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Abstract 

Former evaporite horizons in metamorphic terrains have frequently been referred to 
as a source for highly saline fluids associated with base metal ore deposits in various 
parts of the world Data on the nature of these former evaporites and their associated 
connate fluids, however, is frequently quite sparse, and the link between the ore 
deposits and the source evaporites is usually intuitive, at best. 

In an attempt to characterise such evaporite-derived fluids and their source 
evaporites, a study of former evaporites in the Duruchaus Formation in the Southern 
Marginal Zone (8MZ) of the Damara Belt was carried out. The lithological units that 
make up the evaporite sequence within the Duruchaus Formation were mapped and 
sampled, along with discordant quartz-dolomite plugs intruding at various levels in 
the Duruchaus Formation stratigraphy, and in the overlying Bakos Group. A fluid 
inclusion study (microthermometry and crush-leach analyses) of the fluid inclusions 
hosted by these quartz-dolomite plugs showed that the fluids preserved as inclusions 
in these plugs are highly saline (>4Owt% NaCleq) and are characterised by low Na/Br 
and CIIBr ratios, indicating that the source fluids were most likely evaporite-derived 
The presence of albitite and carbonate xenoliths, within the quartz-dolomite plugs, 
which are almost identical to the in situ units of the evaporite sequence of the 
Duruchaus Formation in terms of their trace and rare earth element distributions, 
suggests that the source of the fluids preserved within these plugs is from within the 
main evaporite sequence of the Duruchaus Formation. 

The whole rock rare earth element distributions in the sampled units from this 
evaporite sequence are characterised by steep (chondrite-mormalised) light rare 
earth enrichment trends (seen mainly in the arenaceous units) and positive Ce 
anomalies (most pronouncCfd in the carbonate). Both these features indicate a strong 
continental influence on these units, i. e., a continental depositional environment for 
the evaporite sequence. 

An assessment of whether evaporite-derived fluids also occur in the Northern Zone 
(NZ) of the Damara Belt (and if these fluids played any role in metallogenesis there) 
was also attempted Discordant quartz veins and quartz plugs associated with base 
metal occurrences were sampled in several test localities in the NZ. A flUid inclusion 
study similar to that carried out in the SMZ, revealed the presence of highly saline 
fluids (up to 26wt% NaCleq) in some of these test localities. An evaporitic origin for 
these fluids is suggested, based on the Na-CI-Br chemiStry of flUid inclusion ·leachates 
and calculated salinities. The source region for these fluids in the NZ is still 
contentious, though. The existence of buried (Nosib Group) evaporites in the NZ is 
supported by the presence of xenoliths characterised by a similar trace element and 
rare earth element distribution to that seen in comparable in situ units within the 
Duruchaus Formation evaporite sequence. An alternate source for the NZ fluids may 
be the Biittenberg Formation evaporites present in the upper Tsumeb Subgroup. 

The fluid inclusion leachates from the quartz samples associated with base metal 
mineralisation were typically of variable salinity with low Na/Br and CIIBr ratios. 
The variation in salinity in these leachates is thought to reflect flUid mixing at the ore 
localities prior to ore deposition. This fluid Signature may potentially be a useful 
pOinter to the presence of base metal mineralisation in prospect areas. 
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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 

1 
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Introduction 

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 

2 
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Introduction 

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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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 

33 



Univ
ers

ity
 of

 C
ap

e T
ow

n

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 

80 

60 

1 

40 

20 

o Mg 

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 
100 r········································· 

i 
! 
! 

90 i······ .. ················ ...... ··· 

! , 
1 80 i" ••••.•.••••••••••••••••• 

! 
70 i················ 

I 
! 

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. 

45 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Whole Rock Chemistry 

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 

, , , 
, 
~ ... ~ R ___ R __ ----- ... -- --------- .... - ... -- --- ____ 1' ... __ ...... _-, , , , , , 
: ,'+ , , , , , , 
: ,'-1-
: " -->rT-+ :-"'_ ... --~ ~ ........ ----- -_ ... --_..... -_ ... ----/ ---_ ... -- ....... ;~- ........ --_ ... -
: + :' "",x. -:::'+':-- + 
I t,,~;''' .. '' 
: P.t':.}r:- .... 
, ~ 

i k'-/' ~ r ----- -------p ~:: /' ------------------ -- - - ------------

, IfII"(, 

1 20 ,/ 
:-- .... ~--... ... -----1- ... -- ... ~ ------ --- ..... --- .. --- .. --- ... --- -.. -..... ------ ... ----- ... --_ ..... _ ..... , , , , 
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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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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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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y~ {Table 3. I}, Homogenisat ion was to (he liquid ph ase , (Sal ini Ii GS::; 8"4ih\i';-;, r-; aCI,,) 
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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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;-1clusions 

i ncl u s ion s 

I L 

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 

.wlOmalollSly low T, alld Tm o« values. Other Ihan that, T, vall1<'~ o rc.lown to - 21 .' "C. 

Trn,,, \"alu~~ of hctwecn ·2,2"C and 23.4 "t:. and r,H20 value's of221 "C to 371 "c 

were Ob"'fWc.I. Salinilie~ calc lllm"d I'lr Ik i~olaled )llr;ll1SlOIlS ar" in lk ran)?e 34-3g 

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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showi llg 'I conge of sahnilies extending to higlwr s~ l initi~s and t h~ s;,eondary 

lllcilisions sho\\iillg ~ Illor~ r~stncled. lower ~al il1ity r'mge (Figure 3. 1 il. 
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Figure 3. 18 Tmk, \-8 ThH10 plot 
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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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• Hakos Group plugs III lower Duruchaus Formation plugs 

+ Upper Duruchaus Formation plugs 

+ 

lilt. III 
+ 

+ 

+ 
+ 

+ + 
+ 

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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8(*500 

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. 

1200 

(b) 
1000 

3000 o 

- 800 
o 
E 
::-2000 
CO 

600 .. 
.. II 

-U 400 
1000 

200 .. 
II 

II o ~~~~~~~~~~~~~ 0 ~~~~~~~~~~~~~ 
o 1000 2000 3000 4000 0 200 400 600 800 1000 1200 

Na/Br (mol) Na/Br (mol) 

• 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. 

4000 
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-o 
E 
~2000 
CO 
---o 
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o 
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II tskos Group PIUJS 
+ ~ Dlruchaus Rlrmation PlUJS 
x ~ DI.f'Udlaus Formation Veins 
lIE Lower DLru.:haus Fomlation PIUJS 
• Sea W8J.f!I 

2000 3000 4000 

Na/Br (mol) 

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. 
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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. 

81 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Discussion (The Type Locality) 

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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Using the microthennometric data described in section 3.5.2, it is possible to derive 

the trapping conditions of the fluids preserved in the Duruchaus Formation and Hakos 

Group plugs. Using the FLINCOR software (Brown, 1989), an estimated composition 

ofNaCl-H20, and the Brown and Lamb (1989) equation of state, the densities of the 

fluids in the isolated and secondary fluid inclusions were calculated. The fluids 

preserved as inclusions in the Type Locality are clearly multi-component, containing 

significant amounts of Na+ and Ca2
+, and Mg2

+ to a lesser extent. The NaCI-H20 

system was used as a model system, nevertheless, as cotectic surfaces where ice melts 

for the systems NaCI-H20, NaCl-CaCh-H20, and NaCI-MgClrH20 lie essentially on 

top of each other, with <2% deviation (Oakes et al., 1990; Davis et al., 1990). 

The calculated isochores (Figure 3.31) are based on the lowest and highest T hH20 

values observed in the isolated and secondary inclusions in the Duruchaus Formation 

plugs and veins, and Hakos Group plugs. The fluid densities calculated for the Hakos 

Group fluids lie in the range 0.77 to 0.93 g/cm3 for the isolated inclusions and 

between 0.83 and 1.19 g/cm3 for the secondary inclusions. Fluid densities for the 

Duruchaus Formation fluids are between 0.87 and 1.05 g/cm3 for the isolated 

inclusions, and between 0.95 and 1.1 g/cm3 for the secondary inclusions. 

In the previous section it was found that the range of T hH20 observed in the 

inclusions preserved in the Hakos Group plugs and Duruchaus Formation plugs and 

veins cannot be explained by C02 contamination alone. An alternate explanation that 

is proposed for this range of T hH20 values is a fluctuation between the influence of 

hydrostatic and litho static pressure during the trapping of the fluids preserved in these 

inclusions. Henderson and McCaig (1996) found on examination of quartz veins 

associated with normal and reverse movement of faults within a shear zone in the 
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French Pyrenees, that the range of T hH20 observed in these inclusions could possibly 

be explained by a fluctuation between litho static and hydrostatic pressure during the 

trapping of the preserved fluids. The plugs and veins in the Hakos Group and 

Duruchaus Fonnation are speculated to have been emplaced during thrusting in the 

SMZ. Such a fluctuation between hydrostatic and lithostatic pressure in this 

environment is therefore possible. The lines representing the maximum litho static and 

hydrostatic pressures in Figure 3.31 were produced using an average rock density of 

2.7 g/cm-3
, and a geothennal gradient of 30°CIkm.. An independent estimate of a peak 

metamorphic temperature and pressure of between 560°C to 580°C, and 6-8 kbar from 

Hoffer (1983). Hoemes and Hoffer (1979), and Kasch (1983a) for the SMZ are 

presented as a field in Figure 3.31. 

If peak metamorphic temperatures of 560-580°C are assumed then the data presented 

in Figure 3.31 suggests that the higher temperature isolated inclusions were trapped 

under lower (hydrostatic) pressures whereas the lower temperature isolated inclusions 

and the secondary inclusions were trapped under higher (litho static ) pressures. The 

range of litho static pressures indicated to be in operation at peak metamorphic 

temperatures (560-5800C) during the trapping of the fluids preserved in the inclusions 

in the SMZ (4.2 to 9 kbar) overlaps with the pressures calculated on the basis of 

gamet-plagioclase barometry (6-9 kbar) for units in the SMZ from Kasch (1983a) and 

Hoffer (1983). A possible explanation of this fluctuation in pressure recorded by these 

inclusions, is the entrapment of the higher temperature isolated fluid inclusions during 

thrusting in the SMZ, when fracturing created pathways for fluid flow (to the surface) 

resulting in a hydrostatic pressure during this time. Sealing of the fractures by 

crystallisation of mineral phases or by the weight of the overburden, resulted in a 
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higher litho static pressure being in operation during the trapping of the lower 

temperature isolated fluid inclusions, and the secondary fluid inclusions. 
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Figure 3.31 Geothennobarometry 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 Hoemes and Hoffer (1979). 
(Lith=lithostatic pressure; Hyd=hydrostatic pressure). 

A combination of variable CO2 content in the aqeuous inclusions and fluctuation of 

the pressure of entrapment of the fluid inclusions is thus thought to have caused the 

range of ThH20 values observed in the inclusions from the Duruchaus Formation and 

Hakos Group plugs. 
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3.5.4 Fluid Source 

The likely candidates that represent a possible source for the highly saline fluids 

preserved in the Duruchaus Fonnation plugs and Hakos Group plugs are retrograde 

metamorphic fluids and evaporite-derived connate fluids. Magmatic fluids were 

eliminated from consideration due to the lack of suitable intrusives in the area 

examined which could have represented a possible late-stage magmatic fluid source. 

Prograde metamorphic dehydration fluids were eliminated due to the high salinities of 

fluids in the Type Locality. 

Retrograde metamorphism involving the rapid rehydration of earlier higher grade 

metamorphic assemblages have been found to produce fluids of high salinity (Bennett 

and Barker, 1992). However, the evidence presented thus far seems to be inconsistent 

with such an origin for the fluids from the Duruchaus Fonnation. Retrograde features, 

e.g., chloritisation of units and minerals or sericitisation of feldspars, are not seen in 

the sampled units from the SMZ or the associated plug and vein samples. This along 

with the low grade of metamorphism associated with the sample area argues against a 

locally derived retrograde metamorphic fluid. Retrograde fluids originating from 

higher grade metamorphic terrains in the vicinity of the sample area, e.g., from the 

Hakos or Swakop Group, can also be a likely fluid source, infiltrating the Duruchaus 

Fonnation along thrust zones or the basement contact. The relatively high Br- contents 

of the fluids preserved in the Type Locality is, however, difficult to reconcile with a 

retrograde metamorphic origin but may be readily explained by an evaporitic origin. 

The Na-Br-CI concentrations in the quartz-hosted fluid inclusion leachates from the 

Duruchaus Fonnation plugs and Hakos Group plugs clearly supports an evaporitic 

origin. at least in part, for the halite-undersaturated fluids as the data plot on an 
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evaporation trend below the sea water marker (Figure 3.25). Halite dissolution has, 

however, altered the initial geochemical signature of the connate evaporitic fluids in 

some samples, resulting in halite-oversaturated fluids which plot on a trend above the 

sea water marker. The halite dissolution was not pervasive, though, and the initial 

character of the evaporitic fluid is thought to be preserved as halite undersaturated­

inclusions. This would indicate a formation brine that is more Ca2+, C032
- and Br--rich 

than that observed in the halite-oversaturated inclusions. 

Alternatively, the leachates which plot on the halite dissolution trend could represent 

metamorphic fluids which derived their salinities purely from dissolution of evaporitic 

salts. The presence of fluids which plot below the sea water marker, though, indicates 

that the salinities calculated for these fluids are, at least in part, derived from connate 

evaporitic fluids. 

The xenoliths sampled within the quartz and quartz-dolomite plugs show trace 

element and rare earth element distributions very similar to that of comparable in situ 

units in the Duruchaus Formation (Figures 3.10 and 3.12) suggesting an origin for 

these units in that formation. By implication, an origin of the evaporitic fluids 

preserved within the quartz and quartz-dolomite plugs, within the Duruchaus 

Formation of the SMZ is also indicated. 

In Figure 3.25 it can be seen that the halite-oversaturated fluids do not lie on a clear 

trend above the sea water marker. There are two possible explanations for this. One is 

that early precipitation of halite and sodium carbonate minerals, e.g., natron and trona, 

thought to be associated with the Duruchaus Formation evaporites (Behr et al., 

1983a), removed Na+ preferentially from solution with respect to cr, and resulted in 
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the data being shifted off the sea water dissolution/evaporation trend. An alternative 

explanation is that due to the late stage albitisation of the main evaporite sequence, 

the Na-rich character of the lithological units as well as the fluid inclusions present in 

the sequence, resulted from albitisation. An attempt to assess the extent to which the 

albitisation might have altered the original chemistry of the fluid is based on an 

approach by Davisson et al. (1994) (Figure 3.32). These authors found that using a 

mathematical transformation of the concentrations ofNa, Ca and CI, in basinal fluids, 

a slope of2:1 between the milliequivalenices ofNa and Ca is produced, regardless of 

the area of origin of the fluids. The slope is termed the Basinal Fluid Line (BFL) and 

it was found to remain consistent for basinal fluids irrespective of host lithology or 

fluid source (Davisson and Criss, 1996; Davisson et al., 1994). The Ca-excess and 

Na-deficit are defined mathematically as follows: 

CaExcess = [Cameas - (Ca/CI)sw Clmeas]2/40.08 

NaDeficit = [(Na/CI)sw Clmeas - Nameas] 1/22.99 

The slope of the BFL represents a net cation exchange ratio of 2 Na for 1 Ca in 

feldspars (albitisation of plagioclase) and is defined mathematically as follows: 

CaExcess = 0.967(NaDeficit) + 140.3 R=0.981 

Further examination of the Ca-excess Na-deficit plot led Davisson and Criss (1996) to 

believe that the trace of various processes involved in basinal fluid evolution can be 

followed on this diagram. These processes are outlined in Figure 3.32. 
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Figure 3.31 Ca Excess - Na Deficit plot showing model predictions for different 
processes (after Davisson and Criss, 1996). 
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Figure 3.33 Ca-Excess Na-Deficit plot for leachate data from fluid inclusions within 
the Duruchaus Formation plugs and veins, and Hakos Group plugs. BFL = Basinal 
Fluid Line. 
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Other then one anomalous sample (NP060), which contains predominantly C02 

inclusions, all of the halite-undersaturated fluids plot below the BFL close to the 

origin, with only a slight Ca-excess seen (Figure 3.33) (Note: In an attempt to correct 

for the effect of dilution on the absolute concentrations of Na+, cr and Ca2+ during 

the sample preparation of the fluid inclusion leachates, both the Na-deficit and Ca­

excess values were multiplied by 1000). The halite-oversaturated inclusions also 

generally plot below the BFL but extend to higher Na-deficit values (and do not 

follow the halite dissolution trend as would be expected). This trend could possibly 

have resulted from the precipitation of halite and sodium carbonates from these fluids, 

resulting in a shift to the right of the diagram, followed by halite dissolution which 

would have then resulted in a partial shift back to the left of the diagram to lower Na­

deficits. All the leachates also plot above the trend generated by sea water evaporation 

and halite precipitation suggesting the passage of more calcium-rich fluid through the 

host minerals. The dolomite-hosted inclusions show a trend consistent with the 

process of dolomitisation (an increase of Ca-excess in the residual fluids). The 

tourmaline-hosted inclusions show a similar trend. 

The effect of Ca-Na exchange on these fluids therefore appears to be minimal. The 

dominant factor controlling the distribution of the halite-oversaturated inclusions in 

Figure 3.25 is therefore more likely to be the early precipitation of halite and sodium 

carbonates thought to be associated with these evaporites. 

In summary then, the fluids are most likely of evaporitic origin. During the process of 

evaporation, some fluids remained in contact with their mineral precipitates resulting 

in some halite dissolution which produced a halite-oversaturated fluid. The early 

precipitation of sodium carbonates combined with the halite dissolution described 

94 



Univ
ers

ity
 of

 C
ap

e T
ow

n

DiKussion (The TyPe LocaUty) 

above has resulted in a spread of data in Na-Br-CI space (late stage albitisation of the 

sequence appears to have had little affect on the trapped fluids). Halite dissolution 

was therefore not pervasive and some evaporitic brines remained more or less 

unaffected, or were removed from contact with their evaporite mineral precipitates. 

These fluids are preserved as halite-undersaturated inclusions and are regarded as 

indicative of the composition of the initial evaporitic brine. A relatively COl-·rich 

and bromine-rich fluid composition for the formation brine is indicated. 

3.5.5 Brine Evolution 

The geochemical data presented thus far suggests a multi-stage evolution for the 

evaporitic Duruchaus Formation and its associated fluids. This evolution can be 

outlined as fonows. 

The deposition of the more clastic units within the Duruchaus Formation took place in 

an enclosed basinal setting, a rift basin. A short transport distance is indicated by the 

large amounts of feldspar in the units below the main evaporite sequence 

(petrography-Appendix n). These sediments were of continental derivation and 

continued to accumulate until late Nosib times. The presence a negative cerium 

anomaly in one of the rare carbonate units below the main evaporite sequence 

suggests a slight marine influence on these sediments prior to the deposition of the 

main evaporite sequence. 

During late Nosib times carbonate units were deposited in a continental playa lake 

under relatively oxidising conditions. The continental waters were dominated by 

significant amounts ofNa+. Ca2+, CO)2-and cr, with minor K+, Mi+, sol- and BO)-. 

Precipitation of sodium carbonate minerals, sodium sulphates, sodium chloride along 
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with minor borates, and magnesian and calcium carbonates, took place during the 

evaporative phases in the evolution of the playa lake. 

The continentally-derived clastic sediments continued to accumulate becoming 

intercalated with these continental carbonate units until the end of Nosib times. 

Lithification of these units resulted in the trapping of some of the fluids associated 

with the formation of the continental carbonates in pore spaces. Partial dissolution of 

the salts previously precipitated resulted in the alteration of the composition of some 

of the pore fluids. 

Albitisation of the evaporite sequence then took place, altering the whole rock 

compositions of the units within the evaporite sequence, mainly affecting the Rb, Cs, 

Ba and light rare earth element concentrations, and most significantly the sodic 

character of the units. Primary evaporitic minerals that had precipiated early in this 

sequence of events were pseudomorphed by albite during this albitisation. The 

compositions of the trapped pore fluids, though, appear to have been relatively 

unaffected by this event. 

Metamorphism and deformation of these units then followed, culminating in late stage 

thrusting of the units of the Hakos Group from the north over the Duruchaus 

Formation units in the south. This phase of thrusting resulted in the remobilsation of 

the pore fluids trapped within the main evaporite sequence into the thrust planes and 

fractures associated with this event. During the remobilisation of this fluid, 

dissolution of some of the previously precipitated silicates and borates took place 

resulting in a more complex fluid composition. Quartz plugs and veins crystallised 

under low (hydrostatic) pressures and were emplaced within the Duruchaus Formation 
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and the overlying Hakos Group. Co-genetic crystallisation of haematite and dolomite 

crystals also took place during this time as the fluid cooled and crystallised. The Ca­

rich character of the fluid possibly resulted due to the late stage passage of a Ca-rich 

fluid, mosty likely as a result of dolomitisation. 

Progressive thrusting resulted in repeated fracturing of the crystallised quartz veins 

and plugs and a renewed input of fluid from the same source (of slightly lower 

salinity than the earlier fluid). 

3.5.6 Characterising evaporites and their associatedjluids in metamorphic te"ains 

The geochemical character of a basinal fluid may therefore reflect a multi-stage 

evolution. The methods outlined in Chapter 3 proved useful in assessing the degree to 

which the original chemistry of the preserved fluids in the Type Locality has been 

altered and similarly, the degree to which the original whole rock chemistry of 

evaporitic units preserved within the SMZ has been overprinted by metamorphic and 

metasomatic processes. The extent to which the original chemistry of these units and 

their associated fluids has been altered needed to be assessed before any conclusions 

could be made about whether the units (and their associated fluids) were originally 

evaporitic. and thereafter whether the environment of formation was marine or 

continental. 

Once the degree of alteration was assessed, it was found that two methods proved the 

most useful in characterising the evaporites and their associated fluids in the Type 

Locality. The rare earth element trends of the evaporitic units, in particular, proved 

useful in identifying a possible depositional setting for the carbonate units within the 

evaporite sequence (LREE enrichment trends; Ce, Eu anomalies). The Na-Br-CI 
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systematics of the fluids preserved in the Type Locality proved valuable in 

characterising the fluid source (along with the complete cationic and anionic 

compositions of the leachates). The evaporitic trends (or lack thereot) outlined by 

samples in Na-CI-Br space (along with the fluid salinity) can therefore be used to 

assess whether fluids of evaporitic origin, even in metamorphic terrains where the 

original geochemistry of the fluid may be slightly altered. 

The techniques outlined in the previous sections are now applied to initially assess the 

effects of late stage alteration on suspected evaporitic fluids and evaporitic units in the 

Test Localities, and then to determine whether the fluids preserved there are indeed of 

evaporitic origin (Chapter 4). 
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4.1 Sample Selection and Analyses -The Test 
Localities 

4.1.1 Sample Selection 

The test localities selected lie in the Northern Zone of the Damara Belt and represent 

areas where discordant features, i.e., quartz plugs and discordant veins associated with 

base metal mineral occurrances have been recorded in the upper Swakop Group and 

upper Otavi Group (Schneider and Seeger, 1992). Sampling took place in two main 

areas forming an eastern and a western dataset. 

The western dataset consists of samples from the farms Karachas, Mosene, Bothashof 

and Ornburn East (Figure 4.1B). The eastern dataset consists of samples originating 

from the farms OkorusulGaidus, Hartbeespoort, Elefantenberg and Kupferberg (with 

an additional sample from the farm Neuwerk) (Figure 4.1C). 

4.1.1.1 Western Dataset (Omburu East, Moselle, Bothashof, Karacahas) 

The lithological units on the farms Moselle and Ornburn East are made up of a 

complexly folded sequence of the upper Swakop Group stratigraphy consisting of 

intercalated dolomites and limestones termed the Ornburn East Structure. A siliceous 

dolomitic unit with associated quartz veins forms outcrops along the northwestern 

margin of this structure. This unit along with associated quartz veins were sampled on 

the farm Ornburn East. Albitite and breccia xenoliths were also encountered within 

the siliceous dolomite in this area and these units were sampled as wen. 
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Discordant quartz plugs and veins in the upper Swakop Group stratigraphy (still 

within the Ornburn East Structure), encountered on the adjacent fann Moselle, were 

also sampled. Xenolithic rock fragments present within these plugs, consisting mainly 

of arkosic quartzite and silicified quartzite with rare dolomitic fragments, were also 

collected. 

The other sample area which forms part of this dataset, the fimn Bothashof, lies 

slightly to the north of Moselle and Ornburn East (Figure 4.1B). The stratigraphy in 

this area is dominated by grey cherty limestone and dolomite of the upper Tsumeb 

Subgroup. Mineralisation in the fonn of copper and lead ore minerals (chalcocite, 

azurite, chalcopyrite) hosted in a brecciated massive dolomite of the Elandshoek 

Formation, has been reported on this fimn (Schneider and Seeger, 1992). Discordant 

quartz veins were encountered in this area, and both the quartz veins and host rocks 

were sampled to give an indication of the nature of the mineralising fluids active in 

this area 

An additional sample locality in the Western Dataset was the fimn Karachas. 

Although the Nosib Group is generally poorly exposed in the northern part of the 

Damara Belt, an in situ sequence of No sib Group stratigraphy is exposed on the fimn 

Karachas, and consists predominantly of quartzite and arkosic quartzite. These units 

are characteristic of the lower Nosib Group (Nabis Formation) in the northern part of 

the Damara Belt and were sampled along with in situ quartz veins to give an 

indication of the geochemical character of the Nosib Group in the northern part of the 

Damara Belt. 
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4.1.1.2 Eastern Dataset (OkorusuiGaidus, Kupferberg, Elefantenberg, Hartbeespoort) 

The stratigraphy in these areas also falls within the upper Swakop Group and upper 

Tsumeb Subgroup. Minor mineralisation was encountered in the field on the border 

between the fanns Okorusu and Gaidus, within the carbonates of the upper Swakop 

Group. The mineralisation is in the fonn of malachite and chrysocolla with minor 

azurite hosted within a calcitic marble which partially replaces the blue-grey 

dolomitic units in the area. The quartz-calcite veins associated with this unit were 

sampled along with the host rocks. 

