
Plate 42s Typical examples of basic volcanic* from the Doornpuori Formation (Farm Dvi Pic win 
Rus 537) and i(s equivalents in the Dordabis area (Farm ibenstcin 55).

(A) Photomicrograph of amygdaloidal basalt showing large epidote-filled amygt'ales in an mier- 
granular matrix; plane polarized ligh!

(B) Clast supported flow top breccia displaying angular and subroundcd clasts o f amygdaloidal 
basalt in a matrix o f fine-grained quartz arenite; coin for scale (diameter 38 mm).

{€ )  Photomicrograph illustrating the m tergm iular texture o f basalt from a massive domain, here 
the inner part o f a flow Large crystals of plagiociase (pi) are intergrown with abundant opaque 
mineral!, (hematite and magnetite) and subordinate chlorite and epidote; crossed Nicols.

(D) Photomicrograph o f fractured basalt from a permeable domain. The fractures arc quartz-filled 
and the fine-grained intergranular basalt has been e pi doused, plane polarized light.

(E) Photomicrograph o f basalt displaying an intergranular texture. The plag-oclase crystals have 
been completely replaced by epidote, quartz, caltite and chlorite during alteration. The metamor 
phic replacement was a static event and did not affect original crystal shapes (compare Plate 4.2 
C). plane polarized light

<F) Altered (epidotised) basalt from the Klein Aub area showing two generations o f fractures. An 
earlier generation of fine, anastomosing, epidote filled fractures ( I )  is associated *'ith penetrative 
epidotisation o f the basalt. These fractures are truncated by later tension gashes which are filled 
with fibrous quartz; coin for scale (diameter IS mm).





••har act cr i/ex I he second group of basalt, which accounts for approximately 25% of the basalts 
o f the Sinc'iiir Sequence. Permeability has been provided by primary features such as flow lop 
brcccias.sciiimcni-fiUedc<x>ling(eontraction)fracliires and3mygdaloidalzoncs(Pla(c4.2A.B). 
Other permeable feature were seetonicaliv induced and are zones o f secondary, tectonically 
induced permeability, e.g. shear zones, faults, tension gashes (Plate 4.2,D ) and hydraulic frac­
tures. I he mmeralogkal composition o f the basalts from permeable domains diTers strongly 
from that of the massive basah. Although primary basaltic textures are retained, the rocks con­
sist n f epidote (50%), quartz ( i 'v ' !, chlorite and subordinate caicite, dolom ite, muscovite, and 
hematite and the basalt doe* not contain any plagiociase (Plate 4.2.E). Fractures ate filled  with 
quartz, epidote. caicite and locally dolomite. In the Klein Aub area, an early set o f epidote 
and quartz filled fractures is associated with penetrative epidotisation o f the surrounding 
basalt The fractures aic intersected by a later »c( o f extcnsionul fractures filled  by fibrous 
quartz, which apparently did not interact with the basalt (Plate 4 2.F).

Sim e the amygdales contain a wide variety o f commonly submicnw w p ica ily intergrown altera 
lion products, their contents were «ddit tonally analysed XRD-analyses determ ined that quartz, 
dolomite, caicite, epidote, chlorite, pumpcliyite, laumontite and in some rare cases malachite, 
azuritc. cuprite and native copper occur « i fillings of amygdales in the basalt The macroscopi- 
cai occurrence o f some o f these minerals is indicated on the log o f b i .ehole O DB 4 (Fig.4.2} 
but no systematic vertical zonal ion o f metamorphic minerals, that might reflect a systematic 
change in metamorphic grade, as described fro n  ihe Portage Lake Volcanics. Michigan (Jolly. 
197 4),ha< been identified.

No fresh, unmet a wtrphosed basalt is preserved w ithin the Kalahari Coppcrbelt. Compared 
with the basalts from permeable domains which have been a fleeted to a much stronger extent 
by (hydrothermal) alteration the massive basalts, and which s till contain plagiociase, these 
basalts a, -  simply referred to as unaltered.

