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The objects stayed firm but the opinions moved manyfold.

Goethe {1817): About the kisowledge of the Bohemian Orogen.

in the mountains and nowhere eise is the place where one has to study the natural -
history of the earth,

JA. de Luc (1778): Phys. anc moral letters about the mountains..



| o ABSTRACT |

The Garieb Belt is an arcuate notth-south trending tectonic unit extending i;léng the
western coast of southern Namibia and riorthwestern South Africa. It forms part of the
Pan-African Damara Orogeti, which consists of a north-south trending coastal branch |
(Kacko and Gariep Belts) and an east-west trending infand branch. The Gariep Belt -
is subdivided info an eastern parautochthonous passive continental margin on the
weastern edge of the Kalghari Craton, the Port Nalloth Zone, and a western
allochthonous ophiolitic terrane, the Marrmora Superterrane, thrusted on the Port
Nolloth Zone. '

The sedimentary evolution of the Gariep Belt was initiated with the deposition of
sediments of the Rosh Pinah Formation into fluvial, aliuvial and lacustrine depositional
systems, which are associated with bimodal volcanic aclivity and related Zn-Pb-Cu-Ag-
(+Ba) sulphide mineralization. The overlying mixed continental/shallow marine
deposits of the Gumchavib Formation are overlain by the carbonate dominated
Pickeifiaube Formation, which was deposited in shallow marine to pelagic depositioral -
settings. The Rosh Pinah, Gumchavib and lower Pickelhaube Formations ars Intruded
by basic volcanic sills of the "Gannakouriep dyke swarm". The conformably overlying
Obib Peak Formation was dsposited into a fiuvial/alluvial palaeoenvironment. The
Numees Formation unconformably overiies the underlying stratigraphic units and
consists predominantly of glaciomarine massive diamictites and oocasinnally
interbedded iron formations, which are occasionally interbedded with interglacial
sediments and volcanics. |

The reglonal structural pattern is characterized by three phases cf deformation, The
earliest deformational event, D1, comprises intrafolial smalt scale recumbent and
isoclinal F1 folds, a peretrative bedding-subparallel 81 cleavage and a preferred
elongaticn of boulders, pebbles, grains and minerals (I1). Associated with D1 are.
bedding-subparaliel thrust faults. The D2 deformational phase is characterized by small
to large scale, north to northwest ifanding F2 folds with a generally easterly vergence,
which can change into a westerly direction due to backfolding. The F2 foids are
associated with a penetrative axial planar S2 cleavage. Thrusting continued during the
D2 deformational phase. The latest deformational event, D3, is characterized by small



1o large scale open F3 folds with southerly ta southwesteriy trerding fold axes. The _ '

metamorphm evolution of the Gariep Belt during the Darnara Crogeny was associated
with barrovian-type metan*orphism with a geothermal gradient of about 20°C/km,
reaching greenschist to’ lower amphiboiite fac:es metamorphism

The sedimentological and structural features are expla:ned in a tectono-sedimentery
modei, which started with rift initlation during the ceposition of Rosh Pinah Formation
hthologsas along old tectonic weakness zones of Middie Proterozoic age at about -
780Ma. Supercantlnentas breakup is documented by the initial transgression of
Gumchavib Formation sediments and the continuous transgression of the Pickslhaube
Formation, which is related to thermal sdbsidence after the initiation of oceanic
spreading of the Adamastor Ocean. Renewsd rifting and/or glacial cutwash heralding -
the advance of the Nurnaes glaciation and associated seale* changes may be
responsible for the sudden break in marine sedimentation durlng the deposmon of the
Obib Péak Formation. The Numees glaciation is probably contemporaneous with the
- B70Ma oid Varangian glacial and the Rapitan glacial episodes and provides a rminimurnm
age for the dépositian of Gariep Group lithologies. Riftir~ .and spreading was followed
by the closure of the Adamestor Ocean, associzted witk. a southeastward directed
subduction of oceanic crust under the Kalaharl Craton and was accompanied by
intense southeastward and subsequently eastward directed tectonic transport during
D1 and D2. During DSI a late sinistral movement developed ziong the defined fault
zones in the late stages of the Adamastor OQ'ogenv Metamorphic ages from the Nama
and Varrhynsdorp Gfoups indicate that the te{;:{nnic evolution of the Garlep Belt only
ceased at about 500Ma. S
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are taken along strike approximately 100 m apart (Fig. 2.4).
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Measured section through parts of the Pickelhaube Formation at &
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of Obib waa‘erhale (Fig. 2.4).

Reg!ona( distributon of the Obib Peak Formation within the study area;
for position of thrust slices and Jocalitles see Figs. 2.3 & 2.4,

Measured sactibng through parts of the Numees Formalion &t
Trekpoort Farm, apgprwa‘matefy 25 km northwest of Rosh Pinah.
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Massive diamictite of the Numees Formation showing poor sorting
and a variely of clasts at Drewgratherg (Fig. 2.4).

Brown weathering and light grey to blue-grey diamictite of the
Numees Formation 8 km north of Drajgratberg (Fig. 2.4). '

Carhonate clast within massive diamictite of Numses Formation
immediately north of Dreigratberg (fig. 2.4); note allignment of clasts
along penetrative s1 foliation from bottom left to top right and s2
cfeavage perpandicular to 81. -

t“ramric dropstone erratic disrupting laminations of the banded iron

nimation within the Mumees Formation at the westem flank of
Dreigratbery (Fig. 2.4).

Magneﬂre—nch graded pabb!y sundstone with granitic dropstone
arratics at Trekpoort Farm, appmxfmatefy' 25 km northwest of

. Rosh Pinah (Fig. 2.4).

Measured saction through the graded beds of the
conglomerate/sandstone/mudstone facies association within
the Numeses Formation, about 2 km south-oast of Namuskluft
Farmhouse (Flg. 2.4).

Gradet! beds of the conglomerate/sandstone/tmudstone facles
association within the Nurnees Formation, about 2 km south-east

- of Namuskiuft Farmhouse (Fig. 2.4).

Measuﬂﬂd seactfon through parts of the Numees Formation a&out
3 km north of Droigratberg (Fig. 2.4), d!splaylng interbedded
carbomate aritd dfamictite.

Hegfor;af distribution of the several facles associations of the -
Numews Formation within the Study area; foi podltitm of thrust slices
and I)calities see Figs. 2.3 & 2.4.

Mode! proposed for the origin of the glacfoman‘ne Numees_Fofmaﬂﬁn
sediments (modifiad after Henry et al,, 1986).

A) Structural SW to NE cross-section D1-D2 cutting through
paits of the Obib thrust slice south of Obib. Peak, in the SW,
amd parts of the Ostrich, Roolkat, F’ickethaube, (3emsbok, and
Dreigratberg thrust slices, as well as the parauabc-hmonouq
zone in the NE.

B) Structural SW to NE cross-section E1-E2, cuiting through the

Ostrich- thrust slice approximately 8 km S of Gumchavily in the SW, |

and parts of the Gumchavib, Gemsbok, and Dreigratberg thrust
slices, as well as the parautochtonous zone in the NE. F'osiﬂon
XV _

118
118
17
119

118

123

124

126

132

134



Fig. 4.2:
Fig. 4.37

Fig. 4.4

Fig. 45

Fig. 4.6:

Fig. 4.7: -

Fig. 4.8:

Fig. 4.9:

Fig. 4.10:
Fig. 4.11:

Fig. 4.12:

Fig. 4.13:
Fig. 4.14:

of cruss-sections are shown in Flg. 2.4.

Siructural SW lo NE cross-sections FINE2, F3-F4, F6-£6; 77 -F8,
siuated within the imbricate zone in the east of the Drelgratberg
thrust slice. Positions of cross-sections are shown in Fig. 2.4.

Structural SW {o NE cross-section H1-H2 situated within the imbricate
zone in the east of the Dreigratberg thrust slice about 4 km north of
Dreigratberg. Posftians of cross-section {2 shown in Fig. 2.4.

Stereonet pm;eeﬁons of structum! data for the Dre:g:atbarg thrust
s'ioe

Strucwral profita (31-G2 through parts of the Rosih Pinah thrust slice

. (modified after Van Vuuran, 1986). Position of cross—secﬁon is shown
inFig. 24.

Stéreonet projections of stricty~~" lata for the Rosh Pinah thrust
slice, .7

Stereonst projections of siructural data for the Pickelhaube thrust
siice.

F2 backfoids within the Imbricate mr&st zone immediatsly south of
Pickelhaube at focality 7 (Fig. 2.4), showing the change from an
gasterly 1o a westerly m}gence caused hy backfolding.

i' arge scale isoclinal overtumed to recumbent F2 fold withir the
imbricate thrust Zone west of Pickelhaube, at localily 7, south of
Picrelhaubs (Fig. 2.4).

Stersonet projections of structrural data for the Gemsbok thrust slice.

Stereorniet projections of structural data for the Gumchavib thrust slice.

A) Structural SW to NE cross-sectfor‘s AT1-A2 through parts of the Obib
and Fickelhaube thrust slices.

B) Structural SW to NE cross-section B1-82 through parts af the. Obib
Ostrich, Rooikat, and Pickelhaube thrust slices.

C) Structural SW to NE cross-section C1-C2 through parts of the Obib
Ostrich, Rooikat, Pickelhaube, and Gemsbok thrust slices. Pasfﬂon of
cross-ssctions are shown inFig. 4.1. -

Stersonet projections of stmc:tura! data for the Ostrich thrust slice.
Stereonet projections of structural data for the Roolkat thrust slice.
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D2 thryst fault at focahly 1 (Fig 2. 4), note the fold limb of the
F2 fold is cut-off by thrust faulf. :

D2 thrust fault immediately south of Pickelhaube Peak (Fig. 2.4),
carbonates of the Plckelhaube Formation are thrust over sandstones
and conglomertaes of the Rosh Pingh Formalion. Note the relatively
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Stereonet projactions of data assoclated with D3 throughout the area;

A) F3 fold axes (n=68); B) poles to F3 axial planes {(n=46).
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F3 open chevron fold developed within carban&m.s of the Pickelhaube
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CHAPTEH 1

INTRODUCTION
f
The Damara Orogen in Namibia and the north-westem Richtersveld is one of the best
preseweé Late PrdterozoicfEarly Palaeozoic orogenic belts in the world. it comprises
an "Inland branch” and a "coastal brénch‘ {Fig. ;1.1). The coastal branch is subdivided
into the northern Kaoka Belf and the southern Gariep Belt, which has baen finked with
the Saldanha Beit of the south-westermn Cape Province (Cliford, 1867; Stows et al.,
1884). Because of the remoteness and harshness of the ared north and s&lﬁuth of the
Orange River, fow detailed studies have been I_yndertakan in the southerﬁ coastal |
branch of the Damara Orogen. |

o 1o i
i tf ; 'l”

Fig. 1.1 Pasition of the coastal branch and inland branch of the Damara Orogen.
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The major aim of this study is to gain understanding of the depositional hlstol?(r of the
Garlep Group and the tectonics which controlled it, as well as to undersiand. tha
collisional history of the Gariep Belt. It forms a contribution to our present understan—- |

ding of Late Precambrian/Early Palaeozoic tectonics and sedimentation.

11 GEOGRAPHICAL SETTING OF THE STUDY AREA

The study area is located immediately north of the Orange River near Octa, exténding
northwards to north of Rosh Pinah mining village and including the Obib Mountains
and the Jackalsberge to the west of the Obib Mountains within the eastemn part of
Diamond Area No.1 (Fig. 1.2). To the south the study area is botinded by the Oranga
River and 1o the north by latitude 27-45 § (Fig. 1.2).

The climate is arid, with ave_rage annual rainfali varying from 42 mm at Oranjemund;
to 75 mrn at Rosh Pinah. The study area falls into the winter rainfall belt that extends
northwards from the Western Cape. The prevailing wind is a cool south wind blowing
obliquely off the sea. Temperatures during the winter season vary between below 0°G
at night and 30°C during the day. Conditions during-fLHe summer months become
unbearable for field work, with temperaturss rising o a maximum of about 50°C in the
shade. |

The morphology of the region comprises the mountainous couniry along the -
escarpment in the east of the study area, with a maximumn elevation of 1847 m am.s.l.
at Namuskiuft trigonornetﬁcal' beacon, the Obib Mountairs and the Jackalsberge inthe
west of the study area (Fig. 1.2). Another type of morpholdgy is the psneplain

bansisting of fine alluvium and the pedeplain comprising coarse debris and
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Fig. 1.2:  Geographical sefling of the study area.
- E;ll, :

conglomerate. The area betwe1en- the Obib Mour{:talasts anﬂ tﬁe Jackalsherge |s
covered by extensive sand éi;ixnes, The topographic relief shdws up fo 1600 m of
variation from the bed of the QOrange River (~40 m amsf) to the top of Nanipskluﬁ
trigonometrical beacon (1647 m amsi). | Wi

The vegetation varies with elevation and distrioution of 'precipitatioﬁ along the

e

escarpment. The most common plants are melkbos (Euphorbiza gu}nmifera), gesipen,

driedoring {(Rhigozum trichotonum), hrakbos {Acacia giraffae), bushman’s candle

(Sarcocauium burmanni), and halfmens (Brachypodum), the latter being most

conspicuous in the mountains and aways directing its head towards the north.

Common trees are the witgatboom (Boscia alblirunca), the kokerboom (Aloe

A
i
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dichotbma), and the bastard ebariy. I- |

Wildife, especially within the Diamond Area No.1, Is most abundant, consisting of
gemsbc‘-lg, springbok, kiipspringer, duiker, wild donkey, hountain zebra, ostrich, brbw;l ’
hyena, jackal, rooikat, baboon and blue vervet, the two latter bé!ng the main prey of

ieopards, which can be found near the Crange River.

12  PREVIOUS WORK

Little geological research has been undertaken so far in the Gariep Belt north of the
Orange River. The earliest survey of the Gariep Belt north of the Orange River was |
carried out by German worqus as part of a regional survey of the gastem Sperrgebiet
{Diamond Area No.1) south of Lideritz from 1812 to 1913, as summarized by McMitan
{1988). The first detailed geological account of the study area was made by Beeiz
(1926), who concentrated on the Witputs area approx. 40 ki north of Rosh Pinah.
Furthur Qeological wofk within the Sperrgebiet was undertaken by Kaiser (1926) and
Knetsch (1837). S6hnge & De Villers (1848) published a brief report on the geology
of the eastern Sperrgshiet, irnmediately north of the Orange River. Martin (1965)
undertook some reconnaissance work in the Obib Mountains within the Sperrgeblet.
The first comprehensive geolegical mapping at a 1:100 000 scale was undertaken by
McMillan 1968) in the Witputs-Sendelingsdrif area during the course of doctoral thésis )
research. Geological studies of the Rosh Pinah Zn-Pb-Cu-Ag-deposit and its immediate
surroundings have been undertaken by Page & Watson (1978}, Watson (1880), Van -
Vuuren (1988), de Kock (1987), Siegfried (1990), and Llcékfold_ (1920). Davie}s &
Coward (1982) undertook structural studies within Diamoria Area No.1. The

)



geoohémzstry of the Grootderm vclcaﬁics was énalysed by Smith & Hartnady {1984),
Hartnady et al. (1 985)’-subdividéd the Gariep Bett into the pamuthochtonaﬁs Port
Nolloth Assemblage in the east and the allochthonous Marmora Terrane in the west
of the Ganep Belt. Joubert et al. (1986) ccmpiied a 1:250000 scale gcologtcal map and
- report of the Alexander Bay Sheet (Sheet 2818)

The first geological account of the Gariep Belt in the Riehtersve!d dates back to the
last century (Alexander, 1838; Wylay, 1857; Dunn, 1872). Rogers (1916) first 8-
tablished a straﬁgraﬁhic successiuh for the Gariep Belt south of the Orange River. \
Geological niapping of the western Richtervald was underiaken by Sghngé & De
Villiers (1945) and De Villers & Sohnge (1958). Further geological stucies in tha
norihern and westérn ,Blchters’velt; were undertaken by Range (1912), Van Biljon
(1939), H_gughton (1961, 1963), -Martiﬁ (1965), Kroner & Germs (1971), Joubert &
kr_aner (1972), Krbner (1972, 1974, 1974a, 1975, 1977), Kréiner & Rankama (1972),
Krdner & Welin (1973), Kréner & Jackson (1974), Kréner & Blignault (1976), Kroner
& Hawkesworth (1977), and Kroner et al. (1980). Ritter (1978, 1980) and Theart (1980)
examined the Gariep-basement contact relationships and metamorphic overprinting in
the sastern and south;rn Richterveld. Alisopp et al. (1979) underiook geochrofological
work on Gariep rocks and rocks of the Kuboos-Bremen line of intrusives and the
Richtersveld ar.d Bremen Igneous Complexes of southwestern Namibia and the
Richtersveld. The Iatest geoiogical work on the structural evolﬁtion *iirid the strati- -
_ graphic succession of the Gariep Belt south of the Orahge River was undertaken by

Von Veh (1888) in the course of doctoral thesis research.



1.3 OBJECTIVES OF STUDY

£

Previous studies of the Gariep Belt have concentrated mainly on regional mapping, the

structural déveiopment and stratigraphic relationships (Sshnge & de Villiers, 1848; De

Villiers and Sghngs, 1859; McMillan, 1968; Hoffmann, 1972; Kréner, 1974; Von Veh, |

1888). Little attention has been given to the pre-orogenic depositional and tectonic
higiory and metamarphic development of the Gariep Belt and related rocks. The major
airs of this study are:

(i} to determine the pre-crogenic sedimehto!ogiéai evolution of the Gariap basin in the
study area and the effects of syn-sedimentary tectonism on deposition,
{ii) o regoive the structural and metamorphic development of the Gariép Belt,

@) to determine stratigraphic relationships from the sedimentoigical snd structural

analeis,
(V) to construct & geodynamic model for the tectono-sedimentary evolution of the

Gariep Belt,

(v) to compare the geodynamic evolution of the Gariep Belt with events In the northern

coastal branch and the inland branch of the Damara Sequence.

1.8 METHODS OF INVESTIGATION

Exceptionally good outcrop conditions oceur in most parts of the Jackalsberge, Obib
Mountains and the Dreigraﬂaefg area and its northerly and easterly ez&ents (Fig. 1.2).
Qutside these areas expasure is obscured by alluvium and sand cover.

Detailed geoclogical mapping was undertaken along selected traverses. The geological

6
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map of the Witputs/Sendelingsdrif areg_%ompned by Mcmmén (1968) constituted a
helpfu aid for this pUrpose. Importan; information of large scale structures and
stratigraphic boundaries has additionally been obtained 'frt;m aerlal photographs and
SPOT 2 imagery. |

A large number of detailed profiles and sequences on a variety of scales was
measured along stike within the several thrust siices.

Since no detailed work on the sedimertology and the depositional palagoenvironment
has bean undartaken g0 far, lithotypes and sedimentary structures were documentad
and a detailed facies analysis was carried out. | |

Alerge number of structural data was collected in the field in order 10 understand the
structural evolution and assoclated compressional directiona. |
Approadmateiy 150 thin sections were studied In order 1o ii‘-_jentlfy thqf_ mineralogical
composition of the metasediments and metavolcanics o
Selected samples from different stratzgraphic hanzons from thruughcut the study area _.
were studled by microprobe analyst; at the Mineralogy !nstrtute of the University of
Wirzburg, Germany, during a rese=rch leave as a help for the understanding of the

metamorphic evolution.



_CHAPTER 2
GEOLOGICAL SETTING

21 INTRODUCTION

The Ga.. ) Belt Is an arcuate horth—sm.lth trending tectoni_c_unit extending along the
coast of Namibia and South Africa from immediately south-east of Lideritz in Namibia
to Kleinzee In South Africa, situated about 80 km south-east of Oranjemund, over a
distance of nearly 400 km with a maximum exposed wicth of about 80 km (Fig. 2.1).
The Gariep Belt is part of the southem coastal branch of the extensive Darnara
Orogen, which links with the Saldanha Belt of the south-western Cape Province and
northwards with the coastal branch comprising the Kackoveld of northern Namibia. it
forms part of the Late Proterozoic/Early Palaeozoic Pan African system of orogenic
beits (Fig. 2.3; Clifford, 1967; Stowe et al., 1984). Porada (1979) has suggested that
the western extensiot) of the Damara Orogen is represented by the Ribeira Orogen of
Biazil (Fig. 2.3), whiwl is also supported by geochranclogical data of Cordani et al.
(1990).

The Garﬁep Belt consists of an eastemn, parautochthonous terrane, namsd the Port
Nolloth Zone, developed as a passive continental margin on the western edge of the
Kalahari Craton and a western aliochthonous ophiolitic terrane, the Marmora Terrane
(Von Veh, 1988; Harinady et al., 1990), thrusted onto the Port Nelioth Zone along the
Schakalsberge thrust (Fig. 2.1). Rocks within the Port Nofioth Zone are intenssly folded
and thrusted throughout the Gariep Beit and rest with a marked unconformity on

ithologies of the Namagqua and Richtersveld Provinces (iKréner, 1975). Within the study
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Fig.24:  Simplitied geological map of the Gariep Belt (modified after Hartnady et
al., 1990)

areg, fieldwork has established the presence of various thrust slices, bounded by
northerly to northwesterly trending thrust faults in the westem parts of the study area,
and an autochthonous unit in the eastemn parts of the study area are present (Fig. 2.3;
see chapter 4). Lithologies of the Garlep Group are unconformably overtain by clastic
and carbonate sediments of the Late Proterozoic and Early Paiaeozoic Nama Group
in the east, which were deposited into active foreland basins associated with the
Adamastur and Khomas Orogens, which were formed as a result of the closure of the
Adamastor Ocean and the Khomas Sea respeciively (Germs & Gresse, 1991;
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Fig. 2.2 Pan African framework of Southern Africa and South America (modified
after Porada, 1989) ;

Stanistreet et al., 1991).

Within the Gariep Belt a number of pre-, syn- and posi-tectonic intrusions are present.
South of the study area, across the Orange River, a large batholith and two smaller
plutons of granite and leucogranite form part of the Richtersveld Igreous Suits. Both
south and north of the Orange River, the Gannakouriep dyke and siit swarm, with an
Rb-Sr mineral-isochron age of 717 + /- 11 Ma {Ransome & Reid in; Harinady & Von
Veh, 198280) and up to 100 km widé, consisting of north- to hortheast—trengling mafic
and ultramafic sills and dykes {De Viliers & Séhnge, 1959; Middlemost, 1964;
McMillan, 1968; Kriner & Blignault, 1976; Reid, 1979) is intrusive intc the basement
rocks and basal Gariep Group cover rocks south of the Orange River and into the
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rocks of the Stinkfontein and lowsr Hilda Subgroups in southern Namibla. Syntectonic
stocks, dykes, and silis have been J'éf}ecribed from tﬁe central and internai parts of the
Gariep Belt north and south of the Orange River by Kaiser (1928) and De Viliers &
Sahnge (1959). In the Richtersveld, two plutoris, namely the Swartbank and Kuboos
Piutons, which form part of the NE-trending Kuboos-Bremen line of intrusives, intrude

tocks of the Gariep Group (Van Biljon, 1939; Sdhnge & De Viiers, 1946). These

plutons ars cut by an Early Phanerbzoic set of aplits, porphyry granite and basic and |

hostonite dykes (Kréner & Hawkesworth, 1977). | |
The metamorphism within the Port Nolloth Zone ranges from greenschist to lower

S
amphibolite facies, thus not effecting the sedimentary and volcanic structires

c!{amatlcally.

22 PRE-GARIEP BASEMENT

The pre-Gariep basement cﬁnsists of rocks of the Orange River Group and forms the
oldest Iﬁhostraﬂgra;%hic unit iﬁ sduth-was_tern Namibia and the Richtersveld Province
of South Africa (Fig. 2.4 and Table 2.1). It was formerly called the "Kheis System", but
was later renamed in order to avoid an association with the Kheis Séquenoe in the

eastern parts of the Namacua Province (Blignault, 1874). The Orange River Group

comprises tha lower volcanic De Hoop Subgroup, the middlé sedimentary -

Rosyntjieberg Formation, and the upper volcanic Haib Subgroup (Table 2.1; De Villiers

& Sohnge, 1959, Krﬁne_r & Blignault, 1976; SACS, 1980). The entire Orange Fihrer

Group is intruded by rocks of the granitoid Vioolsdrif igneous Sulte. The rocks of both

the Orange River Groa.ip ard the Vioolsdrif Suite show the effects of low to medium

12



grade metamorphism {Krner & Blignault, 1976), and, according to Bertrand (1976)
and Ritter (1978}, locally led to migmatization and

Table 2.1: Stratigraphic subdivision of the QOrange River Group.

Haib Subgroup
Orange Riscr Gn_'oup * 'Rosynijieberg i
i (Kheis Systgm} Subgroup ‘
De Hoop Subgroup l |

anatexis of the Vicolsdrif granitoids. | o

Towards the marg'l'ns of the Namatjua Province, a gradual increase in the gra&é of
metamorphism and deformation s encountered, together with penetratiﬁely foliated
Viooledrif Igneous Suite granitoids and Orange River Group metalavas. Rocks of the
Vioolsdrif Igneous Suite, which are found both in the Namaqua and Gariep Belts, deer
a strong structul;al imprint of both the Namagqua and Pan-African episodes. Within the
study area and its immediate easterly vicinity, only rocks of the De Hdop Subiroup

and the intrusive Vioolsdrif igneous Suite are exposed.

