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ABSTRACT 

The stratigraphy at the Gamigab Sn prospect consists of two 

mainly schistose units separated by a thick marble unit which 

have been assigned to the Orusewa, the Karibib and the Kuiseb 

Formations respectively. Four phases of folding affected the 

li thologies wi th the south-south-west trending F2 folds 

defining the main structures in the region. The area underwent 

low grades of metamorphism. Temperatures were in the range 

4200 to 5000C and pressures less than 2 kbars. The effects of 

contact metamorphism are seen in the south-east and south-west. 

Regional metamorphism outlasted the deformation and contact 

metamorphism started late during deformation. Two Karoo-age 

intrusions penetrated the metasediments north of the 

mineralisation. One is an altered porphyry plug and the other 

is a weathered dolerite plug, the latter containing xenoliths 

of un deformed Karoo sediments. Cassiterite is hosted within 

east-west trending quartz veins that cross-cut previously 

altered schistose country rocks. The alteration types include 

serici tisation, 

ferruginisation. 

tourmalinisation, 

Preliminary Rb/Sr 

the alteration zone suggests an 

Breccias of probable hydrothermal 

carbonatisation and 

dating on muscovite from 

age of 509 ± 11 Ma. 

origin are spatially 

associated with the mineralisation. These hydraulic breccias 

occur in antiformal structures within the marble and developed 

in response to a sudden pressure release due to a build up of 

fluids at the contact between the schistose Orusewa and 

carbonate Karibib Formations. 
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1. INTRODUCTION 

The Gamigab tin prospect is located 

at the intersection of lines of 

in north-western Namibia 

latitude 20 0 40'S and 

longi tude 140 30' E in the south-eastern corner of the farm 

Vegkop 528 (Fig_ 1)_ The post-Karoo Brandberg Granite Complex, 

which forms a prominent topographical feature in the region, is 

approximately 15 km south of the prospect. 
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Fig. 1: Geographical sketch map of north-western 
Namibia showing locality of the Gamigab Sn 
prospect. BW=Brandberg West;F=Frans Prospect; 
G=Gamigab; GT=Goantagab . 524-532 denote farm 
numbers, (Adapted from 1:1 000 000 geological 
map South West Africa/Namibia). 

There are several other Sn-W deposits in the region around 

Gamigab. Collectively known as the Northern-Group by Pirajno 

and Jacob (1987a), they occur in an east-north-east trending 

belt of mineralisation which has a length of some 80 km 

(Fig. 2). Sn and W mineralisation hosted in quartz veins is 
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EXPLANATION 

Late- to post-Kareo Complexes 
D = Dores, B = Brandberg, M = Messum 

Karoo Sequence (Lavas and Sediments) 

Damara Granites 

Damara Sequence 

Nosib Group 

Fig. 2: Simplified geological map of north-west Namibia 
showing positions and trends of mineralisation. 
(Adapted from the 1:1 000 000 geological map of 
South West Africa/Namibia and Pirajno and Jacob, 
1987a) 
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West 

20 

Mine 

km 

and a t Frans Prospect, 

south-west of Gamigab 

replacement Sn deposit 

of Gamigab (Fig. 3). 

at Goantagab 

Some 10 km 

south of Gamigab is the Ousis pegmatite field consisting of 

several unzoned, syn- to post-tectonic Sn-bearing pegmatites. 

Fig. 3: 

N 

1 

ORAAIHOEK 527 

EXPLANATION 

CJ Recent cover 

c=J Ku.iseb Formation 

CJ Karibib FormatioD 

CJ ChuQS Formation 

o Orwewa Formation 

f fl Faulls 

- - - Tracks 

VEGKOP 528 Farm name 

VEGKOP 52B 

Simplified geological map between Goantagab and 
the Gamigab tin prospect. 
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South-east of the Brandberg Complex is the Strathmore-Uis belt 

which extends from the coast at Cape Cross in a north-easterly 

direction (Fig. 2). This band of mineralisation forms part of 

the Central Group (Pirajno and Jacob, 1987a) and contains 

unzoned Sn and Ta-bearing, syn- to post-tectonic pegmati tes 

which developed in en echelon tension gashes related to the 

regional deformation in the area (Richards, 1986). 

1.1. Previous Work in North-Western Namibia 

The areas of previous work in the north-western parts of 

Namibia are shown in Fig. 4. Jeppe (1952) mapped an area along 

the course of the Ugab River extending from the lower Ugab 

region to just north of the Brandberg alkaline complex. 

20 . 
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Fig. 4 : Areas of previous work carried out in north-western 
Namibia. 
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The geology and structure of the Huab-Welwitschia area to the 

north was investigated by Frets (1969), whereas Hodgson (1972) 

concentrated on the geology of the Brandberg-Aba Huab area. 

Hodgson (op. cit. ) covered the Brandberg complex, the results 

of which he later published (Hodgson, 1973). 

A reconnaissance examination was carried out by Miller (l973a) 

on an area west of that mapped by Frets (1969) and Hodgson 

(1972) . In a further study Miller (1973b, 1980) investigated 

the geology of an adjoining area east of that mapped by Hodgson 

(op. cit. ). As part of extensive exploration by Gold Fields of 

Namibia, more detailed geological mapping and structural 

interpretation of the area around the Goantagab deposit and 

Gamigab prospect was carried out by Osborn (1985). 

1.2. Previous Work at the Gamigab Prospect 

The effect of hydrothermal activity at Gamigab was first 

investigated in 1953 by the South West Africa Company (SWACO). 

Three exploration trenches were dug perpendicular to the set of 

mineralised quartz veins. These were subsequently sampled for 

Sn and W, and geological mapping of the immediate surrounding 

area was done . 

It seems as though the prospect remained untouched for some 29 

years when further work was undertaken by the Trekkopje 

Exploration and Mining Company (a subsidiary of Gold Fields of 

Namibia). An area of about 0,24 km2 was mapped by Le Roux 

(1982); he reported the presence of a felsic volcanic plug some 

500 m north-east of the sampling trenches. During this same 

period a percussion drilling program was undertaken but low Sn 

and W assays indicated that follow-up diamond drilling was not 

necessary (Le Roux, op. cit. ) . 
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1.3. Aim and Logistics of the Study at Gamigab 

The aim of this study was to evaluate the relationships among 

the mineralisation, alteration, brecciation, igneous activity 

and regional structure. Initial field work was started during 

March 1986 and continued through to July 1986 during which time 

several mapping exercises were completed : 

1. detailed geological mapping on a scale 1:1000 was carried 

out over of the section mapped by Le Roux (1982) and to the 

north, east and south covering an area of 1,12 km2 (Map 1), 

2. the region around the 

1:10 000 orthophotographs 

(Map 2), and 

prospect 

and 1:50 

was mapped using 

000 aerial photographs 

3. the west faces of the sampling trenches were mapped in 

detail on a scale 1:100 (Fig. 39). 

A further month (July 1987) was spent in the field continuing 

the region~l mapping and studying the region between Gamigab 

and Goantagab in an attempt to elucidate the structural and 

lithological relationship between the two mineralised areas. 

Samples for thin-section study, electron-probe analysis and 

geochemical analysis were collected in the field and analysed 

at Rhodes University (Appendices 1). Mineral compositions were 

determined on the Jeol 733 Superprobe (Appendix 2). Whole-rock 

compositions were determined using a Philips PW 1410 X-ray 

fluorescence spectrometer with the exception of CO2 which was 

determined at the Zimbabwe Geological Survey and Sn and W which 

were determined at Rocklabs, Johannesburg. 

1.4. Physiography of the Study Area 

The topography in the study area is quite rugged in places. 

Steep, erosion-resistant marble ridges build the more elevated 

parts whereas pelitic and semi-pelitic schists underlie the 

valleys and the low-relief, undulating hills. The drainage 
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pattern of the region is both lithologically and structurally 

controlled in that the larger streams are essentially confined 

to the schist anti forms and synforms_ Smaller and more 

numerous streams feed into the larger streams from the marble 

ridges producing a trellis-type drainage pattern. The larger 

streams drain southwards to the Ugab River, which is situated 

north of the Brandberg and flows westward into the Atlantic 

Ocean. 

The area to the north-east of Gamigab is covered extensively by 

calcrete and superficial aeolian sand. The area immediately 

west of the mineralisati'on is covered by a calcrete terrace 

(2-3 m thick), which is eroded in places exposing the older 

rocks . Normally the tracks in the area are negotiable by a 

4-wheel drive vehicle. 

Daytime temperatures generally span between 30° and 40°C and 

they seldom vary from this range, although the winter months 

are somewhat cooler and drier than the summer months. Rainfall 

is very 

March. 

sparse and is recorded during the months December to 

During the late afternoon a westerly 

this can bring in an overnight mist providing 

moisture for the vegetation. 

wind may blow; 

the much-needed 

Vegetation is generally qui te sparse wi th the Melkbos 

(Euphorbia gregaria) a common feature of the landscape. In the 

more flat-lying parts a fine desert grass carpets the planes, 

together wi th an occasional Welwi tschia plant (Welwitschia 

Mirabilis) and Mopane tree (Colophospermum mopane), the latter 

growing along stream courses. Wildlife in the form of kudu, 

springbok, ostrich and other numerous species of small birds 

are surprisingly active in the apparently hostile environment. 

Insect life is abundant and the mopane fly a constant nuisance. 



-8-

2_ REGIONAL GEOLOGICAL SETTING 

2 . 1 . General Features of the Damara Orogen 

During late-Precambrian times the African continent experienced 

several tectono-thermal events which seemed to mark the final 

episode in a long history of crustal instability (Tankard 

el a/., 1982). These tectono-thermal events affected much of 

the African continent and adjoining regions (e.g. Brazil, 

Antarctica, Australia and India) from 

up until 450 Ma ago (Windley, 1984) 

as early as 1300 Ma ago 

(Fig. 5). The orogenic 

event around the period 500 Ma was given the name 

Thenno-TeclonicEpisode by Kennedy (1964). 

"'~ r ., ' ... 
, .. : ' \\ , - - , 
" . '-- 1'1 

~' .. "r": , .' I" " .' ",'~ '" .. : 
~ ' . . t. " .. . 

Fig . 5: Reassembly of the Gondwana continent showing 
distribution of several Pan-African belts. 
l=Pharusian; 2= North-eastern fold belt; 
3=West Congolian; 4=Katanga Belt; 5=Damara 
Belt; 6= Ribeira Belt; 7= Gariep Belt; 
8= Malmesbury Belt; 9= Transatlantic Belt; 
10= Adelaidean (Adapted from Porada, 1985) . 

Pan-African 
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The Damara Orogen differs from other similar Pan-African mobile 

belt systems by its higher metamorphic temperatures and 

voluminous granitic plutonism (Martin, 1983). It provides for a 

good understanding of the processes of orogeny because of its 

triple- junction geometry, its thick geological succession and 

its high degree of exposure (Tankard et al., 1982). Within the 

Damara Sequence are numerous basement inliers, approximately 

2000 Ma old, consisting of complex associations of granitoid 

rocks and gneisses, infolded with supracrustal metasediments of 

the Damara Sequence (Jacob etal., 1983). 

The Damara Orogen comprises two main segments, namely the 

coastal and intracontinental branches (Fig. 6). The coastal 

branch is at least 150 km in width and trends approximately 

parallel to the present coastline. The intracontinental 

branch trends north-east and is approximately 400 km wide. The 

join of the intracontinental branch and the coastal arm is 

regarded as a Pan-African triple junction centred off the coast 

near the town of Swakopmund and is partly seerr as a zone of 

syntaxis south of the Kamanjab inlier (Miller, 1983). 

2.1.1 Intracontinental branch 

The intracontinental branch has been subdivided into several 

smaller zones by different authors (Table I). The currently 

accepted and used tectono-stratigraphic subdivision of the 

intracontinental branch and flanking areas is that of Miller 

(1983) . Eight zones are recognised on the basis of 

stratigraphy, structure, grade of metamorphism, plutonic rocks, 

geochronology and aeromagnetic expression (Fig. 7). The 

boundaries separating the various zones are defined by faults 

or thrusts (e.g. the boundaries between the NZ and the CZ and 

between the SMZ and the SZ), by lineaments (CZ-OLZ), by 

stratigraphic boundaries (SZ-SMZ), or difference in metamorphic 

P and T (low pressure OLZ - high pressure SZ). A line of 

basement inliers, denoting a geanticlinal ridge, separates the 

NP from the NZ and from the coastal branch. 
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Ii 

Fig. 6: Simplified geological map of Namibia showing the 
position of the intracontinental branch and coastal 
branch. 

TABLE I: Subdivisions of the intracontinental branch as 
suggested by various authors. 

MARTIN & PORADA MILLER (1983) PORADA (1985) 
(1977 ) 

NORTHERN PLATFORM NORTHERN PLATFORM (NP) 

TRANSITIONAL ZONE NORTHERN ZONE (NZ) NORTHERN ZONE 

CENTRAL ZONE CENTRAL ZONE (CZ) CENTRAL ZONE 

OKAHANDJA LINEAMENT ZONE 
(OLZ) 

SOUTHERN ZONE (SZ) 
SOUTHERN ZONE SOUTHERM MARGINAL ZONE SOUTHERN ZONE 

(SMZ) 
SOUTHERN FORELAND (SF) 
SOUTHERN PLATFORM (SP) 
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Fig. 7: Subdivisions of the Damara Orogen . W = Windhoek; 
Wb=Walvis Bay; S=Swakopmund; Om=Omaruru; K=Khorixas; 
T=Tsumeb (Adapted from Miller, 1983). 

Outcrops of the metasedimentary rocks within the intra­

continental branch disappear beneath the cover of the Kalahari 

Basin in north- eastern Namibia. Aeromagnetic traverses over 

these areas led Reeves (1978) to suggest that the rocks extend 

beneath the Kalahari cover into the Katanga succession in Zaire 

and into the south-western parts of Zambia. 

2.1.2. Coastal branch 

The coastal branch is comprised of two parts; the northern and 

southern parts. The northern portion is also termed the Kaoko 

Belt by Hoffmann (1983). The southern extension of the coastal 
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arm is thought to be represented by the Gariep and Malmesbury 

provinces in north-western South Africa/southern Namibia 

(Miller, 1983), whereas a northern extension is in the north­

western Congo and possibly further north, represented by the 

Dahomeyan and Pharusian belts of north-west Africa (Miller, 

op. ciL) (Fig_ 5)_ The western limit is thought to be defined 

by the Ribiera orogen of Brazil and Uruguay (Porada, 1979). 

Together with the intracontinental branch they constitute a 

3-armed asymmetrical orogenic junction with lithological and 

structural continuity between each arm (Tankard el al., 1982). 

As with the intracontinental branch, the Kaoko· Belt is further 

subdivided (Miller, 1983) (Fig. 7). Rocks of the Western Kaoko 

Zone (WKZ) are characterised by stratigraphically high level, 

high temperature low-pressure metamorphism and by the intrusion 

of syn- and post-tectonic granites. The Purros Lineament, 

which exhibits similar characteristics to the Okahandja 

Lineament (Miller, 

Kaoko Zone (CKZ ) . 

bearing and have 

1979), separates the WKZ from the Central 

The tightly folded CKZ rocks are kyanite­

been subjected to low-temperature high-

pressure metamorphism (Miller, 1983). These rocks have been 

thrust eastwards along the Sesfontein Thrust (Guj, 1970) over 

the shelf sediments of the Otavi and Mulden Groups, which make 

up the Eastern Kaoko Zone (EKZ). 

Completing the subdivision, the Southern Kaoko Zone (SKZ) is 

distinct from the other above-mentioned zones in that it 

(Miller consists entirely of sequences of turbiditic rocks 

el al . , 

intense 

(Jeppe, 

1983). These rocks underwent a single phase of 

deformation which produced westerly vergent structures 

1952; Freyer, in prep.). The Gamigab Sn prospect 

occurs in the eastern parts of the SKZ and it is for this 

reason that the geology of the SKZ will be dealt with in more 

depth later. 
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2.2. History of Sedimentation in the Damara Orogen 

Rifting of the pre-Damara continental crust some 1000 - 900 Ma 

ago resulted in the formation of several rift zones within the 

intracontinental branch and Kaoko Belt (Martin and Porada, 

1977; Porada, 1985) . Fig. 8 shows their postulated positions 

and the suggested geometry based on the outcrop of the basal 

Nosib sediments and the presence of associated volcanic rocks. 

The rift zones in the northern parts of the orogen are 

interpreted as full continental grabens whereas those in the 

southern parts are interpreted as half grabens marginal to a 

major rift zone, which marks the position of the assumed Khomas 

trough (Porada, 1985). Although they are shown together, this 

does not necessarily mean they are of the same age (Porada, 

op. cit. ) . In regions where these rocks are not exposed on 

surface, the position of these rift zones during these early 

times had to be estimated considering factors such as facies 

differences, thickness changes and indications of igneous 

activity (Porada, 1985) . Kroner (1982) suggests that the 

current post-tectonic width of the intracontinental branch is 

some 400 km, and is an indication that the original width could 

have exceeded some 600 km . 

Initial sedimentation in 'the intracontinental rifts resulted in 

the deposition of feldspathic to arkosic, locally conglomeratic 

sediments of the Nosib Group. Igneous activity accompanied the 

final stages of Nosib deposition, when alkaline to per­

alkaline rocks of the Naauwpoort Formation, were extruded onto 

or intruded into the Nosib sediments along major faults and 

rift margins (Hawkesworth et al . , 1983). Nosib sediments were 

also deposited in the coastal rifts although were of lesser 

thickness than the intracontinental rifts (Porada, 1983) . Here 

volcanism started early in Nosib times and continued up until 

the deposition of the Swakop Group (Porada, op. cit . ). The 

turbiditic Swakop Group of the SKZ was deposited in deep-water 

basins by the end of the Nosib stage (Miller, 1983), implying 

that rift evolution in the Kaoko Belt was somewhat ahead of the 

intracontinental branch. 



km 
0 

19 

~ 
(' 

~ 
..-' 
-r. 

21 0 

~ 
N ~ 

t 
0 100km/ 

/ 

/ 
NORTHERN RIFT 

-14-

16 

~ .. ~.- ' _. _. 
i ' , . , .: . . , . , . 

CENTRAL RIFT 

' . . 

18 

, 
, 

" '~'" 
: : .... .. . 

~ 
KHOMAS RIFT SOUTHERN RIFT ...... 

EXPLANATION 

1>::,>.1 Post-Damara 

c=J Damara Sequence 

rn Pre-Damara 

Fig . 8: Supposed positions and geometry of 
early geosynclinal development of 
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(Adapted from Porada, 1985). 

rifts during 
the Damara 

S=Swakopmund 

Around 730 Ma ago further rifting ('passive mantle rifting', 

Porada, 1985) resulted in general subsidence across the entire 

geosyncline. The Nosib grabens coalesced and subsequent 
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sedimentation over-stepped the basement highs (Tankard et al-, 

1982; Miller, 1983). In the northern parts of the intra­

continental branch (Fig. 9) the platform carbonates of the 

Otavi Group were deposited unconformably on the Nosib sediments 

on a gently subsiding Congo Craton (Tankard etal., 1982). 

The Otavi Group carbonates subsequently underwent gentle 

folding and erosion, the latter resulting in an erosion surface 

which cut down into the basement (Tankard et al., op. cit.). 

Molasse-type sediments of the Mulden Group unconformably 

overlie the Otavi Group. 

MULDEN 6ROUP O.aba Far .. tian __ _ 
\ - , 

"'X171rT"~:;: :~r. ~7r . 

SWAKOP GROUP 

: ;-> .- ~--- - - - - - -----= 
- - -.::::. --- --...:---------- --

Chuos For .ati on 
- >.ho ... Subgroup -

. , 
f- .. • ", _ _ . 

Naa uwpoort For.a tion + Ugab Subgroup ':~~)/ 
• 

OlAY] 6ROUP • ' 
... , NO!i]B GROUp · ' 

- ~;"t(hle~s 

·Khan • 

Pre-Dalara 8asel ent 

~ Trough' I-

,~ -; , 
, > • 

Fig. 9: Schematic stratigraphic 
intracontinental branch 
1982). 

cross section across the 
(Adapted from Tankard etal., 

In contrast to the shelf environment in the north, the central 

and southern portions of the orogen developed in a deeper 

trough setting (Tankard et al., 1982; Martin and Porada, 1977) . 

In the central parts of the intracontinental branch the 

carbonates and terrigenous sediments of the Ugab Subgroup were 

sporadically deposited, in many places onlapping the basement 

(Fig . 9). In the southern parts of the intracontinental branch 

sediments of the Kudis Subgroup were deposited. Following the 

deposition of both the Ugab and Kudis subgroups was a period of 

further rapid differential subsidence during which time the 

mixtites of the Chuos Formation were deposited. 
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A proposed glacial origin for the mixtite units (Gevers, 1931; 

Martin, 1965) is controversial (Miller el al., 1983; 

Schermerhorn, 1974) al though it cannot be ruled out. 

Schermerhorn (1974) interprets the sediments as mass flow 

deposits whereas Henry el al. (1986) suggest a model invoking 

re-deposition of glacially derived sediments down the slope of 

a tectonically active basin margin. Mafic volcanic rocks are 

intercalated with the rocks of the Chuos Formation in the 

southern parts of the orogen. 

Following on, the platform carbonate rocks of the Karibib 

Formation were deposited on the Chuos sediments. During 

deposition of the Karibib sediments in the north, the central 

regions of the orogen underwent further subsidence and along 

the basin margins calcareous turbidites (Tinkas turbidites) 

were transported over the southern edge of the platform and 

deposi ted into the subsiding basin (i. e. the Khomas trough; 

Porada, 1985). Similar turbiditic deposition occurred in the 

south, in the form of the Chausib turbidites, whose source may 

have been to the south (Porada and Wittig, 1983) . 

