz-dolomite plugs 

themselves. Quartz-tourmaline veins are also present in the sampled area, crosscutting 

the stratigraphy within the main evaporite sequence. These were also sampled along 

with tourmaline-bearing quartz plugs below the main evaporite sequence. 

The metamorphic grade of these units appeared to be quite low (low grade, 

greenschist facies). The sedimentary character (bedding planes, ripple marks, etc.) of 

the units described, are well preserved. 

3.1.4 Discussion of Field Evidence 

A number of initial observations can be made from the field evidence. The first is that 

late stage albitisation of the main evaporite sequence is indicated, the more porous 

arenaceous units being replacedlalbitised preferentially, when compared with the less 

porous pelitic units. The timing of the emplacement of the quartz-dolomite plugs 

appears to be post-albitisation as the xenolithic rocks fragments present within these 
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Sample Selection & Analyses (The Type LoealitI) 

plugs appear albitised. Evidence for albitisation further down in the Duruchaus 

Fonnation stratigraphy, i.e., below the main evaporite sequence, is not seen. 

The xenolithic rock fragments present within these plugs provide strong evidence for 

an origin within the Duruchaus Fonnation. An the xenolithic fragments encountered, 

i.e., sandy dolomite, breccia and iron-dolomite, bear a striking resemblance to the 

units seen in the Duruchaus Fonnation stratigraphy. The quartz-dolomite plugs are 

thought to be related to late stage movement of nappes during the Damaran 

defonnation (Behr et ai., 1983b). The south-eastward overriding of nappes derived 

from the Khomas Trough over Nosib Group sediments is thought to have forced a 

dolomitic evaporitic mush which included autolithic and xenolithic rock fragments up 

planes of weaknesses, Le., fractures, fonning discordant units or plugs, like those 

encountered in the Duruchaus Fonnation and in the Hakos Group (the most famous of 

these examples being the Sole Dolomite at the base of the Naukluft Nappe Complex­

Behr et ai., 1983b). The field evidence supports this contention and argues strongly 

for a root in the Duruchaus Fonnation for these plugs. Remobilised connate evaporitic 

fluids originating from the evaporitic units within the Duruchaus Fonnation may 

therefore be preserved as fluid inclusions in the quartz and dolomite crystals which 

make up these quartz-dolomite plugs. 
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Sample Selection & Analyses (The Type Locality) 

3.1.5 Analyses 

The analytical work for this part of the study was subdivided into three main 

categories: 

(i) Fluid Inclusion Studies : 

Microthennometry, 

Crush-leach analyses using high perfonnance ion chromatography (HPIC) 

and inductively-coupled plasma mass spectrometry (ICP-MS) 

(ii) Whole Rock Geochemistry: 

X-Ray fluorescence spectrometry analyses (XRFS) 

Inductively-coupled plasma mass spectrometry analyses (ICP-MS) 

(iii) Mineral Chemistry: 

Electron microprobe analyses (EMP A) 

The analyses listed in (i) were carried out to detennine the density, overall salinity 

and bulk fluid chemistry of the fluids preserved as inclusions within the quartz­

dolomite plugs and quartz vein samples. The analyses listed in (ii) were carried out to 

determine the whole rock geochemical compositions of the units within the 

Duruchaus Fonnation. XRFS was used to determine the major element distribution in 

the sampled units, and ICP-MS was used to detennine their trace element and rare 

earth element concentrations. EMP A analyses were carried out on the tounnaline 

grains within the quartz-tounnaline veins and quartz-tounnaline plugs sampled in the 

Duruchaus Fonnation to detennine the chemistry of these grains. Details of the 

sample preparation, instrumental set-up and lower limits of detection for each of the 

above techniques are presented in Appendix I. 
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3.2. Petrography and Mineralogy 

3.2.1 Introduction 

A brief outline of the pertinent petrographic and mineralogical features of the units 

encountered in the Duruchaus Formation are presented in the following sections. 

Complete petrographic descriptions and the complete set of electron microprobe 

analyses are presented in Appendices II and III. 

3.2.2 Petrography 

Metapelite and Metapsammite 

The mineralogy of the metapelite and metapsammite is quite similar with only the 

grain size and quartz and mica contents showing some variation in terms of modal 

proportions. The metapelite is dominated by quartz grains (O.1-O.2Smm), with 

significant amounts of biotite, muscovite and opaques (haematite. ilmenite) also 

present. Plagioclase and carbonate grains (in the form of dolomite) commonly form a 

small component of the matrix in the metapelite below the main evaporite sequence. 

The carbonate content of the metapelite within the main evaporite is slightly higher. 

Metapelite within the main evaporite sequence also contains quartz-albite aggregates 

thought to be pseudomorphing primary, syn-sedimentary mineral phases. Tourmaline 

grains are present within some of these pseudomorphs (plate 1). The metapelite 

within the main evaporite sequence is characterised by a polygonal granoblastic 

texture. 

The metapsammite is also dominated by interlocking quartz grains (O.25-0.5mm), 

with biotite, rare muscovite and dolomite grains also present. The proportions of the 

mica and carbonate grains are significantly lower than those observed in the pelitic 
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Petrography & Mineralogy 

units. Sphene is a common accessory phase. A polygonal granoblastic texture is also 

seen in the metapsammite. 

Sandy Dolomite 

The sandy dolomite units of the main evaporite sequence contain equal proportions of 

quartz, albite and dolomite. The dolomite grains form the dominant part of the matrix 

while the quartz and albite grains form porphyroblasts (Plate 2). Minor amounts of 

talc and haematite are also present in these units. The sandy dolomite units show a 

porphyroblastic texture. A dolomitic xenolith bearing a physical resemblance to the 

sandy dolomite units described above was encountered within the quartz-dolomite 

plugs in the Duruchaus Formation. The xenolith also conforms well to the above 

petrographic description (plate 6). 

Breccias 

The brecciated units consist essentially of dolomite and quartz fragments in an 

albitised matrix (plate 3). The quartz and dolomite grains form clasts and matrix 

components, along with smaller albite grains. Sphene and opaque (haematite) grains 

also form a minor component of the matrix. The texture observed in all the brecciated 

units is seriate. A breccia xenolith encountered within the quartz-dolomite plugs in the 

Duruchaus Formation was also subjected to a similar petrographic study and was 

found to conform to the above petrographic description (plate 5). 

Albitite 

The albitite within the main evaporite sequence consists predominantly of quartz and 

albite grains (-lmm) (plate 4). Significant amounts of dolomite are also present 

within these units with minor sphene and rutile (after ilmenite?). and haematite grains. 
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Minor muscovite is also present within these units. An equigranular, granoblastic 

texture is common in these rocks with the quartz and albite grains sometimes forming 

small porphyroblasts. 

Quartzite/Quartz Arenite 

Quartzite is present in the stratigraphy below the main evaporite sequence and 

consists essentially of quartz, microcline and plagioclase grains (O.5-1mm). Biotite 

and muscovite grains also form a significant part of the matrix, with minor amounts of 

zircon, sphene and opaque mineral grains (haematite?). A recystallised, granoblastic 

texture is shown by these units. 

Dolomite/Dolostones 

The mineralogy of the dolomitic units is quite consistent throughout the sequence. 

Dolomite is the main mineral component with minor amounts of quartz and talc. 

Haematite proportions in these carbonates show some degree of variation with the 

more haematite-rich carbonates being classified as Fe-dolomite. Polygonal 

granoblastic textures shown by these units suggests that they are recrystallised. 
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3.2.3 Mineralogy - Tourmaline Chemistry 

3.2.3.1 Sample Selection and Analyses 

Petrography & Mineralogy 

Three tounnaline samples from within the Duruchaus Fonnation were selected for 

electron microprobe analyses. The first sample originates from a quartz plug near the 

bottom of the Duruchaus Fonnation (NP059). These tounnaline crystals are 

associated with the quartz crystals in the plug and appear co-genetic. The second 

sample is from a quartz-tounnaline vein below the main evaporite sequence (NP021; 

see Figure 3.1). The third sample originates from a metapelite within the main 

evaporite sequence (NP035). The tounnaline grains were only discovered after 

petrographic examination of quartz-albite pseudomorphs present in the metapelite 

layer within the main evaporite sequence. Microscopic tounnaline grains were found 

to be associated with some of the pseudomorphs within this layer, which suggests that 

these pseudomorphs may represent fonner boron-rich diagenetic phases. 

