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breccias consist of an ilar, heterolithic quartzite blocks

hosted in a barium carbonate-rich matrix.

Deposition of sulphide and sulphate material occurred as
part of an active shal >w water hydrothermal system.
Mineralization is restricted to synsedimentary hydrothermal
events such as silicif -ation, brecciation and
sulphidization. Initi | mineralization consisted of
extensive silicification and Cu introduction. Silica
precipitation resulted in the formation of an impermeable
self-sealed caprock tir »>ping subsequent hydrothermal
solutions. Pressure and temperature build-up resulted in a
higher temperature system undergoing hydraulic fracture and
brecciating the footws 1. Stockwork filling precipitated
consists of Mn-rich dc omite with sulphides. A later stage
consisted of Ba-Cu-Ag 1riched fluids producing rare
crosscutting "flow-banded" and Ba-rich veins. Syngenetic
Ba-rich ore was deposted over the dolomite ore at this
stage. Economic sulplk 1le deposition terminates with the

resumption of clastic deposition.

Post-lithification reconstitution of ore zone sulphides
began during D1. Thri ts developed in the footwall produced
extensive structurally-controlled zones of brittle fracture.
These zones are concer rated in areas of greatest
silicification. Repi ipitation of : ytes and
dolomite into the breccia matrix resulted in coarse veins of
chalcopyrite and barite. D2 folding and metamorphism
associated with CO,-rich fluids produced pronounced open-
system alteration with much of the barite being altered to
barium~carbonates. The upper parts of some ore bodies were

later affected by supe gene alteration.
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the common assumption that the footwall breccia beneath the
Rosh Pinah ore bodies has a hydrothermal origin.

Certain observations, 1ch as the restriction of brecciation
to certain beds, the occurrence of similar breccias in the
hangingwall and the pr sence of unmineralized breccias
elsewhere in the seque e, are together incompatible with
the formation of a stockwork breccia through exhalative
activity. The recognition of extensive thrust faulting in
the surrounding area (Kindl, 1979) led to the suggestion by
C. Hartnady (pers. com ,) that a relationship between the
ore forming event and :ructural deformation could exist and
that the ore is epigenetic in origin. Recent observations
at Mount Isa in Queensland, Australia (Swager, 1985; Gulson
et al., 1983) show the brecciated "silica-dolomite" of the
copper-rich, lower ore zone, to be a result of D1 related
faulting and not a syn :metic, hydrothermal stockwork
breccia as previously :cepted (Finlow-Bates, 1979).
Previous studies of tI' Rosh Pinah deposit (Page & Watson,
1976; Watson, 1980), although recognizing extensive
remobilization of the ore, interpreted the footwall breccia

as hydrothermal.

Although the deposit i suggested in this study to be
syngenetic, it is apparent that the breccias are intimately
involy | in tl@ st hi o . Tr s study,
therefore, addresses the relationship between deformation,
brecciation and ore paragenesis. A thorough understanding
of these relationships will enable workers to identify other
similar breccias in th sequence, and hopefully better

constrain future exploration.
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The Rosh Pinah Zn-Pb-Cu ore deposit is situated in the arid
southern part of Namibia at 27° 31'E, 16° 48'sS
(Sperrgebiet). The village and mine are approximately 20 km
north of the Orange River and 5 km east of Diamond Area
No.l. The mine is situated at the southern extremity of the
Kapok mountain range (Fig.l) with the village built in the
valley floor. Mine development extends into the mountain by
means of tunnels and level mining methods. The mine

. produces zinc and mixe lead-copper-silver concentrates
which are transported 165 km north by truck to the Aus

railhead.

The deposit was discov red in 1963 by M. D. McMillan during
a regional mapping prc¢ :ct for the Precambrian Research Unit
of the University of ( e Town as part of his Ph.D
dissertation. Mining began in 1969 and is run by Imkor Zinc
(Pty) Ltd. a Namibian based subsidiary of the South African
Iron and Steel Corporation (ISCOR).

The area is characterized by an exceedingly rugged
landscape, resulting from the proximity to the major Orange
River drainage system. Steep-sloped hills rise directly
from the sand-covered alley floor. The sand cover has been
proved by drilling to be in excess of 160 m and is the
product of later infil ing after incision of the steep sided
valleys. The climate s arid (rainfall <70 mm p.a.) and has
had a pronounced effect on the geomorphology of the area.
Fairly extensive cover ngs of angular scree occur on the
mountain slopes. Braided streams cover the valley floors

and only flow episodic lly.

The vegetation types encountered are all adapted for desert
survival and many rare and uncommon species occur. The
mountains surrounding n1e mine are covered in kokerbome
(Aloe dichotoma) and the halfmense (Pachypodium
namaquansis). The valley floors are sparsely covered in

boesmankerse
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(Sarcocaulon spp.) and melkbos (Euphorbia spp.). The

euphorbia are important as drainage markers in the valleys.

Large animals such as bok (Oryx gazella), ostrich

(Struthio camelus) and sprin~rnk (Antidorcas marsupialis)
are found within the Sperrgebiet and often stray across to

the mine area.



Observations were recorded during routine underground
mapping of the 490 lev . of the ore body (Fig.2) and
supplemented by work o the 475 and 470 levels. The three
dimensional perspectit prdvided by tunnel exposure was
complemented by intensive diamond drilling. Since the core
was largely utilized {f : assay purposes, detailed logging
and study was complete prior to sampling. Sections,
displaying grade and ¢ »>logy at 10 m intervals, provided the
best base on which str :tural as well as lithological
interpretations could be made (Fig.5). Mapping of surface
exposure was completed (Fig.6) in order to obtain an idea of
the effects caused by ‘:athering of fresh underground
exposure. Petrographic samples were collected largely from
borehole core, or wher structural analysis was important,

from orientated sampl¢ of the sidewalls.

Borehole core was samp 2d at 1.5 m intervals and analysed by
atomic absorption spec rometry for Fe, Zn, Pb, Cu and Ag.
Metal analyses were tl! 1 used to establish the presence of
metal zonation trends as discussed by Large (1980) and Lydon
(1983). Owing to the pervasive affects of supergene
alteration, effective usefulness of metal zonation diagrams
was severely diminished. Certain broad generalization have,

however, been made (Ch. 3.4).

The greatest problem ¢ countered during petrographic study
was the differentiatic of the various carbonate minerals
present. X-Ray diffr: tion, electron-microprobe and

staining techniques were used to distinguish the minerals.

Staining, combined wii quantitative microprobe data,
provided a very good : proximation of the carbonate
composition (Warne, 1962). Staining techniques are
invaluable as they are cheap, can be used on hand specimen
scale and the samples are easy to prepare. Samples were
etched for 3 min with 10 molal HC1l and then reacted with
Alazarine Red S for 5 min to distinguish between dolomite,



calcite and ankerite. olomite, Mn-dolomite and
rhodochrosite are unaf: cted by the stain, whereas calcite
and ankerite stain red and purple respectively. Samples
were then re-etched and reacted with Rhodizonate to test for
the presence of Ba, and hence the orthorhombic barium

carbonates present.

Twelve samples of various carbonate minerals were analysed
for their stable carbon and oxygen isotope compositions.
Samples consisted of late-stage vein material because of
their relatively sulphide-~free and coarse-grained nature.
Primary ore (both dolo .tic as well as calcitic) is fine-
grained and contains finely disseminated sulphides (<5 jm)
and is therefore unsuitable for isotope analysis.

All samples were crushed, sieved and hand picked, the
removal of sulphides or sulphide-bearing material being an
important aspect of tI process. Samples were then analysed
using X-ray diffractic techniques. It was apparent that
some samples of an homogeneous appearance consisted of two
or three distinct carbonate minerals. Admixtures of calcite
and norsethite, and baryto-calcite and calcite were
separated using bromoform. Repeated X-ray diffraction
analyses showed negli¢ ble mixing of these composite
minerals after separal on. Between 15 and 25 mg of

ited ¢ ple (¢ rending on tI compo: ' ") were allowed
to react overnight (12 hours) at 24.2°C with H,PO, after
evacuation and equilil ation of the temperature of the
reactants and the vessel. The resultant evolved CO, was
collected and analysed on the VG602E double collection 2-
ratio mass spectromet¢ of the Departament of Archeometry at
the University of Cape Town. All samples were treated in
duplicate and were wit in 0.8 permil (% ) agreement.
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Figure 2: Sample positions in the Mountain Ore Body.




Most structural data were measured during routine
underground mapping. Later observations were concentrated
in problematic areas and field exposures. The various
fabrics were differentiated using overprinting relationships
as discussed by Willia ; (1984). Domains were initially
separated on a basis of mine level and tunnel exposure. It
was later found to be far more beneficial to treat the data
set as one, on the gro 1ds that no boundaries separating
areas of changing fabric elements existed. Data was
processed using G/ASTR structural software package, adapted
for the Precambrian Re 2arch Unit on the Department of
Geochemistry Hewlett-1 :kard system. Extensive use of
petrography, both trar nnitted and reflected light,
elucidated many of the si ctural complexities. Three
dimensional block diagrams have been used to represent
important structural r lationships. A comparative study
with data already published for Rosh Pinah was also

completed.

The following designations have been used to show positions
where observations wer made or samples collected.

Reference to the mine level, i.e. 490, 475, 470 and the grid
position on Map 1 are 1ide as follows: [490 Bd}; while
petrographic samples are prefixed PRS. Planar fabrics are

’ oS ¢ dip ratl : than dip direction.
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2.1 ™ TRODUCTI™

The Rosh Pinah sediment-hosted massive sulphide ore deposit,
is contained within late Proterozoic sediments of the lower
Gariep Group. The Grc > defines a structural arc along the
north west coast of sc :hern Africa from Kleinzee in South
Africa to Luderitz in aimibia. The arc extends a maximum of
100 km inland. The Gariep Group is considered to comprise
part of a sequence of ‘osynclinal provinces stretching from
the Cape to northern } 1ibia (Martin & Porada, 1977). These
predominantly sediment :y basins together comprised a major
ocean system - the Ada astor Ocean (Hartnady et al., 1985).
The Gariep Group appears to be coeval with the early
deposition of the Damaran Province in central Namibia
(Martin & Porada, 1977; Miller, 1983) and the Saldanian
Province of the southern and southwestern Cape (Hartnady et
al., 1974).

Clastic sediments dominate the eastern parts of the group
while the western port o>n of the belt, however, is composed
of basalts of ocean it and affinity as well as associated
deepwater sediments such as cherts and shales of the
Oranjemund ~ "">n. The bimodal distribution of the
lithologies was intery 2ted as a classic example of a
geosynclinal basin by Kroner (1974). The eastern and
western assemblages or terranes (Von Veh, 1988) are
separated by a major ¢ slocation - the Schakalsberg thrust
fault. Estimates of throw using the bow and arrow method
indicate up to 60 km ¢ movement on this fault alone.
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"subgroup" status. The name Rosh Pinah, therefore being
used to indicate the clastic facies (formation) and basin
into which it was deposited.

2.3.1 SPITZKOP FORMATION

A detailed traverse across the basal unconformity to the
north of the mine (Fig.l) shows the following sequence of
lithologies. A foliation becomes apparent in the granite
about 100 m from the contact and increases in intensity
towards it. The uncon: rmity itself is marked by a 3 m
diamici " :e bed consisi "1g of a micaceous matrix (sericite,
chlorite, green biotite) hosting stretched, basement-derived
clasts of granite, meti uartzite and diorite. This is
capped by intensely foliated, blue-green schists crossed by

numerous quartz veins.