A larger prospect was examined on the fann Kupferberg. A discordant copper­

bearing, calcitised, pipe-like breccia body occurs there, within carbonates of the 

Huttenberg Fonnation (Tsumeb Subgroup). This prospect was developed and worked 

in the early part of the 20th century (Schneider and Seeger, 1992) and remains exposed 

as a series of adits on the slopes of the mountains in this area. Samples of the quartz 

and calcite float on the scree slopes of these adits were taken. along with samples of 

the host carbonate. 

Copper,lead and zinc occurrences on the fanns Elefantenberg and Hartbeespoort have 

also been reported by Schneider and Seeger (1992). Carbonates from the upper Otavi 

Group also cover a large part of these fanns. Although mineralisation of the Cu and 

Pb-Zn type was not encountered in the field, discordant quartz-calcite veins within 

carbonates of the Maieberg Fonnation were sampled to give an indication of the types 

of fluids that were active in this area. 

An additional sample locality in this dataset is the fann Neuwerk. On this fann small 

scale mineralisation was encountered in the Abenab Subgroup/Nosib Group transition 
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zone. Mineralisation seen at this locality was mainly in the fonn of chalcopyrite and 

pyrite, hosted by a chlorite phyllite, which is intercalated with carbonates of the 

Abenab Subgroup. Samples of discordant quartz veins were taken in this area to give 

an indication of the nature of the mineralising fluids that were active lower down in 

the stratigraphy. These samples fonn a subset of the eastern dataset. 
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Figure 4.1 Sketch map of the sample localities in the NZ of the Damara Beh. 
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4.1.2 Field Observations: 

The discordant quartz-calcite and quartz veins sampled in the northern part of the 

Damara Belt are thought to represent post-lithification remobilisation of fluids 

possibly derived from evaporitic units further down in the sequence. In the sample 

areas which make up the western dataset, the xenolithic rock :fragments present within 

the siliceous dolomitic unit and the quartz plugs in the Ornburu East Structure suggest 

an origin within an equivalent of the Duruchaus Formation in the northern part of the 

Damara Beh. All the xenolithic :fragments encountered, ie., the quartzite, albitite, 

siliceous breccias and arkosic quartzite, bear a striking resemblance to the units seen 

in the Duruchaus Formation in the SMZ and the in situ Nosib units sampled on the 

farm Karachas. The siliceous dolomite unit along the north western margin of the 

Ornburu East Structure, like the quartz-dolomite plugs in the Duruchaus Formation 

and the Sole Dolomite, are thought to be related to late stage movement of nappes 

during the Damaran deformation (Behr et ai., 1983b; Weber et ai., 1983), forming 

discordant units or plugs. The fluids preserved as inclusions within these quartz veins 

and plugs therefore contain a possible record of the nature of the pore fluids trapped 

within the Duruchaus Formation or its equivalent further north and can be used to 

determine the nature of the Nosib Group fluids in this part of the Damara Beh. 

The source of the mineralising fluids in the sample areas of the eastern dataset is less 

clear, as similar xenolithic rock fragments were not encountered in the areas sampled 

there. A clue to the nature of the source rocks for these fluids was determined by their 

geochemical character. This was considered in the next stage of analytical work 

which is described in the fonowing sections. 
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4.1.3 Analytical Work 

The analytical work for the test localities was subdivided as follows: 

(i) Fluid Inclusion Studies: 

(ii) Whole Rock Chemistry " 

Microthermometric analyses 

Crush Leach Analyses (using HPIC and ICP­

MS) 

ICP-MS analyses 

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

and fluid chemistry of the fluid inclusions present within the quartz plugs and quartz 

vein samples from the sample areas which form the western and eastern datasets. The 

sample areas were treated separately to determine whether there is any variation in the 

fluid character within and between these the two datasets. 

The analyses listed in (ii) were carried out to determine the whole rock, trace element 

compositions of the xenoliths sampled in the quartz plugs from the sample areas of 

the western dataset with the aim of determining whether the source of these units and 

thus by implication the source of the fluids in these plugs, is in the Nosib Group (and 

possibly an equivalent of the Duruchaus Formation in the north). 
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4.2 Analytical Results 

4.2.1 Whole Rock Chemistry 

4.2.1.1 Sample Selection, Petrography and Analyses 

Xenolith samples from the margin of the Omburn East Structure and the xenoliths 

from the quartz plugs on the farm Moselle were of the following lithological types: 

albitite, breccias and dolomite. The breccias and dolomitic units were eliminated from 

this study due to the heterolithic nature of the breccias and due to the uncertainty in 

the original stratigraphic position of the dolomite (as dolomite occurs at various levels 

in the Damaran stratigraphy). A second sample set is formed by the Nosib Group 

units from the farm Karachas. The dominant rock types in this area is feldspathic 

quartzite which is thought to form part of the Nabis Formation in the NZ of the 

Damara Belt. 

A petrographic study of the albitic xenolith from the Omburu East Structl,U'e revealed 

that this unit consists predominantly of quartz and albite grains (O.2S-0.Smm), with 

minor sphene and rutile grains. Trace amounts of zircon and muscovite are also 

present. The xenolith has a granoblastic texture and the petrography of the sample 

conforms wen to that seen in the albitite in the SMZ. 

The feldspathic quartzite xenoliths from the farm Mosene consists predominantly of 

large quartz grains (O.S-4mm) with significant amounts of albite, biotite and dolomite. 

Sphene, rutile and zircon furm accessory phases in these xenoliths and these units are 

characterised by a seriate texture. 
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The in situ Nosib Group feldspathic quartzite is also dominanted by quartz grains 

(-lmm) but this rock contains microcline and muscovite as well. Sphene and zircon 

form the accessory phases in these units. The feldspathic quartzite is characterised by 

a polygonal, recrystallised texture. 

4.2.1.2 ICP-MS Results 

4.2.1.2.1 Trace Element Distribution 

The trace element distribution in the samples from the three localities are presented in 

Figures 4.2 to 4.4. The trace element distribution in the albitised and unalbitised 

pelitic units from the Hakos Group in the SMZ are also presented in these diagrams to 

assess the degree of albitisation experienced by the xenoliths present in the NZ 

sample areas. 

The albitite from Ornburn East is characterised by a distinct depletion in Rb, Cs and 

Ba relative to the continental crust, as well as a slight La and Ce anomaly and a 

distinct positive Th anomaly (Figure 4.2). The xenoliths from the farm Moselle show 

a similar trend to the albitite from Ornburn East (distinct Rb. Cs and Ba depletion and 

positive Th anomaly) with a slightly more variable signature (Figure 4.3). The trends 

outlined by the Moselle and Ornburn East xenoliths conform wen to that exhibited by 

the albitised pelitic unit from the SMZ. 

The samples from the Nosib Group, in contrast, do not show the distinct depletion in 

Rb, Cs and Ba of the albitic units (Figure 4.4). The Nosib Group samples are 

characterised by a moderate depletion with respect to all trace elements (except Ba, 

Rb and Th) relative to the continental crust, and significant depletions in Sr, V, Nb 

and Sc. 
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prdimin.iIr}-" microlhermomctric ,;judy of toc samples mentioneu revealed toc 

existelK'e of four maiTl t)'JIC, of lluiU incillsions withi" lhem. L ~ __ 

(i) 

( ii) 

(i ii) 

(Lv) 

Clathmte·kllfing 2 ph~st: IlqUt:OUS indusions (L",,,,,,,, + V ... ) 

Aqueoll, 3 pha,., inc lusions (J ''''1 ' V"'1 ' S,..It) 

Aqueous 2 pbuS" inclusions (L,,_ V,q) 

Rare 2 phase CO2 inclusions (L""" + V ""J 

("l.~'Pe /) 

(Typ~ II! 

IType 11Ii 

IType fV) 

In th~ sampl~ k)~alilies twm le.., w~sl~m dataset, all l'lUr inclusion ty~s (']y~ J·IV) 

I()rm isolated Iluid inclusions. except in the sampk from th.: Nosib Group 011 the tam, 

Kara<:has_ L,",lal~d ll11iU indllsions in the Karachas sampic are predomilllintly of th.: 

T yp.: Ill. Type IV iTldusions are rare in all these samples and do not occur ill ali in Ihe 

S<lInpi.: Ii-om Ie.., Ko,ib Gr<.mp (Kamchas). The iso lated inclusions generally lire 

I:>olween 5· 15f.Lm in ,iz~_ 

'" 
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In the samples from tarm> )doso.: IL Oml"LnL East and Karacha, a young~T 

O\'el'pr;nting gel1erJtiol1 is ~Iso pl'esent. us sccondJI'Y inclu,ion trails. rhis younger 

gcn~ration consists of inc lu,inn, of tile T}llC II and III. and th~ iro::lu>ion, ar~ 

tyrically heing hctwlX:n 5-1 0>tnL 

The quartz samples trom tl~ 1o~;IUtie s whkh form p,H1 of the ea,tern dalaw! arc 

characterised by tile l'reseJlC~ of randomly distrihukd. i,nlated tluid ilKlllsions. i.e .. 

the separation of difkrcnt. distinguishable ]lila,"", of Iluid act ivit., was ont possible nn 

the basis nl" til<.' dist rihlltlOn "I" lil<' se in~ IH ,iol1s. Tkse indusiol1s \\ere therefore 

gWHpcd as one tlLlid g~I1~r:l1ion fo r the eastern JJtaset s~mt'k ~r~a s (inclusinn sizc> 

rJnge from 5-:!lJflm). The tluid iLKlu,inn, in n o:: caskrn dataset t~st locali lics arc 

pr~doLl\inamly of the Type II and III. Willl Tn'" I and IV inc lu, ions being qLli te rar~. 

TIl<' >ample fi·()m the Nos;r-- Aben~b trJllSitiol1 zo"" OJ1 the farm "<elmerk <:ont;l ;l1 S 

Type 1lI and nlre Tyr~ II indllsi'l11s ()nly. Sampl~s li·om the fdm1 Kuplhberg diJ , .. ,t 

yie ld an., meusumbk inc lusions. 

Eutectic temperatures. melting tempemtHres and h<.)lllogenisati<.m lemp~ralures "Cre 

meas llfed for ea~h of tlx phases (CO, . I 1,0) pr~soent in the is(\lakd m .. 1 secondary 

indLlsiOl1S.11l<' sali nit i~s '11l(\led aTe calclLlakd li"(\lll th ~ eq llation of Bodnar ( I 993). 

-1.2.2.2 Rnulrs 

A summar., 01" tbe analytical result> tor both the eastern and \"est~rn dalasoet> is 

rrescnt~d in Tar-Ics -+.1 and -+. 2. Th~ aLlu l.,tical results for the aqlL~(HIS irw;llL"i()J1s IT()m 

~ach 0 1· the datas~t " arc prc\.ClItcd in I;igur~s -+. 9 to 4.14. In all thesc diagrams it 

should be [);)t~d th~t while all the data is presented. only tlx rill1g~> inl() "hich the 

majority of data fa lls (burring out liers) JI"C ~onsid~r~J to be r~pre"'ntati\C of the 
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fluid" in edch ared (the.1.e rc,trictcd raTlgc, arc prcl.entcd ill table, 4.1 ~nd 4.2). 1"11<.­

uata can he outlineu a, folio",. 

Weslall Dmasd 

Toc T}pc II ,mu III i'(1li~tcd inclu~i",,~ "ilhm the ';''1ll1ple, Irnm Omhuru Ea,;t and 

LJotha,l)(lf sl)(lw (l, similar charactcr with regaru lO cUlcctic tcmperaturcs (I , ) (hgurc 

4.9). The kJwe,t T, tcmrcratw"C, nlCa~ureu iTl the samples fi'om Omburu F.~st are in 

the vicinitv of 40.0°C while T, values ~s lo"v ;IS --44"C were ob>erveu in thc "ampk, 

from I1otll;lsh<Jf. Ihe samplc" ii-om Mosclle aT1U Kameha, arC characlcri,eJ hy 

slight ly higher minimum T, ,alue~ nI' -29.4"C and -n.8"C. respe~ti\'ely. The Type " 

and III ~econuar;> ino:;lu~ion~ show a simj!;1I" nmge of T, yalues ',>,hen compared with 

the i"'!;lted inc!u,ions in each sample arca. except in the samples from Omhum Ea~l 

"here the lov.cst T, value ohscneu wa~ - 2S.5°C (FiguTC 4.9). 

A brge I"lll1ge of final Illt'lting telnperatHre, (T01,., ) ";llues were obsen '<;>u 111 the Type 

II "n.J III i>oiaku indusimls ill Ill .. · smnpk, from Hnthashof Omhurn Fa,t and 

:'>Io,;<;>lle (Fi8ur<;> <1 10). A hlfg<;> number of the iTl,lu,ion, in lhcs<: ,;arnpJc, ha,c rm~, 

v'llue~ lllthc rallge - 24.2"C 10 - I I.I "C. wi~h a li:w ouilier, c.'icndlllg up In 0,1"(' in 

!he Omburu Fa,;! anu Bothm,hof >amplc". Tile i>olateu !'ype II allu TIl mdllsion, m 

tilC Ombwu lia.<t <amplc, >eem to form a bimo(JaI Tm..., u~~lrihulion, tilC nx:all values 

lilr the l\Hl p"puiations ilCing n"c and 2"C. Tile isobted itl<: lnsion, 111 Ih .. · rvln~clk 

smnpks ,how a tightcr range of 1m •. , valne, of between -24.2"C lO _ 14.l oC while 

lilC i<ola(ed aqueous inc lusions in the Kanlch;ls >ample, show a higher temperature 

rm~, rangc of 7.<1"C to 0.6"C (Figure 4.10), rhe Type nand 11l "e~ondar;> 

inclusioTl ' in the foUl' areas cs.l.entially mirror the Imic, r~nge, oftl~ i",bleJ Type n 
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An~ly' ic.1 Ko,ul '" 

and III a'lu~ou~ indusions, ",i lh the ex~_er<ioll ot' the seCO]);j ,ll'}, J~ue()us inclusions in 

Ihe \ 'Ioselle Sil111pks " hich show a bl'Oooer range of - 25.6°e to -6,0('('. 

Tk homogenisation temperatures (T,H,O) of the Type II and II I isolmed indlLsions 

in Omhuru Fa:;1. RlIlhashof lind Moselle sll<-'w 1I wide range extending: Iro111 vill tl es lIr 

191'(' lip 10 364"C (T'ig:ure 4.10). 1I0mogenisalion IS 10 the li~uid phase, In tho: 

sa111ples fi'o111 ROlhashor nl<)sl oj" ill<' indu~ion:; lie m the range I so"e to 2S0"C 

"her..,."s in Om]",,,, East ilrxl /l.Ioselle, most inc lusions lie in tl..., nmge no°C lo 

.160"C. lind 240"C to 4{)(tC respecli\'el:-'. Higher temperatures ha\o: beo:n recorded in 

alllhese arellS, somctimes gIeater than 4[)()"C, but the IargestnumDcr of tlx; locasured 

indusions lie in the ranges nx;nt ioned alxl\'c. I _ower temperature inc lusions are also 

somelimes present ilnd these are thought 10 represent outlieIs of the dlltasel. ·111e 

isolated a~ueous inclusions in dle samples from the farm Karachas show a much 

lower 'i ),1l20 IallfC than thos..' from the Oll);'r three sJmpk i"eas. with T.1I20 YlIIlles 

of between 1 OS"C and 17S"C (Figure 4.1 0). 

The T"Ti,O v31ues ohserved in tl.., T}l>C II and III secondary inclusions in the samples 

Ii-om Omburu East and Moselle o\'erlap with tile T,H,O ranges of thc iSO]ah'd 

in<; lu~ions (Tahie 4.1 ). Thc samples from the farm KilrilClIllilS. howe\'~r. ~ho" a clear 

dislin<;(.ion in lerm" oj" ThH,O \'al u~s I>ct\\o"Ccn tlx; isolated and secorxiar}' fluid 

inclusions. The secondary a<lU~OUS inclusions in these sampks show 1I highcr T,H,O 

range of203"(' to 315"(' (l'igure 4, I 0). 

The cakuIatcd sa linities fo1' the Type 11 and 1Tl isobted incll1sions sho" similar 

mnges in the samples Irom Moselle , Omhum East a11d llothilShof(17-29wl% "t\aCl,,~). 

1 he isolated Type IJ and III inclusiollS ill the Silll1ple~ Ii-om Karachas ,h,,, a much 
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I"wcr salimty rangc of betwecn I and I lwt'~'{, NaC']." , 'I he seu'Jl(lary ]'Yr~ IT a11d lJl 

Th~ ~lalhralc-hearmg ""Ialed incl llSions sh",y a ,inLlb,. character to the lsol:ned 

aque,llLS IIlclus iono with fcgdrd to T" and Tm " va lucs (where ohserved.!. TiK mci ti ng 

tempemtures of the c1alhIatcs (Tm,;c"d observed m iso laled mdUSl'll1S in lh~ ;mmpk:l 

from OmbHru ""lSt :md \1oselk he 1[1 lh~ ,-a11S~ or 0,1 "(' to 11.4"C. The tot~l 

homogeni:lmi<llL temperaturcs observed in these inclusions show :l large range. "-Olll 

254"( lip 10 450"( Clalhr:lle.-be!lI'l11g sccoJldary inclusions show :l simi l,n-

oVerlapping range with thc i so l ~ted dathralc-be,mng 1lKlliSions m term, oi- TIlLe l"," 

vahws and hOllhlgemsalion lemper" lures IT ab Ie 4_ 1 )_ 

Rare CO, mclusiom :lre al,o enGOltrllLreu in saillples from -"Ioselle :llld Umburu Eaol 

T:lohLled CO, inc.1l1sions in these s"mp1cs show !l melll ng 1l111pera!ure range of 

5'),7"C to - 50.9"C :md TirO, ,-an g~ o r 9,)"(' tel 29,6' C, with mosl values lying 

helwCl11 2R 5" C and 29,6"C. 
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Moselle -, 'd , , 
"i , 

", 

Omhuru E8St -, I ,1. d ,,, 

"'""'" ~"' ""'''''' 

",' 

~ 

''''; ."" '" 

-

1,' 1 J.' , c,-

Figure 4.9 Fr~4ueoc)' histogrillTls or ~lL1CC!ic temperatures (T,) obser;-ed ;11 aqueous 
inclusions in sampks from the western dmas.cl. 
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Tm .. I' C) T,H,O ('CI 

figure 4.10 hcqucncy histograms of melting temperan""s (Tm~J and 
hO!T\ogcn;sation temperatures (ThH,U) observed in aq"eo1l8 ill(;lllsions in samples 
Ii-om the we"lem ual"o;;,L 
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______________________________ -'A".~al~·ti<a l I{ .. ull~ 

Tnhle .4.1 Fhlid indm;iull rCMl1t~ 8ubdi\'i,j"d ilccurding 10 lhe im;!:! uf urigin in Ihe 
NL and ."L stratigraphy (\\\'stcrn Untasct). Vailies in iJrack,'l s art wnsidCl'cd 
r~prcscntali\'c I'anr:~s filr each dataset. T, values represent 1m.' minimum oh<erwd I, 
in ~"ch ",mp~ ilreJ. 

T,("q Tm,fftc) 

Omhuru r."ast (SH'akop (,'roul'i 

T~'I'" II & III 

["" lalO d indo -40 ,0 -30A to O. ~ 

(-~4.l1()-{L2) 

Sc<:ondary inc!. _2X . .I _24.6 10 -2_~ 

T~'p. I 

Isolat<d inc!. 
SKoodarv ind 

Moselle Plugs (Swakop Group) 

T~'p. II & III 

[,olat.d inel. -29.4 

Secondar}' ind, ""9. I 

T~·p. 1 

IsolaTed indo "~U 

Eo/hash,,( (Otm'i Grollp) 

T~p. II & III 

IsoI'led i ncl. -44.0 

Karach(/.\, (Nm';h Gt'OufiJ 

Isolated incl. 
S~"oml.~, ind. 

_22 .X 
-26.5 

-24.2 to 14.1 

-~~ .6 to--<i . O 

(-~5.61o-~ l A) 

-2.l.'[o - 15A 

-23,8 to 0,1 
(·13,810 Ill) 

-7.410 -0.6 
-6.910 · 1.0 

Tm"",(C) 

0.1 wOA 
0.4 to .09 

O.ltollA 

T.('Cl 

j5cto"5 ~ 

(19 1 to 35~) 

~8 to ]6~ 
(IJOlo306) 

320 to 351> 
140to37J 

1 ~9 to 455 
(249 to 3M) 

18410357 
(2-'eto312) 

25 .. ·- 4:iO 

152[0401 
1193'on6) 

IOH lO t78 
~().i 10315 

S.linjry 
("t% r-;~(] ... l 

1_"9",'/, 
("0-19) 

4-25wt~·i 

(14-25) 

15- 16\\1% 
j4 - 15M~" 

I "- " "t~·i 

9-26".-1% 
(2.i-~~) 

l ·e~"t~·o 

( 1 ~-2~) 

l-llwt~··; 

5-1 0,,1:"/, 
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Figure 4,]] I . H20 voersus Tm;." plot fol' isolatoed aquoeous inclusions from the we,lefll 
<.blasel_ 

rhc r",kb of distribution for T. H20 and Tm~, values for each sample area Ii-om the 

westem data!;<;:t "-r~ quit~ dilToeroem (FigUl'c 4.11). The Mo>elle >ample, foml U w<'ll 

defined high T"H,O, low Tm"" liekl, while the samples from the fum Kara~hus are 

dumcteri~d by a low I",H20. high I'll\<, field. I"he iXlmples Ii-om Ihe Jamls 

BOlhashor and Ornburu East oc~upy fidds whi~h stl'oetch between these lwo lidds. 

ooth areaS b;,il1g chara~l~riscd by a range ofTJ llO and corresponding Tl11", yalues_ 
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An.hlir.l Rrsull, 

The rllln irmLi n T, values obs~rved m TyJX' II and JlI isolated inclusions in lh~ samples 

from the border of Okorusui(Ja idus and E ldanrenb ~rg are -.l 1.2°e and - .l l.fl°C, 

respedively. The ~amp l es from Nellw~rk and llar1bcespool1 ar~ characterised by 

,l ightly higilcr millimunl T, values or _~4.4ve and -2S.2"C, r~s]X'c tlyely (Flgur~ 

4.12), 

lh~ Tm", vallies observed in Type II and 1Tl isolated inciuslLlns from the rOlir sample 

area~ in the easlem dataset show a degr~e of ov~rlap wirh resp~ct to the actual ranges 

or ya lue~ ob'er\' ed. However, the (listnbution of (bt~ within lhese range~ i, quite 

I'ariable (FigUre .-1.1 .1), The samples 

I' l,)YC fl~'C· I rom - ._ , lo - ,_ , seermng} 

Ii-om OkOl'usu/(Ja; llus ShllW a ",ide Tm,,, range 

fonnmg two popul~tlons. a lower lernper~lure 

populatillll llf between 19AoC and 8,O"C and a second p'lpulation of between 

7.0"C and 0,0'(:, The isolaled mcluslons in the samples from the other three sample 

ar~as show a more restriclell range 01' Trn~, val lies, ;.e., Hartbeespoort hetween 

16.S"C and 0.2"C (most va lues heh,een 63'C and O,2"C), Elcfantenberg betwe~n -

1 1).'tC and ----I). 1 "c, and r-<ellwerk between -12.3"e and -I)X'c. 

The homogenisat ion tempcr~tur~ s m~asll red in Ty]X' II anll 1Tl lSolatell indlisions in 

the I(!tir sample areas show some degree of variation, J nduSlon ~ in s~mp1es Ii-om 

OkOl'usu/Gaidus show T,H20 va lues between 173"C and 4 79"C wllh mosl 0 1' lhe 

vai lics lidl ing in the range 2S{fC to 3S0°C (Figure 4. 13). ryp~ II and lll,s<JlatN 

irduSlOlls Jrl samples Ii-llm i1artheespoon and Elcfanteni>erg generally fall into a 

similar ran~e. Le" 2400e to .1S0"C, with som~ values exwndlllg ab{),'e 450' C in these 

areas as wdl. In contrast to th;<, Typc JJ and JJJ iso lated incluSlOns In samples ii'om 
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A"ol, tic.1 Romlt. 

I\ClLWCrk ,how a lowcr T ,H,O rangc of bctWCCI ' 102"C and 10S"C. Ilomogclllsalion 

"vas always 10 thc liquid phasc_ 

Thc ~alelLlmcd sal initics for the Type Il Jnd III iso lateli lllel\ls",ns 111 ~euwwerk, 

L!lefanlcnherg ;md Harlheeespoorl are 'IlLite ,i ,,,ilar (1-15 wt% NaCl,) crable 4,2), 

n ,C ,aJl1I']cs li'om Okofllsu.'(iaidus show J rangc of :;allnl lie:; 0 C up to 21i" t % ~ aCl,~ . 

Clathrate-bcanng n;olateu indlLsions are ra rC ill this dJtaset and are pre,ent in the 

samplc, (i-om Hartbcccspoort, Elcfuntcnberg and Okor\lS\li(iaidu,_ Thcsc iloc lusions 

show a l'lll'Mil range ofhelwe~n B,l'e ami 15.2"e in the OkOnISl\/Gallius sample,_ 

Jnd a rang~ oC.l 7'C to B,S'C in thc Lkfantenberg and Harll",espoon samples, nlC 

tmal llOL'lLogcnismion temperature range, observed ill thc,c sJmplcs arc 223'C lo 

462"C for Ihe ()I;OflJ>uiCaidu, sJmplcs ami 31i!"C to 375"C in Elefantelll",rg ami 

llanheespoorl 

Isolatcd CO, inclusions arc rJre in tile eilstem dala,el a, wclL alld arc pre,cnt mi1l111y 

in SJ I "pies from j lilnbeespoorL Tloe,c i nd us i ons show a T,,,CO, rill1ge 0 (' - 5 S ./i"e to 

57.4"e, JIH.l T,CO, of between _ll , loe anu 29.B"e, HomogenisatiOll wa, to thc 

vapour plJasc 
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Anahlica! R .. ull, 

",." 