2.2.1 De Hoop Subgroup
The rocks of the De Hoop Subgroup, immedistely north of the Orange River, were first
described in detali by McMillan (1968). From the Orange River to about 3 km

13



southeast of Namuskiuft Farmhouse {Fig. 2.4), the rocks of the De Hoop Subgroup
form the : Jsement to the Gariep Giroup fthologies. |

The westernmost portion of the Da Hoop Subgroup consists of metamorphosed !avaéf _
and intercalated agglomerates. Otherwise, no primary volcanic fextures are present
within these green, strongly sheared, lineated, fine-grained chlorite epidote schists.
Intermediate 1o felsic agglomerate units are abundant throughout the sequence and.
oontain light-coloured, mediim to large, subangular to subrounded clasts.
Occasionally, granodiorite apophyses irtrude the basic volcanic sequence sub-parallel

to the dominant foliation.

Phyllitic Schists

The basic lavas are overlain by an assemblage of silver-grey phyliitic schists. Textural

evidence suggests that these schists represent matamorphosed_-;shalas, greywackes .

and grits with intercalated thin, persistent congiomerate bands. {Viljoen et al,, 1986);
A younging direction to the east is indicated by normally graded beds. Quartz veins

are abundant and commonly occur as short, massive bodies, lying parallel to the

dominant foliation.

n f /)

The uppermost stratigraphic unit of the Ds Hoop Subgroup comprises chiorits-rich
felsic schists, ___Earmediate volcanics are most abundant to e north of Larelei copper-

mine (Fig. 2.4), but aiso occur in thih slivers (Viljoen st al., 1986). These rocks are

14



terpreted as metamorphusad intermediate pyroclasts and agglomeratss (\?ilioen et

al., 1986) Occas;onally, schist with an intennediate volcanic composition gra’des iMto

3 « . ‘ericite schists, which represent sither altered intermediate volcanic schists or
a more fe!suc stratigraphic facies of the volcanic sequence (Vil]nan gtal, 1986)

222 Vioolsdrif Igneous Suite

The Vioolsdrif lginér;-z*;s Suite north of the Orange River Is exposed east of Lorelei _

copper-mine, at Namuskiuft Farmhouse and at Namuskluft, whers it is intrusive into ~ |,

the De Hoop Subgroup, and at Trekpoort Farm approximately 25 km northwest of

Rosh Pinah, Within the Spearrgebiet it is expossd at the O_bib watarhola and northwest.
of Gumchavib Mountain (Fig. 2.4), It comprises partly gneissic granite, grey to-:'éd, -

containing dark greenish-black, irregularly shaped clusters of mica and chlorits, light

yellow-green sﬁécks'of epidats, sericitc felsper and grey-whits unaltersd feldsper.

North of Gumchavib Mountain {Fig. 2.4), the granite has been strongly shearad and
is usually gneissic. r‘is;playhg porphyroblasts of pmk feldspar with up to 1 cm in
length, as well as elongata !entucles of mica, chiorite, and occasnonal hornbiende and

epidote. As in the Richtersveld (De Villiers & Séhnge, 1959), the granites in the study

area always contain two feldspars (plagiociase and K-feldspar), biotite and sericitized |

plagioclase. in addition, nerth of the Orange River, apiéﬁiﬁ} represents a":'ébn'nmnn ’

constituent of the Vioolsdrif granites. _
Leucogranite and aplite dykes extensively intruda the grancdiorites north of the Grange

River. A number of lit-par-iit granite veins also Intrude the volcanic rocks of the De
Hoop Subgroup.
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23 GARIEP GHOUP

234 | Marmara Terranea

The Marmora Terrane is subdivided into three tectonostratigraphic units, namely: the
Schekalsberge Complex in thé southeast and the Oranjemund and .Chamais
Complexes in the northwast (Fig. 2.1 Hartnady et al., 1990). These fault-bounded
tectonostratigraphic units are significantly different in character, to the extsnt that they
may be regarded as subterranes or éven separate accreted ferranes within a
composite Marmora Superterrane. | |

The Schakaisberge Complex has been subdivided into metabasic lavas of the
Grootderm Formation, which are capped by and interfinger with dolomites of {ha Gais
Formation (Hartnady et al., 1990). | |
The Grootderm Formation corprises an up to 8 km thick pile of metabasic lavas,
including pillow lavas, pilow breccia, tuffs and lavafﬂows. The volecanics consist of
tholeiitic basalts, but in tﬁe upper sequences akall basalts may oceur (Smith &
Hartnady, 1884), which may be related to a series of vesicuiar alkali-gabbroic dykes,
acting as high level volcanic fseders during a post-shield stage of volcanic actMty
{(Harinady et al., 1890}, Geochemical analysis of the Grootderm metabasaits (Smith &
Hartnady, 1984) indicate that the lavas were srupted in an ocean floor environment.
The absence of siliciclastic terrigensous material witl'ﬁn.the Gais Formation suggests
an origin in an intraplate environmaht away from a cuntinéntal margin, possibly sfmilar'
to a Hawaiian-type sea channel-ﬁ\ount chair, a Waiiris—type ‘aseismic ridge, or an
Ontong Java-type oceanic plateau. Kroner (1974, 1975, 1979) also interpreted the

metabasalts as having originated as oceanic seapeeks or guyots, subsequently
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incorporatad in a subduction f.:omplféx The- Gais Formation comprises a pinkish
dolomite, including sbundant cherty intercalations, fine laminations, stromatolite
bioherrﬁs which locally contain intertidal channels and oolitic dalomite (Fig. 2.5), th_ug __
indicating_rsef—growth and deposition possibly capping the guyot or seapeak during

dwindling phase¢s of Grootdeﬁn volcanism.

Fig. 2.5: Ovlitic dolemite of the Gals Formation east of Rooilepel, about 20 km
norti-east of Oranfemund, Southern Namibia,

The Grootderm Formation was intruded as dykes and sills by the Rooilepel bostonite

stite. Hartnady et al, (1990) maintain that the bostunites were emplaced late in the

history of the Grootderrn volcanic pile, prlor 1o the t;lepdsiti_on of the overlying Gals

Formation, Detaﬂed metamarphic studies in the Marmara Supsrterrans, undertaken by

Frimimel and Hartnady (1892), indicate a multiphase metamorphic history for this

suﬁerterrans. The first metamorphic event, M1, has been interpreted as a very low-
18



pressdre hydrothermal nceanic metamorphism that aﬁeoﬁtad'th.a ignecus protoliths at
up to amphiboiite facies temperatures. The following M2 metamorphlc ovent was syn-
tectonic and characterized by temperatures similar to those reached during M1 but
with higher prassures, indicating buriai to 10 to 15 km. This avent has been i tterpretec

as being related to a subduction process. A third metambrphic gvant, M3, was low

grade and of reglonal nature. These resulis iﬁdicate that subduction and subsequent

obduction have od::ured in the Gariep Beit, although blueschist facles metamorphism
has not been reached (Frimmel and Hartnady, 1992).

| The Oranjemund Complex comprises metagreywacke rock-types varying from little

deformed cyclothemic turbiditic varieties to intensely transposed, poly-deformed mi;:a-
schists, and locally minor intercal;tions of metavolcanic chlorite schists (Hartnady et
al., 1990), as well as phylites, schists and minor quartzite, resembling“ths_legat
Sequence of the Port Nolloth Zone (Von Veh, 1388). o

The Chamais Complex was Interprated by Hartnady et al. (1990) as a heterogeneous
mélange, consisting of various exotic blocks, 0.1-100 min sizé, from different oceanic
environments in close proximity to each other. These blocks occur within a highly
tectonized metasedimentary sequente, incorporating interbedded chloritic, talcoss,
quartzitic, quartzo-feicispathic, dolomitic, graphitic and .ferrugincus schists, and.
showiny evidence of & distinet metamorphic history prior to that recorded by the

metasedimentary country rocks, which experienced a regional metamorphic event

- under lower greenschist faciss conditions. This latter metamorphic event is concordant

with metamorphism expenanced bythe Schakaisberge flappe and has, therefors, been
interpreted as a syntectomc metamorphlsm which occurred during Mai‘mara Terrane

emplacement (Hartnady et al, 1890). Geocheniical data from serpantemzed
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metapyroxenites, metaperidotites, massive and layered metégabbros&, metadolerites -
and metabasalts, which in places are amyggaloidal, delineate a tholeiitic trend
consistent with an oceanic origin (Frimmel & Harinady, 1982).

The structural refationships within the Marmora Terrane were first described by Davies
& Coward (1982) and later by Martnady et al. (1880). The most prominent structural
elements ¢haragterizing the Marmora Te_n'ana ére major arcuate thrust faults,
juxtaposing the Oranjemund, Chameis, and Schakalsberg Compiexes. The most
prominent thrust fault ié the Schakalsberge thrust fault, which juxtaposas the Marmora

NW s SE
3 .
N
Sar / ,-"//
X \\s\r"{'...z_ B> gt Ej’f ";'
Ch N ..)J\‘ :
B t"' O~ HI'HO

Bo

Fig. 2.8: Schematic NW-SE profils acraoss the Marmora Terrane showing fabric
relationships between Schakalsberge (Sb), Oranfjemund (Or), and
Chameis (Ch) thrust-sheets, overlying Bogenfels (Bo) and Hilda/Holgat
(Hi-Ho) foot-wall formations (see Fig. 2.1; after Hartnady et al,, 1990)

Terrane and the Port Nolioth Zone (Figs. 2.1 & 2.6). The thrust fault at the contact
betv-esn the Ghamais and Oranjemund Complexes dips in a south-easterly direction,
whereas the thrust faults at the contact between the Oranjeniund and Schakalsberge
Complexes dips ih a westerly to north-westerly diractioh (Hartnady et al, 1990),
possibly representing & "pop up® structure of major dimensions (Fig. 2.6).

Three deformational phases were described by Hartnady et al. (1880) within the
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Marmora Ten;_a\ne. Near the contact between the Oranjernund and Chameis Complexes
and at the Schakalsberge sols thrust, the D1 deformation is characterized by an early
_NW-dipping §1 cleavage, which is co-planar to the axial planes of minor D1 folds F1;
Fig. 2.6). The S1 schistosities in both the Oranjemund and Schakalsbergs Gomplekes
are-approximately co-planar to the F1 axiai planes within Bogenfels footwall lithologies
and are nearly coplanar with ihe Chameis thrust fault.

Near the contact between the Oranjemund and Chameis Complex, the D2
deformational phase is charactarized by a pentrative S2 schistosity, which trends ina
northerly direction with a south-easterly dip, trensposing the 81 cleavege and minor
F1 folds. At the Schakalsbergs sole thrust near Bogsntels, D2 folds (F2) are truncated
by the thrust fault in the hanging-wall of the Bogenfels lithologies. in both the
Oraniamund and Schakalsherge Complexes, minor F2 kink-bands locally affected the
co-planar 81 schistosities. |

Hartnady et al. (1990}_ described late-stage D3 backfolding with folds verging in a
north-westetly direction (F3; Fig. 2.6) for both the Chameis. and OQOranjemund
Complexes. Near the contact of the Chameis and Oranjemund Cdﬁwplexas, the §2
schistosity was deformed by F3 fol:is. At the Schakalsberge sole thrust near Bogenfels
(Fig. 2.6), F2 and possibly F2 folds were truncated by the thrust fault in the hanging_— |
wall of the Bogenfels lithologies. According to Hartnady et al. (1880) structural
svidence shows that the Schakalsbérge sole thrust in the north post-dates the late
jwdaposition of the Oranjemund over the Chamels Complex by D3 baék-thrusting.
These thrust nappes or subterranes may have been originaily juxtaposed in reverse
order during D1. in the south, the juxtaposition of the Oranjemund over the
Schakaléberge Complex could have taken place either before or after the D3
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Fig. 2.7: Stereonets showing D1 and D2 stryciural elém*e‘nts in the area
approximately 7 km south of Bogentels.

backthrusting event (Hartnady et al,, 1990}; |
Raconnalisance mapping in the area immediately south of Bogenfels has shown,
that the earliest defbnnétion phase (D‘I-Bﬁ) is characterized by an intense bedding-
subparéllei foliation, Inclicate_d by mineral and grain élongation, as well as growth of
rica. This follation is associated with baddingﬂsubparal!al quariz-velnlets, which in
places display fish structures indicating shearing in a southerly to soutrr-easterfy
direction (Fig. 2.7). This foliaﬁon is sub-paralle! to thrust fah!ts (D1-Bo), _\f.fhich ere
indicated by quartz veins up to several metres thick, containing qu_ai;-feldspar
pegmatoids, mylonites, intenise shearing and a strong D1-Bo clea\kaga.'

Small to large scale, open to isoclinal, and in places overturned folds .(<5 cmto 100
m wavelength) have deformed ihis earliést béddin’g-subparallal foliation (D1; Fig. 2.7)
and are thus ascribed {0 a later B2 deormational event. The D2 folds plunge
moderately in a southerly direction (Fig. 2.7). A weak axial planar cleavage, dipping in
a westerly direction and indicated by the elongation of minerals and grains, is
associated with the D2 deformational event. Stereonet data of structural elements from
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the Bogenfsls area are shown in Figure 2.7.

2.3.2 Stratigraphy of the Port Nolloth Zone

Preyv, 't l¢)] f |
Several siforts have been made to classify the stratigraphy of the Gariep Belt Attempts
were undertaken by Hogers (1915, 1928), De Villiers & 86hnge (1859), Haughton
(1961, 1983), Martin (1965), McMillan, 1868; Krbner (1872; 1974); and Von Veh (1888;
Table 2.2). SACS (1980) subdivided the Gariep Beit into a *miogessynciinal’ facies

(central Richtersveld) and a "sugeosynciinal’ facies (western Richtersveld and coast).

The m:ogeosynclma! facleswas subdmded into the Stinkfonitein Formation, constltutzng-

the Lekkersink, Vradefontein and Kaigas Members, which are overlain by the Hilda
Sulte and the Numees -Su'rt_e. The eugeosynclinal facles consists of the Grootderm
Suite, which is overlain by the Oranjemund and Holgat Suites (Tabis 2.2b). The Rash
Pinah-Witputs area north of the Orange River was subdivided by McMiflan (1868) into
the basal Kapok Formation, which is squivalent to the Rosh Pinah Formation, the Hilda
Series {Gariep System), and the overlying Numees Formation. SACS (1680) renamed
these stratigraphic units Rosh Pinah Formation, Hilda Suite and Nurnees Formation,
haing conﬁned to the "miogeosyniclinal® facles (Table 2.20). Diamond Aj‘ea No.1ofthe -
Sperrgebiet, which fies to the east of the Rosh Pinah-Witputs area, was aiso
subdivldedz_.into a 5eugeosynclinai facles’ (coastel region) and a *mipgeosynclinal -
facies" (ndrtheastern béit]. The 'eugeosynclinal facies” comprises the G‘rdotderm and

the overlying Oranjemund Suites, whereas the "miogeosynclinal facles” is made up by
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The latest stratigraphic studies in the north-western Richterveld were undertaken by

- Von Veh (1988), who subdivided the Gariep Grou'p into the Stinkforteln, Hilda,
Numess, and Holgat Sequeances {Table 2.2b) . The Stinkfontein Sequsence comprises

the Lekkersink, Vredefontein, end Gumchavib Formions, consisting of quartz

arenites, conglomerates, feldspathic grit and arenite, as well as the diamicitic Kaigas
Formation. The Hilda Sequence lncorpdrates the Pickelhaube Formation, censisting
of dolomitic limestone, the Wallekraal Formation, comprising conglomerate of weli
rounded .bo.uldars with dofomite bouiders with sizes up to 10 m, and the Dabie River
Formation, including dolomite with rare stromatolitic mats. The Numees Sequénce wels
subdivided by Von Vet (1988) into the basal Jakkalsherg Fdr'mation, incorporating an
interbedded sequence of magnetite-quartzite, iron-rich and iron-poor schist, arkose
and diamictité, as well as’iron formation with polymict dropstones. The Jakk_alébarg
Format'ian is overlain by the Sendalingsdﬁf Formation, consisting predominantly of a
massive or very poorly bedded diémictite. The Holgat Sequence was described by

Von Veh (1988) as a sequence of interbedded arkoses, greywackes, schists, and

dolomitic limestone.

Results of the present work suggest, that the Port Nolloth Zone-stratigraphy north of
the Orange River consists of the Stinkfontein Subgroup, comprising the Rosh Pinah

Formation, a mixed clastic/volcanic rift phase, and the Gumchavib Formation, & mixed
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tarrigenimusfmaﬁna clastic phase, and the Hida Subgroup, €0 mp rising the PR

Pickelhaube Formataon a platfarm carbﬂmta and contlnental shett clastic phase, the
Obib Peak Formation, a fluvial - ;: and the Numees Formation, a mixed .
glaciomarine/interglacial phase (Table 2.2b). i'he "Holgat Subgroup® (Von Veh, 1988)
w;mm the study area was assu;nad fo the Pickelhaube Formation, mprasent;ng a

r‘r
4§

deepwater squivalent to the iatter {see chaptar 3).

24 NTRUSIVE ROCKS |
Inthe north-westem Richtersveld, the Stinkfontein Subgroup is intruded by maficdykes
of the Gaﬁnﬁkouriefp Suite. In southern Narnib'iaﬂ however, the Gannakauriepﬁsmte
ocours exclusively as sills interlayered with the Rosh Pinah Formation, Gumchavib
Formation and the fower Pickelhaube Formation (Fig. 2.4). The sills _'.all oantéin the
paragenesis green amphibuIe-plagiodase-epidbt&éhloﬁt&quartz»+ /- blotits, +/-
calcite and in some cases, relics or fJale brown magfhaﬁc pyroxens, fimmed by
" hornblende and epidote, indicating the sub-voleanic origin of thess sills. Aocesgory
minerals include tabular iimenits, hematite and sphene, | |

In the Richtersveld Gariep Group fthologies are intruded by the Kuboog-Bremen and
Garub Intrusives, )

The Brerv.en Plutonic Complex {Fig. 2.8) forms a sheeted arcuaf_é complex, as if part
of a multiphase ring structure (Allsopp,et al., 1978). Tne rocks comprise mostly alkali-
feldspar (+/- qur—z) sysnite (< 7% horrblende, risbeckite and iron oxide) and rinor
alkali-feidspar granite. The granite has a markedly variable quartz content and, in
places, is of quartz-syenite compaosttion (Allsopp et al., 1979).
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The Kuboi:as Plutim {Fig. '2.8) consists of a medium—grainad granita phase, wmprisinﬁ}
a naarly equigrarkular reddish rock gonsnstmg of quartz, K-feldspar, plagiatlase a'ld
scatterad fiakes o biotite in an allotriomorphic matrix and small phenocrysts of K- -

- feldspar (Alisopp et al., 1878). This granite phase is intruded by a coarse porphyntnc

granite phase aom&'isihg euhedral pinkiéh phenacrysts of zoned perihite up to 4 cm
long, set in a mediun - to coarse-grained matrix of endesine and cuartz with minor K-
feldspar, acceésory Ninerals and raré relics of green hornblende, largely aftered to
chiorite {Allisopp et al., 1979).

A zorie of carbunate-bearing intrusives trend‘ing northeast from the Bramen Complex
links up with the area ot the Garuby carbonate-beanng silts (Fig. 28), whim have a

\
£y

carbunaiitlc afiinity (Schrauder 1675).
The Gariep Group north of he Orange Piver is intruded by Karoo do!erite dykes (Fig.

Fig. 2.8 Simplified geological ma,. of paris of the Rfchtersve!d and sauthem
Namibia (madifisd after Allsopp et al., 1978).
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2.4), trending in a northerly direqtion from Dreiératberg to north of Trekpoort Farm,
approximately 25 km north of Rosh Pinah, |

25 RADIOMETRIC AGES OF THE GAHHEP GROUP STRATIGRAPHY |
Age relationships betweeri the various tectono-stratigraphic and stratigraphic units of
the Gariep Belt are not well constrained. All radiometric ages have been derived from
pre-, syn-, and post-tectonic magmatic rocks, mostly granites and felsites of the Rosh
Pinah Formation. Mineral dates from metasedimentary rocks have not been obtained.
The Lekkersink granite, which Js intrusive. into Stinkfontein lﬁhoiogiés in the
Richtersveld, has been dated at 780 + /=10 Ma {Ph-U zircon ape), representing the
most likely age constraint for the initiation of iifting in the Gariep Belt. This age
constraint for the initiation of rifting is supported by the Rb-8r mineral-isochron age of
717 +/-11 Ma, .achievad from basic rocks of the Gannakouriep tyke and sill swarm
in the Richtersveld (Ransome and Reld in: Hartnady and Von Véh, 1980), which s
intrusive into the Stinkfontein Subgroup and the lower Pickelhaube Formation. A Rb-Sr
mineral-isochron age of 719 +/-28 (Weke, in: De Villiers, 1968) ohtained Fom the
felsites of the Rosh Pinah Formation probably also represents a prlmary age, rather
than the mineral-errorchron age of 688 +/-32 Ma (Allsopp st al., 1973), obtined for
the Rosh Pinah felsites.

The lower age for the Gariep Group is constrained from the alkaline graritic members
of ihe Richtersveld Suite (Richt_?weid Compiex and oider Bremen granites of Alisopp
et al, 1978), which are unconformalbily nveriain by the rocks of the Stinkfontein

Subgroup. A maximum age for the initiation of the geodynamic evolution of the Gariep
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Belt is sustained from these these lithologles, which produced a U-Pb ZIrGDﬁ age of
8920 +/_10 Ma and a Rb-8r whole-rock isoclyon ageof 911 +/_ 389 Ma (Alisopp et
al., 1979), as well as ah age of 820 +/- 30 Ma (Burger & Coerize, 1273). This would
howaver mean, that rfting took placa over a time span of 200 Ma, which is

geologically not viable. Alisopp et al, (1978) described the quartzite and lava xenoliths.

' {
. resembling Stinkfontein lithologies of the Richiterveld within the older Richterveid

intrusivas and implied that the Stinkfontein must be oider than 920 Ma. However,
because of the strong similarities between the Stinkfortein Subgroup and the Orange
River Group, this is very uniikaly, |

Alsopp et al. (1978) noted two widespread resetiing svents within the Garisp Balt at
about 700 and 500 Ma, that have influenced Rb-8r whole rack results. Additional
evidence for resetting was discovered by Welke st al, (1979), yielding resetting ages
of about 480 Ma. | |

Other ages obtained for the ‘Gannakouﬁép dyke and sili swarm® have yielded
equivocal ages from 1200 Ma to 200 Ma (40Ar/38Ar; Reid, 1977; 1979) and often fall
into the range of 50010 550 Ma (543 +/- 15 Ma, De Villiers, 1968; 542 +/- 4 Mg,
Onstott ei al,, 1986) ahd probably represent resetting ages corrasponding Wlﬂ'l tﬁe -
Pan-African mistamorphic overprint,

If the correlation of the Nurnees diamictite with the widaspread Varangian Glacial
Episode in Europe (Harland, 1683; Hambrey & FHerland, 1985) and the Rapitan Glaclal
Episode of northwest Canada is correct, it was deposited at around 870 .Ma.

A minimum egs for the Pan-African geodynamic evolution is Indicated by the
emplacemerd of the granites, syenitas, carbonatites and diatremic intrusives of the

multi-phase "Kuboos-Bremer: Line® intrusives (Allsopp et al., 1979), which istrude the
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rocks of the Gariep Group in the Richtersveld.. The entire igneous-tineament appears
to be post-tectonic {Hertnady & Von Veh, 1990) and transects the Gariep structural
trends at a high angle. Hartnady & Von Veh (1990) suggest, that the U-Pb ages
ranging between 525 + /- 80 Ma for the Kuboos pluton and 521 + /- 12 Ma for the
younger part of the Bremen complex (Allsopp et al., 1979) therefore possibly establish
a minimum age for the Adamastor orogeny within the Gariep Belt.

Geochronologicél data from the Nama Group. which formed as peripheral forsiand
basins in response to the advancing Kﬁé&nas orogeny and the Adamastor orogeny
(Stanistreet et al., 1991), pravides importat time constraints .to datermine a minimum
age for the Adamastor orogeny in the southem coastgl branch of the Damara Orogen.
Geochronological data obtained from shales of the lowermost Schwarzrand Subgroup
(lower Nama Group), which was deposited Into the Nama foreland basin, situated
marginal to the Adamastor oshgtany within the Gariep Belt, indicates a K/Ar age of 536
4-/__ 12 Ma (Horstmann, 1987). Ages gained from white micas of the Nama Group and
comptied by Miller and Grote (1988) vield ages ranging from 547 to 443 Ma, which
were previougly interpreted as cooling ages, but have been reinterprsted as
metamorphic ages by Stanistreet et al. (1891) because of the striking similarity with
40Ar/39Ar metamorphic ages in the Vanrhynsdorp Group (552 to 476 Ma with a
maximum at 486 Ma; Gresse et al., 1986), which represents the southern cotrelative
of the Nama Group in Namaqualahd, Scuth Africa. Geochronologicsi data obtained
from Nama Group sediments in southemn Namibia give K/Ar ages between 550 and
500 Ma (Horstmann st al., 1990), suggesting a low grade metamorphic alteration of
upper Nama Group sediments in southern N:émibla. The 530 to 500 Ma ages may be
either indistinguishable from the 496 Ma peak metamorphism of Gresse et al. (1988)
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within the limits of experimental error, or may indicats a time trangressive colision from
north to south during the final stages of the geodynamic evolution of the Gariep Beit

and the asscacnatad Nama foreland basins {Stamstreet et al.,, 1991).