Sedimentation in the Damara Orogen was terminated by the 

deposition of the flysch-like sequence of the Kuiseb Formation 

(Fig. 9). These rocks differ from every other in the Damara 

Sequence in that they can be traced right across the 

intracontinental branch (Tankard el al., 1982; Porada, 1985). 

The Matchless ortho-amphibolite belt occurs within the Kuiseb 

rocks. With a strike length of some 350 km this north-east 

trending belt of metavolcanic rocks exhibits ocean-floor 

characteristics (Finnemore, 1974, 1978; Schmidt and Wedepohl, 

1983), and has been dated at approximately 775 Ma (Kroner, 

1982) . 

2.3. Structure 

Contrasting structural styles and deformation are exhibited in 

the different zones of the Damara Orogen (Fig. 10). In the 

intracontinental branch the NP and the NZ are characterised by 
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relatively s i mple structures that decrease in intensity 

northwards (Weber el al_, 1983) . 

NZ may have been influenced by 

Structural development in the 

the so-called Huab Ridge of 

Porada el al. (1983) and by the rocks of the Naauwpoort 

Formation (Weber el al., op, cil, ) . 
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More recent work by Swart (in prep) has identified north-west 

to south-east current directions for the turbidites, which 

indicates that the presence of the ridge is unlikely. Two 

periods of deformation have been recognised and interference of 

dome-like, open to tight the two fold sets produced 

interference folds (Miller, 1980). 

Interference folding in the northern parts of the CZ produced 

upright, east-trending dome and basin structures (Miller, 

1983) . In the . s.outhern parts of the CZ, the domes become 

larger and trend north-easte,rly (Sawyer, 1981). The OL has 

been described as a large monoclinal downfold which affected 

all of the rocks of the Damara Sequence, and which also had a 

major influence throughout the depositional and tectonic 

history of the Damara Orogen (Miller, 1983). The OLZ which is 

some 500 2000 m in width is characterised by upright 

structures which become south-easterly vergent toward the SZ. 

Deformation culminated in intense south-eastward thrusting of 

cover and basement in the SMZ (Miller, 1983). This deformation 

strongly affects the northern edge of the SF but fades out some 

170 km south-east of the southern edge of the SMZ (Miller, 

op. cit. ) • 

The Kaoko Belt is characterised by complex eastward-vergent 

folds (Fig . 10) and by eastward thrusting along the Sesfontein 

thrust (Guj, 1970) . Field work revealed the presence of 

recumbent folds and nappes which override the sediments of the 

Mulden Group in the EKZ. In the NZ, toward the southern end of 

the Kamanjab inlier, Frets (1969) recognises five phases of 

folding. The first phase is related to initial metamorphism and 

granitisation, which was followed by deformation that produced 

north-south trending tight folds, which in places were refolded 

by east-west trending F3 folds producing complex refolded 

structures. The structural geology of the SKZ differs from the 

WKZ and CKZ in that the folds are westerly vergent becoming 

upright toward the east (Miller, 1983) . 
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2.4. Metamorphism 

Grades of metamorphism vary almost systematically throughout 

the Damara Orogen (Fig. 11). In the intracontinental branch, 

studies of mineral reactions have shown that different 

metamorphic conditions existed on either side of the Okahandja 

Lineament (Hartmann et al., 1983; Hoffer, 1983; Puhan, 1983). 

Estimates of the grade of metamorphism in the central parts of 

the orogen range between 2 - 3 kbar and 580° - 680°C (Hartmann 

et al., 1983 ) and 5 kbar and 430° - 590°C (Hof f er , 1983). 

According to Puhan (1983), an increase in both temperature and 

pressure of metamorphism in the CZ is indicated by calcite­

dolomite geothermometry from 2,6 kbar and 555°C near Karibib to 

3,4 kbar and 645°C around Swakopmund. 

The number of metamorphic events which affected the rocks in 

the central and southern parts of the intracontinental branch 

is a controversial topic. Several authors favour a single 

metamorphic event (Jacob, 1974; Sawyer, 1981; Hartmann et aI., 

1983) while others support two metamorphic events (Kasch, 

1983a, 1983b, 1986; Miller, 1983), with pressures of the second 

metamorphic event (M2) being somewhat lower than the first (M1) 

(Kasch, 1983a). This suggests that M2 was more of a thermal 

surge without any significant pressure increase (Kasch, 1983b). 

In the WKZ, Guj (1970) recognised twci phases of metamorphism 

with an increase in grade westward from lower greenschist 

facies to upper amphibolite facies. Miller (1980) initially 

suggested a single phase of metamorphism for the NZ with grades 

increasing from north to 

formation of the Salem 

south culminating in anatexis and 

Suite and Sorris-Sorris granite. 

However, subject to reinvestigation of the contacts between the 

granites and country rocks, Miller (1983) has recognised that 

all Salem-type granites are in fact intrusive. In the SKZ a 

single phase of low grade metamorphism is suggested with later 

thermal overprinting in response to syn- to post-tectonic 

granitic intrusion (Porada et al., 1983). Contact metamorphic 

effects may be observed in the vicinity of the Salem Suite 

(Miller, 1980), and the Donkerhuk and other granites in the 

central zone (Jacob, 1974). 
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Fig. 11: Metamorphic reaction isograds in the Damara Orogen 
(Adapted from Miller, 1983). 

2.5. Damara Magmatism 

Over 200 syn- to post-tectonic plutons crop out throughout the 

Damara Orogen (Miller, 1983); they are more abundant in the CZ 

but also occur in the NZ, OLZ and WKZ (Fig. 12). Together they 
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form a composite batholith which covers a surface area of 

some 74 000 kro2 • The plutons vary in size from 5 000 kro2 

(Donkerhuk granite) to less than 1 kro2 and their compositions 

range from gabbroic to granitic. Their emplacement spans a time 

period of 190 Ma from 650 to 460 Ma (Kroner, 1982; Hawke s worth 

etal.,1983). 

fl
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Fig. 12: Distribution of Damara-aged granites in the Damara 
Orogen. W; Windhoek; Wb; Walvis Bay; S;Swakopmund; 
O;Omaruru (Adapted from Miller, 1983). 
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Three major syn- to post-tectonic granite types may be 

recognised (Miller, 1983): 

1) Red, medium- to fine-grained granites, 

2) Coarsely porphyritic biotite monzogranites with which 

are associated diorites (these constitute the so-called 

Salem-type granites),· 

3) Fine- to coarse-grained leucogranites, pegmatites and 

pegmatitic alaskites. 

The emplacement history of the granites can be subdivided into 

three groups according to field evidence and isotopic and 

geochemical characteristics (Kroner, 1982; Hawkesworth et aI., 

1983): 

1) 650 - 540 Ma: gabbroic, dioritic and tonalitic granites 

with an I-type affinity (i.e. generated during sub­

duction phases of Damaran geodynamic development), 

2) 580 - 550 Ma: emplacement of syn- to late-tectonic 

biotite-bearing granitoid suites (Salem type), 

3) 540 - 450 Ma: continental collision and post-collision 

activity which produced a range of granitoids with S­

type affinities, including two-mica granites. 

2.6. Post-Damara (Karoo) Rocks 

Outcrops of Karoo rocks occur throughout the Kaokoveld and 

north-western Damaraland (Fig. 13). Pre-Karoo topography and 

syn-sedimentary faulting has had a pronounced effect on the 

thickness and stratigraphy of the Karoo sediments (Erlank 

et a/., 1984). Dwyka tillite is only locally preserved, and 

the base of the succession is represented by the Omingonde 
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Formation in the east and the Gai - As Formation in the west. The 

Etjo sandstone marks the top of the sedimentary pile and 

becomes interbedded with the basaltic rocks of the Etendeka 

Formation (SACS, 1980). 
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Fig . 13: Generalised geological map at the )Oln between the 
coastal and intracontinental branches, showing the 
distribution of Karoo-age sedimentary rocks, volcanic 
rocks and pre-, syn- and post-Karoo complexes (Adapted 
from Bristow and Saggerson, 1983). 

The Etendeka Formation differs from other Karoo-age volcanic 

rocks by virtue of its Cretaceous age, stratigraphy, 

mineralogy, geochemistry, and range in mineralogical, elemental 

and isotopic compositions for basal tic rocks (Erlank et al., 

1984). Covering some 78 000 km2 , the Etendeka Formation 

constitutes a suite of basalts and evolved basalts interbedded 

with quartz latites, small volumes of latite and ash-flow tuffs 

(Milner, 1988). Present day outcrops are merely remnants of 
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what was once an extensive lava field (Erlank et a/. , 1984). The 

main lava field north of the SKZ has an areal extent of 

some 12 000 km2 and attains thicknesses of 880 m in the east 

around Tafelberg (Milner, 1988). 

2.7. Anorogenic Alkaline Magmatism 

To date some 15 separate alkaline ring-type complexes of 

Mesozoic age have been recognised (Prins, 1981) (Fig. 14) . 

They occur throughout the Damara Orogen along north-easterly 

trends which probably correspond to transform directions in the 

south Atlantic (Marsh, 1973; Prins, 1981). 
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The age of the complexes correlates with the early opening of 

the south Atlantic ocean and it is suggested that, during the 

Gondwana break-up, Pan-African lineaments were reactivated 

allowing for the anorogenic emplacement of the complexes 

(Prins, 1981; Marsh, 1973). Hydrothermal alteration and 

mineralisation are associated with the complexes (Potgieter, 

1987). It has also been suggested that the mineralisation in 

the Northern Group may be of a similar age (Pirajno and Jacob, 

1987a) and therefore possibly related to the emplacement of the 

complexes. 

2 . 8. Geodynamic Evolution of the Damara Orogen 

The geodynamic evolution of the Damara Orogen has been 

intensively studied for more than a decade. The proposed 

models all infer that subduction of one kind or another was 

responsible for the geodynamic 

Orogen. The various proposals are 

relevant references are given. 

development of the Damara 

only mentioned here and the 

Martin and Porada (1977) based their model on aulacogen 

ensialic processes whereby the belt developed as five grabens 

in response to gravitational instability between a dense 

subcontinental lithosphere and the underlying less dense 

asthenosphere. They believed that the Damara never proceeded to 

the stage of ocean opening but remained as a failed rift which 

evolved into an aulacogen. 

A delamination model proposed by Kroner (1977, 1982) suggests 

that the basin formed by crustal stretching over a mantle 

plume. Subsequent closure of the basin was by delamination 

followed by continental subduction, crustal underthrusting and 

interstacking. Kasch (1986) suggests that both delamination and 

suture progradation are able to explain the structural and 

metamorphic history of the orogen. 

Models invol ving sea floor spreading followed by subduction 

have also been proposed and vary between those promoting a 
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limited Wilson-cycle (Miller, 1983) and those promoting a full 

Wilson-cycle (Hartnady, 1978; Barnes and Sawyer, 1980; Kasch, 

1979, 1983b). In his model Kasch (1983b) proposes a four-stage 

model of continental collision involving a wide ocean, which he 

refers to as the pre-collision continental conveTgence phase, 

the continental collision phase, the suture progradation phase 

and the thennal relaxation phase. Miller (1983) envisages the 

Damara ocean as being somewhat like the Red Sea where sediments 

cover an active mid-ocean ridge, which he suggests is indicated 

by the Matchless Member. Barnes and Sawyer (1980) favour a 

model which allows for the development of a wide ocean followed 

by subduction and ocean closure terminating in continental 

collision. 

Coward (1983) proposes a model which incorporates strike-slip 

faulting coupled with oblique · subduction of small pull-apart 

basins which were partly floored by oceanic crust and acted as 

traps for the Damara sediments. According to this model, "the 

Damara Orogen formed at a triple-junction composed of two 

destructive boundaries (the coastal branches) and a transform 

fault (the intracontinental branch)" (Martin, 1983; page 937) . 

Further reviews of the models on the geodynamic evolution of 

the Damara Orogen are given by Tankard et a/. (1982), Martin 

(1983), Hawkesworth etal . , (1986) and Porada (1989). 
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3. GEOLOGY OF THE SOUTHERN KAOKO ZONE 

The Southern Kaoko Zone (SKZ) is a tectono-stratigraphic unit 

located in the north-western parts of the intracontinental 

branch close to the intersection with the coastal arm (Fig. 7). 

The area is bounded in the south-east and east by the contact 

between the Damara metasediments and the Damara granites. The 

Etendeka plateau forms the northern limit of the SKZ and to the 

west the SKZ is bounded by the Atlantic Ocean. The rock types 

p:z::esent in the SKZ consist of metasediments, syn- to post-

tectonic grani tes , alkaline and mafic 

undeformed sediments and lavas. 

3.1 . The Damara Sequence 

intrusives, and 

The northern part of the SKZ is an area in which Damara 

Sequence metasediments predominate. They have bee n intruded by 

several syn- to post-tectonic granites (Salem Suite and 

Sorris-Sorris suite) and the post-Karoo Doros and Brandberg 

Complexes. Freyer (in prep.) has subdi vided the region into 

three structural/lithological domains, namely the Ogden Rocks 

Domain (ORD), the Lower Ugab Domain (LUD), and the Goantagab 

Domain (GD) (Fig. 15) . 

3 . 1 . 1. Ogden Rocks Domain (ORD) 

The rocks in the ORD have been described as being blasto­

mylonites intercalated with sheared marble bands and 

phyllonites (Freyer and HiHbich, 1983). The sequence was 

folded during and after my10ni tisation into structures 

resembling the folds in the LUD (Freyer and Halbich, op. cit. ) • 

3.1.2. Lower Ugab Domain (LUD) 

The stratigraphy of the lower Ugab River area is shown in 

Table II. It consists of a thick succession of mica schist with 
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two thin, persistent interbedded marble 

Miller _ ~_, 1983)_ The succession has 

the Swakop Group (Miller et al., 1983) and 

turbidi tic by Miller et al. (op. cit.) and 

units (Jeppe, 1952; 

been correlated with 

interpreted as being 

Swart (1987). The 

evidence for the turbidites is the presence of partial to 

complete Bouma sequences, the regular nature of the bedding, 

flute clasts, load structures, rip up clasts and graded bedding 

(Swart pers. comm . , 1987). 
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Fig. 15: Geological map of the Southern Kaoko Zone showing 
the structural/lithological domains as defined by 
Freyer (in prep). ORD = OGDEN ROCKS DOMAIN; 
LUD = LOWER UGAB DOMAIN; GD = GOANTAGAB DOMAIN. 
BW=Brandberg West; F=Frans Prospect; G=Goantagab; 
GG=Gamigab; OP=Ousis Pegmatites (Adapted from 
Pirajno and Jacob, 1987a). 
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TABLE II: Stratigraphy of the Lower Ugab area. (Adapted from 
Miller elal., 1983). 

STRATIGRAPHIC SUBDIVISION 
LITHOLOGY Jeppe Miller el at. (1983) 

(1952) Correlates 

Schistose siliciceous turbidites UPPER Amis Kuiseb 
with metagreywacke bases and meta- SCHIST River Formation 
pelitic tops . Formation 

Turbiditic limestone, impure UPPER Gemsbok Karibib 
limestone and schist. MARBLE River Formation 

Formation . -

Schistose siliceous turbidites MIDDLE Brak Chuos 
mainly greywacke with local SCHIST River Formation 
conglomerate. Formation 

Turbiditic limestone. LOWER Brandberg Rtlssing 
MARBLE West Formation 

Formation 

Schistose siliceous turbidites LOWER ZebrapUtz Okonguarri 
mainly greywacke with local SCHIST Formation Formation 

The schist separating the marble bands is mainly meta-greywacke 

although it is locally conglomeratic with isolated boulders. 

This unit has been correlated with the Chuos Formation (Miller 

elal., op. cil. ) and proves to be a useful marker horizon. 

The metamorphic grades in the LUD are very-low to low and the 

mineral assemblages indicate greenschist facies (Porada el al., 

1983). The orientation of the biotite indicates a syn-Sl to 

post S2 metamorphism with ages ranging from 418 ± 10 Ma in the 

west to 430 ± 10 Ma in the central parts and 490 ± 10 Ma in 

the north (Porada el al., op.cil) (Fig. 16) . Ahrendt el al. 

(1983) suggest that the K-Ar age of 490 ± 10 Ma represents the 

peak of regional metamorphism for the area. The effects of 

contact metamorphism are commonly developed in the vicinity of 

the syn-tectonic granites along the southern and eastern limits 

of the SKZ and in the vicinity of the syn-tectonic "Voetspoor" 

granite north of Frans prospect. Superimposed on the regional 

metamorphic fabric are biotite and cordierite porphyroblasts in 

the metapelitic rocks (Porada el at., 1983) and wollastonite 

and diopside in the marbles and calc-silicate rocks 

respectively (Hodgson, 1972). 
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c:J Karoo Sequence 
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~ Syn-tectonic Granites 

c:J Damara Sequence 

Fig. 16: Ages of metamorphism in the Southern Kaoko Zone. 
(Adapted from Porada etal., 1983). 

Three phases of folding have been recognised (Freyer, in 

prep. ) . The Fl folds are north-south striking, tight, 

anisopach folds which generally verge westwards. The term 

anisopach is introduced by Freyer (in prep.) to describe folds 

in the SKZ in which the overturned limb is structurally 

thickened whereas the normal limb is stretched. Associated 

with these Fl folds is a well developed S1 platy cleavage. F2 

folds are only seen at some localities where the normal limbs 

of the Fl folds have been kink folded. These folds exhibit a 

local axial-planar cleavage. Broad, low amplitude, almost east­

west striking F3 folds are superimposed on the early folds and 

produce classical Ramsay-type 2 interference folds (Miller et 

al., 1983). The westerly vergence of the Fl folds is rather 

unusual considering that the structures to the north and east 

verge eastwards (Porada etal., 1983). 
• 
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3.1.3. Goantagab Domain (GD) 

. The rocks in the GD are similar to those in the LUD in that two 

marble units are interbedded with mica schist (Osborn, 1985) 

(Table II I) . The rocks have been correlated with the Swakop 

Group on the basis of a lithological similarity of a mixtite 

uni t which Osborn (op. cit.) suggests is equi valent to the 

Chuos Formation. Detailed local mapping by Groen (1986) in the 

Goantagab Mining Area indicates that bedding-plane thrusting 

may have occurred during an early phase of deformation. 

This suggests that the two marble units seen could be simply 

the result of repetition by thrusting of an original single 

marble layer. 

TABLE III: Stratigraphy of the Goantagab Domain (Adapted 
from Osborn, 1985). 

Kuiseb Formation 
(Calcareous schists, 
impure marbles feldspathic 
quartzites with calc­
silicate bands) 

Karibib Formation 
(Upper marble generally 
massive and homogeneous, 
often black in the lower 
parts with granitic 
boulders. Becomes inter­
bedded with schist toward 
the top. Separated from 
lower marble by sericite­
biotite-quartz schists. 
Lower marble blue-grey, 
massive and homogeneous) 

Chuos Formation 
(Tillites & conglomerates) 

Orusewa Formation 
(Black schists, biotite­
sericite-quartz±graphite 
schist) 

KHOMAS SUBGROUP 

SWAKOP GROUP 

UGAB SUBGROUP 
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Several differences occur between the LUD and GD, for instance 

the absence of Jeppe' s ( 1952) Black Marker, and it is not 

certain whether the same lithologies in the LUD may be traced 

continuously across into the GD, or whether there were possibly 

two unconnected depositional basins now separated by a ductile 

shear zone (Osborn, 1985) located along the western limit of 

the GD. Along the shear-zone, a Damara-aged foliated ortho­

amphibolitic body is present (Walraven, 1985). The body 

intruded into the sediments along the faulted contact between 

the Chuos mixtites and Karibib marbles (Petzel, 1986). 

The metamorphic grades in the GD are somewhat higher than in 

the LUD since biotite is a common phyllosilicate in the 

schists, and Hodgson (1972) identified cordierite and tremolite 

as prograde regional metamorphic minerals. Sedimentary 

structures have been preserved in the rocks in the LUD whereas 

they are absent from the GD perhaps because of more complete 

recrystallisation. The structure in the area is somewhat more 

complicated with possibly, three phases (Osborn, 1985) or four 

phases of folding (Petzel, 1986). 

3.2. Damara Granites 

The southern and eastern boundaries of the Damara metasediments 

are marked by syn- to post-tectonic granite intrusions of the 

Salem Suite, and other post-tectonic granites 

granite) (Fig. 15). Smaller intrusions of 

(Sorris-Sorris 

the Salem-type 

granite occur south and north of the post-Karoo Doros Crater. 

The granites forming the Omangambo pluton in the eastern parts 

are coarse-grained, porphyritic and biotitic with large 

subhedral to euhedral phenocrysts of microcline (Miller and 

Burger, 1983). They have been dated at 589 ± 40 Ma (Miller and 

Burger, op. cit.). The intrusion of the Omangambo pluton post­

dates two periods of folding and produced a thermal aureole 

some 15 km wide (Miller, 1980). 

The Sorris-Sorris granite 

intrudes the Omangambo pluton 

is late- to post-tectonic, and 

(Miller, 1980). The granite is 
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medium grained and three varieties are distinguished on the 

basis of the colours red, pink, and grey_ 

3_3. Post-Karoo Complexes 

Included in this group of intrusives are the Brandberg Granite 

Complex, the Doros Crater and the Messum Complex (Fig. 15). 

Igneous activity during Karoo and post-Karoo times was 

responsible for the emplacement of these ·complexes and this 

possibly resulted in the Sn ± W mineralisation in the northern 

parts of the Southern Kaoko Zone. 

The Brandberg Complex, located at the south-eastern corner of 

the SKZ, was intruded along the contact between the Damara 

schists and the Salem granite suite. Hodgson (1973) recognised 

five granitic phases of emplacement: 

( 1 ) An initial implacement of a main hornblende granite; 

( 2) Injection of aegerine-augite granite; 

( 3 ) Intrusion of red aplite dykes; 

( 4 ) Intrusion of white aplite dykes; and, 

( 5 ) Injection of "Brandbergite" dykes. 