The tounnaline grains in the above samples were subjected to an EMP A study 

(Appendix I.3a) and the AI. Mg. Fe and Ca contents of these grains were plotted on 

ternary diagrams after Henry and Guidotti (1985). The general fonnula for tounnaline 

is XY3Z6(B03)3Si6018(OH)4 (Henry and Guidotti, 1985). The amount of Fe present in 

the Y and Z sites was calculated assuming a full occupancy of the (B03)3 site. 

Assuming that all the Fe in the Y site was Fe2+ and an Fe in the Z site was Fe3+. the 

total Fe was recalculated to Fe2+ and Fe3
+, and then iteratively adjusted until full 

occupancy of the Z site was achieved. 
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3. 2. 3. 2 Results 

The samples NP059 and NP021 plot within two fields, the field representing 

metapsammite/metapelite host rocks and the field representing quartz-tourmaline and 

metapelite host rocks (Figure 3.3). The sample NP035 plots only within the quartz­

tourmaline/metapelite field (as defined by Henry and Guidoit4 1985) extending 

toward a more Mg-rich composition than the other two samples. In Figure 3.4, all 

samples plot within field 4 (Ca-poor metapelite/metapsammites), with sample NP035 

again trending towards more Mg-rich compositions. The compositions of these 

tourmalines are intermediate between schod and dravite, with sample NP035 being 

more dravitic than the other two. There is little core-rim variation in all the tourmaline 

grains analysed. 

AI 

.. NP!i59 
• 1'P021 

.. I'P035 

Figure 3.3 Al-Fe(tot)-Mg diagram for tourmaline grains from the Duruchaus 
Formation in the SMZ (after Henry and Guidotti, 1985). Values are in molecular 
proportions; open symbols = rims" closed symbols = cores. Fields: l-Li-rich 
granitoids; 2-Li-poor granitoids; 3-Fe3+ -rich quartz tourmaline rocks; 4-metapelites 
and metapsammites (+Al-saturating phase); 5-metapelites and metapsammites (no Al­
saturating phase); 6-Fe

3
+-rich q~-tourmaline rocks, calc-silicates, metapelites; 7-

low Ca meta-ultramafics, Cr-V nch sediments; 8-IDetacarbonates, metapyroxenites. 
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Ca 
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Figure 3.4 Ca-Fe(tot)-Mg diagram for tourmaline grains from the Duruchaus 
Formation in the SMZ (after Henry and Guidotti, 1985). Values are in molecular 
proportions (symbols used are the same as Figure 3.3). Fields: 1 and 2 (as in Figure 
3.3); 3-Ca-rich metapelites, metapsammites, calc-silicate rocks; 4-Ca-poor 
metapelites, metapsammites, calc-silicates rocks; 5-metacaroonates; 6-meta­
uhramafics. 
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3.3. Whole Rock Chemistry 

3.3.1 Major Element Distribution 

The major element distribution in the units from the Duruchaus Formation was used 

to ascertain the degree of chemical weathering and alteration experienced by the 

various metasedimentary rock types in the Duruchaus Formation. Using the chemical 

index of alteration (CIA) as defined by Nesbitt and Young (1982), it is possible to 

evaluate the degree of pre-metamorphic chemical weathering experienced by 

sedimentary rocks as well as determine the effect of any late stage metasomatic 

processes on the geochemistry of a unit. The procedure involves examining the effect 

that the chemical weathering process has on more mobile cations (e.g., Ca2+, K+, Na 1 

relative to less mobile constituents, e.g., Al3+, Ti4+. The CIA of a unit can be 

graphically represented in a ternary plot of Al203 vs CaO+Na20 vs K20 (Figure 3.5). I 

This figure also illustrates the trend generated by the chemical weathering process 

(using an average Upper Archaean upper crust value as a starting point) and the effect 

ofK-metasomatism on these trends. 

A 
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I 
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60 i········ 

eN 

i 
i 

.,. Pre-metuomatlald 
composition 

• Average Cl'lIltonic 
shale 

X Upper Archaean 

upper crust 

K 
Fignre 3.S Ternary plot of Al20 3 (A), CaO+Na20 (eN) and K20 (K), showing the 
trends created by weathering of Upper Archaean upper crust (Condie, 1993) and the 
addition of K to the feldspars (a: K-metasomatism; b: subsitution of K for Ca,Na in 
plagioclase) ( after Young et al., 1995). All values are in molar proportions and CaO 
represents the amount ofCaO in the silicate fraction of the rock only. 
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3.3.1.1 Sample Selection and Analysis 

The lithotypes present within the Duruchaus Formation stratigraphy include Fe­

dolomite, sandy dolomite, albitite, breccia, feldspathic arenite and pelitic units. 

However, only the arenaceous units (albitite and arenite) and pelitic units were 

considered in the CIA study due to the heterolithic nature of the breccias and the high 

CaO contents of the carbonates. Samples showing the least amount of (modem) 

alteration were selected (degree of alteration determined by a detailed petrographic 

study of the samples - Appendix TI). These samples were subjected to X-Ray 

fluorescence analyses to determine their major element chemistry (Appendix I.2a). 

CIA plots for the units of the Duruchaus Formation were produced and are presented 

in Figure 3.6 and 3.7. It should be noted that the CaO values have not been corrected 

for the amount of calcium that is present in the form of carbonates in these units. 

Additional data in the form of the albitised and associated unalbitised pelitic unit 

sampled within the Hakos Group is also represented on these diagrams. The 

compositon of the Upper Archaean upper crust quoted in Condie (1993) is quite 

similar to the average upper continental crust quoted in Taylor and Mclennan (1985) 

and was therefore used as a reference point for the units of the Duruchaus Formation 

rocks as well. 

3.3.1.2 Results 

An examination of Figures 3.6 and 3.7 with regard to the relative positions of these 

units in the stratigraphy has revealed the following. It was found that samples at the 

bottom of the sampled sequence appeared to be the least altered, i.e., they plot closest 

to the composition of the average Upper Archaean upper crust (Figure 3.6). The units 

higher up in the stratigraphy plot toward progressively higher A}z03 and K20 values 

until the bottom of the main evaporite sequence is reached. The units within the main 
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evaporite sequence in Figure 3.7 plot closer to the CaO+Na20 (eN) apex, with the 

units at the top of the main evaporite sequence having little or no K. The CIA plots 

therefore show a shift toward more Ca- and Na-rich chemistry as one goes from the 

below the main evaporite sequence into the main evaporite sequence (Figure 3.7). 

--.... General Chemical Weathering Trend 

..... .,. Stratigraphic Trend (Arenites) 

+ Arenaceous Units 
o Pelitic Units 
x Unalbltlsed Sample 

........ ..... Stratigraphic Trend (Peillel) A 
A Albltlsed Sample 

eN 

s: i 100 ......... : ............. ----. ------ ----- --- ----- -_.-
Oi 

o Upper Archaean 
UppefCl1.lst 
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1 ,/ 

O ~ // 
, .. 

o K 
Figure 3.6 CIA plot showing the distribution of data for the lithological units from 
the Duruchaus Formation in A(Ah03)-CN(CaO+Na20)-K(K20) space. The average 
Upper Archaean upper crust composition is from Condie (1993). 
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Figure 3.7 CIA plot showing the distribution of data for the units from the Duruchaus 
Fonnation in A(Ah03)-CN(CaO+Na20)-K(K20) space according to their positions in 
the stratigraphy. The average Upper Archaean upper crust composition is from 
Condie (1993). 

