Plate 4.2: Typical examples of basie volcanics from the Doorapoort Formation (Farm Dy Plessie
Rus 537) and its equivalents in the Dordabis arca (Farm Ibenstein 55)

(A} Photomicrograph of amygdaloidal basalt showieg large. epidote-filled amypcales in an mter
granular matrix; plane polarized hight

(B Clast supported flow wop breecia displaying angular and subrounded clasts of amygdaloidal
basalt in a matrix of fine-grained quaniz arenite; coin for scale (diameter 38 mm)

(C) Photamicrograph illustrating the intergranular textuce of basalt from a massive domain, bere
the inner part of a flow. Large crvstals of plagioclase (pl) are intergrown with abundant opaque
minerals (hematite and magnetite) and subordinate chlorite and epidote; erossed Nicols.

(D) Photomicrograph of fractured basalt from a permeable domain. The (ractures are quartz-filled
and the fine-graned intergranular basalt has been epidotised,; plane polarized light,

{Ei Photomicrograph of basall displaying an intergranular texture. The plag oclase crystals bave
been completely replaced by epidote, quartz, calcite and chlorite during alteration. The metamor
phic replacement was a static event and did not affect original crvstal shapes {compare Plate 4.0
C¥. plane polarized hght

{F) Altered (epidotised) basalt from the Klein Aub arca showing two generations of fractures. An
cartier generation of fine, anastomosing, epidote-filed fractures (1} is associated with penetrative
epdotisation of the basalt. These fractures are truncated by later tension gashes which are filled
with fibrous quartz; coin for scale (diameter 3% mm)




Plate 4.2




|

characterizes the second group of basalt, which sccounis for approximately 259 of the basalis
of the Sinclar Sequunce, Permeability has been provided by primary features such as flow top
breccias sediment-Giltedeooling{contraction}fractures andomygdaloidaizones(Plate4 2,A,B)

Other permeable features were tectonically induced and are zones of secondary, tectonically
induced permesbility, ¢ g shear zones, faults, tension gashes (Plate 4.2,D) und hydraulic frac
tures Vhe mineralogical composition of the basalts from permeable domains differs strongly
from that of the massive basalt. Although primary basaltic textures are retained, the rocks con-
sistof epidote (S67%3, quartz (1377 3, chlorite and subordinate calente, dolomite, muscovite, and
hematite and the basalt does not zontam any plagioclase (Plate 4 2 E}. Fractures are filled with
quartz, epidote, caleite and locally dolomite. 1o the Klein Aub area, an early set of epidote-
and quartz-Olled fractures s assocated with penetrative epidotisation of the surrounding
basalt The fractures are intersected by a fater set of extensional fractures filled by fibrous
quartz, which apparently did not interact with the basalt (Plate 4 2.F)

Sins ¢ the amygdales contmn a wide variety of commuonty submicroseospically istergrown aliera-
tion products, thew contents werz wdditionaslly analysed XRD-analyvsesdetermined that quartz,
dolomite, calcite, epidote, chlonite, pumpelivite, laumontite and in some rare cases malachite,
azurite, cuprite and native copper acour as fillings of amygdales in the basalt The macroscopi-
eal oecurrence of some of these minerals is indicated on the tog of be.ehole ODB 4 (Fig 4.2
but no systemate vertical sonation of metamorphic minerals, that might reflect a svstematic
change i metamorphic grade. as deseribed from ihe Portage Lake Volcanics, Michizan (Jolly,
197 41 bhas been identified,

No fresh, vnmeta sorphosed basalt s preserved within the Kalshari Copperbelt. Compared
with the basalts from permeable domans which h

ve been affected to a much stronger extent
by (hydrathermal) aliccation the masuve basalis, and which sull contain plagioclase, these
basalts i simply referrad to as unaltered

Geochemical Characteristics

Conceatrations of major- and trace-elements in basalts from the Klzin Aub and Dordahis areas
have been determined hy XRF-analyses. These dita are shown in Appeadix 1L bur charae

teristic elements have beea plotted in har graphs (Fig $.12) and Tsocon - diagrams (Fig 413}
to determine their mohile or immobile behaviour during metamorphic alicration. Element dis-
tributions, shown in bar diagrams, have been used to distinguish altered from unaltered hasales

However, this method does net distingush between small changes in element concentrations

pither dae to alteration of a change in volume. Grant {1986) L.toduced the Tsocon method
diagram, and it wvas used o define the overall concentration changes. The method can be ap-

) can he com
pared and s 4 graphie solution which consuders compasitionsvolume relations in alteration