According to Hodgson (1973) a period of subsidence followed the 

intrusion of the white aplite dykes in the south-western parts 

producing a brecciated zone up to 700 m wide . The collapse of 

the magma chamber produced the necessary cracks into which the 

residual melt was able to move, producing the Brandbergite 

dykes . Until now no age determinations for the Brandberg have 

been published but in the field it is seen to intrude the Karoo 

volcanics of the Gobobosebberge (Pirajno, pers. comm., 1988). 

More recent work on the complex indicates four main rock types: 

monzonite-syenite, quartz-syenite, riebeckite-aegerine granite 

and hornblende granite (Diehl, as cited by Pirajno, 1987b). The 

Messum Complex, whose geology will be described below, has been 

dated at 132 ± 2,2 Ma by Allsopp et aI. (1984) and also 

intrudes into the same suite of volcanic rocks as the 
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Brandberg . This may imply that the Brandberg may have a similar 

age to the Messum complex or is younger than 132 Ma. 

The Doros Crater in the north-eastern parts of the SKZ 

(Fig. IS), is a post-Karoo differentiated mafic complex 

(Hodgson and Botha, 1974), which has been dated at 

approximately 125 Ma (Seidner and Miller, 1968). It is pear 

shaped in plan, with a long axis of some 7 km and width of 

3,5 km . As with the Brandberg, the Doros Complex intruded 

along the contact between the Damara metasediments and Salem 

granites. The layering in the rocks dip towards the centre of 

the complex and can be identified macroscopically. Hodgson and 

Botha (op. cit.) identified five magmatic episodes in its 

evolution : 

(1) Intrusion of gabbroic magmaj 

(2) The addition of new gabbroic material and subsequent 

differentiationj 

(3) Emplacement of chrysolite tilaitej 

(4) Injection of gabbroic pegmatitej and, 

(5) Intrusion of aegerine-bostonite dykes. 

The country rocks into which it intruded show only slight 

evidence of contact metamorphism. 

The Messum Complex is a late-Karoo basaltic intrusive (Korn and 

Martin, 1954), located in the south-western parts of the SKZ 

approximately 30 km south-west of the Brandberg (Fig. 16). The 

complex consists of two parts, an inner (core) zone and an 

outer ring, each delimited by a system of ring faults and 

represents the site of an ancient volcano (Martin etal., 1960). 

Initial igneous activity was characterised by the extrusion of 

basal tic lavas alternating with acid pyroclastics. Following 

this was an intrusive event, which may be subdivided into an 

earlier basic and a later acidic event. After a considerable 

time period, upwelling of granitic magma resulted in ring 

fracturing and subsidence, the latter causing reversal of dips. 

Dolerite dykes subsequently intruded into the radial fractures. 
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The final episode involved further intrusion (alkaline in 

character), accompanied by cauldron subsidence and extensive 

metasomatism, all confined to the inner parts of the complex_ 

Recent dating of the complex reveals an Rb/Sr age of 132 ± 2,2 

Ma (Allsopp etal_, 1984)_ 

3_4_ Metallogenesis In The Northern SKZ 

Within the LUD and GD several Sn/W mineralised areas have been 

discovered and, in places, mined (Fig_ 15). The bulk of the 

mineralisation is hosted in quartz veins and replacement-type 

bodies, whereas in the south the mineralisation occurs in 

numerous Sn-bearing pegmatites (Ousis pegmatites). 

As part of the suite of quartz vein-hosted deposits the 

Brandberg West Sn-W deposit occurs in the central part of the 

LUD about 45 km west of the Brandberg Complex. The Frans 

Sn ± W deposit is also located within the LUD some 25 km north-

west of the Brandberg Complex. The GD hosts two known tin 

deposi ts; the Goantagab Mining Area north of the Goantagab 

River and the Gamigab Sn Prospect approximately 12 km south of 

the Goantagab River. These deposits together form a region of 

Sn-W mineralisation which trends for about 80 km in an east­

north-east direction, known as the Northern Group (Pirajno and 

Jacob, 1987a). Chapter 9 deals with the characteristics of each 

of these deposits. 

The Ousis pegmatites south of Gamigab (Fig. 15) are the only 

reported mineralised pegmatites in these northern parts of the 

SKZ. Essentially Sn and minor amounts of W mineralisation are 

associated with these Damara-age pegmatites and they may form 

part of the Uis pegmatite field which occurs further south. 
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4_ THE GEOWGY OF THE STUDY AREA 

The stratigraphic sequence at Gamigab comprises two schist 

units separated by a thick banded marble unit. Numerous quartz 

veins and dolerite dykes together with doleri te and felsic 

plugs have intruded the folded metasediments (Map 1). Wi thin 

the banded marble unit are several breccias of various sizes 

and shapes of probable hydrothermal origin (see section 7.2). 

Samples of rock specimens collected in the field were cut for 

thin-section study and where appropriate stained using Alizarin 

Red S to facilitate the distinction of calcite from dolomite 

(Wolf eta/., 1967) . 

The following lithological descriptions are in stratigraphic 

order from the basal schist unit through the banded marble into 

the upper schist. The dolerite and porphyry plugs are then 

described and the section ends with a discussion of the 

probable correlation of the units with regional stratigraphic 

subdivisions. 

4.1. Basal Schist Unit 

In outcrop this rock is a well 

brown quartz-biotite schist . 

overlying banded marble the 

foliated, fine-grained and dark­

Toward the contact with the 

schist contains several marble 

lenses. Thickness of the unit in this area cannot be determined 

as the lower contact is not present. 

Thin-section studies (Fig. 17) show that some 60% of the rock 

is made up of interlocking, subidioblastic and elongated quartz 

grains which commonly show strained extinction. The average 

grain size of the quartz is generally less than 0,25 mm. 

Approximately 38% of the rock is made up of lepidoblastic laths 

of biotite whose lath length rarely exceeds 0,5 mm and which 

defines the foliation. Several of the biotite laths contain 

zircon inclusions with pleochroic haloes. 
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Fine-grained plagioclase feldspar makes up the remalnlng 2%. 

The grains are elongate to granoblastic in shape and are 

generally untwinned, although some show the development of 

polysynthetic twins, characteristic of the plagioclase 

feldspars. Extinction a ngle measurements on suitable grains 

revealed the composition of plagioclase to be andesine. 

Tourmaline, sphene and opaque oxide are accessory phases. 

Fig. 17: Photomicrograph (uncrossed polars) of the basal 
quartz-bioti te schist. Field afview is 4 mm. 

4.2. Banded Marble Unit 

At the base of the unit is a thick (± 20 m), blue-grey marble 

band. Bands of pale yellow, blue-grey, yellow-brown, black and 

white marble overlie the basal blue-grey marble whose thickness 

is variable ranging between 1 and 10 m. Toward the middle of 

the unit are several lenses of "streaky marble", which can be 

traced for several hundred metres along strike but which 

eventually pinch out. Lenses of quartz-biotite schist are 

interbedded toward the top of the unit. Wi thin the banded 

marble, layers of calcitic-marble and dolomitic-marble can be 

recognised; these are described in more detail below. 
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4.2.1. Calcitic marble 

In thin section there is no apparent difference · between the 

white, blue-grey and pale yellow marbles, all of which consist 

almost entirely of equigranular, granoblastic polygonal calcite 

(Fig. 18). The grains are predominantly 1 rom in size and have 

been completely recrystallised into unstrained and twinned 

assemblages. Within the calcitic marble are xenoblastic, fine­

grained (0,1 rom) quartz grains which constitute only a few per 

cent of the rock. Also present in small amounts, usually not 

more than 1%, is fine-grained subidioblastic dolomite. 

Fig. 18: Photomicrograph (uncrossed polars) of calcitic 
marble. Calcite has been stained. Field o/view is 4 mm. 

Sieve-textured tremoli te porphyroblasts are found wi thin some 

of the marble bands (Fig. 19). The subidioblastic grains are 

decussate and replace the early fine-grained assemblage of 

calcite, dolomite, quartz and colourless mica. The tremolite is 

usually in lath form, between 2 - 3 rom in length and colourless 

in plane light. Colourless phlogopite laths are also present. 

They are less than 0,1 rom in length, and have a distinct 

preferred orientation. 
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Fig. 19: Photomicrograph (crossed polars) of tremolite 
porphyroblasts in calcitic marble. Field o/view 

- is4mm. 

Small and discontinuous buckled quartz-rich lenses occur in 

several of the bands. In hand speciman the quartz is very fine 

grained and when viewed under the microscope is seen to be 

completely recrystallised. The presence of graphi te is 

responsible for the black coloqr of the marble and occurs as 

discrete microscopic flakes or as aggregates forming 

discontinuous lenses. 

4.2.2. Dolomitic marble 

The yellow-brown bands are both physically and mineralogically 

different from the other marble bands; i.e. it is a much finer 

grained rock which effervesces only slightly on contact with 

dilute hydrochloric acid. Under the microscope the rock 

consists almost entirely of dolomite as fine-grained, 

equigranular and subidioblastic grains (Fig. 20). Small amounts 

of calcite (1 - 2%) and accessory amounts of fine-grained 

quartz occur . 
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Fig. 20: Photomicrograph (uncrossed polars) of dolomitic 
marble. Field o/view is 4 mm. 

4.2.3. Streaky marble 

The "streaky marble" lenses occur between bands of medium­

grained calcitic marble and fine-grained dolomitic marble 

(Fig. 21). In outcrop the "streaky marble" consists of 

elongated dolomitic clasts (up to 5 em in length and 2 - 3 mm 

in width) cemented together by calcite. Thin sections show 

that the clasts as well as the calcite matrix are totally re­

crystallised . 

4.3. Upper Schist Unit 

This metapeli tic sequence is predominantly schistose although 

calcitic-marble bands and calc-silicate lenses are both widely 

developed. In hand specimen the schist is a fine grained, well 

foliated green quartz-biotite-chlorite rock. The strong 

development of the foliation in the rocks has destroyed 

evidence of bedding. 
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Fig. 21: Photograph of streaky marble in outcrop. Note 
the band of blue calcitic marble on the left 
and yellow-brown dolomitic marble on the right. 

4.3.1. . Schist 

In thin section the foliation is defined by the alignment of 

fine-grained (less than 0,5 rom) laths of biotite (40%), 

chlorite (10%) and muscovite (10%) (Fig. 22). Elongated 

interlocking xenoblastic quartz grains with an average grain 

size of less than 0,5 rom constitute approximately 40% of the 

rock. Medium-grained subidioblastic porphyroblasts of biotite 

(approximately 1 rom in diameter), which in places has been 

retrograded to chlorite, are seen to replace the finer grained 

assemblage. 

In outcrop, especially in the eastern parts of the study area, 

large elongate porphyroblasts of retrograded cordierite were 

found (Fig. 23). Very few porphyroblasts contain remnant ,. 
cordierite but consist predominantly of chlorite with biotite 

and muscovite. In places these porphyroblasts contain a grey 

core usually 1 - 2 rom in diameter which consists of pini te 

after cordierite. 
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Fig. 22: Photomicrograph (uncrossed polars) of upper quartz­
biotite-chlorite schist. Coarse biotite flakes 
developed in response to thermal metamorphism. Field 
afview is 4 mm. 
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Fig. 23: Photograph of cordierite porphyroblasts in upper 
schist. 
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4.3.2. Calc-silicate lenses 

Numerous calc-silicate lenses are interbedded with the schist. 

They normally do not exceed 1 to 2 m in length and vary in 

width from about 5 cm up to 20 and 30 cm. In hand specimen 

they have a porphyrob1astic texture with porphyroblasts of pink 

garnet and aggregates of green amphibole which are concentrated 

more toward the middle of the lenses. The remainder of the rock 

has a pale colour and consists of plagioclase and quartz. 

In thin section the amphibole actinolite i 's present as 

radiating, decussate aggregates of slightly poikiloblastic 

acicular grains approximately 2 rom in length, which in places 

have cores of chlorite. In some instances a core of carbonate 

is present. Under plane-polarised light the amphibole is 

weakly pleochroic from colourless to pale green and when viewed 

with cross-polars it has an average cleavage to 15' extinction 

angle of 15°. Inclusions of zircon with pleochroic haloes are 

present in some grains. Sieve-textured garnet porphyroblasts 

(2 - 3 rom in diameter) are scattered throughout the rock, 

replacing the finer grained portions and occur in contact with 

the actinolite. 

The lighter coloured portions of the calc-silicate rock are 

also finer grained although the quartz is coarser than the 

feldspar. The quartz grains are xenoblasitic in form, 

generally less than 0,25 rom in size and share sutured grain 

boundaries . The feldspar is much finer grained and few grains 

show polysynthetic twinning. Very fine-grained actinolite 

grains occur together with the finer grained feldspar. 

4.3.3. Marble interbeds 

The marble interbeds are numerous and extend for several 

hundred metres along strike although in 

relatively thin ranging between less than 

thickness. Mineralogically they consist 

general they are 

10 cm up to 2 m in 

almost entirely of 

fine- to medium-grained granoblastic calcite with minor amounts 
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of finer grained subidioblastic quartz. Wi thin some of the 

marble bands small lenses of recrystailised quartz (5 - 20 cm 

long) are present as erosion resistant, dark coloured bands. 

4.4. Intrusive Rocks 

The area mapped in detail contains a number of intrusive bodies 

including a porphyry plug, a dolerite plug, several dolerite 

dykes and small carbonate dykes. 

4.4.1. Porphyry plug 

This igneous intrusion crops out 500 m north-east of the 

trenches (Map 1). It is red in colour, due to pervasive 

ferruginisation, and distinctly cuts across the folded meta­

sediments with which it shares a sharp contact. The rock is 

brecciated and a satellite plug, 10 m to the east, is highly 

amygdaloidal. A second satellite plug crops out 15 m west of 

the main intrusion (Fig. 24). 

Fig. 24: Photograph of porphyry plug and satellite plugs 
in outcrop. 
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The breccia fragments are generally small ( 1 2 cm in 

length), angular in shape, and lighter in colour than the 

igneous matrix. 

In the satellite plug east of the main intrusion the amygdales 

are generally 2 - 3 rom in diameter (Fig. 25), although one 

was measured at 3 cm. The amygdales are usually spherical in 

shape although s6me are stretched probably in response to flow. 

Quartz is the usual filling of the amygdales although zeolite 

and 'calci te were the final phases to crystallise. Several 

angular marble ' fragments have been caught up in the igneous 

material. 

Fig. 25: Close-up photograph of amygdaloidal (on the left) 
and brecciated porphyry plug. 
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In thin section this rock shows a distict porphyritic 

character, in places exhibiting a glomeroporphyritic texture 

(Fig. 26). The feldspar phenocrysts are generally untwinned, 

and sericitised thus making compositional identification 

difficult. The matrix is microcrystalline and consists of a 

fine-grained felted mass of feldspar laths. Unfortunately 

pervasive ferruginisation masks much of the matrix. 

Fig. 26: Photomicrograph (uncrossed polars) of porphyry plug. 
Note the glomeroporphyritic texture of the feldspar 
phenocrysts and amygdale in the top left-hand corner. 
Field of view is 4 mm • 

4.4.2. Dolerite plug 

A dolerite plug containing xenoliths of undeformed sedimentary 

rock crops out 200 m north of the porphyry plug (Map 1). It is 

highly weathered making it friable to handle. This intrusion 

cuts across the folded meta-sediments and much of the contact 

wi th the country rocks is obscured by scree cover. In places 

outcrops of breccia (see section 7.2) appear through the scree 

cover. 
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In thin section the dolerite is fine- to medium-grained, and 

even though it is weathered, it still shows an ophitic texture . 

Euhedral plagioclase laths (1 - 2 mm long) are partially 

enclosed by anhedral augite which is largely altered to 

calci te. The finer grained portions of the rock consist of 

fine-grained pyroxene and plagioclase. 

In the vicinity of peg 70N/24E is a xenolith of undeformed 

conglomerate (Map 1). The rudaceous rock contains rounded 

quartz pebbles reaching 7 cm in diameter, set in a fine-grained 

matrix. The xenolith is small (less than 2 m i n diameter) 

and is totally enclosed within the dolerite host which has a 

chilled margin developed along the contact. In thin section the 

quartz pebbles are polycrystalline and well rounded. The 

matrix cementing the pebbles consists of fine-grained clay and 

calcite with accessory green tourmaline, zircon and muscovite. 

The conglomerate is cut by several calcite veinlets. 

A second sedimentary xenolith occurs within the dolerite close 

to peg 66N/24E (Map 1). The xenolith is a red medium-grained 

sedimentary rock. The contact with the dolerite is not clear 

but this xenolith is somewhat larger than the conglomerate 

xenoli th (approximately 3 - 4 m in diameter). Thin-section 

examination shows that the rock is an immature feldspathic 

greywacke consisting of sub-rounded, angular quartz and 

feldspar grains (both microcline and plagioclase) set in a 

fine-grained clay matrix. Grain size is variable ranging from 

0,3 mm up to 1 mm in diameter . Accessory green tourmaline and 

muscovite are present in the matrix. 

4.4 . 3. Dolerite dykes 

Several dolerite dykes occur in the Gamigab area and in general 

they trend N-S sub-parallel to the regional metamorphic fabric. 

On surface they may be traced for several hundreds of metres 

along strike transecting the metasediments at a shallow angle. 

One dyke, south of the detailed mapped area, trends almost 

east-west. 
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In outcrop the dolerite is a fine grained, dark coloured, 

almost black rock which is commonly quite highly jointed. This 

assists the erosional processes and so in the vicinity of a 

dyke there is commonly a well developed dolerite scree. At one 

locality, in the southern parts of the area mapped in detail, a 

large vug is present in the dolerite. The vug is some 8 cm 

long by 3 cm wide and is zoned consisting of a rim of coarse 

quartz crystals followed by a core of very coarse grained, 

brown calcite. Also in the south, a dolerite dyke cuts a large 

breccia body in ·the marble (see section 7.2). 

In hand specimen the dolerite appears to be unaltered but 

several specimens examined under the petrological microscope 

show alteration effects. A sample of fresh dolerite shows that 

the mineralogy includes olivine, titanaugite, plagioclase, 

hypersthene and sulphide. Together with the olivine, the grains 

are subhedral in shape and are some 1 - 2 mm in diameter. The 

plagioclase laths (Anso ) (usually less than 2 mm long) commonly 

show polysynthetic twinning whereas the coarser varieties show 

subtle zoning. 

Samples of altered dolerite show that the ophitic texture is 

still recognisable, especially under plane polarised light. The 

pyroxenes and plagioclases have been altered to a fine-grained 

carbonate, but in some samples remnants of the original igneous 

mineral are still identifiable. Associated with these altered 

dolerites there seems to be an unusual amount of rutile or 

ilmenite which occurs as reticulate laths usually at a high 

angle to one another. 

4.4 . 4 . Carbonate dykes 

Within the detailed mapped area and at one other locality some 

800 m east of the mineralised quartz veins are places where the 

basal blue-grey marble has been intruded by carbonate-rich 

dykes. The dykes are light brown and distinctly cut across the 

country rocks. 
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From thin-section examination, the rock is predominantly 

calcite and quartz (60% and 37% respectively). The calcite is 

generally coarser than the quartz (usually 1 mm in size), 

although both minerals are anhedral in shape. Also present are 

fine-grained muscovite and weakly pleochroic tourmaline. The 

muscovite occurs as small (0,1 mm) decussate laths and makes up 

about 2% of the rock. The tourmaline is present as euhedral 

and very fine-grained grains (less than 0,1 mm) of dravite and 

schorl although some seen are slightly larger (0,5 mm). 

4.5. Discussion and Correlation of the Lithologies 

An initial attempt to correlate the lithologies in the area of 

the Goantagab Domain was done by Hodgson (1972) who divided the 

metasediments into two series, the Hakos Series and the Khomas 

Series, both of which were part of the Swakop Facies of the 

Damara System (Table IV). Within each series, several stages 

were recognised and are briefly described. 

TABLE IV: Stratigraphy of the Goantagab Domain as suggested by 
Hodgson (1972). 

SWAKOP 
FACIES 

Khomas Series 

Hakos Series 

DK3 Fine-grained quartz-biotite 
schists and quartzite. 

Dark grey calcitic marble. 
DK2 Brown dolomitic-marble. 

Interbedded marble and 
schist. 

DKI Quartzitic schists. 

DH2 Calcite-marble with minor 
interbedded schist. 

DHI Interbedded quartz-biotite 
schist and quartzite. 
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The basal stage of the Hakos Series (DH1; D = Damara; H = 

Hakos) is described as an interbedded quartz-biotite schist and 

quartzite which has a thickness of at least 500 m. Overlying 

this is the DH2 stage which consists of calcite marble with 

subordinate schist . The marble is variable in colour ranging 

from grey, yellow, light brown to dark brown. In the vicinity 

of intrusions, contact effects are seen by the formation of 

tremolite. 

Wi thin the Khomas Series three stages were identified (Table 

IV) . The DK1 stage is schistose, and very similar to the DH1 

schists although the DK1 metasediments are more quartzi tic. 

The marbles in the DK2 stage, overlying the DK1 stage, too are 

similar to the marble in the DH2 stage although wi thin this 

group it is possible to identify three zones (bottom, middle 

and top zones) along the same lines envisaged by Jeppe (1952). 

The bottom zone consists of interbedded marble and schist 

whereas the middle zone is essentially a brown marble. The top 

zone is described as a dark grey marble. 

Wi thin the DK2 stage marbles, dolomitic-marble layers occur, 

and these together with the calcite-marble layers give the DK2 

stage a total thickness between 100 and 170 m: The uppermost 

stage in the Khomas Series is the DK3 stage which comprises 

red-brown quartz-biotite schist with quartzite interbeds and is 

generally a finer grained rock compared to the other schist 

units. 