4 .4 J  ( ie och em ica l C h a ra c te rls tiis

Concentriinons o f major- and trace-elements in basalts from the Klein Aub and Dordabis areas 
have been determined by XRF-analyses. These data .ire shown in Appendix I!, but charac­
teristic elements have been plotted in bar graphs I Fig 4.12) and Tsocon'-diagrams iF iit 4 13) 
to determine their mobile or immobile behaviour during metamorphic alteration. Element dis 
tributions, shown in bar diagrams, have been used to distinguish altered Irom  unaltered basalts 
However, this method does not distinguish between small changes in element concentrations 
either due to  alteration or a change in volume. Grant (VMh) introduced the Isocon method 
diagram, and it was used to define the overall concentration changes. The method can be ap­
plied where element concentrations in unaltered (C ° ) and altered rocks tC A) can be com 
pared and is a graphic solution which considers composition volume relations in alteration 
processes based on an equation proposed by ( ire sens ( 1Wi71 In an Isocon diagram < Fig 4. 1.1), 

the absolute concentration o f an element is m ultip lied by any factor to fit it comfortably within 
the range of the diagrams scale. Such scaling is mathematically valid and prevents the under 
estimation o f elements less abundan; than silica . t alumina. It also allows the determination 
o f the absolute comen; ration of all elements directly from the diagram, by amplifying the ..cale- 
value w ith  ib:; factor given with the clem crt. Values for major elements arc given in percent.
11 ice elements in ppm and P (iE  and An in ppb A  reference line, corresponding lo  a zero con­
centration i hange tthe isocon"). is determined by a I ts !  fit to the data. The slope o f the isocon, 
compare’ i with that o f no mass ihange i 4< slope) defines lh< mass change during alteration 
A 'te r the defin ition of this isocon. gains, hisses or im mobility of elements in relation to the 
orig inal ro. k van be d rminvd The basalts from massive domains have what arc considered 
normal base metal contents ;-.*r this rock tvpc ( 12«tppm Zn. D ppm  Co. W  ppm < u j when com 
pared with dal.- tftve-fl bv Wedept»h"l t l'f"'"-i; (T ahl< 21 Onlv Pb and Fe. vaincs appear to he 
anomalously high



DOROASiS AREA. FARM MNSTE1N 55

KLEIN AV8 AREA. FARM DU PLESSlS RUS 537

Flg.4.12: Bar cliagr.-i.ns of mobile tnU immobile cicn’ cnu  .« unaltered ile fi o f bi.i k i f ; :i:id 
altered basalts fright nf black bur) n f tin: Doornpnori Formation and equivalent ',
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B a s a lt G ra n ite R h y o lite

Cu it*) 15 5
Co 45 5 1
Zn 120 75 100
Pb 5 30 30

Aft 0.12 0.04 0.05

Table2iTypicalm eialconccnira iinnsin source rocks from various provenances (after Wedcp«»hl. 
1978). Note that the concentrations o f metals (except Pb) in basalt are approximately one order 
o f magnitude higher compared .vttfc the other rock types. Thus the basalts represent the best 
potential source rock o f the three examples given.

Basalts from permeable, epidotised domains have suffered a loss to volume of M% in the Klein 
Aub area and 13% tn '.he Dordabis area These rocks are chemically characterised by their 
total depiction in Na, Mg and K and an enrichment in Ca (Figs.4.12, 4 13). Whereat Cu. Zn 
and Co are strongly depleted in the epidotised basalts. Pb and U w a signitic.. : c r-ich  
men;. Cu values show a rather irregular distribution pattern whit due to  a 'nugget effect'
produced by infrequently scattered specks o f native Cu on m -tctures. Precious metals
such as Au, Pt and Pd (data only available for the Klein Aub ai have remained immobile 
or show a slight enrichment in the epidotised basalts which w ill be discussed in more detail in 

*  Chapter 8. The elements Ti. Zr, Y, A I and Nb have remained immobile during metamorphism
j  and subsequent hydrothermal events (Figs.4,12. 4.13).