These are followed by strongly altered chlorite-epidote
rocks that represent metamorphosed intermediate volcanics.
Numerous rotat 1| shear pods of pure epidote are a feature of
this lithology. This is followed by acid volcanic rocks
consisting of ignimbrites, rhyolites and agglomerates. They
are highly siliceous (Table 2) and have similar major
element chemistries to volcanic rocks interbedded with the
Stinkfontein quartzites (I.Ransome, pers comm.).

These lithologies are followed by volcaniclastics, the
matrix composed of immature, basement-derived material
supporting large rounded clasts of the underlying volcanic
rocks. These sediments become progressively finer grained
and take on the appearance of graded, feldspar-rich

quartzite beds.
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Table 2: Whole rock maj - element analyses of representative
samples of Spitzkop for ition volcanics, Kapok subgroup.

na = not analysed. (Analyses carried out at ISCOR H.Q.)
SAMPLE Vo vl v2 V3 V4 v5 vé v7
5102 72.5 72.4 ).8 70.7 82.1 71.5 72.6 75.5
Al203 9.6 12.0 13.2 12.6 10.4 12.7 11.9 10.9
Fe203 1.6 2.9 5.8 2.9 1.5 4.2 4.6 1.9
TiO2 0.01 0.15 0.23 0.15 0.09 0.60 0.14 0.01
P205 0.05 0.06 0.06 0.05 0.05 0.12 0.06 0.05
cao 4.04 0.31 0.10 0.90 0.12 0.13 0.11 0.05
Mgo 0.08 0.02 0.84 0.03 0.26 0.50 0.39 0.05
Na20 0.26 0.40 0.20 0.20 0.20 0.20 0.30 2.01
K20 10.2 10.1 6.3 10.2 3.5 7.0 6.9 9.1
Ba na 0.04 0.04 0.17 0.01 0.06 0.18 na
S0O3 0.2 0.3 0.4 0.3 0.3 0.3 0.3 0.9
Mno 0.05 0.03 0.04 0.09 0.02 0.02 0.02 0.05
co2 0.35 0.51 0.15 0.55 0.26 0.18 0.15 0.01.
10T 0.6 0.6 2.3 1.0 2.1 2.0 2.0 0.4
F 1.91 na na na na na na 0.5

A feature of the sequence in the Spitzkop area is the
development of a partic lar unit, the VSMH or volcano-
sedimentary marker horizon (Edwards, 1984). This consists
of ripple-bedded tuffs, quartzites, limestones and iron
formations that are enriched in Cu, Zn and Pb. Galena of a
possible replacement origin occurs within dark brown
carbonates. It has bee postulated that this horizon is the
stratigraphic equivalent of the Rosh Pinah ore zone but
until the internal stratigraphy of the area is better

understood continues to be speculative.

2.3.2 ROSH PINAH FORMATION

The area of the mine co sists of a continuous sequence of
feldspathic sandstones, the Rosh Pinah formation. These

lithologies range from -kosic to quartzitic in composition

[
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are dominated by laminated dolomites with commonly developed
graded beds. This wou. indicate periodic influxes of
clastic material, and : supported by the occurrence of rare
conglomerate lenses. It appears that these sediments were
deposited as the distal equivalents of carbonate-rich
turbidites in moderately shallow water. The presence of
talc pseudomorphs after scapolite possibly indicates
hypersaline even evaporitic conditions being attained at

times (Swart, 1986).

2.3.4 NUMEES FORMATION

Capping the entire Kapc subgroup are glacially derived
diamictites of the Num¢ s Formation (Martin, 1965; Von Veh,
1988). The Numees itself consists of a thin, (1 - 2 m)
iron-formation capped by tillite and in turn followed by
varved shales and dolomites. Although a molasse-type origin
has been discussed (Davies & Coward, 1982), the presence of
dropstones and a largely basement-derived clast assemblage
would argue against th: . The ? es has been correlated
with a Gondwanaland glaciation at the end of the Precambrian

(Kr8ner and Rankama, 1972).

2.4 NAMA GROUP

The Nama is a predomin: tly carbonatic, shallow water
sequence deposited over large parts of southern Namibia
approximately 600 Ma a¢ ' (Tankard et al., 1982). The basal
beds (Kuibis Subgroup) are'quartzitic and are overlain by
shales and dark grey dolomites of the Schwarzkalk formation.
The Nama is exposed in the Rosh Pinah area as isolated
cappings on the highest mountains. To the east and north it
forms a continuous blanket lying with a marked unconformity
on the basement. The Nama is folded in proximity to the
Gariep and was involved in the later (D2(?), D3,)

deformation events.
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Base metal mineralizat: n occurs associated with all three
of the formations comprising the Kapok subgroup.
Volcanogenic massive sulphide-~type mineralization is present
in the volcano-sedimeni ry marker horizon (VGMS) within the
Spitzkop formation. N¢ r the base of the Hilda formation,
iron-formations display anomalous concentrations of Pb and
Zn. The 80 Mt Zn-Pb Sl rpion deposit occurs 35 km. to the
north of Rosh Pinah and is regarded as a syngenetic massive
sulphide deposit (AAC, 1983), although its heavily weathered
nature obscures much of the detail. The Aus Road Thrust
(Fig.1l), which possibly crosses the Skorpion prospect, hosts
minor mineralization a! ng portions of its length. It is
possible that sulphide-~rich horizons acted as planes of
structural weakness and along which D1 thrust faulting was
initiated. Breccias, of many types, occur associated with

all these areas.
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3. THE GEOLOGY OF MOUNTAIN ORE BODY

3.1 INTP™"CTION

The Mountain Ore Body i one of 18 tabular ore bodies
ranging in size from 0. Mt to 1.5 Mt which together make up
the Rosh Pinah ore depc it. The ore bodies all occur along
the same horizon but, ¢ e to structural complications, their
attitude varies from hc izontal to vertically dipping. The
entire ore deposit has strike length of approximately
1300m, although extension to the south seems probable.

Total ore discovered to date is in the order of 22 Mt with
an average grade of 6% Zn, 2% Pb, 0.25% Cu and 28 ppm Ag.

The ore zone is made up of discontinuous, interfingering
lenses of chert, dolomi e, massive sulphide, argillite and
quartzite that are inte bedded within a sequence of
feldspathic quartzites. The footwall consists of locally
silicified and brecciated quartzites while the hangingwall
is largely unaltered. Such ore bodies as C-Mine, A-Mine and
Southern Ore Field, all display a general ore-zone
stratigraphy. The brec iated footwall quartzites are
overlain by microquartzite, a mining term devised to
describe the fine-grair d, quartz-rich nature of this rock
(Page & Watson, 1976). This is followed by grey mineralized
dolomite which is capped I massive sulphide, argillite or
barytes rock. Sugary ¢ artz, another mine term (Page &
Watson, 1976), is a medium-grained transgressive chert that
occurs within carbonate and microquartzite ore. It appears
to have a replacement ¢ igin. The contact with the
hangingwall feldspathic quartzites is usually sharp with
rip-up clasts of ore zone lithologies commonly present in
the coarse grained, basal portions of these beds. The
Mountain Ore Body lies o the northern side of the Rosh
Pinah deposit and is feé 1less deformed than the bodies which
lie to the south. The ountain Ore Body itself is roughly
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is usually marked by tl development of a thin lens of
massive sulphide, micrc¢ uartzite or argillite. As a result
of supergene alteration, the upper contacts of the bulk of
the Mountain Ore Body ¢ uld not be sampled. In the northern
areas of the ore body, the carbonate ore grades into massive
barytic rock.

The carbonate rock weai ers deep tan with encrustations of
varied, darker brown s¢ b>ndary minerals coating the surface.
Underground exposure shows the rock to be typically a
homogeneous, medium to dark, blue-grey crystalline carbonate
usually containing spot , clots and veins of white,
generally coarsely grai ed carbonate material. Occasionally
faint banding is preser , the bands being laterally
discontinuous and due to deformation. Localized areas of
silicification impartir a hard, sacharroidal texture to the

rock are also present.

Coarse-grained pyrite and sphalerite veins crosscut the
rock. Irregular segre¢ tions (< 1.0 cm) of pyrite,
sphalerite, chalcopyrit and galena (py > sph > cpy > gal)
occur. Disseminated gi ins of these sulphides are also
found distributed throt hout the ore.

The white carbonate spots are commonly subhedral to
euhedral, 0.2 to 1.5 cm in size and have a lathlike habit.
These laths also occur n the microquartzite and have been
termed "hensfoot" structures (Page & Watson, 1976; van
Vuuren, 1988). They occur in locally orientated aggregates
less than 20 cm in size often parallel to the foliation
(Plate 4).
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Figure 5: East/West cross-sections through the Mountain Ore
Body. Refer to Map 1 for orientation and Fig. 3 for legend.
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Very fine-grained pyrite is commonly found surrounding these
laths, while coarser grained sulphides, especially amber-
coloured sphalerite and euhedral pyrite, is found

surrounding these areas as recrystallized grains.

Two main types of carbonate are distinguishable. The
typical blue-grey dolomitic carbonate makes up the bulk of
the ore body while a much lighter, cream-coloured carbonate

is transgressive into the dolomitic carbonate.

The dolomitic carbonates are carbon-rich (0.5 -~ 2.0% Corg)
and contain very fine-grained disseminated pyrite (Table 4).
The presence of these 1 0 constituents causes the dark grey
colour. The dolomite : Mn-rich and generally finer-grained
than the barytic carbor tes. Some samples are heterolithic
with clasts and stringers of more argillic-rich material.
These clasts appear to be soft-sediment deformed. Other
samples contain evident of brecciation with both carbonate
types being present. 1 ter concretionary growth around some
clasts appears to have taken place with some of the laminae
showing irregular almost stylolitic conté :s. The rounded
white carbonate segregations described are commonly
tectonized with evidence of rotation as well as simple shear

having occurred.

Tl ki 2 in tI : Htv 11 and low o1
zone lithologies as matrix to the breccia or as bedding
parallel veins. It also occurs as spotty veins and
segregations with gradational contacts within dolomitic
carbonate host rock. Coarsely recrystallized and
mineralized baryitic carbonates were noted comprising the
ore zone in the severely stretched and deformed parts of the

et W $ O T e o et
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dolomite-rich veins or as discrete grains of barium

carbonate.

Stringers and irregul: elongate patches of alabandite [MnS)
as well as rhodochrosite occur in the northern portions of
the Mountain Ore Body. Some segregations of rhodochrosite
have radiating, euhed: | laths of barite approximately 1.0
cm in length (Plate 5) associated with them. The barite ore
is also more enriched with respect to lead (Fig. 7a) and
depleted with respect to iron (Fe = 0.72%), compared to the

other ore t__ 3.

Laminated chert and barite (plate 4) horizons occur in the
northern portion of th ore body. Geopetal structures such
as rip-up clasts and slumps were observed. These features
arise as a result of t : density contrast between the layers
of denser barite and less dense siliceous ooze present
during deposition. Way-up is indicated by "balling" of the
barite into the chert layers and is supported by graded

bedding nearby in the :quence.

3.2.5 SUGARY QUARTZ

Sugary quartz itself is a light grey to black, granular,
medium grained, chert- wock. Yellow, brown and orar 3
colouration of this : : type is due to sphalerite. It
appears to be a replacement chert similar to the Mount Isa
"silica dolomite" (Swager, 1985). It therefore should

correctly be known as a "jasperoid" (Lovering, 1972).