More detailed work in the Goantagab Mining Area and surrounds 

was documented by Osborn (1985). He based his correlation of 

the stratigraphy around a mixtite unit, which he equated with 

the Chuos Formation. On this basis the metasediments in the 

area are correlated with the Orusewa Formation, the Chuos 

Formation, the Karibib Formation and the Kuiseb Formation 

(Table V). Within the Orusewa Formation, Osborn (1985) 

recognised a lower black, graphitic schist, a siliceous schist 

and an upper sericitic schist. It is within the upper parts of 

the serici tic schist that the Chuos mixti te occurs, which is 

described as essentially tillitic and/or conglomeratic rocks 
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TABLE V: General Stratigraphy of the Goantagab Domain (Adapted 
from Osborn, 1985). 

Kuiseb Formation 
(Metapelitic) 

Karibib Formation KHOMAS SUBGROUP 
(Marble with lenses 
of schist) 

Chuos Formation SWAKOP GROUP 
(Mixtite) 

Orusewa Formation UGAB SUBGROUP ... 
(Metapelitic) 

with minor quartz schist, marbles and banded ironstones 

(Osborn, op. cil.). The Karibib Formation, which overlies the 

Orusewa Formation, consists of two marble units separated by a 

serici te-bioti te-quartz schist. Mineralogically the marbles 

are calcitic with traces of phlogopite, magnetite and graphite. 

The upper marble unit contains 

interbedded with schist toward 

granitic drop-stones 

the contact with the 

and is 

Kuiseb 

Formation. The Kuiseb Formation in the area is made up of 

rhythmically banded, 

sequences of slightly 

marbles. Le Roux 

interbedded and generally finely grained 

calcareous schists, quartzites and impure 

(1982) suggests that the prospect is 

underlain by rocks of the Kuiseb Formation. 

Work by the author in the region around the Gamigab Sn-prospect 

suggests that the lithologies at Gamigab and Goantagab are 

somewhat different. One such difference is the absence of a 

mixtite unit at Gamigab. The Karibib Formation at 

represented by two marble units separated by a 

whereas the marble at Gamigab is a single 

Goantagab is 

schist band 

marble unit 

consisting of interbedded calcite and dolomitic marble layers, 

with lensoid schist. 

The Kuiseb Formation in 

represented by schistose 

River Formation (Miller 

the region west of the Brandberg is 

siliceous meta-turbidites of the Amis 

el a/., 1983). These same rocks are 

traced across from Brandberg West, eastward until they are 
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obscured by the superficial sand and calcrete cover east of 

Gamigab (Miller ef al., 1983) _ According to SACS (1980), the 

Kuiseb Formation contains lenses of calc-silicate rock_ 

Similar lenses are found in the Gamigab area_ Porada (1973) 

suggests that some of these spindle-shaped lenses in parts of 

the Damara Orogen are as a consequence of rock deformation. 

Continui ty of the meta-sediments in the GD is necessary when 

attempting to correlate the lithologies. Careful study of the 

aerial photographs in the GD accompanied by follow-up field 

work indicates that the lithologies in the area around Gamigab 

may be correlated with those in the area around the Goantagab 

Mining Area. The Orusewa Formation may be traced all the way 

from Goantagab to Gamigab and in both places marks the base of 

the exposed stratigraphy in the GD. 

The marble unit at Gamigab, although being somewhat different 

from that at Goantagab, would therefore be equivalent to the 

Karibib Formation. The differences between the two areas are 

probably both sedimentological and structural. This work in the 

Gamigab area has shown that shearing occurred early during 

deformation (see section 5.1.1), and work by Groen (1986) has 

shown the possibility of thrusting in the GO'antagab area. In 

both places this movement occurred in the Karibib Formation but 

was more pronounced at Goantagab where it may have resulted in 

some duplication of the lithologies. 

The Upper Schist at Gamigab is therfore correlated with the 

Kuiseb Formation. Table VI shows the relationship in the 

Ii thologies between Goantagab and Gamigab, and the suggested 

correlation. 

The cross-cutting nature of the intrusive rocks and the fact 

that they are not deformed is a clear indication that they are 

younger than the rocks of the Swakop Group. In general the 

dolerite dykes in the Gamigab area have an overall general 

north-south trend which is similar to other dykes in GD classed 

as Karoo dolerites (Botha and Hodgson, 1976). In places dykes 

have been altered and the presence of a vug indicates intrusion 
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to shallow levels. At least some dolerite intrusion post-dated 

the hydrothermal brecciation since one dyke cross-cuts one of 

these breccias. The implications of this are very important as 

it is able to give some indication of the age of the 

hydrothermal activity and possibly the mineralisation, as will 

be discussed in section 8.3.2. 

TABLE VI: Lithological and stratigraphic subdivisions of the 

Damara Seqtiencein the Goantagab Domain. 

OSBORN (1985) THIS WORK 
GOANTAGAB DOMAIN GAMIGAB AREA 

KUISEB Rhythmically interbedded Interbedded marble and schist 
FORMATION calcareous schist with impure with calc-silicate bands and basal 

marble, calc-silicate bands and platy marble and schist. 
feldspathic quartzite. Basal gritty 
calcareous schist. 

KHOMAS KARIBIB Two massive marble units Single marble sequence 
SUBGROUP FORMATION separated by sericite-biotite-quartz consisting of interbedded calcitic 

schist. Lower blue-grey marble and dolomitic marble layers. 
becoming interbedded with schist Lensoid quartz-biotite schist. 
toward contact with overlying schist. Marble is blue-grey in colour at 
Upper marble contains granitic the base and at the contact with 
boulders and becomes interbedded the Kuiseb Formation . 
with schist toward contact with 
Kuiseb Formation. 

CHUOS Lensoid mix lite unit with tillite, NOT PRESENT 

UGAB 
FORMATION conglomerate, schist and BIF. 

SUBGROUP ORUSEWA Black schist, biotite-sericite-quartz Quartz-biotite schist with 
FORMATION schist. interbedded marble close to 

contact with Karibib Formation. 
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5. STRUCTURE 

5.1. Folding 

The lithologies in the Gamigab area have been subjected to four 

phases of folding. The periods responsible for the folding 

will be termed Dl, D2, D3 and D4, whereas the structures 

produced are termed Fl, F2, F3 and F4. Original bedding is 

labelled So, as distinct from 51 - 54 which define the s­

surfaces (axial planar foliation) generated during the folding 

events. Associated lineations are designated Ll , L21 ~ and L4 

and the fold axes associated with Fl to F4 will be termed Bl, 

B2, B3 and B4. The refolding of earlier axial planes and axial 

planar foliation is the evidence used to determine the 

succession of the fold phases. 

5.1.1. Fl structures 

The first phase of deformation (Dl) 

period during which extensive 

in the Gamigab area was a 

transposition and re-

crystallisation of the lithologies occurred. This early phase 

of deformation is represented by an axial planar trans­

positional banding in the Karibib Formation and the extensive 

and penetrative regional foliation in the metapelitic rocks 

(51) ' Bedding within the marble and schist has been obliterated 

but can still be recognised in a few places in the marble as 

small scale mesoscopic intrafolial Fl folds (Fig. 27). The 

fold hinges of these minor folds (Ll ) plunge steeply and their 

axial planes lie parallel to the banding in the marbles. 

The fabric in the metapelitic units is expressed by the strong 

parallel alignment of the abundant phyllosilicate minerals 

biotite, muscovite and chlorite. The penetrative foliation has 

obliterated any traces of original sedimentary structures and 

all that remains in outcrop is a highly foliated rock. The 

contact between the schist and the marble is sharp and lies 

parallel to the foliation (i.e. 51 is parallel to So). 
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Fig. 27: Photograph of a minor intrafolial fold in the 
Karibib Formation, within an F2 fold closure. 

Shearing within the marble also occurred during an early stage 

of deformation and is expressed by a 0,5 m thick layer of 

myloni tic appearance, which is developed in several places 

between and parallel to, two bands of different mineralogy (ie: 

calci tic-marble and dolomi tic-marble) . The sheared band 

consists of elongated clasts of dolomitic-marble in a matrix of 

calcitic-marble. These bands of "streaky marble" are persistent 

over quite long distances along strike (several hundreds of 

metres) but are seen eventually to pinch out. 

5.1.2. F2 Structures 

The folds developed during D2 are easily identifiable on aerial 

photographs. They are represented by megascopic, almost N - S 

trending folds which plunge between 30 0 and 500 toward the 

south. The isoclinal F2 folds are commonly upright although in 

some instances they are overturned to the west, usually not 

more than 20 0 • In cross section the folds have open antiforms 

but tight synforms so producing "M" shaped folds. 
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Fig . 28 is a contoured IT diagram of poles to foliation and 

banding in the schists and marbles respectively. The 

structural data came from the fold limbs as well as the hinge 

zones. When plotted on the stereonet a high concentration of 

poles occur around 1100 and 280 0 • The remainder of the data 

helps define a weak girdle across the stereonet through which a 

great circle can be drawn. The pole to this great circle 

defines the fold axis and is indicated as B2 in Fig 28. From 

the diagram it is evident that the F2 folds trend aprroximately 

015 0 and plunge 40-500 toward the south. 

T 

x 
x x x 

Fig. 28: Poles to banding and schistosity and measured 
lineations (xl. B2 = average plunge of the F2 
axis. Contour intervals at 13, 8, 5, 3, 1 per 
1% area. N > 1000. 

Lineations associated with this phase of folding are usually in 

the form of a mineral streaking but more conunonly as fold 

mullions along the F2 limbs because of minor's' and 'z' folds. 

The L2 lineations are only expressed in the marble and even so 

are not very widespread. They are plotted on Fig. 28 and plot 
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in the region around B2 as defined previously. No penetrative 

fabric is associated with the F2 folds, although in several of 

the F2 fold closures, small scale transposition of the early 

fabric may be seen (Fig. 29). 

Fig. 29: Photograph of F2 minor fold with local transposition 
into S2 in the fold closures. 

5.1.3 F3 Structures 

D3 (the third phase of folding) was responsible for the major 

change in strike of the lithologies between Goantagab and 

Gamigab. The main structures around Goantagab trend 

approximately south-south-east whereas those at Gamigab trend 

south-south-west. Definition of the fold axis on the stereonet 

is difficult although the drag effect is very distinct on air 

photographs (Fig. 30). 



-58-

N 
X GOANTAGAB 

t 

Fig. 30: Schematic sketch showing the difference in trend of 
the main structures between Goantagab and Gamigab 
and possible sense of movement during drag folding. 

5.1.4. F4 Structures 

The fourth phase of folding (D4) was responsible for a 

flexuring of the earlier structures about an axis trending 

approximately north-west. Refolding of the earlier structures 

is expressed on a small scale by tight kink folding in the 

schists (Fig. 31) and as small open folds in the marble bands 

(Fig. 29). 

Fig. 31: Photograph of kink folded schist. 
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Fig.32 is a contoured IT diagram of the axial planes of the F4 

folds. The of axial planes of these minor folds is 

confirmed 

steep nature 

by the high concentration of points along the 

circumference around 030° and 210°. The spread of points is due 

to slight differences in orientation of the crenulations on 

either side of the B4 axis. Also plotted on Fig. 32 are 

measured plunges of these crenulations which show that the F4 

structures plunge approximately 45° to the north-west. The best 

lineations associated with the F4 crenulations are well 

developed fold hinges although at several localities an 

intersection 

cleavage is 

(almost 90°), 

lineation is, present. Since the crenulation 

at a high angle to the regional S1 foliation 

the resultant intersection of these two surfaces 

can produce a pencil schist. 

TN 

; , 
I 
I , 

84 I 
I 

x x 
x x x 

x 

x 
x 

x 

Fig. 32: Poles to F4 crenulation and kink band axial planes, 
and measured lineations (x). B4 = average plunge of 
F4 axis. Contour intervals at 20, IS, 9, 3 per 1% 
area. N = 40. 
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5.2. Faulting 

Several faults occur in the Gamigab area. They all strike east­

west and postdate the folding. Within the detailed-mapped area, 

three faults were identified, one to the north of, and two to 

the east of the mineralised quartz veins. Unfortunately the 

amount of displacement along the faults is difficult to 

determine due to the lack of marker horizons and local 

pervasive ferruginisation. 

Two, possibly three, much larger faults occur to the north-west 

and west of the detailed mapped area. A major fault occurs to 

the north-west of the prospect, cross-cutting the regional 

fabric with a north-west trend, and also defining the contact 

between the basal Orusewa Formation and the uppermost Kuiseb 

Formation. Alteration and minor quartz veining occurs in the 

vicinity of this fault. It extends northwards for some 

considerable distance and disappears beneath the Karoo cover 

north-west of Goantagab. 

5.3. Summary of the Structural Development at Gamigab 

The structural development in the Gamigab region is shown in 

Fig. 33. Dl produced the banding in the marbles and the main 

fabric in the metapelitic sequences . Remnants of Fl are 

expressed by several minor intrafolial folds in the marbles, 

but the main FI fold closures have been totally transposed. The 

banding and schistosity is refolded during D2 as evidenced in 

the F2 fold closures. Drag folding during the next phase of 

deformation resulted in the change of strike of the structures 

between Gamigab and Goantagab. The final phase of folding 

resulted in small-scale, brittle kink folding in the schists 

and open folding in the marbles. 

Several faults transect the area and are associated with quartz 

veining and ferruginous alteration, as a result of the 

interaction of fluids with the marbles. The origin of the 

fluids may have been a mixture of hydrothermal fluids and 
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meteoric waters which were able to permeate to some depth along 

the fault plane, reac ·ting wi th the country rocks and 

precipitating the iron from the fluid or from the crystal 

lattices of the calcite and/or dolomite. A heat source at 

depth (a hidden cupola, and source for hydrothermal fluids 7) 

would have helped in drawing the fluids through the country 

rocks . 

81 
r 

01 02 

81 

03 04 

Fig. 33: Simplified sketch of the structural development at 
Gamigab. Dl=tight isoclinal folding with extensive 
transposition and penetrative SI development and 
minor shearing. D2=refolding of early Fl folds into 
tight isoclinal south plunging folds with local S2 
developed in fold closures. D3=drag folding with 
shearing (7), D4=kink folding of earlier structures . 



-62-

5.4. Structural Development around Goantagab 

The structural development around Goantagab is quite complex 

and is still being assessed, but to date several geologists 

have made rather different proposals. 

been to try and provide a model which 

localisation of the mineralisation. 

The main emphasis has 

adequately explains the 

Petzel (1984) suggests that three phases of folding produced 

the upright to westerly vergent structures. The Fl and F2 fold 

axes are sub-parallel, trending north-north-west. D2 refolded 

the Fl structures into isoclinal F2 folds which are the main 

structures in this area. The F3 structures are represented by 

gentle, north-east trending flexuring of the Fl and F2 axes. 

Petzel (op. cit.) also mentions a fourth phase of folding, 

which occurred south of Goantagab, which led to the flexuring 

of the north-north-west trending structures into south-south­

west trending structures in the southern parts of the GD (i.e. 

the region around Gamigab). 

Osborn (1985) also envisages three phases of folding although 

his ideas are somewhat different to those of Petzel (1984) . In 

his model the Fl structures are tight, isoclinal and north­

plunging folds which define the main structure. F2 folds are 

north-north-west trending, southerly-plunging tight structures 

whereas D3 was an anticlockwise rotational event causing drag 

folding along a sinistral shear zone . Interference of F3 with 

the Fl and F2 structures produced a monoclinal structure but 

which has subsequently been disproved by drilling. 

Groen (1986) presented a model comprising two fold events. The 

first folds to develop were small and large scale north-north­

west trending recumbent folds. During this period, low-angle 

or bedding plane thrusting accompanied the folding, resulting 

in the repetition of a postulated one-marble sequence. The 

evidence for the thrusting is in the form of a strongly 

tectoni sed sericite-biotite schist which separates the two 

marble bands of the Karibib Formation . D2 refolded the Fl 

structures about axes that were more or less coaxial with the 
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Fl axes, producing open to tight folds. The large F2 folds 

form the structures that dominate the area. 

5.5. Structural Development in the Goantagab Domain 

When comparing the structures that are developed in both the 

Goantagab and Gamigab areas it is apparent that several 

similarities exist: 

(i) F2 folds define the main structures; 

(ii) Bl and B2 are parallel; 

(iii) Early shearing occurred; and, 

(iv) Dragging of early structures accompanied by 

ductile shearing. 

Any attempt to relate the structural development of these two 

areas would require both further detailed structural work in 

the region between Gamigab and Goantagab and clarification of 

the complex fold history at Goantagab. No attempt will be made 

in this study, but suffice to say that at this early stage 

there are these similarities. 

Correlation of the structures between adjacent regions based on 

orientation alone is a problem although similarities are also 

seen. In . the LUD, Freyer (in prep.) has identified a phase of 

deformation which produced large scale F3 folds which trend 

approximately north-east. To the west in the Northern Zone, 

Miller (1972) also recognises a period of deformation which in 

places trends north-east, but neither of these can be 

correlated with any certainty to the drag folding in the GD 

without further detailed structural work. 

In his work in the lower Ugab region, Freyer (in prep) 

recognises changes in orientation of structures in the vicinity 

of granite contacts, for example around the 'Voetspoor' granite 

north-west of Gamigab. Although the region around Gamigab does 

not have any exposed granite, Freyer (in prep.) suggests that 

flexuring in the general area could be related to an intrusive 
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at depth. Possible field evidence for such an intrusion is the 

presence of elongated biotite porphyroblasts approximately 2 km 

south of the mineralisation (see section 6.2). 
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6. METAMORPHISM 

Rock-forming mineral assemblages are stable only under certain 

P-T conditions. If these conditions are changed, those 

assemblages may become unstable, undergo reaction and produce 

new mineral assemblages that are stable under the changed 

conditions. In pelitic rocks these controls are essentially 

temperature and pressure, whereas in carbonate rocks, the 

variance is greater because the reactions are divariant in that 

the fluid compositions and pressures (sum of the partial 

pressures of H20 and CO2 among others) need to be considered. 

The most important part of determining the grade of 

metamorphism in any area is the identification of the minerals 

and mineral assemblges present. In the determination of the 

metamorphic conditions, the concept of metamorphic grades as 

defined by Winkler (1979) will be used. The sub-sections below 

contain a brief description of the rocks but the reader is 

referred to Chapter 4 for more comprehensive deta~ls. 

6.1. Regional Metamorphism 

6.1.1. Indicator minerals in the metapelites 

The schists in the Gamigab area consist predominantly of 

quartz, biotite, muscovite, plagioclase feldspar and chlorite. 

In the Orusewa Formation chlorite is absent but it is both a 

prograde and retrograde mineral in the rocks of the Kuiseb 

Formation . The lepidoblastic texture of the schists is due to 

the parallel alignment of the fine-grained (less than . 0,5 rnm) 

phyllosilicates (essentially biotite) which form 

penetrative S1 foliation. 

the pre-

Quartz is a cornmon mineral in the metapelitic assemblages and 

occurs as xenoblastic and slighty elongated grains which 

display undulose or strained extinction. It is present in the 

Kuiseb schists in stable contact with muscovite. Plagioclase is 

also present and is sometimes twinned and has an andesine 
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composition. 

6.1.2. Indicator minerals in the calc-silicate lenses 

The calc-silicate lenses, which are widely developed in 

the Kuiseb Formation, commonly contain the assemblage: 

actinolite - plagioclase - grossularite - quartz ± zoisite. 

zoisite is a common mineral at very low-grades of regional 

metamorphism and the reactions responsible for its formation 

include the breakdown of lawsonite (Winkler, 1979). If quartz 

is absent from the assemblage zoisite becomes unstable and 

breaks down in a CO2-rich enviroment (i. e. if XC02 is 

increased) to produce anorthite and calcite (Storre and Nitsch, 

1983). In the presence of quartz the breakdown of zoisite is 

somewhat different and grossularite can form (Storre and 

Nitsch, op_ cit.) as shown by the reaction below: 

(1) 4 Zoisite + 1 Quartz = 1 Grossularite + 5 Anorthite 

+ 2 H20 

Grossularite can also form from other reactions and include the 

breakdown of prehnite (Winkler, 1979). 

Experiments by Gordon and Greenwood (1971) have shown that 

grossularite may, under conditions of increased XC02 , breakdown 

during high-grade metamorphism into calcic-plagioclase and 

wollastonite. 

In the calc-silicate lenses, grossulari te is present as 

sieve-textured grains which replace the finer grained 

quartz - feldspar ± zoisite assemblage. Inclusions in the 

garnet are mainly quartz but no zoisite was observed as 

inclusions wi thin, or as grains close to, the grossulari te. 

However a single zoisite grain was seen in stable contact with 

an actinolite cluster. This suggests that the grossularite 

forming reaction may be given by: 
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(1) 4 Zoisite + 1 Quartz = 1 Grossu1arite + 5 Anorthite 

+ 2 H20 

6.1.3. Indicator minerals in the marbles 

The marbles in the Gamigab area consist predominantly of 

calcite with lesser amounts of quartz and dolomite and trace 

amounts of phlogopi te. However, wi thin the dolomitic layers 

fine-grained dolomite is more abundant than calcite. 

Idioblastic, twinned and coarse-grained tremoli te grains are 

present within some of the marbles, replacing the finer grained 

calcite, quartz and dolomite assemblages. Talc may also form in 

these rocks as indicated in the reactions below. Several 

reactions have been suggested . for the formation of tremolite 

(Metz and Tromsdorff, 1968; Metz, 1970; Puhan and Hoffer, 1973; 

Slaughter .~., 1975; Winkler, 1979): 

(2) 3 Dolomite + 4 Quartz 

+ 1 H20 

( 3 ) 5 Talc + 6 Calcite 

+ 4 Quartz 

( 4 ) 2 Talc + 3 Calcite 

(5 ) 5 Dolomite + 8 Quartz 

+ 1 H2O 

( 6 ) 2 Dolomite + 1 Talc 

+ 4 Quartz 

= 1 Talc + 3 Calcit~ 

+ 3 CO2 

= 1 Tremolite + 6 CO2 

+ 2 H2O 

= 1 Tremolite + 1 Dolomite 

+ 1 CO2+ 1 H2O 

= 1 Tremolite + 3 Calcite 

+ 7 CO2 

= 1 Tremolite + 4 CO2 

Tremolite can form from the reaction between dolomite and 

quartz in the presence of H20 (reaction 5). At even higher 

temperatures then diopside and forsteri te can form generally 

from the reactions of combinations of tremolite, calcite, 

dolomite, quartz and talc (Metz, 1970) but this has not 
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occurred in the Gamigab area _ If either of the two minerals 

were present it would indicate metamorphic conditions of 

at least amphibolite facies (Winkler 1979). 