C .
plicd where element concentrations in unaitered (C7) and altered rocks (¢

pracesses based onan equation proposed by Gresens (19671 Tn an Lsocon diagram (Fig 4 13),
the absolute coneentration of an clement s multiplied by any tactor to Bt comidartably within
the range of the diagrams scale. Such scaling is machematically valid and prevents the under
extimatiom of clements fess abandand than sibicaor aluming. [0 also sllows the determination
af the absolute corceniration of sl clement direatly from the dicgram, by amplifying the cale
value with the factor given with the elemers Values for major clements are given in percent,

weelemonts mppm and PGE and Auin ppb A reference line, corresponding to a zero con
centeation Change b socon’) s determried by o best fit o the data. The siope of the ispcon,
comprareswath that of o mass hange 135 alope) defines the mass change Juring alteration
Ater the definition of (s isocsn, gains, ossex o immobihity of elements in celation (o the

ongsaal rock canbe < rmined The hasalts from ma

sive domains kave what are comsidered

nermial base metab vcontears o this rock tvpe CL0ppm Ze, T0ppm Co, 90 ppm Cug whea com

pared with bt gven by Wedepohl (0N CTablc 23 Only b and Fe values appear (o be

ammaiowsdy High

H
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t-ations (C7) unaltered) with

Flg 413 Isocon Jagrams companng onginal element cone
clement concentrations in aliered basalts (0% of (he Venrapoon Formation and squivalents
{method after Grant, 1986). The diagrams dlustrate the strong depletion of base metals and
pathfinder - clements (4a, Mg, K) and the contiasting behaviour of Fho Au, PrPd during sl
teration {0 POE and s concomtrasons for Dordabis basalts determined). Sec text for exe

planation of method




Basalt Granite Rhyuolite
“u 100 15 5
Co 43 s 1
Zn 120 100
Ph s W0 W
AR 0.2 0.04 0.05

Table2: Typicalmetalconcentraticnsinsource rocks fromvanicus provenances (after Wedepohl
1978}, Note that the concentrations of metals (except Pbi in basalt are approximately one order
of magnitude higher compared with the other rock types. Phus the basalts represent the best
poteatial source rock of the three examples wven

Basalts from permeable, epidotised domains have suffered a loss ta volume of 89 in the Klein
d by their
total depletion in Na, Mg and K and an enrichment in Ca (Figs 412, 4.13), Whereas Cu. Zn

Aubr area and 183% in the Dordabis srea. These rocks are chemicaily characte

and Lo are strongly depleted in the epidotised basalts, Phoand U 5w o sigmifien t h
ment. Cu values show a rather irregular distribution pattern whic fue to a nugget etfect’
produced by infrequently scattered specks of native Cu on m actures, Precious metals

such as Au, Pt and Pd (data only available for the Klein Aub ac o5, have remained immobile
or show a slight enrichment in the epidotised basalts which will be discussea in more detml
Chapter 8 The clements Ti, Zr, 'Y, Al and Nb have remained immobile during metamorphisim
aad subsequent hydrothermal events (Figs 4.12.4.13)

Interpretation of Alteration Patterns

The basalis were hydrothermally aitered during regional metamerphism and show mineral as
semblages typical of lower greenschist facies grade. Expenimental studies of the stabutity fields
of pumpeilyite suggest a temperature range from 200°C 1o 3007 for metamorphism (Hein
richsen and Schurmann, 1969). This approximation of the temperature of mee orphism s

supported by the absence of biotite in the metamorphic mineral assemblage. Such a range of

metamorphic temporatires (s
350°C, derived from dlite crystdinity studies by Ahrendt et al, (1978)

50 m agreement with metamorphic temperatures of less than

Original b contents seem to have been anomalously high, possibly reffecting charactecistics
of the regronal metal province. Ph, rogether with U and possibly Th, Au, Ptand Pd were en
ricked Laring metamorphic alterabon. Other base metals, such as Cu, Zn, and Co, were heavt
ty leached during the same alteration event with minor smonnts of Cu precipitated i fractures
and amyvgdales, whereas Zn i J Co were completely remobilised from the voleanic pile. The
total amount of ¢ leached from the epidotised domains exeeeds the amount of native Cu
found in the altered basalt It i important to note. that approximately 257 of the basalts are
estimated to hive been depleted in most of their o “ginal Cu, Znand Co contents, despite rare
occurrences of native Cu

Other elements such as K, Ma, and My, have secn dramatically remobilised Guring alteration
and are used as chemical pathfinder elemenis (or the metal depletion. Since * oceurs invar
bonates im amygdales and fractures, introduced Cacontentacorrelaste well with e permeanbiliny
of the altvred basalts.