3.3.2 Trace Element and Rare Earth Element Distribution 
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The rare earth element (REE) distributions and trace element distributions (to a lesser 

extent) in rocks are not as susceptable to alteration as that of the major element 

species, as the REE and certain trace elements (e.g. Th, Sc, Cs, Rb, Ba) are relatively 

immobile in the secondary environment (Rollinson, 1993). The aim of this part of the 

study was to characterise the units of the Duruchaus Formation with regard to their 

REE and trace element distributions and investigate their depositional environments 

and probable provenance. In particular, the effect of albitisation on the trace element 

and rare earth element concentrations of these samples was considered. 

3.3.2.1 Sample Selection and Analyses 

Selected whole rock samples collected from throughout the Duruchaus Formation 

stratigraphy (all rock types) were subjected to ICP-MS analyses to determine their 

trace element and rare earth element distributions (Appendix I.2b). Again, samples 

showing the least amount of (modem) alteration were initially selected (determined 

from petrographic character of the samples). A suitable spread of samples throughout 

the Duruchaus Formation stratigraphy were then analysed to give an indication of the 

geochemical variation in the sequence. Xenolithic units sampled within the quartz and 

quartz-dolomite plugs within the Duruchaus Formation and the overlying Hakos 

Group were also included in this analysis. 

3.3.2.2 Rare Earth Element Distribution 

The different lithological units in the Duruchaus Formation stratigraphy show a 

number of consistent features with regard to their chondrite-normalised rare earth 

element abundances, i.e., a strong light rare earth enrichment pattern (very steep 

pattern in the arenaceous units, less so in the carbonates and pelites), a negative Eu 
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anomaly, and Ce anomalies (positive within the maiIJ. evaporite sequence and negative 

below the main evaporite sequence) (Figure 3.8). 

Upper continental crust-normalised plots yield flat REE patterns for all lithotypes 

(Figures 3.9). In addition to a flattening of the light rare earth enrichment trend, it is 

also seen that the negative Eu anomalies all but disappear, suggesting that both these 

features are inherited from a source lithology of similar rare earth element chemistry 

to the upper continental crust, i.e., the clasts and sedimentary grains which make up 

the metasedimentary units of the Duruchaus Formation originated from a source 

lithology which was characterised by a light rare earth enrichment trend and a 

negative europium anomaly. 

The Ce (and sometimes Eu anomalies) persist in the upper continental crust­

normalised plots of some of the carbonate units within the main evaporite sequence 

(Figure 3.9). It is also noted that the Ce anomalies are either absent or negative in the 

carbonates below the main evaporite sequence, and positive in some of the carbonates 

within the main evaporite sequence (Figure 3.9). This feature is seen in all the 

lithological units but is more evident in the carbonate units. The Eu anomaly in one of 

the carbonates within the main evaporite sequence has also shifted from a negative 

anomaly in the chondrite- normalised plots to a positive one in the upper continental 

crust-normalised plots (Figure 3.9). A significant light rare earth element depletion is 

also seen in all the carbonate and arenaceous units within the main evaporite sequence 

in the upper continental crust- normalised plots. 
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Figure 3.8 Chondrite-oormalised rare earth element plot for all the sampled 
lithologies from below and within the main evaporite sequence in the Duruchaus 
Formation. Chondrite normalising values are from Sun and McDonough (1989). 
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Figure 3.9 Upper continental crust-normalised rare earth element plots for all the 
sampled lithological units from the Durucbaus formation below and within the main 
evaporite sequence. Upper continental crust crust normalising values are from Taylor 
and Mclennan (1981). 
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Fi!!;ur~ J.ln Upper continental c.rUSI-1I0mlaiiscu rar~ earth dell"lt'nl distributions of 
xenolith, Ii-orn disconlanl qllartz and quanz-dolomitc plug, in the llakos Group and in 
lh~ Duruthaus Fommlion, compar~d with lithologically similar unit<. within the 
Durll~hau> formation. 

fina lly, t~ xenolithic unit<. sampkd in the 4\1anz-dolomil~ plug, do not only bear a 

ph;>sical resemblance 10 the ;11 situ unit> "ilhin I"" TlllnH;h"u, Formal i(ln bllt a lso 

, how wry similar (upper continental crust -llOrmali,cd) rar~ earth ckmem patterll5 to 

comparabk, il1.1';/" urub \,ithin th~ Duruchaus Formation (Figure 3. 10). 

3.3.2.3 fmc/? Element TJi,\'/ribUlion 

Arenaceolls and pelitic \lillI, OCklW the ma;" evaporite S<'(jU~I1,~ ar~ enri<:hcd in all 

tra,~ dcll"lt'nls relative 10 lh~ Up)Xf <:ontirelllal nus! (figure 3. 1 I). Carhonate uni!s 

kk,W thc main evaporitc s.cqucncc. "Jld cmlX)Jlat~ and m~na<:~OIl> unil , wilhin Ik 

main ~\'ap<)rile s.eqU<:TlCe ar~ also enri<:h<;d with resped 10 most lrat~ d e rre llls relative 

10 the IIp):,,,,r contine ntal ,rusl, excep! for Ik ~krll<;'nls Rb, Cs and Ra. All uni!s, 
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irrespective of lithology, show marked enrichments in Y, Yb and Th (Figure 3.11). A 

negative Nb anomaly is also evident in all the lithological units. 

In addition to the features described above, there is some variation especially in the 

more incompatible elements, between the different lithotypes. The arenaceous units 

below the main evaporite sequence show marked negative Sr anomalies (Figure 3.11). • 

Moderate V and Zr anomalies are seen in some samples, with moderate positive Cr 

and Ba anomalies also seen. The arenaceous units within the main evaporite sequence 

do not follow the trends shown by the arenceous units below the main evaporite 

sequence but mirror the trends of the carbonates and pelitic units found within the 

main evaporite sequence (Figure 3.11). 

The carbonates below the main evaporite sequence show a marked depletion in Rb, 

Cs and Ba, along with negative Hf and Zr anomalies (Figure 3.11). A slight variation 

is also noted between the carbonate units below the main evaporite sequence and 

those within the main evaporite sequence. Those units within the main evaporite 

sequence show less marked Cs and Nb anomalies, and small negative La and Ce 

.auomalies, which are not evident in the carbonates below it. The pelitic units within 

the main evaporite sequence show a combination of features of the lithological trends 

described above. Negative Sr and Ba anomalies are the most obvious features of this 

trend (Figure 3.11). 
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Figure 3.11 Multi-element variation diagrams for units :from each of the lithological 
groupings present in the stratigraphy of the Duruchuas Formation below and within 
the main evaporite sequence. Upper continental crust normalising values are :from 
Taylor and Mclennan (1981). 
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Figure 3.12 Upper continental crust-normalised trace element plots of xenoliths from 
the discordant quartz and quartz-dolomite plugs in the Hakos Group and in the 
Duruchaus Formation, compared with lithologically similar in situ units from the 
Duruchaus Formation. 