Sugary quartz occurs mainly at the footwall contact with the
ore zone where it is richly mineralized with brown
sphalerite. It has also been observed in the footwall
quartzites 6 m below the ore zone contact (PRS 72). Sugary
quartz occurs in irreqular areas within the silicified
quartzite and microquartzite layers. In the C-Mine sugary
quartz occurs as irregular masses within the carbonate

portion of the ore body.
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diameter hosted by a grey, fine-grainéd quartz-feldspar
matrix. Pyrrhotite is a notable component commonly forming
up to 2% of these rocks. No outcrop of these agglomerates
was found. However, exposure of similar volcanics has been
noted to the south-east in the vicinity of Southern Ore
Field. A volcaniclastic horizon has been described in the

vicinity of A-Mine (Watson, 1980).
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Specimens ranging from blood red to honey yellow, light

cr m to black as well as various shades of brown have been
not 1. The main reason for colouration is ascribed to
traces of Fe, Cd or Mn substituting for Zn in the sphalerite

lattice (Watson, 1980).

Amber- and honey-coloured varieties in Mountain Ore Body
were found to contain 0.9% Fe on average with lesser Mn.
Dark brown to black, massive, coarse-grained (>1 cm)
sphalerite occurs as 1 ac .lised veins and patches commonly
in proximity to the footw .1 contact zone. It was found to
be particularly Fe-rich (4 - 6 wt% Fe) as well as
containing much disseminated chalcopyrite or chalcopyrite
disease. Of note was a bright orange sphalerite of
supergene origin which contained 7.2 wt$% Mn with little to

no Fe.

The assemblage pyrite-sphalerite-pyrrhotite is an important
geothe__>meter (Scott & Barnes, 1971) the amount of iron
occurring within the sphalerite being indicative of the
temperature at which the »5halerite crystallised. Although
pyrrhotite occurs within the hangingwall lithologies, it is
an uncommon sulphide mineral within the deposit. A sample
of argillite (PRS 81) was found to contain granular vein
calcite with dark brown s 1alerite, subhedral to euhedral
pyrite and irregular mass ; of pyrrhotite. The veins are
parallel to SO0 ¢ 1 ded l by S1 and £. _»>liations.
Unfortunately the sphalerite proved to contain insufficient
amounts of iron (< 10% Fe) so that pressure and temperature

estimates could not be obtained.
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Table 6: Microprobe analyses of (a), fine-grained, first

- generation sphalerite a 1 (b), coarse-grained, second
generation (metamorphic) sphalerite. Low totals in (a) are
ascribed to presence of Cd which was not analysed.

| i 7= — e - TOTAL
a 0.89 65.: 0.52 32.53 99.13
0.70 65.¢ 0.48 32.71 99.34
0.75 65.33 0.57 32.52 99.17
0.87 65.43 0.45 32.71 99.46
0.68 65.54 0.54 32.61 99.37
0.80 65.27 0.49 32.41 98.97
0.70 65.92 0.54 32.31 99.47
0.59 65.23 0.46 32.47 98.75
0.80 65.20 0.52 32.49 99.01
b 1.19 64.85 0.73 32.66 99.43
1.13 65.05 0.78 33.09 100.05
1.25 64.53 0.75 32.59 99.12
1.34 65.14 0.80 32.75 100.03
1.28 65.66 0.78 32.70 100.42
1.28 64.°% 0.97 32.88 99.69
1.20 64.97 0.75 32.67 99.59
1.21 65. 0.77 32.71 99.73
1.27 65. 0.78 32.68 100.04

3.3.3 GALENA

The majority of the gal ia occurs in the upper portions of
the ore body, the absence of Pb mineralisation often being
used to delineate the h aigingwall contact (van Vuuren,
1986). All galena is r nobilized and segregations of
galena, sequentially ri ned by sphalerite and pyrite, are
common in the carbonate ore. Framboids of galena (approx. 5
pm) have been described occurring in microquartzite ore (P.
Munk, pers. comm.) but could be pseudomorphs after pyrite.
Galena is most enriched in the baritic lithologies and also
occurs as a major sulphide mineral in the supergene

alteration zone.
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rust-like alteration product. Alabandite was documented in
B-Mine (Watson, 1980) in association with kutnahorite
[Ca(Mn,Mg)(CO3), ] and Mn-bearing dolomite.

3.3.6 OTHER SULPHIDES

Although many sulphide s} c-ies have been identified at Rosh
Pinah (Table 5) only members of the Cu-bearing or Ag-bearing

minerals are common in trace amounts.

The most numerous of the: 1is tennantite, the As-rich end
member of the tennantite- 2trahedrite sulpho-salt series.

It is associated with lat stage veins of norsethite and
baryto-calcite, bornite-i1 :h areas of sugary quartz and with
massive clots of chalcopy ite in the footwall. In the A-
Mine tennantite was assoc ated with the norsethite-rich core
zone (Watson, 1980).

In the Mountain Ore Body bornite is present in well-
mineralized areas of the baritic ore as well as associated
with sugary quartz. It i also observed in a zone of
massive ore crosscut by the Western Boundary Fault [490 Aj].
In all cases the bornite appears to be a breakdown product
of chalcopyrite (PRS 121), and contains scattered inclusions

of chalcopyrite and Ag-bearing sulphides.

The Ag-bearing minerals, hich are economically important,
are associated with tennantite, chalcopyrite and bornite.
Although the baritic ore s Ag-rich as well as Pb-rich the
majority of the silver minerals are associated with
chalcopyrite. The minereé s commonly present are
stromeyerite [ (Ag,Cu)S, ], Mckinstryite [ (Ag,Cuj; 5_x)Sy ]
and acanthite [ AgS, ]. hey are present as scattered,
emulsoid-like grains less than 15 um in size, alteration

rims to tennantite and le =2 crosscutting veins.

3.3.7 BARIUM CARBONATES
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This rare suite of carbor te minerals is a volumetrically
minor but genetically important component of the ore
deposit. The carbonates identified are norsethite
[BaMg(CO3), ], baryto-ca. ite [ BaCa(CO3), ], alstonite
[Ba(Ca,Sr)(CO3), 1, witherite [ BaCO3 ] and benstonite
[MgCagBag(CO3)y3 ]- All these minerals are orthorhombic
carbonates in the same c. ss as aragonite (Speer, 1983).
Other members of this clé s, namely cerussite [ PbCO3 ] and
strontianite [ SrCO3 ], almost certainly occur in the ore

zone but were not identified during this study.

The barium carbonate minerals occur as the main component of
the baritic carbonate, mi e up the laths and segregations in
the dolomitic carbonate or are present as late-stage veins
and cavity fillings (Ch. 4.3.2). The laths and less
distinct spots in the do. mitic ore were found to consist of
medium grained, granular aggregates generally composed of
norsethite. The aggregates consist of irregular rounded
grains with seriate grain edges that are surrounded by fine-
grained dolomite. The grain contacts of the barium
carbonates show no relationship to the outlines of the
laths. It appears therefore that the barium carbonates have

replaced some pre-existing mineral.

Barium carbonate grains also occasionally show evidence of
being replaced by dolomite (PRS 74). The replacement occurs
preferentially along grain contacts. Although baryto-
calcite and witherite have been recorded as high temperature
(>550° C) alteration products of benstonite in a carbonatite
occurring in the USSR (Vorob’yev, et al, 1985), the majority
of occurrences appear to have formed under low temperature,
late-stage, commonly diagenetic, conditions (Mrose et al.,
1961). At Langban, a se .mentary-exhalative, Ba-Mn deposit,
carbonates, including baryto-calcite, witherite and
rhodochrosite, form open-space fillings in cavities related
to deformation (Sundias, 1966). In the Jason and nearby Tom
deposits of the Selwyn basin in Canada, norsethite,
benstonite, witherite an baryto~-calcite occur in the
barite~rich parts of the ore bodies (Gardner & Hutcheon,
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1985). These barium carbonates are associated with celsian
and kaolinite and are secondary, having formed during early
diagenetic conditions. Norsethite, baryto-calcite and
witherite have also been 2corded forming within dolomitic
oil shales underlying the trona deposits of the Green River
Formation, Wyoming, USA (Mrose, et al., 1961) and are
associated with other authigenic minerals such as shortite,

searlesite and labuntsovi 2.

Another common occurrence of baryto-calcite and witherite is
as a replacement of barit or anhydrite (Speer, 1983). They
documented examples of b: ite deposits in the central United
States which were substar ially altered to barium carbonate
as a result of the throu¢ -flushing of CO,-rich fluids
during deformation. It i possible that at Rosh Pinah a
similar process could explain the presence of barium

carbonates.

Rhodochrosite, although 1 t a barium-bearing carbonate,
occurs in association wit barite ore as lenticular or
irregular pods (Plate 5). Some pods appear to have been
incorporated in the barii ore while partially solidified.
The association of the tiv minerals (barite and
rhodochrosite) is interesting as rhodochrosite has a
restricted paragenesis. Lenses of rhodochrosite were noted
at Roseberry in Tasmania (Braithwaite, 1974) as well as at
Meggen in _:rmany (Hannak, 1981) 1 in ] th ca: 3 indicat
the more distal regions of ore deposition.

3.3.8 FLUID INCLUSIONS

Barite laths originating from the bedded chert and barite
ore (PRS 86) contain numerous fluid inclusions. Although no
experimental work was carried out, a few generalisations
regarding these inclusions can be made (Evans, 1987;
Roedder, 1984). Two, and possibly three generations of
fluid inclusions can be recognised. The inclusions form
slightly sinuous, parallel trails, presumably controlled by
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3.4 BASE M™™AL DISTRIBU N

Metal zonation, both vertical as well as lateral, has been
documented many times in exhalative deposits (Large, 1983;
Gustafson & Williams, 1981; Plimer, 1988). This zonation is
a result of the depositic of base metals at a specific time
or distance from the hyd: thermal source. The primary
controls of this deposit: n are pH, Eh, £0,, £S,,
temperature and availability of ions (Lydon, 1982), of which
the most important appears to be temperature (Sato, 1972).
This means elements soluble at high temperatures, such as
Cu, will be deposited in the vicinity of the vent (McKay &
Hazeldene, 1987), while lower temperature elements, such as
Mn, will be deposited towards the periphery or distal areas
of the deposit. This principle has been effective in the
delineation of ore-bodies (Jambohr, 1979) as well as
exploration strategies (Smee & Bailes, 1986). Most mining
operations posses a vast data bank of analyzed metal values
and it is these values, and ratios, of Zn, Cu, Pb, Fe and Ag
which have been utilized with varied success in the

definition of metallogenic zones.

A distinct metallostratigraphy has been recorded within the
Rosh Pinah ore bodies (van Vuuren, 1986) and is well known
to workers on the mine. The footwall of each ore body is
copper-rich while 1 1d o .y occ 35 in appreciable amounts
near the hangingwall contact. The geochemical work of De
Kock (1987) found the sa : metallostratigraphy to exist.

A study (Siegfried & Til :ook, 1985), showed distinct
zonation between ore bodies. A high copper area was found
to surround the central :ea of the ore deposit in the
vicinity of B-Mine. Whe structural complications were
restored by "unrolling" the folded ore zone, Pb/Zn, Ag/Cu
and Ag/Pb zonation was found to describe a predominantly
linear feature with statistical correlations of up to 0.98
(n = 7). This was interpreted to be a result of primary
depositional control alc j a palaeo~fault, each ore body
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representing a single, ev lved feeder zone along this
postulated fault.

Within Mountain Ore Body itself distinct lateral as well as
vertical zonation occurs. The most striking example is the
occurrence of the baritic facies in the upper zones as well
as towards the northern « je (periphery) of the ore body.
This is identical to the aritic facies described at Meggen
(Krebbs, 1981) as well as many Kuroko deposits (Sato, 1977).
Associated with the barite ore are appreciable amounts of
manganese, that occur as iscrete Mn-bearing minerals such
as alabandite and rhodochrosite. A similar association was
noted at Roseberry (Braithwaite, 1974; Green, et al., 1981).