In samples where tremoli te was observed, dolomite and quartz 

were not found in contact with each other. Talc is not present 

in the Gamigab area and is bearly present at Goantagab and so 

probably does not appear in the formation of tremolite. Hence 

the tremolite-forming reaction is: 

(5) 5 Dolomite + 8 Quartz = 1 Tremolite "+ 3 Calcite 

+ 1 H20 + 7 CO2 

6.1.4. P-T Estimates for the Gamigab region 

An accurate determination of the conditions which prevailed 

during metamorphism is not possible from only studying mineral 

relationships, although a reliable estimate can be made. 

The mineral assemblages in the schists are typical of the 

greenschist facies, above the reaction-isograd stilpnomelane + 

muscovite out/biotite 

Winkler (1979) occurs 

kbar (Fig. 34). 

+ muscovite in, which according to 

at temperatures greater than 420°C at 1 

The grossularite in the calc-silicate lenses of the Kuiseb 

Formation formed through the reaction of zoisi te and quartz. 

The pressure-temperature dependancy of this reaction is shown 

in Fig. 35 and as can be seen from the curve the reaction can 

take place at higher temperatures with an accomanying increase 

in pressure . The mineral assemblages in the schists suggest 

temperatures less than 500°C and if this is then applied to 

Fig. 35, pressures of less than 2 kbar are estimated for the 

Gamigab area. 

The thermodynamic study of the CaO-MgO-Si02-H20-C02 system by 

Slaughter et al. (1975) shows that at pressures of 1 kbar the 

tremolite-forming reaction occurs between 400°C and 450°C for 
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XC02 val ues greater than 0, 7 ( Fig. 36 ) . Cons ider now the 

pressure at 2 kbar for the same reaction. The results from the 

work of Slaughter et al., (ap. cit.) suggest that the reaction 

can start at slightly higher temperatures (± 440°C) and persist 

up to temperatures of 490°C. 

-u 
o -

509 

400 

---- 1 kbar 
-2 kbar 

0,'4 D,S 0,6 

.---- -

0,7 0,8 

- .... .... 

0,9 1,0 

Fig. 36: T-X diagram showing the reaction curve for tremolite 
at 1 and 2 kbars (Adpated from Slaughter eta!., 1975) 

From the petrographic study of the metamorphic assemblges the 

rocks in the Gamigab area underwent low-grades of regional 

metamorphism. Temperatures were probably ranged between 420°C 

and 500°C and pressures were less than 2 kbar. This deduction 

agrees with that of Hodgson ( 1972 ) who determined the same 

conditions of 500°C and 2 kbar in the GD on the basis that 

tremoli te and cordieri te (in the marbles and schists 

respectively) are products of regional metamorphism. 

6 . 2. Contact Metamorphism 

The effects of contact metamorphism are seen both east of, and 

west of Gamigab. In the eastern parts, contact effects 

(probably related to the Omangambo pluton) are seen in the form 
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of oval shaped pseudomorphs of cordierite. The nodules are 

2-3 cm in length and lie in the foliation and are generally 

randomly orientated. In thin section the porphyroblasts consist 

of biotite, chlorite and muscovite as retrograde products from 

the breakdown of cordierite. The retrograde minerals are finer 

grained than the phyllosilicates which make up the rest of the 

rock. However, dispersed throughout the rest of the rock and 

also wi thin the cordieri te pseudomorphs are decussate biotite 

laths which replace the finer grained fabric. 

Some 2 krn west of Gamigab there is biotite spotting in the 

Kuiseb schists. In thin section the spots are seen to consist 

of a coarse-grained, un strained core of quartz wrapped around 

by biotite laths which are also unstrained (Fig. 37). These 

quartz-bioti te spots overprint the finer grained S1 phyllo­

silicates and in places the coarse biotite laths appear to 

lie parallel to the S4 direction. 

Fig. 37: Photomicrograph (uncrossed polars) of biotite spot 
developed in response to thermal metamorphism. Field 
of view is 4 mm. 
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Similar contact metamorphic-type effects have been noted and 

documented (Miller, 1973b; Porada et al., 1983). In his work 

east of the Omangambo Pluton, Miller (1973b) reports the 

occurrance of poikiloblastic cordierite in the pelitic rocks 

adjacent to the Salem granite. He suggests that the reaction 

between biotite, muscovite and quartz produced the cordieri te 

and potash feldspar. Cordierite has also been found by Porada 

et al . (1983) in the vicinity of the "Doros Granite" and along 

the southern boundary of the LUD. 

6.3. Relationship Between Metamorphism and Structure 

The strong parallel alignment of the micas in the schist 

indicates that mineral growth occurred syn-tectonically during 

the early stages of deformation. During F2 this SI surface was 

refolded and in places locally transposed into an S2 fabric. 

The crenulation cleavage generated during the last period of 

deformation (F4) is sporadically developed along the limbs of 

the F2 folds. 

The marbles have been completely recrystallised into an 

unstrained calcite ± quartz ± dolomite assemblage and the 

tremolite porphyroblasts are decussate and show no indication 

of having been affected by further deformation. This suggests 

that the tremolite formed post-tectonically. 

The actinolite clusters in the calc-silicate lenses are however 

bent and display strained extinction. The grossularite 

porphyroblasts replace the actinolite-plagioclase-quartz­

zoisite assemblage and do not show evidence of rotation or 

contain rotated or deformed inclusions. Hence, the conditions 

of metamorphism prevailed after deformation and allowed the 

formation of the grossularite. 

The cordierite pseudomorphs south-east of Gamigab show an 

alignment in the SI foliation but are also decussate, implying 

that thermal metamorphism in this area started during the late 

stages of deformation and continued after the cessation of 
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deformation_ 

The sub-parallel alignment of part of the quartz-biotite spots 

in the 54 direction indicates that thermal metamorphism started 

in the south-western parts during the final stages of D4. This 

thermal metamorphism continued on after D4 and produced the 

overprinting coarse biotite laths also associated with these 

spots. 

In summary, regional metamorphism in the Gamigab area started 

during -deformation and continued for some period afterwards. 

Thermal metamorphism affected the rocks south-east and south­

west of the mineralisation, and also started toward the end of 

the deformation, continuing after deformation ceased. 

When comparing the metamorphic history between the Goantagab 

Domain and the Lower Ugab Domain, it appears that regional 

metamorphic grades in the GD were somewhat higher than in the 

LUD. Halbich and Freyer (1985) indicate two periods of regional 

metamorphism in the LUD, whereas this initial work in the GD 

indicates possibly one period of regional metamorphism. The 

effects of contact metamorphism are also evident in the LUD in 

the metapelitic rocks adjacent to intrusive granites. 
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7. THE EFFECfS OF HYDROTHERMALACfIVITY 

The movement of hydrothermal fluids through the lithologies has 

had varying effects in the different rock types. Mineralisation 

and quartz veining with associated wall rock alteration, is 

seen at several localities within the schistose Orusewa 

Formation. Wall rock alteration is also closely associated 

with numerous breccias which, in contrast, are only found 

within the Karibib marbles. 

The alteration associated with the quartz veins is zoned. On 

either side of the vein is a zone of pervasively tourmalinised 

wall rock which is termed the vein mtugin. The vein margin is 

flanked by pervasively sericitised country rocks which are 

termed wall rocks to distinguish them from the vein margin . 

In the text that follows, the quartz veins, vein margins, wall 

rocks and the accompanying geochemical variations from the vein 

into the wall rocks will be described. This is - followed by a 

section dealing with the breccias. 

7.1. Alteration-Mineralisation in the Orusewa Formation 

7.1.1. Quartz veins 

Much of the alteration-mineralisation in the region is located 

in a southerly plunging, anti formal structure, where a single 

set of quartz veins was emplaced into the underlying schists of 

the Orusewa Formation. Unfortunately much quartz scree and 

rubble discarded by Damara miners obscures the majority of the 

surface outcrop, although, according to maps compiled by the 

South West Africa Company (SWACO, 1953), approximately 20 large 

quartz veins crop out on surface ' (Fig. 3B) . Additional quartz 

veins occur to the east, west and south of the main mineralised 

centre. As part of the evaluation of the prospect SWACO dug 

three exploration trenches, two of which were mapped for this 

project (trenches 2 and 3) (Fig 39). The third smaller trench 

(trench 1) is unfortunately obscured by overburden and rubble. 
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In general the veins trend almost east-west and are sub­

vertical, dipping steeply either to the north or south. Vein 

thickness is variable, rangi ng between 10 cm and 3 m, and i n 

most insta nces t he vein s ha v e been fractured and these 

fractures infilled with c a lcite , and/or siderite and 

hematite ( Fig. 40). general l y a 

milky white colour , 

In ou tcrop, 

and has 

the quartz is 

a distincti ve "wet-look " 

appearance. "Wet-look quar tz " is a term tha t was apparently 

introduced by early prospec t ors to descr ibe ore-bearing quartz 

(Pirajno, pers. corom. , 1986). The ve'{ns' a r e almost totally 

hosted within the schist , with on e intrudin g for ' a s mall 

distance into the overlyi ng marble. 

Fig. 40: Photomicrograph (cros s ed polars) of quartz vein 
wi th cassi teri te. Field of view is 4 mm. 

Cassiterite (Sn02 ) is the main ore mineral present, with 

accessory pyrite 

wholly within the 

(Fig. 40) ranging 

and chalcopyrite. The cassi teri te is found 

veins as fractured and brecciated grains 

in size from a few millimetres to several 

centimetres in diameter. It displays good euhedral form and 

distinctive growth zoning (Fig. 41). 
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Fig. 41: Photomicrograph (uncrossed polars) of zoned 
cassiterite (Sn02)' Fieldof viewis O,25mm. 

7.1.2. Vein margins 

A common feature adjacent to all the veins is a zone of 

intensely silicified and tourmalinised wall rock. The width of 

this zone is variable from less than 10 cm up to 50 cm and does 

not appear to be controlled by the thickness of the vein. In 

outcrop, the quartz-tourmaline rocks are dark and fine grained 

and do not exhibit any metamorphic fabric. Graphite is found in 

the vein margins both as an alteration product and along joint 

planes. 

Thin sections of the vein margins show that the quartz is 

present as a recrystallised, fine-grained and unstrai ned 

mosaic. Grain size is variable from very f i ne-grained up to 

0,3 mm in diameter. The tourmaline is present as fine-grained 

laths (0,2 mm - 1 mm) overprinting the quartz mosaic (Fig. 42). 

The tourmaline grains are pleochroic from a yellow-brown to 

a l most colourless and in some of the larger grains a zoning is 

evi dent with darker yellow-brown cores. Al though in hand 

spec imen a metamorphic texture is not apparent, thin sections 
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Fig. 42: Photomicrograph (crossed polars) of tourmalinised 
vein margin. FieldofviewisO,25mm. 

show the tourmaline to have a parallel alignment in a preferred 

direction, probably parallel to Sp with only a few grains 

cross-cutting the alignment at a shallow angle. Quartz 

veinlets cross-cut the rocks in places and adjacent to these 

veinlets the tourmalines are bent and sometimes fractured. 

In some thin sections sphene is present in amounts less than 1% 

and in places contains inclusions of tourmaline and quartz. 

Calcite is also present in small amounts surrounding and cross­

cutting the tourmaline laths. Where developed, the graphite 

occurs as opaque flakes which are essentially confined along 

the tourmaline grain boundaries with a few flecks developed 

within the tourmaline itself. Red hematitic patches are 

sometimes developed with the hematite commonly enclosing some 

tourmaline laths. Elsewhere the hematite occurs together with 

calcite and is especially developed in calcite veinlets cross­

cutting the rocks. 
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7.1.3. Wall rocks 

The schist within the mineralised area, and in places to the 

west of the mineralised area, has been pervasively altered to a 

fine-grained assemblage of predominantly sericite. A red 

spotting, probably after sulphide, in the fine-grained grey 

schistose wall rocks is evident almost everywhere. These spots 

have an average diameter of about I rom. Cutting across the 

rocks are numerous hematite-filled veinlets. The marble 

interbeds are also q~ite extensively ferruginised and coarse-

grained tourmaline pockets are locally developed. 

Unfortunately the schist is weathered and can be quite friable 

to handle. 

Thin-section study of samples of the wall rocks show the rock 

to be a very fine-grained quartz-sericite schist . The fine­

grained quartz which is generally less than 0,05 rom in diameter 

is anhedral in shape and appears to be almost completely 

recrystallised. The hydrothermal sericite occurs along the 

grain boundaries of the quartz and lies in preferred 

orientation mimicking the metamorphic fabric. Replacing the 

very fine-grained assemblages are unorientated muscovite 

porphyroblasts. Tiny decussate stubby laths of yellow-brown 

tourmaline with grain sizes usually less than 0,1 IlUll replace 

the quartz-sericite assemblages, and occur as inclusions within 

the coarser grained muscovite. 

In thin section the red spots are seen to consist of patches of 

recrystallised quartz, whose grain size is slightly larger than 

the quartz in the quartz-sericite assemblage. Fine-grained 

hematite and calcite rim the grains and also define the outline 

of the spot. Hematitisation is also well developed along the 

edges of calcite veinlets. The alteration extends out from the 

veinlet into the sericitic schist but decreases in intensity 

away from the veinlet. 
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7.1.4. Geochemistry of the alteration 

Samples for geochemical analysis of major and trace elements 

were collected across a selected vein extending from the wall 

rocks through the vein margins and into the vein. The results 

are presented in Table VII and are presented diagramatically in 

Fig. 43. It must be noted that the changes in the element 

proportions are relative and not absolute . 

TABLE VII: Major and trace element analyses of wall rock at 2m 
(WR2m), wall rock at 1m (WR1m), vein margin (VM), 
fractured quartz vein (QVf) and of unfractured vein 
(QVu). Major elements expressed in percent; trace 
elements expressed in parts per million. 

Sample GC 27F GC 28F GC 29F GC 30F GC 47F 
No. 

Rock WR( 2m) WR( 1m) VM QVf QVu 
type 

Si02 60,71 41,85 61,02 61,92 98,14 
Ti02 0,81 0,52 0,82 0,00 0,00 
A1203 16,78 9,79 17,43 1,25 0,44 
Fe203 6,20 5,48 5,49 5,17' 0,62 
MnO 0,07 0,11 0,09 1,25 0,00 
MgO 0,14 0,55 4,82 0,46 0,33 
CaO 4,12 21,10 4,91 19,34 0,49 
Na20 0,12 0,07 0,24 0,04 , 0,02 
K20 1,09 0,47 0,20 0,27 0,00 
P20~ 0,15 0,18 0,09 0,00 0,00 
H2 O 6,90 4,85 3,16 2,12 0,33 
CO2 2,27 15,13 2,13 8,36 0,08 

TOTAL 99,36 100,10 100,40 100,16 100,45 

Sr 139 136 393 380 11 
Rb 37 19 12 nd nd 
Nb 17 8 16 nd nd 
y 27 43 38 10 nd 
Zr 157 98 136 nd nd 
Sn 11 26 119 13 8 
W 6 7 5 7 5 
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The variation diagrams show that Si02 decreases in the wall 

rocks adjacent to the vein margin but increases in the vein 

margin and in the quartz vein, being higher in the unfractured 

portion compared to the fractured part. Al203 is lower in the 

wall rocks I m from the vein when compared to the wall rocks 2 

m from the vein and decreases sharply in both the fractured 

and unfractured parts of the quartz vein. There is a saw-tooth 

variation in CaO with peaks in the wall rocks adjacent to the 

vein margin and again in the fractured part of the vein. 

The amount of MgO is generally low through-out although in the 

vein margins it increases to about 5%. K20 decreases steadily 

from the wall rocks into the vein margin and into the vein 

itself. Na20 is also present in low amounts but peaks in the 

vein margin relative to the wall rocks and vein. Ti02 varies 

slightly through the wall rocks into the vein margin and is 

absent in both the fractured and unfractured parts of the vein. 

Fe TOTAL remains relatively constant, decreasing gently through 

the wall rocks, vein margin and fractured quartz vein but drops 

rapidly in the un fractured part of the vein. MnO is low but 

constant in the wall rocks and vein margin but·is present in 

slightly higher amounts in the fractured part of the vein. P20S 

remains constant in the wall rocks decreasing in the vein 

margin and is absent in the quartz vein. 

Considering the trace element variations, it can be seen from 

Fig. 43 that Sr increases in the vein margin relative to the 

wall rocks and remains quite high in the fractured vein, 

decreasing sharply in the unfractured part of the vein. Rb 

decreases steadily through the wall rocks and vein margins, and 

into the vein where it is absent. Nb shows slight variance when 

moving in toward the vein, and is also absent in the quartz 

vein. Y decreases toward the vein from the wall rocks adjacent 

to the vein margin and is absent in the unfractured part of the 

vein. The pattern of variation of Zr is similar to that of Nb 

with the exception that Zr is present in much greater amounts. 

Sn is low in the wall rocks and in the vein but peaks in the 

vein margin . W varies slightly in the traverse and is present 

in very small amounts. 
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7.1.5. Tourmaline composition 

The general formula for tourmaline may be given as: 

where X = (Na, Ca), Y = (Mg, Fe, Mn, Li, Al) and Z = (Al , }lg, 

FeH , Cr) (Deer el al., 1986). The more common compositional 

end members are the magnesium tourmalines (dravites) where the 

Y site is predominantly Mg, and the iron-rich tourmalines 

(schorl) where the Y site is predominantly Fez+. Alkali 

tourmalines (elbaite) also exist where Li becomes dominant in 

the Y site. A continuous solid solution series exists between 

dravite and schorl (Mg = Fe2+) and between schorl and elbaite 

(Fe2+ = Li+) but there is an immiscibility gap between elbaite 

and dravi te (Deer elal., op. cit. ) . 

Electron microprobe analyses were performed on tourmalines from 

the vein margins, the wall rocks and from the marbles . The 

analyses are presented in Tables VIII, IX and X. Below the 

partial analyses are the calculated structural formulae for the 

mineral which were based on approximated amollnts for BZ03 and 

HzO taken from tourmaline analyses in the literature (Deer el 

al., 1986) (B203 = 10,5%; H20 = 3,6%), since these could not be 

determined on 

all Mg-rich 

the microprobe. The tourmalines at Gamigab are 

(i.e. dravitic) although differences occur 

depending on their locality. On the basis of the substitution 

between Fe2+ and Mgz+ variation diagrams are plotted using the 

iron-number (Fe#): 

Fe# = FeD 
~~.,.....-:-::-=-: 
(FeO + MgO) 

Fig. 44 shows a plot of Fe# against MgO for the tourmalines in 

the vein margin, in the wall rocks approximately 1 m from the 

vein and also 2 m from the vein. The vein margin tourmalines 

have low Fe#'s whereas the tourmalines in the wall rocks become 

increasingly Fe-rich further away from the vein. 

Tourmalines from altered vein margins in the marble plot in the 

same area as those in the schistoze vein margins (Fig. 45). 



-85-

TABLE VIII: Partial analyses of tourmalines from tourmalinised 
vein margins in altered schist. 

GC 33A 33D 41A 41B 41C 41D 45C 45D 45E 

Si02 36,88 37,01 36,49 36,61 36,99 36,89 37,14 37,39 37,24 
Ti02 0,54 1,00 0,55 0,88 0,53 0,92 0,62 0,59 0,91 
A1203 29,99 29,82 30,16 30,13 29,65 30,10 31,03 30,68 30,71 
FeO 3,35 3,47 3,36 3,02 3,54 3,20 3,21 3,24 3,48 
MIlO 0,06 0,05 0,09 0 ,0 7 0,12 0,08 0,08 0,04 0,06 
MgO 10,06 10,07 9,50 9,53 9,72 9,55 9,41 9,19 9,45 
CaO 1,87 1,90 1,55 1,46 1,63 1,44 1,37 1,51 1,69 
NaZO 1,84 1,83 1,88 1,76 1,96 1,95 1,81 1,76 1,76 
TOTAL - 8.4,60 85,14 83,59 83,48 84,13 84,14 84,66 84,41 85,29 

Fell 0,25 0,26 ' 0,26 0,24 0,27 0,25 0,25 0,26 0,27 

TABLE IX: Partial analyses of tourmalines from the sericitised 
schist wall rocks. Distance measured from vein margin. 

Dist. 2m 2m 1m 1m 1m 1m 1m 1m 1m 
GC 35B 35C 36B 36C 36D 36E 44A 44C 44D 

Si02 36,27 35,86 36,33 36,51 36,23 36,79 36,40 38,21 36,53 
Ti02 0,45 0,90 0,72 0,53 1,15 0,35 0,83 0,73 0,80 
A1203 31,64 29,97 29,88 30,99 29,06 30,45 30,46 29,31 30,17 
FeO 6,28 5,78 3,85 4,09 4,13 3,60 3,79 3,55 3,58 
MnO 0,06 0,01 0,05 0,06 0,04 0,05 0,03 0,03 0,05 
MgO 7,20 7,69 9,34 8,70 9,44 9,19 9,22 8,99 9,52 
CaO 0,72 1,26 1,69 0,95 1,76 1,20 1,52 1,49 1,67 
NaZO 1,85 1,86 1,81 1,82 1,70 2 , 06 1,76 1,78 1,84 
TOTAL 84,46 83,32 83,68 83,63 83,51 83,69 84,01 84,08 84,17 

FeU 0,47 0,43 0,29 0,32 0,30 0,28 0,29 0,28 0,27 

TABLE X: Partial analyses of tourmalines from vein margins in 
altered marble. 