The xenolithic units sampled within the quartz and quartz-dolomite plugs of the 

Hakos Group and Duruchaus Fonnation show very similar trace element patterns to 

comparable in situ units in the Duruchaus Fonnation (Figure 3.12). The xenoliths are 

also enriched in all trace elements except Rb, Cs and Be, relative to the continental 

crust, and are characterised by a trend almost identical to that displayed by the units of 

the main evaporite sequence. 
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3.4. Fluid Inclusion Study 

3.4.1 Microthemwmdry 

3.4.1.1 Sample Selection, Petrography and Analyses 

Eleven quartz samples were selected for fluid inclusion microthermometry (details of 

the sample preparation and instrumental set-up are presented in Appendix I.la). Three 

samples originate from the Hakos Group quartz-dolomite plugs, six samples from 

quartz plugs within the Duruchaus Formation and two samples from quartz veins 

within the Duruchaus Formation. Plug and vein samples intruding various levels in 

the Duruchaus Formation stratigraphy were selected to investigate a similar origin for 

the fluids preserved (as inclusions) at various levels in the stratigraphy. Quartz 

samples were analysed in preference to other potential fluid inclusion host minerals 

due to the :fuet that quartz-hosted inclusions were more easily optically resolvable and 

because the mineral quartz is a relatively strong mineral host which has the potential 

to preserve fluid inclusions under varying conditions better than most other mineral 

hosts, e.g., calcite. A petrographic and preliminary microthermometric study of the 

samples mentioned above revealed the existence of four main types of fluid inclusions 

within them (aq=aqueous, carb=carbonic), 

(i) 

(ll) 

(iii) 

(iv) 

Clathrate-bearing aqueous 3 phase inclusions (Lcaro;aq+Vaq+Ssalt) 

Aqueous 3 phase inclusions (Laq + Vaq + Ssalt) 

Aqueous 2 phase inclusions (Laq + Vaq) 

Rare 2 phase COz inclusions (Lcaro + V caro) 

(Type I) 

(Type II) 

(Type III) 

(Type IV) 

The solids present within the Type I and n inclusions were found to be cubic in shape 

with a refractive index similar to that of quartz. The solids were also isotropic under 
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cro,seJ polariseJ light (ob"-?rvcJ where solids w~r~ large en<llL)(h) and ",we 

characterhed by di,solulion tempemlures of abow 150"C. fhes.: ch~r~ckri'l ic , 

irxlic,il~d thaI the ,",lids pre~~r'" within Type I and II inclusions wel'e halik crySlill~ 

iRoedder. 1984). The h;llit~ cryst ~1> are most likdy d3ughter crystals as they 

consi,tcntly occupy similal' \olumell'ic proportion, in [heir ho~t inclllSiollS (RocJdcr. 

1(84). 

TVQe iii 

-. 0 olea ;r c ' .; 011 

Type.'! 

• 

\ 

TWQ rv 

Fij!ure 3.13 Sketch diagram showing lhe four !:>P"s of fluid inclusions cncountel'ed in 
the sampl~s from the Typ" hle,llily ~s well as [he distribution of these inclusions in 
one ofthc sample chips. 
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Typ'~ I ~n(l 11 mdusiOIlS C<lmmonly limn large (up [0 15>1m). iso lated indusions in [he 

salllpks 3n~Ij'""J (Figure 3, 131. roc large, isolated inc lusions :;e~m [0 be tl", okkst 

Iluid generation in the samples allJ iyst"d shown'!; lilll~ l>r no rcial",nship 10 later trails 

unl~ss o\'~rprint~d 1:>y [hem. Type II. III and I V indusiol15 form pl't"domimnlly srnalb 

(5f.1lll or less) secondJI): (and pseudo:;e~ond<ll)'?) inc lusiOlK r)l°C IV inclusions (ll) 

limn iSi,lated ineiLl.sions in one sample (NP060) but it r~Trul il1s undcar "hether this 

Iluid ",IS cogcneli<: with 11 11: tluiJ presnwd in Ihe Type I and II iso lated jn~lusjons, 

rhc sec()ndary inc lusion trails repr~sent annealed frac t1lf~5 in ti,e IX"1 min~rals. TI",sc 

mdLlsion tr~il, ,~k<" t~d li>r analysis showed consistent liquidivJpom ~nd 

liquiJiyapoLlT/dau)'dltcr ral~>s in each inclusion. The effect of necking of thest" 

indusions on the llverothennolnclric d']jJ produced \YJs minimised by aY~r3ging oui 

ill<; rr:<"<lsurcd ~ ut('clic lemlwr~tur~s. mdting temperatures and h()!Twgenisali()n 

I~mpcralures in ea~h se~()nd<lry tr~il. 

F lllect i~ temperatures. melting temperatures and homogenisation temperatures weTe 

measured li)r ~ach of the phases (CDc, lhO) pl'esent in 1he isolated and secondary 

indusions, In the 1 ype II inclusi()ns, salinilies -w"r~ c<lkulmeJ from halite uisSi)luti()n 

t~lnperatures as J]};)st of Uoc aque()us indu~ions <lppe~['!:-d oWI"-S<lturated with respect 

to ha lite. i, e .. halite daughler cl)'stals "'''1''' present in the inclusions. The equalions 

used are Ii'om SIt"lTlt"r ct al. (19SS). The salinities quoted forlype III inclusions WeTe 

~<lkulated using I,,", <XJuation 01' Bodnar (1993). The salinities qll<Hed repTt"sent 

a\erag"d salinities I')f ea~h S<lmple. 
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J 4. I.] II ~_<ulls 

LLblc 3, I presen ts ~ summary of Ihe nlicrolhCll11Omelrl C dala de8crihed helow 

(lncllLSHln Types I-Ill) , The results of the microtheflllLlm eiriC slUdy of'J l'l'C IT and III 

illlltisions within the ll,'kos GroliP q1lartz -dolomit~ plug, ;md the disconiam pllLgS 

und vem' in the Duruchaus Fonnalion are pr-:s,nted LOg~ll ,~r in Figures 3,1410 3,17, 

Typ~ I inclU8ion8 whLch 1<1Jl11 l,;obled HlcllL,Lons in th ~ Halos Group plugs ShLlW 

entedic temperatures ('I'd of down to - 20.5 "c. (I~lhrute melliTlg lempemllLre8 

(Tm,-hLh) va lues lie in the range 5.4 ' ( 10 11.0 ' (, ""lh wme values up to 29.3 "c a lso 

recorded _ A larg~ range or h ()mog~nisatio n temperatures were observed in these 

mciuslollS extend ing from low values of around ]30 "c, to IlLgher values of up \0 382 

y~ {Table 3. I}, Homogenisat ion was to (he liquid ph ase , (Sal ini Ii GS::; 8"4ih\i';-;, r-; aCI,,) 

Slmililr results were obs.c[ved for Ihe 'Jype I isolaled mciuslOns within DUnJ<;haU8 

F()rrllalion pllLgS and ,elTl~ with T< value8 i~' low as -28.1 '(, flUill l<:e melliTlg 

lempera lures ('I'm .. ,) Llfbetween 2, I '( and 27, I '( and Tm" .. ,_ va lues of he tween I 

°C to HJ.2 'c {wilh some h1gher vailles of up to 29,9 "c ,liS(] record ed}. A large mnge 

of homog~Tll >iili on lempemlures of betw,en 136 "c and 3 I 3'(: were also recorded for 

lhe Durudli111S Formation plugs, Type 1 illclusions which 1,mll secondary- inch sioTls lJl 

tile DUl1lchaus Foml~tion plugs rail into slmilar ranges as the iwlaled lTlclli';ions 

described abovG bnt show a more reslricted range or T, and Tm", ,," values, wLth a 

generally lower llomgellisation temperature range of hetween 1M) °C and 229 0(' 

( Tab Ie 3.1). HOlllogenisation was l() the lJ'IlLLd phas~ . {Sah [ll ti es: 33-47 wt % Na Cl,~} 

The Type I i80lated inclu8ion,; in the DlLf\lcklU8 F0ll11alion vein samples analysed 

al80 he wilhin the '1'<, Tm~< and Tm,- I, Lh ranges showed by th e Hako,; GrolLp plugs will! 
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n genemlly hll.~ler homogenismion temper:lture range of 235 "c to 366 "c. 

'[ ype II lItc[usJOns nml Type [II inc lusions :lre ,olls idered togetber III the fo [l"wln); 

,h,cusswn. Type II llIc lusions pn:St'nt a, bOlt , l>()btd and sL'('ondary illchsions, and 

'lype i ll inclusions present ns predomillJnt ly secondary incluslOn, lit lh~ sampled 

plugs and "elLS. Th~ Type TI and Type TIl s~colldary mc lusions are commonly lelund 

10gcther in llui<.l incllLsioll tmils and are hence regmded as cD-genetic . 