A manganese halo is recorded at Silvermines in Ireland,
stretching up to 5 km frr the deposit (Taylor & Andrew,
1978). Similar Mn-enricl ient occurs at Rosh Pinah with a
dark, rust weathering feldspathic quartzite occurring in the
immediate hangingwall of the ore body (Fig.6). Manganese
enrichment of up to 4% was recorded albeit enriched due to
secondary weathering processes (Rosh Pinah chemical
analysis). Analyses of hydrothermal dolomites in the
footwall as well as the ore zone show manganese to make up
an important constituent of the hydrothermal fluids.
Manganese-rich sediments associated with exhalative activity
are found along spreading ridges. These are, however,
regarded as a result of low temperature (<200 °C) deposition
of manganese originating through shallow leaching of the
ridge basalts (Fehn, 1986).

It has often been suggested that the metal zonation recorded
in the ore bodies is a feature of host rock composition
implying the mineralization and gangue minerals are
genetically related. To test this, rock types were
discriminated and plotted with various weightings. The best
discrimination was achieved on Zn-Cu-Ag and Zn-Pb-Ag ternary

diagrams.

Little discrimination between footwall quartzites and
microquartzites (Fig. 7c¢) could be seen suggesting that
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mineralization of the two rock types is related. This would
agree with the interpretation that the microquartzite was
silicified by the same or similar solutions which produced
the footwall silicification. The Ba-rich, type 3 carbonate
veins of the footwall, and the baritic facies of the ore
zone, plotted into two distinct populations indicating that
the footwall veins are unrelated to the formation of the
baritic facies (Fig. 7a, b). The barite ore is
characterised by high Pb values while the veins are Cu-rich
as well as showing Ag-enrichment. This relationship
suggests that the bulk of the thicker footwall veins are not
the feeders to the baritic and carbonate ores as has been
suggested in the past (Page & Watson, 1976) but are of
another origin. The dolomite ore samples can be shown to
represent a progression from Zn-rich to Pb-rich composition.
This possibly reflects a gradual cooling down of the
hydrothermal system before the deposition of the baritic

facies.

Ternary diagrams have al > been used to differentiate SEDEX
deposits from volcanogenic massive sulphides (Large, 1983).
A similar plot of Zn:Pb:Cu was constructed to see if the
metal contents of various Mountain Ore Body samples could be
used to determine a source of mineralization (Fig. 7d).
Although it was found th : the bulk of the Mountain Ore Body
[ >t in the comn 1 :a tl} re is a trend to plot
within the volcanogenic field implying the source of the
metals may not be sedime :ary but of a more direct magmatic

origin.
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Figure 7a: Ternary di jram of base metal distribution in
carbonate lithologies.
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Figure 7b: Ternary diagrams of silicic lithologies and
distribution of all base etal samples.
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3.5 STF™"E_ISC™ PES (CARI { =™ F7EN)

3.5.1 INTRODUCTION

Stable isotope geochemisi y has been utilised as an
important tool in the understanding of ore genesis (Hoefs,
1980). A good indication of the source, as well as the
temperature of the hydrothermal fluids involved in the
formation of the minerals of an ore deposit, can be achieved
by analyzing the isotope composition of the constituent
elements involved. To tI 5 end, oxygen and hydrogen,
sulphur, carbon and lead have been utilised with great
success (Rye & Ohmoto, 19 4). It was decided to analyze
only certain carbonate sa ples for their oxygen and carbon
isotope signatures as the process is reasonably cheap and
simple and full facilitie exist at the University of Cape

Town.

Carbonates characterized by isotopically light values (less
than -25% ) of 13C, are interpreted as being the result of
biogenic reduction while carbonates of a marine origin
(Hoefs, 1980) have a mean 13c of 0% . Marine carbonates are
also characterized by enriched 189 values while only
meteoric water is compose of very light oxygen usually less
than -10%e.

In the majority of analysed hydrothermal carbonate deposits,
(Rye & Ohmoto, 1974) there is a general increase in the 13¢
isotope composition from 2arly carbonate generations to late
- i.e. the early generations of carbonate minerals are more
depleted than the later. The carbonate minerals of these
deposits are therefore interpreted as originally formed
while interacting with ma natic waters (-4 to -8%913C) which

have become progressively enriched with cooling and/or time.

Many deposits show that t 2 carbonate solutions postdate the
sulphidic solutions (Rye & Ohmoto, 1974) and that they are
generally unrelated. How rer, the presence of carbonate
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associated with the introduction of sulphides at Rosh Pinah,
as well as evidence from the Irish deposits (Kucha &
Wieczorek, 1974) showing that the metals were deposited as
carbonate complexes and were later sulphidised below the
sediment interface, impli ; that this is certainly not
always the case and that carbonate is at times an important

constituent of the mineralizing fluids.

The reconstitution of the carbonate material of a carbonate
hostrock into coarse-grai »d veins, commonly results in a
depletion of the heavy 13¢ isotope of the mineral in the
vein, compared to that of the wallrock (Schidlowski et al.,
1975). Mississippi Valley Type deposits reveal zones of
veining, silicification a 1 recrystallization. Isotope
analyses of these zones s >ws that the mineralizing fluids
caused a depletion in bot 189 and 13c with a drop of up to
5% in 13¢ (Pinckney & Ry ., 1972), indicating that these
areas were channels for i »>tope exchange with the wallrock
(Heyl, 1974). This depletion is due to partial exchange
between the host rocks ar mineralizing fluids with the
fluids having a depleted, possibly organic 13¢ composition.

The affect of equilibration with super-depleted organic
material can be ignored a reaction between 13CCC and 13Corg
only occurs at high temperatures (Valley & O’Neill, 1984),
and has a maximum effect of approximately 3% at greenschist
to 1 er amphibolite faci ; conditions. 1If the carbonates
which have been analysed represent the segregation of
carbonates of marine origin (approx. l%e 13C), a depletion
of no more than approximately 3% will be recorded.

3.5.2 RESULTS

The ore zone carbonate sé )les analysed represent late-stage
precipitation of carbonat material or the replacement of
pre-existing minerals. The presence of the distinctive, Ba-
bearing, orthorhombic carbonates is, as discussed,
indicative of low temperature deposition and hence puts an



62

important constraint on the interpretation of the isotope

values obtained.

Two samples of supposed marine carbonates were analysed in
conjunction to determine if their isotope composition
departed significantly from normal marine carbonates.
Sample PRS 32 originates from a clean limestone horizon in
the Hilda formation while PRS 23 consists of dolomite from

the hangingwall carbonate horizon.

PRS 35 and 88 1 »>resent barite that has been altered to
baryto-calcite. Both exhibit extremely depleted 13¢
values(-16.6% and -10.8% respectively). An organic source

is implied in order to achieve such depleted values.

t -
3 d% Precambrian world
*‘5L 20 seawater mean
r T -
o |___.| .
§"C A —
-s} 6‘{ o Hilda Iimesto:\]
Be §O 09 e calcite .
-1o} A 0 A baryto-calcite
88 o norsethite
-15} N
20} 35
3 70 75 30 25 >
6§ ®0

-

Figure 8: Plot of 6180 against 613¢c for select Rosh Pinah
carbonate samples. :

Replacement of barite laths is represented by the norsethite
samples. As the precursor sulphate contains no CO,, the 13¢
of the norsethite shou reflect the carbon isotopic

composition of the introduced fluids.

The oxygen isotopic si¢ ature of Rosh Pinah barite is at

present unknown as no samples have been analyzed. Almost

Rt - - — L S e
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all sulphate material analysed to date (Hoefs, 1980)
indicates a heavy, enriched, seawater source for the
sulphate and a similar origin is therefore assumed at Rosh
Pinah. The depleted 189 values of all ore zone carbonate
samples analysed, are explained as a result of the
interaction of depleted COj-rich fluids with 18O enriched
sulphate material. These fluids were possibly introduced
during late D2 faulting and so could have a depleted,

organic-rich sedimentary source.

Table 7: Isotope and gineral compositions of ?nalysed
carbonate minerals. §1%0 is relative to SMOW, 6 3¢ is
relative to PDB.

_ ~\MPLE OMPOSITION 18, 135
PRS 32 ACO3 19.9 7.7
PRS 23 aMg (CO3) 2 15.2 4.2
PRS 30 1CO3 13.1 -7.0
PRS 64 1CO3 11.9 -6.7
PRS 73 1CO3 9.3 -5.5
PRS 88 1Ca (CO3) 2 7.7 -10.8
PRS 35 1Ca (C03) 2 10.8 -16.6
PRS 30 aMg (CO3) 2 13.1 -7.0
PRS 105 1Mg (CO3) 2 13.8 -8.8
PRS 106 aMq (CO3) 2 13.4 -7.5

The two marine carbonate samples analysed possess anomalous
-13¢ values. Both are ttremely heavy (+4.2% and +7.7%)
compared to standard Precambrian seawater (+1.0%.).
Occurrences are known v ere heavy C-isotopes occur such as
the Lomagundi Group and Karelian limestones (Schidlowski et
al., 1975). These valt s are explained as reflecting an
increased Corg/ccarb ré io in the total carbon flux entering
the sedimentary reservc r. The large amount of light13C
being organically fixed will result in a relative enrichment
of heavy, 13¢ in the ¢ iwater and therefore available for
precipitation as limestone or dolomite. In the order of 50%
C would have to be p =sent as opposed to the usual 20%

org

Corg present. The organic-rich nature of almost all the
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sediments in the Rosh Pinah area indicates that the seawater
carbonate was possibly er iched with respect to 13¢ and
that heavy carbonates wei formed during Gariep deposition.

The 180 agrees with thos of normal marine carbonates
although PRS 23 is slightly depleted with respect to
As this sample originates from the hangingwall carbonate
horizon it could indicate the continuation of very minor
exhalative activity and i teraction of the dolomite with
continued magmatic fluids. This would decrease the heavy,

dominantly seawater 184 composition of the rock.

185
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® 6_STRUCTURE

The footwall breccia has een suggested to be of a tectonic
origin, and therefore, to have a structural relationship to
the ore body. In order to fully understand this
association, if any, a good understanding of the structural
evolution of the area is eeded. Few previous studies have,
however, concentrated on he regional structure of the Rosh
Pinah area, owing to the inaccessibility and harshness of
the terrane. This, compounded with complex structural
overprinting relationshij , has meant that varied structural
interpretations have been suggested. Much of the
understanding of the defc mational history of the area has
also been extrapolated across the Orange River from
observations regarding the structure of the Gariep Group
observed in the Richtersv 1d (Kr8ner, 1974; Von Veh, 1988).
It is apparent that the { rrain surrounding Rosh Pinah
displays some unique asp¢ ts of Gariepian orogenesis and
that a thorough structural study of the Mountain Ore Body

would solve many of these complexities.

3.6.1 FAULTS

3.6.1.1 D1 T 1 1lts

The earliest observable faults are SQO-parallel thrusts which
show early, mid and late 1 movements. They are usually
developed in the thicker quartzitic layers where extensive
shearing occurs along bec¢ ing partings. Intensely cleaved
rocks in the parting zon¢ consist of fine-grained,
carbonate-rich material with a micaceous schistosity.
Associated ramp structur¢ and imbricate zones that are
characteristic of thrust-faulted terrains (Boyer & Elliot,
1982; Butler, 1982), are observed.
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Mountain Ore Body struct ze. Complex areas of interleaved
hangingwall and footwall lithologies occur with associated
sulphides as well as brecciation in the vicinity of the ore
body. The sulphides occ : as remobilised veins, breccia-
matrix filling and disse inated grains. The proportion of
galena to sphalerite increases markedly in some mineralized
areas of this zone indic ting preferential remobilization of

galena.