, " , 0 " " 

'S 

" 
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Figure -1.12 [irequcncy histograms of~utedj~ temperaLUrcs (Td obscrwd in aqu~ous 
inclusions in samples ii-om the ~astern w t1i.<;l't. 
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Tm" :"C) T, I' C: 

Figurr 4.13 Fre'luer",} hi;;logra111:'< of melting temperatures ('1m",) and 
hOl)logen;;;al;ol1 kmpcmlmcs (T,H20) ohscrvcd lor aqueous inclusion.s in sampk 
areas from the eastern dataset. 
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ADalytieal ResaID 

Table 4.2 Fluid inclusion results subdivided according to the area of origin in the 
NZ stratigraphy (eastern dataset). ValueJ; in brackets are representative ranges for 
each sample area. Te values represent the minimum Te values observed in each sample 
area. 

Te(q Tmarq 

Okorusu/Gaidus (Swakop Group) 

TypeD&m 

&oItIIted meL -31.2 

Type I 

Isolated meL -27.4 

Hartbeespoort (Otavi Group) 

TypeD&m 

Isolated meL -25.2 

Type I 

PhaseOue -22.3 

Elefantenberg (Otavi Group) 

TypeD&m 

-31.0 

Type I 

-19.4 to -0.2 

-25.2 to -13.5 

-16.Sto-O.2 
(-6.5 to -0.2) 

-10.9 to -0.1 

Neuwerk (Nosib-Abenab Transition Zone) 

TypeD&m 

Isolated meL -24.4 to -9.5 -12.3 to -O.S 
(-12.3 to -4.4) 

Tm..(q 

8.7 to 15.2 

8.8 

3.7 

TIa(q 

178 to 479 

223 to 462 

173 to 477 
(173 to 366) 

367 

209 to 445 
(209 to 374) 

375 

102 to 168 

Salinity 
(~I. NaCieq) 

1-26 wt'lo 

1-20 wt'lo 
(1-10) 

2 wt'lo 

1-15 wt'lo 
(3-15) 

1-16 wt'lo 
(7-16) 

126 



Univ
ers

ity
 of

 C
ap

e T
ow

n

500 

I 400 -o + 
o -
0300 

iN 

J: 
..c:: r-

200 

100 
-20 

+0 

+ 

+ 

+ 0 
+ 

+ OkoruIllU 

* Elefantenberg 
o Hartbeespoort 
x Neuwerk 

-15 

0 
/ 0 

Ill< '" tWo 0 lOi 

lI! IlOi. 
i 

It./ 

-10 -5 0 

Tmice (OC) 

Figure 4.14 TtJI20 versus TIDice values for aqueous inclusions in samples from the 
eastern dataset. 

Distinctive fields can be outlined in the TtJI20 versus TIl1ice plots for the eastern 

dataset sample areas (Figure 4.14). The samples from OkorusulGaidus are 

characterised by a high TtJI20 and a range of TIl1ice values. The field defined by the 

samples from the :fimn Neuwerk also show a range of TIl1ice values but the ThH20 

values are much lower. Samples from the :fimns Hartbeespoort and Elefantenberg 

show a s:imila.r range of TIDice and TtJI20 values, with TJI20 values similar to the 

samples from OkorusulGaidus but a more restricted range ofTIDice values. 
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Analytical Results 

4.2.3 Crush-Leach Analysis 

4.2.3.1 Sample Selection and Analyses 

Crush leach anaylses of the leachates from quartz subsamples from the quartz plugs 

and quartz veins from the western and eastern datasets were carried out. As in Chapter 

3, the chemistry of the leachates was determined using HPIC (for anionic and cationic 

concentrations) and ICP-MS (exclusively for determining the Br- concentration of 

these fluids). 

4.2.3.2 Results 

Ternary diagrams reflecting the bulk chemical composition of the fluid inclusion 

leachates from the samples areas which form the western and eastern datasets are 

presented in Figures 4.15 and 4.16. In the western dataset, the samples from Moselle, 

Omburu East and Karachas are dominated by Na+ with subordinate Ca2+ and K+. 

Leachates from samples from Bothashof. in contrast, are dominated by Ca2+ with 

subordinate K+, Mg2+ and Na+ (Figure 4.15). The leachates from the western dataset 

sample areas contain relatively small proportions ofsol-, except for the sample from 

Karachas (Figure 4.16). The bromine concentrations in these leachates are variable 

and can be divided into samples with low Br- (Moselle). intermediate Br- (Omburu 

East) and high Bf (Bothashof, Karachas). The col- values used in Figure 4.16 are 

calculated values based the assumption that C03
2

- is the only contributing anion on a 

charge deficit seen in the inclusion leachates. Clathrate-bearing inclusions and C02 

inclusions encountered in the western dataset sample areas suggest that the presence 

of a carbonic anionic species in these fluids is likely. The leachates from Moselle and 

Omburu East presented in Figure 4.16 are therefore dominated by cr and contain 

little colo, while the leachates from Karachas and Bothashof have significant col­

contents. 
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The leacbates from sample areas which fonn the eastern dataset are dominated by 

Ca2+ with subordinate Na+. and vet)' little K+ and Mi+ (Figure 4.15). These leacbates 

also show variable bromine contents, with two groupings being evident, a high-Bf 

group (Hartbeespoort, Elemntenberg, Neuwerk) and a low-Bf group (Kupferberg, 

OkorusulGaidus) (Figure 4.16). The samples from OkorusulGaidus and Kupferberg 

are characterised by significant C03
2

- contents while the samples from Neuwerk. 

Elefantenberg and Hartbeespoort contain lower proportions of C032-, being slightly 

more cr -rich. 
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Figure 4.15 Compositional plot of the fluid inclusion leachates from the quartz 
plugs and veins from sample areas which form the western and eastern datasets, 
showing the variation in the molar proportions of cations in the fluid inclusion 
leachates. 
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Figure 4.16 Ternary plots showing the molar proportions of anions in fluid inclusion 
leachates for sample areas which form the eastern and western datasets; for legend see 
Figure 4.15. The CO{ contents of these inclusions represents a calculated 
concentration based on a charge imbalance seen in these inclusions. 
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4.2.3.3 Na-Br-Cl Systematics of Fluid inclusion leachates 

The leachates from sample areas which form the western dataset lie on an evaporation 

trend in Na-CI-Br space (Figure 4.17). The leachates from Bothashof and Ka.racbas 

(Nosib Group) are characterised by very low CUBr and NalBr ratios, while the 

Moselle leachates have CUBr and NalBr ratios similar to sea water. The Omburu East 

leachates are variable in this respect showing a range of values which follow the sea 

water evaporation trend. 

Leachates from Hartbeespoort, Elefimtenberg and Neuwerk (eastern dataset) show a 

restricted range of CWr and NalBr ratios being characterised by very low ratios 

which plot on the sea water evaporation trend (Figure 4.18). The leachates from 

Kupferberg show a wide range of values which extend from low CUBr and NalBr 

values (below that of sea water) to CUBr and NalBr values higher than that of sea 

water, along the evaporation-halite dissolution trend. The samples from 

OkorusuiGaidus are characterised by ClIBr and NalBr values that are all higher than 

that of sea water, plotting only on the halite dissolution trend. 
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4.3 Discussion - The Test Localities 

4.3. { Nuid Clwracler (md O""position 

Western f)a{a,vc/ 

Th.., overlapping rang,'s of 1'0' Tn\" ~Il(l T"H,O Jx,\ween the i>ol~l..,d .md ,.,condary 

iluid in.: lu>ion, in lh.: 5.ilmple> from Moselle anct Omnllru !-:ast indicates Ih~( lh~ lWO 

ty!"-'s o('lluid lJl(; lusion, were ('!fmed by one fluid g~ncrmiorL The clear separation or 

l],1l20 valucs in Ih.., _'>ampk from lhi: (arm K~r~~has. how~v~r, suggesl> (ha( (be 

i,,)laled und semmbry inc lusions Ilwre represent IWO ctifferenl fluid gcn~r~tions, 1n 

"]dilioll 10 lhi,_ i( i, ckar on the basi> or (he lower Tm,., and TIJljO rangcs Si:en in 

\be i,olated and secondary inc lusions from tlx' Karachas samples, Ibm tlx' fluids 

pr~o:erved Ih<'re ar~ unrc lal~d 10 (he fluids pr~~rv~d ill Ih~ _'>ampks 1i-om lh~ rarms 

Omburu Ea>1. /l-Io""l1~ and [lol rulshof (figurc 4.1 11. 

Tb~ nUllimum '1', VJlu~s of ---4 4,0"C and --40,O'C re~onkd ill rh.., >amrks ii-mil 

UOlhashof and Ombum E",;l ind l ~aks Ih.., pr~""f1(.-e 0(- po l)'vakm catiom in solmion 

(Cal<- Jnd Mgl+), in addilion In Na- (Cinki,t~il1 and R~ynolds, 19841. The do-"~nc-'50f 

Ill<' To ~lld Tn]"" rangcs in tbe samples fro m Ombllrll Fa>l , Mo:;ellc and Umhm,bor 

reflects rapid melting which is i"dicali,~ or l h~ pr~"'-'''c~ of K ' (Davis et 0/ .. 19'Kl1. 

I 'h~ hull" chemical composi tio" orlh~ I ~a ~ha l "'> f,om Ill<.' sample arcas wbich form Ih.., 

weSlern dal" s~1 g..,n~rall ;.- ,nlllirn,s Ih<:sc micrnthel'mometric ob"",,-ari"n>, In lhe 

>ample, ii-om Mo~lk_ Omburu Ea~t and Karacbas. tl"" solu tion, ~ontain Ca' wi1h 

lo\wr proport ions or Mg' - and K~, in add ilion 10 Na-_ The _<;ampks from Uotbashof 

are domiJlakd hy Ca~" , with sllborctinate ~a +. resulting in lhi: VCT) low T, val l1es 

obs..,rved in th cs~ sampks_ 
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The predomirum.;e or cr ()\'a ('0/ in Ihe Omblll11 Eusl and ~losd\e sJmpks 

~llgge~t s that at ieJ,t sonl: orthe Ca'" 
, 

and Mg prcsem 111 thi' Icu~hates aw in lhi' 

ronn or dissolwd salts or chklrides (C<lCI, JIlt! MgCh) ill add ition to di ssolved 

c~rbon3te (FigllTe 4.1<)), Thc leachale, Ii-om BOlhashol anti Karachas line lie on (be 

I, I lin.:; in thi s plot sugg~s(ing Ihal the C<I" and \lg2' in tb t"~ 11uids ,~-c ln (be roml!)1 

di,solved ~arbonales (Figure 4. 19), 

M o 
o 
~ 

o 

1 :t 

Mosel e 
Karac~as 

Bothas10' 
Onlbu'u East I 

."igurc 4.19 CriCO,'- YCrSllS .t\ai iCa""Mg'- plot 01 11uitl composilion for sampc's 
Ii-om lhi> western dataset I in terms of ratios of the domin<lnl anioni~ and ~ationic 

SPCC L~S of these fluids. Samples plotting abow Ih<- 1: I line ind,~ ate a prcdominance of 
cr OVCr CO/- , 

The large range of Tn"., values set"t1 in too sampltJs Ii-om Bothasl~)f and Omburu East 

and the distribution of dala in Figure 4,10 ,"ggests the existcnce of two Till,,, 

populations in thc inclusions fi-Oln trese 'ample ar",~s_ Mixing octwcen fluids of 

dillCrent salinities may 1:>.: indicated by such a di,lrihlllion and is thcreti)re proposed 

as an explanation fur such a signature in lhi>'e Iwo sample areas. 
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Discussion - The Test Localities 

The large ranges of T hH20 values seen in the aqueous inclusions from Moselle, 

Ornburn East and Bothashof suggests that necking of inclusions as well as the 

introduction of some CO2 into the fluid might have played a role in their evolution. 

The presence of C02 inclusions as well as clathrate-bearing inclusions in some 

samples seems to support this contention. The sampled quartz plugs and veins are also 

hosted in carbonate units and are associated with carbonate precipitates and vein~ 

lending further credence to the possibility of some CO2 in the aqueous inclusions. An 

assessment of the CO2 contents in the aqueous inclusions is presented in Figure 4.20. 

As in Part I, the solid lines in Figure 4.20 represent a fluid unmixing path of a NaCl­

C02-H20 fluid into its C02-rich and NaCI-H20-rich end members during cooling. 

The X(C02) values measured in the Type IV inclusions from this dataset are in the 

range SO to 62.S % at T hC02. This value was used to represent the C02-rich end 

member. Assuming that the clathrate-bearing inclusions and suspected clathrate­

bearing inclusions in this dataset are related to the C02 inclusions and that the X(C02) 

estimates are reasonably accurate, then an amount of between 10 and IS% C02 is 

estimated to be present in the NaCI-H20-rich clathrate-bearing end member (Figure 

4.20). The total homogenisation temperatures of the clathrate-bearing inclusions are in 

the range 420°C to SOO°C which conforms to well to the actual (higher) T hH20 ranges 

observed in the clathrate-bearing inclusions and suspected clathrate-bearing aqueous 

inclusions in this dataset. Variable C02 contents can therefore account for at least 

some of the higher T hH20 values recorded for the aqueous inclusions of the western 

dataset. An alternative explanation for the range of T hH20 values observed in the 

aqueous inclusions is a fluctuation in trapping pressure producing the range of T hH20 

values observed. This is explored further in the next section (geothermobaromtery). 
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DiKusiOil - The Test Localities 
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Figure 4.20 CO2-NaCI-H20 phase diagram assuming a salinity of20 wt% NaCleq and 
a pressure of 1500 bars (after Bowers and Helgeson, 1983). 

Eastern Dataset 

The microthermometric data seem to indicate the existence of at least three different 

fluid types in the sample areas which make up the eastern dataset (Figure 4.14). The 

leachates from Elefantenberg and Hartbeespoort form a low salinity, high TJJi20 fluid 

type that shows a considerable degree of overlap in the two areas. The second fluid 

type is preserved within the quartz samples from the farm Neuwerk. These samples 

originate from the Nosib--Abenab transition zone and are characterised by low TJJi20 

values and a variable salinity (up to 16 wt% NaCleq). The third fluid type is preserved 

within the samples from the border of the farms OkorusuiGaidus. There a fluid of 

variable salinity (up to 26 wt% NaCleq) with a consistent, high TJJi20 occurs. Mixing 

between a fluid of high salinity and a fluid of low salinity is suggested as an 

explanation for the large range of salinities observed in the samples from this area 
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(two fluid generations, one of high salinity and the other of low salinity being 

suggested by the TDlice values recorded for this sample area). 

Lower Te values of down to -31.1°C seen in samples from Hartbeespoort and 

Elefimtenberg indicates the presence of polyvalent cations (Ca2+ and Mil in addition 

to Na+ in the fluids, in these areas. Eutectic temperatures bewteen -21.2°C and -

30.0°C seen in samples from Neuwerk and Okorusu/Gaidus also indicate the presence 

of additional monovalent and polyvalent cations (in addition to Na l in solution in 

these areas (Goldstein and Reynolds, 1984). The bulk chemical compositions of the 

fluid inclusion leachates from the eastern dataset sample areas confirms the 

observations made on the Te values. However, the large amount ofCa2+ in these fluids 

indicates that it may be the sole contnbutor to the low Te values observed in the 

eastern dataset sample areas. The predominance of col- over cr in the leachates 

:from Hartbeespoort and Neuwerk (and some samples from OkorusuiGaidus) indicates 

that all of the Ca2+ and Mg2+, as well as SOllle Na+ in these fluids is present in the form 

of dissolved carbonates (Figure 4.21). The Ca2+ and Mi+ in the leachates from 

Elefimtenberg, Kupferberg and the remaining samples from OkorusuiGaidus, are most 

likely to be present in the form of dissolved carbonates, with Na + present as a 

dissolved chloride. 
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Discussion - The Test Localities 
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Figure 4.21 cr/co{ versus Na+/(Ca2++MiJ plot of fluid composition for samples 
from the eastern dataset showing ratios of the dominant anionic and cationic species 
in these fluids. Samples plotting above the 1: 1 line indicate a preedominance of cr 2 . 
over C03 -. 

A large range of T hH20 is also recorded in the sample areas which make up the 

eastern dataset. The effect of necking of aqueous inclusions on the microthermometric 

data produced for the sample areas from the eastern dataset has not been evaluated 

due to the random distribution of inclusions commonly seen in these samples and it is 

suggested as one possible explanation for the range of T hH20 values observed. High 

T hH20 values of above 400°C suggests that the aqueous inclusions may contain some 

C02. The carbonate host rocks of these inclusion bearing veins and plugs as well as 

the associated calcite precipitates in these veins, along with the presence of C02 

inclusions and clathrate-bearing inclusions in these samples, makes the possibility of a 

minor CO2 content plausible. An similar assessment of the amount of C02 present in 

these inclusions was carried out as that outlined previously for the Western Dataset. 
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The X(C02) range observed in the Type IV inclusions in the eastern dataset is similar 

to that seen in the western dataset, i.e., between 50 and 62.5 % resulting in a 

corresponding estimate of 10-15 % C02 in the suspected clathrate-bearing (aqueous) 

inclusions (Figure 4.22). Total homogenisation temperatures of between 420°C and 

500°C for the inferred clathrate-bearing inclusions corresponds well with the observed 

high T hH20 range in the aqueous inclusions in the eastern dataset. 
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Figure 4.22 C02-NaCI-H20 phase diagram assuming a salinity of20 wt% NaC1eq and 
a pressure of 1500 bars (after Bowers and Helgeson, 1983). 

Variation in Fluid Composition between the Eastern and Western datasets 

The samples from lower down in the stratigraphy. i.e., Karachas (Nosib Group), 

Neuwerk (Nosib-Abenab transition), show quite different fluid compositions to those 

of the samples taken from higher stratigraphic levels. The samples from Elefantenberg 

and Hartbeespoort (in the Maieberg Formation) also show some degree of variation 
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The samples from Moselle, OkorusulGaidus, Bothashof and Ombwu East all 

originate from a similar level in the s~tigraphy, and these samples show the largest 

degree of overlap. With the exception of the samples from Moselle, all the samples 

from the remaining areas are characterised by a wide salinity range and high TJI20. 

Four different fluids preserved in the sample areas are therefore indicated, i.e., that 

from (a) OkorusulGaidus, Moselle, Ombwu East, Bothashof; (b) Hartbeespoort and 

Elefantenberg; ( c) Neuwerk; (d) K.arachas. Although the fluids from Karachas and 

Neuwerk are characterised by similar T JI20 ranges, they also show different 

salinities suggesting a different origin. 

4.3.2 Geothermobaromet1y 

The isochores produced Figure 4.23 are based on the microthermometric data from 

the eastern and western damsets and were generated using the FLINCOR software 

(Brown, 1989), an estimated composition of NaCI-H20, and the Brown and Lamb 

(1989) equation of state. The fluids from these two damsets are dominated by either 

Na+ or Ca2+. A simplified model system of NaCI-H20 was used as cotectic surfilces 

where ice melts for the systems NaCI-H20, NaCl-CaCh-H20, and CaCh-H20 lie 

essentially on top of each other with a only small deviation (Oakes et al., 1990). 

The isochores produced are based on the lowest and highest T JI20 values observed 

in isolated inclusions preserved in the eastern and western damsets (listed in Tables 

4.1 and 4.2). The fluid densities indicated by the microthermometric data are as 

follows: Moselle (0.878 to 0.956 g/cm-3); Ombwu East (0.853 to 0.951 g/cm-\ 

Bothashof (0.914 to 1.036 g/cm'3); OkorusulGaidus (0.693 to 1.036 g/cm-3); 

Hartbeespoort (0.702 to 0.994 g/cm']); E1efantenberg (0.688 to 0.969 g/cm-3
). 
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Bothashof (0.914 to 1.036 g/cm-3
); Okorusu/Gaidus (0.693 to 1.036 g/cm-3

); 

Hartbeespoort (0.702 to 0.994 g/cm-3
); Elefantenberg (0.688 to 0.969 g/cm-3

). 

In the previous section it was found that the range of T hH20 that were observed in the 

inclusions preserved in the eastern and western datasets could not be adequately . 
explained by C02 contents alone. An examination of the effect of hydrostatic versus 

lithostatic pressure on the trapping conditions of the fluids preserved, as was done in 

Chapter 3, was carried out for the samples from the eastern and western datasets. 
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Figure 4.23 Geothermobarometry results based on the fluid inclusion data from the 
Eastern and Western Datasets. The dashed lines represent isochores for the lowest 
homogenisation temperatures and the solid lines represent the highest homogenisation 
temperatures recorded in these inclusions. The green field represents a peak 
metamorphic temperature and pressure estimate from Hoffer (1977). (Lith=lithostatic 
pressure; Hyd=hydrostatic pressure). 

An independent estimate of pressure and temperature from a pelitic metamorphic 

assemblage in the eastern NZ in the range 430-450°C and 2-2.5 kbar (Hoffer, 1977) is 

represented as a field in Figure 4.23. Assuming peak metamorphic temperatures of 

between 430-450°C, the calculated isochores in Figure 4.23 indicate that the high 

T hH20 fluids preserved as inclusions in the western dataset were trapped under lower 
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(hydrostatic) pressures of between 1 and 2 kbars, while the lower temperature 

inclusions were trapped under high (litho static ) pressures of between 3 and 4 kbars. 

Alternatively, a higher (amphibolite facies) trapping temperature for the high ThH20 

fluids are indicated at pressures of 2-2.5 kbars, and low trapping temperatures of 

300°C-350°C are indicated for the low ThH20 fluids. 

Similarly, very low (hydrostatic) pressures of <1 kbar for the high T hH20 fluids in the 

inclusions from the eastern dataset and higher (lithostatic) pressures of between 4 and 

4.5 kbar for the low T hH20 inclusions are indicated, if a peak metamorphic 

temperature of 430-4S0°C is assumed. A higher (amphibolite facies) trapping 

temperature for the high T hH20 fluids are indicated at pressures of 2-2.5 kbars, and 

low trapping temperatures of -300°C are indicated for the low ThH20 fluids. 

The peak metamorphic pressure calculated to be in operation in the eastern NZ by 

Hoffer (1977) was approximately 2,5 kbar. The higher pressures suggested by the 

lower temperature fluids preserved in both the eastern and western datasets are 

therefore considered unlikely. Similarly, the high trapping temperatures (>600°C) 

suggested by assuming a fixed pressure of 2- 2.5 kbar, for the high ThH20 fluids, 

seems unlikely as the grade of metamorphism in the sample areas (and in the NZ 

generally) is very low (greenschist facies). Necking of the aqueous fluid inclusions 

and variable C02 contents outlined in the previous sections are therefore suggested as 

the more likely cause for the spread ofThH20 data in the eastern and western datasets. 
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4.3.3 Fluid Source 

Both evaporite-derived and retrograde fluids are considered likely candidates for 

generating high salinity, mineralising fluids (Chetty and Frimmel, 2000; Bennett and 

Barker, 1992). However, retrograde fluids were considered an unlikely source for the 

mineralising fluids sample areas selected in the NZ for the following reasons. The low 

to very low metamorphjc grade of the units in the sample areas in the NZ (and the 

eastern NZ in general) and the lack of any retrograde alteration effects in the sample 

areas, indicates that an origin for the fluids preserved as inclusions there, as a locally 

derived retrograde fluid, is unlikely. The Br--rich composition of the fluids also argues 

against an origin as a retrograde fluid, the generation of the significant Br- contents of 

the fluids by evaporitic concentration being considered more likely. 

Other evidence which points to an evaporitic origin for the fluids in the NZ sample 

areas can be outlined as follows. The fluid inclusion leachates from the sample areas 

Moselle, Ornburn East and Bothashof which form part of the western dataset lie on an 

evaporation trend in the Na/Br versus ClIBr plot suggesting that these fluids are 

indeed evaporitic-derived (Figure 4.17). The samples from Karacahas, however, lie on 

a trend below the 1:1 line in these plots suggesting that a different anion (other than 

Cl) is dominant in these solutions, possibly a bicarbonate ion. The 

microthermometric data also indicate that the fluids preserved within the Karachas 

samples are of low salinity and are unrelated to the fluids from the other three sample 

areas which make up the western dataset. An evaporitic origin for this fluid is 

considered less likely. 

144 



Univ
ers

ity
 of

 C
ap

e T
ow

n

these two sample areas. The xenoliths clearly show evidence of experiencing some 

degree of albitisation in their evolution (Figure 4.2, 4.3). The trends of the xenolith 

samples in the multi-element diagrams from these areas follow that shown by the 

albitised pelitic unit in the SMZ quite closely and in the case of the Ornburn East 

sample, in the rare earth element plot as well (Figure 4.6). The Nosib Group samples, 

in contrast, show no relationship with the albitised sample trends indicating that they 

were not subject to a similar process in their evolution. The source of these xenolithic 

fragments present in the quartz plugs on the :fium Moselle and in the siliceous 

dolomite present on the :fium Ornburn East, can therefore not be linked to the Nabis 

Formation (Nosib Group) in the NZ, on the basis of the data presented. However, the 

albitised nature of the xenolithic fragments and the albitisation trend shown by these 

units are quite similar to the those seen in the upper Nosib Group in the SMZ 

suggesting that the source of these xenoliths are possibly in the upper Nosib Group of 

theNZ. 

The rare earth element trends also give an indication of the environment of formation 

of these units. The strong light rare earth element enrichment trends seen in the 

chondrite-normalised rare earth element plots along with the flattening of all the light 

rare earth element enrichment trends seen in the upper continental crust-normalised 

plots, suggests a strong continental influence. An origin within a continental rift 

graben for these units is therefore supported by the data presented and an origin 

within the NZ Nosib Group for these xenoliths is therefore possible. By implication, 

the source of the fluids preserved as inclusions in the sample areas Ornburu East and 

Moselle is also within the NZ Nosib Group. 
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The leachates from the sample areas which make up the eastern dataset show some 

variability (Figure 4.18). The leachates in the samples from OkorusulGaidus and 

Kupferberg extend from the evaporation trend below the sea water marker onto the 

halite dissolution trend, indicating that some halite dissolution might have played a 

role in the evolution of these fluids. An alternate origin for the trend shown by the 

leachates from OkorusulGaidus was indicated by the microthermometric data for this 

sample area outlined previously. The wide range of salinities recorded at a consistent 

T hH20 values in the samples from OkorusulGaidus points to a mixing of a low 

salinity and high salinity fluid. The bimodal distribution of Tmice values in this sample 

area supports this contention (Figure 4.13). This could therefore explain the spread of 

data from the fluids from OkorusulGaidus in the Na/Br versus ClIBr plots. An 

indication of the true character of the mineralising fluids in these areas can therefore 

be gained from the extreme end member compositions of these fluids in the Na-Br-CI 

plots. 