CHAPTER3

B

- SEDIMENTOLOGY

<% INTRODUCTION
No detailed sedimentological studies have been carrled out 5o far in the entire Gariep

Beit. In the Richtersveld area and soLthem Nemibia (Fig. 2.8), resesich wark has been

restricted mainly to stratigraphic and structural studies and investigations on the

geology of Resh Pinh ore bodies and its immediate vicinily (see section 1.2). One of

the aims of this thesis is, thersfore, to prasent data from detalled measured vartibal:

Saf.tmns at selected locelities throughout the Rosh Pinah- Sendelmgsdnf and some
a;;(jar:ent areas and tn corralate these in order to develop a paiaeoenvlronmental
model. This allov . a refinement of_ the stratigraphy of the Garisp Group of southern
Namibia and an insiﬁht into the tectonics which controlled its deposition. Sedirmentary

struttures of the Gariep Ga’_bup ithologies within the study area were sffected by upper

greenschist/lower amphibolite facies metamorphism and are welt pres&rved Therefore,
the names of the mterpretad preacursor rocks will be used in this nhapter

The scale of stratfication thicknasses of Blat, Middieton and Murray (1980) was,

applied in this work.

The positions of localiies, referred fo in the foang texd, are pregentsc i Figures 2.4 _ "

I
A

and 2;8. . \ . ';‘)

ki
o
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3.2 THE HOSH PINAH _FORMATION: RIFT SEDIMENTATION WITHIN A
 FLUVIALLY/LACUSTRINE/FAN DELTA-DOMINATED DEPOSITIONAL

SYSTEM WITH VOLCANISM _.

Withir: the study area the Rosh Pinah Formation, which was first defined by MeMillalj
(1968) as thé Kapok Formation and later renamed Hosh Pinah Formation by SACS
{1980), consists of a maximurn 2000 m thick clastic anct voleanic unit at the base of

the Stinkfontein Subgroup. lts stratigraphic re__latianship to the other forma.ns in the

Port Nolioth Zone was the subject of much debate in the older litr=ture. Several

authors { De Villiers & S8hnge, 1859; Kréner, 1874; Kréner, 1 975; SAUQ, 1980; Von
Veh, 1988) placed the Rosh Pinah Farmation into the Hilda Subgroup. Field evidencs
within the study area, which Is the type area of this formation shows, however, that the
Rosh Pinah Formation forms the Iowermost..stratlgraphia'unit of the Gariep Group
north of the Orange River. | |

Within the follo\mng subsactions the Ilﬁ'lologles and sedimentary structures of the rocks
within the Rosh Pinsh Foimation are dascrﬁoed and :nterpretanons of the depbsitional
systems and palaaoenvironments are made Unfortunately access was denied to the
area in the :mmediate viginily of Rosh P_lnah and Spstskop Farm further to the north
(MCOR Ziric Lid mine grant area). Thess are tWo key areas for the understanding of
the evoiutibn of the Rosh Pinah Formation and the eagly develnpr;.lem of the Gar'ﬁep
Belt In southern Namibia. Althdugh no sedimentological and structural work was
possible within these areas, nevertheless, existing literature describing the géaingy of
these localities is summarized at the énd of this chapter and put into context with the
geology of the Investigated stﬁdy arees.
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3.2.1 Massive conglomierate/sandstone/mudstone facles assoclation: fan ‘_

deitas prograding into a facustrine palaeosnvironment

Nine facies comprise this facies association (F“:Q. 3.1), namely: (1) massive matrix-

supported conglomerate {Cms); (2) massive sandstone {Sms); (3) normally graded
sandstone (Sng); (4) inverse graded sandstone (Sig); (8) massive sandstons (Sms);
{6) finely interlaminated siitstone and mudstone (Mf)); {7) wave-tipple cross-laminated

sitstonie/fine sandstone (Swr); and (8) mudstone (Mm).

Fig. 3.1:  Moasured section through the Rosh Pinah Formation at locallty 7, south-
east of Pickelhaube (Fig. 24).
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(a) Descrip-tio_ﬁ of iithologles
The grey to dark grey matrix of the matrix-supported massive conglomerate (Cms)
cansists of medium to caarée grains of quariz, feldspar, and lifhic grains including
micaschist, with a quartzitic, caicarsous and sericilic cement. in handspecimen, the
sandstone grains vary from < 0,5 mm to 2 mm and have an angular shape. The
conglomerate clests consist of subénguiar o subrounded clasts and boulders of vein
quartz, gneissic granite, granodiorite, quartzite, micaschist, phyilite, and brown
weathered dolomite. The average clast size ranges between 2 to 30 om, but within
some beds, large isolated dolomitic boulders (Fig. 3.2), up to 100 X 5 m in dimension,
are present. |
The sandstones (Sms, Sng, Sig), which are interbedded with the conglomerates (Cms;
Figs. 3.3 & 3.4), consist of quartz, plagioclase, muscovite, biotite, and rock fragments,

Fig. 3.2: Massive dolomite boulder within the cunglomsrates of the Rosh Pirgh
Formation at localily 7, south-east of Pickelhaube (Fig. 2.4).
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Fig. 3.3: Massive conglomerate (Cms) displaying normal and inverse grading in
beds with gradational contacts at focalfty 7, south-east of Pickelhaube

(Fig. 2.4).

Fig. 8.4 Sharp scour contact within massive conglomerate (Cms) at locality 7,
south-east of Pickelhaube (Fig. 2.4).
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with accessory iron oxide. The sandstones vary frorn dark grey to dark brown and
reddish brown, depending on the amount of iron oxide. The size of the graing varies

in handspecimen from < 0,5 mm o 2 mm and they are often]omed by granules and
pebbles of guartzite. The shape of the grains, granules and pebbles is sz,;l;:angulaf to |
subrounded. \

The wave-ripple cross-laminated sandstone and siltstone (Swr; Fig 3.5), which is
interlaminated with mudstone (Mfi, Mm) and interbedded with the -
conglomerate/sandstone units (Cms, Sms, Sng, Sig), consists of, in the order of thisir
abundancs, quartz, muscovite, biotte and iron oxide. The matrix comprises
predomlnanﬂ;; quartz and muscovite. The colour of the silt/srndstones (Swr) is light
brown to brown. The shape of the grains is angular to subangular. | |

The mineral composition of the biue-grey-silver to green-grey and dark-grey phylitie

Fig. 3.5 Thickly laminated and very thinly bedded wave-ripple cross-laminated
sand-/siltstone {Swr), Interiaminated with mudstone (Mfl) at localliy 7,
southeast of Pickelhaube {Fig. 2.4); note peneirative s2 cleavage from
bottom lefi to top right.
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mudstones (Mm, Mi), which are interlaminated with the fine sand- and siftstones (Sms,
Swr; Fig. 3.6), consists of quartz, muscovite and biotite, with a variabla amount of.
carbon, Ieadmg to its occasional dark grey colour, as weli as smalle; amounts of

chiorite and feidSpar lron oxide and tourrnalma occur in aocessory amounts.

(B) Description of sedifnentary facles _
The massive conglomerates (Cms) and Sandstones (Sms, sng, Sig; Fig. 3.3) are voth
bedded and unbedded and contain a varisty of wall-presewad sedimentary gucigs.
Bad thtcknesses of the different sandsmnes or cnng!nmerates w;thm these units range
from several centimetresto 5 m (Fig. 3.1}). The ov rall _t.h!.ckness of the
conglomerate/sandstone cycles can vary between 5'."'to 5m (Flg 31; Beds are aften
structureless, but commonly display sedimentary structurps such as normal and
Inverse grading in beds with gradati__nnal corttacts (Fig. 3.3). Occasionally sharg scour
bases are also present (Fig. 3..4). A plane stratification within the massive
conglomerates (Cms) is manifested by the weak normal and inverse gt"ading.. The
sorting of.the massive conglomefatu and #ts matix (Cms) and the -sandstnr‘;%s (Sms,
Sng, Sig; Figs. 3.3 & 3.4) is very poor.
The magsive m‘udstoneé (Mf'n) display no sedimentary structurés and usually have
sharp contacts with the interbedded ;’interiamiﬁated conglomerate /sandstone -
ithologies. The overal! thicknesses of the massive mﬁt;!s;pne units vary between5t0 |
40 m (Fig. 3.1).
The Ia;ninufsd mudstones (Mf) are thinly plaﬁe—laminated (a "-Il nm 1o 3 mm; Fig. 3.6)
and are interiaminated with massive sandstones (Sms) at the contact to the over- and

underiying conglt_jrﬁarate/sandstone units, Towards the contacts with the
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Fig. 3.6

Fig. 3.7:

T

-

i
tf

Thinly ilaminated mudstone (Mfl) at the transition from sandstone to
mudstone Iithologies at locality 7, south-east of Pickethaube (Fig. 2.4);
‘note the penetrative bedding-subparalis! #1 cleg.age.

Wave-ripple marks within the mudstone$ (Mfi) and sand-/siii ones (Swr)
of the Rosh Pinah Formation at locality 8 (Fig. 2.4).
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congtomsratejsandstone urits thicknesses of the sandstone beds Increase. Corftacts
with the structureless massive mudstone (Mm) are gradational. In places, the contact
Zone betweeh the ﬁbnginmérate/sandstone fithologies (Cms, Snig,I Sig, Sms) and the
midstones incluq_as'wave—ripple-crass-laminated sand- and slitstones (Swr) With fine
mudstore inciusiops, interiarninated and interbeddad with mudstones (MI';I, M#t; Figs.
3.5 and 3.7). | |

The sandstone/sitetones (Swr) and mudstones (Mm, M) are thickly laminated to véry |
thinly bedded (1 to 8 cm) and may consist ¢ dark grey carbon-tich mudz.‘.idﬁa {Mmm;
Figs. 3.1 and 3.5). | |

_ {c) Contact relationships

In thé transition zone betwasn mudstons and sa:ndstones a distinctive coarsening and |
thidkening upwards and dawnvﬁards of the sandstone and mudstone beds is |
di_splayeé. ‘The thicknesses of the transitional ionas rom conglomerats/sandstons .
lithologies to.méssive mudstones vary between 5 to 25 m, but contacts can also be
sharg;.' |

Up to five lsige scale conglomerate/sandstonis/mudstone cycles can be defined within
the Rosh Pinah Formation south-west of Rosh Pinah. -

{d) Interpretation
Normel and inverse grading within the massive conglomerates (Cms) and sandstones
(Sms, Sng, Sig), the preserice of sand sheets, the subangular to subrouﬁded' shape
of clasts, the immature composition of the sandstonss and the canglomerate matrix,

the extraordinary large size of some dolomite boulders, as well as the presence of

a1




basement—deﬁved-clasts indicate a debris-flow-dominated environment, iyplﬂa! for
debris-flow-dominated fans. Similar paiaeosnvironments have been commonty
identified in sedimentary rock strata throughout earth history, e.g in the Ar&hgaﬁ .
(Buck, 1980; Kingsley, 1984; Stanisiraet and McCarthy, 1891), Praterozolc: (McGowen
and Groat, 1971; Middiston and Trljillo, 1984, chton_gnd Clemmey, 1986; Master,
1991) and Phanerozoic (Biuck, 1967;.Stae! and Aésheim, 1978; Schuiltz; 1954:
Hayward, 1983; Wells, 1884; Derbyshire and Owen, 1990). Modern analogues of thesa
debris-flow-dominated fans are the Yalsh fan defta in south-east Jamsica (\escott and
Etheridge, 1980), the Gilgit Fans of the Karskoram Mountains (Derbyé}ﬁfa and'Owen,
1990), and the Hanaupah Fan in the Death Valley region, USA (Bull, 1963; 1972;
Denny, 1885; Hooke, 1967). Alf of these fans are dominated by debris-flow deposits
interbedded with alluvial deposits, particulary those of shallow, br_i.. :lided streams or
sheetfiows, The aburidance of more serdy or conglomeratic material within this facies
gssociation indicetes sheetfiood processes during further distal or proxima!i deppsiﬁon
wﬁf-uri' such éﬁ environment. .

The massivé mudstones (Mm) and plans-leminated mudstones (MH) and, in places,

the highly carbonaceous composition of some,rnudston@s (M3}, indicate deposition

. within_ a quiescent subaqueous enviranment, in which clay particles could settle. The

absencs of quariz arenites, often dévelaped as a resutt of wave action in open coastal
marine settings, the immature niature of the siltstones/fine ¢andstones and
interlaminated and interbedded sandstones (Swr, Sms), indicate that these sediments
formed as debris fiows and fan deltas prograding into a lake hody. Wave-rippie Cross
lamination with mudstone inclusions within the fine sandstones/siltstones (Swr) and

the interlaminated and Interbedded mudstones (Mfl) indicate minor wave reworking
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along a shoreline abrve lacustine wave base,

Ancient gnalogues of fan deltas are representad by the Oligocene-M-i@cena
conglomerates of the Meteora monasteries region in Greece (Ori and Roveri, 1987),
which were deposited during fuctuations In the water level, which affected both the
subaerial and subaqueous facies of fan deltas, and the Tertiary rift basins in the Bohal
region of northeastern Chiné (Qheh -Channing; Huan Jiakuan et al., _1981; Cheh
Chanming, Hl'-.iang Jiakuan et al;, 1982). Within the East-Africén intracontir;]ental rift
system itself, which represents a modern example for enviranments dominafed by
alluvial fans progpadiﬁg as fan deltas ihtn lacustrine enviranments, clastic sedimant is
fimitec! to material derived from neighbouring fauit scarps and upifted blocks witkin the
rift and transported through the few river channels that flow along the rift. Theréfora,
the dominant sediments &= those of alluvial fans and fan deltas prograding into lakes
(Mitchell and Reading, 1986).

322 Co;a_rsa to fins clastics/carbonate facles assaclailﬁn: proximal to

distal brald plain, alluvial fan and lacustrine qlepc__';siﬂonal system
The following facies were recognized within this facies associztion: [‘l} massive, mafrix-
supported conglomerate (Cms); (2) massive arkosic sandstone (Sms); (3) normally
graded arkosic sandstone (Sng); (4) inverse graded arkosic sandstones (Sig); (8)
tabular planar cross-bedded‘-sand.stene Spc); () trough cross-bedded séndstone
Sto); (7 ﬂéi:te marked sandstone (Srm); (8) mudstone (Mtn);' {8) massive carbonate
(Lmd). - K




(a) Description of Iithologies

The sandy matrix of the conglomefates (Cms) and the sandstones and pebhbly
sandstones (Sms, Sng, Srm) t_weﬂying the basal conglomerate are medium fo coarse
grained and consist of plagioclase, quarz, muscovite, bictite, and chlorite, with
accgssory titanite, zircon, and tourmaline. Clast sizes vary on average between. 2 mm
and 5 cm and consist of subrounded white quartzite. The composiiion of the tabular
planar and trough cross-bedded quartzitic saﬁdstones {Spc, Stc) is more mature,
containing a highér amount of quartz than. the othier sand'étones within this facies
association. | | '

The phyllitic mudstones (Mm) are generalﬁ slver-grey to green-grey and consist of
quartz, muscovite and biotite. They can also be dark grey to black dus to an

enrichment of carbon. At locality 22, the mudstones are black and are associated with

- Fig. 3.8: Biack, graphite-rich mudstone (Mm) of the Rosh Pinah Formation

displaying sulphur efflorescence (locality 22; Fig. 2.4).
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Fig. 3.9: Grac?ed beds within arkosic sandstones of the Rosh Pinah Formatior in
_ the core of the Annisfontein Anticlinorium near Iocamy 1, immediaiely
north of the Orange River (Fig. 2.4).

a yeliow suiphur eft‘urescance {Fig. 3.8).

The massive carbonates (Lmid) are light grey to grey anci dolomthc in composition.

(b) Description of sedimentary facles |
The matrix-supported massive conglomerates (Cms) contain sedimentary stmcturas
in the form of upward fining and upward coarsening pebbly bads, with units varying
in thickness betwéen 15 cm and 10 m. The matrix comprises medium to coarse and
pebbly sandstones. The subrounded pebbies and congiamerate clasts comprise
mainly quartzite with average sizes ranging between 2 mm and 5 cm. Thé base of
these boeds is usi.lally a sharp scour surface. Some patches of matrix supported

cenglomerate {Cms) are recognized within the massive sandstone (Sms) units. The
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Fig. 3.10;

Fig. 3.11:

Measured section through a portion of the Rosh Pinah Formation in the
core of the Annisfontein Anticlinorlum at locality 1 immed:ata!y north of
the Orange River {Fig. 2.4). :

Linguoid out-of-phase Hpple marks within sandstones of the Rosh Pinah
Formation, about 2 km south of Gumchavib trigonometrical beacon (Fig.
24).




Fig. 3.12:  Sinuous oul-of-phass ripple marks within sandsiones of the Rosh Ainah
Formation, about 2 km souﬂl of Gumchavib trigonometrical beacon (Fig.
2.4).

Fig. 3.13:  Tabular planar cross-bedded quartzitic sandstong (Spc) of the Rosh
Pinah Formation at localily 22, about 4 km south of Gumchavib
trigonometrical beacon (Frg 2.4).
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Fig, 3.14:  Measured section through the Rosh Pinah Formation at Jocallty 22, about
4 km sputh of Gumchavib trigonometiical beacon (Figy. 2.4).
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Fig. 3.15: Measured section through parts of the Rosh Pinah Formatfon at
locallty 30, west of Gumchavib Mountain.
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Fig. 3.18:  Trough cross-bedded quartzitic sandstone (Stc) of thé Rosh Pinan
Formaticn at locailty 22, about 4 km south of Gumchavib trﬂgonometnca!
beacan (Fig. 2.4).

congiomerates and fha\‘r matrix are poorly to moderately sorted.

The feldspathic sandstones (Srhs, Sng, Sig, Srm) within this facies association are
generally medium to coarse and poorly sorted. Normal grading is common withir
pebbly arkosic sandstones (Sng) with bed thicknesses varying from 2 cm to 2 m (Figs.
3.9 & 3.10). Asymmetrical linguoid and sinuous out-of-phase ripples are also present
(Figs. 3.11 & 3.12). Set thicknesses of graded coarse to medium sandstones of the
tabular planar cross-badded sandstone (Spc) within the Rosh Pingh Formation vary
from 10 cm to ~50 cm (Figs. 3.13, 3.14 & 3.15). The troughs of the trough cross-
bedded sandstones (Stc; Fig. 3.18) vary from 10 X & cm 1o 150 X 50 cm in width énd
height. Scrrce palasocus .ent directions of the troughs and planar cross beds indicats

a westerly drainage. At localities 22 and 30 (Fig. 2.4) the massive sandstones (Sms)
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are poorly sorted with bed thicknesses varying from severai centimetrss to tens of
metres. Thalmassiﬁs sandstones are interbedded with normal and 'invérse graded,
medium to pebbly sandstones (Sng, Sig) and tabular planar cross-bedded sandstones
(Spc). At these localities, bed thicknesses of the normal and inverse graded
sandstones (8ng, Sig) range from 5 to 10 om (Fig. 3.15). Bed thicknesses of
interbedded mudétnnes (Mm) range bstween 5 cm to over 20 m and &isplay no
sedimentary structures,
The interbedded ca_rbonates display nc sedimentary structures, The contacts between
the carbonates (Lmd) and sandStones are sharp.

(c) lniérpretation
The low maturity of the medium to coarse and pebbly sandstones (Sms, Sng, _Srm,
Spe, Stc) and mudstones {Mm), and the presence of graded beds together with ripple
marks, trdugh cross-bedding and tabular planar cross-bedding indicate a.fluvial
environment, generated by a bi_'aided fluvial system representing both channel and
overbank sedimentation. More specifically, the massive and normally graded matrix
supportéd conglomerates {Cms) represent the highest energy environment of
deposition and reflect the growth of longitudinal bars at the base of braided channels.
The conglomeratés {Cms) form the cores of these bars, and tabular planar cross-
bedded feldspathic sandstones (Spc) may represent the migration of transverse bars
and megaripples (compare Smith, 1671; Boothroyd & Ashisy, 1975; Miali, 1978). Each
upward fining sequence reflects a single channel body.
The coarser grained feldspathic massive sandstoruss {Srhs) probably represent sands

in which sedimentary structures were not preserved, with the mudstones (Mm)
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represerting overbank deposits. The .sedimeﬁtary assoclations suggest a braided

fluvial system such as recerded for the South Sdikatchewan River and/or the Platte
River (Mifall., 1978; Harms et al., 1982) for the deposition of this facies association. In
particular, the paucity of conglomerates in this facies association suggests the
deva!bpmant. of a distal fluvial setting ana!ogous to the South Saskatchewan and
Platte-type ﬂuwa! setting with the corstlnued influx of pwdommanﬂy sand, rather than
an alluvial fan setiing, unmnformably overlying the basement
| The massive (Smsji ana normally and inverse graclec__l sandstones (Sivg, 8ig) at
localities 22 aﬁd 30 (Figs. 3.14 & 3.15), which are interbedded with tabular planar
cross-bedded sandstones (Spc), probably represent debris flow deposits Mthin a
streamn dominated aliuvial fan, These deposits efther pm‘gradg into a lake body as a
fart deita or represent the earfiest maine fransgressions, drowning recrystalized aigal
mais (Lmd) through dasﬂc input during water level changes, which are either tectonic
{if lake body) or eustatic‘ of marine wansgrafgsion) in origin
\\
3

323 'CIasﬂes/ﬁrbanata/bimodal" volcanic facies association: fluvially,

alluvial fan and lacustrine dominated depositional system with

voicanism

The following facies ocour within this facies association (Figs. 3.17 & 3.18): (1} -

massive, arkosic gandstones (Sms); (2) nonmally graded- arkosic sandstone (Sng); (3)
massive mudstone (Mm); (4) fine laminated mudstone (Mfl); (5) massive carbonate

{Lmd); {6) felsic voicanics (Va); and {7) massive sulphides (GoSu).
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{a8) Description of Mﬁologiés :
The sandstones (Sms, Srg) are red-brown to grey and cons{si of subangular to
subrounded grains of quariz, plagioclase and carbonate, as well as biotite, muscovite
and chiorite, The sandstones are medium to coarse and often pébbly with maximum

pebble diama,térs of 2 cm, with pebbles comprising subanguiar to subrounded

quartzite and plagiociase.

FE
o

The mudstones (Mm, Mﬂ) vary from si!ver%réy to grey-green and black and consist
of quartz, biotite and muscovite, ans* + #inor chiorite and feldspar, associated with

m
1500

a

ol

Fig. 3.17:  Measured section through a portion of the Rosh Pinah Formation in the

cenitral part of the Roolkat thrust slice (Fig. 2.3).
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varying amounts of carbon, anﬂ can ba described, depending on thelr n_'alative '

composition, as biciite-muscovite sehists and be interpreted &s carbgnapeous or biack

' !.J
- uds originally. o o [

iI

The carbonates (Lmd) ase dark yréy, dolomitic in composition with a |high amount of
carbon, which causes its dark coloun

The volcaﬁics (Va) are whité—grey to light brown and tight red and consist of
approximately 70% quariz and 3% feldspar with a por,.hyritic texiure (=ee section
At loc:alrly 5 (Fig. 2.4,j, within the Rooikat thrust slice {Fig. 2.3), & 40 6m goss}ah {GoSu)
indicates the posmon of massive stfi&ﬁde and s mmdm with massive feldspathic -
sandstone (Sms) and mudstone {(Mm; biotite schist) The gossan is dark brown,
porous and spongy, and is assuwiated wm P.J-suiphlde mmeralzzatlon withirt the

\\

Rooikat thrust sfice. The overlying sandstone at the contact of the glssan is white to

“reddish and strongly silicified.

(b) Description of sedimentary structures and facies

Sadimentary structures within the sandstenss (Sms, 8ng) range from massive
structureless (Sms}) to normally graded beds of mesadium- {o coarse pebbly sandstone.
Bed thicknesses range from 10 cm 1o 70 em (Fig- 3 17) The grain size within a graded
bed can vary from a maximum of 2 cm within pebhly sandstones to fine sandstone or
mudstone. . :
Themudsinnes (Mm)vazyinbedﬁnc!mewfrom&Dcmton Theyaremm'bedded
with carbon-rich black carbonates ( Lind; Figs. 3 17 & 3.18).

No sedimentary structuras are displayed within the carbonates (Lmd), which have
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Fig. 3.18:  Mocasursd section through a portion of the Rosh Piriah Formation in the
northem part of the Rooikat thrust slice (Fig. 2.3).

sharp contacts to the f.l'.mder- Iand overlying iitholagieé.. Up to 2 m thick feldspathic
sandstone beds, aé weli as carban-rich mudstones..are interbedded within the
carbonate (Fig. 3.18). Overall thicknesses of these carbonates very from 1 mto > 15
o o _

The thicknesses of the volcanic beds Q/a) and sulphides range from 40 cm to 2 m and
pinch cut laterally within several tens to hundréds of metres, The contact to the under-
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and overiying feldspathle sandstones is shaip. |

The gossan (GoSu) is iﬁterlayered within an underlying massive mudstone (M) and
an overlying massive feldspathic sandstone I(Sms). The contact to the ovstiying
san&étone {Sms) Is sharp. The amount of hematitic Fe-oxide within the undsrlying
mudstone eppears. to increase gradually towards the contact with the gossan {GoSu).
The overall thickness of the gossan (GoSu) does not exceed 40 cm and the bed

pinches aut laterally within tens of meres.