3.6.1.3 Western Boundary Fault

Although subparallel to the regional fabric, this fault
experienced more recent »>vement than the previous fault as
it truncates breccia zor 5 and D2 structures. It trends
340/60 and consists of a discrete, undulatory fault plane
with numerous anastomosing conjugate faults that strike
parallel to the major di location surface. Intense rodding
occurs in the downthrown hanging wall rocks with associated
pyrite crackle breccias. Oxidation is observed to at least

120 m below surface.

3.6.1.4 Minor faults and shear zones

Various shear zones with minor displacement occur within the
ore-zone and footwall rc¢ ks. Most of these are parallel to
the local foliation (Fig.9) and occur in groups with similar
trends. In areas of cor lex deformation {490 Dc,Dd], they
are crosscutting and ap; ar unrelated to any major
structures. Mean orientations of the various fault sets are
as follows; 320/65, 340/75 (E-downthrow), 120/72, 045/62.
Reverse faults along the footwall contact zone (Fig.10f)
show minor displacement arallel to the early D1 faults but

crosscut the S1 foliatic developed.
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___~"Mit r shears

Figure 9: Stereonet plots of fabrics observed in the
Mountain Ore Body.
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3.6.2 FOLD STRUCTURES

3.6.2.1 D2 Regional folds

The earliest fold structures identified are the regional,
west-vergent, similar fo. s oriented at 340 (Fig.5). They
are non-cylindrical, open to isoclinal and usually
overturned to the west. In the Mountain Ore Body two major
anticlinal structures ex: t, the westernmost being truncated
by the Western Boundary Fault (Fig.6). The intensity of
folding increases towards the north (Fig.5e) where thinning
of the ore-zone has attenuated the effect of folding. An
associated transverse, axial-planar, sigmoidal cleavage (S2)

was developed during the formation of these folds.

Piercement and cusp structures (Maiden et al., 1986) have
been observed (Fig.10bd) and are related to this event.
Observations made in the C-Mine by T. Blaauw (pers. comm.)
show extensive piercement structures developed parallel to
the regional axial plane orientation and which deform an

earlier (S1) schistosity (Fig.10i).
3.6.2.2 D3 Regional folds

These minor folds are parallel to D2 folds but possess a

\ tly .0} C Ve ,» oy Jrintir- tt} axial planar
cleavage developed during D2. In the area of the mine grant
they are observed as small-scale, minor folds coaxial to the
D2 folds. Carbonate lithologies of the upper Numees
Formation as well as Nama Group sediments east of the field
area show this deformation more distinctly where the
sigmoidal cleavage of D2 is absent.

3.6.2.3 D4 Crossfolds

These folds are rarely observed and it is rather the
undulatory nature of the D2 folds which suggests their
existence. Associated with these folds is a local weakly
developed fracture cleavage.
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quartzites which preferentially affects the fine-grained

matrix.

Afi1 :ts of intense silicification are illustrated by the
replacement of detrital f ldspars. Mortar textures are
developed around ragged-e jed feldspars as well as around
quartz clasts. The feldspars show invasion by quartz along
fractures parallel to their cleavage planes. These
fractures also provide locci for the invasion of later
carbonate solutions. Carious embayments involving the
replac rtent of K-feldspar by quartz were also noted.

Quartz overgrowths with s -iate grain boundaries occur
around the larger detrital quartz grains. The most
widespread indication of (licification is the presence of
tiny (5 - 20 pm) rounded inclusions of quartz in the center
of the feldspar grains. Complete gradation from inclusion-
spotted grains to total 1 »jlacement occurs. The matrix of
the footwall quartzite is composed of fine to medium-grained
recrystallised quartz (Pl :e 16) which is crosscut by later

carbonate breccia veins.
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4.1.2 OTHER ALTERATION

Wallrock alteration other than silicification is not common
at Rosh Pinah although vié _ing degrees of carbonatization
have been noted (De Kock, 1987). The quartz grains,
however, show little effect of carbonate alteration. Some
feldspars show carbonate replacement with a texture similar
to that exhibited by siliceous replacement. In the lower
footwall the light grey, (licic quartzites are spotted with
dark patches 1 cm in size (Plate 3). These spots were
previously interpreted as the result of sericitisation (De
Kock, 1987) but have been identified as irregular aggregates

of carbon-rich dolomite.

In some portions of the central zone of Mountain Ore Body
[470 Df ,Ef], the quartzit ; appear friable and have a very
high carbonate content. This alteration is a result of
secondary supergene processes (Ch. 3.2.6) rather than
carbonatization associate with the carbonate breccia-

forming period.

A rare example of potassic metasomatism was recorded from
the Southern Ore Field re ion of the deposit (De Kock,
1987). Chloritization acc npanied by the development of
phlogopite and orthoclase is recorded. Pyrrhotite occurs as
an accessory mineral. The extent of this alteration appears
tol ! 11i: but dc idicate that pot: Lum
metasomatism occurred during the formation of the ore.
Potassium metasomatism is usually recorded in epithermal,
felsic igneous-related deposits (Barnes, 1979) and its
localized restriction at »>sh Pinah is not clear.

In the hangingwall of the Mountain Ore Body, potassium
feldspars have been enric »d with barium. Secondary
overgrowths of hyalophane around microcline as well as
orthoclase are observed. Barium enrichment decreases
exponentially away from t : hangingwall-ore zone contact
(from data of De Kock, 19 7). This feature has been
recorded at the Jason pro ject in western Canada (Smee &
Bailes, 1986) as well as . Moyvoughly in Ireland (Kucha,
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1988), where secondary growth of hyalophane surrounds
detrital feldspar clasts.

4.2.1 INTRODUCTION TO PROCESSES OF BRECCIATION

Many varied processes can result in brecciation and breccias

of different origin oft 1 appear identical in appearance. A
profusion of nonspecific scriptive terms in the literature
has 1 1lted in most sct s for the classification of

breccias being very conft (ng. The best classification is
that of Sillitoe (1985), Llthough most examples cited were
restricted to phreatomagmatic breccias composed of acid

volcanic rocks.

The environment in which breccia forms, is as important as
the formative process in 2termining the breccias textural
characteristics. After m °h study it became apparent that
breccias can best be clas ified on a broad genetic
framework. The classific :ion scheme arrived at (Table 9)
defines four groups of b: :>cia formation. These groups are:
depositional or sedimentary breccias, chemical breccias,
hydrothermal breccias and tectonic breccias.

4.2.1.1 Depositional Breccias

These are breccias which form due to synsedimentary
instabilities in recently as well as semi-lithified
sediment. They are usually present at the shelf or reef
edge, as well as in rift vironments of deposition. They
are characterized by medi a to poor sorting and some

rounding of the clasts.
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Depositional breccias are particularly common in carbonate
reef environments (Blount & Moore, 1969) where megabreccias
and olistrosomes can form. Clasts of up to 100 m have been
recorded. The brecciation of fine-grained laminated
lithologies can result in the formation of a specific
imbricated breccia known as a shingle breccia (Krause &
Oldershaw, 1979) possessing a planar-clast fabric (Lash,
1984) which is indicative of a debris flow mechanism.
Sedimentary breccias can be composed of volcanic material
and are common in marine volcanic environments (Sillitoe,
1985). The steep-sided topography results in rapid, chaotic
deposition of volcanoclas ic material with the crystalline

volcanic rocks rarely becoming rounded.

On the island of Hydra, sedimentary breccias ranging from
mass flow breccias to int rnal breccias, which involve no
relative movement of the clasts, are recorded (Fuchtbauer &
Richter, 1981). Light g1 y, micritic limestones make up the
host rock while in zones I brecciation the limestone clasts
are hosted by red shale. As the clasts of these breccias
sometimes have a very high degree of fit, the matrix shale
can only enter during a state of dilation. It is envisaged
that this process happene along the shelf-slope break
during active extensional tectonism. Earthquakes,
associated with these are s, act as the trigger mechanism
for the initiation of the flow breccias.

Diamictites composed of glacial talus could perhaps be
confused with mass flow breccias but the recognition of
polished and striated clasts as well as dropstones in the
associated rocks is indic :tive of a glacial origin.

Depositional breccias can be recognised by their restriction
to a certain bed or horiz 1 and bedding parallel nature as
well as the absence of as »ciated veining. They are also
the best sorted of all breccia types and utilizing this
feature can be recognised by measuring the grain size
frequency distribution. The applicability of this concept
to breccias still needs r rision but its use in clastic
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sediments has been well i lustrated (Tucker, 1981; Harrel,
1984).

4,2.1.2 Chemical Breccias

Chemical breccias can be divided into two main types
according to the process which forms them. These types are
either solution-collapse or replacement
breccias.Brecciation, cau 2d by the dissolution of material
such as carbonate, with s b>sequent collapse of rock into the
resulting cavities, has long been recorded in areas of karst
topography. The great mé »>rity of Mississippi Valley Type
deposits form in solution-collapse cavities that are
commonly unconformity rel :ed (Ohle, 1985). Later
infilling, by mineralized fluids formed the ore. The matrix
consists essentially therefore of carbonate, silica and
sulphides as well as fluorite and/or barite. Concretionary
infilling of the cavities is often vividly developed and is
a good argument in favour of open space filling of the
cavities produced during the collapse event. L___ias
involving the replacement of the country rock by dolomite do
occur. They have the app irance of breccia-filled veins
without any appreciable dilation recognizable in the rock.
The pseudobreccias and re lacement breccias of the copper-
rich zone of the Mount Isa ore deposit are of this type
(Perkins, 1984).

Some highly siliceous breccias observed in Mississippi
Valley Type deposits poss is a very high degree of fit. An
expansive brecciation mechanism, known as cement-aggregate
or alkali-reactivity reaction (Sawkins, 1969) appears to be
the cause. It is the result of the reaction of alkalis with
fine-grained dolomite or silica. Expansive forces of over
14 kbar have been measured in dolomite immersed in 1M NaOH
(Hadley, 1961 in Sawkins, 1969). Angular breccia fragments
form with very little rotation of clasts. These breccias

have been known as "jigsaw" or "mosaic" breccias.
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Silicified volcanic vent breccias occurring in rhyolites at
the McLaughlin Au-deposit, California (Nelson & Giles,
1985), show a similar prc ressive replacement of the clasts.
In this case sulphidic, ? -bearing microcrystalline silica
forms the matrix material. The resultant mosaic textured

breccias are absent in un i(licified vent breccias.

Chemical breccias of the replacement type can therefore be
recognised by the absence of rotation between the clasts, as
well as the presence of jigsaw or mosaic textures. Features
such as bedding and early veining are not displaced by later
veins. A progressive di¢ stion of clasts can commonly be
obse . ed. The breccia veins are rarely straight-edged and
regular and become more irregular with an increase in
thickness. Breccias of a solution-collapse origin can be
recognised by a sometimes chaotically oriented breccia with
concretionary growth text :es observable within the matrix.