4.4J Interpretation nf Alteration Patterns

The basalts were hydrothermally altered during regional metamorphism and show mineral as 
•» semb!ages typical o f lower greenschist facies grade. Experimental studies o f the stability fields

o f pumpcliyite suggest a temperature range from  200”C to  3(X) for metamorphism tHein- 
ri-'hsen and Schumann, l% 9). This approximation of the temperature o f me’ uphism is 
supported by the absence of biotile in the metamorphic mineral assemblage Suvh a range of 
metamorphic temperatures is also in agreement with metamorphic temperatures o f less than 
350*0, derived from  illite  crysu lin ity studies by Ahrend; et al. 11978).

Original H i contents seem to have been anomalously high, possibly reflecting characteristics 
o f the regional metal province. Pb, together w ith U and possibly Th, Au, Pt and Pd were en­
riched .tiring metamorphic alteration. Other base metals, such as Cu, Zn, and Co, were heavi­
ly leached during the same alteration event with minor amounts o f Cu precipitated in fractures 
and amygdales. whereas Zn a. J Co were completely rcmobilised from the v ilcanic pile The 
total amount o f |  |  leached from the epidotised domains exceeds the amouri! o f native Cu 

/  found in the altered basalt It is important to note, that approximately 25% o f th.: basalts are
r estimated to h.we been depleted in most o f (heir ginal Cu, Zn and Co contents, despite rare

occurrences o f native Cu

Other elements such as K, Na, and Mg, have been dramatically re mobilised during alteration 
and are used as chemical pathfinder elements lo r the metal depletion. Since occurs in car 

* bonates in amygdales and fractures, introduced Ca contents correlate well w ith 'Se permeability
of the alt, ted basalts.

Similar processes o f busalt alteration and leaching nf base mctai have been described from 
numerous arzas. e.g. the Keweenaw an rift. Michigan i Jolly, 1<)74), Western Australia t Haynes, 
I ’>72) and Alaska (Sood ct al., VWh). In each case (he met id depleted basalts have been af­
fected by met amorphic alteration and are associated with sporadic occurrence o f native cop­
per In the previously mentioned locations extensive sir at., bound Cu rnincraii/atm n is 
in sediments over lying leached basalts

1



Tim ing o f Alteration

The a lte rition , epidotisation and base metal depletion o f the Sinclair basalts is related to fea­
tures o f primary permeability and to  tension gashes, sheur zones and faults. A ll hough no detailed 
structural siudy on these basalts hits been undertaken, it appears that induced permeability is 
related to  fo ld ing and faulting o f the Damaran Orogeny.

The rather erratic and somewhat depleted copper concentrations o f the massive basalt might 
be due to earlier metal depletion, and is interpreted to have occurred shortly after extrusion 
and along flow top breccias. However, no minerclogical evidence was found for such an early 
alteration, but evidence could have been destroyed during regional metamorphism. Since no 
other base metals show signs o f such an earlier event, it appears likely that the erratic: d is tribu­
tion o f Cu is due to  a localized ‘nugget effect’ .

The quartz filled extension a I fractures, which cut across the earlier epidote veins, represent a 
subordinate tectothcrmal event that post-dates the Damaran Orogeny Prelim inary, unpublished 
flu id  inclusion studies show, that the quartz crystals contain only one generation o f inclusions, 
commonly displaying negative quartz crystal shapes, which are interpreted as primary inclusions 
(G.Schneider, pers. com. 1987). The fluids have a low salinity (4.5% NaCI equivalent) and 
showhomogenisationtempcraturesofl75eC.Crackinglemperature<dctermircdbwiecrepitometer 
in one sample o f milky vein quartz from Klein Auk  v 'ine  were obtained by A.Sehmidt-Mumm 
( pers. com., 1985) and the cracking (emperatuiei ed a maximum at 350eC. A subordinate 
peak indicated an additional thermal event with (e. fe a tu re s  o f approximately UiO"C This 
peak at 350®C corresponds well w ith the maximum temperature o f .35(7*0 from  an illite  crystal- 
Unity study o f the Southern Foreland of the Damara Orogen (Ahrendt et al., 1978).