{c) Interpretation

The relatively large thicknass. of up to 5§ m of the massive and laminated mudstone
units (M_rﬁ, I} and the carbonaceous nature of the mudstonss indicate a relativaly'
deep and quiescent depositional environment, in which fines could settle from
suspension (Jenkyns, 1988). N _

The presence of darbonates, which are interbedded with the mudstones (Mm, Mf) and
sandstones (Sms, Sng), indicates a subadgueous deposition of the mudstones (Mm,
Mil), the carborates (Lmd) and the sandstones (Sms, Sng). The immature compositiott
of the feldpathic sanustones ana the absence of quartz aranites, the latter often
indicative of marine beach processes operaiing in open marine settings, indic.ies a
probably lacustrine srwironment for the deposition of facies Mim, Mfl, Lmd, Sms, and
8ng. The massive, structurelass pabbly,. medium to coarse sandstones (Sms) were -
deposite.d as distal fan deltas into the lake body. The graded feldspathic sandstones
{8ny) and interbedded r “psive sandsiones (Sms) were deposited in a braided fluvial
system within stream-dnmfnatad aliuvial fans (Collinson, 1986), prograding into a lske

boedy as fan deltas. A modern analogue of stream-dominated fans', which have
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probably confributed a great deal to the geological record (Callinsoﬁ, 1988), is that of
the Kosi River, which emerges from the Hinialayén footh_ills t't': develop a fan
prograding into the Ganges Valley (Gole and Chitale, 1958},

The volcanics (Va) were deposned as distal acid volcanic flows into & shallow
lacustrine environment, interbédded with alluvial fan deposits. |

The origin of the Fe-oxide might be subaqusous, volcanogenic vents near deep

reaching fracture and fault zones, associated with volcanic activity in a developing rift

system.

3.2.4 Conglomerate facies association: a transgressive hasal
conglomerate depositional system

This facies association consists only of & matrix-supported conglomerate (Criis).

(a) Description of iithologies
This facies association consis's of a matrbc-supportéd oonglomeraté comprising & light
brown, quartz-rich, feldspar and mica bearing, medium grained sandy matrix and is
monomictic, containing exclusively angular to subangular, strongly defermed grahlte

clasts with diametsrs up s 40 cm.

{b) Description uf sedimentary situctures
The conglomerate at the base of this facies association, overlying the granitic

basement unconiumably, is approximately 3 m thick and mah'lx-sjiu_;aported, displaying

no sedimentary features.



- {¢) Interpretation
The massive conglomeratg (Cms), overlying the granitic basement uncorformably, is
interpreted as 8 ansgressive basal congiomerate,
d
325 ‘The geology cf the Rosh Pinah and Spitzkop area (IMCOR Zinc Lid.

Mine Grant Area)

As access fo the Rosh Pinah and Spitskop areas was denled by IMCOR Zinc Lid., only

& summary of alrsadi« existing literature dealing with the geology and ‘associated,

stratabound Zn-Ph-Cu-sulphide mi_naralizatlnn of these areas will be given in this

chapter. Geological studies of the areas were published by McMillan (1668), Pags & |

Watson (1976), Watson (1980), Van Vuuren (1986), Slegfried (1990), Siegfried and

Moore (1990) and Lickfold (1990), but no measured verticel sections have been

compiled. _
'The Rosh Pinah Formation in thess areas has been described as essentially consisting

of two members, a lower volcanic member and an uppar member of mainly

sedimentary origin (McMilar., 1968, Page & Watson, 1968; Watson, 198; Van Vuurer,

1988, Slegfried, 1990).

The lower volcariis member, described by McMillar, (1968) as the lower volcanic stags,

ie restricted *J the areas north and north-west of Rosh Pinah and best developed at °

Spitskop Farm, appr;sxin';ately' 15 km north of Rosh“Pinah. The upper sedimertary

member is confined to the area In the immediate vicinity of Rosh Pinah and north of - |

it.



(a) The lower volcanic membei‘_ of the Rosh Pinah Formﬁtian inthe
Spitskop Farm area |
The lower memiber of the Iﬁosh Pi'nah #orrnation comprises & hasal conglomerate,
¢ «%igin by a succession of felsite and subordinate agolomerate with locally developed
beds of quartziié, phyllite, carbon-rich argillite and limestone (Page & Waisan, 1976;

" Watson, 1980). The felsite is often strongly; sheared. Aggldmeratic felsite ocours as

fenses in th&%lsta neér the hase rJf the formation. Lenses of carbon-rich argifite and

limestone Qfé interbeddesd with thé felsite. Twartzite, which is uriazrlain by volcanic
rocks, .pfcbabiy forms pért of the oveﬁyingsedimentary member of the Rosh Pinah
Formation.

| Wats&n"jflasm subdivided the felsitas Into two malor groups, massive felsite and

sheareqirf;i\‘si_te. | .

The massive felsites are characterized by Watson (1980) by the following featqres:

1) Equfg:anufar falsits, which consists of quartz.and feld_sp.ar'df approximately the
same size (average 10 Xm) with a typical felsitic texture. Pyrite can be present
in places. |

2) Porphyritic and glomeroporphyritic felsite, where quariz grains can become
larger in places and the rock takes a porphyritic and glomeraparphyritic texture,
Phenocrysts are 1 - 2 mm across and consist mainly of guartz, perthite,

| orthoclase and aibite, ocourring as sporadic isolated grains in th matrix.
The matrix can also be heterogeneols in grain size, with larger grains of quertz
and feldspar (50 - 125 pm), that ocour as clusters. The rock can contain a

reasonable amount of pyrite, subordinats dolomite crystals and cccasienal

rmica,



3) Spheruliﬂcfafsﬂelsdwra&erkﬁbyﬁamdmaﬂbhrgesphsmﬁtes
(0,5 - 1 mm) and in places by the presence of quartz phenocrystes in a normel
felsistic matrix.

4)  Amygdaloidal felsite comprises the equigranular felsite with large, oval shaped -
amygdales of quartz and dolomite,

5) Hypidiomorphic “felsite" does not display a typical fefsitic texture, butis
composed essentially of acicular grains of feldspar and roundish grains of
quartz, with pyrite as a comimon accessory.

B)  Felsic uff and agglomerate display spherical to angular particles of felsite, set
In a normal felsitic matrix. L

The intensity of shearing within the sheared felsite can be highly variable. The

predominanfly low intensity of shearifng is characterized by the presence of small

amounts of mica. Biotite and chiorite é;n*e cdeveloped in places in addition to comrmon
sericite. Strongly sheared felsite is represented by quartz-mica schist, which can

enclose gligned lenses of normal _falsite {Watson, 1880).

Cheniical analyses and mineral composition of the feisites are in accordance with

falsites and rhyolites (Watson, 1980).

(b) The upper volcano-gedimentary member of the Rosh Pinah Formation
within the "mine concession area" at Rosh Pinah
No measured vertizal sections of the upper sadimertary member of the Rosh Pinah
Formation, which was describecl by McMillan (1968) as the "upper volcano-clastic
stage of the Kapok Formation®, have been publiéhed. It consists mainly of a well to

poarly sorted coarse to pebbly faldspathic sandstone, with sedimentary structures



ranging from massive sandstons (Sms) to normal and inverse grading (Sng, Sig), a5
well as occasional tabular planar crdss-badding (Spc). Inconsistent layers of black
argillite (Mm), chert, h‘rﬁestone {Lmd), quartz-muscovite schist (Mm}, quartz-biotite
schist (Mm), biutita_—albite schist (Mm) and amphibolite and felsite (Va) are interbadded
with the coarse and pebbly feids;;athié s_andstanqs (Sms, Sng, Sig, Spc; Page &
Watson, 1978). In the immediate vicinity of Rosh Pi:inah tho eastern part of the Rosh
Pinah Formation is underlain by the lower voicanic member, whereas the westam and
north-western areas consist of the upper sedimentary member including beds of delsic __
lava and amphibolite sils. | | '
Tha feldspathic sandstones (Sms, Sng, Sig, Spc) are light to dark grey. Schistose
feldspathic s_andstone is commonly dblamite-bearing and has abrown weathered
surface. They are generally poorly sorted aﬁd contain well rounded to angular clasts
cf granits, feldspar and quartz within a fine grained matrix of quartz and feldspar.
Muscovite and sericits is abundant in the schistose sandstones. Towards the north of
Rosh Pinah, biotite is, in places, & prominant constituent. Dolomite can appear as &
major phase in caicarecus sandstones and ocours as interlocking grains with quartz
and feldspar. Chemical analyses of some sandstones are, in places, enriched in
barium (Page and Watson, 1976; Watson, 1986).

The argillite is dark culoured and appears as lenticular beds within the feldspathic
sandstones. At the mine workings .it is assoclated with a similar looking, but harder -
"microgquartzite” {(Page and Watson, 1976).

Disc:ontin_uous dolomitic carbargét'e beds (Lmd) and smali elongated bodies of
dolorriic carbonate (Lmd) pecur within the felsites (Va) of the.Hosh Pir_zah Formation.

They are grsy and dark grey, generally fine grained and carbon-rich. Carbon-rich



dolomitic quartzite can be associated with these beds.
Sulphide-bearing dolomitic carbornate rocks, considered o be primary limestones
griginally, are developed within the ore horizon of the ore-bodies. |

Lenses of quartz-mica schist ars present in places and are either related to shearing
along fault zones or they are of volecanic origin (Page and Watson, 1876; Watson,
1980).

Porphyritic felsite, which is restri.cted to the upper part of the upper sedimentary
member of the Roéh Pinah Formation, is similar in appearencs to the porphyritic
féisite of the lower member of the Rosh Pinah Formatior. 'E

Dark coloured amphiboiites are prasent as discortinuous zones and small bodies in
feldspathic sandstone, and represent éither gltered basic .lava or altered basic
intrusions (Page and Watson, 197’6; Watson, 1980).

Carbonate hosted Zn—Pb-Cu-sulphidé mineralized bodies oceur within the upper
volcano-sedimentary member of the Rosh Pinah _Formation at Rosh Pinah and at the
Anglo American Skorpion Exploration Camp in Diamond Area No.1, about 20 km
north-west of Rosh Pinah. Sedimentary structures, such as ripple marks, are preserved
within the stratfiorm mineralized ove bodies, |

{c) Carrelation with facies associations of the study area
The poorly sorted coarse to pebbly feldspathic sandstones (Sms, Sng, Sig, Spc) of the
upper voicano-sedimentary member witithin the "rnine concession area® resemble the
mixed coarse fo fine clastics/carbonate facies association (section 3.2.2) of the study
areg and were probably deposited in a similar stream dominated aliuvial fan

depositional system, prograding as a fan delta into a lake body and drowning
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recrystallized aigs! mets (Lmd). Occasional felsic volcarics (Va) of the upper voicém-
sedimentary member, which are intarbeddad with the sandstones (Sms, Sng, Slg,
Spe), resembla the rocks w’-uch were deposrted within a fluvially, |
alluvial fan and lacustrine dommgted dapoemonn.. system (section 3.2.3), associated.

with volcanism recorded within the Roolkat thrust siice.

3.2.6 ~ Reglonal distribution of the facles asscciations

The various facies associations described in the text in the previous sections are
confined to several thrust slices, as shown in Fig. 3.19.

The most widespraad facies assoclation within the study area is the coarse to ﬂne
c:lasﬁcs/céfbonate facles association, described in section 8.2.2. itis confined to |
several thrust sfices, mainly to the Gumchavib thrust slice and parts of the Gemsbok

thrust slice, as shown in !Fig. 3.19. The cérbona'tes within this facies association are
cnly exposed within the Gumchavib thrust slice and the "mine concession area” within

the Rosh Pinah thrust sfice. Within the Gumc!'lavib thrust slice this fébies association

was recognized at Gumchavib Mountain, as well as approximately 1.km horthaast of
locality 22 and 2 kin north of the Orange River within the western limb of the

Annisfontein anticlinorium (Fig. 3.19). | |

The conglomerate/sandstons/mudstone facies association (section 3.2,1), which was -
deposited in & fan delta/lacustrine dominated environmeny, is exposed throughout the
Gemsbok thrust slice and within several imbricate thrust sheets within the imbricate
zone in the eastern parts of the Dreigratberg thrust slice. it is also present at the litdle
outcrop approximately 1 km east of Rosh Pinah, indicating thet this facies associétﬁon
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Fig. 3.19; Regional distribution of the several facies associations developed
: within the Rosh Pinah Formatlon; for position of thrust sfices and
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continues in a north-westerly diractiori into the beds of the Rash Pinah Formation
within the Rosh Pinah M;untain, wﬁich host the Rosh Pinah Zn-Pb-Cu-sulfide ore .
_._bodies themseives (Fig. 3.19).

The volcano-sedimentary facies association of the Rosh Pinah Formation is only
‘exposed withinthe Rooikat thrust slice (Fig. 2.3), within the "IMCOR Zinc mine
corcession area” and at Trakpoort Farm {Fig. 3.19).

Within the "mine concession area” the lower voleanic rember, descﬂbed by
McMillan (1968) as the lower volcanic stage, is restricted to the areas north and north-
“west of Rosh Pinsh and best developed at Spnskop' Farm, approximately 10 km north
of Rosh Pinah. The upper sedimentary member is confined to the area in the
“immediate vicinity of Rosh Pinah and north of it.

The transgressive conglomerate described in section 3.2.4 is exposed at Obib
waterhole and on Trekpoort Farm, where it overliss granitic basement. As the

)
thickness ofmmaclesxassoctahondnesnotexceed 10 m,itlsmtshowraMFg 3.19e.

3.2.7 - Veriical sedimentary facles association vaﬁatlons _

The recognition of significant vertical facies variations within the Rosh Pinah [Formation
.is rendered difficult by the fact that it Is restricted to the several allochthonous tectonic
units which generally only consist of one facies association. |

The most prominent vertical sedimentary facies association variations were desyi’ibed
by McMillan {1968), Page & Watson (1976), Van Vuuren (1986) and Siegfrisd (1950)
from the Rosh Pinah and Spitskop Farm areas, where a lower wbleentc and an upper

mixed volcano-sadimentary member of the Rosh Pinah Formaiion is exposed. Within
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the upper voicano-sedimentary unit of the Rosh Pinah Formation, a grada@onal

decrease of clast and grein size, as well as an increass of the calcarsous component

 is present towards the top of the succession. At Rosh Pinsh Mountain within the *mine

concession area”, the conglomerate/sandstons/mudstone facies associatior: {section
3.2.1). which was deposted in a fan delta/lacustrine depositional system, is over- and
underlain by a several hundreds of metres thick sandstone/mudstone/carbonate
facies assdciaﬂon of the volceno-sedimentary unit (McMillan, 1968;Page & Watsor,
1976; Van Vuuren, 1986; Siegfried, 1990), which v#as deposited in a similar aflivial
fan/lacustrine palaaoeﬁvironmer-_‘._';;associated with bimodal voicanism.

Within the fan delta/ lacusirine facies éééi}ciation itself (section 3.2.1) no vertical
variations ars recorded.

Within the fiuvially/aliuvial fan/lacustrine deposited faciés_ association (section 8.2.2),
and the volcano-sedimentary facies association (section 3.2.3), interbedded
carbonates, probably lacustrine in nature, become more abundant towards the op of
each succession. In the volcano-sedimentary facies association within the Rooikat
thrust slice, this increase of carbonate deposition is congumitta:ﬁ with the increase of
felsic volcanics. A distinct vertical facies variafiorr is recoraedatthe gradational cantact
of the Rosh Pinah and the warlying Gumehaviby Formation, which records the earliest

marine transgression, which will be described in section 3.3.

328 Lateral sedimentary facies association variations
The recognition of significant lateral facies variations within the Rosh Pinah Formation

is made difficuit by the fact that most facies associations are restricted to



£

allochthonous tectonic units with @ restricted lateral e)d:arssioh. The strong: deformation,

caused by thrusting, the presence of imbricate ti1m$t zones and intense i2'ding of tha

rocks within the study area, also renders the ra&ogmﬁon of !afmanacres voriations

difficult.

A prominent lateral faéﬁes Qﬂl‘iﬁﬁﬁﬁ:‘ - desa.nbed from within the "mine cdlcessmn

area” within the Rosh Pirgh and Spitzkap beds (Page and Waison, 176; Van Vuuren,
1988 Slegfried, 1990). The volcanic beds at Spitzkop Farm were described as lateral

faciés equivalents of the volcano-sedimentary sediments further southeast towards

Rosh Pinah Abcnrdl'ng to Van Vuuren (15%36), the volcanic Spitzkop beds were

deposited near a volaanic centre: srtuatqf‘d at Spitzkop Farm, whereas tha mixed
volcano-sedimentary beds and the se&mentary bads within the same tactoriic umt Gl

were deposited in a more distal environment further southeast. This observationis

supporied by reconnaissance mapping at Trekpoort Farm approximately 25 km

northwest of Rosh Pinah, which showed & distict in¢: ‘ase of felsic volcanics within the

~ same tecionic unit, showing, thnt these volcanics are a lateral facles equivalent of the

Rosh Pinah Formation sediments further south. The

conglomerate/sandstone/mudstone facies association (section 3.2.1), which was

deposited in & fan delia/lacustrine depositional system, can be followed from a locality
épproximaie!y 1 km sast of Rosh Pinah into the Rosh Pinah Mountain, .where it
pinches out in a northerly direction (persenal communications D. Alchin). At Trekpoort
Farm, the fluvially/lacustrine deposited facles association (section 3.2.2) and the
transgressive basal conglomerate facies association (section 3.2.4) of the Rosh Pinah
Formation are lateral facies association equivalents of the volcanic facies association,

showing that all four facies assoclations recognized within the Rosh Pinah Formaiion

66



were deposited concurrently and represent isteral facies equivalents.

323 Palaeogeographic reconstruction

The & —ipance p‘f cortinental sediments, the presence of bimodal voicanics within the
rocks of the Rosh Pinah Farmation, t‘na fectonic instability recorded by several cycles
within the fan delta/lacustrine facies associetion, and the fact, thet this thick continertal
sequence passes upwards I_nto a marine sequence, is typical for an intracontinental
rift depositional system (Fig. 3.20). Palaescurrent data of the Resh Pinah Formation,
although scanty, indicate sediment transport mainly in a wasterly direction. Thig ‘
indicates that the provenance area lay to the east of the present outcrop, being a
topographic high. The relative paucty of conglomerates in the westem parts of the
study area s-:ggests that thess areas were an extensive sandy to pebbly braided river
system, ﬂow!ng from @& source area in the east, wherees the area immedistely west of
the tcpagrép‘hié high was dominated by lacustrine sedimentation, associated with
prograding fan de'.lta's ahd bimodal volcanism (Fig. 3.20). A volcanic centre was -
situated northwest of Roch Pinah near Spitzkop Farm and at Trak;aoort Farm. |
Fan deltas, prograding into lacustrine erwironments i the vicinity of the topographic
high near the listric, synsedimentary faults in the east of the study area erst of Rosh
Pinab, stretching in a nortﬁérty direction along the reactivated Rosh Pinah thrust fault,
can ocou” over a great range of scales from a few tens of metras to hundreds of
kilo.metres in radius (Collinson, 18886). This Is indicated by the widespread fan
delta/lacustrine sediments along strike within the study area, which can be traced from
the Richiersveld to the area immedistely southsast of Rosh Pinah.
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- Fig. 3.20: Schematic reconstruction of the palaegeographic setting present

during the daposition of Rosh Pinah Formation rocks within the
study area. - :

The large thickness of the conglomerates of the fan deita deposits of the Bosh Pinah
Formation to the west of the Rosh Pinah thrust fault and ths paucity of these
sediments to the east of it indicates synsedimentary faulting along the reactivater! Rosh
Pinah thrust fault, as discussed in section 6.3.2, These synsedimentary fault zones
were also used for the implacement of the bimodal volcanics and mineralized brines,
which are associated with the Rosh Pinah Formation. |

Widening of the lacustrine system as a result of tectonic subsidence caused the finer-

grained facles belts to iransgréss over the coarser-grained ones. Eventually,



subsidence caussd mrine transgression from the Adamastor Ocean, & vecorded by
the presence of the Gumchavib Formation {section 3.3), and the first extensive
siliciclastic and platform carbonate sediments of the overlying Pickelhaubs Formation”
(section 3.3) | - | |
Comparisons wih other Damara it saquences in the Iniand branch and the northem
coestal branch ere deat with In section 6.1. | |
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3.3 THE GUMCHAVIB FORMATION: OPEMING-OF THE
| - ADAMASTOR OCEAN

The Gumchavib Formation forms the upper part .of the Stinkfontein Subgroup north of

the Crange River. It comprises several facies associations, representing a transition

bstweer the Rosh Pinah Forrmation and the mainly carbanate Pickelhaube Formation.

3.3.1 Sandstone/mudstone/carbonats facies agsoclation: mixed
continental and matine carbonate depositional system

The following facies were recognized within this facies assodiation (Fige. 3.21 & 3.22): |

(1) massive sandstone (Sms); (2) normally graded sandstone (Sng); (3) mausive

mudstone (Mm); () massive carbdnéte {Lmd); and (5) parallel faminated carbonate

(L. |

&
1

(a) Descrlption of lithologies _
The medium to coarse and pebbly sandstones (Sms, Sng) are dark grey to green-
grey. They consist of grains of quartz, feldspar, and minor biotite and muscovite. The
pebbles of the pebbly sandstones consist of white quartzite.
The mudstones (Mm) are green-grey consisting of quartz, biotite, muscovite and
chiorite, and appear only in the lowermast pebbly sandstones, which overly the
- granitic basement unconformably. The sandstones (Sms, Sng) are similar to those of
the Rosh Pinah Formation described in section 3.2.2. |
Towards the top of the sequence (Fig. 8.22) the sandstones (Sms, Sng) become more

calcarecus in compuasition raﬁd consist of grains of quartz, feldspar, carbonate a_nd '
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Fig. 3.21:  Measured section through parts of the Gumchavib Formation overlying
granitic basement at localfty 29, approximately 5§ km northwest of
Gumchavib M vuntain (Fig. 2.4).

minor muscovite and biotite. |
The carbonates (Lmd, Lil} are light grey to biue-grey and consist of recrystallized

cherty dolomitic limestone,

{b) Description of sedimentary facies
Within the sandstones at the base of this sequence (Sms, Sng; Fig. 3.21)}, some
ienises of massive mudstone oceur but do not exceed 50 cm in thickness.

ked thicknesyes of the overlying sandstones (Sms, Sng) vary from 1 mto 35 m.
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Fig. 8.22:  Measured section through paris of Gumchayib Formalion at locality 17,
approximately 5 km WNW of Gumchavib Mountain (Fig. 2.4).

The sandstones grade from pehbly sandétona to coarse or maddium sandstone (Fig.
3.21), often gréding from up to 5 m thick massive pebbly sandstone to coarse or

mediufn sandstone with sharp contacts with the next overlying graded sandistone hed.

Some massive sandstones (Sms) do not display any grading at all and can vary in

thickness from 1 m to 25 m (Fig. 3.21). Sorting of both the pebbly and the medium to
coarse grained sandstones is_ poor, The diameter .of the pebblés generally doss not
exceed 1 cm, howevef, pebbles measuring 5 cm diameter can oceur at the béssé of
some beds.

The massive carbonates (Lmd) do not display any sedimentary structures. The
contacts between the carbonetes with the under- and overlying sandstones are sharp.
Towards the top of the sequence (Fig. 3.22), fine parallel-laminated carbonate beds
(L) occur oceasionally within the massiﬁe carbcnates (Lmd; Fig. 3.22).
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The calcarsous sﬁndstones (Sng, Sms) are medium to coarge grained and are
generally normmally graded from coarse to medium sandstone. They are interbedded
with carbonates (Lmd; Lfl} and medium grained structureless sandstones {Sms}.
Contacts between the different sandstone beds and between sandstongs and

carbonates are sharp.

(c) interpretation

The mineralogy of the massive and nori'nall_y graded feldspathic sands_tonés and
pebbly sandstones (Sms, Sng) and mudstones (MM} In the lower part of the sequence
(Fig. 3.21) and sedimentologiéai,'«'étructures, indicate a deposition within a-ﬂ&ﬁially
dominated environment, similar to that of the Rosh Pinah Formation. The graded
sandstones and graded pebbly séndstdne‘s grade into medium sandstones (Sng). The
mudstones (Mm) reveal sharp contacts to the overlying pebbly sandstones (Sms,
Sng). The sandstones (Sms, Sng) and Mudstones (Mm) méy have been' de;aosited in
a braided fluvial system, representing both channel and overbank deposits, with the
pebbly sandstones being deposited in the most proximal environment of deposition,
reﬂecting the growth of longitudinal bars. Each upward fining sequence within the
magsive, psbbly sandstones cguld refloct a singie flood cycle. The caicareous
composition of the sandstones in the upper Gumchavib Formation (Fig. 3.22), as well
as the general lack of sedimentary structures (Sms) within some sandstones, and the
presence of normal grading (Sng), might represent braided fluvial reworking of some
of the interleaved lifnestones within stream-dominated fans (Collinson, 1988), which
prograde as fan deltas into a shallow marine environment. |

The carbonates {Lmd) within this facies association probabiy represent recrystaliized
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a!gal mats, generated during tranégfassiona[ sea level changes, possibly sustatic in
nature, and drowned by clastic input during regressional periods. The laminated
carbonates (Lﬂ) represent storm generated carbonate, depositad near tha zone of
maximum carbonate preduction. |

The sediments’ within misur{]facies association represent an interieaving of the uniderlying
Rosh Pinah Formation and the overlylng Pickelhaube Formation during the .

transgression of the Adamastor Ocean and the concomittant retreat of the shoreline.

332 Quartz .arenlta/mudstunefaci.es association: foreshore and
shoreface daposlﬂonal system |
Five facies are developed within this facies assogiation (F‘g 3.23): (1) massive quartz
arenito (qu), (2) wave-ripple cross laminated quartz arenite (Swaq); (3) planm' cross- |
bedded quartz arenite (Spq} {4) plane laminated quartz arenite (Splq), and (5)

massive mudstone (Mm)

(a) Description of lithologles
The quartz arenites (Smq, Swu, Spa, Splg) are white to very light brown and consist
predominatly of medium, subangular to subrounded quartz grains, with a minor

amount of muscovite. The laminated sandstones contain black heavy mineral

- concentrations, defining the laminations.