4.2.1.3 Hydrothermal Breccias

A hydrothermal fluid is o : defined as a hot, aqueous
solution (Barnes, 1979). If these fluids are hot enough so
that boiling, due either .rectly to heating or
depressurization, takes place, the contained fluid can
become overpressured (White, 1981; Nelson & Giles,1985). 1In
other words the fluid pressure becomes greater than the sum
of the lithostatic load and the rock tensile strength.
Nearby intrusion of magma or localized seismic activity can
also cause a rapid influx of volatiles and hence result in
an overpressured fluid. Self-sealing of hydrothermal
conduits and formation of a "cap rock" in a caldera
situation commonly results in overpressurization.
Fracturing commences with pore fluid expansion and fracture
propagation at depth. As the fluids rise they rapidly
devolatilize and the fracture density and intensity
increases. Stockwork breccias, pebble dykes, deep
fractures, etc., form in this way. If the fluid is
contained beneath a caprock and is COy-rich as well as
vapour-dominated,- it is quite conceivable to obtain an
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effective overpressure of 1 kbar (Nelson & Giles, 1985).
Explosive boiling will therefore occur once fracture
initiation takes place. ne shock of propagation can result
in stylolitic-appearing fracture breccias. These are
sometimes referred to as "crackle" breccias and are often

associated with acid volcanism (Sillitoe, 1985).

Although these breccias are commonly associated with
volcanic areas such as the Kuroko deposits they can quite
conceivably arise in sedi 2nts within a zone of hydrothermal
activity, especially if developed beneath an impermeable

layer such as a shale or chert layer.

Hydrothermal breccias are best identified in the context of
the alteration of the associated sediments as well as the
lithologies involved. As discussed by Sillitoe (1985) there
are no acid volcanic piles which do not possess some form of
brecciation. This is primarily a result of the extensive
H,0 interaction during acid igneous activity, be it caldera
or porphyry intrusion rel :ed. The presence of heterolithic
breccias, flow-banding ar clast rotation as well as the

occurrence of pseudostylolite breccias is diagnostic.

4.2.1.4 Tectonic Breccias

Breccias of a tectonic origin are almost exclusively fault
related. Brecciation cau :d by folding of lithologies of

contrasting competency do 3 occur (Thorman & Nahass, 1979)
but is of localized importance.

The majority of tectonic breccias involve the mechanical
breakdown of the wall rock by frictional abrasion. The
ultra fine-grained matrix can be compositionally proved to
consist of finely comminuted particles of the wallrock.
Depending on the rock types involved in the fault process,
various lithologies can be represented within the matrix
material. The sole thrust in the Naukluft Nappe Complex
consists of an approximat ly 1 m thick recrystallized
dolomite layer, hosting clasts of many varied lithologies
(Hartnady, 1978).
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Fault rocks can be divided into three types on textural
grounds (White et al., 1986). Incohesive fault gouges occur
at shallow depth where te¢ jeratures are not high enough for
sufficient clay mineral growth or precipitation of secondary
minerals to bind the rock (Engelder, 1974). At greater
depths, cataclasites and ylonites form (Obee & White, 1985;
Hodgson, 1989). The dist action of the two is that
cataclasites do not posse 3 a banding or foliation whereas
mylonites do. Mylonites as a whole represent deep zones of
defc iation where shearing takes place under ductile
conditions (Etheridge & V lkie, 1979)

A second mechanism of brecciation which is associated with
tectonism is the process of hydraulic fracture. Fluids
contained within the zone of movement become overpressured
and brecciation ensues to dissipate the high fluid pressure.
In a dilatent jog associated with faulting, an implosion
breccia can result. In a thrust environment, episodic slip
and stick will produce extensive overprinting by later
brecciation events. Hyda ialic fracture can also operate
during dewatering. In th Natal Group (Matthews, 1988),
zones of breccia occur consisting of angular quartzite
fragments set in a red sh le matrix. These zones are
parallel to bedding and are interpreted as occurring during
dewatering. Hydraulic fr cturing, as described under
hydroth¢ nal breccias, occurs under conditions of high pore-
fluid pressure as opposed to high confining stress. 1In
tectonic-related, carbonate breccias, hydraulic fracture can
be recognized by the presence of new vein growth. The
presence of comminuted gr ins would however indicate high

confining pressures (Robertson & Woodcock, 1986).

Tectonic breccias can ust lly be recognised by a homolithic
clast assemblage, although as stated, in some fault zones as
well as mylonites, heterolithic breccias are present.

Clasts are often oriented parallel to the fabric as well as
being slightly rounded on the microscale. The matrix
consists of finely commin :ed wallrock or "rock flour".
There is often little mixing across lithologic boundaries.
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Metamorphic assemblages ¢ 2 lower grade than the surrounding
rocks and specific associations such as phyllonites can
form.
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ore bodies and occur a. ng the entire length of the ore zone
explored to date. Homolithic as well as heterolithic
breccias occur although clasts are exclusively derived from

the footwall lithologie¢ .

> A Sl

-

Figure 12: Brecciation in footwall quartzite. Rotation of
clasts shows that explc ive boiling took place while the Mn-
rich nature of the dolc ite as well as the low Fe value of
the sphalerite indicat¢ these veins to be of a hydrothermal

origin.

Hangingwall exposures @ proximity to the Western Boundary

Fault show anastomosing but preferentially orientated
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4.3 VEIN ASSEMBLZ?"™S

Both the "matrix" as well as "fracture" breccias, although
in essence being vein systems themselves are transgressed by
a wide variety of later * ins. Although most veins are
related to structural de: rmation, some are part of the
already described hydrothermal breccia systems. It is
therefore necessary to characterize all veins with respect
to their mineralogy, particularly any indicator minerals or
textures which would be characteristic of a specific veining
episode. Once the veins have been "fingerprinted" in this
way, overprinting relationships can be recorded. This
proved to be very difficult because many of the veining
episodes are characterized by similar mineralogies. Another
problem is the common presence of many carbonate minerals
that can only be distinguished by chemically analysis.

The veins have been divided into four main types according
to their major mineralogy (Table 10). These four varieties
are (i) quartz veins, (ii) sulphide veins, (iii) carbonate
veins and (iv) veins of @ :teoric origin. The various vein
types within each divisi | are arranged in a rough

chronological order.

4.3.1 QUARTZ ..INS

Four generations of quartz veining were identified. They
all appear to be late st je with respect to the
mineralization. They fill areas of lower strain induced
during D1 and D2 deformation. Many are related to faulting
such as the vein arrays that occur near the Western Boundary
Fault. The veins seem to be a product of lateral secretion
rather than elevated hig -temperature hydrothermal
deposition as only localized silicification occurs

associated with the quartz veins.
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4.3.1.1 Type One Quartz ' ins

These veins are generally sinuous with a maximum width of 2
to 3 cm. They have irre lar edges and no center line i.e.
deposition did not occur within a pre-existing fracture. On
transgressing carbonate lithologies, these veins become
carbonate-rich, the carbc ate mainly calcitic in
composition, implying fluid interaction with the wallrock
during formation. They are usually subparallel to the Sl

foliation.

4.3.1.2 Type Two Quartz Veins

Thick veins and irregular masses of medium-grained, milky
quartz occur within both hangingwall and footwall
lithologies. These quartz masses are up to 2 m wide and
often contain coarse-grained sulphides. The sulphides
congist of stretched and striated pyrite cubes up to 10 cm
in diameter, dark brown chalcopyrite-rich sphalerite,
granular chalcopyrite and coarsely crystalline galena.
Chlorite appears to be an alteration product of stoped
wallrock clasts contained within these quartz veins. Some
veins are truncated by D1 faults while others transgress the
same | 1lts . _ lying £« :ion during D1 deformation.

4.3.1.3 Type Three Quartz Veins

These veins are rimmed by calcite and white, granular
baryto-calcite. Some veins contain coarse-grained, light
green baryto-calcite which commonly displays a well-
developed rhombohedral habit. These veins contain
chalcopyrite. They are :Iten sigmoidal and restricted to
carbonate lithologies (Fig.4). Their sense of rotation is
contradictory in this diagram and it is thought that this is
related to repeated flex re during the D2 event. They are
mineralogically similar to type 4 carbonate veins and are

regarded as being genetically related.
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4.3.1.4 Type Four Quartz Veins

These common veins are barren and do not contain remobilized
sulphides. They are narrow, straight edged and often occur
as parallel sets. Maximum thickness is about 10 cm. They
formed as a response to :ittle fracture during late D2

faulting and later minor folding.

4.3.2 CARBONATE VEINS

Carbonate veins commonly crosscut the footwall, ore zone
and, less commonly, the hangingwall lithologies. They
represent numerous polyphase events of vein precipitation.
Carbonate veins appear to have been precipitated under
conditions of both high-temperature (250 - 200 °C) as well
as low-temperature (<60 °C) deposition and were deposited
during the formation of the ore body as well as during the

deformation of the ore.

4.3.2.1 Type One Carbonate Veins

These veins make up the distinctive fracture breccia. They
are compc 1 of sulphic -l ring, carbor 3ous dolec "te with
a high manganese content (Mn = 3.5 wt$%). In Mountain Ore
Body, iron and strontium are generally present in trace
amounts within the dolomite although up to 5 weight percent
of each has been recorded. The dolomite is fine-grained,
the average grain size approximately 50 um. The veins are
rarely thicker than a millimetre or so. However, in C-Mine
they occur as dark grey, straight-edged veins up to 20 cm in
thickness (Plate 21). The veins transgress beds of footwall
quartzite and are truncated by D1 faults at the bedding
plane. 1In thin section they contain numerous heterolithic
clasts of carbonaceous dolomite in a finer grained matrix.
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These veins are coarse grained (>2 cm) and occur in the
upper carbonate ore zone where they form straight-edged
veins up to 10 cm in width. They consist of calcite and
baryto-calcite and are often zoned, the baryto-calcite
forming a thick rim to the vein. Many of these veins have
subsequently been altered by supergene fluids and are

therefore barren of sulphides.

4.3.2.6 Type Six Carbonate Vein

These are coarse-grained, monomineralic veins and
segregations up to 30 cm in diameter of white calcite or
ankerite. These segregations are present in both the
footwall and hangingwall lithologies, specifically along
bedding planes and fold closures. They are probably
associated with late D2 or D3 deformation and faulting.

4.3.2.7 Type Seven Carbonate Vein

These veins are dominated by dolomite, have a maximum
thickness of 15 cm and are related to late movement of the
Western Boundary Fault. Remobilization of carbonate
material occurred with the formation of brittle fractures in
the hangingwall of the ore zone. These veins are medium
grey in appearance, very fine-grained and have a polymictic

textu:

4.3.3 SULPHIDE VEINS

Many of the sulphide-hosted breccias observed underground
have been cited as examples of exhalative activity (Evans,
1978; van Vuuren, 1986). However, their textural
concordance with D1 and D2 deformational fabrics, as well as
the inclusion of clasts of already hydrothermally-altered
and fractured rock show these veins to be tectonic in

origin. Three types are distinguished.