A lthough the results from the flu id  inclusion study are only prelim inary and results from  the 
decrepirometer method have to  be used very carefully, it seems that the rocks o f the Sinclair 
Sequence have undergone a second weaker thermal event, subsequent to regional metamor- 
phism. Since metal solubilities at such salinities and temperatures are relatively low and the 
wall rocks show no signs o f any interaction with these fluids, it is inferred that no basalt altera­
tion was associated with this subordinate event.



5. SEDIMENTARY ROCKS OF THE SINCLAIR SEQUENCE

$.1 Doom jXKirt Formation

The i rnpoort Formation consists o f approximately 3000 m o f coarse-grained clastic sedi­
ments w ith  intercalations o f iholeutic basalt at the base (Fig.5,1). The lithofacies distribution 
w ith in  the Si eclair Sequence has been studied along 23 sections across the stratigraphy in [he 
Klein Aub area (Figs.5.2,5,3, Appendix I). The follow ing sedimentary facies types have been 
identified. The follow ing description o f the various lithofacies types is arranged in  order of 
decreasing grain size.
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Fig.5.l: Stratigraphy o f the Sinclair Sequence in the study area. 

5,1,1 Conglomerate and Arkose Fades

The congl( andarkosefaciesasa whole varies from 100 m to80(!m  in ihickness (Fig.5.~j
It displays iensoid geometries with lens,es 10-20 km aero:s.s and SX'I m maximurn thickness n;
average. The fade nor component o f the >i’tickopf Formation whereas i
makes up mately 50% M  lhe iH ran water Form;it ion. ffi both form iilions ihi
lit hofacies )edded with Celtic volcan ics. The facies is mo:a extensively developed m (h;



Doom  poor I fo rm ation , where ii is interbedded w ith the protoquartzite facies. This widespread 
development is associated with an overlapping beyond the previously deposited formations 
and an overstepping o f the graben margins, exemplified locally by the covering o f basement 
horsl structmes (Fig.5.2). This heterolithic lithofacies is composed of 0.5 m-2.5 m thick con­
glomerate beds and is interbeddeu with arkosic beds 0.1-10 m in thickness. The conglomerates 
consist o f poorly sorted, matrix-supported, sub-angular to sub-rounded chsts averaging 8 cm, 
but clasts tip  to 70 cm in diameter have be.n observed (Plate 5.1,A ). The m atrix is arkosic and 
is m ineiaiogivally and texturaiiy immature. The conglomerates arc generally massive and show 
no obv'.ous imbrication features. So-nc un;ls show both normal and inverse grading with largest 
clasts in the middle o f the unit. The clasts are derived from both extrabasinal and intrabasinal 
sources. Clasts derived from the Older Protemzoic basement include granite, granodiorite, 
vein quartz, subordinate dolerite and .ninor banded iron formation. Local clasts derived from 
w ithin the depository include red quartz porphyry and quartz-fcldspar porphyry from the 
Nuekopf and G nuw a le r Formations. Protoquartzite and arkosv clasts o f these formations arc 
also present, but as a minor constituent
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Fig.? J :  (A )  Mca-.ured sections A -V  through the Doornpoort and Klein A ah Formations; (B) 
Correlation diagram showing distribution of lithotvpes. N.B. ihe eti nt-h-thm arrangement o f al­
luvial fan lenses

The interbed led arkosc 'eds are 15-K*) cm thick and comprise coarse sandstones to granules 
tones which commonly contain scattered pebbles of vein quart/. The arkosc beds are textural 
ly as well as mineralog^rally immature. Both planar cross- stratification and rare trough 
cross bedding arc deve'oped that average HO cm in thickness, well as planar lamination