The mudstones (M) are green-grey and consist uf quartz, muscovite, biotite, and

chiorite.
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(b} Description of sedimentary facies

The quartzitic sandstones are well sorted and, except fovthe structureless massive
quartz arenite {Smaq), oﬁspaay a variety of sedimentary features. Bed thicknesses of the
quariz arenites vary from 10 cm o apprcximately 5 m {Fig. 5123).

The pianar cross-laminated sandstones (Spq) vary in thickness from several
centimetres to 40 cm. The angle of the lammae is fairly shailow arid daes often not
exceed 20 degrees (Fig. 3.24). These sandstones (Spq) often display intricately
mterwoven crossJaminations, chewron structures and concave-upward gae, Nhl(‘}h
are suggastive of wave rippile laminaﬂon, as defired by DaLIi'!aaf ot al (1977), which
-gi\_re them the appearance of trough-cross laminated sandstones. These "troughs” vary

in dirmension froeh 1 x 0,2 cm to 20 X § cm (Fig. 2.24).

Firkelhaubs Fermaths

) Gnmcianiy Farmation

Fig. 3.23:  Measured section through parts of the Gumchavib Formation at Obib
waterhole (Fig. 2.4).
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Fig. 3.24:  Wave-ripple cross laminatsd and low angle plane laminated quartz
arenftic sandstones at Qbib waterhole (Fig. 2.4).

The piane-laminéted sandstones (Splg), which are interbedded with the other quariz
arenitic sandstones (Sms, Swa, Spq), display parael laminae with distances betwaen
the laminae varying from 1 mm io 10 cm. Laminae.ean be undulating and are, in
places, topped by errosive sets. The paraliel laminae can also grade into cross-
laminae.

The massive mudstones (Mm) do not display any sedimentary structures. They' overlie
a transgressive basal conglomerate of the Fiosh Pinah Formation and are interbedded
with massive quartz arenite (Sma) further up this sequence (Fig. 3.23). Towards the

top of the sequence e massive mudstones (Mm) become more abunda'ht, with

~ occasional interbedded massive quartz arenites (qu) {Fig. 3.23).
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{¢) Interpretation
Few environments are favourabia for the formation, dépusition and preservation of
quartz arenites. These conditions are present in marine environments, in particular
shorelines and shelf settings (De Raaf et al, 1977; Effict, 1986; Johnson and Baldwin,
1986). | | | o -
The sedimantary structures within the quartzitic sandstones reflect a wide range of
energy conditions. Tida! effects could not be determined. The variety of sedlmentéry
struciures within the quartzitic sandstones (Sp!q, Spa; qu) indicate that they were
formed____undér conditions of considerable wave actnnty generated In ternporary rough
~ weather, storm and post-storm conditions (De Raaf et gl., 1977; Reineck and Singh,
1975; Kumar and Sanders, 1978), A depositional system within the foreshore
consisting largely of storm deposits is suggested for these facles, whereas products
of longer-lasting feir-weather conditions are found to compose only a i . proppnion.

The parailel-laminated and interbedded massive sandstones (Splq,'qu) were

deposited as suspension fafi-out wim:n the shoreface after whiring-up by waves in the |

foreshore zone, indicating an environment of deposition well beyond wave base, where

the mudstone (Mm) was deposited, whilst only incidenta! catastrophic conditions such
as storms couid bring in sands (De Raaf et al., 1977). This assumption is aiso
strengthened by the absence of any sedimentary structures related to iur‘bidl'hes. The
absence of erpsional structures in th'é mudstone-rich low e‘nergy.paifts of this facies
association indicates, that winnowing of the sandstones from the mudstones was
inactive (De Raaf et al., 1977).

Simitar depositional conditions have been documented from the modern day Guif of

Gaeta, ltaly, by Reineck & Singh (1975), from the Late Ordovician Oslo Bysin by
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Fig. 3.25: Measured section through parts of the Gumchavip Formation at
locallty 28, approximately 1 km northeast of Obib Peak (fig. 2.4).

Stanfstfee_t (1989), and from the Lower Garboniferqus, County Cork, ireland (De Raaf

et al., 1977).

3-3_-3;:-; Interleaving of prw-lous!y defined facies assoclations

The-i;tvo facies associatloris, which ara developed in the Gumchavib Forméﬁon,
interleave at several localities, as shown in Figs. 3.25 and 3.26. They were deposited
ina mixec“i continental/shailow marine dspositional system racoz}rling.a_ marine

tr_ansg_resslon.
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334  Rogional distribution

| | 3.26). The mixed terrestrial/marine facies association (section 3.3.1) oceurs in the

southem perts of the Ostrich thrust slice (Fig. 2.3). The interleaved facles assodiaticns,
as described in section 3.3.3, are developed in the narthern parts of the Ostrich thrust
slice northeast of Qbib Peak. The foreshore/shorefacs facies assoclation (section
a. 2.2) [ prfsent w:fhin the Obib thrust slice north of Oblib Peak and around OBib
waterhale (Fig, 3. aa) : ST

-
Y

| | Gumchavib Formation lithologies are ony present in the west of the study ares (Fig.

ottt := .

3.3.5 Vertical sedimentary facles association variations
The most prominent variations of depositianal environments within the study area are

rathar mrahgraphm in nature.

Wthm the mixed terrestrial/marine facies assoc;ations marine sedimants, dapusi&'sd o

ina fa:estmr.'e.-._; shoreface and/or a ‘shallow carbonate platform depcsﬁionai s‘,rstem, ;

become more abundant towards the top of the Gumchavib Formation (Figs. 3.21, 3.22,

3.25), grading into the carbonate dominated Pickelhaube Formation,

Within the foreshaore/shoreface faclos associauon & vertical change from foreshore o

shoreface sedimentation is apparent (Fig. 3. 23)

The veriical sedimentary facies associaﬂon varigtions within the Gumchavib Formation

document a transgressive transition from the terrestrially dominated Rosh Pinah

Formation to the entirely marine Pickelthaube Formation.
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. Fig. 3.26; Reglonal distiibution of the several facies assoclutions developed
_ within the Gumchavib Formation; for pasition of thrust slices and
locallties see Figs. 2.3 & 2.4, "




é.smﬁ -_ Lateral sedimentary facies assqbiaﬁon and §tratigraphic variations
The .oniy prominent lateral sedimentary facles iassoc:iation variation within the stydy
area is resorded along strike within the Ostrich thrust slice. At 'urality 28 (Fig. 2.4-) in
the northern parts of the Ostrich thrust slice, continental sediments are interbedded
with beagh sediments ;and platform carbonaﬁas., whereas further south wnthin thls thrust
slice ancs along stﬁkal the continental sedxmerits interieave exclusively with carborniates,

3.37 Palaeogrographic reconstuction

The jateral distribution of carbonates and beach deposits along the north- to

northwest-frending strike indicates a shq'reline, which vas dominated by stromatalitic

reef growth within a carbonate platform in the southern paris of the Ostrich thrust slice
and foreshare to shoreface deposits in the northem parts around Oblb waterhole (Fig.
2.4). Fluvial/alluvial fan sediments, prograding into the sea, drowned the marine

stromatolitic reefs In the south of the Ostrich thrust slice and are interbedded with

- beach deposits and associated platform carbonates in the north of it. The area around

Obib waterhole, situated within the Obib thrust slice, was dominated entirely by a
transgressive foreshore to shorsface depositional system, overlying a transgressive
basal conglomerate.

The relative abundance of parbonates towards the top of the Gurnchavib Formation

 indicates the overall evolution of an entirely marine basin and the formation of a

carbonate platform and assoclated clastic carbonate and siliciclastic sedimentation.
Palaeocurrent measurements, though scanty, indicate a source area of continental

sediments in the sast. The assumption of a north-south 'trending extension of the
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shoraline is only :nchcated by the diatribution of the varicus fac;ies assnciaﬁons alcmg

- strike and perpend;cuiar to .

Wideﬁing of the continental rift system, into vﬁhich the Rosh Pinah Eormation

sediments and volcanics were deposited as a result of tectcinic subsidencs, caused

- the shallow marine sediments and carbonates 1o transgress over a continentally-

dominaied environment. Thermal cooling of the African continental margin, related to
the opening of thé Adamastor Ocean {Stanistreet et al., 1991) or proiv-South Allantic
Oléiaan {Porada, 1985), led to further transgression of the sea over continental
environments. The tectonic subsidence is recorded by ihe initial fransgression and the
dapnsiticn of the first shaliow marine sediments, whereés the inltiation of thermal
subsidence is docurnented by the ab..adance of maring sediments towards the top of
the Gumchavlb Formatlon and the ovaﬂying Pickelhaube Format‘cn
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34  THE PICKELHAUBE FORMATION: CARBONATE PLATFORM AND
CARBONATE SHELF DEPDS!T!ONAL SYSTEM
The seduments of the Pickelhauhe Formation form the lowermost part of the Hilda
Subgroup. They consist mainly c:f carbongtes and to a lesser extent of carhonate-
dominated clastics and calesiliciclastics. The Pic:kelhaﬁbe Formation reflects the first
appearance of exciusively maring sedimentation within the Gariap Group., Within the
study area, o “fundamental bregk” in the Port Nolioth Zone straﬂgraphy, as poshilated
by Von Veh (19888), is recorded by the rm:ké of the Pickelhaube Formation. This is
documented by various cycles irwoivirig mixed éontinentai/marine sedimentation
during the deposition of the Gumchavib Formation, whjch gave way gradually to pure

marine sedimentation during ths depositian of the Pickelhaube Formation,

3.4.1 Carhonaia/carbonaceous carbonate facies association: carbonate
shelt depositional system

This facies association of the Pickelhaube :'Formaticn is the most widespread to be

exposed within the study area. It comprises_ the folibwi_ng facies: (1) plane laminated

carbonate (pl); (2) massive carbonate (Ld); (3) gradsd carbonates (Lg); (4) smal

scale channelill carbonate (L.c); carbohacaous carbonate (Lgi)..

(a) Descﬁptlun of mhologles )
Facies Lpl, Lmd, Lg, and Lo conslst of a fine grained blue-grey dolomrtic limestone,
ponsisting of caleite and dolomite with variable minor amounts (< 5%) of carben,

rnuscovite, biotite_, quartz, and plagiociase. The carbonaceous carbonate (Lgi) is dark
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grey 1o black, containining variable amounts of caron (10 to 70%) and hasmatiic iron

oxide (< 5%). The garbonates consist of medidm to fine grained (<1 mmi

recrystallized dolomitic imestone.

{b) Description of sedimentary facles
The massive carbonates (Lmd) do not display any sedimentary structures, which may-
be due to their relatively high recrystallization,
The plane Igaminatad carbonates {Lpl; Fig. 8.27) and the massive carbonates (Lmd)

form the builk of the Pickelhaube Formasion, This formation consists mainly of laterelly

continuous carbanate units, often associated with 2 to 10 cm thick graded calcareous
beds (Lg), and in some rare casas small scale channels (~30 em widih, 3 cm height),
containing clasuc sandy carbonate (Le; Fig. 3.28). Stump structures oocur occasionally
within the laminated carbonates (Fig. 3.27). |

Fig. 3.271  Laminated ca i.¢nate of the Pickelhaube Formation about 5 ¥m

: southwest of Pickeltiaube Peak; note the slump structure in the upper

right part of the photograph (Fig. 2.4; photo is rotated 90 degrees In an
anliclockwise direction).
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Fig. 3.28:  Measured section through part of the Pickeltiaube Formation, showing
graded beds of carbonate (Lg) at a Jocality about 7 km northwest of
Pickelhatbe Peak (Fig. 2.4).

Caronecsous carbonste (L) beds, ihterbedded with facies Lpl and Lg, are between
1.6m and 5 m thick (Figi. 3.29).

| {¢) Interpratation
The main difference between carbonate rocks and siiciclastics is, that the former are |
deposited at or near their site of formation (James, 1984). A variety of chernical and
biochemical processes lg responsible for the formation of carbonates ,' and thick
saqu'engces can be deposited under favourable conditions. These conditions are
fundamentally warm, clear wéters with little terrigenous siliciclastic input {frwin, 1965;

Bathurst, 1975; Wiison, 1875; James, 1984; Beukes, 1986; Sarg, 1988; Grotzinger,



Fig. 3.28:  Mseasured section through parts of the Pickethaube Formation at locaiity
3, about 2,5 km NNW of Obib waterhiole {Fig 2.4),
b

1850). Although volumetrically unimportant, carbonates can also form in temperate or
avén_ arctic conditions {Rao, 1981a; 1981b; Rao and Green, 1982; Fairchild and
Hambrey, 1984; Faicchild ot al,, 1989). |

The laminated and graded carbonateé {Lpt, Lg), containing small-scale éhan_nets Lz,
were generated in a carb‘anate sheif environment, landwards or séawards away from
the "carbonate factory” by various types of currents, including stommi-induced currents
and turbidity currents (James, 1984). Slump structures within the laminated carbonates
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indicate that these were also deposited within a slope setting. A relatively deap
'carbonate shelf environment for the deposition of some carbonates (Lg_i) is indicated
by the carbonaceous composition and relative iran-enrichment. The carbunacedus
somposition and relative iron-enrichment may, however, aiso be indicative of the

presence of subacueous volcanogenic brines within a shelf environment.

342 Carbanate/calcareous clastics facies assoclation: shallow marine
sea ﬁnd prograding dlstai fan deltas

This facies assoclation forms part of the lower Pickelhaube Formation and comprfses

the following facies: '(1) rnasshfe carbonate (Lind); &) ca!careeus quartzitic sandstone

(Sca); (G)Inoa'g_'nally graded Galcarems sandstone £ng); (4) inverse graded celcaraous

sandstone (Sig); massive mudétone {Mm); and (6) matrix supported conglomerate

{Cms).

(a) Description of lithologies

The massive carbonates (Lmd) cohsist of a biue grey to grey doiomitic limestone, with

variable amounts of quartz (10 to 16%) and plagioclase (< 15%). The calcareous
sandstones (Scq, Sng, Sig) are light brown and consist of medium to coarse and
pebily quartz, with a variabls amount of carbonate (10 to 50%) and plagioclase
(<10%). The pebbles &t the base of the sandstone beds consist of white quartzite with
- diameters ranging from 0,2 to 1,5 cm. The mudstones (Mm) are green-grey and

consist of quartz, carbonate, biotite, muscovite, and chlorite. The malrix supported



. ; E jﬂ ,b . x\" R s )

]
R - TR R A

s R R e TR P e e e e

Seq

Fig. 3.30:  Measured section through parts of the iower Pickelhaube Formation at
focalily 4, about & km southwest of Rosh Pinah (Fig. 2.4). :

congiameréte (Crns) comprises clasts with diameters of up to 80 cm, consisting of
reworked coriglomerate, carbonate, quartzite, and mudstone, with a green-grey to
grey, pelitic matrix consisting of quartz, carbonate, biotite, muscovits, chlorite and

plagioclase.

{b) Description of sedimentary facles
The contacts between tﬁe carbonates (Lmd) and the caicsiliciclastics (Seq, Sng, Sig)
are generally gradational, with bed thicknasses.varying from iess than 5 cm to 10 m
and varying calcareous composition (Fig. 3.30). At locality 4 (Fig. 2.4), a chahnel
measusing 20m in width and 5m in height has been ducﬁmemed which is erosive into
88
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the underlying massive carbonats (Lmd) and containing calcafao_us quﬁrtzitic

sandstone (S6q).

|
| ZFY
: - 2ty
1 : :
M
A
3
i
Fig. 3.31 : Measursd section through parts of the Pickelhaube Formation at locallly
17, about § km northwest of Gumchavib Mountain; sections are faken
along strike approximately 100 m apart (Fig. 2.4).
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The well sorted calcareous sandstones digolay several sedimentary features, ranging

from structureless coarse to medium, massive sindstone {Scq} to normally and

inverse graded pebbly {0 medium sandstone {Sng, Sig). Bed thicknesses of the weil

sorted massive sandstones (Scq) range between 2 cm to 1 m. At locality 17, northwest

of Gumchavib Mountain {Fig. 2.4), the normally gradé'd sandstones (Sng) generally
dieplay sharp contacts to the underlying jithologies, gradational contacis are, however,
also common (Fig. 3.31). Bed f-hicknesses of the normally and inverse graded
sandstones (Sng, Sig) vary between 20 ¢m to 3 m, grading into massive sandstone
(Scy; Fig. 3.31). A 3 m thick massive mudstone (Mm) Is present within the vertical
measured section at ocality 17, underlying the carbonate (Lmd) with & sharp contact
(Fig. 3.31). | |
The conglomerate {Cms) is psorig; sorted and matrix-supported, displaying sharp
contacts with tﬁé under- and overlying lithologles. Clasts are subangular and of a
polymodal compaosition. The conglomerate bed (Cms) can b= traced for appro;&mately
300 m along strike. |
The carbonate (Lmd) and sandstone beds (Sms, Scqg, Sng, Sig) pinch aut laterally.
_ N

{¢) interpretation
The presence of massive carbonates (Lnd) and calcsiliciclastics (Scq), as well as the
highly calcareous composition of the sandstones, together with the presercs of
gradational contacts between these lithologies, implies a déposition within the zone of
slliciclastic influx near the zone of optimum carbonate production, indicating a Shallow

marine shelf setting. Channels containing sfiiciclastic material (Scq) and conglomerates

with intrebasinal clasts (Cms) and sharp erosional contacts » dicate periodic infiuxes
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of these sediments, probably related to sealevel changes and possibly sustatic in

nature. These channels normally develop at a time of eustatic sea-level fall, when
chanﬁels can be erodsd into the shelf, which allows a mixed siiciclastic and locally
eroded fill (Collinson,1986). The normally and inverée gfadad sandstones (Sng, Sig})
and some massive sandstones (Sms) were deposited as distal fan o \; prograding

into & shallow marine environment (Coliinson, 1986).

343 carbonate/coame tu ﬁna clastics faclies association: mixed

carbonats plat!orm/a!ope apron and desp basin depos!tional

system

This facies association, which is best developed at Dreigratberg in the sast of the

study area Hg 2.4), comprises the following facies: (1) intarbedded/imerlaminaied o

graded sandstone/maristone (Sng/Ma); (2) massive '_mudstone {Mm); (3)
carbonaceous mudstone (Mg); (4) normally graded sandsta - (Sng); (5)

interlaminated carbonate/maristone (Lind/Ma); (6) massive carbonate (Lmd): (7)

stromatolitic carbonate (Ls); (8) _iami.nated carbonate (L1); (9} pisolitic carbonate; (10)‘

carbonaceous carbonate {Lgi); (11) matrix-supported conglomerate (Cms); (12).

carbonate conglomer..4/carbonate breccia (Cms/Lhr); and (13) gozsan (GoSu). A
measured section through this facies association &t Dreigratberg, where it - best

developed, is shown in Figs. 3.32 and 3.33.

{a) Description of litholugies

The sandstone (Sng) of the interbedded and-intertaminated graded

81
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Fig. 3.32:

Measured section through parts of the Pickethaube Formation af
Dreigratberg (Fig. 2.4). .
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sandstone/marlstone (Sng/Ma; Fig. 3.34) is a fine grained dark grey, brown

_9..

mw S

weathering nalcareous quartz are}nite with minor amounts of feidspar, carbonate, and -

mica (< 5%). It is interbedded and intedlaminsted with & grey-green calcareous quartz-

muscovite-biotite-chlorite schist (Ma).

The carbonaceous mudstone (Mg)) is black with an enrichment of hematitic iron bxide,

visible In Handspe.ﬁe‘t:imen by its brown wesathering. The carbonaceous rmudstone (Mg)

is associated wnth gossan (GoSu), consisting of brown weathering pcrous-epongy |

hematite and assoc:ated with a yellow sulphur effiorescence.

The interiaminated carbonate/misidstons (Lmd/Ms) consists of a strongly recrysteliized
pink dolomitic limestone and a grey-green calcareous quartz-muscovite-biotite-chiorite
schist (marlstone);"- overtain by a massive grey dolomitic carbonate {Lrnd), grading into
a iaminated dolomltuc carbonate (L1), which consists of light grey and grey lammae

(Fig. 3.32). The gray laminae; are caused by the relatlve enrichment of biofite.

The breccia (Lbr) withm the matrix-supported ¢arbonate conglcmerate/carbonata

breccia facies (Cms/l..br) at Dreigratberg consists of a calcareous grey matrix with up

'to 40 ¢m wide tabular cérnonate clasts (F‘g 3.35), Along strike {ca. 500 m north),{ the
th:ckness increases fram 1 m to about 8 m and the clasts change their shape from
tabular to subangmar ta angular round clasts (Lbr). The conglomerates within facies
Cms/Lbr can be up tf: about 20 m thick (Fig. 3.32), consisting of a grey calcareous
matrix and clasis and boulciers with average diameters of 10 to 30 cm and maximutn
bouider diameters of 4 m, Clasts consist of dolomiti: carbonste and coarse to nebbly
quartzitic sandstone, ?whereas'a the largs boulders cansist.solely of coarse quartzitic
sandstone. At locality 13A the clasts consist of grey dolomitic carbonate: (Fig. 3.36)
and, although scaniy. of pisolitic carbonate (L), resembling the piscitic carbonate at
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Fig. 3.33: Measured section through parts of the Pickelhaube Formation at a

Fig. 3.84:

24

locality about & km north of Dreigratberg (Fig. 2.4).

TS

Thickly to thinly laminatedq sandstone and mudstone (Sng/Mm) of the
Pickelhaubse Formation at Dreigratberg (Fig. 2.4); every single iaminaltion
consists of a normal graded bed.
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Flg. 3.35:  Tabular carbonate clasts within a calcareous matrix within the mixed

carbonate conglomerate/carbonate breccia (Cms/!.br) of the
Pic:kelhaube Formation at Dreigratherg.

locality 13B.

" At Dreigratberg and aﬁproximately 6 km north of It {Fig. 2.4), within the san*ie
stratigraphic horizon &s the cnnglomerate-carbonate bremcla, a 20 m thick light grey

massive dofomitic carbunate bed dispiﬁymg in places stromatolltlc laminae (Ls) is

exposed. Immgdlatel',r west of Obib Peak, a derk grey carbonacaous carbonate (Lgi)
is interbecided wﬂh a stromatolitic cal“‘uonaie (Ls) diéplaying stromatolitic laminae (Fig.
3.37).

The pisolitic carbonate (Lpi) consists of a biue-grey dolomitic matvix witl'il light grey
pisclith spheroids (Fig. 3.38). Angular rock fragments, consisting of brown wéathering
dolmitic limestone, are present within the pisolite beds, The contact between the

sandstones, which car. grade into mudstone, with the cverlylng coarser beds or

- laminae are sharp (Fg. 3.54).



(b) Description of sedimentary facles |
The interbedided and interlaminated sandstone/matlstone (Sng/Ma) is.thinly bedded,
grading into thickly to thinly Iaminaied sandstone and marlstona towards the top.
The massive mudstones (Mm) and the carbonacaaus mudslmss {Mg) do not dxsplavy
any sedimentary structlires. At Dreigratberg the carbonaceous mudstone (Lc) ls
closely assoclated with a sevaral metres thick gossan {GoSu; Fig. 3.32).. '
The interiaminated carbonateg_s and maristones (Lmd/Ma) are thinly laminated. |

The normally graded sandstoﬁ_?s (Sng), overlying carfonaceous mudstone (Mg), are

* medium bedded and fine to coarse grained, with sh-rp contacts to the ovérlying-

graded beds

The massive carbonates (Lmd) within this facies association dlsplay no sedimentary

structures, however, approximately 5 xm north of Dreigratberg and at Dreigratberg .

Fig. 3.36: Massive carbonate conglomarate with carbonate clasts in a carbonate
matrix of the Pickelhaube Formation at locality 13 A, about 5 km south-
gast of Namuskiuft Farmhouse (Fig. 2.4).
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Fig. 3.37:  Stromatolitic carbonate of the Plckelhaube Formation at a focality about -
Tkm west of Obib Peak (Fig. 2.4).

Fig. 3.88:  Pisoliths and carbonate rock fragments within a carbonate matrix at
locality 13 A, about 3 km north of Dreigratberg (Fig. 2.4).
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itself, some colmmar-l‘ayered atid cumulats mmatoﬁtic larinae with domal diemeters
of about 40 cm are exposed. A similar stromatolitic cafbonate (Ls) with domal
diameters of about 5 cm is exposed west of Obib Peak (Fig. 3.37).

The leminated carbonates {L1) are thinly laminated.

The carbonate cong!omerates/carbdnate breccias (Cms/Lbr) are poorly sorted and -
matrix-supported, with sharp contacts to the under- and overlying lithologies, pinching
out faterally efter tens or hundreds of metres. The clasis within the braccias are up in
40 cm in diameter and often tabular (Fig. 3.35). At locality 18A, approximately 3krn
southeast of Namuskluft Farmhch‘sa‘, a 30 m thick succ:ession of matrix suppo_l_fted
monomictic, poorly sorted carbonate cpnglomarate (Cms) with subangular dolamitic
carbonaté clasts measuring up to 40I.cm trt diameter and averaging about 5 om,
hosted by « dolomitic calcareous malrix (Fig. 3.36), is interbedded with sharp contacts

with massive carbonate (Lmd), which displays no

sedimentary structures. |
The total thickness of the pisolitic limestons, which is bast ﬂeveiupgﬁ at locality 138,
varies betwesn 30 and 50 m. Pisoliths vary. in diameter from 1 mm tt:: 2 cm and are |
well rounded and rou-_nd to elli.psoldal in :a:hape. internally, thé pi%pliths have a
corceritric, symmeatric Bﬁd continuous pattern of fine laminae (Fig. 3.38). 'L'ha diametér
of the pisolith sphercids varies from 1 mm to 2 om. The angular rock ﬁ'agmants within
the plsolitic carbonate (Lp) have diameters of up to 20 cm.