CARBONATE

APPEARANCE

DISTRIBUTION MAJOR MINERALOGY
VEINS (in decreg .ng abundance)
Type 1 Fine-grained, dark grey Mainly highly silicified Dolomite, pyrite,
\ and transgressive to SO. tootwall quartzites as sphalerite, chalcopyrite,
EXkﬂd“& Rarely wider than 10cm well as lower ore zone organic carbon
and becoming increasing- microquartzite
ly "ptygmatic" with
decrease 1n width
Type 2 Medium to coarse grained Footwall and extended Calcite.’baryto—calc1te
s white, light green or into ore zone litholo- barite, quartz,
| cream, exhibiting "flow- gies. commonly in Kaolinite, chalcopyrite,
banding"™ and included centre of r spl ‘ite, teni i
wall rock clasts. Veilins celsion
are 1rregular and
apopnysis
Type 3 Light grey to cream, Footwall quartzites and Dolomlite, norsethite,
medium grained with microquartzite baryto-calcite, calcite,
Dl abundant chalcopyrite sphalerite, chalcopyrite,
and sphalerite. Ground- pyrite
mass often filled with
taths of barium carbonate
Type 4 DL Coarse-grained, white Carbonate ore, rarely 1in Calcite, norsethite,
velins < 5¢m 1n thicKness footwall tennantite, quartz
Type 5 01 Coarse-grained, white to Upper carbonate ore calcite, Dbaryto-calcite
greenish, often zoned
Type 6 Coarse-grained white, In both hanging and tfoot-| calcite, ankKerite
p3 monominerallic with no wall 1n structural traps
assoclated sulphides along bedding planes
Type 7 Fine-grained 1 dium grey Assoclated with western Dolomite, calcite,
with included fine- boundary ftault pPyrite

Lafe Folimag

grained wall rockK clasts

11T



SULPHIDE
VEINS

APPEARANCE

DISTRIBUTION

MAJOR MINERALOGY
{in decreasing abundance)

Type 1
DI

Fine-grained, sinuous to
angular network of
pyrite-rich veins

Microquartzite, fine-
grained footwall
quartzites

Pyrite, sphalerite,
chalcopyrite

Type 2

D2

Type 3

Late Fauling

Medium to coarse-
grained, amber- 211ow,
breccia matrix filling.
({"Durgbewegung"”

Hetero- and homolithic
footwall quartzite
breccias. Assoclated
with early SO parallel
faults

Pyrite, sphalerite,
chalcopyrite, galena (tr)

Coarse-grained, 5 - 10cm
thick, foliation
parallel veilins

Footwall near ore g4
contact, certain areas
within ore zone, hang-
ingwall quartzites in
proximity to faults

T oc1if cha
dolomite, muscovite,
minor sphalerite

METEORIC
" VEINS

Type 1

white coarse-grained,
open space tilling along
structural disconti-
nuities such as Jjoints,
shear zones and
cleavage planes

In carbonate lithologilies
of ore zone and footwall
quartzites where exten-
sive supergene altera-
tion has occurred

Bartite, galena, calcite,
marcacite, ankerite

Type 2

"Porous", ¢ eply
weathered material
retflecting alteration of
pre-existing veins

Footwall carbonate
veins

Baryto-calcite, gypsum,
baryte, quartz, calcite,
Kaolinite, hemimorphite,
native-Cu

(AN
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4.3.4 METEORIC VEINS

These veins are normally 3sociated with the weathered
portion of the ore zone (Ch. 3.2.6). Their paragenesis is
undisputed and they are n 1eralogically complex. They are
not classified on mineralogical grounds in this study.

Two major vein settings ¢ e present. The more common are
coarse-grained, mainly b¢ itic and/or calcitic
segregationary veins following planes of structural
discontinuity within both the weathered ore zone and
footwall quartzites. These veins are up to 30 cm in width.
The presence of marcasite is diagnostic in their

identification.

The second set is best developed in the deeply weathered
zones of the ore body such as the lower central zones and
those areas associated with faulting. Supergene alteration
of pre-existing footwall veins has occurred resulting in
leaching and complete mineral reconstitution.
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5. DISCUSSION

5.1 ™VIRONMENT OF DEPOSITION

The presence of highly alkaline, rhyolitic lavas associated
with thick sequences of : »?>idly deposited volcanoclastic and
immature, basement-derive¢ sedimentary material suggests
that the Gariep sediments were laid down within a rift-
related basin (De Villiers & Sohnge, 1959; Martin, 1965;
Kroner, 1974). This cor >n association is recorded in the
African Rift system (Reac ng, 1986), as well as ancient
analogues such as the Damaran Group (Miller, 1983).

The Rosh Pinah formation appears to represent deposition
within a subsidiary, faul -bounded, second-order basin
within the Gariep Basin i self. The absence of listric
faults in the immediate ! sement to the east, indicates that
rifting occurred towards the west and that the Rosh Pinah
basin was being controlle¢e by vertical graben or half-graben
faulting. Topographically higher basement is therefore
expected to the west whi« would support the contention that
the Hilda formation was deposited under shallow water

conditions.

T senc of ¢ :asional mass-debris flows within the
massive turbiditic beds attests to the presence of active
rifting occurring during the deposition of Rosh Pinah
sediments. Flat-pebble conglomerates as well as rare lenses
of boulder conglomerates occur. The turbiditic beds were
presumably triggered by earthquake activity as discussed by
Walker (1975) or as observed in the Laingsburg formation of
the Karoo (A. Fuller, pers comm.). Deposition appears to
have been pafticularly active as few of the beds possess a
fine-grained, suspension-derived, upper argillic portion.
The presence of glass sh zds within the argillites indicates
an important volcanic co >onent of these rocks. This
suggests that the argillites were also relatively rapidly
deposited. Deposition of turbidites need not be under deep-
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water off-shelf conditions. For example, the first record
of turbidite deposition was in Lake Geneva below a water
depth of 180 m (Forel, 1885). As the inferred maximum
dimensions of the Rosh Pinah basin are 25 km by 10 km
(Edwards, 1984) this may indicate a maximum water depth of

approximately 200 m in the Rosh Pinah basin.

Much of the geologic evic 1ce indicates fairly shallow water
deposition. The ubiquitc ; presence of carbonate, either
dolomite or calcite, in t 2 sediments, as well as lenses of
massive dolomite in the & juence indicate deposition under
shallow-water conditions - the carbonate lenses being
deposited during periods of diminished clastic input. A
thin, 5 cm thick layer of dark grey, concretionary spheroids
up to 0.5 cm in diameter occurs as a capping overlying a
feldspathic quartzite bed (PRS 98). These prove, under the
microscope, to be oolites which form only under conditions
of wave action. They wer presumably transported to this
site and therefore indiceé =2 a proximity to the palaeo-
shoreline. Basic, submarine extrusives occurring within the
sequence are vesiculated rather than pillowed which is also
indicative of shallow water conditions. Taking these points
into consideration a max: um depth of synsedimentary
sulphide deposition is p¢ tulated to be no greater than 150
to 200 m.

The predominance of lamii ted rather tl 1 ripple-bedded
argillites as well as the absence of any reworking of the
sediments indicates stagnant, stillwater conditions.
Anaerobic conditions certainly prevailed as indicated by the

highly carbonaceous nature of the argillites.

SEDEX as well as VMS deposits are a common feature of basin
development as witnessed by the almost exclusive association
of these deposits within rift environments (Gustafson &
Williams, 198l1). These deposits were divided by Plimer
(1986) into two groups on the grounds of their association
with either aborted rifting of thick sedimentary piles or
successful rifting which has developed into a mature basin
or ocean. Although many loose generalizations are used to
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differentiate the two end members, SEDEX deposits associated
with failed-rifts (aulaco :ns) are characterized by low
metamorphic grades and hy :rsaline, shale-carbonate
sequences with the non-sulphide minerals of the deposit
being identical to those of the surrounding sediments. The
mature-rift deposits are characterized by deep water (?),
turbidite-metavolcanic sequences with distinct upward and
outward metal zonation from Cu to Zn to Pb to Mn. These
features indicate that Rosh Pinah formed during the early

development of a mature 1 ft.

Deposition of the sulphic s occurred during a period of
quiescence which is indicated by the fine-grained
lithologies of the ore zc¢ e. Although intercalated
quartzite beds do occur ( an Vuuren, 1988) they are rare and
sometimes appear to repre¢ =nt thrust slices of footwall
quartzite which have been faulted into the ore-body.
Deposition of the sulphic s was rapid as indicated by the
variability of the ore-z¢ e lithologies as well as the
occurrence of soft-sediment features (Plate 4) indicative of
slumping (Mills, 1983). As the ore zone follows
approximately 1000 m of turbiditic quartzite deposition, and
is continuous along the same stratigraphic horizon into
argillite and sometimes carbonate lenses, it implies that a
major change in tectonic activity occurred at this time. It
would appear that the mineralization was associated with
this event. Res' ption ! active 1 :tonism terminat the
deposition of the ore lithologies and was probably
associated with a cessation in hydrothermal activity.

Examples of hangingwall silicification in the A-Mine area as
well as hangingwall brecciation have been cited in the past
as examples of continued exhalative activity (Van Vuuren,
1986; De Kock, 1987). 1T is study regards these as post-
lithification features a sociated with fault movement along
the hangingwall contact. Areas of intense carbonate
alteration above C-Mine s well as the horizon of
"immediate" hangingwall carbonate have been regarded as a
result of continued exhe ative activity (De Kock, 1987; C.J.
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Hodgson, pers comm.). The absence of appreciable
mineralization argues against this. The carbonate
enrichment could therefore be a diagenetic feature as is the
Ba-enrichment in the hangingwall sediments. This type of
diagenetic enrichment is supported by observations at Jason
in Canada (Smee & Bailes, 1986) and Moyvoughly in Ireland
(Kucha, 1988). It is imp -tant to note that if the

* carbonate lithologies represent times of slow sediment
input, they should also be enriched with respect to metals
relative to the regional background recorded in the

quartzites.

A significant feature of the hangingwall sediments is the
common presence of pyrrhotite as the dominant iron sulphide
present. It occurs as i1 3:gular, flame-like grains which
form up to 2% by volume ¢ the rock. The rapidly deposited
turbidites would not be able to support anaerobic conditions
as did the argillite horizons and hence, if minor exhalative
activity was continuing, here would be a deficiency in
reduced sulphur and pyrrhotite would form. Finlow-Bates and
Large (1978) suggested t! t the relative stability of
pyrrhotite and pyrite dej sition is a factor of water depth.
A sudden deepening of the basin would result in pyrrhotite
deposition, and the resw tion of turbidite deposition.
Renewed movement on the : ward dipping, boundary faults
could therefore result in the closing off of the
hydrothermal conduits resulting in r jligible minerali: n
being associated with the hangingwall carbonate lenses.

5.2 SOURCE AND COMPOSITION OF ORE FLUIDS

The traditional model for the formation of SEDEX deposits
involves the progressive warming up of connate water in the
sedimentary pile (Russel et al., 1981). Ultra-reactive
fluids, produced through geothermal heating of seawater,
basinal brines or fluids derived from the dewatering of
evaporitic lithologies, —r-ogressively leach metals contained
within the sediments. T : metal cations combine, and are
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transported, as chloride ion complexes (Lydon, 1983). On
encountering a relatively low pressure pathway such as a
fault, a change in lithology or permeability, the fluid is
channelled towards the surface (Sibson et al., 1975) where
the metals are deposited as sulphides at the site of ore
formation. A thick (8000 m for a Zn-Pb deposit) sedimentary
pi. ., an elevated geothe: al gradient or an external source
of ore fluids all enhance the generation of high

temperature, hydrothermal cells.

Hypersaline fluids derive¢ from the dewatering of evaporites
have been suggested as a »>urce of chloride complexes for
metal leaching in the Mount Isa (Neudert & Russel, 1981) as
well as McArthur River a: as (Lambert, 1981) of Australia.
Evaporites are a rock type often recorded within rift
sequences but which are absent in the Rosh Pinah
environment. The absence of these sediments in the Rosh
Pinah area, however, indicates that ore forming fluids, if
derived from the released pore fluids were similar to normal

sea water.