T, vJlues lelr the Type II Jnd III, iso lated mclusions m the Hakos ( iftlup plugs lie in 

the range ·22.2 "C ~Il d -27.4 "c, with '1m", values between ~ .I "c and -25 .(, "C, and 

a rang~ 0 r bOlnog~lllSati on (emp~rallLres (TJlH ,0) 0 f hem ~en 263 "C and ~90 "c. The 

sccondJry Type II and III inclusi<lns slww a wlder nmge ofvJlues fo r T, and Tm,,, 

wilh a g~neral[y [o\\ er T.HlO range of 114 'c to n6°c. Salmi ties calculaled for these 

sets of inclusions in the Ihkos (]roup plugs are between 38 to 40 \~t% NaCI,~ lor the 

isolated mcllLSlons and approximately 3 1 \\'t~··;' .\aCl" for the secondmy inclusions. 

T, vallies for the Type II arkl Ill. lSolated mclusions m th~ Iluruch:nl s Formation plugs 

,h()w a sHlnlar overlapping rmlge wllh the Hakos Group plugs ofbet\\'eell -21.7 "c 

and - 30.0 0c. with Tm oc values between -1.5 "c and -35.5 "C . '[,H,O va lues . though, 

show a much \\Hkr ,hstlibut ion but overlap with tll~ rJnge showed by the HJkos 

Group plugs (133 "c to 334 "C). The secondaty Type lJ and lJl inc lusion, shem a 

simila r temp~lmure diStl'ibution to the isolated inlcusions with respect to T, (with 

some lower va l lies). and Tm~c. The observed T"lI, O values shown by the secondary 

inc lusions," Jgain shghlly lower than that seen III the lso la(ed llIclusions (127°C to 

287 vc). Calcul ated sa lin i li es for the lSolated and s~condary inc.iusions show a genera l 
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agreemen( with (hat (han , hown by the Type II "nd 1I1 indus"lns in the Ha\..os Group 

plugs. i.e .. between 32-3..\ wt% l\aCl, filr the sccnndar) itx;lusiol15 al1\1 higher 

salinircs ofoctwcen33-47 ,\1"1u KaCI,~ Ii)r ll"" isolated inclusions. 

inclusions 

;;:;;c,,' inclUGions 

o 

Figur~ :<.1,,\ Frcqucncy histogram oi"euredic temperaLlireS ob>l?rved in the aqucous 
in<:\usions preserved in the qU(lrlz and quart/-dolomitc r1ul!> of the LJuruchaus 
Formation and Ilakos Gr()Up. 

1S ;;;;;;;;;e,' inclusions 

= 

o 

Figure :<.15 hequency histogram> of mclting tcmperatures (Tn\", ) valucs ohserved In 

aqueous inclusions preserved in the '1uanz and quanz-dolomitc plugs from the 
Duruchaus Formation and 11akos Urnup. 
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Figure J.16 I'ltxjUency hiSlOgr,ml'; (\fh(\l11(\genismion temperatures (Y<lpour W liquiJ) 
oh,.,rv~d in aqucons inci lLsions from the qllrut z ,md quart/-dolomitc plugs of the 
[) Ll ru~halL~ Fommli(\l1 and Hako~ (iroup_ 

12 

1 0 

Z 6 

o 
?? ~'4 28 28 20 32 34363840 .j.j .jfl Li,l S() 

Salinity (wF/o NaCICq ) 

Figurr 3. 17 Fr~lju en"y histogram "I ~alclll<lt~d "J..iinities from halite dissnluli(\l1 
tcrnp"rat ure~ ohsenfed in fype J and !I indu,;ions in the DllrllchalLs Fonn<lliOl1 plugs 
and Hakos (imup plug~. 
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Tk T" Tm"" and ThHo.O valllC> ohservcc.l in lhc isolm"d and ~econdary inLi usion~ in 

the Duruchaus formation vein -.ampk, generally conftlrm to that l)l>""n'ed in both thc 

Haho~ (imllp plllgS and f)lUllCh:tl1~ Frmmtliun plllg>. Til<: c.Iata i> con>i~kn! oll","lkm 

all aIlUTllal\!u> sampk ",'1'060. which show" ><.:co~dar,,' Typ~ II inclus ions Wilh 
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wl% KaCk", 

Rar" T YP<' IV i>olaled in<:lllsions W"I"<, ~ncuunt~red ill >ample> from the IIakus Group 

plllgS m-.:i cxhibitec.l hOrl\ogenisal ion !l'rnf><'ntttlre' (T ,CO,) or bel WeCIl 1i.9"C alld 14,5 

0c. Iiomog"nisation was 10 the \a]XJUf phast'. TyP<' TV isulated inclu>ions in the 

l)uru~h,Uls F ormalion plug~ alld vein, 'howcc.l a ~imilar (o\"erlapping) ran)?e or 3,5 "(: 

to 19.5 "C, a~d 8,4 "c to 17.3"C. respectiv<'ij'. SccoflOJury Typ~ IV inclu~iu~s ykld"d ~ 

~imilar raIl)?e of \"alnc~ with an outlk:r at _20,7°e. UomL>geniS.Jtion 'was alw~ys to the 

vapour phase. 

The T,H,O \"l'T>tlS Tlll;.,. plot for the a.qucons inclusions described shows that the 

i>al1ted fluid inclusion> gencrally fonll a hig""T lemr""ml llTe d,uascl "jth Ih<-' 

>ccondary fluid in::hlsions lx:ing nl()rc vari~blc in knns <lI'T"H10 valllcs (hgure 

3. 18). Til<: Tm~, valllc~ for both thes<:: flu;"1 ge!l<'ntlioll' I;';'s predominamly in til<.' 

range _18°(: to _24°e. '1 h<.'re is a largc c.Icgrcc of ov~r1ap bctwc,," I"", lYI""~ or flllid 

inclusions (iw11tcd and sccondary) ill thi> plot. Thc sa!illities ~alculated lor Ih<.'se 

inclusion types on the basi, of halite di,so lution tcmperaturc>. though, il-.:iicale a 

var~1tion III salinity bcnvcen til<:"" two fluid gcocratiuns, the isu!at"d illdusiun~ 
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3.4.2 Crush Leach Analyses: 

3.4.2.1 Sample Selection and Analysis 

Crush leach anaylses of leachates from quartz, dolomite and tounnaline subsamples 

from the quartz-dolomite plugs and quartz veins from the Duruchaus Formation and 

Hakos Group were carried out. Leachates from the selected samples were analysed 

using HPIC (for anionic and cationic concentrations) and ICP-MS (exclusively for 

determining the Br- concentration of these fluids) (Appendix I.Ib). A combination of 

these two analytical techniques was used due to the low concentrations of Br- in the 

samples analysed (below the detection limits of HPIC). The ICP-MS technique was 

therefore employed to determine the Br- concentrations of the fluid inclusion 

leachates as it has a significantly lower detection limit than the HPIC. Analyses of 

Na + and cr concentrations poses some problems using the ICP-MS technique due to 

interference effects and high concentrations of these elements in the fluids analysed. 

A combination of both these techniques was therefore employed to determine the 

desired anionic and cationic character of the fluid inclusion leachates. 

3.4.2.2 Results 

The quartz-hosted fluid inclusion leachates were subdivided into those which 

originate from samples which were halite-oversaturated and halite-undersaturated 

(from the petrography of the samples and calculated salinities). Na+ is the dominant 

cation in both the halite under-saturated and halite over-saturated sample leachates 

from the Duruchaus Formation plugs and veins, and Hakos Group plugs, with only 

small amounts ofK+ and M!i+ detected (Figure 3.19). There is a degree of overlap in 

terms of cationic proportions between the halite-oversaturated and halite­

undersaturated fluids but the halite under-saturated fluids show a slight variation 

extending towards more Ca2+-rich compositions (and Mg2+.rich compositions to a 
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lesser extent) than the halite-oversaturated fluids (Figure 3.19). The halite­

undersaturated fluids are present mainly in the Duruchaus Formation plug samples 

which therefore show a more Ca2+ -rich composition than the Hakos Group plug 

samples (Figure 3.20). 