‘(c) Interpretation
Stromatolites in carbonates are recorded throughout the geological record, but were

particularly abundant in the Late Proterozoic and became less important in the

28
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Phanerozgic (Awramik, 1984). Studies of stromatolites in medern environments show
that they can form under é variety of conditioné, ranging from tidal fiats (e.q. Andros
Isiand, Morty, 1967; 1972) and foreshore environments (e.g. Shark Bay, Logan, 1961)
to subtidaluenvimnrhents (e.g. Shark Bay, P!ayford et al., 1976; and in the Bahamas
(Gebelsin, 1969; Dill et al., 1936). In the Precambrian, stromatolites developed in
basinal to shallow subtidal to supraticial anﬁ:ii'onments (Hoffmann, 1976), but achieved
their greetest diversity in the formation of reefs or buildups {Tucker, 1990). Blostroms,
laterally .Qggsistent over many kilometres, shelf-edge reefs cut through by -
channels, and bicherms surrounded by oolites have been described throughout the
gevlogical record (I”uckef, 1990). Within the study area, a carbonate platform setting
with shelf-edge reefs is suggesfed for the deposition of the stromatolitic carhonates
(Ls). The massive carbonatés {Lmd) may also represent recrystallized stromatolit
carbonate. |

Pisoliths (Lpi) éan be generated by various medha‘_nisms‘ They can form by
physicnchem_ica! precipitation in shalloﬁr (< 5m), wa‘\fe-éag&aled turbulent water (Hling,
1954; Mewell, Purdy and Imbrie, 1986;-,Flusn5ak, 1960ﬁ'Lora'au and Purser, 1973;
Bathﬁrst, 1971; Fabrisius, 1977; Land, Beh"ens and Frishmén, 1979) and. are generally
round fo eliipsoidal in shape (Tucker, 1990) Pisoliths can, however, also be produced
by biochemical algal-encrustation procasses in relatively calm conditions, with sphetical
or I.ess weli-roundied shapes and diameters, which are norfna!iy about 5 mim or
smaller. Biochemically formed pisoliths show an asymmetric growth patiern due to
stationary growth (Tucker, 1980). The presence of rock fragments within the pisolitic
carbonate of the Pickethaube Fofmation, their well-rounded and unﬂatt’ened__ shape, the

relatively large diameters of up to 2 cm, and the concentric and continuous faininae
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indicate that they were fanﬁed by physiooch.emi_ca! precipitation In a higher energy
environment than the biochemicaliy forméd pisoliths. An environment, mesting the
conditions for the development of inorganic Ipisolifhs can be found within carbonate
plattorm environments, similar to the present day Bahama‘é {Tucker, 1890), where
wave action takes place,

The composition of the matrix of the massive conglomerates (Cms) and the carbonate
uongiomeratas/cgrhonate breccias (Cms/Lbr), their poor sorting and the absence of
any sedimentary structures, as well as the presence and the shape of the intrabasinal
clasts, suggests that these facies were deposited as mass gravity ﬂowé. The
carbonate breccias within facies Cmé/ Lbr are impressive examples of early
sedimentation of carbonate sediments on submarine slopes, which led to the

spectacular development of breccias through the seoondary_:_ﬁi:}vement of the lithified

or partially thified material as mass gravily flows. Brecclas made up of tabular clasts,

as the ones at Dreigratberg (Fig. 3.35), are .especia_l!y characteristic (Collinson and -

Thompson, 1992).

Mudstones, such as facies Mm and Mg, form by suspenslon settling of very fina
sediment unde.r- quiesc_afht of waning cﬁrrent conditions (Blatt et al., 1980; Jenkyns,
1986). In marine ervironments muds may be broughtin byﬁvars and redistributed by
.marine £rOCesses such as sedimert gravity flows, which originated from continental
margins or platform edges and transport the sediment into the deep sea (Jenkyns,
1986), and are responsible for their deposition asnemi-petaic to pelagic muds.
Subaqueous volcanogenir; vents, possibly along extensional fracture zones, are
responsible for the enrichment in carbon and iron oxide within the carbonaceous

mudstone (Mg) and the presence of gossan (GoSu) and assaciated sulphur
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efflorescence. | |

The interbecded,interiaminated graded sandstones/maristones (Sng/Ma), the graded
sandstones (Sng), and the laminated carbonates (L{) were deposited wiﬂ'iin turbidity
currents, representing respectively the AE, the A, and the B or D divisions of classical
Bouma sequences (Bquma, 1962). High to low coicantration turbididty currents with
rapid settiing seem to be the predominant déposﬁionai processes within these facies,
depending on the sandstone/ mudstone ratios (Bouma, 1962; Walker, 1578; 1978;
Stow and Bowen, 1830).

The carbonate conglomerate/carbonate breccia facies (Cims/Lbr) contains clasts,
which were genetated In shallow merine ervironments and were later redeposited. The
phenomenon of shallow;water carbonates and other shallow marine sediments in
deep-water seftings is common thraughout the geological record and often assogiated
with platform margins and slope aprons. Examples Qf resadimentsd carbdnatgs
deposited ¢n slope aprons adjacent to carbonate platforms acour witinln thé
Gambrian/drdpvician Whipple Cave Formation and Lower House Limestons of eastam
Nevada (Cook sind Taylor, 1977), the Camisrian/Ordovician Hales Limestone in central
Nevada (Cook and Taylor, 1977), and the middie Cambrian of the southern quky
Mountains (Mcllreath, 1977). Facies models for platform carbonate resedimentaﬁon
have been developed by Mullins and Neumann (1979) and Mullins (1983) from the
modem Bahamas slopes. Eight facies models for the siopes of the Bahamas platform
have been suggested, four of which are very relevant to ancient deep-water
resedimentation. For an open sea environment the "escarpment model" and the "pase-
of-slope model" are significant. The escarpment model requires a steep (30 - 60

degr~es), high relief escarpment which is mainly a site of resediméhtation. Rockfalls,
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slides, debris flows, modified grain ﬂoﬁs and high density turbidity currents can be
expecfed.in this setting, with the sediments being supplis;d bath from the shallow
marine platform edge and thg slope itself. A narrow talus fe’i‘;ies belt passes
oceanwards into hemipelagic muds and basinal turbiditss (Thede divisions and thin
graded beds df a classical Bouma sequence within turbidites; Bouma, 1862). This
facies model should also be suitable for ancient pletiorm marginé, where a steep
slope, perhaps fault-bounded, existed.

A palaecenvironment, similar to the “escarpment modei* described ébava, is

suggested for the deposition of this facies association,

3.4.4 Regional distribution

The carboriates and calcsiliciclastics of the Pid(alhéube Tormation are abundant within
thie study ares, being most conspicuous at Pickelhaube Peak (Fig. 2.4) within the
Pickelhaube thrust slice, the typs locality of this formeation. |
The carbonate/carbonacenus carbonate facies association (section 3.4.1) is best
developed throughout th'é Pickelhaube thrust stice, and 3 km south and 7 km south-
eaét of Obib Peak, as well as about 3 km north of Obib waterhole. (Fig. 3.39). It is also
developed approximately 3 km south-west of locality 1, north of the Orange River (Fig.
2.4), where it is mors racrysta'l'.iized than in other aress. |
The carbonate/calcareous clashc*s facips association (section 3.4.2) is best developed
at Jocality 15, about 4 km nertheast of Obib waterhole, as well as ét locality 4,
approximately 4 km southwest of Rosh Pinah (Fig. 2.4).

The carbonate/coarse to fine clastics facies association (section 3.4.3) is best

developed within the Dreigratberg syncline at Drelgratberg, as well as within some
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Fig. 3.99:

CGarbonate/carbonaceous carbonata

Carboriate/celcarsous clastics

Garbunate/coérs& 10 fine clastics

Reglonal distribution of the several facies associations recognized within
the Pickethaube Formation in the study area.; for position of thrust sfices
and localities see Figs. 2.3 & 2.4).
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thrust sheets within the imbricate zone (Rosh Pinah ﬂmst fault) east and southeast of
Narmuskiut Fal;nhousa. Paris of this facies associstion tre also developed immediately
| m--'-j of Obib Pesk, where stromatolitic carbonate is present (Iig. 3.38).

The pisoitic facies of tis facies assodiation is only exposed within the imbricate zone
(Rosh Pinah thrust fault; Fig 2.3) approximately 2 km northwest of the Orange River

(Fig. 2.4). ltis also present within the same imbricate zone, 2 km southeast of

Narmuskiuft Farmhouse.

3.45 Vertical sedimentary facles association variatlons

Within the Pickelhaube Formation itself, a distinct vertical facies as~ocistion vestion

from shaliow marins interbedded calcsllicidlastics and carbonates et the bottom of the
sequence o a calcafeous shelf sedimentation towards the top is present, baing best
developed within the Pickelhaube thrust slice.

Interbedded shallow marine platform carbonates and hemi-pelagic to pelitic muds.
(sectiﬁn 3.4.3) are expose . towards the top of the Pickelnaubs Formation, whers
carbonates of the Pickelhaube Formation are interbedded with terrestrial sediments of
the overlying Obib Peak Formation at Obib Peak, resembling the
sandstone/mudstone/carbonate facies association (section 3.3.1) of the Gumchavib

Formation.

3.4.6 Lateral sedimentary facles association varkations
No major lateral sedimentary facies assoclation variations within the Pickelhaube
Formation were racognized within ach of the individual thrust sfices. Prominent lateral

facies associaticn varistions are only apparent betweer: the various parautochthonous
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thrust s!ices, mdicatmg that platform carbonate and assvclated siope and basin

sedimentation was actwe in the southern parts of the sf.’udy grea, whereas shaliow

‘marine clastic carbonate depos]tlon with pei,bdic influx of s:liciclastics and assoclated

shelf sedmentaﬂon dominated in the m:rthern parts of the study area. A simllar trend
from a sedimentation, which was initially dominated by a carbonate platform in the
souther parts of the study area and beach sedimentation In the northem perts of the

study area Is also recognizable within the uncerlying Gumchavib Formation.

~ Minor lateral falies varigtions wsre |dentified within‘the carbonate

congiomerats/carbonate brsccia facies (Cms/Lbr) of the carbonate/coa_rse to ﬁn_g}f
clastics facles association (section 3.4.3), which pinch out latetally and are substituted
by massive (Lmd) and stron-atolitic carbonate (Ls).

347 Palaeoenvironmental reconstruction: synthesis and summary

The sediments of the Pickelhaube Formation were deposifad ina variety of
palaeoenvironmants :ancung frorn shallow marine platform carbonates with perigd&r'
sificiclastic input, to platform eadge and associated slope apron sediments and hemi-

pslagic to pelagic carbonates and muds. The sheif was dominated by clastic

- carbonete deposition, generated by storm-induced currents and/or turbidity bufrents. )

Sealevel changes, possibly eustatic and/or of tectoriic nature, due to reactivation of
syrisedimentary thrusts, alc)g which iron-rich and sulphidic volcanogenic brines
discharge, are recorded by the presenée of various cycles within the carbonate/coarse.
to fine clastics facies associatian (section 3.4.3),
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The vertical facies assoclations within the Pickethaube Fbrmation indicate that two

major depas:tmal systems aperated In the area as part of a thermally cocled passive

oceanic margin. A maring carbonate platform establishd itself graduslly over the - -'

terrestyially-dominated sediments of the Rosh Pinah Formation during the depos‘r‘l;_i_;ﬁﬁ.
of the Gurmchavib and lower Pickelhaubs Forme:.ons in the southem parts of the study
area. The northern parts of the study area ware dominated by shaliow mérihe, clastic
carbonate deposition with periodic influx of siciclastics. The ehange fram a carbonite
 platform in the south t;:: a shaliow marine chors, domiaéizsd by calcsiliciclastic and
clastic carbdnaté sgdiméﬁ?gtioﬁ in the north of the study area, is also documented
within the underlying Gumchavib Formation.

Scanty paiancurrent measurements indicate a topographic high in the east of the studx
- area (Fig. 2.4), along which the shcrelme estabhshed itself probably with a north-
southerly rend. '

The transgression recorded within the Picksthaube Formation was reiated to the
opening of the Adamastor Ocsan (Henry et al. 1988; von Veh, 1988; Stanisireet et o,
1981). The African continental margih began mermé! subsidenca during the spreading
of the Adsrestcy Ooeen, lsading 1o ransgression of tha sea over the continertel ervironments.
The transgreésion is initially recorded by tha presence of fan delta and siliciclastic
sediments, prograding into a shallow marine environment. These sediments are
interbedded with massive carbonates, which probably represent recrystallized
stromatolitic reefs, Carbonate préduction then established itself and eventually
domiﬁafed the deposition in the arsa. Influx of calcsiliciclastics continued acljacent to

the areas of maximum carbonate production.
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Fan deltas and debiis flows, prograding into a carbonate platiorm, platiorm slope, as

well as basinal sedinents are exposed within the gradational contact of the upper "

Pickelhaube Frmetion and the terrestraiy-dominsted Obib Pesk Formation, The Obib
Peak Furmation records the regression of the Adamiastor Ocean during tha'wénlhg_ |
siages of the deposition of the Fitkethaube Formation and s describe.-i in the following
section. This transgreséian may be associated with renswed riﬂiﬁg and/orthe

reactivation of synsedimentary faults, as indicated by the preseﬁr.e of gossans nd

sulphides, which were precipitated along iron-rich, carbonaceous and sulphidic

volcanogenic vents in the vicinity of carbonate:platform, slope apron and deep basin

emrironments._
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35 THE OBIB PEAK FORMATION: REGRESSION OF THE ADAMASTOR
- OCEAN AND ADVANCE OF FLUVIAL SEDIMENTATION

The racks of the Obib Peak Formation, which form part of the Hida Subgroup, overly

the carbonates of the Pickelhaube Formation with sharp and gradational coﬁtac:ts.

mark a signifdicant change in depositonal system controling the sadimentation ofthese

sediments. The bbib Peak Formation comprises only two main facies associations. )

3.5.1 | Sandstona/carbonate facles association: mixed continental and
marine deposiiional system |
This facies association has already been described in section 3.3.1. In the Obib Peak

‘Formsition it comprises the following three facles: (1) massive quartzitic calcareous

sandstone (Sms); (2) massive carbonate (Lmd); and (3) laminated carbonate {Lff).

Mudstones are not present within this facies association.

352 Mixed coerse to fine clasiics facles assoclation: fiuvial braided plain
depositional system |

This facies association is similar to the facles association described in section 3.2.1.

~ 1t does, howsver, not reveal facies Spe, Stc, S and Lmd (Figs. 3.40 and 3.41}. The

gonglomerates (Cms) are matrix-supparted and disp!ay sedimentary structures siuch
as normal graving and erosional channels (Fig. 3.42). At Obib Peak, the
conglomerates contain clasts of brown weathered dolomitic imestone, which are

absent at other localities.
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Fig. 3.40:  Measurad section through parts of the Obib Peak Formation at locality
8, about 3 km NNW of Obib waterhole (Fig. 2.4); note #iesharp contact

to the underlying Pickel 7“3 Formatlon.
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Measured section through parts of the Obib Peak Formation at Obib
Peak (Fig. 2.4); note the gradational contact tn the underlying

Pickelhaube Formation,

Fig. 3.41:
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Fig. 3.42:  Ergsional channel of conglomesrates within arkosic sandstone of the Obily
Peak Formation at localily 15, approximately 3,5 km northwest of Oblb
waterhols (Fig. 2.4). -

353 Regional distribution

The Obib Peak Formation is only developed st three localities, as shawn in Fig. 3.43,
namely at locallty 3, approximately 3 km NNW of Obib waterhole, at locality 15, about
3,5 km northwest of Obib waterhole, and at Obib Psaak, the type locality of this

formation {Fig.2.4).
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3.5.4 Vertical and lateral sedimentary facles association variations

Although outcrop of the Obib Peak Formation is very restricted within the study area’

(Fig. 3.43), vertical facies association variations are apparent, where mixed

continental/marine sedimentation: changes into exclusively terrestrial sedimentation |

towerds the top of this formation. NNW of Obib wate:, 'A_le fluvial sediments become
more proximal towards ths top of the Obib Peak Formation.

At Obib Peak the conglomerates contain carbonate clasts, which are conspicuously

absent at outcrops further north. Another lateral facies association variation is

documentsd by the contact relationshipe betwaen the Pickethaube Formation and the

Obib Peak Formation, which is gradational at Obib Peak and sharp at all other |

localities.

3.55 Palaecoenvironmental and palaeogeographic Interpretation
The sediments of the Obib Peak Formation document the transition from a shallow

maring fo a continental environment. Fan deltas prograding into a shallow marine

environment, comprising Stromatolitic reefs and siliciclastic influx in the vicinity of each
ciher, define the lower part of the Oblb Paak Formation around Obib Peak. F]uVia!__ly'

deposited cor.glomarates, sandstones, and mudstones, the latter rapresenting
overbank deposits, which define the upper parts of the Obib Peak Formation, reflect
a regression of the Adamastor Qcean, with 4 seaward moving shoreline. Carbonate
clasts within the terrestrial cbnglomerates indicate thet lithified carbonates, probably
from a carbonate platformn, were present within a provenance area east of Ohib Peak,
where a topographic high was situated. .'
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The several depositional terrestrial/marine cycles recorded at the gradai?‘*f‘#** vontact

betweenﬁeP’w*ehaubeandMOtheakFomaﬁmsatOb&b Peﬂk‘ﬂef “probably
caused by puises of tectonic movement along synsacﬁnentary fauits. A tectgnic nature
for the activity of tectonically induced relative sea_level changes at Obib Peak is
suggested by the conspicuous absence of cycles at the contact of the Pickehai.im
and Obib Peak Formatlms theoughout the re.st aftha study area. This is furthermore
suggested by the presence of the undenymg carhonatefcoarse to ﬂne clastics facies

- association (secmn 3.3.4), which was depasited m the viclnity of synsedimentary

faults, which were actlve during the deposition of the underlying carbonata/marse o

~ fine clastics facies association (section 3.4.3) of the upper Pickethaube Formation.

Volcanagenic activity during the wening stages of the Plckelhaube Formation and the

drastic change from a marine to continental palaeoenvironment," suggests that
renewed rifting might have b&an'activ'el during uppsr Pickelhaube and Obib Peak

Formation times.

A
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3.6 THE NUMEES FORMATION: GL2. 4w #ARINE AND INTERGLACIAL
SEDIMENTATION

‘The Numees Formation within the study area, which unconformably overlies the rocks

ot the Stinkfontein and Hilda Subgroups both in the Richterveld and southem Nemibi,
was first described by Sﬁhnge and De Villiers {1946), De Villiers & Sdhnge (1959),
McMilan (1968), Hoffmann (1872), Kréner (1974; 1974; 1975), Kraner and Germs
(1971) and Von Veh (1988). McMilan (1968) subdivided the Numees Formation into
a lower diamictite unit and an upper dolomitic unit. The otljer authars described the

presence of a diamicitic Kaigas Formatioﬁ,‘”Whlch forms part of ‘the. lower Stinkfontefﬁ

Subgraup, and a second diamictitic unit, the Numess Sequencs, which is part of the |

Hiida Subgroup. Von Veh _(1 988) subdivided the "Numess Saquence“n intc a basal
"Jackalskerg Formation* and an overlying “Sendelingsdrif Formation® (Table 2.2b),
3.6.1 Diamictite facles: giaciomarine sedimentation

A massive diamiciite (Dm; Figs. 3.44 & 3.45) forms the bulk of the Numees Formetion,

with a total m.imum thickness of approximately 800 m.

(a) Description of lithologles
The matrix of the bulk of the dlamic;tlte (Dm) consists of light grey to biue-grey
mudstons, consisting under the mlcrosocpe of grains of subangular muscovits, quanz,
feldspar, and biotite, as well as iron oxide, in highly variable propartlons. At
Dreigratberg, the lower 100 m. of the Numees Formation consists of a brown

weathering diamictite, comprising a similar matrix to the light grey to blue-grey
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Fig. 3.44:

%

Measured sections through parts of the Numees Farmation at Trekpoort
Farm, approximately 25 km northwest of Rosh Pinah.

diamictite, except for a higher amcunt of iron oxide, causing the by)wn colour. The

contact bstween the brown weathering and the light grey to blue grey diamictite (Fig.

3.46) Is a normal sedimentary contact. The clasts are In sharp contact with the

enclosing matrix and comprise subrounded fragments of basement pegmatite,

leucogranite, gnelss, intrabasinal quartzite and brown weathering dolomitic
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: Fig. 3.45:  Massive diamictite of the Nurmees Formation showing poor sorting and
a varfety of clasrs at Drejgratberg (F;g 2. 4)

=]

1
3
© !
=

- ¥g. 3.46:  Brown weathering and light grey to biue-grey diamictite of the Numees
Formation 8 km north of Dreigratberg (Fig. 2.4).

116




earbonate (Fig. 3.47). Clast sizes range in diameter from smail granules to larg'e
boulders {10 m), but average 10 *o 20 cm. The clasts and boulders may appear in

clusters and comprise up to 50% of the whole rock.

{b) Description of s_edimentary facies _
The massive diamictite (Dm) is matrix-supported with no discerr.bie bedding or other

sedimentary structures. Clasts are generally pdba“i'f’sorted and clusters of clasts of a

- Fig. 3.47:  Carbonate clast within massive diamictite ot Numess Formation
immediately north of Dreigratberg (Fig. 2.4); note alignment of clgsis
along penatrative 7 foliation from bottom left to top right and s2
cleavage perpendicular fo §1. .
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particular lithology and/or clast size ars gvesent in places.

362  ironformation/pebbly sandstane tacles associatiom: d;'opstonas in,
a g&a&iomarlne satlting | o | , S o "
This facies assoclation is misrbedded wfth tha:iammtrta (Dm) The iron formattons are
between 10 and 20 m th:ck and consrst of the following facies: (1) banded :rﬂm .
formation with dropstones (ld). and (z}y.n::;fma.lly graded pebbh;sandstone wsth -
dropstonss (Sng). R | |
B wis |
{a) Dascripﬂon of itlhologies | Y P
The iron formation (ld) gonsists of mterlam«xated ua:rk-.amwn magnetlta-uuarmte amd '
- brown bands censisting of quartz, hematlte chlarlte, amphibole and cah’bonaita
contairing erraﬁcs of granite showing sharp contacts with the surrounding matrix (Flgs
3.48 8 3.49). o o
At Trakpoort Farm, apprommataly 25 km nnrthwast of Rosh Plnah magnente—nch
normally graded pebbly sandstones (Sng) are present, containing pebbiles cmslsting
én‘ granite and quarkéite with 1 om maximum clast diameterg.’ Granitic dropstones
cceasionally disrupt these graded beds (Fig. 3.48). |
At Dreigratberg, the iron formation is unt:lerlam by a diamictite (Dm) about 5 thtck
with a mudstons (hatrix consiséi of ine grained chioriic sc!'ﬁst vith iarge m:.:sc:mte

and magnetite grains contamzng clasts of granite and quartzite. '
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_“”- Fig. 3.48:  Granitic dropstone erratic disrupting laminations of the banded iron
o formation within the Numses Formatlon at the western flank of
L Dreigratberg (Fig. 2.4). '

5

Fig. 3.48:  Magnetite-rich gradad pabbly sandstone with granitic dropstone siratics
: at Trekpoort Farm, approximately 26 km northwest of Rosh Pinah (Fig.
2.4),
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(b) Description of sedimentary facies -

The banded iron formations (Id) are fine laminated to very thinly bedded,, with

- dropstones disrupting these laminae (Fig. 3.48). The laminae and bed thicknesses

range between 0,1 and 10 mm. The grains of the iron formations measure lees than

o.09imm.

The normal!y'gradad magnetite-rich sandstcne beds (Sng) are only presani at

Trakpobrt Farm ans have average bed thicknesses of about 15 cm. The iron content
within the sandy beds can vary laterally. At the top of one graded sandsfone bed
asymmetric ripples are present, fneasurin'g up to 15 X 2 om, being overlain by anather
graded be;_:l containing dropstones within the upper fine grained part of tha graded
bed.

Several beds of bandad iror: formation are interbedded with massive diamictite of the
Nurrees Formation in the Richtersveld, pinching out after several tené ani:{ hundreds

of metras, as revealed by LANDSAT imagery (Newton and Boyle, 1989).

{(c) Interpretation of diamictite and iron formation
Dlamictite is the ﬁﬂaiﬁed product of diamict, a very poorly sorted mixture of mud, sand
and gravel {Flint et al., 1960; Eyles and Miall, 1884). Malvix-supported diamictites (Dm)
can form by é variety of processes and sre by themselves not indicative of a
palaeoenvironmental seiting. The most common ways of transport and deposition of
diamictite are (i) sediment gravity fiow processes, in particular mud flows and debris
flows (Kuenen and  Qliorini; 1950; Bouma, 1982; Hampton, 1872; Carter, 1975; Lowe,
1979; 1982; Harms et al., 1982; Vorren et al,, 1988; 1991; Vogt et al., 1993) ahd ®

direct glacial deposition (Eyles and Miall, 1384; Vorren et él., 1988; 1991). Large

120

T p——

e b L e iR = e % w48 b A



quantities of diamictite can be produced and deposited during glaciation. Studies on
modern glaciomarine dapositional systems such as off the Antarctica coast (Anderson,
1983; Anderson et al., 1979; 1980; 1884; Kurtz and Anderson, 1978} and of the Bear
lsland submarine fan in the Svalbard-Barents Sea (Vogt et al., 1993) have shown thet
the bulk of transport and. deposition of sadiment occurs by sediment gravity flow
processes, Diract.svidenoe of ice activity suich as ice rafﬁng is rarely preserved within
the study area. Dropstones within the iron formations (Id), disfupting the laminae, are
clear evidence for glacial activity.