Palaetx urrcnts were tiireded  to the south and southwest in agreement w ith measurements of 
Ruxton (1981. l'M 6). The arkosc units are Iensoid and o f short lateral extent. W ith in  the 
Doornpoort Formation of the study area there are three major conglomerate leases developed 
and one o f them forms the basal conglomerate directly overlying ihe base-, ent. The lenses art- 
arranged in anen echeiofi fashion with their maximum thicknesses shifting progressively towards 
the east (Fig.5.2)

One ten: o f alluvial fan conglomerate is exceptionally well exposed on Farm Eitidpaai 516, 4 
km eust o f Klein Aub Mine (Fig.5.4) In Figure 5.2 measured sections A -U  represent a lon­
gitudinal profile  parallel to the edge o f the basin. In these sections the interlicddcd conglomerate 
and arkosc facies is well represented. Measured sections U -X , however, are situated around 
the W itkop Anticline (F ig,5.3) and allow an important opportunity to examine basinward facies 
distribution. In these sections the facies is poorly developed and the conglomeratic lenses have 
thinned considerably and reduced in number.
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Flg.5J :  Measured section U -X  through the Doornpoort and K ic k  Aub Formations. The ar­
rangement o f these sections differs from ihe ones in Fig.5.2 in that they represent a profile 
from  the. basin margin towards deeper parts ol ihe basin.

Interpretation; The m z 'r it-supported nature o f the conglomerates and the absence of sedimen­
tary structures suggest that they were deposited by debris flow processes. Conversely, the 
arkosic u.iits show well developed sedimentary structures and their immature nature suggests 
that they were transported subaqucously and deposited on bed for ms including sand waves, 
dunes and plane beds The presence o f debris flows and the Iensoid geometry o f the facies in ­
dicates that the units represent a southward progradation of individual alluvial fans. Ta t rapid 
decrease in he thickness and percentage of the hcies outhward indicates that the fans *e r r  
developed proximal h- the source area The interbedded arkoscs represent sheetl1 sod ;,nd 
I raided stream deposits laid down between successive debris flow events The cyclic arrange­
ment o f the conglomeratic units indicates re la te d  fault a c tr ity  and uplift in the noun:: area



Plate 5.1:

(A ) Imerbcdded conglomerau and arkosc fades o f the Doornpoort Formation. Note the mas 
sive nature o f the conglomerate and the plane lamination o f the arenite (hammer is 1 m long)

(B) Polygonal desiccation cracks within ihe fine-grained sandstone siltsione facies developed 
in playa lakes (diameter o f coin 17 mm)

(C) Fining-upward cycles o f the Kagas Beds in ihe Klein Aub Formation in a river section 4 
km east north-east o f K lein Aub Mine. Base and top o f one complete cycle arc arrowed. The 
person is sitting on the quartz arenite facies which represents deposits from subtidal to lower 
tida l flat environment Above this are tacies representing lower to upper tida l fla t deposits.

(D t Shallow sand-filled channcl (basal scour (1 )) w ithin the interlam inaiedandflaser laminated 
facies (same locality as Fig.5.1,C). Laminae i iay represent small-scale epsilon cross-stratifica­
tion  filling  this channel, with reactivation surfaces developed (2)

( t )  A  progression from interlaminated subfacies ( l) to fia s e r laminated subfacies (2) developed 
on the m id tida l fiat (same locality as Plate 5.1.C). The more easily eroded fiaser laminated 
subfacies is eroded to form a mid lida l fiat channcl (3) which is sand-filled This area sub­
sequently became a zone o f active deposition o f sand b ,ds (4).

(F ) Close-up photograph of same facies details shown in 5.1, E.

<G) Sand-filled large desiccation crack (upper arrow) developed in the mtcrlaminaied tacies 
(same facies as in  Plate 5.1.C). A  thin Iensoid algal limestone is also indicated (lower arrow). 
It displays a cellular structure and is interpreted as intertidal algal mats (coin is 17 mm in 
diameter) (H ) Detail o f algal laminated fades intercalated wub the m id-lid  U flat deposits 
(same locality as Plate 5.1 ,C). Plane laminated limestone passes upwards in to  poorly developed 
f.tromatolitic dom~s
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