The tourmaline-hosted fluid inclusion leachates show a marked variation, K+ -rich and 

Ca2+ -rich samples from within the main evaporite sequence, and K+ -poor and Ca2+_ 

poor samples from below the main evaporite sequence. Compositions are extremely 

variable for these three samples, though. Inclusion leachates extracted from a single 

dolomite sample, show a distinct chemical character, being dominated by' Mg2+ and 

Ca2+ ions as would be expected. 

cr is by far the dominant anion in the halite-oversaturated fluids (Figure 3.21 and 

3.23). Although the halite-undersaturated fluids do contain significant amounts ofCr, 

these fluids tend to be dominated by C032- ions, with significantly greater amounts of 

Br" than that seen in the halite oversaturated inclusions (Figure 3.23). Only minor 

amounts of sol- and N03- were detected in both the halite-oversaturated and halite­

undersaturated fluid inlcusion leachates. 

The col- value used in Figure 3.23 represents a calculated value on the basis of a 

charge imbalance which was found to exist in these leachates. Roedder (1984) found 

that large errors in charge balances can result from the presence of C02 in a solution, 

forming species such as HC03-, H2C03 and C03
2-. The presence of C02 inclusions in 

the samples analysed and the presence of co-genetic carbonate minerals associated 

with the sampled quartz plugs, supports the contention that the charge imbalance 

which is seen in the inclusion leachates reflects a carbonic species. The actual col-
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contents of these leachates was not detennined during the analytical runs on the HPIC 

due to the fact that the eluent used was a Na2CO)lNaHCO) mixture. The calculated 

values are used to only give an indication of the C03
2- content of the leachates with 

the assumption that CO) 2- ions are the only possible remaining anions in solution. 

Tounnaline-hosted inclusions from samples from the main evaporite sequence do not 

contain significant amounts of cr (also seen in Figure 3.25), and are correspondingly 

more COl"-, N03"- and Br"-rich than their quartz-hosted counterparts. The dolomite-

hosted inclusion leachates appear to have a similar character to the quartz-hosted 

inclusion leachates with respect to their anionic composition. In tenns of their area of 

origin, the fluid inclusion leachates from the Duruchaus Fonnation samples show 

higher Br" and col- proportions than those from the Hakos Group (Figure 3.22). 

o Quartz.hosted halite-oversaturatecllncluslons + Dolomlte-hostecllncluslons 

• Quartz-hosted halite-undersaturated Inclusions II Tourmallne-hostedlncluslons 

••• 
o • 

• o • II 

II II 

• 

• !II 

II 

Figure 3.19 Molar proportions of cations in the fluid inclusion leachates from the 
quartz-dolomite plugs within the Duruchaus Fonnation and Hakos Group as a 
function of their mineral hosts. 
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Figu.re 3.20 Molar proportions of cations in the fluid inclusion leachates from the 
quartz-dolomite plugs within the Duruchaus Fonnation and Hakos Group. 
Subdivisions are on the basis of area of origin within the Damaran stratigraphy. 

cr 804
2-

8(*500 

Figure 3.21 Ternary plots showing the molar proportions of anions in fluid inclusion 
leachates from the Duruchaus Fonnation and Hakos Group as a function of their 
mineral hosts; for legend see Figure 3.19. 
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Figure 3.22 Ternary plots showing the molar proportions of anions in the fluid 
inclusion leacbates as a function of their areas of origin in the stratigraphy; for legend 
see Figure 3.20. 
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Figure 3.23 Plot of fluid compositional variation of the fluid inclusion leacbates from 
the Duruchaus Formation and Hakos Group using a calculated C032

- composition 
(determined by charge balance calcuJations). These leacbates are plotted as a function 
of (a) their mineral hosts and (b) their area of origin in the stratigraphy; for legend see 
Figures 3.19 and 3.20. Points represent molar proportions of each element. 
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3.4.2.3 Na-Br-CI systematics offluid inclusion leachates 

The Na-Br-Cl concentrations of fluids has been found to be a useful tool in 

discriminating between different solute sources for mineralising fluids as wen as 

characterising the source of the mineralising brines (Kesler et al., 1995; Walter et al., 

1990). Bromine functions as an effective monitor of the degree of evaporation due to 

the fact that during the evaporation of seawater, into and beyond halite facies, Br 

becomes progressively more concentrated in the residual brine (Siemann and 

Schramm, 2000; Glynn et al., 1992). As seawater evaporates, the ClIBr ratio of the 

residual brine remains similar to that of seawater until halite saturation is reached. 

Further evaporation leads to the precipitation of halite and both the ClIBr and NalBr 

ratios in the residual brine become progressively lower than that of seawater. Residual 

brines that are separated from the precipitated evaporite minerals will therefore reflect 

this degree of evaporation. However, brines which remain in contact with the 

precipitated evaporite minerals can experience the dissolution of halite and other 

previously precipitated evaporitic minerals, which would enrich the brine in Na + and 

cr relative to Bf. This results in a brine with ClIBr and NalBr ratios which are 

considerably higher than that of seawater (Figure 3.24). The molar ratios therefore 

allow one to distinguish brines which derive their salinity from simple halite 

dissolution and those which denve their salinity from the evaporation of seawater. 

Ratios rather than absolute concentrations are used due to the fact that the absolute 

concentrations of Na, CI and Br are dependant on the amount of dilution that the 

fluids were subjected to during sample preparation, and in the case of fluid inclusion 

analyses, the amount of fluid present in the fluid inclusions, both of which are not 

constant. The ratios therefore allow the comparison of fluids from different areas in 
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tenns of their Na, CI, and Br contents regardless of the variation in fluid volume or 

dilution. 

NalBr versus C1IBr ratios of the absolute Na, Br, Cl concentrations of the leachates 

from the quartz, tourmaline and dolomite sub samples mentioned earlier, are presented 

in Figures 3.25 and 3.26. A large number of samples from the Duruchaus Formation 

and Hakos Group plugs follow the halite dissolution trend (Figure 3.25). Petrographic 

examination of the fluid inclusions in these samples as wen as calculated salinities 

(previous section) showed that these samples are generally saturated with respect to 

halite and it is thus likely that they experienced some halite dissolution during their 

fluid evolution. The C1IBr ratios seen in these samples also support this contention, 

generally falling within the range expected for evaporitic fluids which have 

experienced halite dissolution, i.e., C1IBr ratios in the thousands (Holser et al., 1979). 

1000 ...---------------" 

800 

:::::::-
~ 600 -
~ 400 o 

200 , 

200 400 600 800 1000 

NaJBr (mol) 
Figure 3.24 Schematic plot showing Na-Br-Cl systematics for sea water and 
associated evaporitic brines (after Kesler et al., 1995). 
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In contrast, fluid inclusions in the leachate samples which lie below the sea water 

marker, are conspicuously lacking in halite daughter crystals and are thought to be 

representative of the initial character of the evaporitic ( connate) fluid. The plots 

therefore show samples that are divided into those which are halite under-saturated 

and halite over-saturated. The tourmaline samples are presented separately as no 

petrographic or fluid inclusion data are available for them. However, from their 

positions in Figure 3.25, and their generally lower Na+ concentrations in Figure 3.19, 

it can be inferred that they are under-saturated with respect to halite. These tourmaline 

samples show no relationship with the sea water evaporation line, though. 
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• Halite-undersaturated inclusions 
o Halite oversaturated inclusions 
* Tourmaline-hosted Inclusions 
+ Dolomite-hosted Inclusions 
• Sea Water 

Figure 3.25 (a) Na-Br-Cl systematics of fluid inclusion leachates from selected plug 
samples from the Duruchaus Formation and Swakop Group using the composition of 
sea water as a reference. The halite under-saturated and over-saturated inclusions are 
hosted in quartz. Sea water composition is quoted from Horita et al (1991). (b) 
Enlargement of (a) showing the distribution of halite under-saturated inclusions more 
clearly. 
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The leachates from the Hakos Group plugs tend to be oversaturated with respect to 

halite while the leachates from the Duruchaus Formation plugs and veins are more 

variable, some samples being halite-oversaturated and others halite-undersaturated. 