Similar processes of basalt alteration and leaching of hase meta! have been deseribed from
numerous arcas, ¢og. the Koweenawan nft, Michigan Cuolly, 19740, Western Australa (Havnes,
P72 and Alaska (Sood ot al, 19861 o cach case the mete] depleted basalts have been af
fected by metamorphic alteration and are associated with sporadic occurrence sf native cop

per In the previcusly mentioned focations exten: strat.bound Cu raineralization s

i sediments overlying leached basalts
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Timing of Alteration

The alteration, epidotisation and base metal depletion of the Sinclair basalts is related to fea-
tures of primary permeability and to tension gashes, shewr zones and faults, Although no detailed
structural siudy on these basaits has heen vndertaken, it appears that induced permeability is
related to folding and faulting of the Damaran Orogeny.

The rather erratic and somewhat depleted copper concentrations of the massive basalt might
be due to earlier metal depletion, and is interpreted to have occurred shortly alter extrusion
and along flow top breccias. However, no minerclogical evidence was found for such an carly
alteration, but evidence could have been destroyed during regional metamorphism, Since no
ather base metals show signs of such an carlier event, it appears likely that the erratic distribu-
tion of Cu is due to a localized ‘nugget etfect’.

The quartz-filled extersional fractures, which cut across the carlier epidote veins, represent a
subordinate tectothermal eventthat post-datesthe Damaran Orogeny. Preliminary, unpublished
fluid inclusion studies show, that the quartz crystals contain only one generation of inclusions,
commonly displaying negative quartz crystal shapes. which are interpreted as pnm.m inclusions
(G Schneider, pers. com. 1987). The flimds have a low salinity (4.5 leat) and
showhomogenisationtemperaturesofl 75°C Crackingemperaturesdetermine ‘ﬁwdn repitometer
in one sample of milky vein quartz {rom Klein Awb Yine were obtained by A Schmidt-Mumm
(pers. com,, 1985) and the cracking temperaty ed a maximum at 350°C. A subordinate
peak indicated an additional thermal event with tec peratures of approximately 166°C. This
peak at 350°C corresponds well with the maximum temperature of 350°C from an illite crystal-
tinity study of the Southern Foreland ol the Damara Oregen (Ahrendt et al,, 1978),

Although the results from the fluid inclusion study are oaly preliminary and results from the
decrepitometer method have to be used very carefully, it scems that the rocks of the Sinclair
Sequence have undergone a second weaker thermal event, subsequent 1o regional metamor-

phism. Since metal solubilitics at such salinities and temperaturss are relatively low and the
wall rocks show no signs of any interaction with these fluids, it 15
tion was associated with this subordinate event

srred that no basalt altera-




SEDIMENTARY ROCKS OF THE SINCLAIR SEQUENCE

Boornpoort Formation

The ©° rapoort Formation consists of approximately 3000 m of coarse grained clastic sedi-
ments with intercalations of tholetitic basalt at the base (Fig.5.1}. The lithofacies distribution
witkin the Sinclair Sequence bas been studied along 23 sections across the stratigraphy in the
Klein Aub area (Figs.5.2, 5.3, Appendix 1). The following sedimentary facies types have been
identificd. The following description of the varicus lithofacies types is arranged th order of
decreasing grain size.
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Fig.8.1: Stratigraphy of the Sinclair Sequence in the study area
Conglomerate and Arkose Facies

The conglomerate and arkose facies as a whole varies from 100 m to 800 minthickness (Fig 329
It displays tensoid geometries with lenses 1020 km across and 300 m maximum thickness on
average. The facies also vecurs as a minor component of the Nuckopf Formation whereas it

makes up approsimately S09% of the Grauwater Formation. In both formations the
lithofacies is interbedded with felsic voleaniee. The facies is most extensively developed in the




Doornpoort lormation, where it is interbedded with the protoquartzite facics. This widespread
development is associated with an overlapping beyond the previously deposited formations
and an overstepping of the graben margins, exemplified locally by the covering of basement
horst structures (Fig.5.2). This heterolithic lithofacies 1s composed of 6.5 m-2.5 m thick con
glomeratz beds and is interbedded with arkosic beds 0.1-10 m in thickness, The conglomerates

consist of poorly sorted, matrix-supported, sub-angular to sub-rounded clasts averaging 8 cm, -