FW136/A B C D E FW142/A B C D E 

Si02 37,00 37,09 37,22 37,02 36,83 37,20 36,79 37,50 37,26 36,89 
Ti02 0,61 0,60 0,31 0,60 0,66 0,48 0,50 0,58 0,46 0,71 
A1203 30,58 31,03 31,68 30,61 30,20 31,10 31,13 30,86 31,11 29,83 
FeO 2,91 3,02 2,84 2,80 3,15 4,38 4,02 3,63 4,16 4,31 
MnO 0,12 0,08 0,12 0,10 0,12 0,07 0,05 0,04 0,07 0,06 
MgO 9,89 9,75 9,62 10,09 10,00 8,96 9,07 9,74 9,13 9,57 
CaD 1,66 1,20 1,25 1,67 1,71 1,04 1,24 1,45 1,22 1,57 
Na20 1,84 1,96 1,85 1,80 1,82 2,27 2,08 2,01 2,17 1,98 
TOTAL 84,61 84,73 84,88 84,69 84,48 85,49 84,88 85,82 85,60 84,91 

Fel 0,23 0,24 0,23 0,22 0,24 0,33 0,31 0,27 0,31 0,31 
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7.2. Brecciation in the Karibib Formation 

Some twenty breccias were identified and mapped in the Gamigab 

area. The surface expression of the breccias is variable from 

body to body. Generally they occur on a small scale with a 

surface area of 23m2 although much larger breccias are 

located 1 km south of, and 500 m south-east of the mineral-

isation. Another large breccia occurs in the vicinity of the 

igneous intrusions 500 m north-east of the mineralised area 

although it is not very well exposed . 

The smaller breccias tend to be circular to oval in shape 

whereas the larger ones are more irregular and are longer and 

thinner parallel to the main F2 fold axis. In all cases the 

breccias are cross-cutting and are located within, or adjacent 

to, the apical parts of antiforms. They also occur close to 

the contact between the Karibib Formation and the underlying 

Orusewa Formation. An ubiquitous feature with the breccias is 

a halo of altered country rock. This alteration is essentially 

ferruginous and may be quite pervasive or fracture controlled. 

7.2.1. Fragments 

The fragments are commonly angular in shape and 

in size ranging from a few cm up to about 

may be variable 

1 m (Fig. 46). 

Fragment composition is dependant on the country rock. Where 

the breccia occurs in blue-grey marble, the fragments are the 

same blue-grey marble and no other rock fragments were seen in 

any of the breccias. Minor fold structures are preserved in 

several of the fragments indicating that brecciation occurred 

after the deformation. It is also clear from field evidence 

that in some places the fragments did not move any great 

distance from their original position since they may be fitted 

back together like a jig-saw puzzle if the breccia matrix was 

removed. 
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Fig. 46: Sketch (taken from photograph) of a breccia body 
at Gamigab, showing angular, partly rotated 
fragments, several with remnant fold structures. 

7.2.2. Matrix 

The matrix cementing the fragments together generally consists 

of coarse-grained, white 

pervasively ferruginised. 

calcite which can be locally 

It is within these altered breccias 

that the fragments have well developed alteration rims (1-2 cm 

thick). Locally very small pink (hematitic) veinlets cross-cut 

the unaltered coarse calcite matrix. 

The matrix can become quite siliceous in places as is seen in 

the southern parts of the large breccia body to the south of 

the mineralisation (Fig. 47). This dark resistant matrix is 

only developed on a local scale and the fragments which it 

cements tend to be slightly more rounded than usual. When 

viewed in thin section the siliceous nature is exemplified by 

the abundant quartz (0,25 mm) although calcite and accessory 

tourmaline are also present. Careful study under high power 

magnification 

fine-grained 

reveals the presence 

(0,1 mm) grains of 

of angular, stubby and very 

topaz. Although the inter-
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ference colours are identical, the topaz may be distinguished 

from the quartz by its moderate relief and other optical 

properties. Hematite is found in conjunction with calcite, 

usually in the form of cross-cutting veinlets. Accessory 

amounts of muscovite occur interstitially to the quartz grains. 

Fig. 47: Photograph of breccia with siliceous matrix. 

Whole-rock and trace-element analyses of four samples of the 

matrix are presented in Table XI. Two of the samples (R759 and 

GC 109) are more siliceous as indicated by the high amounts of 

SiOz, whereas the remaining samples (R758 and GC106F) are 

examples of the more calcite-rich matrix. All the samples 

contain several percent A120 3 due to the presence of topaz 

and/or tourmaline. Sn appears to be anomalously high in all the 

samples ranging from 10 - 47 ppm, whereas W ranges between 

6 - 23 ppm. 



-90-

TABLE XI : Major and trace element analys es of carbonate breccia 
and silic eous breccia 
expresse d in weight 
parts per million _ 

matrix . Major elements are 
percent and trace elements in 

CARBONATE 
Sample No GC 106F R758 

Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P20~ 
H20 
C02 

TOTAL 

Rb 
Sr 
y 
Zr 
Nb 
Sn 
W 

26,16 
0,30 
6,03 
5,18 
0,42 
3,,79 

28,24 
1,76 
0,08 
0,17 
8,07 

19,72 

99,92 

169 
463 

25 
81 

9 
47 

7 

Total Fe expressed as Fe203 • 

29,93 
0,11 
2,76 
3,11 
0,33 
0,08 

31,17 
2,48 
0,00 
1,67 
8,85 

17,88 

98,37 

180 
366 

28 
86 

7 
15 

8 

SILICEOUS 
R759 GC 109 

80,85 
0,12 
2,84 
0,96 
0,12 
0,00 
7,90 
0,00 
0,01 
2,00 
3,45 
1,77 

100,02 

9 
725 

24 
72 

6 
11 

6 

77,26 
0,29 
7,10 
0,49 
0,02 
0,89 
7,76 
0,01 
0,09 
2,80 
2,71 
0,58 

100,00 

5 
884 

29 
70 

6 
10 
23 

7.2.3. Geochemistry of the porphyry plug 

Although the intrusion occurs some distance from the 

mineralisation, it is thought that it may be related to the 

igneous activity responsible for the mineralisa tion. The field 

and thin section characteristics of the 

previously in section 4.4.1., whereas 

presented in Table XII. 

plug were described 

the geochemistry is 
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TABLE XII: Major and trace element analyses and calculated 
Norms of the porphyry plug. Major elements are 
expressed in weight percent; trace elements in 
parts per million. 

Sample GC12F R74B R749 

Si02 63,54 64,02 62,BB 
Ti02 0,93 0,93 1,01 
Al203 11, B3 11,60 12,14 

* 7,4B 7,01 6,77 Fe203 
MnO 0,13 0,10 0,13 
MgO 0,51 0,66 0,44 
CaO 4,74 4,65 4,83 
Na20 1,33 1,08 1,19 
K20 3,9B 4,32 4,29 · 
P20~ O,2B 0,27 0,29 
H2 O 3,11 4,47 4,11 
CO2 2,86 2,16 2,09 
TOTAL 100,71 101,27 100,17 

Sr 216 218 200 
Rb 99 105 86 
Nb 22 42 34 
Y 43 37 45 
Zr 259 230 219 
Sn 12 12 12 
W 6 5 6 

Calculated CIPW Norms 

Q 27,80 28,91 27,46 
or 24,B2 26,95 27,01 
ab 11,B5 9,65 10,75 
an 15,39 14,87 16,06 
di 6,55 6,64 6,52 
hy 11,06 10,47 9,47 
il l,B6 l,B6 2,03 
ap 0,71 0,69 0,73 

CIPW Norms recalculated from volatile free analyses. 
Total Fe expressed as Fe20 3". 

The plug is characterised by having Si02 contents between 65-

67%, about 12% A120 3 and CaO > K20> Na20. MgO is typically low 

whereas Fe is quite high but this may be as a result of later 

ferruginisation. The high amounts of H20 and CO2 are also an 

indication of alteration. The trace element determinations show 

that the rocks have high Sr and Zr (340 - 360 ppm and 250 -

270 ppm respectively) and lesser amounts of Nb (20 - 30 ppm), 
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y (30 -45 ppm) and Rb (70 - 100 ppm). Sn can be considered to 

be anomalous condidering the average content of felsic igneous 

rocks is between 2 - 3 ppm. 

A way to distinguish igneous rocks is to plot their CIPW Norms 

on diagrams such as Ab-Or-An. 

Table XIII lists major element 

For the purposes of comparison 

analyses and CIPW norms of other 

rocks from the literature. 

TABLE XIII: Average major element analyses and Norms for 
various igneous rocks. 

Si02 
Ti02 
A1203 
FeO* 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

1 

65,01 
0,58 

15,91 
4,73 
0,09 
1,78 
4,32 
3,79 
2,17 
0,15 

2 

71,30 
0,31 

14,32 
2,85 
0,05 
0,71 
1,84 
3,68 
4,07 
0,12 

3 

61,25 
0,81 

16,01 
5,35 
0,09 
2,22 
4,34 
3,71 
3,87 
0,33 

4 

68,98 
0,86 

13,02 
5,39 
0,09 
1,22 
2,47 
2,88 
4,80 
0,29 

5 

69,28 
0,88 

13,35 
5,42 
0,09 
1,17 
3,49 
3,45 
2,56 
0,30 

Calculated CIPW Norms 

Q 
or 
ab 
an 
di 
hy 
mt 
il 
ap 

22,71 
12,82 
32,07 
19,99 

0,07 
5,83 
3,52 
1,10 
0,36 

FeO' = Total Fe 

29,06 
24,50 
31,13 
8,04 

3,37 
1,75 
0,58 
0,28 

14,26 
22,85 
31,38 
15,64 

2,05 
4,57 
3,91 
1,54 
0,79 

24,05 
28,36 
34,37 

8,42 
1,66 

10,83 

1,63 
0,69 

Analyses recalculated volatile free 

Key to Samples 

1 Average Dacite (Le Maitre, 1976) 
2 Average Granite (Le Maitre, 1976) 
3 Average Latite (Le Maitre, 1976) 

27,52 
15,13 
29,19 
13,38 

1,69 
10,71 

1,67 
0,71 

6 

68,27 
0,67 

13,13 
7,38 
0,16 
0,34 
r,74 
2,98 
5,32 
0,19 

21,22 
31,44 
25,22 
6,74 
0,58 

13,29 

1,27 
0,45 

7 

67,33 
0,65 

13,62 
6,39 
0,14 
0,41 
2,03 
3,64 
4,71 
0,17 

19,12 
27,83 
30,80 

6,91 
1,80 

11,00 

1,23 
0,40 

4 Devitrified Etendeka Quartz Latite (Milner, 1987) 
5 Pitchstone Etendeka Quartz Latite (Milner, 1987) 
6 Main granite (Brandberg) (Pirajno, unpublished data) 
7 Main granite (Brandberg) (Pirajno, unpublished data) 
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As can be seen in Fig. 48, the porphyry plug at Gamigab plots 

toward the Or-An line relative to the other igneous rocks. The 

field and thin-section characteristics show that the plug has 

been altered which could account for the plotted position . 

Igneous activity in the region is represented by the Brandberg 

alkaline complex and the Etendeka quartz latites . It is clear 

from Fig. 48 that the porphyry plug plots away from the latites 

and Brandberg granite. When comparing the major elements of 

the quartz latite , Brandberg granite and the porphyry plug the 

latter is lower in 5i021 Al203 and Na20 but has significantly 

higher CaO . K20 is approximately the same among the rocks. 

.6 
'4 

-3 

-5 

-1 

Or 

. , 
· Gamlgab 

• 

Ab An 

Fig . 48: Ab-Or-An normative diagram showing the distribution 
of the rocks represented'in Table XIII and comparing 
them to the Gamigab Porphyry plug. 

This discrepancy in the geochemistry may be explained by the 

fact that the porphyry plug intruded into carbonate rich rocks 

and has subsequently been altered. The assimilation of 
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carbonate-rich material (evidenced by marble xenoliths) could 

account for an increase in the amount of CaO. A late stage 

carbonatisation of the plug may also account for an increase in 

CaO by alteration of the albite feldspars (i.e. Na-rich) and 

replacement of Na by Ca. The differences in Si02 and Al203 may 

also be as a result of the alteration. It is likely that a 

combination of assimilation and alteration is responsible for 

the difference in geochemistry. 
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8. MODEL FOR HYDROTHERMAL DEPOSITS 

In order to understand the processes of the hydrothermal 

acti vi ty at Gamigab it is important to consider the models 

behind the formation of such hydrothermal deposits. In -the 

sections that follow these ideas are presented first followed 

by a discussion on the hydrothermal activity at Gamigab and how 

the features there fit into the hydrothermal model. 

8.1. Magma Characteristics 

Many tin deposits occur adjacent to or within granitic bodies 

(Taylor, 1979; Plimer, 1983). These tin-bearing granites are 

supposedly specialised, with a specific compositional range 

(Tischendorf, 1977) and trace element abundance (Taylor 

op_ cit). Plimer (1983) suggests that 'A-type' granites are 

associated with hard rock tin deposits . These high 

temperature, low viscosity melts are commonly found in 

anorogenic terrains and crystallise to form alkali ring 

complexes, biotite adamellites and biotite granites. 

Other granite 'types' have also been recognised. M-type 

granites occur in narrow belts and are associated with 

subduction zones. I-type granitoids are derived from pre­

existing igneous material and S-type granites which are derived 

from a sedimentary source (Plimer, 1983). The M-type granites 

are not associated with economic ore deposits whereas the 1-

type may be related to porphyry Cu and Mo deposits as well as 

W-Mo-Cu skarns. S-type granitoids have similarities with the 

A-type granites and are associated with some economic Sn 

deposits. Geochemically the A-type granites are character­

istically high in SiOz, NazO, KzO, Rb/Sr, Li, B, Sn and Zn and 

low FeZ03 , FeO, MgO and CaO, whereas S-type granites have high 

SiOz and high KzO/NazO ratios . 

Plimer (1983) suggests that those granites spatially associated 

with Sn mineralisation 

muscovite) with both 

are two mica granites (biotite and 

or one of the micas generally of 
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metasomatic origin. A review on the formation of these magmas 

is given by Clemens et al. (1986), who suggest that these melts 

formed through a complex process of partial melting and 

fractionation coupled with volatile interaction. The recycling 

of ancient sedimentary crust for the origin of S-type granites 

is supported by the spatial association of younger granite­

related deposits with much older (generally Proterozoic) 

metasediments (Plimer, 1983). This provides for the possibility 

that the ancient crust could serve as a source for several of 

the more unusual elements, including Sn . 

Holland (1972, p281) provides support for the classical 

hypothesis that "many ore metals are derived from magmas, that 

they are transported in hydrothermal solutions and that they 

are deposited at higher levels in the crust" . The formation of 

a hydrothermal solution requires that volatiles be present in 

the melt. The presence of hydrous minerals such as micas is a 

clear indication that magmas carry several percent HzO. Also 

present as volatiles in felsic magmas are H2S, COz, HCl, HF and 

Hz, although HzO is singly the most important (Burnham, 1979). 

Experimental work by Holloway and Lewis (1974) has shown that 

the amount of CO2 in a melt is proportional to the amount of 

HzO. Of the other volatiles commonly present in granitic melts 

HzS, HCl and HF are able to behave similarly to HzO. 

The presence of H20 in a melt has the effect of lowering the 

viscosity (Henderson, 1982), and if the magmas are able to 

intrude into near surface environments, retrograde boiling can 

occur if the initial concentration of volatiles is high (Best, 

1982). If the system remains closed (i.e. no loss of elements) 

a hydrothermal solution may be produced which is able to form 

ore deposits and/or alter pre-existing rocks (Best op. cit). 

The behaviour of elements in a crystallising meltis dependent 

on their fluid-melt partition coefficient (Strong, 1981). 

Elements such as F, Li, B, Sn, W, U and Mo remain in the 

residual melt during fractionation whereas Cl and COz will be 

concentrated in the aqueous phase and separate from the melt 

before significant differentiation (Strong, op. cit. ) • 
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In his classical model (Fig. 49) Burnham (1979) suggests that 

crystallisation occurs in a closed system, and as 

crystallisation proceeds the aqueous phase collects at the top 

of the intrusion forming a H20-saturated 'carapace'. The 

carapace serves as a barrier to the migration of vola·tiles 

either into, or out of, the magma_ With continual 

crystallisation of the anhydrous minerals, H20 becomes more 

concentrated in the melt and a stage may be reached whereby the 

H20 sOlubility in the melt is exceeded and secondary or 

retrograde boiling occurs_ . The effect of this resurgent 

boiling is to increase the internal volume of the magma chamber 

and so with continued crystallisation the internal pressure 

also increases. The increase in internal pressure may reach a 

stage where the chilled margins of the chamber and the 

enclosing country rocks will fracture and hydrothermal fluids 

are able to move into the country rocks. 

dykes may also form in these regions. 
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Fig. 49: Schematic model of crystallising hydrous magma 
(Adapted from Burnham, 1979). 
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8.2. Hydrothermal Alteration 

The hydrothermal fluids may move considerable distances into 

the country rocks or may remain in close proximity to the 

granite source. In either case, the interaction of these hot 

aqueous fluids wi th the rocks resul ts in hydrothermal 

alteration. Pirajno (1987a) defines hydrothermal alteration as 

a process of mineralogical, chemical and textural change induced 

in the rocks as a result of changing physio-chemical conditions 

in the presence of H20 and other volatiles. The physio­

chemical conditions include fluid composition, fluid 

temperature, wall rock composition, pressure and the residence 

time of the fluid (Siems, 1984). Rose and Burt (1979) visualise 

the process of alteration as involving relatively large amounts 

of fluid which are able to move into the country rocks through 

fractures or connected pore spaces. 

The extent of the alteration effect is dependent on the 

water to rock ratio (Henley and Ellis, 1983) and- for extensive 

alteration to take place, the value for the ratio needs to be 

high. Alteration effects may be described as being pervasive or 

non-pervasive (the latter being sub-divided into selectively 

pervasive and vein or veinlet controlled) (Pirajno, 1987a). In 

alumino-silicate rocks, the major alteration types are 

albitisation, chloritisation, argillic alteration, greisen­

isation, tourmalinisation, silicification, hematitisation, 

fenitisation and carbonatisation (Siems, 1984) . 

A paragenetic sequence in alteration events may be recognised 

(Fig. 50), the first of these being alkali metasomatism 

(Pirajno, 1987a), in which there is replacement of Na by K or 

K by Na in magmatic feldspars. Alkali metasomatism is a 

common feature with the anorogenic alkaline ring complexes of 

Namibia (Potgieter, 1987). 

If the alteration environment is allowed to mature, the next 

stage in the sequence may be reached; greisenisation. Greisen 

assemblages characteristically contain mica, quartz, topaz, 

tourmaline, fluorite, Sn, Wand Mo (Burt, 1981; Stemprok, 
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Fig. 50: Idealised paragenetic sequence during alteration 
(Adapted from Pirajno, 1987). 

1987). Greisens generally occur at the contact zones of 

metalliferous plutons (endogreisens) or in their immediate 

envelope (exogreisens ) (~temprok, op. cit.). The deposition of 

silica and ore metals (oxides and sulphides) usually follows 

the metasomatic event in fractures within and outside the 

This generally starts with the granite (Pirajno, 1987a). 

precipitation of oxides 

followed by sulphides 

(cassiterite, wolframite-scheelite) 

(pyrite, pyrrhotite, chalcopyrite, 

arsenopyrite, 

Pb, Ag or Bi 

molybdenite), 

and finally 

lower temperature 9ulphosalts of 

a carbonate stage during which 

calcite, siderite, ankerite, fluorite, and pyrite precipitates 

out (Pirajno, op. cit . ) . 

Advanced hydrogen ion (H+ ) metasomatism results in the further 

breakdown of rock forming minerals into a Quartz-Sericite-

Pyrite (QSP') assemblage. The original composition of the 

country rocks can play an important role in the mineralogy of 

the greisen and QSP alteration zones (Scherba, 1970) . In 

metapelitic rocks, tourmaline, white micas (muscovite and 

sericite) and albite assemblages may occur along prominent 

fractures and may be associated with metalliferous quartz 

veins. In mafic rocks, the greisenisation process leads to the 

formation of chlorite, talc and actinolite. In carbonate 

rocks, acidic greisenisation fluids are typically neutralised 

and the marbles and skarns are seen to contain phlogopite , 

topaz, fluorite and microcline. 

Contact metamorphic effects, which normally precede the 

alteration (Pira j no, 1987a), may be seen in a narrow zone 
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In these zones biotite and cordierite 

It is generally accepted that elements such as Sn are highly 

insoluble in aqueous fluids and so it is suggested that these 

elements may become soluble by forming complex ions (Taylor, 

1979) . The complex by which the Sn is transported in the 

hydrothermal fluid is a function of the geological environment 

(Taylor, 1979). Probably the two most important complexing 

agents are sulphur and chlorine (Pirajno, 1987a) although . there 

several others (Taylor, op. cit. ) . 

Once in the form of a complex, the Sn can be carried away from 

the source granite and precipitated in veins or replacement­

type bodies. Various mechanisms can cause the precipitation of 

Sn (and other elements) from the hydrothermal fluid. They 

include temperature and pressure changes, boiling, reaction 

between the hydrothermal fluid and wall rocks or chemical 

changes due to the mixing of fluids (Pirajno, 1987a). It seems 

unlikely that anyone to these processes alone will be 

responsible for the precipitation of elements from the 

hydrothermal fluid (Pirajno, op.cit.). 

8.3. The Hydrothermal Enviroment at Gamigab 

8.3.1. Alteration-mineralisation 

The alteration assemblages present at Gamigab (tourmaline, 

muscovite, sericite) indicate a QSP-type of alteration. 