This explains the distribution of data in Figure 3.26, whichs shows that the Hakos 

Group plugs generally have higher ClJBr and NalBr ratios than sea water, while the 

Duruchaus Formation plugs and veins show a variable character, extending from 

below the sea water marker to above the sea water marker along the halite dissolution 

trend. 
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Figure 3.26 Plot showing the distribution of leachates in Na-Br-CI space, subdivided 
according to their positions in the Damaran stratigraphy. 
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3.5 Discussion -.. The Type Locality 

3.5.1 Depositional Environment 

On the basis of the whole rock chemistry of the units which make up the Durucbaus 

Formation, it Was possible to make some judgements on their probable environment 

of deposition. It was first necessary, however. to assess to what the degree the original 

chemistry of the units had been altered. 

Alteration 

The chemical index of alteration (CIA) of the units within the Durucbaus Formation 

shown graphically in Figure 3.6, indicates that a combination of three geochemical 

processes produced the CIA trends shown by the units today (see section 3.3.1.2). A 

chemical weathering trend combined with some K+-Na+ exchange (most likely in the 

feldspar grains present in these units) is indicated in the units below the main 

evaporite sequence. The K+ -Na + exchange process is supported by the petrography of 

these samples as it is found that most samples that plot on the right hand side of the 

termuy diagram (mainly arenites) with low CN (Cao +Na20) values, contain 

significant amounts of K feldspar, with little or no plagioc1ase (Appendix n). Late 

stage albitisation of the units within the main evaporite sequence, observed in the 

:field, is thought to have resulted in a more Na-rich chemistry of these units (Figure 

3.7). The degree of albitisation was variable resulting in a spread of samples 

extending towards the CN (CaO+Na20) apex, mirroring the trend of the unalbitised 

pelite sample towards the albitised pelite sample (Figure 3.6). 

The arenite shows a shallow weathering trend, with a small increase in CN values 

after albitisation, while the pelite shows a much steeper change in CIA values with a 
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more pronounced increase in CN values after albitisation. An examination of the 

independant variation of Na and Ca in the pelitic and arenaceous units, 

revealed that the change in Na concentrations from below to within the main 

evaporite sequence is much more pronounced in the arenaceous units. The steep 

change in CN values seen in the pelitic units is thought to be due to the effect of Ca in 

the form of carbonates present in these units. 

The dominant process that seems to have affected the major element chemistry of the 

evaporitic units within the main evaporite sequence in the Duruchaus Formation is 

therefore albitisation which overprints the original geochemistry of these units. The 

effect of this process on the whole rock chemistry therefore needed to be evaluated in 

order to characterise the original geochemistry of the protoliths. This was attempted 

using the rare earth element and trace element trends of the units from the main 

evaporite sequence. 

The trace and rare earth element trends in all the units within the main evaporite 

sequence show a large degree of overlap, irrespective of lithology (Figure 3.11). The 

units below the main evaporite sequence show varied trends, normaUy consistent 

within each lithotype (carbonates, pelites, arenites), and different between lithotypes. 

Late stage albitisation of the main evaporite sequence is thought to have affected the 

trace element and rare earth element concentrations of the units of the main evaporite 

sequence and is thought to account for the large degree of overlap between the upper 

continental crust normalised-trace element trends of all lithological units preserved 

there (Figure 3.11). This is bome out by Figure 3.27 which shows the trace element 

distribution of an albitised pelite unit and an associated unalbitised pelite from the 

Hakos Group. 

77 



Univ
ers

ity
 of

 C
ap

e T
ow

n

104 0-----------------------------

--en 
::::::J 

103 -e:....:> --c::::: 
«:::) 

1 0 2 e:....:> x -<D 
0... 
0...10 1 

::::> 
03 
0... 
E 10° 
ro 

en 
1 0-1 

RbSr U CsSe. V CrNiNbYbHfZr Y LaCeScTh 

Element 
Figure 3.27 Multi-element variation diagram for an aIbitised and associated 
unalbitised pelitic unit within the Hakos Group. Upper continental crust values are 
from Taylor and Mclennan (1981). 
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Figure 3.28 Rare earth element plot for the albitised and unalbitised pelitic unit in 
Figure 3.27. Upper continental crust values are from Taylor and Mclennan (1981). 

The albitised pelite in Figure 3.27 shows a trace element pattern consistent with that 

displayed by the units within the main evaporite sequence suggesting that the process 

of albitisation has overprinted the original geochemical signatures of the all 
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lithological units found there. The rare earth element trend shown by the albitised 

pelitic unit, though, seems relatively unaffected by the albitisation, other than a slight 

enrichment in the light rare earth elements (Figure 3.28). The rare earth element 

trends of the arenaceous and carbonate units within the main evaporite sequence, 

however, are characterised by a light rare earth element depletion. From the field 

evidence, it was observed that the more porous units were being albitised 

preferentially when compared to the less porous pelitic units. The effect of the 

albitisation on rare earth element trends is therefore thought to be variable depending 

on the lithology of the units. The trace element trends shown by these units provide a 

more clear indication of albitisation in these units, the albitisation trend being 

characterised by negative Rb, Cs and Ba anomalies. Furthermore, the albitisation is 

observed only in the main evaporite sequence. The preferential albitisation of these 

units argues for a local source of Na which is most likely derived from halite 

dissolution. 

Depositional Environment 

The steep light rare earth enrichment patterns in the chondrite-normalised plots and 

flattening of all these patterns in the upper continental crust-normalised diagrams, 

argues for a continental provenance for the units of the Duruchaus Formation (Figures 

3.8 and 3.9) .. The positive Yb, Y and Th anomalies exhibited by an lithological units 

(Figure 3.11) suggests a consistent source area for the units of the Duruchaus 

Formation throughout the period of deposition. The variation in the more 

incompatible elements (Figure 3.11) are clearly due to a lithological control as the 
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trends described are consistent within each lithological grouping, i.e., arenaceous 

units, carbonate and pelite. 

The positive Ce and Eu anomalies within the carbonate units in the main evaporite 

sequence are interpreted as diagenetic features (see section 3.3.2.2). Although there is 

a slight rare earth element depletion seen in the upper continental crust-normalised 

plots of the albitised main evaporite sequence, the Ce and Eu anomalies in these units 

are still evident (Figure 3.9). Positive Ce anomalies have been recorded previously in 

continental alkaline, carbonate-rich, aerobic lake waters (MlSller & Bau, 1993). 

Positive Ce anomalies are thought to result from the oxidation of CellI to CelV and the 

stabilisation of these ions by higher order solution complexation with col- in 

solution. C032- is one of the dominant anions in continental waters and is thus 

available for complexation with the Ce ions present in solution. Marine carbonates, in 

contrast to this, are characterised by negative Ce anomalies (Rollinson, 1993). The 

CelV once formed in marine waters precipitates out as Ce02. The appearance of 

positive Ce anomalies in the carbonates within the main evaporite sequence therefore 

argues for a continental setting for these evaporites. The crush-leach data supports this 

interpretation as the calculated col- concentration in the fluids preserved within the 

quart-dolomite plugs in the Type Locality is comparable to that seen in non-marine 

(continental) waters. The presence of a negative Ce anomaly in one of the carbonates 

below the main evaporite sequence suggests a slight marine influence on the lower 

Duruchaus Formation before the deposition of the main evaporite sequence (Figure 

3.9). 

The formation Eu2+ in reducing environments may result in the preferential 

partitioning of the Eu2+ into the precipitating mineral phases, e.g., carbonates, oxides, 
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etc (Rollinson, 1993). The residual fluid is may thus characterised by a negative Eu 

anomaly. Oxidising depositional environments are reflected by positive Eu anomalies. 

The positive Eu anomalies seen in the upper continental crust-normalised plots of 

some of the carbonate units in the main evaporite sequence (Figure 3.9), therefore 

suggests an oxidising environment of deposition for the units. This is supported by the 

presence of sphene/rutile after ilmenite in all of the sampled units (petrography -

Appendix II). 