but clasts up to 70 em in diameter have be :n observed (Plate 5.1,A). The matrix is arkosic and
1s mineralogivally and texturally immature. The conglomerates are generally massive and show
nu oby.ous imbrication features. Sorac un'ts show both normalt and inverse grading with largest
clasts in the middle of the unit. The clasts are derived from both extrabasinal and intrabasinal
sources. Clasts derived from the ouder Proterozoic basement include granite, granodiorite,
vein quartz, subordinate dolenite and minor banded iron tormation. Local clasts derived from

within the depository include red quanz porphyry and quartz-feldspar porphyry from the
Nickopt and Grauwater Formations. Protoquartaie and arkose clasts of these formations are
also present, but as a minor constituent
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Fig.82: {A) Meaured sections A-L through the Doornpoort and Klein A sh Formations, (B)
Correlation diagram showing distribution of ithorypes NB. the en echeion arrangement of 4l
tuvinl fan leases
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Palacocurrents were girested to the south and southwest in agreement with measurements of
Ruxton (1981, 1986). The arkose units are lensoid and of short lateral extent. Within the
Doornpoort Formation of the study area there are three major conglomerate leases developed
and one of them forms the basal conglomerate directly overlying the base ent. The lenses are
arrangedin anen echeion fashion with their maximumthicknesses shifting progressivelytowards
the east (Fig.5.2)

One lens of alluvial fan conglomerate is exceptionally well exposed on Farm Emdpaal 516, 4
km cust of Klein Aub Mine (Fig.5.4) In Figure 5.2 measured sections A-U represent a lon-
gitudinal profile paraticito the edge of the basin, In these sections the interbedded conglomerate
and arkose factes is well represented. Measured sections U-X, however, are situated aronnd
the Witkop Anticiine (Fig.5.3) and allow an important opportunity to examine basinward facies
distribution. In these sections the facies is poorly developed and the conglomeratic enses have
thinned considerably and reduced in number.
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Fig.5.%: Measured section U-X through the Doornpoort and Kleiv Aub Formations. The ar

rangement of these sections differs from the ones i Fig.5.2 in that they represent a pro
from the basin margin towards deeper parts of the basia

taterpretation: The me trivsupported nature of the conglomerates and the abseoce of sedimen
tary structures suggest that they were deposited by debris flow processes. Conversely, the
arkosic uaits show well developed sedimentary structures and their immature nature saggests
that they were transported subaqueously and deposited on bedforms including sand wa

dunes and planc beds. The presence of debrm flows and the fensoid geometey of the facies in

dicates that the units represent a southward progradation ohindividual alluvial fans. Tac rapid
decrease in he thickness and percentage of the facies outhward indicates that the fans were
developed proximal 1o the source arca The iterhedded arkoses represent sheetf ad and
tranded stream deposits laid down between successive debris flow events The evelic arrange

ment of the conglomeratie units imdicates rer cated fault actuony and uphin i the sourc e aren
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Plate 5.1:

(A} Interbedded conglomeraty and arkose facies of the Doornpoort Formation. Note the mas
sive nature of the conglomerate and the plane lamination of the arenite thammer is 1 m long)

(B) Polygonal desiccation eracks within the fine-grained sandstone. siltstone facies developed
in plava lakes (diameter of coin 17 mm)

(Cy Fining-upward eyeles of the Kagas Beds in the Klein Aub Formation in a river soction 4
km east-north-east of Kicin Aub Mine. Base and top of one complete cvele are arrowed. The
person is sitting on the quarts arenite facies which represents deposits from subtidal to Jower
tidal flat environment. Above this are facies representing lower to upper tidal flat deposits

(D) Shallow sand-filled channc! (basal scour (1)) within the interlaminated and flaser laminated
facies (same locality as Fig.5 1,C) Laminae vy represent small-scale epsilon eross-stratifica
ton filling this channel, with reactivation surtaces developed (2)

(E) A progression from interlaminated subfacies (1) to flaser laminated subfacies (2) developed
on the mid tidal flat (sawe locality as Plate 5.1,C). The mere casily croded flaser laminated
subfacies is eroded to form a mid tidal fat channel (3) which i sand-filled This arca sub
sequently became a zone of active deposition of sand b .ds (4)

(F) Close-up photograph of same facies details shown in S.1, E

(G Sand-filied large desiccanon crack (upper arrow) developed in the wterlaminated facies
(same facies asin Plate 51,07, A thin lensoid algal limestone is also indicated (lower arrow)
It displays a cellular structure and is interpreted as intertidal algal mats (coin s 17 mm in
diameter) (H) Detail of slgsl laminated {acies intercalated with the mid-tid«| flat deposits
(same locality as Plate 5.1,C). Plane laminated limesione passes upwards into poorly developed
stromatolitic donies
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