The leachates in the samples from Hartbeespoort, Elefantenberg and Neuwerk are 

characterised by very low ClIBr and Na/Br ratios and lie parallel to the evaporation 

trend in Na-CI-Br space. suggesting that they too are derived from evaporation. 

However, the low salinities of the fluids preserved as inclusions in these areas 

(indicated by the microthermometric data) seems inconsistent with such an origin and 

an evaporitic origin for the fluids from these three sample areas is considered 

unlikely. The leachates from these three sample areas also form a well defined field in 

Na-Br-CI space, suggesting that fluid mixing in these areas was minimal. The fluids 

in operation in the eastern dataset sample areas are therefore quite variable. Only the 

fluids from OkorusulGaidus and Kuperberg are considered to be of an evaporitic 
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origin. These fluids have experienced some alteration of their geochemical signature 

due to mixing with a lower salinity fluid, probably meteoric water (suggested by the 

low Br" content of the low salinity end member). 

An examination of the Ca-excess versus Na-deficit in these fluids (as an assessment 

of the effect of alibitisation on fluid composition) is presented in Figure 4.24. Except 

for Bothashof, the leachates from the sample areas which form the western dataset 

show little variation in the Ca-excess, Na-deficit plot, plotting close to the origin. The 

effect of albitisation appears minimal on this dataset with only the Bothashof samples 

showing some evidence for dolomitisation. 

The interpretation of the data from the eastern dataset is similar with little or no 

evidence seen for albitisation altering the fluid chemistry in these samples, and all 

leachates showing an enrichment in Ca which indicates dolomitisation or the addition 

of calcium into the system. The Ca-excess values seen in the eastern dataset sample 

areas and the samples from Bothashof therefore suggests that contamination by the 

host carbonates in these areas is likely enriching the fluids in Ca2+ and possibly CO)2-. 

The bulk chemistry of the leachates from these areas shows that they are indeed 

enriched in both Ca2+ and col- (Figures 4.14 and 4.15). The Ca2
+ and col- contents 

of the fluids in Bothashof and the eastern dataset sample areas can therefore not be 

regarded as indicative of the original fluid composition. 
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5.1 Assessing the Test Localities 

5.1.1 Comparison o/data/rom NZ and SMZ 

5.1.1.1 Fluid Source 

The existence of evaporite-derived fluids in both the NZ and SMZ is indicated on the 

basis of their Na-Br-Cl contents and relatively high salinities. However, a slightly 

different fluid evolution in each of these areas is indicated by their fluid geochemistry. 

The fluids in the SMZ record the process of halite dissolution at some stage in their 

evolutionary history. The fluids from the NZ show little evidence for the process of 

halite dissolution and few halite oversaturated inclusions are encountered in the 

samples areas from the NZ . Although samples from OkorusulGaidus and Kupferberg 

do lie on the halite dissolution trend, the evidence presented previously argues for a 

process of mixing of fluids resulting in this fluid signature. The lack of halite 

dissolution playing a role in the evolution of these fluids is as would be expected. In 

the SMZ. the evaporitic fluids have not travelled far from their suspected source units 

(i.e. the evaporitic Durnchaus Formation) and some of the fluid could possibly have 

remained in contact with the primary evaporitic minerals that were precipitated from 

them. Halite dissolution in such an environment is quite likely (Kessler et al., 1995). 

The fluids in the NZ have been removed from contact with their primary mineral 

precipitates and any dissolution of previously precipitated primary evaporitic minerals 

into this fluid would therefore not be possible. The fluids in OkorusulGaidus, 

Kupferberg, Bothashof. Moselle and Ornburn East in the NZ are therefore also 

interpreted as being evaporite-derived but have experienced a different history when 

compared to the fluids from the SMZ. 
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There are also significant differences in salinity between the fluids from the NZ (up to 

29 wt% NaC!eq) and SMZ (up to 47 wt% NaCleq) which result due to the above 

processes. The halite dissolution seen in the SMZ is responsible for the generation of 

such large salinity values while the lack of a similar process in the NZ has resulted in 

halite undersaturated inclusions and the lower salinities recorded. 

The xenoliths present with the quartz-dolomite and quartz plugs from the SMZ and 

from the sample areas Moselle and Ornburn East (western dataset) in the NZ support 

an origin for the evaporitic fluids from within the Nosib Group. De-watering of the 

evaporites preserved within the Durnchaus Formation form a likely source for the 

highly saline fluids preserved as inclusions in the sample areas in the SMZ. The NZ 

Nosib Group represents a possible source region for the evaporitic fluids preserved in 

the NZ, the existence of evaporitic units similar to that seen in the Durnchaus 

Formation of the SMZ being supported by the presence of albitic and dolomitic 

xenoliths which show a similar whole rock chemistry to the in situ units of the 

Durnchaus Formation. 

The source of the evaporitic fluids in the remaining sample areas can be speculated 

upon as follows. The samples from OkorusulGaidus and Bothashof were hosted in the 

upper Tsumeb and upper Swakop Groups. There are two possible evaporitic sources 

for these fluids, i.e., the Nosib Group of the NZ or alternatively the evaporitic units in 

the Hftttenberg Formation. Chetty and Frimmel (2000) suggest that that either of these 

evaporitic horizons could generate the types of fluid signatures seen in the NZ 

evaporitic fluids, i.e., relatively high salinities with low NalBr ~d ClIBr ratios. 
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5.1.2 Mineralising Potential 

The preceding discussion focussed on geochemical trends shown by fluids derived 

from evaporites which were possibly formed in continental rifts (relected by the 

metasedimentary facies of the Nosib Group). Such environments have been found to 

show a clear general sequence in their evolution which contributes to the formation of 

metalliferous hydrothermal brines, i.e., (i) tectonism leads to high relief rift basins 

with rapid subsidence, high sedimentation rates, and high penneability and porosity, 

(ii) orographic effects promote high evaporation rates in hydrologically restricted rift 

basins, (iii) magmatism and high heat flow drive fluid flow and chemical reactions at 

shallow crustal levels (McKibben and Hardie, 1997). Once formed, the metalliferous 

brines formed in such environments must undergo focussed flow, and profound local 

thermal and chemical changes in order to induce concentrated deposition of their 

dissolved metals at economic grades (McKibben and Hardie, 1997). The rift systems 

which act as a source area for these brines are typically characterised by high rates of 

evaporation and the presence of significant evaporite beds. This results in fluids of 

high salinities which contain significant amounts of complexing ions available for 

base metal transport. Once these metalliferous brines are formed, fluid migration is 

facilitated when tectonic events generate or reopen vertical fractures that transgress 

the fluid interface. This allows more oxidised, less saline geothermal fluids to mix 

with deep. metalliferous, hypersaline brines resulting in eventual mineral precipitation 

(McKibben and Hardie, 1997). Mineral or ore precipitation may also be facilitated by 

simple cooling of the metalliferous brines or neutralising of the acidic ore fluids by 

reaction with carbonates in the sequence. 

The fluids from OkorusulGaidus, Bothashof, Ornburn East and Moselle are highly 

saline and all these fluids are therefore potential base metal carriers. The fluid 
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signature preserved in the OkorusulGaidus samples, however, also suggf'otg that fluid 

mixing played a role in the fluid evolution in this area. The fluids from 

OkorusulGaidus therefore show a number of characteristics typical of mineralising 

brines preserved in ore localities (high salinity, evaporitic and the mixing of fluids at 

ore locality). and the samples from Okorusu are indeed associated with small scale 

base metal mineralisation. The small scale of the mineralisation is possibly due to a 

limited availability of metals in the sample area. 

Closer examination of the geochemical trends shown by the fluids from Bothashof, 

Ornburn East and Kupferberg suggests that a similar process of mixing of fluids may 

have been in operation there. The Tmice values observed in the samples from 

Bothashof and Ornburn East suggests the existence of a mixed fluid signature in these 

areas (Figure 4.9) and the distribution of the Kupferberg leachates in Na-Br-Cl space 

mirroring the trend of the OkorusulGaidus samples suggests that fluid mixing played 

a role in the fluid evolution in this area as wen (Figure 4.17). Base metal 

mineralisation has been reported in both Kupferberg and Bothashof (Schneider and 

Seeger, 1992). 

Areas in the Test Localities which therefore show the most potential with regards to 

base metal mineralisation are: OkorusulGaidus, Bothashof, Ornburn East and 

Kupferberg. Although the fluids from Moselle show a high salinity and an evaporitic 

signature, the lack of any evidence for fluid mixing in this area may preclude the 

formation of an ore deposit there. 

153 

/ 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Conclusions 

(1983a). Positive Ce anomalies exhibited by the carbonates present in the sequence 

and the strong light rare earth enrichment trends shown by all the lithic units suggests 

a continental provenance for the Duruchaus Formation evaporites. No evidence for a 

marine sabkha deposit at the top of the Duruchaus Formation was found, though. 

The microthermometric data from the inclusions preserved within the quartz-dolomite 

plugs of the Duruchaus Formation in the SMZ conform well with those reported by 

Schmidt-Mumm (1989). The data suggest that the Phase One generation of Schimdt­

Mumm (1989) corresponds to the isolated inclusions measured in this study and that 

Schmidt-Mumm's Phase Two generation corresponds to the secondary 

inclusions (based on homogenisation temperatures and calculated salinities). Evidence 

for a higher C02 content in the Phase Two generation ofSchimdt-Mumm (1989) was 

not found in the secondary inclusions, though, and the influence of Schmidt-Mumm's 

Phase Three fluid generation on this dataset appears minimal. A higher Te 

temperature range was observed in this study when compared to Schmidt-Mumm 

(1989), and can possibly be explained by the subjectivity of this measurement. 

However, these data could also indicate that the Te values (and hence the composition 

of the fluid) may be slightly different than that reported by Schimdt-Mumm (1989). 

Based on the Na-Br-Cl contents of fluids' examined in the NZ, the activity of 

evaporitic fluids in the NZ of the Damara Belt is also indicated, suggesting the 

presence of buried evaporitic units similar to those present in the Duruchaus 

Formation there. Evidence for the presence of buried evaporites in the western NZ is 

also seen in the form of xenoliths with a similar chemistry and morphology to the 

Duruchaus Formation evaporites. 
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The high temperatures and salinities of these evaporite-derived connate fluids make 

them potentially good base metal earners. In the areas examined in the NZ, it is 

suggested that these fluids are, at least in part, the fluid source for the mineralising 

fluids which generated the base metal mineralisation seen. 

5.2.1 Implications for Exploration 

Evaporitic fluids are not always associated with ore mineralisation as a number of 

features have to coincide in order for an ore deposit of economic grade to be fonned. 

While fluids of sufficient salinity and of evaporitic origin are present in some areas, 

e.g., Moselle, the conditions in the area of emplacement of these fluids may not 

support the fonnation of an ore deposit. A suitable source of metals is another factor 

which has to be considered, as even if all of the above factors coincide in a particular 

area, if there is no suitable source of metals then the fonnation of an ore deposit is 

unlikely. The presence of significant base metal mineral deposits in the northern part 

of the Damara Belt, however. indicates that a suitable source of metals was available 

there. The felsic volcanic units of the Nosib Group in the NZ and the mafic 

Grootfontein intrusive body southeast of the Otavi Mountainland represent two 

possible base metal sources in the NZ. 

A fluid signature which combines an evaporitic origin with an environment of 

precipitation which shows some evidence for mixing of fluids is therefore thought be 

a good potential indicator for mineralisation in the areas investigated in this study and 

other potential prospect areas in the northern part of the Damara Belt. 
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Appendix] 
Analytical Techniques 

(AI.l) Fluid Inclusion Studies 

(a) Fluid Inclusion Microthermometry 

Sample Preparation 

The sampled quartz crystals were cut and polished to thin (60-90~m) doubly polished 

sections or wafers. These wafers were then broken into chips of less than 1 cm in 

diameter for microthennomteric analysis. 

Analysis 

A FLUID INC. adapted U.S.G.S. nitrogen gas flow heating-freezing stage was used to 

detennine the temperatures at which phase changes occur in the quartz-hosted fluid 

inclusions, during heating and freezing of the prepared sample chips. The 

temperatures were measured by a thennocouple situated on the heating-freezing stage 

in direct contact with the sample chip (with the thermocouple tip being not more than 

2mm from the inclusion measured). The system was calibrated using synthetic fluid 

inclusions in quartz produced by SYNFLINC. The three points. of calibration were-

Repeat analyses of the same inclusions were used to determine the precision of these 

microthermometric measurements. The precision of the calibration was detennined to 

be within 0.2°C for -56.6°C, within 0.1 °c for O.O°C, and within 1.0°C for 374.1 °c, for 

all of the heating-freezing runs. The accuracy for sample measurements made below 

O°C is estimated to be within 0.5°C, and better than 1°C for measurements above this 

value. The microthemometric study was carried out according to the philosophy of 

conducting a fluid inclusion study outlined in Goldstein and Reynolds (1994). 
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AppendhI 

Eutectic temperatures. final melting temperatures and homogenisation temperatures 

were measured for each of the phases (C02, H20) present in the inclusions. The 

microthermometric data so determined is presented in Table All. I. Eutectic and final 

melting temperatures were measured at heating rates of approximately 1°C/min and 

homogenisation temperatures were observed at heating rates of I-SOC/min. 

(b) Crush-Leach Analyses 

The bulk chemistry of the fluids preserved as inclusions in the sampled quartz, 

dolomite and tourmaline mineral grains, was determined by a crush-leach analysis of 

these samples. HPIC was used to determine the cationic and anionic concentrations in 

the fluid inclusion leachates while ICP-MS was used to determine the Br" 

concentration. A combination of these techniques was used due to the low Br­

concentrations in the samples analysed (below the detection limit of the HPIC) and 

due to the difficulties in measuring the cr and Na+ concentrations using the ICP-MS. 

Both techniques therefore needed to be employed to determine the Br", Na+ and cr 

character of the leachates from these samples. 

(I) High Perfomance Ion Chromatography 

Sample Preparation 

.Samples of quartz, dolomite and tourmaline selected for the crush leach study were 

initially jaw-crushed to grains <Smm in size. The individual samples were then 

subdivided into 3 to S sub-samples depending on the availibility of sample material. 

In order to make sure that the sample surfaces were clean, the grains in each sub­

sample were washed with acetone and doubly distilled, deionised water (DDW) 

before being placed in an ultrasonic bath for IS minutes. This process was repeated 
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The Nalgene bottles used for sample collection were subjected to similar cleaning 

procedure prior to sample preparation. These bottles were cleaned using acetone and 

nnw aand then filled with nnw and placed in a shaker for 30 minutes. This process 

was repeated until the nnw in the bottles also showed insignificant concentrations of 

the elements under investigation. 

500mg of each of the cleaned subsamples was weighed out into clean beakers and 

then washed into a (cleaned) boron-carbide mortar using 2.5 to 3.5ml of nnw. These 

sub-samples were then crushed while submerged under the nnw until a fine powder 

was obtained. The reSUlting leachate was drawn up into a syringe and then filtered 

into the cleaned Nalgene bottles. Two crushes of each subsample was carried out to 

bring up the volume of each leachate to 6ml. 

(iJ High Per/omance Ion Chromatography 

Analysis 

The bulk chemistry of these leachates was determined using a nIONEX nX300 

system operating on a nIONEX Gradient Ion Chromatograph. The instrumental set­

up for anions and cations was as follows: 

Anions: 

Eluent: 3.5 mM Na2C03/1.O mM NaHC03 

Flow Rate: 1.2 mllmin 

Injection Volume: 501-11 

Guard Column: AG4A 

Separator Column: AS14 (4mm) 
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Cations: 

Eluent: 22mM MSA (methane sulphonic acid) 

Flow Rate: 1 mllmin 

Injection Volume: 25~1 

Guard Column: CG 12A 

Separator Column: CS12A (4x25Omm) 

The instruments were standardised daily for anIons and cations using a set of 

standards prepared from a stock solution. The reproducibility of results on the HPIC 

was tested using these standards (Table AI. I and AI.2). The precision was found to be 

within 2% for Na+ and K+, within 4% for Ca2+ and better than 1% for Cr. The 

accuracy of the analyses was tested by randomly running a standard as an unknown. 

During the sample runs, blanks were run between samples to test and prevent inter­

sample contamination (flooding of the column by ego chloride ions, sometimes left a 

residue that was removed by these blanks). This also gave an indication of the 

background provided by the DDW. The samples were analysed for Li+, Na+, K+, 

NH/, Mg2+, Ca2+ (cations) and F-, cr, N02-, Br-, N03-, polo, sol- (anions). The 

chromatograms produced were automatically integrated and the resultant 

concentrations were presented as parts per million (ppm) values. The dominant anions 

and cations in these fluids and their respective concentrations are presented in Table 

AIII.2. 
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Table A1.1 Precision of cation analyses on the HPIC. Concentrations are in ppm. 

Standard Na+ IC" Ca2+ mean SD 

AK2 6.38 1.36 6.84 6.28 0.08 
6.22 1.33 6.79 
6.25 1.32 6.81 

AK3 12.72 2.60 12.43 12.70 0.02 
12.69 2.55 12.35 
12.68 2.55 12.37 

AK4 25.53 5.17 25.23 25.50 0.08 
25.41 5.15 25.10 
25.57 5.18 25.25 

Table A1.2 Precision of anion analyses on the HPIC. Concentrations are in ppm. 

Standard 

AN2 

AN4 

AN5 

cr 

4.48 
4.39 
4.45 

18.35 
18.29 
18.29 

38.05 
37.95 
37.90 

mean SD 

4.44 0.04 

18.31 0.03 

37.97 0.08 
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(ll) Indu.ctively-Cou.pled Plasma Mass Spectrometry 

Sample Preparation 

Part of the volume of the leachates prepared for HPIC analyses were used in an ICP-

MS study (without additional dilution) to determine the Br- concentration of the 

leachates. The leachates were prepared for ICP-MS analyses as follows. 1.5ml of the 

leachate was first transferred into a 15ml centrifuge tube. 13.5ml of a 2% HN03 

solution was then added to the mixture along with '\ 501-11 of a IOppb 89y internal 

standard. The sample solution was then shaken and left to stand before analysis. 

Analysis 

The Br- analyses were carried out on a Perkin Elmer/SCIEX ELAN 6000 inductively-

coupled, argon plasma, quadrupole mass spectrometer. The typical instrumental 

settings for Br" analyses are presented in Table AI.3. The lower limits of detection for 

this instrument are presented in Table AI.4a. The reproducibility of the Br- analyses 

was tested using three bromine standards (Table AI.4b). The absolute standard 

deviation for all repeat analyses was found to be 9.76ppb (relative S.D. = 20.6%). 

Table AI.l Typical instrumental settings for bromine analyses using the ICP-MS. 

Nebuliser Gas Flow: 
Main Gas Flow: 
Auxillary Gas Flow: 

ICP RF Forward Power: 
Instrument Sensitivity: 

Autolens Setting 
Lens Voltage 

Analyses: 
Analytical time per sample: 
Dwell Time: 
Internal Standard: 

0.86 Llmin 
15 Llmin 
0.75 Llmin 

1100W 
300 000 cps (10 ppb Rb) 

7.6V 
8.2V 
9.0V 

21s (50 sweeps/4 replicates) 
50 milliseconds 
89y 
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Table AI.4a Lower limits of detection for the ICP-MS technique. 