Although not present in fresh form, the evidence for pyrite is 

seen in the ferruginous spots commonly found in the altered 

country rocks. Minerals 

typical to greisens are 

rocks and vein margins. 

such as topaz and fluorite which are 

conspicuously absent from the wall 

Contact relationships between minerals indicate that the first 

stage in the alteration of the schists was serici tisation. 

During this process the unaltered quartz-biotite-feldspar 
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schists were altered to a fine-grained quartz-sericite rock 

dispersed with pyrite . The crystal lattice of biotite is known 

to be a source for metals and during its breakdown iron and 

sulphur could have been released so forming the pyrite grains. 

Replacing the fine-grained QSP minerals are coarser grained 

muscovite grains. Formation of the muscovite requires the 

introduction of potassium which could have been derived from 

the alteration of the alkali feldspars during the late stages 

of alteration. 

The next stage in the alteration of the schistose rocks was 

tourmalinisation. Haloes of tourmaline-rich rocks are found 

along the margins of nearly all the veins suggesting that the 

hydrothermal fluids were able to move up into fractures 

probably initiated during D2. The high angle of the veins to 

the foliation indicates that these fractures may have been a-c 

joints (Hobbs et al., 1976). The pervasive nature of the 

tourmalinised vein margins suggests massive 

assisted by the foliation since the tourmalines in 

still show a preferred orientation. 

replacement 

thin section 

The first tourmalines to form were the Mg-rich dravites and 

during the initial stages the composition of the country rocks 

did not have a great inf luence in the composition of the 

tourmaline since those found in the marbles have the same 

composition as those in the vein margins. This implies that 

either the B-rich hydrothermal fluids were charged in Mg as 

well or that the Mg was liberated during the metasomatism of 

dolomi te in the marbles . The tourmalines in the wall-rocks, 

adjacent to the vein margins, progressively become more Fe-rich 

the further away from the vein. Band Mg were able to diffuse 

into the country rocks but became progressively depleted and so 

Fe was scavanged from the country rocks and resulted in the 

formation of the schorl-type tourmalines. This is an indication 

of compositional control on the tourmaline composition. 

The following pulse of hydrothermal fluid was saturated in SiOz 

and was responsible for the formation of the quartz veins. 

Detailed mapping of the veins in the exploration trenches shows 
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that only a single set of veins was emplaced. In places the 

veins have been fractured and these fractures infilled with 

calcite and/or siderite and hematite. Concurrent with the vein 

emplacement was ore deposition which commonly occurs at a late 

stage. Fluid inclusion studies (Table XIV) have shown that 

homogenisation temperatures during cassiterite deposition was 

about 245°C. 

TABLE XIV: 

GT 1 

Results of fluid inclusion 
cassiterite from Gamigab 
unpublished data). 

HOMOGENISATION 
TEMPERATURE (OC) 

245 
245 

FLUID COMPOSITION: KCl+H20 

studies on a sample of 
(Pirajno and Smithies, 

FREEZING 
TEMPERATURE (OC) 

1st 2nd 

-13,8 -7 

SALINITY 10 weight % NaCl equivalent 

The homogenisation temperature may represent the true 

temperature of entrapment provided the pressure of the solution 

did not exceed the lithostatic pressure. If the pressure at 

the time of entrapment is higher, then a temperature correction 

needs to be applied (Potter, 1977). The age of mineralisation 

at Gamigab is not clearly known but may either be post-Damara 

or Karoo in age. If the mineralisation is of Damara age then 

the correction is unknown, but may be approximately 2 kbars 

since metamorphic pressures are in this range. 

The top of the Brandberg Granite Complex is some 2000 m above 

the surrounding plains. On its top surface are volcanic rocks 

suggesting extrusion onto the Karoo surface, therefore, if the 

height of the Brandberg is used as a minimum thickness for the 

Karoo sediments and lavas, then a pressure correction of 

approximatley 44°C needs to be added to the homogenisation 

temperatures 

289°C. 

making the temperature during mineralisation 
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8.3.2. Brecciation 

Breccias are not uncommon with hydrothermal activity (Gates, 

1959; Norton and Cathles, 1973; Allman-Ward d ~., 1982; 

Burnham, 1985 and Sillitoe, 1985, to mention but a few). 

Sillitoe (op. cit.) provides an extensive overview on the 

different possible mechanisms for breccia formation. The major 

mechanism required is for a high temperature, high pressure 

hydrothermal fluid to interact explosively with the country 

rocks. This activity 

surface as is seen with 

At Gamigab, several 

may take place at depth or even near 

epithermal deposits. 

important field characteristics are 

associated with the breccias. They occur in the apical parts 

of the main folds; they contain mono-mineralic fragments whose 

sizes and shapes are variable within and between breccias; in 

some instances the fragments are unrotated and can be fitted 

together if the matrix was removed; the fragments and country 

rocks associated with the breccias can also be altered. These 

features together suggest in situ fracturing of the country 

rock by a hydrothermal fluid. 

The mechanism for the formation of the hydrothermal breccias is 

diagramaticlly presented in Fig. 51. The fluids are generated 

at depth in a cooling granitic magma and collect in the apical 

parts of the chamber together with any incompatible elements. A 

pOint is reached when the fluids are r eleased from the chamber 

and travel through the country rocks, via joints and fractures. 

The pathways for fluid movement may have been generated by the 

explosive release of the fluids or by the regional deformation, 

more than likely a combination of the two. Fluid movement, 

physically through the cracks or by slow chemical diffusion, 

follows a pressure, temperature or chemical gradient. 

In this model the important gradient to consider is the 

temperature and more importantly the pressure gradient. The 

fluids will move into zones where the temperature and pressure 

is lower i.e. as close to the surface as possible. This being 

the case the fluids will rise through the country rocks and 
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Fig. 51: Proposed model for breccia formation at Gamigab. 
A: Hydrothermal fluids dam up at the contact 
between the marble and schist. Replenishment 
from below assists in increasing fluid pressure 
until it exceeds the lithostatic pressure. 
B: Hydraulic fracturing of the marble to form 
the hydrothermal breccia. 
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collect in the anti forms . Whilst moving through the country 

rocks it is very likely that some sort of element exchange 

occurs between the schist and the fluid. For instance the Fe 

concentration of the fluids can build up from the release of Fe 

from the biotite which the fluid comes into contact with. 

Alternatively meteoric water charged with elements may mix with 

the hydrothermal fluids depending on the depth of emplacement. 

Movement in the country rocks is also facilitated by the 

foliated nature of the schist and the fluids are able to move 

quite freely until the contact with the marble is reached. The 

permeability of the marble is very much less than the schis t 

since it is not as strongly foliated and it is more competent. 

Upon reaching the contact the fluid's movement is drastically 

reduced and with the replenishment from below the fluids begin 

to dam up at the contact (Fig. 52). 

Fig. 52: Photograph of quartz veins in schist damming up at 
the contact with the marble. (Rhinowash - lower 
Ugab reg ion) . 



-106-

Initially these resevoirs would be quite small but as more 

fluid is fed into them they will grow and in some instances 

resevoirs can merge and become quite large (e.g. in the region 

south of the mineralisation) . This resevoir can build up 

internal fluid pressure (Pr). The lithostatic pressure (PLl 

exerted by the overlying country would be greater than Pc for 

the initial stages but as more fluid is fed into the resevoir 

the Pc would start to increase . 

It can be expected that as Pc increases a point could be 

reached where Pc exceeds PL" Depending on the strength of the 

rocks explosive fracturing could occur at the contact. The 

sudden decrease in pressure causes the fluids to cool fairly 

quickly thereby cementing the fragments together before any 

large amounts of rotation and movement of the fragments could 

occur . In most instances the breccia fragments, matrix and 

surrounding country rocks have been altered , specifically 

ferruginised. These Fe-rich fluids were introduced during and 

after brecciation because some of the breccias are not altered 

but their matrix is transected by numerous Fe veinlets . 

The hydraulic breccias at Gamigab have a calcite matrix and are 

ferruginised in places suggesting that if the fluids 

responsible for the brecciation are related to the 

mineralisation then the brecciation event post-dated the 

mineralisation . 

Based on the observations, a summary of the suggested 

paragenetic sequence of events during hydrothermal activity at 

Gamigab is presented in Table XV and diagramatically in 

Fig. 53. 

8 . 3.3 . Age of mineralisation 

The age of mineralisation is debatable and could be either of 

post-tectonic Damara or Karoo age . Igneous activity during 

post- tectonic times is indicated by the Salem- type granites 

which contain anonamously high Sn, and the Brandberg complex 
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TABLE XV: Paragenetic sequence of hydrothermal events at 
Gamigab_ 

STAGE DESCRIPTION 

1 Emplacement of vol tile-rich granitic magma and 
subsequent crystallization 

2 Release of fluids into the country rocks 

3 Sericitisation of Orusewa Formation schist (QSP 
assemblage) with late-stage potassic metasomatism . 

4 Tourmalinisation adjacent to fractures in the Orusewa 
Formation 

5 Crystallisation of quartz in the fractures 

6 Brecciation in the apical parts of the F2 folds in the 
Karibib marble 

7 Carbonatisation in both the Karibib and Orusewa 
Formations 

8 Mineralisation in the quartz veins 

9 Carbonatisation with ferruginisation in the mineralised 
area and breccias. 

INTENSI TY 

K metasomatism ~ 

Tourmalinisation ~ 

Quartz veins • 

Carbo natisation 

M.ineralisation 

Ferruginisation -
TIME 

Fig. 53: Timing and intensity of the alteration-mineralisation 
at Gamigab_ 
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is also known to contain high Sn (Pirajno, unpublished data). 

The field relationships at Gamigab indicate clearly that the 

alteration-mineralisation is post-tectonic and in some 

instances a Karoo-age is indicated by the alteration of the 

porphyry plug whereas the intrusion of a dolerite dyke across a 

hydraulic breccia suggests pre-Karoo hydrothermal activity. 

Preliminary Rb/Sr dating (F.J. Kruger, unpublished data) on 

samples of muscovite and calcite from the veins gives a three 

point isochron age of 509 ± 11 Ma (Ro= 0,71037 ± 0,00021). 
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9. METALLOGENESIS IN THE SOUTHERN KAOKO ZONE 

The central and north-western parts of the Damara Orogen 

contain several "granite-related" Sn and Sn-W deposits. Three 

groups of deposits have been recognised by Pirajno and Jacob 

(1987a). 

(a) Northern Group. These include the vein- and replacement­

type deposits at Brandberg West, Frans Prospect, Goantagab 

Mining Area, Gamigab and the syn-tectonic Ousip pegmatites, 

(b) Central Group which comprises the syn- to post-tectonic 

pegmatites at Strathmore, Uis, Neneis and Kohero, 

(c) Southern Group is in the Erongo-Karibib area and consists 

of W-dominated greisen deposits and Sn ± Ta ± W mineral­

isation in zoned pegmatites. 

Fig . 2 shows the limits of the Northern and Central Groups. 

Apart from the Ousis pegmatites all the remaining deposits are 

characterised by features suggesting that alteration­

mineralisation is post-tectonic to the metamorphic fabric 

(Pirajno and Jacob, 1987a). It is suggested .by these workers 

that partial melting of the basement rocks during the Pan­

African event produced syn- to late-tectonic granites which 

after differentiation produced residual pegmatitic liquids that 

were emplaced into the Damara sediments along zones of 

weakness. A second event during the break-up of Gondwanaland is 

thought to be responsible for the alteration-mineralisation in 

the vein- and replacement-hosted deposits of the Northern Group 

and the alteration of the Damara-aged pegmatites of the other 

two groups. 

Of interest to 

deposits in 

this work are the vein- and relacement-type 

the Northern Group. The mineralisation is 

characterised by Sn and Sn-W hosted in quartz veins and 

replacement bodies which seem to occur adjacent to circular 

structures which are considered to be a product of degassing of 

igneous intrusions at depth (Pirajno and Jacob, 19 87a i 
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Gableman, 1984). The characteristics of the various deposits in 

the northern SKZ has led Pirajno and Jacob (1987b) to propose a 

model which envisages the mineralised centres existing at 

different levels with respect to their source (Fig. 54). 

However, in order to understand the model the hydrothermal 

features of each deposit need to be considered. 

9 . 1. The Brandberg West Sn-W Deposit 

Mining started at Brandberg West in the early 1950' s, ini tial'ly 

as an underground operation but changed to an open cast 

operation from about 1957 onwards, until it finally closed down 

in 1980. The Sn and Sn-W mineralisation is hosted in an 

anastomosing system of quartz 

a mega-anticlinorium, into 

veins which have intruded, 

quartz-biotite schist. 

within 

The 

mineralised areas are located close to the intersection of two 

r i ng structures and a north north-west trending fracture zone 

(Pirajno etal., 1987) . 

A quartz-albitite plug crops out some 2 Jan north-west of the 

open pit . It consists of a felted mass of albite and anhedral 

quartz with perthitic K-feldspar which has been largely 

replaced by albite. Miarolitic vugs containing K-feldspar along 

the margins and cores of calcite and quartz are abundant in the 

plug and indicate Na-metasomatism followed by CO2-rich volatile 

activity (Pirajno etal.. 1987). 

Up to four sets of quartz veins have been identified in the 

open pit (Townshend, 1985) and a fifth set to the north-east 

and south-west was identified by Bowen and Evers (1985). The 

veins are fractured and infilled with later material 

more than one pulse of fluid movement (Pirajno et 

indicating 

al., 1987). 

Both cassiterite and wolframite occur in the veins with the 

wolframite commonly found along the vein margins. Sulphides are 

also present in the veins as pyrite, chalcopyrite, sphalerite, 

stannite, pyrrhotite and marcasite (Petzel, 1986). 
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The wall rocks adjacent to the veins are pervasively altered 

(Elliot, 1985). Immediately adjacent to the vein margins is a 

muscovite selvage which grades outwards from the vein into a 

zone rich in tourmaline with lesser amounts of quartz. 

Tourmaline laths are generally pokiloblastic and constitute up 

to 90% of the volume. Adjacent to the tourmaline halo is a zone 

rich in muscovite and quartz with only minor amounts of 

tourmaline, biotite, fluorite and chlorite. The third zone of 

alteration associated with the veins is one in which biotite 

porphyroblasts are developed overprinting finer-grained biotite 

and quartz. This alteration zone grades out into the unaltered 

country rocks. The marbles are not as pervasively altered as 

the schist but where the veins have intruded localised 

alteration into talc, tremolite and hematite has occurred 

(Pirajno .~., 1987). 

Several dolerite dykes cross-cut the Damara sediments and are 

in general unaltered, although one, in the north-west of the 

pit has been highly altered. Field evidence indicates that this 

dyke was emplaced early on in the hydrothermal history and 

probably intruded into the metasediments after a stage of 

greisenisation. 

Pirajno et at. (1987) recognise three alteration-types in the 

pi t i. e. greisen, quartz-sericite and hematitic types. 

Greisenisation has affected most of the rocks in the south, 

east and northern parts whereas the quartz-sericite alteration 

assemblage and the hematite are developed in the east, north 

and north-west. 

9.2. Frans Prospect 

The Sn-W mineralisation at Frans Prospect is hosted in a vein 

system which has intruded the Swakop Group rocks on the eastern 

limb of a tight anticlinal fold (Petzel, 1986, Pirajno and 

Jacob, 1986; Kilroe, 1986). There are three vein systems 

trending north, north-north-east and north-west respectively 

(Potgieter, 1984). The vein sets form two zones, one on either 



-113-

side of the marble (Kilroe, 1986). The veins consist 

predominantly of quartz and are fractured and contain 

cassiterite and wolframite with lesser amounts of pyrite and 

chalcopyrite. Where the veins have intruded into the marble, 

usually over small distances, the marble is locally 

ferruginised. 

An ubiquitous feature 

rock adjacent to 

of the veins 

the veins. 

is a halo of altered wall 

Alteration-types 

tourmalinisatiOri, sericitisation, hematitisation 

include 

and 

to the carbonatisation (Kilroe, 1986). Immediately adjacent 

veins is a narrow zone of silicified schist which grades into a 

tourmaline-rich halo. The tourmaline laths range in length 

from 0,2 - 0,5 mm, they are generally randomly orientated 

and occur with quartz and plagioclase feldspar. Adjacent to the 

tourmalinised halo the wall rocks have been pervasively 

sericitised, obliterating the pre-alteration metamorphic 

fabric. In these rocks the main alteration assemblage consists 

of quartz, sericite and pyrite. 

Ferruginisation of the altered country rocks has occurred in 

all the alteration zones but especially in the sericitic zone 

and is characterised by replacement along grain boundaries and 

micro-fractures of the biotite and tourmaline. Ferruginous 

veinlets also cross-cut the rocks in places. The last pulse of 

hydrothermal alteration is indicated by calcite veinlets which 

appear to be concentrated near the quartz veins. Hematite 

occurs in the veinlets especially in the sericitised wall 

rocks. 

9.3. Goantagab Mining Area 

Mineralisation is contained 

as well as replacement bodies 

appears to be spatially 

structures. 

in quartz veins 

in the marble. The 

associated with 

in the schist 

mineralisation 

two circular 

Cassiterite in the mining area occurs in quartz veins within 
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the schist and in replacement bodies at the contact between the 

marble and schist (Pirajno and Jacob, 1987b). The quartz veins 

underlie the replacement bodies suggesting that they may have 

acted as feeder systems to the replacement bodies. Cassiterite 

occurs in the veins together with tourmaline, sericite, 

chlorite, calcite, pyrite, pyrrhotite, sphalerite and galena. 

In the replacement bodies the cassiterite mineralisation is 

associated with hematite and lesser amounts of quartz and 

calcite. Some of the replacement bodies carry small 

ferruginised breccia bodies. In these breccias fragments of 

altered and unaltered marble are cemented together by a 

ferruginous matrix which in places has been cut by iron-silica 

veins (de Klerk, 1985) which can carry significant amounts of 

cassiterite . The cassiterite is commonly brecciated and 

cemented by hematite . 

The wall rocks adjacent to the veins are intensely altered and 

zoned. A zonation from tourmalinisation (with graphite) and 

silici-fication, close to the veins, to sericitisation away 

from the veins is evident (Pirajno and Jacob, 1987b). Late­

stage carbonate veinlets are associated with a phase of 

ferrugini sation. 

In the replacement bodies hematite is 

mineral although minor sericitisation, 

tourmalinisation effects are seen to 

ferruginisation event (de Klerk, 1985). 

9.4. Discussion 

the main alteration 

chloritisation and 

pre-date the main 

When considering the 

evident that the 

model of Pirajno and Jacob (1987b), it is 

mineralisation at 

interpreted as being the most proximal 

Brandberg 

of all the 

West is 

deposits. 

This is because of the greisenisation, the association of W 

with Sn, the absence of abundant sulphide mineralisation and 

the intrusion of the a l bitite plug close to the mineralisation. 

The most distal of the deposits is considered to be Goantagab, 
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since at Goantagab the main alteration-type present is QSP, 

only minor amounts of W mineralisation are found, sulphides are 

qui te abundant and apart from occuring in quartz veins the 

cassiterite mineralisation is present within replacement bodies 

at the contact between the marble and the schist. 

The alteration-mineralisation at Gamigab has several 

characteristics in common with that at Goantagab and so is 

thought to possibly represent a slightly lower level than 

Goantagab (i.e_ closer to the granite source) and the 

characteristics at Frans indicate that it may be at a similar 

level as Gamigab but closer to the source. 

More recent work on the various mineralised centres, including 

this work at Gamigab, support the earlier ideas of Pirajno and 

Jacob (1987b). The more recent results include microprobe 

analyses of the tourmalines from the alteration haloes, fluid 

inclusion work on samples of the quartz veins and sulphur 

isotope determinations on the sulphides from the quartz veins. 

9.4.1. Tourmaline composition 

Tourmaline composition has been used in the study of other 

related deposits as an indication of the position of that 

deposit in relation to its source granite (Pirajno, unpublished 

data, Smithies, 1987). The change in composition is a 

reflection of the exchange between Fe2+ and Mg2+ in the schorl­

dravite solution series. 

A review of the literature suggests that granite related 

tourmalines are overwhelmingly Fe-rich (Neiva, 1974). 

Tourmalines that were generated during hydrothermal activity 

can span the full range between schorl and dravite although it 

is possible to relate the composition of these hydrothermal 

tourmalines to their distance from their source. 

In his work in the north-west Cape at the Van Rooi's Vley W/Sn 
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deposit, Smithies (1987) found that the hydrothermal 

tourmalines in the metasediments are more Mg-rich than those 

tourmalines which are found as pods within the source granite. 

Smithies (op. cit.) was also able to show this relationship for 

tourmalines at the Zaaiplaats and Rooiberg Sn mines where the 

granite-hosted tourmalines are distinctly Fe-rich compared to 

those some distance from the source granite. Pirajno 

(unpublished data) has also recognised the change in tourmaline 

composi tion with increasing distance from the source in New 

Zealand. 

The compositions of tourmalines from the deposits in the 

northern SKZ were analysed by microprobe and the results are 

shown in Table XVI. Using the Fe # (as defined earlier), Fig . 55 

shows a plot of compositions of the tourmalines from the 

various deposits together with magmatic and sedimentary 

tourmalines taken from the literature for comparison (Neiva, 

1974; Taylor and Slack, 1984). 

The tourmalines from Brandberg West and Frans Prospect have 

higher Fe #' s and plot in the vicinity of grani te- related 

tourmalines, whereas those from Gamigab and Goantagab have 

lower Fe #'s and plot in the area of sedimentary tourmalines. 

Relating tourmaline composition to the model of Pirajno and 

Jacob (1987b) it is apparent that the tourmalines at Brandberg 

West and Frans prospect indicate that these deposits may occur 

close to their source granite. Tourmalines from Gamigab and 

Goantagab have lower Fe#' s which is probably due to the fact 

that these deposits occur somewhat further from their granitic 

source. 