The origin of iron formation may be associated with voleanic activily {Algorna type) or
be purely sedimentary in origin with no apparent volcanic affinides (Lake Superiordype;
Trendall and Morris, 1983). Iron formations within the Chuos Formation in the Southem

Margin Zone of the Damara Orogen, which is correlatable wm the Numees Formation

of the southern coastal branch of the study area, ere associated with basic volcanism :

(Breftiopf, 1986; Breitiopf & Maiden, 1987). Biihn et sl (1892) described manganese-
rich iron formations of the Ghuos Formation In the Otjosondu area about 160 km

northiwest of Windh{aék, relating them to contiriental break-up .and evolution of new

spreading ridgeé, with the main source of metals deriving from the resulting

hydrothermal activity, with manganese ar‘id iron-rich ocean waters upwelling onto the

neighbouring shelf areas. Basic and felsic volcanism, associated with hydrothermal

exhalative iron-rich vents within a tectonic environment of riting may be responsible

for the generation of the iron formatlons of the Numees Formatior.

The graded beds and the ripple cross lamination within one of the magnetite-rich

sandstone bed (Sng) at Trekpoort Farm strangly resemble the lower "A* and the upper

"C* division of a Bouma sequence '(Bouma, 1962; Waikei*, 1984). Even though other
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sedimentary pfncessés can be at:caungabie for thé formation of graded beds and
ripple cross laminae, the studied graded beds are interpreted ws turbiditic in origin for
the followirj reasons: | o

(i) the lateral continisity of the rélatively thin {5 to 10 cm) graded beds over outcrop
width of séveral tené of metres; o "

(i) the beds have flat bottoms and tops with no evidehca for channefling (Walker,
1984). o |
Assurhing & submarine oceanic setting for iﬁe deposition of the iron forration w&hin
the Numess Formation, t‘hé interbedded diémictite must also have been deposited
within a submarine enviror.. Jent, with ﬂcahng ice rafts dropping dlasts into fine grained
marine sediménts and lron formations, as sudgested by Henry 'etlal., (1986) for the

Chuos Formation in the Central Damars;

3.6.3 co;giﬁmeraﬁta/saﬂdstonefmudstone facies as;\soc!atlﬂn: gravity

" mass flow within a marine setting -
This facies association is interbedded with the light grey to bl.ue-pr.ay massiva.‘»
diamictite of the Numees I‘;Farmation, with a maximum thickness of about 600 m (Figs.
3.50 & 3.51). It consists of the folimw!ng faci 4 (1) normally graded matrix-supported |

conglomerate (Cms); {2) normally graded sandstone (Sng); (3) massive mudstone

(Mm).

(a) Dascription of lithologies

The groundmass of the conglomarata'(cms) consists of sit and fine grained sand.
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Clasts vary in diameter from approximately 3 mto 2 mm, grading into sandstone (Sng)
and mudstone (Mm). The clasis consist of subanguler boulders and clasts of granlte,
quadzfte, shale and brown' weathered dolomitic limestone, The muddy and fine ta
coarse sanay groundma#s of the normally gradéd congldmerates (Gn';é), as well as

the sandstones (Sng) and the mudstoﬁes (Mm), are 1l light grey to blue-grey and
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Fig. 8.60: Measured se¢tion through the graded beds of the
conglomerate/sandstone/mudstone facies association within the
Numees Formation, aboui 2 km south-east of Namuskiuft Farmhouss
(Fig. 2.4).

consist of quertz, feldspar, biotite and muscavite. The grain size of the sandstones

varies from medium to fine, often grading irto rudstone.
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Fig. 3.51:  Graded beds of the conglomerate/sandstone/mudstone facies
association within the Numees Formation, about 2 km south-east of
Namuskiuft Farmhouse (Fig, 2.4).

(b} Description of sedimantary facies
The beds grade from conglomerate (Cms) with boulders up to 3 m thick to sandstone
{Sng), and in some cases to mudstone (Mm; Figs. 3.51 & 8.52). The contacts Wn
the beds are shar;f.ﬂn'l'he beds are consistent over outcrop width, piching out only after

“tens of metres.

(c) interpretation
The study of glaciomarine deposition under the Antarctic ice shelf (e.g. Anderson,
1983; Anderson et gl.; 1979; 1980; 1984; Kurtz and Anderson, 1979), the Bear Island

submarine fan in the Svalbard-Bargnts Sea (Vogt et al., 1998) and thick diamictite
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sequénces, which have been interpreted as gléciornarine deposits, such as the Late
Cenozoic Yakataga Formation in Alaska (Armentrout, 1983; Eyles and Eyles, 1983)
and the Cenozoic _emﬁronments_ in the Barents Sea (Vorren et al., 1988; 189"1:), show
that build-ups of sediment ﬂat the ice-iine result in unstable siopes, where periodic
slumping can ééusa the deposition of mud flows and debris flows. The build-ups of
sedimént.at the lce fine comprised mud piles, which were water-rich, repidly deposited
and rich in s.slnd: and slt, and, therefore, were prime candidates for gravitationsf fallure
(Vogt et al., 1993). Occasionally turbiditic currents are generated and move further

downslope to deposit as turbidites.

3.6.4 ~ Carbonate facles association
Normally graded and laminated carbonates (LI, as well as massive carbonates (Lm)
are interbedded with the diamictite (Dm), resembling the carbonates of the

Pickelhaube Formation, described in section 3.4.1, in terms of sedifhentary structures.

(a) Description of lithologies

The carbonates (LI; Lm) congist of white and grey dolomitic carbonate with variable -
mincr amounts (<10%) of quartz.

(b) Description of sedimentary facies

The massive carbonates within this facies association dispiay no sedimentary

structures.

Normal grading, with thicknesses of graded beds varying from <1cm to about 10em
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is present within .some carbonates (Li). Fine“ to medium laminations, consisting of white
and grey carbonate, are also present within these carbonates {Lh.

The carbohates (Lm; LY) pinch dut against the diamictite within tens and hundreds of
metres (Fig. 3.52). |
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Fig. 3.52: Measursd section through paris of the Numees Formation about 3 km

north of Dreigratberg (Fig. 2.4), disgfaying interbedded carbonate and |
diamiciite. - -

{c) Interpratation
The carbonate beds are interpreted as a minor but distinct facies within the diamiciis.
Several possibifities for the deposition of the carbonates, interbedded with diamictites
have beeh suggested. The sharp contacts and the limited lateral extent of the
carbonates do not excluds the possibility that they were deposited as huge boulders

or as being huge rafts carrled by gravity mass flow processes, since smaller carbonate
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clasts commonly occur in the diamictite. They may, however, also have been
generated as gravity flows, Qonsisting of redeposited cold water carbonates (Rao, ~
1881a; 1881h; Felxchild and Hambrey, 19B4; Walter and Bauld, 1983). The barbonat_es
may, however, alsc have developed during inté}glacia} periods, as identified within the
Chuos Formation of the centrel Damara (Biihn et al,, 1992), which forms the equivalent
of the Numees Formation. |

Reworked carbonate depasits from the glacial Varangian Port Askalg Formation iﬁ
Scotland have been described by Spericer {1981). Other Varangian and Vendian
giacial deposits of northern Europe beth sandwich and occur within glaciogenic,
diamict_ita beds (Spencer, 1931, 1985, Bjorlykke, 1985; Fairchild & Hambrey, 1884,
Nystuien, 18685). Walter & Bauld (1883) described an assodistion of evaporitic sulphats,
stromatolitic dolomite and glacial deposits from the Proterozoic of Australia and the
Cainozoic of Antarctica. The association of carbonates and glacial deposits is,

therefore, nat unusual.

3.6.5 Coarse to fine clastics/carbunates/himodal volcanics tacies
association: Interglacial mixed continental/marine depositional
system

The foliowing Tacies form part of this facies association: (1) matrix-supported

conglomerate (Cms); (2) normally graded sandstone (Sng); (8} mas._siv& sandstone

(8ms); (4) plane-laminated san’dstone (Sph); (8) tabular planar crass~famihafed-

sandstone (Stp); (6) ripple-marked sandstone (Srm); (7) calcareous quartzitic

sandstone (Scq); (8) massive mudstone (Mm); (9) plane laminated mudstone {Mpf);
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(10) cross-laminated mud- and siltstone (MSI); (11) massive carbonate (Lms); {12)
plane laminated carbonate (Lpl); (13) stromatolitic carbonate (Ls); (14) carbonate
' breccia (Lbr); (15) carbonaceous carbonate (Lgi); (16) felsic volcanice (Va); (17) mafic

_volcanics {(Vm).

(a) Description of lithologies
The sandstones (Sms, Sng, Spl, Stp, Srrﬁ, St} vary from dark-grey and biue-grey 1o .
light brown and brown and consist predominantly of quartz (20-65%), mica (25-45%), .
and feldspar (5-35%), and of lesser amounts of rock fragments (5~10§§), iron-oxide
0.5-5%) ahd calcite {0,5-5%). The feldspar includes both plagiociase and microciine
up to 1,5 cm in length. F{ides Scq congists of madium grained calcareous quarizitic
sandstone. "
The mudstones (Mm, Mpi} are green-grey to grey and consist of chloﬁta, muscovite,
quartz, feldspar and caicite. ‘
The congiomerates (Cms) have a matrix similar in composition to the sendstones and
contain pebbles and blasts of quertzite, vein quartz, micaceous quartzite, granite,
dolomite and felsite.
The carbonates (Lms, Lpl, Ls) vary from rusty brown to biue grey and are dolomitic
in compasition, The presence of carbon in some of the carbonates (L) changes the
colour to blue-biack. The presenge of a dolomitic breccia (Lbr) within massive
carbonate, consisting of a mass of disoriented slabs of extrabasinal material, was
described by McMillan (1968) from the Namuskiuft area approximately 15 km east of
Rosh Pinah (Fig. 2.4). |

Basic sills (Vm) are interlayered with sandstones south of Namuskiuft waterhole,
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“consisting of green amphibols, plagiociase, epidoate, quartz, + /-biotite and '+ /- calcite
with accessory iimenite, hematite and sphene.
Felsic -voibanics (Va), interbedded with thss facies association at Trekpoart Farm,

consist of grey to pink-grey quaﬁz—feldsﬁar porphyry.

(b) Description of sedimentary facies

The congiomerates (Cms) are matrix-supported and are either structureless or
normally graded from conglofnerate at the bottorn {o mudsiona at the top of the beds.
Beds vary in thickness from 2 c¢m to 3 m. Clasts are subangular to subrounded and
average 5 cmi in diameter, however, boulders with diameters of 1,5 m are also present.
Conglomerate beds pinch out laterally, often disp!ayin_g erosive structures.

The sandstones are coarse to fine and generally structureless (Sms), occasionally
displaying a variety of sedimentary structures, ranging from asymmetric ripples with |
sinuous out-of-phase to linguoid shape (Srm) to tabular planar cross-bedding (Sip)
and normal grading (Sng). Erosive congiomeratic channels (Crns) are developed within
some of the sandstone bads.

The conglomerates and sand_stdnas are interbedded with siftstones and mudstones,
which are either massive (Mm) or display sedimentary structures, such a& wave ripple-
laminations and plane laminations, with occasional dropstone erratics, disrupting the
laminations. These siit- and mudstones are interbedd.ed with carbonates and
structureless calcsiliciclastics (Scq). - |
Sedimentary structures within the carbonates are either absert (Lms) or include plane
laminations {Lpl) or stromatolitic laminations with domal diameters of about 5 cm. The

carbonate breccias are poorly sorted, with clast diameters of the tabular to subanguiar
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clasts and boulders varying from 2 mm to 50 cm. Bed thicknasses of the cdrbonates
vary between 1 em and 15 m and contacts between the carbonates and the clastic
beds are sharp.

The mafic (Vm) and felsic (V&) voleanics are about 10 t6 20 m thick and display sharp
co.tasts with the under- and overlying lithologies, No sedimentary or volcanic

strubtures are discernible within the volcanics (Vm, Va).

{c¢) Interpretation

The mainly massive, ripple-riwsked and cross—bedded sandy (Sms, Srm, Spc) and
conglomeratic beds (Cn;as), which form erasional channels in places, are interpreted
as's' fluvial deposits. Some of the massive sandstones (Sms) represent alluvial fans,-
prograding into a shallow-marine environment. |

Asyrametric ripple marks within some fine si!tstqnes and saﬁdstones (Srmy) ma{;
represent wave ripple-cross laminaﬁén, indicating minor wave rewcrking above wave
base. The trough-cross laminated éiltstones and mudstones (MS1) possibly represen&"\__
low energy wave activity and longshore currents generated by storms and waves
within a shallow marine environment. The abundanoe of finely plane laminated siltstons
and mudstone (Mpl) indicates a lower shoreface environment. Dropstone erratics
disrupting the laminae of some mudstones are evidence of glacial activity deriving from
ice rafts. The highly calcareous composition of the quartzitic sandstones (Scq) and
interlaminated carbonates (Lms, Lpl, Ls) suggests a deposition within the zone of
siliciclastic irifiux near the zone of optimum carbonate production, possibly indicating
a shallow marine shelf sstting. The stromatolitic carbonate (Ls) suggests a shallow

marine depositicna! setting within a carbonate platform for the carbonates. The
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massive ca;_.rbona*.es' {Lms) may represent recrystalized stromatolit: ca?bonates

Carhonate breccias (Lbr) and some gradeg‘--fgonglomerates {Cms) may have béen’

deposited as gravity mass flows associated with plaiform margins and :'ope aprons
(see section 3.4.3). “
The presence of céyrbonaceo@i | Iy carbonate, Interbedded with felsic valcanics at
Trekpoort Farm, and the presence of mafic volcanics int_erbeddéd w:th the continertal
sediments at Na_rnﬁskluft, as well as the marked change from a ;;urely marine to
gontinental and mixed shallow marine/continental palasoenvironment indicates
renewed rifting during the deposition oé_:i'the Numees Fonnatinn.

Tis facies association, which Is interbgdded with massive diamictites and interbeddsd
_ ),

iron formations, i8 interpreted as having been deposited during interglacial periods.

This may represent the first ime that terrestrial interglaciaf sedimants have been

recognized in the Damara Sequence.

3.6.6 Regional distribition |
The diamictite within the study area is widespread. The best outcrops are found at
Dreigratberg and immediately north of i} {Fig. 3.83). The westernmost ouicrop

exposing Numees diamictite is presant 3,5 km .south of Ohib Peak. Approximately 10

km south of Gumchavib Mountain and west of the the CbM road léading 1o

Oranjemund, Numeges dlamictite overlies carbonates of the Pickelhaube Formation. -

Jron formation containing dropstones is present at the western flank of the
Dreigratberg syncline, next to the fence to Diamond area Mo.1. Diamictite, iron

formation and magnetite-rich graded sandstone of the Numess Formation are present
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Fig. 3.53:  Regional distribution of the several facies assoclations of the Numees
Formation within the stunly area; for position of thrust slicas and localities
see Figs. 2.3 & 2.4.
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at Trekpoort Farfn, approximately 25 km northwest of Rosh Pinah, as well as ..} -
Witputz Farm, approximately 40 km north of Rosh ?iﬁah. it is underlair: by thé
interglacial clastics/carbonates/bimodal volcanics facies association, which is also well
‘developed at Namuskiuft and in the northwestei., Richtersveld, where it was attributed
to the "Kaigas Formation® (Von Veh, 1988). The carbonate beds within the diamictite
are only devsloped at one locality approximately 3 km north of Dreigratberg within the
westerh ﬁaﬁé of the imbricate zone along the Rosh Pinah thrust fault. Numées
Formation Iithologiés are also present rnorth and northeast of Rosh Pinah, within the

IMCOR Zinc mine concession area".

3.8.7 Verlical and lateral facies assoclation variations

The most prominent vertical facies asscciation variations are displayed by the
alternation of glacial and interglaclal deposits.

At Trekpoort Farm a vertlcal facies variation fraom continental o marine deposits is
evidence within the interglacial deposits.

Vertical facles association variations are exposed within the massive diamictite at the
Dreigratberg syncline, where iron oxide enriched brown diamictite, hosting the iron
formation and associated dropstones, is overlain by a light grey to blue-grey diamictite
(Fig. 3.486), whith hosts coarse to fine clastic beds. The carbonate beds are aiso
interbedded with the lighter coloured digmiciite, piacing them higher up in the internal
Numees Formation stratigraphy than the iron formations. | |
No significant lateral facies variations are exposad within the massive diamictite itself.

The iron foimations within the diamictite are lateraliy not very congistent and pinch out
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within several hundreds of metres or several kilometres. The same accOuhis fc;r the
conglomerate/sandstone/mudstone beds and the carbonates, which are interbedded
with the massive diamictite within the Nurnees Formation. |

The contact relationships of the Numees Formation with ihe under!yin_g rocks are
unconformable. Within the study arsa, Nulﬁees Formation rocks overly basement
rocks and carbonates of the P_i9keiha’ube Formation unconfqrﬁxably, wh.aréas at
Trekpeort Farm, approximately 25 km narthwest.of Rosh Pinah, they u{rerly the Rosh

Pinah Formation,

3.6.8 Palaeoenvironmental reconstruction

The Numees Formation lithologies are interpretéd as being deposited within a ”
predominantly gléciomarlne environment within a passive margin environment (Fig.
3.54). The diamictites were generated within a shelf sstting as debris flows which

formed from reworking of morainic sediment dumpsd at the ice-front by glaciers,

- o
K H

Fig. 3.54:  Mods! propased for the crigin of the glaciomarine Numess Fbrmatian
sediments (modified aﬂer_Henry et al,, 1986).
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floating ice sheets and icebergs. The buildup of piroximai sediment co;zid have led to
gravitational instability of the sediment pile which enabled downslope reworking by
SEdimsnt gravity procassss, as recorded by the preseni::e of nofrn.ally graded
congiﬁmerates, sandstones, mudstones and graded carbonates, deposited as
submarine debris flows and turbidites.

Manganese-rich iron formations of the Chuos Formation in the O'gjpsondu area about
150 km northeast of Windhoek may be related to continental break-up and svolution
of new spreading ridges within the Knomas Sea, with the main source of metals
deriving from the resuling hydrothermal activity, with manganese and iron-rich ocean
waters upwelling onto the neighbouring sheif areas (Bihn et al., 1892). A similar
setiing, involving the creation of oceanic crust during the opening of the Adaima;stof
Ocean, may ha\;e'bem responsible for the generation of iron formations within ¢f the
Numees Formation. The generation of iron formation could, howéver, aiso he
associated with the generation of amiphibolitss and felsic volcanics and associated
hydrothermal exhalative precipitation during inte:mittent phases of voleanic agtivity as
a conssquence of fenewed fifting. A similar origin for the iron formation ot -th-é Chuos
Formation In the Southem Margin Zone of the inland bfanch of the Damarai Orogen |
has been suggeste.d by Breitkopf (1986) and Breitkopf and Maiden (1986).

The presence of tervestrially deposited and interbedded shallow marine sediments and
platform carbonates, sandwiched beiween thick successions of massive diamictite, ere
avidence for the existence of vérious inteiglacial periods during the deposttion of the
Numees Formation. Interglacial periods could account for the source of thé
redeposited carbonate beds within the giiciomarine diamictite. The source rocks of

the carbonatas within the Numees Formation diamictites could, however, also be cold
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water carbonates.
A moadel envisaging the deposition of glaciomarine Numees Formation lithologies is

':.\r ’

presented in Fig. 3.54.

3.6.9 Discussion

Evidence from the study area in Southern Namibia and the Richtersveld shows, that
‘the "Kaigas Formation" and the "Mumses Sequence®, as subdivided by Von Veh
{1988), constitute one stratigraphic unit which has teen duplicated by thrustlng._
Von Veh (1 9é8) lists the folloﬁng reasons for a subdivision into two strafigraphic unis:
(1) Although both units have uncorifbrmahle basal contacts, the "Kaigas Formation*
rests on basernent rocks and Stinkfontsin .ﬁuartzites, whereas the “Numees Sequence”
is everywhere underlain by Hilda sedimems;

(2) the "Kaigas Formation” diamictite- is interbedded with grit, arenite and phyllite,
whereas the “Nufnees Sequerice" diarmictite Is largely unbedded and massive;

(3) the "Kaigas Formation” dicmictite does not contain a near-basal iron formation or
ferrugeneous zone; . |
(4) Carbonate erratics are conspicuousiy absert in the "Kaigas Formation®, but present
in the *Numess Sequence".

(5) The overlying beds do not resemble each other.

Figld evidence shows, that a subdivision into two diamictiic units is not applicabls. The
"Numess Sequence” of Von Veh (1988) is therefore reclassified as a formation and

named Numees Formation in this work. The reasons for a reclassification as a

136




formation are given-in the text below, In direct reply to the above listed argumentation
of Von Veh (1988).

To point (1): As the Nurnses Formation overlies the underlying rocks unconformably.'
it mﬁst be expected that it overlies both Stinkfontein and Hilda Subgroup lithologies,
Which is the case in Southern Namibia, and also in the Richterveld, if the postilation
of only one dianictitic unit is applicable. |

To point (2): As described in section 3.6.3, the Numees Formation within the study
area is also interbedded with conglomerates/sandstones/mudstones..

To point (3): The fact, that iron formations or ferruginecus zones are ebsent within the
"Kaigas Formatiori“, does not necessarily prm}e the existence of two different
stratigraphic units, as the iran formations pinch out laterally as shown both within the
study area and within tha_ correlatable Chups Formation In the cersiral Darnara (Henry,
1892; Henry ef al., 1886) and the Kaocko Belt. Debris, consisting of banded iron
Formation, was recognizerd near Numees Prospect in the Richtersveld, whare the
"Kaigas Formation® is best developed, p.roving that iron formations are present Within
the “Kaigas Formation".

To point {4): Carbonate erratics, believed to be conspicuously absent within the Kaigas
Formation, were recognized at Numees Prospesct in the Richterveld (personal
communications Dr. Sharad Master), which was mapped as "Kaigas Formation" by
Van Veh (1988).

o point (5): The beds, overlying the *Kaigas Formation” and ‘Numees Sequence”,

which do not resemble sach other, have contacts to the underlying diamictites which

are exclusively tectonic in nature,
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Furthermore, the "Kaigas Formation®, as defined by Von Veh (1988), is riot knowr to
be intruded by the Gannakouriep dyke and sill swarm anywhere in the Gariep Belt,
adding further svidence that it postdated the Gannakouriep dyke and silf swarm and

is, therefore, younger than the Stinkfontein Subgroup and the lower Pickelhaube

Formasion.

A subdivision into a lower "Jackaisberg Forration®, consisting of a basal iron formation
and ferrugineous zons, is not applicable, as this zone is aver- and underlain by
massive diamictite within the study area and at Trekpoort Farm approximately 25 km
northwest of Rosh Pinah {Fig. 3.44), which is also revealed by LANDSAT image
interpretation in the Richtersveld (Newton and Boyle, 1989), where several hoﬁzons
of iron formations. are present within the diamictite.
Some controversy has existed coneerning the stratigraphic position of the coarse to
fine clastics/carbonate/lblmoda! volcanics facies association, in particular at
Namuskiuft about 15 km east of Rosh Pinah. McMillan (1968) ascribed this voivano-
sedimentary facies association to the Numees Formation. He subdivided the Numees
Formation into a basal tillite, overlain by a greywacke and an arkosic stage,
representing this facies association, followed by an upper .tillite stage and an upper
dolomite stage. Hoffmann (1972; 1989) suggested the presence of thrae distinct
- stratigraphic units within this area, subdividing the sequence exposed at Namuskluft.
into a basal diamictitic Kaigas Formation and Stinkfontein quartzites, both being part
of the Stinkfontein "Group”, and an upper diamictitic Numees Formation, which forms

part of the averlying Gariép Group.'A corrélation of the atratigraphicé sequence &t
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Namuskiuft with the Nama Group was suggested by Jaspér ot al. (1892/1993). .New
field evidence and metamarphic studies (section 5) revesled however, that these beds
are part of the Numees Formation, as first suggested by McMillan f1968)_._
Reconnaissance mapping at Namuskiuft waterhole about 15 km east of Rosh Pinah
and previous mapping undertaken by McMillan (1868} and Hoffmann {1872) revealed |
an approximately 1100 m thick succesion of interbedded conglomerates, quartzitic and
feldspathic sands'torifes, mudstones, carbonates, felsic volcanics and intrﬁsiva
amphibclites, which are sandwiched bstween two d:amnct:te units. At Trekpoort Farm, |
where this facies associatlon only contains felsic voicanics, it is oveﬂain by dtamk%lte
and interbedded iron formation. In the Richtersvald, several diamictite beds ara
interbedded with beds ccns'isting of clastics/carbenats faties aSsbéiations (Von Veh,
1988), repreé%nting glacia!fiﬁ-lerglacial cycles.