Typical ICP .. MS Detection Limits 

~ 
<1 ppt 

Multi-element mode, 30', 3 second integration 

1 Ce ~ Pr ~NdjPm!Sm~ Eu~Gd~ Tb ;Dy ;Ho~ Er lTm;Yb; Lu 
= ""'I.","'l';--"~j, I ""'1."'"+''' ,- I . I I I I [Th~ Pa: U lNP1PujAm;Cm:Bk! Cf Es !Fm Md,No:Lw 

~~~~ 
• l 

L.J 
1·10ppt 

, 

~/ij 
LJ 

10-100ppt 

~ ~ 
0, ,-, ppb' 

~£~ 
L-J 

>10 ppb 

Table AI.4b Precision of analyses on ICP·MS. Concentrations are in ppb. 

Appendix I 

Standard Concentration Mean Standard Deviation 

1 19.49 19.54 0.04 
19.57 
19.54 

2 50.57 50.56 0.02 
50.58 
50.54 

3 99.72 99.58 0.23 
99.32 
99.69 
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(AI.2) Whole Rock Chemistry 

(a) X-Ray Floureseenee Analyses 

Sample Preparation 

Whole rock samples were prepared for analysis by initially splitting the rock samples 

into 1-2cm blocks using a hydraulic splitter and crushing the resultant fragments in a 

jaw crusher. The crushed sample was then coned and divided into two sub-samples. 

80g of each sub-sample was then milled to approximately -200 mesh in a carbon steel 

mortar placed within a Sieb Techniek mill run for two minutes. The apparatus were 

pre-contaminated with the sample to minimise inter-sample contamination. 

The sample powders were then roasted in an oven to remove molecular and surface 

water before being combined with a LiT (lithium tetraborate)-LiM (lithium 

metaborate) flux (57:43) in the proportion 0.7g of sample to 6g of flux. A few drops 

of LiBr was also added to act as a releasing agent. The mixture was then fused into a 

glass disc using a Claisse fusion machine. 

Analysis 

The analysis was carried out on a Phillips PW1480 wavelength dispersive X-Ray 

spectrometer with a dual target MolSc X-Ray tube. An measurements were made with 

the tube at SO kV and SO rnA. The analytical conditions for the major elements are 

given in the Table AI.S. 

The samples were analysed for the following major element oxides: Si02, Ti02, 

Ah03. Fe203, MnO, MgO, CaO, Na20, K20, P20S, S03, NiO and Cr203. Duplicates 

were randomly inserted into the run to test the precision of the analysis. 
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Table AI.S XRF instrumental set-up for major element analytical runs at UeT. 

Element 
Collimator Crystal Detector PHS Counting Concentr.ltion Luwer limits of i'io. or R.vlS 

lline LWL t;"PL time (5) range ... detennin:ltion .. st::md:lrds 

NiKc F LiF(220) FS 22 70 100 0·0,48 0.003 0.004 II 

F:K.:: F LiF(2:!0) FL 16 68 100 0-17 0.069 0.019 20 

MnKc F LiF(220) FL 15 66 100 0-0.27 0.004 0.01~ :22 

CrKc F LiF(220) FL to! 70 100 0-3.5 0.011 0.008 II 

ilK:: F LiF(200) FL 
~., 

)- 68 100 0-3.9 0.022 0.023 22 

CJ.l(c F LiF(200) FL 30 76 50 0- ii 0.102 0.004 2! 

KKc: F LiF(200) FL 32 74 100 0- 15.5 0.037 0.003 21 

S Kc: C GE(111) FL 
~., 

J_ 74 100 o -53.5 0.112 0.100 1I 

P Kc: C GE(lll) FL 34 74 100 0-3.4 0.01L 0.008 16 

SiKc: C PE(002) FL 26 80 100 0-100 0.215 0.052 20 

AIKc: C PE(002) FL 26 80 100 0- 100 0.084 0.074 21 

MgKil: F PX-l FL 36 68 100 0-85 0.141 0.102 20 

NaKc; F PX-I FL 30 .78 100 0- 9. I 0.065 O.li 12 

all concentrations expressed as wt% oxide; S as SOl 
= 10 x lower limit of detection. expressed as Wt% oxide 

RMS 
1 L (Cone. Cone [ ) :: -

n - k glYfII ca c 

where 
0. ::::: no. of standards 
k: '" no. of calibration coefficients, i.e. 2. the slope and intercept of the calibration line. 

Concio •• ft = recommended concentration for ;u'l element in a standard 
Conc""ic = concentration of an element calculated from the best-fit calibr::ttion line 
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(b) Inductively-Coupled Plasma Mass Spectrometry 

Sample Preparation 

Appendix I 

50mg of each sample powder (preparation described in (a» was first placed in a teflon 

beaker with approximately 4ml of HFIHN03 stock solution (4:1). The lids on the 

beakers were then closed and the samples were left to stand for 48 hours on a hot 

plate set at SO-60°C. The samples were then allowed to evaporate to complete 

dryness, before 2ml of 2-bottled HN03 was added to them. The sample solutions were 

then returned to the hotplate and allowed to evaporate to complete dryness at 

approximately 75°C. Another 2ml of HN03 was then added to the samples and the 

lids were returned to the beakers and the samples were allowed to dissolve overnight. 

Finally, the samples were allowed to evaporate to complete dryness at 75°C for a 

second time. 

The dry sample was dissolved in 4ml of an internal standard stock solution (5% HN03 

+ IOppb In, Re, Rh, Bi). The dissolved sample was then transferred to a 50ml 

centrifuge tube and the volume was made up to 50ml with the internal standard stock 

solution. Once mixed this solution represented a 1000-fold dilution of the original 

solid sample and this was used in the analysis. Further dilutions were carried out in 

samples where elemental concentrations were too high. 

Analysis 

The trace element and rare earth element contents of the samples were determined on 

a Perkin ElmerlSCIEX ELAN 6000 inductively-coupled, argon plasma, quadrupole 

mass spectrometer, with the instrumental settings listed in Table Al.6. The lower 

limits of detection for this instrument are presented in Table Al.4. The trace element 

and rare earth element contents of the samples are presented in Table (AIll3.2). 
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Table AI.6 Typical instrumental settings for trace element analyses using the ICP-MS 

Nebuliser Gas Flow: 
Main Gas Flow: 
Auxillary Gas Flow: 

ICP RF Forward Power: 

Instrument Sensitivity: 

Autolens Setting 
Lens Voltage 

Analyses: 
Analytical time per sample: 
Owen Time: 
Internal Standard: 

0.86 Llmin 
15 Llmin 
0.75 Llmin 

1100W 

300 000 cps (10 ppb Rh) 

<>:Be 7.6 V 
S9Co 8.2 V 
llsI 9.0 V 

50s (20 sweeps/3 replicates) 
35-50 milliseconds 
IISI 187Re , 
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(AI.3) Mineral Chemistry 

<a> Electron Microprobe Analysis 

Sample Preparation 

Appendix I 

Doubly-polished microprobe sections (45-50IJ.m) were prepared of the tourmaline 

samples encountered in the field. These sections were then coated with a layer of 

carbon to minimise charging effects. 

Analysis 

Mineral analyses were carried out using a Cameca Camebax Electron Microprobe. 

Instrumental settings were as follows: 

Acceleration Potential 

Beam Current 

Beam Diameter 

15kV 

40nA 

IlJ.m 

The machine was calibrated using the standards listed in Table AI.7. Both core and 

rim analyses were carried out on grains which showed some indication of core-rim 

variation in composition. Between 10 and 20 analyses were carried out on each 

sample. The data was reduced using an on-line PAP correction procedure (pouchou 

and Pichoir, 1984), and the major element concentrations thus corrected (expressed as 

weight percent oxides), appear in Appendix ill. The iron in these samples has been 

recalculated to FeO and Fe203. and B203 has been iteratively calculated and is 

presented along with the data from the electron microprobe analyses in Appendix ill. 
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Table AI.7 Standards used in the calibration of the electron microprobe along with 
LLD values and 10 errors for tounnaline analyses. 

Element Standard Analysing Crystal LLD 10 

Si K-H TAP 0.055 0.2 
Ti Rut PET 0.039 0.06 
AI K-H TAP 0.044 0.11 
Fe K-H LIF 0.077 0.19 
Mn Rhod LIF 0.061 0.03 
Mg K-H TAP 0.029 0.09 
Ca K-H PET 0.027 0.10 
Na K-H TAP 0.033 0.06 
K K-H PET 0.019 0.02 
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Appendix II 
(Petrographic Descriptions) 

(XPL=cross polarised light; PPL plane polarised light) 
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Samp/eHo. Hand Specimen 

Durw:;baus f'oamIUon Samples 

NPOO3 

NP010 

NP012 

NP016 

Red-brown, fine grained specimen - appears 
fresh - within quarlz plug 

Fine-grained micaeous phyllite, weathers grey­
black, adjacent to quarlz plug 2 (Hilton) 

Fine-grained albitite - albitised NP010 

Ilmenite albite crystals in Fe-doiomite matrix 

Dolomite - Subhedral-anhedral grains o-2mm (85%) 
Quartz - Anhedrat-subhedral grains (O.5-1mm) (15%) 
Opaques. haematite (opaque with reddish rims) 

Biotite - PleochroIc (straw brown - clear), subhedral 
anhedral (o-2mm) laths, associated with albite, well developed 
cleavage (15%) 
AlbIte - Subhedrat-suhedral crystals (o-1mm),1ow interference 
colours, simple twins (50%) 
Sillimanite - Fibrous aggregate, associated with biotite, 
anhedral laths - only mineral without strong preffered orientation 
implies late origin? pseudomorphing larger grains - andalusite? (10%) 
Dolomite - high interferllnce colours, anhedral grains (o-1mm) (5%) 
Quartz - anhedral grains (o-1mm). undulo6e extinction (20%) 
()p1iIquHIHaematil:e - Subhedral grains (1·2mm). red grains (fr.) 

Quartz - <1mm subhedral grains (20%) 
Albite - subhedral crystals «1mm in diameter), simple twins. 
low interference colours (60%) 
Dolomite - subhedral grains 1-2mm, shaw well developed twin 
lamellae (10%) 
MuscovItIIII - Well developed cleavage, subhedral grains 
showing stippled extinction, minor constituent (fr.) 
Haematll:elRutlte - red grains, slightly pleochroic to brown-yellow 
1-2mm euhedral crystals (10%) 
Sphene - yellow-brown, anhedral grains present In trace amounts 

Albite - Poikiloblastic porphyroblasts of albite present. anhedral 
grains (6-8mm), grains contain inclusions of the other phases 

- (30%) 
Opaqua • Anhedral grains (o-1mm), main component of matrix 

- (30%) 
Biotite - SubhedraVanhedral grains (o-1mm), well developed cleavage 
pleochroic - straw yeIIowlbrown, stippled extinction (10%) 
DoIomIIiI8 - Anhedral grains «1mm), occur in clusters/aggregates 
and as part of matrix (20%) 
Quartz - subhedraVanhedral grains (10%) 

178 

&!pendjx II 

Rock Texture Rock Hame 

Granoblastic Dolomitic Marble 

Lepidoblastic Phyllite (micaeous) 

Granoblastic (polygonal) Albitite 

Porphyritic, Poikiloblastic Fe-dolomite 
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No. 

NP019 

NP020 

NP022 

NP025 

HandS elme,., 

Silicified Breccia. b~ring. finely Dolomite - Anhedral grains up to 2mm long, some grains contain 
laminated. feldspar inclusions (50") 

Quam - Forms large poikiloblastic grains up to 4mm. talc/muscovite 
inclusions, grains am subhedral and show undulose extinction 
Smaller anhedrallsubheral «O.Smm) grains make up the matrix (20%) 
Albite: Forms subhedral grains <O.5mm. lamellae twins (fO") 
Opaque - red-brown grains; anhedral and up to 1mm long. haematite? 
-10% 
Talc - SUbhedralianhedral grains (-1mm), stippled extinction, almost 
parallel extinction (10") 
Sphene • anhedral yellow-brown grains. <O.25mm 

Silicified breccia In pelliticlpsammtk: sequence Quartz - large porphymbIastk: grains 2-4mm, undulose extinction, 
anhedral grains (25%) 
Albite - Smaller o.1mm subhedral grains, simple twins and lamellae twins 

• (35") 
Dotomlte - anhedral 0.1 mm grains (35") 
OpIIquelHaematite - suhedral. anhedral grains (o.1mm), pleochroic 
yellow-brownlred-brown, parallel extinction (5") 

Albitite fragments in albitised dolomitic matrix Dotomlte - Forms large anhedral porphyroblasts, o.Smm (40") 
Breccia unit 1 A1bK11- Forms fine grained matrix - o.1mm. subhedral 

simple twins and lamellae twins (35") 
Quam -llubhedral (o.1mm) grains, undulose extinction. forms 
porphyroblasts and part of the matrix (10%) 
Opaques • form 5" of matrix, anhedral grains <O.25mm 
Sphene· present In trace amounts, gmy anhedral grains 

Dolomite bearing albite pseudmorphs in finely AlbIte - Form porphyroblasts, lamellae twins, anhedral 
laminated dolomitic, albitised? matrix grains (1-2mm) (30") 

Quam - anhedral grains (1-2mm), forms porphyroblasts 
and matrix «1mm) (45") 
Dotomlte - <1mm subhedral grains - form part of the 
matrix (25") 
Opaques - minor, some showing nilddish rims (hematite?) 
Muscovite - minor 
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Rock Texture Rock Name 

Siliceous Dolomite 

Porphymblastic Siliceous Marble 

SerIate 

Subldioblastk: Sandy Dolomite 
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Sample No. Hand Specimen 

NP028 Fine grained, recrystallised? unit, appears 
massive, albitite (pink-white) 

NP030 Fine-grained pink albitite with small albite 
pseudomorphs 

NP031 Plnk-white albitite, massive crystalline rock 

NP032 Green-gmy micaceous metapelite 

Quartz - Rode: mainly consists of quartz, <1mm grains 
subhedrallanhedral grains (80") 
Dolomb - Anhedral grains also <1mm (20") 
Sphene - Rounded anhedral grains. showing parallel extlndioo, 
(Q-1mm) (tT.) 
Albite - Minor constituent, lamellae twins, <1 mm grains 

(fr.) 
Minor muscovite 

Quartz - subhedrallanhedral grains (Q-1mm). undulose extinction, 
matrix constituent and also forms porphyroblasts (70%) 
Albite - subhedrallanhedral (Q-1mm) grains, lamellae twinning seen, 
as with quartz - matrix & porphyrobIasts (10%) 
DoIomb - Anhedral grains (Q-1mm), mainly interstitial (10%) 
SphenelRutlle - Anhedral grains «1mm), slightly pleochroic (red­
brownIyelIow-br), parallel extinction (10%) 

Quartz - Coarse grains averaging -1mm; as well as matrix grains 
<O.5mm; anhedral grains showing undulose extlndioo (40%) 
Albite - Similar grain sizes to quartz (coarse 1 mm grains and 
matrix grains -Q.5mm); anhedral; lamellae twins (40%) 
Dolomite - Anhedral grains -Q.25mm (20%) 
Minor muscovite ( euhedrallaths <O.25mm); and rutlleIsphene (anhedral 
grains, pleochroic red-brownlyellow bro\llll"l) 

IilIotb - Subhedrallanhedrallaths (-Q.25mm). Pleochroic - red­
bro\llll"l. straw-yellow; well developed cleavage. stippled extinction. 
strong pmffered orientation of laths with some randomly orientated 
large later grains (33%) 
Muscovite - Similar orientation to biotite, subhedrallanhedrallaths 
(O-O.5mm); clear, wen developed cleavage, stippled extinction (33") 
Quartz - Subhedral grains up to O.5mm; grains show fractures 
and undulose extinction (34%) 
Haemdte - Present in trace amounts; reddish grains almost opaque; 
<O.5mm, anhedral grains 
Tourmaline - Also present in trace amounts; rounded grains, 
pleochroic (emerald green/clear); <O.5mm 
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Rock Texture Rock Name 

Granoblastic Quartzite 

Granoblastic Feldspathk: quartzite 

Subidioblastic Feldspathk: Quartzite 

Lepldoblastic Quartz-mica Schist 
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SameleHe. 

NP033 

NP034 

NP035 

NP036 

Hand Specimen 

Blue-grey, medium-grained psammitic unit Qwu1z - Dominant mineral phase; Matrix : Anhedral <O.25mm 
Grains: Subhedral Q-O.5mm 

Undulose extinction (7O'K.) 
BlotItIIIl- Pleochroic (brown-greenJclear); Q-O.5mm (10%) 
Muscovite - Subhedral «O.25mm) clear grains (10%) 
Dolomite - Minor c:omponent; anhedral grains (Q-O.5mm) 
Opaq ..... - Rounded grains <O.25mm; anhedral grains, hematite (10%) 

• elongate grains also present - Ilmenite? 

Blue-grey, fine-grained, finely laminated petite Quartz - Anhedral grains Q-O.5mm (40%) 
BlotItIIIl - Subhedralleuhedral grains Q-O.25mm; pleochroic (brown-
clear) (10%) 
Muscovite - Subhedralleuhdral grains Q-O.25mm; clear, well cleaved 
grains (10%) 
Sillimanite· Aggregates pseudomorphing larger elongate grains, 
pleochroic (grey-white); fibrous; low interference colours (40%) 
Opaques - Anhedral grains <O,25mm; hematite? (tr.) 
Minor amounts of albite as well 

Pseudomorph-bearing mudstone, green-grey fine Feldspar/quartz ~ - Anhedral dusters of interlocked 
grained mudstone grains «1mm), show undulose extinction and low interference colours, 

feldspars occur as both simple and lamellae twins, Clusters are 

Similar to NP030 • Sandy dolomite? 

pseudomorphs of a larger phase - scapolite? (20%) 
BlotItIIIl- Anhedrallsubhedral grains «O.5mm), well developed 

. cleavage, pleochroic (brown-yellow/straw yellow) (20%) 
Dolomite - Subhedrallanhedrai grains, (40%) 
Opaques - Anhedral grains (O.5mm) (10%) 
Tourmaline - Only present in certain pseudomorphs (Ie. reflects 
compositional variation in precursors - B-bearlng phases?) 
subhedral grains «O.5mm), pleochroic • emerald green 
to clear (ir.) 

Albite • Important matrix constituent. euhedrallsubhedrai grains 
«1mm), simple and lamellae twins seen (35%) 
Quartz - Forms porphyrobIasts (1-2mm), anhedrallsubhedral 
grains (30%) 
Dolomite - 2 generations?, large anhedral porphyroblasts (G-2mm) 

subhedrallanhedral matrix constit «1mm) 
-(30%) 

Minor muscovite 
Sphene + Haematite grains also present (5%) 
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Rock Textuf'8 

Graooblastic 

Subidioblasticllepidoblastic 

Subidioblastic 

Subidioblastic 

Rock Hame 

Phyllite 

Pelite 

Pelite 

Sandy Dolomite 
(Siliceous dolomite) 

Appendix II 
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Samp/eHo. 

NP031 

NP038 

NP039 

NP040 

NP041 

Hand Sec/men 

Massive, maystaHlsed?, pink rock, brown 
weathering, fine grained - albitite 

Pink""llhite bmccia - angular albite? fragments 
in silicified matrix 

Crystalline silicified? Pink""llhite unit 
Sandy Dolomite? Albitite ? 

Medium-grained massive grey quartzite 

Felspathic quartz arenite 

PetrographY; 

Quartz - anhedral (0-1mm) grains, (40%) 
Albite - Anhedral grains «1mm), forms the large part of 
matrix (untwlnned and lamellae twins) (40%) 
Dolomite -Isolated grains, anhedral «1mm) grains, 
mainly interstitial (15%) 
Sphene - Anhedral grains «O.5mm), yellow-brown pleochroism 
parallel extindion (5%) 

Fragments : 
Quartzite hgments - 0-2mm quartz grains, subhedral. undulose ext 

as well as anhedral dolomite grains 
Quartz..feldspar a~ - clusters of quartz/feldspar grains 

(pseudomorphs?) -2-3mm 
Dolomite - Anhedral dolomite grains (0-1mm); quartz inclusions 

common; larger grains associated with quartzite 

Matrix : 
Consists of dolomite (35%) , quartz (4O%)grains as well as 
albite (lamellae and simple twins) (20%) 
Trace amounts of sphene (5%) and zircon present 

Albite - Arguably the dominant mineral phase, slmple&lamellae twinning seer 
<O.5mm anhedral grains; low interference colours (40%) 
Quartz - Minor mineral phase (10%) 
Dolomite - Anhedral grains -o.5mm (30%) 
Minor I11WICO'IIIte (subhedral grains <O.25mm) and sphene (anhedral 
grains <O.25mm); Trace zircon 

Quartz· Anhedral grains (O.25mm); anhedral porphyroblasts -0.25 
undulose extindion; triple jundions? (60%) 
AlbIte· Anhedral grains form part of the matrix «O.25mm); 
Lamellae twinning seen (20%) 
Dolomite· O.5mm grains; anhedral (10%) 
Minor opaques (10%); Trace amounts of zircon, sphene 

Quartz • occurs as both matrix constituent and also forms 
larger porphyroblasts (1-2mm) (65%) 
AlbIte • Also occurs as both matrix constituent and porphyroblasts, 1ame4lae 
twins common (1-2mm) (25%) 
Dolomite - also minor matrix constituent (5%) 
~ .. - High relief, brown-red, anhedral minerai grains (5%) 
Trace zircon 
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Granoblastic 

Seriate 

Granoblastic; seriate 

Granoblastic seriate 

Granoblastlc 

Rock Hame 

Felspathic quartzite 
(Albitite) 

Albitite 

Quartzite 

AQpendix II 

Feldspathic Quartzite 
(Albitite) 
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Sam IeHo. 

NP042 

NP043 

NP045 

NP046 

HandS Imen 

Finely and coarsely laminated albitlc units 

Coarse carbonate unit 

h 

Quartz - Subhedrailanhedrai grains (0-1mm). main matrix constituent (75%) 
MItit - minor matrix constituent, anhedral grains (0-1mm) 
lamellae twins, low relief (10%) 
DolomIte - Minor matrix constituent. weH developed twin lamellae, 
anhedral grains (0-1mm) (10%) 
HHmIItite • Reddlsh-brown • pleochroic (brown-yellow), 
anhedral grains «O.5mm) (Tr.) 
Sphene • yellow-brown grains, anhedral <O.25mm (5%) 

Trace amounts of zircon, (&talc?) 

Dolomite - Well developed twin IameHae, subhedrallanhedral grains 
(-1mm) (50%) 
Albite - Subhedrallanhedral grains (0-1 mm), simpie twins and 
untwinned grains (30%) 
Quartz - subhedrallanhedral grains (0-1mm) (20%) 

Traces amounts of : 
HematIte • Anhedral reddlsh-brown grains, almost opaque grains 

«O.5mm) 
Talc - subhedral grains <O.5mm 
Sphene - Yellow-brown, anhedral grains 

Fe-stained quartz sandstone - granular/pebbly Quartz· Subhedralianhedral (0-1mm) grains (30%) 