9.4.2. Fluid inclusion determinations 

Fluid inclusion determinations on primary inclusions on samples 

of quartz vein and cassiterite from Goantagab andFrans are 

shown in Table XVII whereas those for Gamigab are shown in 

Table XIV. As described in section 8.3.1. a pressure 

correction needs to be allocated to the homogenisation 
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TABLE XVI: Partial quantitative analyses of tourmalines from 
Brandberg West, Frans Prospect and Goantagab. 

BRANDBERG WEST FRANS PROSPECT 

8789'2/ 4 5 2 1 6 882A/T5 T4 T3 T2 T6 

Si02 35,99 36,24 37,11 36,34 36,83 35,70 37,83 36,32 36,07 36,09 
Ti02 1,01 0,56 0,22 0,62 0,18 0,76 0,18 0,72 0,51 0,67 

A1203 30,81 32,02 34,19 31,15 34,12 30, 29 31,93 30,53 31,19 30,12 
FeO 11,65 11,21 10,91 10,04 11,23 11,57 8,50 10,86 11 , 15 10,41 
MnO 0,31 0,28 0,22 0,26 0,25 0,37 0,33 0,29 0,36 0,41 
MgO 3,48 3,51 2,46 4,67 2,37 3,84 4,68 4,41 3,63 4,73 
CaO 0,17 0,14 0,04 0,29 0,04 0 ,08 0,03 0,13 0,05 0,07 
Na20 2,37 2,27 1,42 2,34 1,49 2,61 2,09 2,55 2,43 2,75 

TOTAL 85,77 86,22 86,58 85,71 86,51 85,22 85,57 85,82 85,39 85,25 

FeD 0,77 0,76 0,82 0,68 0,83 0,75 0,64 0,71 0,75 0,69 

GOANTAGAB 

RJT/1 2 3 5 6 

Si02 37,61 37,79 37,82 37,24 37,62 
Ti02 0,52 0,34 0,49 0,64 0,25 
A1203 31,28 32,81 32,11 30,90 31,83 
FeO 3,20 2,95 3,19 3,21 2,92 
MnO 0,00 0,03 0,01 0,01 0,00 
MgO 9,83 9,21 9,29 9,91 9,58 
CaO 1,03 0,84 0,95 1,57 0,81 
Na20 2,10 2,11 2,17 1,77 2,13 

TOTAL 85,58 86,08 86,03 85,26 85,16 

Fe# 0,25 0,24 0,26 0,24 0,23 
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Fig. 55: Variation in tourmaline composition in the deposits 
of the Northern Group. 

temperatures if the 

correction of 45°C 

age of 

and 57°C 

mineralisation 

needs to be 

is Karoo. 

applied to 

A 

the 

homogenisation temperatures at Frans and Goantagab 

respectively. The results show that homogenisation temperatures 

(and corrected temperatures) at Frans are higher than those at 

Gamigab which in turn are higher than those at Goantagab (Fig. 

56) • 

9.4.3. Sulphur isotope measurements 

Sulphur isotopes may be used in the understanding of genesis of 

ore deposits. With sulphur three. important isotopes may be 

recognised; 32S, 33S and 34S. The variation in the amount of 

the isotope is expressed as ~34S which by definition is the 

ratio of 34S/32S between the sample and the universal standard; 

i.e. 
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TABLE XVII: Results of fluid inclusion studies on samples 
from Frans Prospect and Goantagab Mining Area 

HOMGENISATION 
TEMPERATURE (oC) 

FREEZING 
TEMPERATURE (oC) 

Frans Prospect 
AZ 8796 250 

249 
290 
247 
264 
296 
299 
273 
293 

Average 270°C 
Corrected Temperature 315°C 

Goantagab 
R456 150 

183 
189 
193 
189 
193 

Average 183°C 
Corrected Temperature 240°C 

350 
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L.J • 
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w 
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-24,8 
-17,8 
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-20,4 
-16 

Fluid : NaCI + KCI + H20 
Salinity: 15% weight NaCI 

equivalent 

-16 
-21 
-20 

Fluid : NaCI + H20 
(+ minor KCI) 

Salinity: 15% weight NaCI 
equivalent 

-11 
-13,7 
- 9,8 
-12,2 

- 9 
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Fig. 56: Variation in homogenisation and corrected temperatures 
for the deposits in the Northern Group. 
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and is expressed as %0 (per mil)_ Ohmoto and Rye (1979) 

determined the differences in 634s from various enviroments. 

Sulphides from igneous rocks are isotopical ly similar to those 

found in meteorites (6 14S close to 00 / 00 ), whereas sedimentary 

and sea water sulphates are more enriched in the heavy isotope 

(10 - 300 / 00 ), Sedimentary sulphides have a wide range of 1,34S 

values from -70 through to +70 0 / 00 but in general the values are 

in the lower part of the range. The average 6 34s value for acid 

igneous rocks as well as the crust is 0 ± 30 / 00 -

Some preliminary 6 34s measurements have been done on samples of 

sulphides from Brandberg West and Goantagab and are presented 

in Table XVIII. The sulphides from Goantagab are somewhat more 

enriched in the heavy isotope when compared to the sulphides 

from Brandberg West (average +5,47 0 / 00 vs +1,33 0 / 00 ), If the 

origin of -the sulphur and not the chemistry of the solution is 

the most important, then the c5 34s values for Brandberg West 

suggest a magmatic origin. The higher values for Goantagab may 

be an indication of contamination from sedimentary sulphur as 

the hydrothermal fluids moved upwards through the crust away 

from the source magma. 

TABLE XVIII: Results of 6 345 measurements on sulphide 
samples from Brandberg West and Goantagab 
(Pirajno, unpublished data) . 

Sample Sulphide 6 34s (° / 00) 

DM3 pyrite +1,27 Brandberg West 
AZ7839 pyrite +1,35 (Average; +1,33) 
AZ7839 chalcopyrite +1,36 

R589 sphalerite +6,31 
R589 pyrite +5,86 Goantagab 
R330 pyrite +5,15 (Average ; +5,47) 
R557 pyrite +4,79 
R559 pyrite +5,50 
R559 pyrrhotite +5,22 

(Analyses performed at the University of St. Andrews, 
courtesy of P. Bowden) 
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9.4.4. Concluding remarks 

Results from the tourmaline analyses, fluid inclusion 

determinations and sulphur isotope work all support the model 

of Pirajno and Jacob (1987b) in that the deposits in the 

Northern Group represent different levels of deposition 

relative to the source granite. 
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10. SUMMARY 

The Gamigab prospect is the eastern-most member of a group of 

tubidite-hosted deposits termed the Northern Group (Pirajno and 

Jacob, 1987), in the Southern Kaoko Zone of -the Damara Orogen. 

The other deposits include the vein-hosted Sn-W deposit at 

Brandberg West, the vein-hosted Sn prospect at Frans and the 

vein- and replacement-hosted Sn deposit at Goantagab. 

The base metal mineralisation at Brandberg West, Frans and 

Goantagab have been the centre of recent studies (Pirajno - -and 

Jacob, 1987; Pirajno et aJ., 1987; Petzel, 1985; Elliot 1985; 

Townshend, 1985; and Kilroe, 1986), whereas the mineralisation 

at Gamigab has not been fully documented. Early exploration at 

Gamigab was started in 1953 by SWACO (South West African 

Company ) who excavated three exploration trenches perpendicular 

to the east--west trending Sn-bearing quartz veins. Further 

exploration by percussion drilling and detailed geological 

mapping was undertaken by the Trekkopje Mining Company (Le 

Roux, 1982). The results from the drilling and surface 

sampling indicated a sub-economic deposit. 

The quartz veins at Gamigab have intruded into a thick sequence 

of quartz-biotite schist within an anti formal structure. 

Accompanying the mineralisation was hydrothermal alteration, 

brecciation and minor igneous activity, the latter in the form 

of a feldspar porphyry plug. This study was undertaken to 

determine the relationship between the mineralisation, 

alteration, brecciation, igneous activity and regional 

structure. 

Detailed (1:2000) and regional (1:10 000) geological mapping of 

the prospect and surrounding area has shown that the 

stratigraphy of the area consists of two schist units separated 

by a thick banded marble unit. The lithologies have been 

assigned to the Swakop Group, in particular to the Orusewa 

Formation, the Karibib Formation and the Kuiseb Formation 

respectively. The Orusewa Formation is defined by a well 

foliated, fine-grained and dark-brown quartz-biotite schist. 
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Overlying this is the Karibib Formation which consists of a 

banded calcitic marble unit (which in places contains tremolite 

needles) interbedded with numerous thin dolomite-rich layers . 

Minor lenses of quartz-biotite schist occur toward the top of 

the formation. The banded nature of the marble is exemplified 

by different coloured layers ranging between pale-yellow, blue­

grey, yellow-brown, black and white. The calcite-rich marble is 

seen in places to carry poikiloblastic tremolite grains . Lenses 

of "streaky marble" occur inbetween bands of calcite-rich and 

dolomite-rich marble. The lenses are fairly persistent along 

strike but are seen eventually to pinch out. 

The Kuiseb Formation in the area consists of a well foliated, 

fine-grained green quartz-biotite-chlorite schist containing 

numerous actinolite-bearing calc-silicate lenses and marble 

interbeds . 

An altered feldspar porphyry plug has intruded into the Karibib 

Formation about 500 m north-east of the minetalised quartz 

veins . The intrusion has been ferruginised and brecciated and 

in places is amygdaloidal. In the same area of the porphyry 

plug is a weathered dolerite sill which contains xenoliths of 

underformed conglomerate and feldspathic greywacke. 

The Gamigab area was subjected to four phases of ductile 

deformation. D1 produced an axial planar transpositional 

banding in the Karibib Formation and a penetrative regional 

axial planar foliation in the metapelitic rocks (SI)' F1 folds 

are only locally preserved in the marbles as small intrafolial 

folds. The F2 folds are megascopic, almost north-south 

trending folds which plunge between 300 and 500 toward the 

south. In some places in the fold closures local transposition 

into the S2 direction is seen_ In section the folds are "M" 

shaped having open anticlines and' tight synclines and are in 

general upright although some verge slightly to the west. The 

third phase of deformation was responsible for the change in 

strike of the lithologies between Goantagab to the north-west 

and Gamigab. At Goantagab the main structures strike south-

south-east whereas those at Gamigab strike south-south-west. 
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those at Gamigab strike south-south-west- The mechanism for 

this change in strike is interpreted as an anticlockwise 

rotational event causing drag folding along a sinistral shear 

zone. The final phase of folding is seen by flexuring about a 

north-west trending axis. In the field it is expressed as kink 

folds in the schist and as small open folds in the marble. 

Cross-cutting the folded lithologies in the area around the 

mineralisation are several east-west trending faults. The 

amount of displacement with the faults is difficult to 

determine because of the association of extensive alteration 

(ferruginisation) around the fault plane . Several other much 

larger faults occur to the north-west of the mineralisation. 

One such fault transects the schists in a north-west trend a nd 

defines the contact between the Orusewa Formation and the 

Karibib Formation. 

In the Gamigab area the rocks underwent a single phase of low­

grade regional metamporphism. Study of the relationshi p 

between the mineral assemblages in the metapelitic rocks, 

marbles and calc-silicate lenses suggest that temperatures were 

in the range be tween 420°C and 500°C with pressures less than 2 

kbars. The effects of contact metamorphism are seen south-eas t 

and south-west of Gamigab in the form of cordieri te 

porphyroblasts and biotite porphyroblasts respectively . Contact 

relationships between minerals suggest that the tremolite was 

formed by the reaction between dolomite and quartz and the 

grossulari te in the calc-silicate lenses formed through the 

reaction of zoisite with quartz. 

The alignment of the phyllosi l icates is a clear indication that 

metamorphism started during the first phase of deformation. The 

decussate nature of the tremolite porphyroblasts suggests post­

tectonic growth, probably after 02. The actinolite 

porphyroblasts show a strained extinction when viewed in thin 

section indicating a late- to post-tectonic growth. The effects 

of contact metamorphism started during the late stages of 04 as 

evidenced by partial alignment of coarse-grained biotite laths 

but continued after 04. This syn- to post-tectonic contact 
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metamorphism is also shown up by the growth of the cordierite 

porphyroblasts in the regional SI or Sz foliation but which are 

generally decussate relative to one another. 

Hydrothermal activity at Gamigab was responsible for the Sn­

mineralisation, alteration and brecciation. Cassiterite (SnOz) 

is present as brecciated nuggets found wi thin the fractured 

quartz veins which intruded into the Orusewa Formation. 

Accesory amounts of pyrite and chalcopyrite are also present in 

the veins. Adjacent to the veins is a halo of pervasively 

tourmalinised wall rock which grades out into altered rocks 

which have a quartz-sericite-pyrite (QSP) assemblage. 

Some 20 veins intruded the metasediments and detailed mapping 

along exploration trenches dug by SWACO identified a single set 

of veins. In general the veins trend almost east-west and are 

sub-vertical, dipping steeply either to the north or south and 

could have been emplaced along zones of weakness generated 

during D2 (i.e. along a-c joints). 

Fluid inclusion studies, although limited, indicate that 

homogenisation temperatures were about 245°C and the fluid 

composition was KzO + NaCI + HzO and had a salinity of 10 

weight percentNaCI equivalent. Pressure correction of 2 kbars 

indicates mineralisation temperature of about 289°C. 

The tourmalinised vein margins 

tourmaline laths which are aligned 

consist of fine-grained 

probably parallel to the 

regional foliation. Quartz is also present as a fine-grained 

un strained mosaic. The wall rocks further away from the vein 

have been pervasively sericitised. Weathered ferruginous spots 

are developed almost everywhere and are thought to have 

initially been pyrite grains, but which have been completely 

weathered out. Coarse-grained muscovite laths are seen in 

places replacing the fine-grained sericitic assemblage. 

Microprobe analyses on samples of tourmalinised wall rocks show 

that the tourmaline is Mg-rich (dravite) wheras those further 

away in the altered wall rocks are slightly more Fe-rich. The 
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composi tion of the country rocks does not appear to have a 

great effect on the composition of the tourmaline since those 

that are found int altered portions of the marble are also Mg­

rich. 

Breccias, of probable hydrothermal origin, occur scattered 

about the prospect. They vary in size and are all located 

within or adjacent to the axial parts of F2 antiformal 

structures. The breccias are only found within the Karibib 

Formation and only contain fragments of the calcitic- and 

dolomitic-marble which can in places be fitted back together if 

the matrix was removed. The matrix cementing the fragments is 

usually calcite although in some breccias it can become 

siliceous. Surrounding the breccias is a halo of ferruginised 

country rock. The characteristics of the breccias suggest in situ 

fracturing of the marble in response to pressure release from 

the build up of hydrothermal fluids at the contact between the 

schists and the impermeable marble in the apical portions of 

the main folds. This hyrothermal fluid was -probably also 

responsible for the alteration of the country rocks and 

fragments. 

Although it crops out some 500 m from the mineralisation, it 

was initially thought that the porphyry plug may in some way be 

related to the igneous activity responsible for the alteration­

mineralisation. Major and trace element analysis suggest that 

it may represent an altered feeder pipe to a latite flow as 

seen further north in the Etendeka. The two main differences 

are an increase in the CaO and decrease in the NazO which could 

have resulted in the combined effect of assimilation of Ca 

during intrusion into the marbles and a late-stage 

carbonatisation al teration. The samples also show anomalous 

amounts of Sn. 

Preliminary Rb/Sr dating on a sample of muscovite and calcite 

from the alteration zone suggests an age of 509 ± 11 Ma. 
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A paragenetic sequence of hydrothermal events at Gamigab may be 

recognised: 

1. Emplacement of voltile-rich granitic magma and 

subsequent crystallization 

2. Release of fluids into the country rocks 

3. Sericitisation of Orusewa Formation schist (QSP 

assemblage) with late-stage potassic metasomatism 

4 . Tourmalinisation adjacent to fractures in the Orusewa 

Formation 

5. Crystallisation of quartz in the fractures 

6. Brecciation in the apical parts of the F2 folds in the 

Karibib marble 

7. Carbonatisation in both the Karibib and Orusewa 

Formations 

8. Mineralisation in the quartz veins 

9. Carbonatisation with ferruginisation in the mineralised 

area, breccias and porphyry plug. 

A model for the hydrothermal deposits of the Northern group is 

presented by Pirajno and Jacob (1987b). Their model is built on 

the alteration assemblages and mineralisation types which are 

characteristic of the various deposits and suggests that the 

mineralisation at Brandberg West is the most proximal deposit 

to the source granite. Frans Prospect is somewhat further away 

and Gamigab and Goantagab are the distal members. Additional 

work during the course of this study provides evidence to 

support the model. 

The use of tourmaline composition as an indicator on the 

relative postion of the alteration enviroment to its source has 

been identified at other hydrothermal deposits (Smithies, 

1987). The composition of tourmaline in the deposits of the 

Northern Group are seen to change from being Mg-rich at Gamigab 

and Goantagab to Fe-rich at Brandberg West and Frans, the 

latter overlapping with the field of "granite-related" 

tourmalines. 
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Preliminary fluid inclusion studies on samples from Frans and 

Goantagab show that temperatures during hydrothermal activity 

are higher at Frans (315°C corrected) than at Goantagab 

(240°C - corrected). Considering the temperature of 289°C for 

Gamigab it seems that Frans was probably closer to the source 

than Gamigab and Goantagab respectively_ 

Sulphur isotope results appear to support the model. The 

sulphides from Goantagab are somewhat more enriched in the 

heavy isotope (S34S) compared to Brandberg West ( 5,47 °/00 cf 

1,33 0/00 ), The higher values for Goantagab may .be an indication 

of contamination of sedimentary sulphur derived from a granitic 

magma . 
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APPENDIXl 

DETERMINATION OF MAJOR ELEMENTS BY X-RAY FLUORESCENCE 

Major element analyses at Rhodes University are made according 

to the method outlined by Norrish and Hutton (1969). 

Sample preparation is outlined below: 

1. Rock splitter: 

Used to break up large pieces into match-box size blocks and to 

remove weathered and stained surfaces. 

2. Motorised jaw Crusher: 

Used to reduce blocks to fragments ranging in size from less 

than 1 cm downwards. 

3. Swing Mill: 

Fine grinding of crushed samples in Mn-steel vessel. 

Pellet and fusion disc preparation: 

1. 7,0 g of rock powder from fine-grinding transferred to 

motorised agate mortar. Sample is ground to a fineness of 

-300 mesh. 

2. 5,0 g of powder pressed into pellet using pressing pressure 

of approximately 13 tonnes. High silica samples require 

internal binder (2% solution "Mowiol"). 

3. Remaining 2,0 g was weighed, heated in furnace at IOOOOC 

for 8 hours, and reweighed to determine Lor. Of this 

material, 0,2800 ± 0,01 g was weighed and added to 1,500 g 

flux. This mixture was then heated in Pt crucibles and 
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pressed while still molten into fusi o n discs. 

X-ray Fluorescence Procedure: 

The instrumental settings used on the Philips 1410 X-ray 

spectrometer are summarised in the table below. Mass 

absorption coefficients were determined using the Mo­

Compton/FE-K-alpha technique described by Nesbitt et at., 1976. 

Standard calibration and data reduction was achieved by using 

computer programmes available . on XRFFILE on the Rhodes 

University Mainframe. These programmes allow for position, 

dead time and background corrections, instrumental drift and 

spectral line interferences. 

Running conditions for x-ray fluorescence 

ELEMENT KV CRYSTAL TIME COUNTER SPECIMEN 
TUBE MA (SECS) COLLIMATOR 

Si Cr 55 40 PET 40 flow coarse fusion 
Ti Cr 55 40 LiF(200) 10 flow fine fusion 
A1 Cr 55 40 PET 40 flow coarse fusion 
Fe Cr 55 40 LiF(200) 20 flow fine fusion 
Mn Cr 55 40 LiF(200) 20 flow coarse fus ion 
Mg Cr 55 40 TLAP 100 flow fine fusion 
Ca Cr 55 40 LiF(200) 10 flow fine fusion 
Na Cr 55 40 TLAP 100 flow fine powder 
K Cr 55 40 LiF(200) 10 flow fine fusion 
p Cr 55 40 Ge 20 flow coarse fusion 
Sr W 55 40 LiF(220) 200 scinto fine powder 
Rb W 55 40 LiF(220) 200 scinto fine powder 
Zr W 55 40 LiF(220) 200 scinto fine powder 
Y W 55 40 LiF(220) 200 scinto fine powder 

Calibration curves were determined from the 

international and in-house standards: 

Major elements 

Na 

Rb, Sr, Zr, Y 

MAC's 

- NIM-N, BCR, GSP, AGV, DTS, NIM-D. 

- G-2, PCC, BCR, AGV, GSP, NIM-G. 

- BCR, S-12, AGV, SDC, BHVO. 

- DTS, BHVO, GSP, BCR, AGV, S-12. 

disc 
disc 
disc 
disc 
disc 
disc 
disc 
pellet 
disc 
disc 
pellet 
pellet 
pellet 
pellet 

following 
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APPENDIX 2 

A Jeol Superprobe 733 wavelength dispersive electron microprobe 
was used to determine the composi tion of tourmaline. 
Highly polished thin sections, that were coated wi th C under 
vacuum, were used. Accelerating voltage was 15 kv with a 
current of 25 nA. Natural silicate standards were used and 
data reduction was carried out automatically. 

co: DETERMINATIONS 

co, determinations were carried ~ut at the Zimbabwe Geological 

Survey, Harare4 A standard method was used in which a pre-

determined weight of sample (0,5 2,0 g) was digested in 

concentrated HCI (± 10 ml). The gases emitted during reaction 

were channelled through a system of U-tubes containing Mg­

perchlorate (to remove H~O), concentrated H2S04 (to remove any 

additional H,O) and a mixture of copper phosphate and manganese 

dioxide (to remove sulphur). The CO2 gas was collected in a U-

tube containing a pre-determined weight of "Carbosorb" (soda-

1 i me) . The percentage CO2 in the sample was calculated using 

the difference in mass of the carbosorb (i.e. before and after 

the CO2 was introduced). 
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