Although there is evidence that many sulphide deposits
represent the sulphidization of pre-existing metal compounds
below the sediment-water interface, there is enough
compelling evidence to suggest that direct hydrothermal
precipitation was an important process of sulphide

f¢ ation. The observat >n of hydrothermal vents such as
Atlantis II in the Red £ a1 (Degens & Ross, 1969) and the
Salton Sea (McKibben & F ilers, 1985), indicate that cooling,
HyS-bearing fluids, can precipitate metal sulphides. The
predominance of sulphate lithologies and the absence of
sulphur-depleted minerals, such as pyrrhotite, in the
Mountain Ore Body, sugge¢e ts that sulphur was in abundant
supply in the ore-forming fluid. Mixing of seawater with
the hydrothermal, saline, metal-bearing solutions occurred
during thermal boiling ¢ d precipitated sulphate minerals as

well as appreciable dolc¢ ite.
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The majority of the sulphides occurring at Rosh Pinah are
regarded as being the result of direct hydrothermal
precipitation for the following reasons:

i) The presence of framboidal pyrite, sphalerite and galena,
is indicative of precipitation as a result of sudden
temperature decrease or quenching (Lydon, 1983).

ii) The extremely fine-gr ined nature (<10 um) of type 1
pyrite as well as microqu rtzite-hosted sphalerite (both
regarded as pre-metamorp! =), indicates sulphide )
precipitation during exhe ative activity (Lydon,1983).
Identical sulphide textures are recorded at McArthur River
(Lambert, 1981) and the Pb-Zn rich facies of Mount Isa
(Perkins, 1984) and a sin lar origin is interpreted.

The textures and chemical data presented indicate that the
characteristic lath-shaped barium carbonates occurring
within the deposit are of replacement origin. The lath-
shaped minerals which have been replaced reflect therefore
the original ore solution composition. A rare inclusion of
rhodocrosite intergrown v :h barite was observed in the
baritic, northern portion of the ore body (Plate 5). These
barite grains are distinctly lathlike, the habit typical of
diagenetic barite (Deer € al., 1966). Diagenetic barite
documented in the Karoo ¢ juence (Reimer, 1978) consisted of
T TN 3 of thin, spindly laths. At Red Dog,
Alaska, replacement of diagenetic barite laths by sulphides
is recorded (Lange et al., 1985). Similar occurrences are
noted by Vogt and Stumpfl (1987) at Abra, Western Australia,
with a characteristic lath-like habit. Anhydrite was also

present in large amounts at Abra.

It is proposed that the barium carbonate laths in the Rosh
Pinah sequence represent replaced barite and perhaps
anhydrite grains, which ¢ ew during ore diagenesis. Veins
related to D1 structural deformation (type 3 carbonate
veins) also contain replaced laths, indicating that
replacement of the laths occurred after D1 deformation.
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The metal zonation pattern presented in Fig. 7d. is more
suggestive of a volcanogenic origin than a SEDEX deposit.
This is supported by the similarity of the gangue and
sulphide mineral zonation and stratigraphy to that of the
Kuroko ores (Sato, 1977), as well the plot of total metal
percentages. The proximity of the Spitzkop volcanic
centers, i.e., less than 10 km to the north (Edwards, 1984),
to the site of ore deposition as well as the relatively thin
sediment thickness (<1000 m) of the Rosh Pinah formation
could indicate that volc: »>genic-derived hydrothermal
solutions were involved i the genesis of the Rosh Pinah
deposit and not the sedin 1t-derived fluids that are

commonly inferred (Russel et al., 1981).

A rare Ti-Cl-silicate (ba :ite) occurs in footwall
quartzites of the A-Mine, and is regarded as a primary
hydrothermal mineral (ISC t internal report) possibly
indicating a granitic or substantially evolved acid magmatic

source for some of the hy rothermal components.

The occurrence of incompatible elements such as Sn
associated with the ignimbrite-hosted Neves Corvo deposit in
the Iberian Cu-Fe belt (F.J.Sawkins, pers comm.) as well as
significant boron and Sn- .neralization at Sullivan in
British Columbia (Hamilton et al., 1983), indicate that
deep-seated intrusions may be more important in the

b :ion \ x 11, as v L1 SEDEX ¢ lts, tl

has been previously understood.

An important feature in supporting a syngenetic hydrothermal
source rather than precipitation of Mississippi Valley Type
epigenetic fluids is the total absence of fluorite in the
ore. Fluorite is a notable component of Mississippi Valley

Type deposits as are associated hydrocarbons.
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- 7 _ TTSCUSSION ™™ STR T ™™L OBSERVATIONS

The penetrative north-north-west trending mineral lineation
of the area and symmetric to asymmetric folds, that vary in
style from open to tight and show south-westerly overturning
in the vicinity of the mine, were recognised by McMillan
(1968) and suggested to ! D1 in age. The plunge of these
folds seldom exceeds 40° and is commonly horizontal. An
axial planar "S1" fabric 5 developed subparallel to the
lithological strike, and an "L1" lineation is defined by
"extreme elongation of boulders and incipient mineral
(pyrophyllite?) growth" (McMillan, 1968; p.123). These
observations were not inv lidated by subsequent work in the
area (Page & Watson, 1976; Kindl, 1979).

Although McMillan (1968) correlates this fabric with the D1
event, his thin-section a ilysis shows that this strain-slip
cleavage is in some cases produced by a second stage
deformation of a pre-existing bedding-parallel fabric.

Edwards (1984) correlated the regional fabric with the
formation of the extensive northwest trending folds of the
Rosh Pinah hills and Spitzkop mountains. The folds of the
Spitzkop area are recognised by an interlimb angle of
greater than 40° which is tighter than at Rosh Pinah. These
folds are generally recumbent towards the southwest.

However, it was only ‘:cently that the presence of an
earlier deformation phase as substantiated (Davies &
Coward, 1982). They suggested that extensive layer-parallel
slip accompanied by the development of a SO-parallel fabric
had occurred prior to the ormation of the major folds in
the area. Much of this ir erpretation of the Rosh Pinah
area, was obtained from w¢ k at the nearby Scorpion prospect
as well as from structural relationships of the coastal
assemblage in the vicinity of Chameis Bay. This work has
‘been strongly supported by the study of Von Veh (1988), who
concluded that a major deformation event, consisting of
large scale thrusting, preceded the regional folding event.
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characteristic S2, sigmoidal cleavage (Fig. 11, Plate
12,13), developed as an ial planar cleavage to the D2
asymmetric compressional folds. The main controls on the
developn 1t of this clea ige are layer-parallel slip
accompanying compression L folding (Chapple & Spang, 1974)
and significant, sinist:i |l strike-slip shear. The shear
fabric 8’ is rotated pai llel to bulk shear as it approaches
the shear zone itself while the angle of 0’ increases away
from tt} shear zone together with a corresponding decrease
in int 1sity until it is indistinguishable from the
undeformed host rock (Li :er & Williams, 1980). The she¢ r
zone controlling the dev .opment of these structures at Rosh
Pinah is the bedding plane. During D2 folding, the
quartzites would have acted as a stacked series of parallel
shear zones separated by homogeneous interlayers. A
conjugate (fracture?) c. avage (Platt, 1984) is observed at
Rosh Pinah and follows the 8’ fabric along discrete
surfaces. Similar structures have been documented in
thrusted quartzites of the Witwatersrand Supergroup (Roering
& Smit, 1987) and in anastomosing shear zones within granite

gneiss of the Maggia nappe core zone (Simpson, 1983).
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6 )NCLUSIONS

The evidence presented in this study proves that the
majority of the sulphi 28 present in the Rosh Pinah massive
sulphide deposit were »>rmed during the deposition of the
sedimentary hostrocks. The deposit can therefore be
considered as a classic example of sulphide deposition
resulting from syngenetic hydrothermal activity. The
reasons put forward as evidence of syngenetic ¢ »osition are

as follows;

i. The ore zone is sti tiform and can be followed for at
least 1400 m.

ii. The ore zone lithc »>gies are lenticular, pinch out as do
sedimentary horizons and ai concordant with the bedding in

tl} hostrock quartzite

iii. Sedimentary struc ures such as soft sediment
deformation, graded bedding, rip-up clasts, etc. are
displayed by sulphide s well as gangue minerals.

iv. There is a vertical as well as lateral change in metal

zonation following a stratigraphic pattern.

v. Relict framboidal ¢ well as colloform sulphide textures

are pi1  2nt.

vi. Clasts of ore zone lithotypes are present in the

immediate hangingwall wuartzites.

vii. The footwall beneath the ore bodies is hydrothermally

altered.

viii. Textural and structural studies within the ore zone
show that the sulphides were folded and metamorphosed along

with the enclosing rocks and are therefore pretectonic.

It is proposed that the rocks of the ore zone reflect mixed
heritages and that the bulk is of a detrital or seawater

chemical source. The sulphides, barite and the majority of
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silica of the lower microquartzitic lithologies comprises

the hydrothermal component.

Three main compositional cycles of hydrothermal activity
appear to have taken place. Initial mineralization was
associated with hydrothermal alteration involving extensive
areas of silica deposition. This event was restricted to
the footwall feldspathic quartzites and lower microquartzite
lenses and was associated with appreciable copper
precipitation in the form of chalcopyrite. Deposition
occurred as a result of decreased silica solubility during
cooling. The extensive silicification had the important
consequence of forming an impermeable caprock below which
subsequent hydrothermal solutions were trapped.

As a result of this hyd: :hermal entrapment a higher
temperature system forme = eventually boiled adiabatically
and brecciated the footwall and lower ore zone lithologies
by its passage to the seafloor. The type 1 carbonate veins
were precipitated during this event. Much of the ore body
was formed at this stage with mineralized dolomite muds
being deposit 1. The cc on occurrence of similar but
unmineralized dolomite 1 1ses in the sequence supports the
contention that the majority of the dolomite is in fact of
seawater origin. The hy -othermal component therefore,
consists of sulphide mir :ralization as well as Ba and Mn
which combined with the »Hlomite.

The final hydrothermal event involved the introduction of
Ba-Cu-Ag enriched fluids subsequent to the formation of the
dolomite ore. The result of this introduction was the
formation of rare, Ba-rich veins (type 2 carbonate veins)
and the lenses of massive barite ore. It appears that the
migration of these fluid through the semi-unconsolidated
dolomite mud resulted in areas of Ba-enrichment. During
cooling and early diagen s3is, barite laths crystallized in
these areas forming the 1aracteristic, sulphide-rimmed
laths observed in the dolomite ore. Hydrothermal activity
appears to have terminated with the resumption of turbidite

deposition.
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The existence of minor fold structures parallel to the D2
regional folds but postdating them, indicates that
compressive tectonism continued. Their vergence shows that
they were possibly produced by gravitationally controlled
folding as a result of basement uplift in the east. The D3
folds produced in this event could have produced the Mitre
Peak syncline 20 km to the south of Rosh Pinah (McMillan,
1968) as well as deformed outliers of the Nama. The doubly
plunging nature of some anticlines, such as the Mountain Ore
Body structure, may have resulted from later crossfolding of
the regional D2 folds, although this could be a feature of
the D2 folds themselves.

The majority of the veins recorded, except the syngenetic,
hydrothermal type 1 and type 2 carbonate veins are of a
structural origin. This is proved by the relationship
between the ore lithologies and the vein compositions
themselves. Type 3 carbonate veins were formed as a
consequence of D1 deformation producing an extensive
brecciated area into which components of the ore zone were
remobilized and deposite . The majority of the thicker
carbonate veins observable in the footwall were formed at
this stage. The deposition of hydrothermal silica in the
footwall forming areas of extreme competency, is crucial for
the development of the carbonate-hosted Rosh Pinah breccia.
Much of the footwall mir :ralization of the Rosh Pinah
deposit therefore reflects Mississippi Valley Type
overprinting of a classic SEDEX deposit.

Replacement of the hydrothermal as well as D1 deposited
sulphates occurred durin 1late D1 or D2 deformation and was
a result of decarbonatio reactions associated with

metamorphism at this ste 2.
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