soft rock Albite - Individual and simpie twinned subhedrallanhedral grains 

blue gray arenaceous unit 

(0-1mm). undulose extinc::tlon. wen developed triple junctions seen 
- (4a%) 

K ... par - Anhedral grains (0-1mm). tartan twins (20%) 
BIotIte - pleochroic (brownlyellow), anhedral (10%) 

Trace amounts of : 
Musc:cwb. hHmatIte. murmlilina and sphene 

Quartz - anhedral «O.5mm) grains (20%) 
Biotite - Anhedral «1mm) grains, pleochroic (brown-yellowl 
straw yellow) (20") 
Dolomite - form anhedral grains (O.25mm) (20%) 
Albite - FOO'IlS Isolated aggregates, «O.5mm) grains, simpie & lamellae twins 

- (30%) 
Opaques - Anhedral grains «O.5mm) (10%) 
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Rock Textum Rock Hame 

Granobtastle Felspathic quartzite 

Granobtastle Siliceous marble 

Subidloblastle Arkosic sandstone (immature) 

Subidioblastle Felspathic quartzite 
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Sample No. 

NP047 

NP048 

NP049 

NP050 

NP055 

Hand Specimen 

Coarsely mcrystailised? talc-bearing dolomitic 
marble 

Yellow-white porphymblastic rock, talc 
porphyroblasts. coarse dolomite matrix 

Coarsely crystalline Fe-doIomite breccia 

Silicified Fe-doIomite? 

Anmaceoos unit; fine grained, gmen-grey 

Dolomite - Subhedral mcrystallised grains up to 2mm; well developed 
triple junclions (85%) 
Quartz - Minor component; anhedrel grains «O.5mm); undulose 
extinction (5%) 
Talc - Anhedrallsubhedral grains -1mm; well developed cleaved (10%) 

Dolomite - Forms dominant minerai phase, anhedral grains up to 
2mm long along the long axis (75%) 
Tale -large porphymblasts up to 2mm long; stippled extinction 
subhedrallanhedral grains (20%) 
T~b? - Anhedral aggregates of grains «1mm), undulose extinction, 
low interference colours, bm fibrous aggregates 
Trace amounts of rutile (red-brown subhedral grains O.25mm) (5%) 

Vermiform breakdown/growth of dolomite grains - poikiloblastic 

DoIomb - Anhedral grains up to 2mm (70%) 
Quartz - Grains o-1mm; anhedral; undulose extinction (10%) 
Tale - Subhedrallaths up to 2mm; undulose extinction; deformed 
kinked grains (20%) 

Similar to NP050 

Colomb - Anhedral grains (-1.5mm); dominant mineral phase (70%) 
Quartz· Also form anhedral grains (-1.5mm); lower pmponion; 
undulose extinction, contain rutile Inclusions (20%) 
Talc - Kinked grains (up to O.5mm); well developed cleavage; 
stippled extinction (mioor) 
HMmatIte - Anhedral aggregates commonly less than O.5mm; some up to 
1mm; red-brown; almost opaque, bm needle-like Inclusions in quartz 
grains (10%J 

Quartz - Subhedral grains -o.5mm; undulose extinction; (80%) 
MuscovItIII - Minor interstitial phase; Subhedral grains <O.25mm 

-(10%) 
Plagioclase - Also minor phase «()'().5mm); anhedral grains; lamellae 
twins; (10%) 
Trace amounts of biotite. sphene and opaques 
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Rock Textufe Rock Hame 

Polygonal Granoblastk: Dolomitic Marble 

Seriate Dolomitic Marble 

Dolomitic Marble 

Seriate (ameboid) Dolomite Marble 

Granoblastic Quartzite 
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Sam leNe. 

NP056 

NP057 

NP058 

NP026165 

Hand S Imen 

Fine-grained quartz sandstone, weathers 
md-brown 

Fine-grained pallitic metasediments, tightly 
isocIinally folded 

Quartz • Subhedral grains -o.25mm; undulose extinction; intel10cking 
grains (75%J 
Plagloclue - Anhedral grains «O.5mm); lamellae twinning seen; 

- (10%) 
K.faIdspar - Tartan twinning seen; anhedral grains <O.25mm; 
microcIine? (1O'K.) 

Minor muscovite (subhedral <O.25mm) and opaques 
Rhombic, yellow-brown aphenM also present 

Quartz - Large (-1mm) subhedral grains as well as finer matrix 
constituents; undulose extinction (50%) 
Hemdte - Subhedralleuhedral grains (-o.5mm); mddish-brown grains 
with some mom anhedral grains associated with mica (1O'K.) 
Biotite - Up to 2mm long pleochroic laths; brown-gmenlyellow-white 

- (20%) 
Muscovite - Also form large laths, show consistent alignment similar 
to biotite; (20%) 
Minor plagioclase also presant 

Microscale Isoclinal folding outlined by the micas especially, clearly 
seen in thin section. 

Fe-c:arbonate unit weathering bmwn-black Dolomite - Subhedral grains (0-1.5mm); grains are rounded (60%) 
Quartz - Subhedral rounded grains (also 0-1.5mm); 
uoouloseextinction (~~ 
PIagIocIaH - More minor phase; Anhedral grains «O.5mm); lamellae 
twinning seen (10%) 
Minor hematite - anhedral aggregates 

Saooy dolomite unit with albite pseudomorphs Quartz - Subhedrallanhedral grains <0.25mm; interlocking crystals, triple 
junctions (45%) 
Dolomite - Anhedral grains <0.1 mm; mainly forms a matrix 
component (45%) 
RutIle/sphene - scattered anhedral grains; yellow-brownlmd brown grains; 
; (10%) 

Rare lemellae-twinned plagioclase aoo zircon 
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Rock Texture ReclcName 

Granoblastic Quartzite 

Mylonitic? Pelite 

Seriate Dolomitic Marble 

Equigranular, granoblastic Feldspathic quartzite 
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NP071 

NP075 

HandS clmen 
ilioeous bl'ElCCla 

Breccia unit" clasts of albitites? silicified 
matrix 

Fe-dolomite unit - brown-black weathering, 
fine grained and pink on fresh surface 

Pe h 
•• fs: 

Dolomite - forms large anhedral grains up to 10mm across, well 
developed twin lamellae (40%) 
Quartz - Often integrated with dolomite grains, also anhedral but smaller 
-2mm 8CftlSS but gralnsup to 5mm also seen; undulose extinction 
-20% 
Albite - lamellee twinned anhedral to subhedral grains; generally 
-1mm In length; commonly Included in dolomite-quartz grains (20%) 

lIIatrix: 
Composed of a fine-gralned aggregate «O.25mm) aggregate of 
intergrown quartzJfeldspar grains (20%) 

RutiIe&Zitr::oo am randomly scattered over the clasts and matrix -> late? 

SpheMlRutlle - yellow-brown to red brown interference colours -
weakly pleochroic; anhedral; O.5mm 
Zircon - clear but fractured grains; high relief; anhedral -o.5mm 

lIIatrix: 
Consist of quartz-feldspar aggregates, anhedral, <0.1 mm; pseudomorphing 
other grains? 

Clasts: 
Quartz -large anhedral grains, -1mm across (40%) 
DolomIte - also anhedral -1mm across; but some partially replaced? by 
opaque veins (10%) 
Albite - large amount of lamellae twinned anhedral grains -o.25mm 
laths show III random decussate orientation (40%) 

Rock TextulV 
nate 

Seriate 

Sphene - Commonly associated with above grains; anhedral, up to O.25mm (5%) 
Opaques - very irregular grains, late? (5%) 

QuartzIte - Anhedral grains <O.25mm (45%) 
Dolomite - Anhedral grains; up to 1.5mm (45%) 
Muac:cwIte - Subhedrallanhedrallaths; -o.5mm (2%) 
HMmatIte - opaque cores with reddish rims ; indicative of oxk:lisation?; 
<O.25mm (1%) 
Sphene - Anhedral yellow-brown grains, anhedral, <O.25mm; same interf 
colours in XPL and PPl (2%) 
Albite - Rare lamellae twins present in matrix, anhedral grains <O.25mm 
-5% 
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Granoblastic, equigranular 

Rock Hame 

Breccia - silicified 

Siliceous dolomite? 
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Sam leNo. 

NP082 

NP088 

NP096 

NP101 

HandS Imen 

Pebbly sandstone unit - soft, pebbly 
unit, yellow-white in fresh exposure, 

Red stained, soft weathering sandstone 

Blu&-gniIY weathering, mk:acoous sandstone 

Breccia unit - clasts of albitites?, silicified 

Rock Texture 

Quartz - Coarsely reaystaHised quartz grains (subhedral) approximately Quartzite 
O.5mm on average; triple junctions presant (80%) 
BIctltelMUKO'VIte - occupy Interstices; -o.25mm; subhedral; well cleaved; 
stippled extinc::tion; (biotite - brown-yellowlyellow pleochroism) (20%) 
Opaques - Scattered through matrix; anhedral < O.25mm 
Rare lametlae-twlnned plagloclue grains present as well 

Quartzite - Recrystallised quartz grains, polygonal grains, triple junctions Granobtastic polygonal 
common (90%) 
BIotIte - Pleochroic grains (yellow-brownistraw-yeUow); subhedral «O.25mm) 
but larger than muscovite which is present as small subhedrallaths (5%) 
Opaques - Anhedral grains up to O.25mm (5%) 

Quartz - Again a coarsely crystalline quartz fabric; anhedral -o.5mm; low 
interference colours; undulose extinction (80%) 
DolomIte - Also present as part of matrix but subordinate to quartz; appear 
extremely altered with opaque inclusions; anhedral up to O.5mm (10%) 
Muscovite - Clear laths, commonly <O.25mm but grains up to 1mm present 
well developed cleavage; stippled extinc::tion (5%) 
Chlorite - present randomly In the matrix; blue-green to clear pleochroism; 
anomalous interference colours (tf) 
Plagloclue - Minor component of matrix; anhedral grains -o.5mm; lamellae 
twins present. usually altered (5%) 

Trace amounts of zircon, rutile/sphene also present 

Clasts: 
Quartz - Anhedral grains -o.5mm (35%) 
DolomIte - SUbhedrallanhedral grains up to 2-3mm; well developed twin 
lamellae (25%) 
AlbIte - lamellae twinned grains; -o.5mm. subhedral grains (35%) 
Opaques - Anhedral grains. <O.25mm 
Sphene - anhedral yellow-brown grains; <O.25mm (5%) 

IIWfx: 
consists of quartz-feldspar aggf8g8te, coarse grained 
sphene and zircon and dolomite (euhedral crystals) also present; 
aU grains except dolomite <O.25mm (dolomite - -1mm) 
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Graooblastic seriate 

SerIate 

Rock Name 

Granoblastic polygonal 

Quartzite 

Quartzite 

Silicified breccia 
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Sample No. Hand Specimen 

NP103 Dolomitic lens in southem part of dome 

NP114 Soft, red-stained quartz sandstone 

NP115 Soft, red-stained quartz sandstone 

Appendix II 

Petrography Rock Texture Rock Name 

Quartz - Recrystallised quartz grains; oommonly <O.25mm; subhedral Lattice-preferred orientation Siliceous marble/dolomite 
-20% 
Dolomite - Anhedral grains form matrix along wwith quartz crystals; appear 
somewhat altered «O.25mm) (60%) 
Musccwlte - Subhedrallanhedral grains <O.25mm; parallel bird's eye extinct. 
rare biotite (green-clear pleochroism) also present (10%) 
HHmIIItIte - Present as scattered anhedral grains in matrix - opaques cores 
surrounded by reddish borders; anhedral grains around O.25mm (5%) 
Spi'lltMlRutlle - Yellow-brown anhedral grains scattered through matrix; 
<O.25mm (5%) 

Quartz -Interlocking subhedral grains dominate this rock; numerous Recrystallised, granoblastic Quartzite 
triple junctions and penetration twins seen; low int colours; -G.5mm 
undulose exlinction (80%) 
Mlcrocline - Subhedrallanhedral grains are interiocked with the quartz 
grains; typical tartan twinning seen; grains also -G.5mm (14%J 
Musccwlte - Forms a subordinate phase occupying spaces be""""n above 
2 minerals; forms smaillatha <O.5mm and aggregtes; parallellbird's eye 
extinction (5%) 
Opaques - irregular, anhedral grains, associated with sphene/rutile 
Rutile/sphene - almost opaque; anhedral grains<O.5mm (1%) 
Zircon - Also trace constituent; high relief. small anhedral grains up to 
O.25mm (tr.) 

Quartz - Interlocking subhedral grains dominate this rock; numerous Recrystallised. granoblastic Quartzite 
triple junctions and penetration twins seen; low int colours; -G.5mm 
undulose exIinction (80%) 
Mlcrocllne - Subhedrallanhedral grains are interlocked with the quartz 
grains; typical tartan twinning seen; grains also -G.5mm (14%) 
MusccwIte - Forms a subordinate phase occupying spaces bet above 
2 minerals; forms smaH latha <O.5mm and aggregtes; parallellblrd's eye 
exIindion (5%) 
BlotIt1I - pleoohrolc red-brownl yellow-brown; O.5mm, anhedral grains 
; well developed cleavage; detrital?; slightly altered to chlorite (1%) 
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NP116 Soft, red-stained quartz sandstone 

NP118 Brown-weathering carbonate unit 

NP119 Soft, red-stained quartz sandstone 

NP123 Quartz sandstone, brown weathering 

Rack Texture 

Quartz - Interiocklng subhedral grains dominate this rock; numerous Granoblastic 
triple junctions and penetration twins seen; grains -o.5mm 
undulose extinction (80%) 
MIcmdIM - Subhedrallanhedral grains am interlocked with the quartz 
grains; typical tartan twinning seen; grains also -o.5mm (14%) 
Muscc:wlte - Forms forms small laths <O.5mm and aggmgates (5%) 
RanI Biotite - pleochroic red-brownl yeliow-brown; <O.5mm, anhedral 
(fr.) 
Opaques - in'egular, anhedral grains, associated with sphenelrutile 
Rutile/sphene - gmy-whlte grains showing the same interfemnce colours 
in PPL and XPL; anhedral grains <O.5mm (1%) 
ZIrcon - Also trace constituent; high relief, small anhedral grains up to 
O.25mm (fr.) 

Dolomite - Larga and small grains; matrix - fg dolomite <O.25mm; anhedral Seriate 
(80%) clasts - -1mm; anhedral grains 

Quartz - Larga clasts up to O.5mm; anhedral grains; zirconIapatlte? 
inclusions (10%) 
f.ldspars - lots of albite clasts in the matrix, associated with quartzl 
dolomite clasts; simple and lamellas twins seen; -o.25mm; subhedrallanhedral 
-10% 
Rutile/sph4iIM - dark reddish brown elongate grains scattered 
randomly in the matrix; show same colours in XPL and PPL; <O.25mm 
subhedral/anhedral more likely rutile from colour (fr.) 
Biotite - ram grains, green-whlte pleochroism; parallel extIndIon 

Quartz - Rock is dominated by n:ICI)'Stanlsed quartz «O.25mm); usuaRy Granoblastlc polygonal 
anhedral grains with undulose extinction (85%) 
MuscovIte - Occupies interstices; forms aggregates of laths <O.25mm; 
anhedral grains; stippled extIndIon (10%) 
BIotIte - Also occupies interstices but unlike muscovite grains ara singular 
and largar (-o.2mm); pleoc::hroic - red-brownlyellow-brown; weH cleaved 
-5% 
Ram plaglodue, and apIIIqHIII associated with spheMImtlle 

Quartz - interlocked, n:ICI)'StaHised grains, subhedral -o.25mm (65%) Seriate with soma kinking 
DolomIte - Interstitial grains, anhedral; 0.25-0.5 mm (20%) 
BIotIte - Green to clear pleochroism, subhedrallaths -o.25mm, scattered 
in matrix (5") 
MuscovIte - also subhedrallaths -o.25mm, scattered in matrix, clear (5%) 
OpaqHIII- anhedral grains associated with sphena (5%) 

Ram sph4iIM and plagioclase seen 
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Quartzite 

Siliceous DoIomiteIMarbie 

Quartzite 

Quartzite 
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Schistose unit - blue grey weathering, 
mica-rich. finely laminated 

Brown-weathering carbonate unit 

Grey-white soft weathering sandstone, hematite 
cubes present in matrix 

Quartz - Again the dominant minerai phase In the rod<; forms Interlocked Recrystallised, kinked 
subhedral to anhedral grains «O.25mm); triple junctions common (65%) 
Dolomite - Appears intersitital suborointe to the quartz; grains irregular 
anhedral «O.25mm) (10%) 
Biotite - Green? biotite; laths shaw blue-green/clear pleochroism; grains are 
subhedral to anhedral and up to O.5mm long 
Muscovite - same as biotite except clear and non-pIeochrok: and less frequent 
Coo'IbkIed. the micas form 10% of the matrix and show a clear kinked 
texture - foIdedIrefoided texWl9 
Chlorite - Interstitial fibrous aggregates present showing anomalous extinction 
and blue green/clear pleochroism (5%) 
Sphene - Small, fractured brown-grey grains; anhedral, same intereference 
colours in XPL and PPL (3%) 
Epldota - Prasent as large grains - up to 1mm across; highly fractured! 
defomled; show an anomalous blue extinction; high relief and interference 
colours; some grains shaw allanite? cores (10%) 
Opaques - Subhedral grains <0.25mm (2%) 

Quartz - Along with dolomite, forms the dominsnt mineral assamblage; Granoblastic polygonal 
anhedrallsubhedral grains «O.25mm); interlocking texture; soma 
mica inclusions (40%) 
Dolomite - Forms anhedral grains interlocking with quartz forming the matrix; 
size varies from O.25mm to O.5mm; soma grains shaw well developed twin 
lamellae (50%) 
BIotite - Oocurs as well devaloped laths (late overprint?); brown-green to 
clear pleodlmism; grains are euhedrallsubhedral -Q.25mm; stippled ext. 
with noIk:able lack of cleavage; minor muscovite as well (10%) 
RutlleISphene - present scattered through the matrix; yellow to red-brown 
grains; anhedral <0.1 mm; seme colour In XPL and PPL (tf.) 

Quartz - Dominant mineral phase forming polygonal matrix crystals; anhedral Granoblastic polygonal 
to subhedral grains -Q.25mm; low interference colours (IJO%) lepidoblastic 
Biotite - Subhedrallanhedral grains -Q.5mm; pleochroic (red-brownlyellow 
brown); well developed cleavage; stippled extinction (5%) 
MuseovItIIII - Subhedrallntersl.il.ial grains; stippled extinction; smaller than 
biotite -Q.25mm; form laths (10%) 
Zln:on - Scattered grains present in matrix, high relief, anhedral, high interference 
colours (2%) 
Haematlte - Some large grains - with reddish boroers; up to 2mm 

(2%) 
Sphene - Some brown-grey grains «O.25mm) (1%) 

Micas shaw strong preferred orientation 
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Psammitelqual'tzite 

Siliceous marble/dolomite 

Quartzite 
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lron-carbooate unit - bl'O'M'l weathering. pink 
on fresh surfaces 

Omburo East Samples 

HFD80 Dolomitic shale 

Dolomia - Matrix : Anhedral rounded grains <0.25mm 
Veins: Anhedral grains, larger than matrix grains (-1mm) (80%) 

Quartz - Smaller component - present in veins mainly but also small part of 
matrix; -1mm anhedral grains (15%) 
feldspar - lamellae twinned plagioclase also present in veins (5%) 

Quartz - Grains are anhedral (-o.5mm), poikiloblastic with feldspar 
inlcusions, undulose extinction. (10%) 
K...feIdspar - Anhedral grains <1mm, tartan twinning seen - microcline? 

-10% 
Piagloclue - lamellae twnning common, grains are anhedral «1mm) 
Musc:cwla - Anhedral grains «O.5mm), form matrix grains. parallel 
stippled extinction (40%) 
Dolomia - Grains are of similar habit and size, also matrix components (40%) 

Appendix II 

Rock Texture Rock Name 

Seriate Siliceous marble/dolomite 

Seriate Quartz-dolomlte Schist 

HFD82 Grey, dolomitic shale (associated with breccia Dolomia - Subhedrallanhedral grains (-1mm on average), dominant mineralloblasticllattice preferred orien' Dolomitic Marble 

HFD83 

HFD84 

alteration in the area - host rock) show a strong prafemld orientation of grains (90%) 

Coarse replacement of HFD82 

Opaques • Form large euhedral grains (2.5mm in diameter). late 
stege grains - haematite? (10%) 

Minor amounts of quartz and albite present (anhedral grains - 1mm) 

Dolomia • Subhedralfeuhedral grains -2mm. well developed 
twin lamellae - flilCIYStallised? (80%) 
Quartz • Subhedral grains commonly with muscovite inclusions 
undulose extinction, grain size -O.5mm but up to 1mm (10%) 
Opaques - Anhedral remnants commonly <O.5mm (10%) 

Minor I1'It.ISCOVIa - subhedral grains <O.5mm. well cleaved, stippled 
extinction 

Dolomia - Euhedralfsubhedral grains -o.5mm; (80%) 
Quartz - Subhedral grains -0.5 mm; low int colours; undulose 
extinction; forms veins? in matrix (20%) 
HematIte - Minor phase, anhedral reddish grains (In PPl); commonly 
associated with quartz 
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HFD81 

HFDSO 

HFD91 

HFD92 

HandS Imen 

Massive, pink-white. crystanine unit Quartz - Anhedral grains <O.5mm; undulose extinction; (65") 
AlbIte- Simple&lamellae twinned grains <O.5mm (30") 
SpheMlRutlle - Anhedral grains <O.25mm; dark mel in PPl (5") 
Minor muscovite and zircon alllo present 

Psammitic unit - host to breccia bodies in north Biotite - Anhedral grains (-Q.25mm). pleochroic (mel-brownlstraw­
yellow), stlppied extinction, well developed cleavage (40%) 
Quartz - Anhedral grains (-Q.5mm) & matrix grains «O.25mm). 

Dolomitic breccia in dolomitised matrix 

Siliceous BreccIa 

low interference colours, UndUIose extinction (40") 
PhlgIoc:Iue - Minor anhedral plagloolase grains (-Q.25mm). lamellae 
twinning seen (1O'K.) 
HHmatItie - Anhedral grains «O.25mm), reddlsh-brown (fr.) 
Sphene - Yeliow-brownlgrey-brown anhedral grains <O.25mm (1O'K.) 

QuIll1z..feldspar-dolomlte 1IIft ..... - - rounded aggregates up to 5mm 
and 1Omm; made up of finely crystallised phases quartz-feldspar-dolomite 
pseudomorphlng larger phases 
Dolomite - large anhedral grains up to 4mm; contain inclusions of 
quartz and feldspar (30") 
Quartz - Form large anhedral-subhedral grains 1-2mm; alllo part of 