To summarise, the whole rock geochemical data suggests a strong continental 

influence on the Duruchaus Formation sediments. The positive Ce anomalies and 

strong light rare earth enrichment patterns seen in the main evaporite sequence seem 

to indicate a continental origin for these evaporites, possibly in an oxidising, 

continental playa lake-type environment. The source region for these sediments 

appears to be consistent being characterised by a marked Th enrichment (with 

moderate positive Y and Yb anomalies and negative Nb anomalies). 

The presence of tourmaline within an sequence of units can potentially be a useful 

indicator for the presence of former evaporitic beds (Slack et al., 1984). The 

chemistry of the tourmaline grains sampled within the Duruchaus Formation indicates 

that a Ca-poor metapelitic or metapsammitic unit was the original host rock for these 

tourmaline grains (Figures 3.3 and 3.4). As a more dravitic composition may be 

indicative of an in situ evaporitic tourmaline (Henry aand Dutrow, 1996), it is 

speculated that tourmaline grains from the main evaporite sequence (NP035) originate 

from former evaporitic borates within the main evaporite sequence of the Duruchaus 

Formation. Remobilisation of the tourmaline in the vein samples (NP059 and NP021) 

could possibly account for the more Fe-rich character of these grains. 
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3.5.2 Fluid Character 

With regards to the fluid inclusions in the quartz and quartz-dolomite plugs and veins 

sampled from different parts of the stratigraphy, the following can be observed. The 

overlap of Te, Tmice and ThH20 values observed in the fluid inclusions from the 

different plugs sampled (Figures 3.14 to 3.16) points to a similar history with respect 

to the fluid generations for an the sampled areas. This indicates that the fluids 

preserved in these plugs originate from a similar source and can thus be regarded as 

one dataset for the objectives of this study. Although there is a overlap of the ThH20, 

Tmice, T e values and salinities for both the isolated and secondary inclusions in 

Figures 3.14 to 3.17, it may be speculated on their respective mean values that two 

genetically related fluid generations exist, one extending to T hH20 values (and higher 

salinities) and the other to slightly lower ThH20 values (with similar but slightly 

lower salinities) (Figures 3.16 and 3.17). 

There are some very high T hH20 values observed in the both the isolated and 

secondary inclusion datasets. Necking of fluid inclusions occurs to varying extents in 

some samples. This along with the presence of small amounts of C~ which seems to 

be present in various quantities in these inclusions (indicated by the presence of CO2 

inclusions and clathrate-bearing inclusions in the samples analysed), can explain the 

large range of T hH20 values observed and potential outliers seen. The possibility 

exists that some of the interpreted aqueous inclusions contain small but undetectable 

amounts of CO2. These inclusions should be classified clathrate-bearing but because 

of the small amounts of C02 in these inclusions, no Tmclatb values could be observed. 

An assessment of the amount of C02 present in these inferred clathrate-bearing 

inclusions was carried out as follows. Assuming that the Type I, n and IV isolated 

inclusions are co-genetic, and that the X(C02) values observed at ThC02 are 
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reasonably accurate, an estimate of the amount of CO2 in the inferred clathrate­

bearing inclusions in the samples can be made using the phase relations in the NaCI­

CO2-H20 system (Bowers and Helgeson, 1983) (Figure 3.29). The solid lines in this 

figure represent an unmixing path of a NaCI-C02-H20 fluid into its C02-rich and 

NaCI-H20-rich end members during cooling. Using an X(C02) value of between 60 

and 80% (observed in the Type IV inclusions in this study) for the C02-rich end 

member, an estimated 5% C02 is indicated to be present in related NaCI-H20-rich end 

member (Figure 3.29). Predicted total homogenisation temperatures for such a fluid 

are in the range 400°C to 550°C which conforms well to the high ThH20 ranges 

observed in the Type I and II inclusions inclusions from the Duruchaus Formation and 

Hakos Group Plugs. This suggests that the Type I (+ some Type II) and Type IV 

inclusions in the Duruchaus Formation and Hakos Group plugs could represent 

carbonic-bearing and carbonic-rich end-members of fluids that were formed by H20-

NaCI-C02 fluid unmixing prior to entrapment. 

The range of T hH20 values below 400°C, however, cannot wholly be ascribed to 

variable C02 contents. The effect of necking in the secondary inclusions was 

minimised by selecting secondary inclusion trails "which showed consistent 

liquid/vapour and liquid/vapour/solid ratios for microthermometric study, and then 

averaging out the Tmice and T hH20 values of the inclusions in each trail. An 

alternative explanation for the wide range in T hH20 observed in the samples from the 

Type Locality could be entrapment under varying pressure conditions. This is 

examined further in the next section (geothermobarometry). 
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Figure 3.29 Temperature-Composition diagram for the system NaCI-H20-C02, 
assuming a salinity of35 wt% NaCleq (after Bowers and Helgeson, 1983). 

The low Te values (down to -44°C) observed in the inclusions from the Duruchaus 

Formation and Hakos Group plugs suggests the presence of divalent cations (Ca2
+ and 

Mg2i in these fluids, in addition to NaCl (Goldstein and Reynolds, 1994). Eutectic 

temperatures of between -40°C and -30°C are regarded as difficult to interpret due to 

the appearance of intermediate phases and metastable assemblages during freezing 

and heating of mUlti-component fluid inclusions (Goldstein and Reynolds, 1994). 

Observed Te values for the system KCI-NaCI-H20, CaCh-NaCI-H20 and MgCh-

NaCI-H20 are presented in Table 3.2. The range ofTe values observed in the samples 

from the Duruchaus Formation and Hakos Group are consistent with a combined Te 

value representing a mixture of these three components (KCI, CaCh, MgCh) in 

addition to NaCl and H20. 
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Table 3.2 Summary of predicted stable eutectic, predicted metastable eutectic and 
observed eutectuc temperatures (T e) from various aqueous systems (after Davis et al., 
1990). 

System Tete) 

NaCI-H20 stable -21.2 
metastable -28 
observed -21.1 to -21.2 

NaCl-CaCh-H20 stable -52 
metastable -70 
observed -47 to -53 

NaCI-MgCh-H2O stable -35 
metastable (-37 to -55) -80 
observed (-33 to -40), (-45 to -50) (-70 to -80) 

NaCI-KCI-H20 stable -22.9 
metastable -28 
observed (-23.0 to 23.4) 

The fluid compositions of the leachates in the crush-leach study confirm the 

observations made on the microthermometric data. Ca2+, Mg2+ and K+ are indeed 

present in solution (resulting in the range of eutectic temperatures observed in the 

fluid inclusion study). The cations are thought to be present as dissolved chloride 

complexes, sulphuric or carbonic compounds. The dominance of cr and CO) 2- ions 

in these fluids suggests that most of the cations are present as dissolved salts of 

chloride and/or carbonic compounds. 

A plot ofCf/Col- versus Na+/(Ca2++Mg21, for the fluid inclusion leachates from the 

Type Locality (Figure 3.30), shows that the halite-oversaturated fluids and some of 

the halite-undersaturated fluids are characterised by a predominance ofCr over CO)2-, 

exhibiting cr/co)2- values of>1 (Figure 3.30). This indicates that Mg2+ and Ca2+ in 
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these fluids are (at least in part) present as dissolved salts of MgCh and CaCho The 

halite-undersaturated fluids which plot on the 1:1 in Figure 3.30 are probably 

characterised by Mg2+ and Ca2+ in the fonn of dissolved carbonates, with Na + as a 

dissolved salt of NaCl (Figure 3.30). The Ca2+ and Mg2+ as wen as some Na+ in the 

tounnaline-hosted inclusions and the halite-undersaturated inclusions (which lie 

below the 1: 1 line), are thought to be present as dissolved carbonates. 
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Figure 3.30 Na+/(Ca2++Mg21 versus CrlC032
- diagram for fluid inclusion leachates 

originating from the Duruchaus Fonnation quartz and quartz-dolomite plugs on the 
basis of (a) mineral hosts and (b) area of origin. col- represents a calculated 
composition on the basis of an existing charge imbalance in these leachates. 

3.5.3 Geothermo!Jarometry 
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