matrix; ulldulose extinction; some feldspar inclusions (30%) 

Matrix largely made up of feldspar: 
AlbIte - Form subhedral grains <O.5mm; simple & lamellae twins (35") 

Some larger grains also present 
HematIte - Dark mel grains, anhedrallsubhedral grains up to 1 mm 

- (5") 

Dolomite - large anhedral grains up to 4mm. contains feldspar and 
quartz inclusions, (30%) 
Quartz - Forms large subhedrallanhedrallaths -1mm, low int colours 
& Undulose extinction (20") 
SpilenelRutlIe - Anhedral grains up to 1mm, reddish brown (almost opaque) 

- (1O'K.) 
Albite - simple and lamellae twins up to 1mm, subhedrallanhedral grains (20") 
f.ldsparlQuarizlDolomlte IIIftreptes : Forms clusters 2-3mm in 
diameter. made up of albite grains, quartz, and less commonly 
dolomite (grains <O.25mm in size) (2O'K.) 
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Graooblastic 

Seriate 

Seriate 

Seriate 

Appendix II 

Rock Hame 

Feldspalhic quartzite 
(AlbitIte) 

Psammite 

Siliceous dolomite bmccia 

Siliceous Breccia 
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HFD97 Siliceous Fe-rich dolomite 0010l'I'lII1II- 2 generations: (1) Forms large subhedral grain clusters 

HFD98 Siliceous talc-dolomite 

HFD101 Siliceous talc-dolomite 

Moselle Samples 

NPD004 
NPDOO5 

NPD013(2) 

NPD009 

Feldspathic quartzite, medium grained, pink 
weathering 

Brown-grey dolomite, siliceous 

grains-2mm 
(2) Forms matrix; anhedral grains 0-0.5111 

- (80%) 
Talc - 0-1mm subhedrallaths; stippled extincllon (15%) 
Minor hHmllltite (5%) and quartz also present 

0010l'I'lII1II- Anhedrallsubhedral grains (0-1mm); (15%) 
Quam • Minor constituent; anhedral grains <0.5mm; undulose 
extinction (5%) 
Talc - Stippled extincllon; grains on average -o.5mm (20%) 

OoIom11111 • Coarse anhedral grains up to 2mm, stippled extincllon, (10%) 
Talc - Subhedrallanhedrallaths up to 2mm, stippled extincllon, forms 
secondary veins, cleavage not as 'Nell developed as micas (30%) 

Quam - Variety of grain sizes (some rounded, some angular) 0.5-4 
mm, anhedral, some grains - undulose extincllon, some poikiloblasts 
replacing plagioclase grains. (60%) 

PlagloclaH - also variety of grain sizes (O.5-4mm), anhedral, lamellae 
twins, poikiloblastic gralns common, some sericitization - mica 
replacing plagioclase grains. (20%) 
BloIItIIt· Rare greenlbrown to clear grains, anhedral (-o.5mm). stippled 
extinclion, 'Nell developed cleavage (fO%) 
DoIomIllll- Anhedral grains fon'ning part of the matrix, interstitial grains (10%) 

Zircon· Rare grains, high relief, high interference colours, subhedral, 
<O.5mm (tf.) 
RutIle - Black-red grains, anhedral. sometimes opaque, grains up to 
1mm (fr.) 
Sphene - Rare grains also present, yellow-brown, subhedral, low 
interference colours (tf.) 

Anhedral aggregate of DoIomIllll, Quartz and PlagloclaH In equal 
proporIIons. 
Trace components include rutile. zircon and opaques occuring as 
inclusions in larger grains. 
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Rock Textul'8 Rode Name 

Porphyroblastlc Dolomitic marble 

Granoblastlc Talc-dolomite marble 

Talc-Dolomite Marble 

Feldspathlc Quartz Sandstone 

Seriate Siliceous Dolomite 

Poikiloblastic 
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Nosib Group Samples(NZJ 

NPOO20 

NPOO21 

Medium grained feldspathic quarzite, pink 
weathering 

Medium grained feldspathic quartzite. with 
mica and carbonate blebs in matrix 

Quartz - Matrix is dominated by equigranular quartz (-1mm). frequent 
triple junctions imply the matrix is reaystalllsed, subhedral grains (80'%) 
K-spar - Cross-hatch, tartan twinning is seen in subhedrallanhedral 
grains, also -1mm, show some mica inclusions (10'%) 
Mwseovite - Rare grains appear as interstitial grains, show stippled 
extinction and well developed cleavage (5'%) 
RutIle - Form almost opaque, subhedral grains, <1mm (5'%) 

Sphene • Rare, yellow-brown grains occur associated with opaques 
(tr.) 

Zircon - Rare high relief grains occur showing high interference colours 
and parallel extinction (tr.) 

Quartz - Recrystallised quartz grains -1 mm in diameter form matrix 
triple junctions, subhedral grains common (80'%) 
K-sp. - Anhedral grains. -1mm, also forms part of matrix, tartan 
twinning seen (10'%) 
Muacovlte - Rare laths occur, ()"2mm, form interstitial grains in matrix 
anhedral grains, stippled extinction (5'%) 
Carbc:lnlltl8 - Altered carbonate grains also occur as interstitial grains 
in the matrix (5%) 

Sphene&RutIIe • Subhedral grains, derk grey to opaque grains form 
an accessory phase (tf.) 
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Rock Texture Rock Name 

Polygonal-Equigranular Feldspathic quartzite 

Polygonal Feldspathic Quartzite 
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Appendix III 

{Alii. 1) Microthennometric Data (TemReratures in °Ci Sanni~ = wt% NaCleg} 
Duruchaus Formation Dataset (All data from quam-hosted inclusions) 
Isolated Inclusions (all data) (NB - a T h of 400°C represents a value of >4000C) 

Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

Plugs 

Hakos Group 

NP001 I -21.1 9.6 
I -20.5 12.8 351 

2 I -13.9 11.3 246 34 
3 II 14.1 250 35 

I -19.9 7.3 382 45 
I -19.0 21.9 400 38 

NP008 1 I -15.4 400 38 
II 11.0 400 
IV -60.1 -19.1 400 37 
II -24.4 14.5 400 
IV -60.1 -26.7 9.5 382 46 
IV -60.5 6.9 400 47 
II -23.4 -21.7 327 40 

NP006 II -17.8 400 47 
II -22.2 -16.8 269 
II -21.7 324 
I 14.1 336 41 
III -17.9 263 

2 I 6.6 400 40 
I 27.8 373 
II -27.4 -21.7 297 
I 25.2 346 38 
I 29.3 305 37 

Duruchaus Formation 

NP014 3 III -21.7 -7.5 400 

4 IV -56.9 -15.5 -14.5 400 
I -23.1 1.0 403 

NP017 I 9.8 313 
III -22.4 400 
I 6.6 310 47 

3 II -12.2 133 
III -18.8 147 
II -35.5 137 

NP081 2 II -22.9 332 
II -20.2 334 
II -22.5 282 41 
IV -56.6 -19.1 
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Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

I 9.8 232 
I -25.5 9.5 280 34 

3 II -1.5 240 31 

NP079 1 I -25.5 6.1 182 29 
I -28.1 -2.1 8.7 156 31 
I 6.7 148 30 
I 8.1 167 30 

IV -57.6 7.5 19.5 30 
8.8 
8.2 
8.3 181 
7.8 169 34 

-2.7 164 30 
29.9 189 
9.9 179 
8.2 172 34 
8.4 173 33 
7.5 190 34 
5.5 174 34 

2 -24.8 9.8 191 31 
-2.0 186 31 

-25.1 6.4 172 31 
-23.6 4.3 177 31 
-25.6 6.7 203 
-31.1 273 46 

3 2.4 273 36 
-27.1 8.6 170 36 

30 

Veins 

Duruchaus Formation 

NP072 -9.2 359 
-23.4 371 32 

-20.2 18.6 334 
11.4 235 34 

2 -26.0 12.9 366 44 
9.7 270 

3 6.7 363 44 
6.3 320 47 
7.8 288 36 
6.9 333 41 

-16.0 6.6 276 36 
19.8 288 33 

NP060 IV -57.6 8.4 
IV -57.4 10.4 
IV -57.6 9.8 
IV -57.4 10.2 
IV -57.7 13 
I 7.6 331 

IV -57.8 16.3 26 
IV -57.8 17.3 24 
IV -57.6 14.9 24 
IV -57.7 15 24 
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Appendix III 

IV -57.5 12.9 21 
II ] -15.3 290 
II ] early t -21.3 -13.3 265 
II ] -21.0 -11.1 258 
II }early t -4.0 248 
II } -2.5 282 
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Appendix III 

Duruchaus Formation - Secondary Inclusions (all data) 

• Sample Chip Type Tm(C02) Te Tm{ice) Tm(clattl.) Th (CO2) Th (H2O) Salinity 

Plugs 

Hakos Group 

NP001 2 -34.2 -22.8 116 24 
-36.2 -22.6 114 24 
-30.1 -19.5 193 22 

3 -22.6 -12.1 214 16 
-30.3 -22.1 217 24 

4 -25.3 376 26 
-23.6 400 25 
-25.6 369 26 

NP008 1 II -31.3 -22.3 140 24 
II -23.0 -19.3 174 22 
IV -68 -24.2 400 25 
IV -56.7 -22.0 -10.7 400 15 

2 IV -67 -14.0 400 18 
II -23.2 -14.1 181 18 

3 IV -56.6 -27.0 120 27 

NP006 1 II -18.1 400 21 
II -22.2 400 24 
II -21.1 317 23 
II 15.1 329 

2 I 8.1 130 4 
I 

Duruchaus Formation 
l1li 

NP014 2 -33.7 -8.9 13 
-25.1 -23.8 172 25 

-10.1 196 14 
-5.3 93 8 
-3.0 221 5 
-3.0 232 5 

-18.1 -4.4 279 7 
-2.8 217 5 

3 -22.7 -19.3 204 22 
-22.2 -16.9 136 20 
-25.1 -18.2 300 21 

4 -22.3 210 24 

NP073 II -28.0 -22.0 256 24 
I -41.6 -23.6 153 25 
I -23.0 167 24 
I -22.8 176 24 
I -19.0 301 22 
I -17.1 285 20 

2 I -37.8 -23.3 267 25 
I -27.0 -23.3 235 25 
I -28.1 -22.9 225 24 

II -26.0 -22.2 347 24 
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Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

3 II -18.0 275 21 
II -10.4 371 14 

NP017 1 II -22.4 154 24 

2 II -21.4 127 23 
II -19.0 161 22 

3 -17.9 174 21 
-31.6 69 30 - -24.1 -23.1 131 24 

-44.7 -34.1 148 31 
-37.1 -36.7 169 33 

-35.8 170 33 
-38.1 -31.7 127 30 

NP081 1 -17.7 -7.7 27 11 
2 -17.7 197 21 

-19.0 265 22 
-20.1 287 22 

-30.7 -28.5 221 28 
-19.1 113 22 

~ 
-23.6 262 25 
-10.9 238 15 
-12.6 270 17 
-23.3 9.6 184 1 

9.8 160 0 
11.0 229 

3 10.1 18? 206 
-23.2 30.7 4 

NP079 8.1 190 4 
8.6 175 3 

2 -22.4 7.4 172 5 

Veins 

Duruchaus Formation 

I11III 
NP072 1 II -22.4 195 24 

II -1.0 361 2 
3 II -22.1 240 24 

NP060 IV -57.7 -20.7 21 
IV -56.9 12.6 25 
IV -57.1 19.4 24 
IV -57 9.6 21 
IV -57.1 18 23 
IV -57.4 19.3 24 
III -49.8 144 48 
III -51.8 -45.6 145 42 
III -40.2 218 36 
III -23.2 148 24 
III -48.1 245 45 
III -19.8 245 22 
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Eastern Dataset (All dat~ from quartz-hosted inclusions) 

Isolated Inclusions 

Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

OkorusulGaidus 

NPD46(1) III -26.8 -15.5 300 19 
II -10.2 327 14 
III -17.1 479 20 
I 15.2 462 
III -24.3 -15.2 428 19 

NPD46(2) 1 III -0.9 236 2 
III -0.5 313 1 
III -0.2 348 0 
III -17.0 340 20 
III -19.4 364 22 
II -30.1 -13.7 366 18 
III -0.5 282 1 
III -26.7 -19.1 178 22 

2 III -28.3 -8.8 374 13 
III -17.8 -0.3 366 1 
III -25.1 -17.7 328 21 
III -30.1 -2.2 338 4 
III -31.2 -3.1 348 5 
III -0.5 365 1 
III -25.2 -19.2 346 22 

3 I -27.4 -25.2 12.7 223 26 
I -13.5 8.7 280 17 

III -17.4 -1.0 356 2 
I I -19.4 29.0 399 

III -6.5 446 10 

Elefantenberg 

NPD49 III -23.1 -7.3 213 11 
II -21.1 -7.9 228 12 
III -3.8 307 6 
III -19.3 -6.6 363 10 
III -7.5 445 11 
III -19.5 -7.8 274 11 
III -9.4 285 13 
III -7.9 307 12 
III -7.7 344 11 
III -2.8 348 5 
III -4.6 326 7 
III -5.0 373 8 
II -3.2 348 5 
III -22.2 -4.9 297 8 
III -16.0 -6.1 374 9 
II -21.0 -6.6 288 10 
III -19.1 -3.1 370 5 
III -0.1 369 0 
III -0.2 335 0 

2 III -22.1 -4.6 287 7 
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Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

II -21.4 -4.6 245 7 
III -21.1 -3.3 241 5 
III -31.0 -3.8 280 6 
III -21.3 -6.6 337 10 
III -22.7 -2.2 351 4 
I 3.7 375 
III -4.0 363 6 
III -17.3 -6.2 338 9 
III -22.9 -10.1 433 14 
III -22.3 -10.9 209 15 

Hartbeespoort 

NPD37 III -3.8 297 6 
IV -58.6 14.6 
III -2.8 275 5 
III -2.9 146 5 
III -22.0 -0.7 358 1 
III -6.5 177 10 
III -21.1 -15.8 337 19 
III -21.1 -3.9 310 6 

2 III -20.9 -16.8 477 20 
III -23.5 -11.4 414 15 
III -22.2 -1.3 359 2 
III -9.4 133 13 
III -24.6 -6.0 366 9 
III -57 -23.4 -1.0 400 2 
III -23.5 -2.6 410 4 
III -23.3 -2.4 416 4 
I -22.3 8.8 367 
III -3.6 418 6 

3 III -24.5 -0.2 275 0 
III -25.2 -4.1 315 7 
III -22.5 -0.5 308 1 
III -23.2 -0.6 307 1 
III -23.2 -0.4 311 1 
III -22.2 -5.2 158 8 
III -23.5 327 
III -22.1 -3.3 275 5 
III -22.5 -16.8 154 20 
III -4.8 415 8 

Neuwerk 

NPD32 1 III -23.3 -12.3 167 16 
III -20.2 -9.8 128 14 
III -24.4 -10.0 136 14 
III -16.0 -9.7 105 14 
I 3.2 108 0 
III -18.0 -11.9 137 16 
III -16.4 -9.9 136 14 
III -24.2 -10.6 116 15 
III -22.2 -6.7 112 10 

III -23.2 -6.6 126 10 
III -23.0 -4.4 168 7 
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III -22.1 -7.1 120 11 
III -22.5 -8.3 134 12 
III -11.3 -6.6 127 10 
II -11.7 -5.7 125 9 
III -19.0 -6.0 168 9 
III -12.7 -9.6 109 14 
II -20.3 -9.1 132 13 
III -16.0 -8.9 106 13 
III -5.3 119 8 
III -14.3 -0.8 137 1 
III -23.0 -5.6 130 9 
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Appendix III 

Western Dataset (All data from quartz-hosted inclusions) 

Isolated Inclusions 

Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

Omburu East 

HFD95 I 28.5 356 
I 29.1 320 
I 0.4 331 15 

III -22.1 385 24 
I 0.1 348 15 
III -2.1 337 4 

2 III -0.2 363 0 
III -~.5 274 9 
III -1.5 226 3 
III -4.2 311 7 
II -1.0 262 2 

HFD102 III -21.7 413 24 
III -8.4 388 12 
III -26.2 -22.9 240 24 
III -30.4 225 29 
III -20.7 348 23 
III -24.2 -22.0 211 24 
II -21.7 394 24 
III -22.0 456 24 
III -24.6 -18.0 245 21 
III -26.2 -24.1 287 25 
III -0.2 218 0 
II -22.7 -12.6 225 17 

• III -19.6 -6.6 191 10 
III -22.2 268 24 
III -12.2 -3.5 152 6 
III -21.9 -2.1 192 4 
III -40 -1.2 294 2 

HFD85 III -24 -21.3 324 23 
III -25.3 -22.8 310 24 
III -21.1 267 23 
III -23.9 272 25 
III -26 -22.7 375 24 
III -27.9 -21.9 440 24 
III -18.9 153 22 
III -24.2 -22.4 200 24 
III -26.2 -22.5 272 24 

Moselle 

NPD002 III -21.3 279 23 
III -23.3 -14.1 249 18 
II -23.8 -22.3 427 24 
III -22.8 420 24 
I -23.2 16.4 383 24 
III -22.2 -21.2 364 23 
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Appendix III 

Ta 

III -23.3 -22.4 315 24 
III -24.6 -21.5 319 23 
III -22.5 455 24 
III -22.1 392 24 
III -29.4 -21.2 129 23 
III -25.4 -22.4 437 24 
III -24.2 -21.4 395 23 
III -27 -23.0 317 24 

NPD016 III -25.2 -18.4 276 21 
I 28.7 332 
III -29 -23.7 302 25 
III -16.7 336 20 
I -27.3 -23.4 23.9 364 25 
I -22.3 11.4 254 24 
I -28.7 -23.7 28.4 363 25 
III -22.2 377 24 
I 29.3 450 
I -22.7 13.5 464 24 

2 III -21.3 254 23 
I -24.2 -22.2 29.3 346 24 
I -23.0 29.6 322 24 
III -17.5 262 21 
III -22.4 328 24 
I -23.5 27.2 309 25 

3 I -21.5 29.2 374 23 
III -22.3 282 24 
III -24.2 333 25 
I -59.7 -21.5 -16.5 24.2 438 20 
I -15.4 27.8 400 19 

Karachas 

NPD018 1 III -6.8 119 10 
III -7.4 109 11 
III -0.6 136 1 
III -21.7 -5.4 150 8 
III -20.7 -6.3 111 10 
III -26.5 -4.6 203 7 
III -20.8 -6.2 178 9 
III -21.3 -6.4 137 10 
III -2.9 109 5 
III -0.6 108 1 
III -20.1 -5.4 278 8 
III -22.8 -2.2 127 4 
III -6.0 124 9 

Bofhashof 

NPD43 1 III -26 -6.6 159 10 
III -24.3 -11.3 220 15 
III -11.9 254 16 
III -0.1 254 0 
III -11.2 244 15 
III -11.5 276 15 
III -7.1 239 11 
III -32 -14.6 401 18 
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Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

III -21.2 -13.5 312 17 
III -22.4 -16.8 217 20 
III -24.3 -13.2 227 17 
III -44 -23.3 210 25 
III -23.8 270 25 
III -18.0 193 21 
III -21.4 214 23 
III -22.7 211 24 
III -22.7 211 24 
III -21.1 211 23 
III -29.9 -21.9 333 24 
III -22.8 -11.1 366 15 
III -21.9 -11.1 223 15 
III -31.1 -18.3 254 21 
III -31.1 -18.3 254 21 
III -22.7 -17.1 221 20 
III -22.4 -19.4 244 22 
III -21.0 152 23 
III -22.8 234 24 
III -22.9 233 24 
III -33.3 -22.4 384 24 
III -37 -19.5 227 22 
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Appendix III 

Western Dataset 

Secondary Inclusions 

Sample Chip Type Tm(C02) Te Tm(ice) Tm(clath.) Th (CO2) Th (H2O) Salinity 

Omburu East 

HFD95 III -3.8 135 6 
III -7.3 306 11 
I 0.4 331 15 
I 0.7 371 15 

III -7.4 369 11 
I 0.4 139 15 
I 0.9 145 15 

HFD102 III -20.1 -2.2 100 4 
III -2.6 98 4 
III -3.0 221 5 
III -5.0 222 8 
III -6.2 202 9 

HFD85 1 III -21.9 219 
III -23.9 -22.2 236 24 
III -22.2 148 24 
III -20.4 130 23 
III -24.6 254 25 
III -23.5 290 25 
III -23.6 283 25 
III -28.5 -22.6 278 24 
III -26.5 -22.7 265 24 
III -21.0 210 23 
III -21.0 176 23 
III -22.1 -20.7 185 23 

Moselle 

NPD002 III -21.4 184 23 
III -29.1 -24.2 357 25 
III -25.2 232 26 
III -24.4 267 25 
III -25.6 263 26 
III -22.7 288 24 
III -24.3 -23.4 312 25 
III -23.1 263 24 
III -25.3 -22.7 302 24 
III 

NPD016 2 III -8.0 236 12 
III -6.0 307 9 

Karachas 

NPD018 III 0.0 250 
III -24.5 -3.6 257 6 
III -24.1 -5.4 211 8 
III -6.5 272 10 
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Te 

III -22.6 -6.9 308 10 
III -20.1 -5.8 315 9 
III -4.5 248 7 
III -5.8 305 9 
III -5.6 307 9 
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Appendix III 

(A1I1.21 Crush-leach Data 
(n.d.: not detected) - All element concentrations except Sr- and CO 3 2- were determined by HPIC 

Sr- concentrations were determined by ICP-MS analyses: CO 3 2- concentrations are based on 

observed charge imbalances 
(Same/es with the e.refix "D" and "T" are the dolomite and tourmaline same/es resE!!!.ctive/r.i 

Sample cr sol- Br- C03
2- Na+ ~ Mg2+ Ca2+ CIIBr NaJBr 

ee.m ee.m e.e.b e.e.m e.e.m e.e.m ee.m e.e.m mol mol 

SMZ Samgles 

Plugs 

Swakop Group 

NP001.1 12.75 3.47 15.24 5.28 3.30 0.17 0.71 1886 1204 
NPoo1.3 10.15 3.65 12.76 2.93 1.89 0.15 0.51 1793 798 
NPoo1.4 8.98 14.13 14.87 3.14 1.89 0.61 0.68 1361 734 
NPOO1.5 4.86 3.71 9.33 0.90 3.73 1.83 0.12 0.51 1174 1389 

NPOO1.1 14.86 0.62 9.15 4.67 3.29 0.21 1.39 3659 1774 
NPoo1.2 13.02 0.51 11.70 4.15 2.79 0.08 1.10 2509 1233 
NPOO1.4 13.96 0.62 33.80 4.11 3.13 0.08 0.94 931 423 

NPOO8.1 28.16 n.d. 37.05 13.20 2.48 0.10 0.61 1713 1238 
NPOO8.2 26.08 n.d. 42.75 12.24 2.36 0.24 0.83 1375 995 
NPOO8.4 27.90 n.d. 32.30 13.32 2.33 0.15 0.80 1947 1433 
NPOO8.5 34.24 n.d. 35.20 18.58 3.16 0.10 0.87 2192 1835 

NPOO8.1 15.94 2.06 18.20 2.26 11.03 1.70 0.16 0.92 1974 2106 
NPOO8.2 22.93 2.26 19.40 11.15 1.84 0.16 0.90 2663 1998 
NPOO8.3 23.00 2.25 18.20 11.13 1.81 0.12 0.70 2848 2125 
NPOO8.5 20.41 1.94 19.10 9.18 1.77 0.06 0.78 2408 1670 

NPOO6.1 25.31 2.32 21.25 13.03 1.54 0.57 1.60 2684 2131 
NPOO6.2 24.26 1.28 29.55 12.32 1.44 0.23 1.35 1850 1449 
NPOO6.4 23.04 0.86 17.85 11.91 1.31 0.18 1.63 2909 2319 

NPOO6.1 18.15 0.69 12.90 10.16 0.35 0.06 0.65 3171 2737 
NPOO6.2 19.75 0.70 15.20 10.97 0.42 0.11 1.15 2929 2508 
NPOO6.3 13.16 0.46 11.50 7.66 0.30 0.10 0.83 2579 2315 
NPOO6.4 14.77 0.45 10.10 8.44 0.31 0.09 0.81 3295 2904 

DNP002.1 6.25 0.17 2.02 0.83 15.79 10.43 
DNPOO2.2 6.91 0.26 10.22 50.05 2.31 0.94 15.45 10.29 1524 786 

Duruchaus Formation 

NP014.1 8.16 1.26 33.70 4.44 4.20 1.48 0.82 3.10 546 433 
NP014.2 0.70 0.62 31.90 3.49 0.40 0.23 0.32 2.05 50 44 
NP014.3 9.18 1.13 31.10 3.23 4.55 1.53 0.76 3.06 665 508 

NP073.1 15.07 2.56 19.75 5.62 2.04 0.53 1.38 1720 989 
NP073.2 13.57 1.97 22.80 4.92 1.83 0.55 0.97 1341 750 
NP073.3 10.49 1.53 12.25 3.68 1.44 0.55 0.82 1931 1044 
NP073.4 11.73 4.61 14.00 3.90 1.52 2.24 1.99 1688 968 

NPOO17.1 7.77 0.76 13.75 1.43 2.85 1.24 0.66 2.25 1273 720 
NPoo17.2 8.22 2.79 18.80 4.71 4.39 1.04 0.75 4.53 985 812 
NPOO17.3 6.35 0.99 17.40 1.15 3.26 0.74 0.20 2.13 822 651 
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Sample cr 5042• Sr' Na+ I(' Mrl+ CaN ClIBr NafSr 
pem epm epm epm ppm epm ppm mol mol 

3 

NPOn.1 40.97 0.80 0.05 19.41 4.52 0.06 0.84 1944 1420 
NP077.2 19.42 0.44 0.02 10.31 2.73 0.02 1.07 1894 1551 
NP077.3 23.95 0.68 0.03 10.21 2.74 0.03 0.96 1935 1272 
NPOn.4 27.60 0.37 0.03 12.12 3.00 0.03 0.93 2007 1359 

NP079.1 24.02 0.60 0.03 11.77 1.01 0.22 1.48 1990 1504 
NP079.2 13.62 0.32 0.02 7.12 0.62 0.24 1.02 2047 1650 
NP079.3 14.71 0.34 0.02 7.64 0.67 0.24 1.39 1842 1475 
NP079.4 19.09 0.40 0.02 9.59 0.91 0.19 1.26 2151 1667 

NP081.1 19.31 0.72 0.01 9.88 0.81 0.17 0.83 2941 2320 
NP081.2 19.65 0.84 0.02 9.90 0.80 0.06 0.82 2821 2192 
NP081.3 13.04 1.62 0.02 7.42 1.13 0.41 0.35 1580 1387 
NP081.4 12.85 0.54 0.01 7.36 1.09 0.12 0.29 2084 1840 

NP059.1 0.95 n.d. 0.02 0.65 0.44 0.31 0.67 117 124 
NP059.2 2.04 n.d. 0.03 1.27 1.04 0.21 0.73 154 148 
NP059.3 2.48 n.d. 0.02 1.53 1.62 0.33 1.26 265 253 
NP059.4 1.34 n.d. 0.02 1.65 0.65 0.13 1.06 198 377 

NP059(T)1 0.25 0.32 0.27 1.44 0.17 1.14 0.34 2 18 
NP059(T)2 0.15 0.00 0.00 1.39 0.09 1.37 0.30 203 2982 
NP059(T)3 0.16 0.09 0.01 0.96 0.12 0.55 0.21 63 606 

NP085.1 1.86 0.98 0.01 0.16 0.27 0.16 1.46 326 43 
NP085.2 1.36 0.69 0.01 1.05 0.99 0.28 2.53 358 425 
NP085.3 1.54 0.60 0.01 1.23 1.13 0.28 2.37 283 349 
NP085.4 1.42 0.72 0.01 1.13 0.95 0.21 1.89 258 317 

NP021.1 2.42 0.32 0.01 2.90 6.32 3.27 6.33 578 1070 
NP021.2 1.55 0.47 0.00 2.85 3.18 3.88 7.71 1079 3068 
NP021.3 2.21 0.43 0.01 2.96 2.09 4.02 8.28 674 1395 

NP085T(1) 0.15 n.d. 0.01 0.42 13.55 0.61 3.46 31 132 
NP085T(2) 0.19 0.10 0.00 0.36 10.16 0.82 2.62 92 267 
NP085T(3} 0.14 n.d. 0.00 0.30 9.54 1.01 3.91 989 3244 

NP086.1 9.76 0.43 0.09 5.75 2.13 0.26 1.78 248 225 
NP086.2 7.46 0.26 0.01 4.41 1.70 0.06 1.61 1430 1303 
NP086.3 8.19 0.37 0.02 4.81 1.66 0.09 1.38 1215 1101 
NP086.4 7.37 0.25 0.02 4.32 1.60 0.10 1.73 1101 995 

NP099.1 2.12 0.79 0.00 1.97 0.95 0.03 0.95 998 1428 
NP099.2 1.49 0.58 0.01 1.34 0.72 0.12 0.95 496 686 
NP099.3 1.34 0.54 0.00 1.27 0.61 0.02 0.71 627 915 
NP099.4 1.42 0.56 0.01 1.50 0.61 0.02 1.63 598 976 
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AI1P6Ddix III 

Sample cr SOlIz- Sr" Na+ I< M;;+ CaN ClIBr NalBr 
epm ppm pem ppm ppm pem ppm mol mol 

Veins 

Duruchaus Formation 

NP072.1 27.83 1.23 0.03 11.96 3.78 0.22 2.43 2323 1540 
NP072.2 23.44 1.15 0.03 8.81 3.43 0.18 2.39 1957 1134 
NP072.3 20.41 1.67 0.02 7.24 3.03 0.42 4.10 1870 1023 
NP072.4 17.76 0.81 0.02 6.28 2.59 0.25 4.76 1775 968 

NP060.1 3.20 0.58 0.02 1.76 0.49 0.22 11.88 367 312 
NP060.2 1.83 0.14 0.02 0.99 0.32 0.09 10.24 202 168 
NP060.3 2.62 0.21 0.02 1.32 0.38 0.15 10.18 342 266 
NP060.4 2.99 0.19 0.02 1.63 0.44 0.11 11.88 319 268 

Western Dataset 

Moselle 

NPD2.1 12.68 0.09 0.05 7.85 0.66 0.05 1.08 568 542 
NPD2.2 17.18 0.37 0.08 10.56 0.89 0.10 1.41 489 464 
NPD2.3 12.99 n.d. 0.05 7.61 0.62 0.01 0.95 599 541 
NPD2.4 17.59 0.12 0.06 9.77 0.67 0.02 1.05 639 548 

NPD16.1 17.63 0.22 0.07 8.86 0.88 0.06 0.87 598 463 
NPD16.2 15.42 n.d. 0.07 7.87 0.79 0.10 0.50 530 418 
NPD16.3 18.87 0.09 0.08 10.64 1.54 0.01 1.17 524 456 
NPD16.4 18.48 0.08 0.08 10.58 1.56 0.01 1.31 535 472 

Karachas 

NPD18.1 0.84 0.48 0.02 1.01 0.32 0.01 0.92 122 226 
NPD18.2 0.71 0.33 0.02 0.87 0.17 0.02 1.08 79 149 
NPD18.3 0.62 0.28 0.01 0.77 0.17 0.01 1.05 99 190 
NPD18.4 0.79 0.53 0.02 1.02 0.20 0.02 1.28 95 191 

Bothashof 

NPD42(1) 0.40 0.16 0.01 0.26 0.23 0.25 7.14 68 68 
NPD42(2) 0.30 n.d. 0.02 0.20 0.16 0.14 2.77 36 37 
NPD42(3) 0.36 n.d. 0.01 0.23 0.15 0.12 4.06 70 70 
NPD42(4) 0.34 n.d. 0.02 0.22 0.20 0.23 4.41 36 36 

NPD43(1) 0.69 n.d. 0.02 0.45 0.17 0.05 2.05 86 87 
NPD43(2) 0.70 n.d. 0.02 0.42 0.20 0.03 2.29 64 60 
NPD43(3) 0.70 n.d. 0.02 0.41 0.19 0.02 2.91 97 87 
NPD43(4) 0.71 n.d. 0.01 0.43 0.14 0.02 1.85 133 125 

OmburuEast 

HFD85.2 16.81 0.48 0.07 1.02 0.25 0.09 0.31 566 53 
HFD85.3 11.94 0.28 0.05 7.14 1.39 0.41 1.55 515 475 

HFD95.1 4.03 n.d. 0.04 2.59 0.30 n.d. 0.70 248 246 

HFD95.2 3.67 0.07 0.04 2.34 0.35 n.d. 1.37 198 195 

HFD95.3 2.99 0.06 0.03 1.98 0.31 0.05 1.59 199 203 

HFD95.4 3.21 n.d. 0.03 2.08 0.31 0.06 1.85 226 226 
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Appendix III 

Sample cr S042" Br" Na+ K" MeN CaN ClIBr NalBr 
ppm ppm ppm epm ppm ppm ppm mol mol 

Eastern Dataset 

Neuwerk 

NPD 32(1) 13.15 0.34 0.43 4.86 1.00 0.90 19.60 70 40 
NPD 32(2) 6.77 n.d. 0.23 2.55 0.64 0.49 16.51 68 39 
NPD 32(3) 5.43 n.d. 0.27 1.93 0.65 0.25 16.12 46 25 
NPD 32(4) 5.52 n.d. 0.31 2.01 0.54 0.34 16.75 40 23 

Harlbeespoorl 

NPD37(1) 5.65 0.16 0.13 2.26 1.63 0.28 15.74 101 62 
NPD37(2) 4.40 0.14 0.13 1.70 1.35 0.23 14.28 79 47 
NPD37(3) 5.52 0.08 0.10 2.22 1.63 0.14 14.91 129 80 
NPD37(4) 4.73 0.17 0.11 1.78 1.52 0.21 15.54 94 55 

Elefantenberg 

NPD49(1)1 4.87 0.51 0.13 3.78 0.33 0.39 15.28 86 103 
NPD49(1)2 5.40 0.37 0.10 3.88 0.28 0.17 14.90 117 130 
NPD49(1)3 4.19 0.33 0.11 3.03 0.26 0.19 15.47 87 98 

NPD49(2)1 4.57 0.24 0.12 3.36 0.39 0.08 14.08 89 101 
NPD49(2)2 4.96 0.25 0.10 3.49 0.49 0.07 15.22 113 123 
NPD49(2)3 3.90 0.16 0.09 2.84 0.39 0.05 11.77 97 108 
NPD49(2)4 4.70 0.15 0.11 3.38 0.39 0.06 14.40 100 111 

Kupferberg 

NPD23(2)A 0.56 n.d. 0.00 0.39 0.12 0.06 13.49 701 753 
NPD23(2)B 0.43 n.d. 0.00 0.25 0.12 0.08 14.55 410 370 
NPD23(2)C 1.22 n.d. 0.01 0.82 0.18 0.10 14.59 341 355 
NPD23(2)D 0.66 n.d. 0.00 0.41 0.22 0.10 14.05 573 546 

NPD23(3}A 0.31 0.09 0.00 0.23 0.12 0.05 0.00 320 362 
NPD23(3)B 0.32 n.d. 0.00 0.18 0.23 0.08 0.33 1463 1277 

OkorusulGaidus 

NPD46(1)A 5.47 0.83 0.02 2.73 1.20 0.13 33.28 704 542 
NPD46(1)B 5.57 0.90 0.01 3.06 1.17 0.19 36.21 1596 1353 
NPD46(1)C 6.34 1.39 0.01 3.24 1.32 0.17 39.33 1221 962 
NPD46(1)D 6.07 3.28 0.01 3.19 1.34 0.20 31.07 1768 1432 

NPD46(2)A 6.50 0.50 0.01 3.15 1.19 0.43 32.71 1285 960 
NPD46(2)B 5.35 0.30 0.01 3.30 1.29 0.47 35.00 927 882 
NPD46(2)C 6.26 0.70 0.02 3.76 1.50 0.42 35.97 702 650 
NPD46(2)D 6.75 0.77 0.02 3.97 1.54 0.33 35.22 704 639 

NPD46(3)A 8.75 n.d. 0.01 4.36 1.56 0.88 23.46 1658 1273 
NPD46(3)B 11.31 n.d. 0.01 5.49 1.94 0.89 21.64 2007 1502 
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Appendix III 

(Al1I.!.1) XRf An,ln" (Whole Rock ChemlltQl) 

DlmH':haUII FoImIIfJoo 
SIO:z TIO:z cao ~O KzO Pz05 S~ NIO CRz~ H2O. lOt TOTAl 

NPiG 11.83 0.55 12.49 1.93 5. 0.92 2.90 3.23 0.14 -0.01 0.00 0.01 0.00 0.02 100.01 
NP11 60.33 0.50 11.38 1.95 0.05 1.40 11.21 6.59 0.13 0.13 0.25 0.00 0.00 0.00 0.15 100.06 
NP71 59.60 0.75 14.16 2.18 0.04 5.83 9.01 8.41 0.09 0.18 -0.01 0.00 0.01 0.00 0.12 100.31 
NP22(1) 32.94 0.46 6.54 5.75 0.10 19.14 29.22 3.63 0.05 0.07 -0.01 0.00 0.01 0.00 0.31 98.20 
NP22(2) 33.64 0.46 6.60 5.50 0.09 11.44 27.29 3.92 0.05 0.07 -0.02 0.00 0.Q1 0.00 0.30 95.55 
NP25(1) 56.29 0.69 10.99 2.21 . 0.07 8.59 14.21 6.39 0.10 0.20 -0.01 0.00 0.01 0.00 0.11 100.02 
NP25(2) 56.64 0.65 10.96 2.27 0.01 8.64 14.45 6.44 0.10 0.20 -0.01 0.00 0.01 0.00 0.11 100.60 
NP35 53.19 0.11 13.14 4.88 0.06 10.00 9.43 5.62 1.86 0.14 -0.02 0.01 0.01 0.00 0.13 99.76 
NP35(2) 53.95 0.73 13.34 4.94 0.01 9.98 9.08 5.61 1.92 0.14 -0.02 0.01 0.01 0.00 0.13 99.95 
NP41 72.56 0.82 13.48 0.53 0.01 1.91 3.46 8.04 0.05 0.18 -0.04 0.00 0.01 0.00 0.05 101.14 
NP41 (2) 73.47 0.86 13.71 0.56 0.01 2.01 3.42 1.91 0.06 0.19 -0.03 0.00 0.01 0.00 0.05 102.28 
NP42 82.54 0.50 9.83 0.15 0.02 0.62 1.26 5.61 0.14 0.11 -0.02 0.00 0.01 0.01 0.02 101.44 
NP45 85.04 0.13 8.89 0.96 0.01 0.27 0.09 2.15 3.67 0.04 -0.03 0.00 0.00 0.00 0.00 101.23 
NP45(2) 86.39 0.13 8.97 0.93 0.01 0.25 0.10 2.16 3.72 0.04 -0.03 0.00 0.00 0.00 0.00 102.88 
NPSI 92.39 0.10 5.13 1.16 0.01 0.13 0.11 -0.06 2.86 0.11 -0.01 0.00 0.00 0.00 0.01 101.81 
NP57 86.82 0.52 13.26 7.84 0.02 4.14 0.28 4.38 3.05 0.14 -0.01 0.00 0.01 0.00 0.02 100.46 
NPSI 38.29 0.26 5.87 2.55 0.49 3.70 45.00 3.04 0.11 0.24 0.00 0.00 0.01 0.00 0.28 97.86 
NP26 59.01 0.65 11.67 1.84 0.04 7.51 12.41 6.79 0.06 0.20 -0.02 0.00 0.00 0.00 0.15 100.38 
NP69 56.54 0.11 11.43 3.07 0.08 5.58 14.38 6.43 0.12 0.19 0.01 0.00 0.01 0.00 0.15 100.86 
NP7i 61.00 0.79 14.47 2.01 0.04 5.69 8.00 8.39 0.09 0.19 -0.01 0.00 0.01 0.00 0.11 101.58 
NP75 54.51 0.27 6.11 1.74 0.37 0.85 32.57 2.76 0.27 0.08 0.06 0.00 0.00 0.00 0.21 99.80 
NP82 91.94 0.22 4.77 1.72 0.01 0.21 0.13 0.57 1.96 0.04 -0.01 0.00 0.00 0.00 0.01 101.58 
NPHI 92.41 0.29 5.43 2.06 0.Q1 0.39 0.02 -0.12 2.28 0.02 -0.01 0.00 0.00 0.00 0.01 102.86 
NPHI 16.67 0.11 2.96 3.38 0.38 1.05 68.50 1.28 0.02 0.09 0.35 0.004 - 0.00 0.00 0.31 95.14 
NP119 91.86 0.21 6.43 1.85 0.01 0.27 0.01 0.82 1.03 0.10 -0.01 0.00 0.00 0.00 0.01 102.85 
NP123 62.09 0.56 8.80 3.19 0.13 1.32 20.58 2.32 1.27 0.16 0.01 0.00 0.01 0.00 0.15 100.57 
NP125 63.91 0.56 11.38 4.13 0.08 3.50 11.31 2.33 2.99 0.17 0.00 0.01 0.01 0.00 0.09 100.51 
NP121 41.98 0.37 6.53 2.86 0.16 6.21 37.62 1.98 0.15 0.15 -0.01 0.00 0.01 0.00 0.26 98.93 
NPi32 86.42 0.55 1.28 3.74 0.02 0.58 0.27 -0.08 3.47 0.21 -0.02 0.00 0.00 0.00 0.01 102.47 
NPi33 14.00 0.09 2.62 6.13 0.61 23.40 41.66 1.26 0.04 0.10 0.34 0.00 0.00 0.00 0.39 90.64 
NP1G3 37.92 0.34 8.38 5.21 0.30 1.45 39.29 3.85 0.37 0.23 0.03 0.00 0.00 0.00 0.25 97.66 
NPOII 85.24 0.24 1.81 1.75 0.03 0.08 0.13 1.09 4.30 0.01 -0.01 0.00 0.00 0.00 0.00 100.13 
NPUS 92.01 0.24 4.97 1.81 0.01 0.21 0.06 -0.05 1.93 0.01 -0.01 0.00 0.00 0.00 0.01 101.26 
NP100 56.42 0.72 12.79 3.06 0.11 6.91 11.49 1.60 0.09 0.20 0.00 0.00 0.01 0.00 0.14 99.53 
NP10i 62.85 0.56 11.94 1.40 0.03 6.03 9.58 6.86 0.07 0.15 -0.02 0.00 0.Q1 0.00 0.12 99.58 
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(Am.3.2)ICP-MS Anllyses (Whole Rock CbemlstOO 
Trace and REE Data (all values in ppm) 

Durnellaus Formation 

Appendix III 

NP 055 NP 056 NP 057 NP 058 NP 111 NP 115 NP 114 NP 118 NP 119 NP 127 NP 125 NP 123 NP 082 NP 091 NP 133 
U 3.39 5.43 65.46 0.65 14.80 11.63 7.74 0.28 17.87 11.80 51.47 19.11 4.79 6.03 0.23 
Se 1.55 1.45 10.88 4.79 3.09 2.61 2.16 2.52 4.88 5.82 8.74 6.53 2.56 4.04 7.75 
V 22.72 12.76 101.63 31.67 22.23 17.67 20.74 12.53 37.65 28.54 66.69 41.86 24.93 30.34 8.68 
Cr 31.45 24.71 59.61 31.01 29.05 25.37 32.02 9.09 27.62 29.56 55.51 44.04 27.30 35.97 8.74 
Co 1.84 0.96 34.60 4.17 2.21 1.59 1.55 4.55 3.37 5.18 11.17 6.51 1.88 3.94 15.28 
HI 8.75 9.02 36.50 14.72 10.24 9.68 9.88 12.08 13.74 15.40 26.82 15.84 10.12 13.66 15.76 
Cu 6.83 6.10 100.81 33.49 12.19 7.86 7.61 5.22 13.27 2.92 4.54 23.61 6.48 59.80 7.69 
Rb 13.12 50.23 122.78 2.18 54.00 38.88 39.13 0.21 36.89 24.88 114.70 46.10 42.83 3.08 0.27 
Sr 19.14 22.31 227.21 204.51 31.20 14.29 24.31 285.85 25.38 255.90 689.84 31.81 76.12 489.98 
Y 11.04 7.76 27.05 40.81 13.23 11.69 12.01 52.37 14.66 24.31 31.68 39.36 11.96 9.82 31.64 
Zr 43.96 41.54 111.13 65.52 113.52 65.00 66.43 27.77 85.63 62.85 119.59 123.64 76.91 57.00 31.43 
Hb 5.34 2.49 11.25 9.57 5.85 4.40 3.31 2.19 3.72 6.09 13.12 12.46 4.81 18.45 3.61 
as 0.55 0.85 7.03 0.05 2.71 1.13 0.95 0.01 2.19 1.50 5.70 2.02 1.18 0.23 0.01 
Sa 395.08 495.76 295.60 102.00 522.10 320.60 451.85 8.74 283.28 123.91 544.83 244.53 414.11 62.68 2617.20 
La 10.35 10.66 52.29 18.65 14.75 13.17 10.86 23.31 13.49 15.14 29.04 27.48 17.24 9.85 16.65 
Ce 25.77 18.78 104.37 38.60 28.92 27.07 16.55 27.22 25.37 33.06 61.15 58.89 34.58 27.91 33.98 
PI' 3.00 2.42 11.73 4.57 3.81 3.89 2.97 5.07 3.47 3.93 7.27 7.09 4.68 3.03 4.30 
Nfl 12.18 9.00 44.95 18.06 15.10 15.44 12.06 23.40 14.00 15.95 28.45 28.67 18.21 13.00 19.97 
Sm 2.39 1.56 7.99 3.96 2.87 3.02 2.49 5.99 3.05 3.56 5.50 6.24 3.40 2.91 5.73 
Eu 0.47 0.34 1.26 1.00 0.59 0.63 0.58 1.41 0.65 0.89 0.94 1.33 0.64 0.56 1.45 
Gel 2.12 1.35 5.93 4.67 2.36 2.53 2.22 8.77 2.86 3.76 4.58 6.75 2.56 2.56 6.81 
Tb 0.34 0.21 0.83 0.85 0.36 0.38 0.35 1.28 0.47 0.60 0.73 1.07 0.38 0.39 1.02 
Dy 2.11 1.34 4.73 5.73 2.30 2.29 2.24 7.71 2.97 3.80 4.76 6.60 2.24 2.33 5.95 
Ho 0.42 0.27 0.91 1.16 0.47 0.43 0.44 1.41 0.56 0.77 1.01 1.26 0.43 0.43 1.09 
Er 1.29 0.81 2.70 3.45 1.43 1.27 1.33 3.57 1.60 2.30 3.21 3.63 1.27 1.24 3.07 
Tm 0.19 0.12 0.38 0.48 0.21 0.18 0.20 0.41 0.23 0.33 0.47 0.50 0.19 0.18 0.43 
Vb 1.33 0.84 2.53 3.15 1.49 1.30 1.36 2.42 1.49 2.21 3.26 3.32 1.27 1.19 2.92 
Lu 0.20 0.12 0.37 0.43 0.23 0.19 0.20 0.34 0.22 0.32 0.48 0.48 0.19 0.17 0.45 
HI 3.06 1.27 3.26 1.52 3.36 2.14 2.15 0.66 2.31 1.74 3.31 3.32 2.29 1.74 0.69 
Ta 0.31 0.21 0.99 0.32 0.40 0.32 0.29 0.15 0.29 0.35 0.87 0.59 0.42 0.78 0.18 
Pb 6.33 17.21 13.18 87.97 13.08 7.15 10.86 31.44 17.09 24.71 16.69 16.85 5.12 9.92 291.22 
TIl 6.12 3.16 12.83 4.04 4.58 4.64 3.70 7.49 5.84 4.91 9.79 8.15 5.39 3.95 8.79 
U 0.62 0.42 5.68 1.17 0.68 0.60 0.55 3.25 0.58 8.42 1.62 3.60 0.73 0.84 1.52 
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Appendix II! 

Durochaus Formation 

NP132 NP 103 NP 088 NP 025 NP 026 NP 069 NP 035 NP 041 NP 042 NP 015 NP 045 
U 12.48 1.82 6.95 0.71 0.65 0.64 11.37 0.73 1.40 0.82 1.61 
Sc 4.95 7.40 3.07 3.21 10.98 9.76 16.52 5.94 3.62 12.74 1.48 
V 55.30 17.33 25.98 22.69 21.09 68.82 100.38 42.22 32.01 44.65 21.95 
Cr 43.67 27.92 31.41 21.19 43.79 60.09 72.61 68.65 39.42 53.81 16.57 
Co 8.30 5.98 3.48 8.78 4.62 13.42 12.67 1.16 1.87 5.51 4.65 
HI 13.94 19.06 11.27 9.85 18.97 18.48 39.53 6.76 8.05 17.50 6.62 
Cu 24.68 4.81 16.81 2.31 4.21 5.44 3.91 4.59 3.76 3.80 19.07 
Rb 98.61 5.61 75.95 4.57 1.87 2.50 103.34 0.85 1.77 3.88 69.32 
Sr 11.00 182.25 95.42 292.19 66.52 75.10 71.01 27.02 10.39 82.40 51.01 
Y 24.13 39.29 19.61 27.72 31.53 32.93 24.47 21.30 14.55 28.25 6.21 
Zr 168.60 55.58 80.03 63.88 67.99 71.81 131.79 167.28 134.62 159.51 50.69 
Hb 10.92 5.29 5.08 4.15 12.08 8.78 19.45 14.15 9.03 12.00 3.71 
as 0.87 0.10 0.65 0.07 0.09 0.08 4.75 0.02 0.04 0.12 0.52 
Sa 518.37 270.35 1324.81 68.16 13.73 15.74 28.68 8.29 14.28 11.27 821.09 
La 25.06 16.42 19.35 17.92 6.20 8.52 23.20 8.56 33.41 5.55 10.82 
Ce 50.75 36.43 33.20 50.86 18.33 19.05 49.72 21.15 76.71 15.36 24.21 
Pr 6.76 4.07 4.72 4.59 2.61 2.41 5.82 2.66 8.89 2.14 3.07 
Hd 27.36 16.23 19.30 18.89 12.88 11.67 23.16 11.26 33.44 10.61 12.24 
Sm 5.16 3.45 3.96 4.36 3.78 3.50 4.89 2.76 5.63 3.12 2.45 
Eu 1.14 0.18 0.94 1.36 0.18 0.64 1.03 0.51 0.79 0.58 0.55 
Gd 5.04 3.96 3.58 4.55 4.51 4.13 4.73 3.00 4.08 3.74 1.71 
lb 0.76 0.72 0.53 0.78 0.77 0.13 0.13 0.53 0.56 0.64 0.24 
Dy 4.48 5.30 3.23 5.05 5.03 4.95 4.26 3.58 3.05 4.32 1.39 
Ho 0.85 1.19 0.65 1.00 1.02 1.05 0.80 0.75 0.51 0.93 0.27 
Er 2.48 3.89 1.98 2.89 3.04 3.39 2.24 2.32 1.59 2.94 0.83 
Tm 0.35 0.58 0.28 0.38 0.41 0.52 0.31 0.33 0.21 0.44 0.12 
Vb 2.40 4.01 1.93 2.29 2.72 3.79 2.16 2.27 1.49 3.05 0.87 
Lu 0.36 0.59 0.29 0.29 0.38 0.56 0.33 0.34 0.23 0.46 0.13 
Hf 4.96 1.56 2.36 1.53 2.16 3.59 3.55 6.19 3.96 4.08 1.41 
Ta 0.76 0.33 0.40 0.31 0.91 0.15 1.36 1.08 0.63 0.81 0.36 
Pb 3.05 21.94 12.42 0.61 0.26 1.11 0.49 0.51 0.73 0.49 6.98 
TIl 9.01 4.69 5.04 5.88 3.73 3.76 9.26 6.35 10.37 4.78 3.03 
U 2.72 3.84 0.83 1.94 1.44 2.35 2.28 1.24 1.56 2.32 0.77 
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U 
Sc 
V 
Cr 
Co 
NI 
Cu 
Rb 
Sr 
Y 
Zr 
Nb 
Cs 
Sa 
La 
Ce 
Pr 
NcI 
Sm 
Eu 
GcI 
7b 
Dy 
Ho 
Er 
Tm 
Vb 
Lu 
Hf 
Ta 
Pb 
Th 
U 

Duruchaus Formaflon 
Breccias 

NP 022 NP071 NP 101 
1.30 0.27 0.48 

38.53 8.19 13.19 
85.54 30.36 30.51 
44.82 49.16 62.29 
6.16 5.15 3.20 
17.46 20.74 11.39 
2.55 6.07 4.33 
1.49 0.73 1.20 

136.47 76.89 66.51 
77.03 21.85 31.73 
75.25 115.82 139.04 
9.75 15.19 13.74 
0.21 0.03 0.04 
2.74 6.20 4.47 
32.54 11.34 10.07 
71.95 28.26 24.97 
9.14 3.47 3.20 
38.22 14.91 14.06 
9.12 3.45 3.44 
2.00 0.68 0.62 
10.11 3.49 3.76 
1.81 0.80 0.68 

12.35 3.94 4.77 
2.69 0.81 1.03 
8.80 2.46 3.31 
1.33 0.35 0.49 
9.53 2.46 3.48 
1.41 0.36 0.52 
2.09 3.31 3.86 
0.86 1.09 0.84 
0.59 0.64 0.50 
9.23 7.07 4.24 
0.94 1.59 1.42 

Dolomite 
Xenolith 
NP 100 

0.32 
11.18 
92.50 
55.13 
6.02 
22.79 
5.75 
1.51 

53.60 
23.64 
114.69 
13.43 
0.06 
11.99 
10.25 
26.34 
3.33 
14.72 
3.59 
0.69 
3.91 
0.64 
4.01 
0.78 
2.20 
0.30 
1.97 
0.30 
3.72 
0.98 
0.96 
5.11 
2.58 

Swakop - Alteration 
Vein 

NP010 NP011 
5.77 0.34 
9.95 6.62 

72.56 34.61 
56.47 35.87 
2.65 8.59 
17.12 11.79 
10.52 5.56 

123.09 3.82 
34.93 73.87 
20.54 22.83 
173.56 118.16 
13.13 11.97 
3.08 0.03 

402.82 11.32 
36.80 53.51 
79.64 116.68 
9.20 13.86 
36.16 52.82 
6.75 9.18 
0.97 1.40 
5.05 6.82 
0.69 0.89 
3.84 4.55 
0.71 0.79 
2.06 2.17 
0.29 0.29 
2.04 1.94 
0.30 0.28 
4.68 3.29 
1.02 0.83 
0.98 1.72 
12.91 18.95 
2.37 1.91 
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Appendix III 

Xenoliths In HZ Hoslb Group (NlJ 

OmburoEast Moselle Karachas 

HF087 HF091 HFD92 NPO 001 NPO 004 NPO 005 NPO 009 NPO 13.2 NPO 17 NPO 20 NPO 22 
u 
Sc 5.63 14.3 17.6 4.58 5.89 9.30 16.3 9.78 2.83 3.27 1.57 
V 57 36.3 37.6 23.1 49.4 49.8 206 56.4 9.05 7.46 5.06 
Cr 33.2 29 28.8 12.3 30.8 36.8 19.2 36.9 9.06 8.21 7.73 
Co 1.57 19.8 13.8 10.4 5.33 7.99 3.22 1.10 1.44 0.99 1.41 
HI 10.9 40.6 35.3 20.4 11.1 22.1 12.4 23.0 8.68 5.12 5.36 
Cu 6.35 3.65 3.53 5.65 6.05 6.28 18.3 5.56 5.35 3.39 3.92 
Rb 2.69 0.51 0.98 11.6 1.64 16.3 1.16 14.9 92.1 90.8 91.1 
Sr 60.2 113 114 162 62.7 55.3 96.6 58.4 42.8 32.8 60.2 
Y 13.6 23.1 24.1 9.02 15.0 22.3 21.1 23.8 6.73 6.38 5.24 
Zr 220 98.5 126 33.8 193 202 152 219 31.9 54.4 33.1 
Hb 13.4 18.1 14.7 3.26 14.1 13.0 34.2 12.1 2.87 3.30 1.73 
Cs 0.16 0.051 0.054 1.01 0.012 0.88 0.27 0.82 0.53 0.45 0.49 
Sa 12.4 11 11.5 88.8 21.1 56.1 70.3 52.0 557 491 851 
La 38.4 9.38 15.5 8.93 10.0 30.1 11.4 29.2 14.8 16.6 16.7 
Ce 80.3 29.4 36.5 13.3 23.1 64.5 26.4 65.4 30.1 33.0 32.7 
Pr 9.36 4.18 4.9 2.11 2.74 7.52 3.60 1.44 3.94 4.43 4.55 
Nd 35.4 24.1 21.4 8.95 11.3 28.7 16.1 28.3 14.1 16.1 17.3 
Sm 6.31 1.32 5.18 1.86 2.61 5.63 4.28 5.68 2.57 3.08 3.00 
Eu 0.15 1.39 1.1 0.40 0.50 0.97 1.39 0.98 0.48 0.56 0.55 
Gd 4.34 6.92 4.81 1.19 2.77 4.80 4.86 4.99 1.67 1.99 1.79 
Tb 0.57 1 0.16 0.26 0.45 0.73 0.82 0.77 0.23 0.26 0.24 
Dy 2.82 5.11 4.45 1.48 2.64 4.09 4.93 4.47 1.21 1.36 1.16 
Ho 0.51 0.83 0.81 0.29 0.52 0.81 0.99 0.89 0.25 0.25 0.21 
Er 1.41 1.9 2.35 0.79 1.51 2.31 2.77 2.56 0.70 0.67 0.54 
Tm 0.2 0.23 0.31 0.11 0.22 0.34 0.39 0.37 0.10 0.10 0.077 
Yb 1.43 1.32 1.91 0.74 1.56 2.31 2.55 2.51 0.71 0.66 0.52 
Lu 0.22 0.19 0.29 0.12 0.24 0.36 0.38 0.39 0.11 0.10 0.076 
Hf 6.03 2.43 3.19 0.88 5.15 5.35 3.13 6.03 1.13 1.58 0.97 
Ta 1.07 0.94 0.87 0.25 0.94 0.94 1.87 0.92 0.21 0.24 0.13 
Pb 1.86 0.99 0.85 1.67 1.23 1.48 0.63 1.34 5.76 6.00 5.55 
Th 12.1 7.77 8.4 3.12 9.61 12.6 2.13 11.6 4.85 6.06 4.18 
U 2.6 2.36 2.41 1.04 2.98 3.44 2.02 3.11 0.62 0.68 0.46 
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ApJ,1endbc: III 

(Alll.4JE,IKtnm Micmpmbe Ana~ fl.t 1000nnailu Gmlas 
Iron has been recalculated Into FeO and F~08; ~08 has been iteratively estimated; (>Core, RooRIm 

.remt 

OxIde 
8102 . 18 35 . 5. 35.65 .42 .42 35.19 36.12 
AI203 32.14 31.31 31.62 31.64 31.42 31.10 31.01 31.15 30.21 32.20 32.39 31.24 
n02 0.65 0.39 0.45 0.60 0.54 0.64 0.58 0.61 0.69 0.31 0.28 0.52 
FeO 8.31 1.05 6.84 8.09 6.65 8.23 6.56 1.91 6.19 1.17 7.00 8.62 
Fe203 0.00 0.51 0.82 0.64 1.37 0.79 1.82 0.51 2.18 0.00 0.00 0.42 
MnO 0.00 0.01 0.05 0.03 0.05 0.01 0.04 0.02 0.05 0.05 0.00 0.07 
MgO 1.45 8.33 8.45 7.11 8.43 1.44 8.39 7.72 8.31 1.95 8.41 1.21 
cao 0.06 0.24 0.23 0.04 0.31 0.04 0.47 0.05 0.14 0.05 0.19 0.03 
Na20 2.11 2.61 2.80 2.86 2.84 2.11 2.66 2.81 2.51 2.62 2.84 2.84 
K20 0.05 0.04 0.04 0.04 0.04 0.03 0.02 0.05 0.04 0.03 0.03 0.04 
8203 10.52 10.56 10.61 10.12 10.67 10.69 10.41 10.52 10.13 10.65 10.68 10.61 
Total 96.18 96.61 91.11 98.64 91.98 98.29 96.43 96.84 98.12 91.15 91.41 91.13 

35. 5.1 5.1 5.1 35.00 35.4 5.15 
Al203 30.13 30.08 31.84 31.64 29.13 30.17 29.11 30.82 29.64 
n02 0.58 0.54 0.45 0.30 0.69 0.55 0.46 0.57 0.31 
FeO 6.02 8.10 7.75 8.69 8.50 8.19 6.46 7.43 5.31 
Fe203 2.31 1.65 0.09 0.00 1.91' 0.96 2.08 0.42 1.89 
MnO 0.00 0.02 0.04 0.05 0.04 0.03 0.06 0.Q1 0.03 
MgO 8.53 7.25 7.97 7.21 6.86 6.89 8.20 7.66 8.39 
cao 0.51 0.21 0.07 0.09 0.10 0.06 0.35 0.06 0.03 
Na20 2.57 2.80 2.78 2.52 2.11 2.65 2.66 2.80 2.99 
K20 0.04 0.05 0.03 0.04 0.04 0.04 0.03 0.04 0.03 
B203 10.59 10.49 10.82 10.53 10.35 10.40 10.44 10.40 10.53 
Total 97.17 96.95 97.35 96.75 95.99 96.00 95.37 95.89 
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ApwJdix III 

Oxide NP035T6 NP035T1 NP035T1 0 NP035T11 
SI02 37.46 35.90 35.76 35.10 35.59 
AI203 30.50 31.60 29.23 30.18 30.38 
Tl02 0.25 0.15 0.34 0.72 0.30 
feO 4.96 4.74 3.74 4.19 4.42 
Fe203 1.73 0.71 3.48 3.73 2.37 
I\llnO 0.00 0.01 0.04 0.01 0.02 
I\llgO 9.25 9.99 10.00 9.76 9.63 
Cae) 0.56 0.38 0.70 0.85 0.62 
Na20 2.44 2.49 2.31 2.26 2.74 
taO 0.02 0.03 0.02 0.05 0.02 
B203 10.79 10.68 10.54 10.63 10.59 

.69 96.15 97.47 96.69 

OxIde NP035T12 NP035T13 NP035T14 NP035T14(R) NP035T15 
SI02 35.87 35.88 35.69 36.02 36.07 
Al203 30.64- 31.65 30.64- 30.96 30.27 
Tl02 0.30 0.20 0.22 0.20 0.23 
FeO 4.69 5.30 4.86 4.54 4.90 
fe203 2.66 1.22 1.97 1.54 1.87 
I\llnO 0.00 0.01 0.01 0.02 0.00 
I\llgO 9.88 9.66 9.57 9.77 9.54 
Cae) 0.85 0.59 0.60 0.53 0.64 
Na20 2.19 2.50 2.74 2.71 2.30 
taO 0.01 0.03 0.03 0.02 0.02 
8203 10.71 10.73 10.64- 10.67 10.59 

"t11. r, ~1.11 ....... - -...... 
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Nmendix III 

HffW. 

OXIde NP021 
SI02 36.4 35.76 35.78 
Al203 31.16 28.24 30.98 31.19 31.50 31.05 28.72 31.05 
n02 0.11 0.43 0.30 0.29 0.14 0.35 0.67 0.31 
FeO 7.31 6.81 7.85 9.72 8.17 8.85 7.58 9.49 
Fe203 1.52 2.70 o.n 0.87 0.45 1.05 3.14 0.01 
MnO 0.01 0.02 0.02 0.01 0.01 0.02 0.00 0.06 
lIIIgO 8.57 7.44 7.80 6.72 7.99 7.10 7.12 6.69 
CaO 0.40 0.93 0.81 0.87 0.62 0.82 1.10 0.90 
Na20 2.62 2.18 2.12 2.26 2.19 2.38 2.04 1.98 
laO 0.02 0.04 0.01 0.04 0.04 0.04 0.03 0.03 
8203 10.76 10.20 10.58 10.51 10.61 10.63 10.48 10.49 

etal 98. 94.06 9 .19 97.48 98.33 97.06 96.n 

Oxide NP021T7(C) NP021T7(R) NP021T8(C) NP021T8(R) NP021T1(C) NP021T1(R) NP021T10(C NP021T10 NP021T11 NP021T11(R) NP021T12 NP021T12 

SI02 36.71 36.62 37.11 36.54 36.n 36.27 36.85 36.48 36.61 36.87 36.81 37.30 
AI203 28.84 29.20 29.85 30.04 30.32 29.81 30.90 29.51 28.40 31.34 31.64 31.11 
TI02 0.31 0.30 0.19 0.29 0.18 0.23 0.12 0.33 0.54 0.43 0.20 0.10 
FeO 6.68 6.54 5.56 7.09 6.98 8.73 8.07 7.11 5.93 8.29 9.44 8.23 
Fe203 2.89 2.65 2.05 1.68 1.20 1.69 0.14 1.96 4.14 0.66 0.03 0.71 
MnO 0.00 0.00 0.03 0.01 0.01 0.02 0.02 0.03 0.02 0.00 0.04 0.00 
MgO 7.32 7.92 8.66 8.04 8.18 7.04 7.44 7.50 8.07 7.47 7.09 7.87 
CaO 0.92 0.78 0.45 0.78 0.80 0.65 0.48 0.87 1.22 0.72 0.73 0.67 
Na20 2.11 2.30 2.34 2.26 2.18 2.22 2.11 2.16 2.21 2.37 2.19 2.01 
laO 0.04 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.02 0.04 0.04 0.03 
8203 10.47 10.54 10.63 10.60 10.61 10.52 10.58 10.50 10.59 10.76 10.74 10.78 
Iotal 96.~ 96.91 96.89 97.33 97.07 97.41 96.74 96.50 97.76 98.96 98.96 98.82 
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