Recause of the striking résemblance of the Numees Forma_tion and the Chuas
Formation of the Central ™amara and the Kacko Beft in ndrtﬁern Namibia, both in
lithological appearancs, preserved sedimentary structures, the debdsitiona!
environment and the underlying stratigraphic units, a correlation between these two
formatione is proposed. Lithological similarities include the pgasehce of massive
diamictite and intsrbedded iron formation and carbonstes, as well as the presence of |
miafic volcanics, The palascenvironmental sa{;!ng and the tectonic environment of the “
Numee_s and Chuos Formations do also resemble each other strikingly, inc!udi_ng

alternating phases of giaciomarine and intergiacial deposition and renewer* ,iii:a"iQ.
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CHAPTER 4

STRUCTURAL GEOLOGY

4.1 INTRODUCTION

Structural studies were undertaken within the study area, as well as reconﬁjssance
mapping at Trekpoort Férm, approximately 25 km northwest ¢f Rosh Pinah, and at
Bogenfels in the northwéstefh paris of Diamond Area No.1 (Fig. 1.2), in order to
establish an overall deformation pattern to help constrain the tectonic setting of the
Garlep Beilt in southgrn Namibia. The first structural analyses within the study area

werg undertaken by McMillan (1868]. Further structural work was later carried out by

Siegfried (1990) at Rosh Pinah Mine and around its lmmediatg vicinity. This work

represents the first detailed structural analyses within the Obib Berge and the Rosh
Pinah-Dreigratberg area. Further detailed structural investigations within these areas
are currently bsing undertaken by Alchin {in prep.) in the course of an M.Se. projebt
at the University of Stellenbosch, |

Within the Richtersveld, south of the present studiy area, the structural'getﬂogy of the
Gariep Belt was described by Rogers (1916), Krdner (1974), and De Villiers and
Sdhings (1958). The firsi detailed structural analysis of the Gariep Be't south of the
Orange River was undartaken by Von Veh (1988). Rogers (1916) descﬁbed, with only
minor detail, the structural complicatio s associated with the area around Numees
Mine and other areas in the norttweestern Richtersveld, Da Villiers and Sohnge (1959)

described some major tectonic structures, neglecting the description of the minor
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ones, and interpréted the terfonic evoiution of the G_ariep Belt in the Richtersveld
. a repetition of seven cycles of geosynclinal deposition, orogenesis and associated
fragmatism slong similar, peraliel structural trends. Krdner (1974) recognized two main
tectdnic domains: (1) an eastern "miogeosynclinal® domain; and (2) a western
“eugeosynclinalf' domain associafed with compressional defomiétion. A "tectogen®
mode! of geocsynclinal subsidence with associated .gravity folding and a subsequent
compressional phase with associated tectenic deformation was suggested by Kréner
(1974). The occurrence of these gravily folds was questioned by Von Veh (1988) and
in this present study, as most of these featqras attributed by Kréner (1 9:!4) toa
"-pehenonte:fnpuraneous gravity deformation® deform an earlier fabric around 'dt.heir fold
hinges. investigations to determine the kinematic history of the Gariep Belt have so far
only been undertaken in the Richtersveld (Von Veh, 1888). Von Veh (1988) oamad out
structural analyses and proposed three kinematic phases for the Richtersveld: (1) a
trarispressive or convergent wrehchlng phase, (2) a simple paralle! wrenching phase
and (3) a transtensive or divergent wrenching phase..
In this work the term “foliation” is used to delineate generally planar surfaces of
structural origin. The term "penetrative cleavage” is used for fabrics whic_h are
characterized by the preferred alignment (newly crystallized and/or reorientated) of
particular minerals (i.e. micas). The nomenciature of Fleuty (1964) is used for fold
shapes (i.e. open, close, tight). The terminology of Turner and Weiss (1963) was
applied 1o structural elements, i.e. S1 to Sn for planar, penetrative fabrics, Ln fdr finear
pentrative fabrics, and 7n for folding of fabrics. The relative age of consecutive fabric
generations is indicated by suffixes 1, 2, 3. Sedimentary bedding is referred to as So.
identified deformaticinai phases are labelled D1, D2, and D3.
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4.1 | Deformational events _
In the study area three phases of defurmation, of which the first two are associated
with a conspicuous cleavage de}fsiopment, have been distinguished’. The rnost.
prominent stmcturaihfeaturee;. which form the structural grain of the study aree;l*e _
north-south- to northw;?s0uth‘eést~striking, small to large scale D2 folds ;vith
northerly and southerly plunging fold axes and major northerly to northwesterly stiking
thui.o *auts (Fig. 24) With thrust planes dipping towards the west to WSW. Within the
study area, the northerly continuatlén of the Annisfonteln énticl.lnorium of the
Richtersveld (Vor Veh, 1988) Is the most conspicucus fold structurs, which ocours in
the vicinity of Gumchavib Mounitain (Fig. 2.4). Thess fol__ds deform around their hinge
line an sarlier; bedding-subparalie| fabric, sdf;r.i'e m.inor intrefolial Isoclinal faldé‘ and
a_ssociated thrust fault planeé. The sarliest recogrizad structural features charactanze
the D1 phase of deformation phase. Subsequently, tﬁe D1 and D2 dé%énnatiunai '
structures were deformed by east-west- to northeast-southwest-rending smell to large
scale folds, which are classified as representations of the D8 deformational event.
The three recognized deformational svents, D1, D2 and D3, are defiited by the
following main structural characteristics, which are summarized in Table 4.1 and
describad in more detall in section 4.3: {1) D1 by a bedding-subparalie! 31 cleavage,
intrafollal F1 folds, and an 11 stretching lineation of grains, clasts, and bc—uiders (2) D2
by an axial planér cieavage ($2) and north-south- to northwest -southeast-trending F2.
folds.; and (3) D3 by east-west- to southwest-nartheast-trending F3 folds and a poorly
developed axial planar cleavage (S3). |
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T%:ﬁé 4.1:

o

Structural slements assoclated with the deformational evems
y wiﬂu’n the Gariep Belt, southarn Nam:b!a.

' D'l-defonnation

intrafoilal (F1 )

recumbent, open

| to isoclinal (F2)
all derees NioNW Wio SW
centimetre acale ‘f}ientimétra scale centimetre to
 to 2m to 5 km >3km
snuiheriy .commonly to the commanly Tio
east, vergence,
0y occasionally to - | oceasionally to
_ the west | the south
 Foliation Bedding- axial-planar (52) | axialplanar (S3)
' subnparallet (S1) |
Lineation clast- end grain- | Intersection | Intersection
slongation (1) lineation of lineation of
N 81/82 (12) 1 81/83 (13)
Linesion-trend | NNW and WSW | N to NW ‘Wto SW
(after rotation to
| horizontal) o
| Thrusttrend N to NW N to NW no thrusting |
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42 TECTONOSTRATIGRAPHY

F.etci evidence :nd:cates the presenca of major thrust faults withip *h' study area,
' rauﬁmng the boundaries of several tactonosedimentary units and juxtaposing various |
thrust slices. These thrust faults are assoclated with the D1 and D2 deformational
events and will be described in more detail in sectiun4 3. Each thrust fault is named
after adjacent geographic landmarks or, where these oy absent, after indigenous |

animals within the study area. The recognition of thrust faults and fime sequence of,

thrusting wil t-.dealt with in detal in section 4.3.4. SR

Changes iy fabric and fold morphol'bgy can.nceur bet\kaen the diffe.réli:it-..---
parautochthonous thrust slices and the basement-fioored sequence east of the Rosh .
Pinah thrust fault (Figs, 2.3 & 2.4). The thrust slices are paraumcrrri'lonoﬁs, vihoreas
the basement-floored unit is autochthonous. The thrust siices are named after the floor
thrust fault .uf each thrusf_ slice. The structural units {Fig. 2.3) comprise: (1)_thR-
autociithonous unit in the éast of the study area, immediately east of the Rosh Pinéh_' :
thrust fault an the associated imbricate thrust zone; and to the-west, the |
parautochthr;ious (2) Drsigratberg thrust slice, (3) Pickelhaube thrust stice. (4)
Gumchavib .thrust_ slice, (5) Roolkat thrust slice, (8) Ostrich thrust slice, (7) CObib thrust
glice and (8) Gemsbak thrust slice.

The autochthonous and frameworik pérautochthonqua units withir: the study area wil
 be described briefiy in this chapter. As most structural fabrics, associated with the
various daformatir_nnai phases, are well deveb::asd throughout the study a;ea," only the
mein structural elements characterizing the different tectonic units, togsiﬁar with ihe
stretigraphy, will be portrayed. |
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4.2.1 The autochﬂ_lonoqis unit _ _ __

- .Unconformable sedimentary relajilonshlps are recognized betwesn the basernent and
carbonates of the Pickelhaubn Formation, overlying granitic basement sast of
Namuskiuft Farmhouse (Fig. 2.4), as well as sediments of the Numees Formation,
overlying the basement unconfirmebly north and NNE of Rosh Pinah (Fig. 2.4; Van
Vuuren, 1986). Numees Formaiiori fitholanies also overlie the basement at Namuskluft
waterhole, approximately 10 km northeast of Rosh Pinah (Fig. 1.2).

Structurally, the autochthono s unit Is characterized by NNW-trending reverse faults
and small scale to medium s.2ale open F2 folds (<50 m waveiength). Sheur zones and
tt ¥ "ect of shearing can_.-_ba observed in tha fine-grained units (carbonates and

phyiiits) at several places ' iear the basement contact.

422 Parautachihonous units
The Dreigratberg thrust slice

The Dreigratberg thrust skice is locarad in the east of the study area, extending from
north of Octha along the bassment contact to about 4 km north of Namuskiuft
Farmhouse (Fig. 2.4). To the east, this thrust slice is bound by an imbricate thrust
zone, which Is situated immediately east of the baseme~, This imbricate thrust zone
forms the southerly continuation of the Rosh Pinah thrust fault and deﬂnas the floor
thrust fault of the Dreigratbéfg thrust slice. The western boundary of this thrust slice
is defined by the Sendelingsdrif thrust fault, Yorming the rdnf thrust fault of this thrust

slice. The floor and the roof thrust faulte fink with oo s other north of Namuskluft
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Farmhouse, restricting the northerly extension of the Dreigratbery thrust slice. West
- of the Sendelingsdrif thrust fé_«ult, the vergence of F2 folds is genherally easterly, -
whergas to the east of it the folsjs generally verge in a wostarly direction. In & southeily
direction, the Dreigratberg thrt;..l.st slice extends into the Richterveld.
The Dreigratberg thrust slice comprises diamictite and iron formation of the Numees
Formetion, structurally overlain by a clastic/calcarsous succession of the Pickelhaube
Formation. The northwest-mshcling Dreigratberg syncliha forms the core of this thrust
slice, which also folds the thrusted contact between the Numee_é Formation and the
ovetlying Pickelhaubs Formation lithologies (Figs. 2.4, 4.1 and 4.2C). The Dreigratberg
syncline, whose fold limbs dip in an easterly direction and hsaive a wavelength of at
least 3 km, has a westeriy \rergence. The fﬁ.-.i. Jnge plunges at a shallow angle in &
southerly direction, expléalining the pinching-out of the Pickelhaube [ithologies towards
the norih. A prominent imbricate zone with steeply, generélly"_ west-dipping faults (65
to 89 degrees) is situated to the east of the Dreigratberg sync!ine, near the thrust
contact wit"l the autochthonous unit (Figs. 2.4, 4.1, 4.2 and 4.3). Field evidence shows
that these thrust planes are overturned in the vicinity of the highly competent
basement and underwént a south-southeasterly-and easterly-directed thrust
movement. The various thrust slices within this imbricate zone are each uniform in their
lithological composition comprising either sandstones and conglomerates of the Rosh
Pinah Formation, massive carbonates of the Pickethaube Formation, pisolitic
carbonates of the Pickelhaube Formation, or massive diamictite of the Numees
Formation. Towards the north, in an area ranging from sautheast to northeast of
Narmnuskluft Farmhouse, the Dreigratberg thrust slice comprises massive diamictite of

the Numees Formation and carbonate and calcareous conglomerate of the -
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Fig. 4.1: (opposite page), A) Structural SW to NE cross-section D1-D2 cutting
through parls of the Obib thrust slice south of Obib Peak in the SW, and
paris of the Ostrich, Rovikat, Pickelhaube, Gemsbok, and Dreigratberg
thrust slices, as well as the parautochthonous zone in the NE.

 B) Structural SW to NE cross-section E1-E2, cutting through the.Ostrich
thrust slice approximately 8 km S of Gumehavib in the SW, and parts of
the Gumchavib, Gemsbok, and Dreigratberg thrust slices, as well as the
parautochionous zone in the NE.
Position of cross-gections is shown in Fig. 2.4.

Pickalhaube Formation. At the easternmost exi:osure the carbonates of the
Pickelhaube Formation have a thrusted contact with the autochthanous unit (Figs. 2.4
and 4.2B). Towards the east an F2 syn'clinai box fold measuring about 100 m from ore

fold limb to the other, with a steeply westerly dipping axial plane, folds the sediments
of the Pickethaube Formation. East of this syncline the basement and the lithclogles

- dip towards the west. About 1,5 km northeast of Namuskluft Farmhouse, 8 m thick

sl ed L Ml e e e o plociel s thaesom e
; ;-4'%2‘3;:»!1';-'4'_1::&-::- SRR Wl RN

granitic basemnent, overlain by Pickelhaube carbonate, is thrust over a thick succession

of similar Pickelhaube Flthologiias. thus emphasizing the parautochthonous neture of
this thrust slice. |

Structural cross sections (Figs. 4.1, 4.2 and 4.3) taken along the Dreigratberg thrust
slice (Fig. 2.4) show how the sevsarai imbricate thnust slices pinch out laterally. The only
cantinuous thrust fault within the imbricate thrust zone, which does not splay, is the

- westernmost thrust fault, juxtaposing the Numees diafnicti.te and the imbricate thrust

slices (Figs. 2.4, 4.1, 4.2 and 4.3). Sterecnet projections of structural data from the
Dreigratberg thrust slice are shown in Fig. 4.4, showing the random dispersion of D1-
related shubt_ural features, the north to northwesterly trend of F2 folds. Stereonet data
In Fig. 4.4 also portray a generally westerly dip of 82 and D2 axal planes, as well as
an occasional dip of 82 and D2 axial _planes' tawards the east, caused by backfolding.
F3 folds trend In a northeast-southwesterly direction with associated axial planes
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Fig. 4.2: Structural SW to NE cross-sections A) F5-F8; B} F3-F4; and C) F5-F8,
Situated within the Imbricate zone in the east of the Dreigratbsry thrust
slice. Positions of cross-sections are shown in Fig. 2.4.
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Fig. 4.3; opposite page; Structural SW to NE cross-section H1-H2 situated within
the imbricate zong In the east of the Drelgratherg thrust slice about 4 km
north of Dreigratberg. Positions of cross-section /s shown in Fig. 2.4,

Ot‘}casionally dipping gently towards the southwest. |

A later, Phanerozoic tectonic phase, which has affected the ares, is indicated by the
pres'ence of two NNW-trending dolerite dykes of Karoo age, which cut through the
sediments of the Numees Formaiioﬁ along the sastern limb of the Dreigratberg

syncling,

POLES TO So/S1
POLES TO 32
POLES TO S3
D1 FOLD AXIS
D2 FOLD AXIS™
D3 FOLD AXIS
D1 AXIAL PLANE
D2 AXIAL PLANE
D3 AXIAL PLANE

%O +O0ppane2

Fig. 4.4: Stereonst projections of structural data for the Draigratberg thrust slice.

The Rosh Pinah thrust slice
The Rosh Pinah thrust slice is located about 5 km northwest of the Drelgratberg thrust
slice. The Rosh Pinah thrust fault forms the floor thrust fault of this thrust slice defining

~ the eastern boundary of this tectonostratigraphic unit, whereas the Aus road thrust
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fauit forms the roof fhrust fauft and defines its western extensions (Figs. 2.3 and 2.4).
The Rosh Pinah ﬁ‘xmst si:ce extends from south of Rosh Pinah Mountain to northwest
of Spitskop Farm, which is situated approximately 15 km north of Rosh Pinah (Fig.
1.2). West of the Aus road thrust fault, F2 folds generally verge in an easterly d'mgtion,
whereas east of it, the fold vergence is directed towards the west. ﬂ(
At Spitzkop Farm, the Rosh Pinah thrust slice comprises a mixed succession of

voicanic and ssdifnantary rocks of the Rosh Pinah Formation (Page and Watson,

1876; Watson, 1980; Davies and Coward, 1982; Van Vuuren, 1886; De Kock, 1987;

Siegiried, 1880 end Licklold, 1991). in the Rosh Pinah area, the Rosh Pinah thrust slice
consists of a mixed conglomerate/erkosic sandstone/mudstons/carbonate succession

and bimodal volcanics of the Rosh Pinah Formation associated with 8 massive Zn-Po-

Cu-Ag-(+ Ba) sulphide mineralization.: he contact betwesn the basement and the .

volcanics with the sediments of the Rosh Pinah Formation and the Numees Formation
north and northwest of Rosh Pinah is thrustéd. In the Rosh Pinah area, large scale
northwest-ﬁénding open F2 bacldolds are recognized with axial planes dipping in &
noﬁh-aasterly direction (Figs. 2.4 and 4.5). Southwest trending F3 folds (Fig. 4.6),
deforming earlier sm.lmures, were described by Siegiried (1890). Thrust faults, trending
ina norﬂ'\weshaﬂy direction with northensterly dipping thrust planes, were recognized.
The northeasterly dip of the thrust fault planes Is related to overturning of thrust faults
in the immediate vicinity of the highly competent basement. !.Qtereonet projections of
structural data from the Rosh Pinah thrust sice are shown in .fFig. 4.8, showing'a wide
dispersion of F2 fold axes from genel:ally SSE to east withil"_n the Bosh Pinah thrust
slice, s wel as a random dispersion of S0/S1 at all bearings. F3 folds have a westerly

trend and onfy cccasiohally dispiay a southerly vergence,
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Fig. 4.5:  Structural profile G1-G2 through parts of the Rosh Pinah thrust slice
(modified after Van Vuuren, 1986}, Position of cross-secﬂon is shown in
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i Fig. 4.6: Stereonet projections of structural data for the Rosh Pinah thrust
slice. !
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A later, phanerozoic tecionic phase, i}fhich has affected the areé, is also indicated

within the-ﬂRosh Pinah thmét slice by. the presence of a northwest—trending Karo_q_,_
dolerite dyke, which links with the dolerite dykes in the Dreigratberg thrust sfice, cutting

through rocks of the Rosh Pinah Formation at Rosh Pingh Mountain. This dolerite dyke

can be followed to Trekpoort Farm, situated approximately 25 km northwest of Rosh

Pinah (Figs. 1.2 and 2.4),

Ihe Pjckeihaube thrust slice

The Aus Road thrust faisit, whic_ih changes its trend from northwest in the area north
of Rosh Pinah to NNW south of Rosh Pinah, separates the Rash Pinah thrust slice to
the east from the Pickehaube thrust slice to the west (Fig. 2.3), forming the floor thrust
fault and sastemn boundary of this tectonostratigraphic unit. The Rooikat thrust fauit
forms thé roof thrust fault, which defines the western boundary of the Pickethaube
thrust slice, linking with the Ostrich thrust fault further south (Fig. 2.3). Along the Aus
Road thrust fault the dip of axial planes of F2 folds changes drastically from & generally
easterly;;direcﬂon west of the th__;ust fault to a_westerly direction east of it,
Lithologically, the Pickelhaube th:rust slice comprises calcareous quarizitic sandstones,
laminated carbonates and graphitic black shale of the Pickethaube Formation.

The Aus Road thrust fault links with the Sendelingsdrif thrust fauit about 7 km north
of the Drange River, where It was delineated by Von Veh (1888) in the Richtersveld.

South of Rosh Pinah, the Pickethaube thrusi slice and the continuation of the

" Gemshbok thrust slice are juxtaposed along northwest- to NNW-trending thrust faults

with steep westerly dipping fault planes, and in some cases overturned fault planes.

The most prominent fold structure is the northerly continuation of the F2 Annisfontein
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anticlinorium, delineated by Von Veh (1988) in the Richtersveld, which folds pre-
existing D1 fabrics and thrust planes. The F2 folds in this area trend NNW to northwest
and range from small to large scale (> 200 m). They are open and upright folds and
verge towards the east. Pickelhaube mgonorneﬁcal beacon (Fig. 2.4) is situated In the
centre of a conspicuous thrust slice, which consists of carbonates and calcareous

quarizitic sandstones of the Pickelhaube Formation and in turn is thrusted over

POLES TO So/S1
POLES TO 32
POLES TO 53
D1 FOLD AXIS
D2 FOLD AXIS
D3 FOLD AXIS
D1 AXIAL PLANE
D2 AXIAL, PLANE
Ds AXIAL PLANE

wODFD G oR>N

g g
Fig. 4.7: Stersonet projections of struc_";ﬁiral data for the E_/ﬁkelhaube thrust silce.

carbonates of the Pickethaube Formation and co_nglomera&es i}nd sandstones of the

Rosh Pingh Formation (Fig. 4.1A). North of Pickelhaube, at localities @ and 19 (Fig.

2.4), carbonates of the Pickelhaube Formation are duplicated by steep easterly .

dipping, overturned thrust faults. Stereonet proirctions of structural data from the

Fickelhauhe thrust slice are shown in Fig. 4.7, showing the north-northeasterly to
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northwesterly trend of F2 folds and associated westerly to easterly dipping axial planss :
and S2 cleavages. F3 fold trends range from west to sdathwaest and associated D3

axial pianes dip steeply in northerly and southerly diractions.

The Gemsbok thrust slice
 The Gemsbok thrué{ slice can be traced from the Orange River in the south of the
study area o about 5 km southeast of Rosh Pinah in the north (Fig. 2.3). The Aus
road thrust fault and an associated conspicuous imbricate zone, as well as th.e
Sendeli_ngg&rif thrust fauit irhﬁiediately north of the Orange River form the floor thrust
fault in the east of the Gems}ﬁok thrust slice. The roof thrust fault in the north of this
thrust slice is defined by thrust:faults. thrustihg the Pickethaube thrust slice over the |
Gemshok thrust slice {Figs. 2.3, 2.4 and 4.1A). The western boundary of the eems_bnﬁ
thrust slics in the area south of Pickelhaube is marked by the Gumchavib thrust fault,
which can be traced southwards into the Richtercveld, where it was delineated by Vi
Veh (1988}, and northwards to Gumchchavib M'ountain_'énd s;..nwest of Pickeithaube
(Fig. 2.3 and 2.4). |

Lﬁhblogically. the Gemsbok thrust slice consists. of conglomerates, arkosic
sendstones, and mudstones of the Rosh Pinah Formation. 4 locality 8, recurnbent F2
folds with wavetengths of 100 to 200 m and an easterly vergence are present just east
of the imbricate thrust zone associated with the Aus roed and the Sendelingsdrif thrust
faults. Within the different thrust shests of this imbricate thrust zone, asymmetric folds,
ciimbing up steapsening thrust faults and therefdra changing their vergencs from a
generally easterly toa weéterly vergsnce, are present (Fig. 4.8). These folds are

referred to as "backiolds" in this study. Near locality 23, NNW of Gumchavib, two small
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thrust slices, the one compnsmg laminated carbonates of the Pickelhaube Formation -

and the other consisting of digmla"?’fe._of the Numees Formation, are thrust over
conglomerates, sandstones a:mfr A,__“Q.tgnas of the Rosh Pinah Formation. At loculity
7, large scale overtumed to resymbent isociinal F2 foids with wavelengiis of over 100
m are situated immediately west of the imbricate ﬁ'arust zone in the east of Puakelhaube_
trigonometrical beacon (Flgs 4,1B and 4.8). Large scale (>200 m) box fons are
devejoped about 2 km NNW of Plckeh'aubg and southwest of Pickelhaube smedl scaie
chevron folds and medium to large scale (< 200 m) folds were recegnized. In the
vicinity of listric thrust faults, the F2 folds change their vergence from an easter!y toa
wester!y direction due to backfolding (Figs. 4.14 and 4. 1B)

Stereonet projections pf structural data from the Gemsbok thrust slice are shown in
Fig. 4.10 and show a generally north-northwesterly trend of F2 folds and a wosterly
and easterly vergence of associated D2 axial planes and S2 folistions. The rend of F3

Fig. 4.8: . F2 backfolds within the imbiicate thrust zone immediately south of
Pickelhaube at localfty 7 (Fig. 2.4), showing the change from an easterly
fo a westerly vergence caused by backfolding.
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Fig. 4.9: t;afga scale fsacﬁna! overturned to recumbant F2 fold wimm the -
' imbricate thrust zone west of Pickethaube, at localily 7, south of

Prckerhaube (ng. 2 4).

I n'-!-n'. % 3 |

Fig. 4.10:  Stereonet projections of structrural data for the Gemsbok thrust sifée.
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folds ranges from ESE 10 southwest, with associated axial planes only octasionally
verging in a generatly southerly direction. 80/81 strikes on all bearings, due to the

tater deformation by the D2 and D3 deformational evens,

The € ﬁmchavib:__fhrust slice stretches from north of the Orange River to northwest of

Gumchavib Moué}tain. In the east it is bounded by the Gumchavib thrust fault. The roof

thrust fauit to the west of this thrust sice is defined by a northwest-trending rust fault,

which splays the Ostrich thrust fault into the Gumciavib thrust fault and the southerly

continuation of the Osirich thrust fauit about 3 km northwest of Gumchavib Mountain

(Figs. 2.3 and 2.4). The Gumchavib thrust slice comprises a mixed sucgession of
oonglomeratea, sandstunes, mudstonés and Isolated carbonate beds of the Rash

Pinah Formation, as wéll as carbonaies and caicarsous sandstones of the Fickehaube
Formation. Immediately south of Gumchévib trlganometriéal beacon carbonates and
celcarsous quarizite are interbedded within the Rosh Pinah Formation,

The most conspicuous structural feature within this tiwust slice is the northwest-
trending continuation of the Annisfontein anticlinorium, which was delineated by Von
Veh (1988) in the northwestern Richtersveld (Figs 2.4 and 4.1B). wGsf of the cantrél
parts of the thrust slice, sediments of the Rosh Pinah Formation are juxtaposed to
each other along the & northwest-trending roof ﬂ}rust fauit of the Gumchavib thrust
slice (Figs 2.3, 2.4 and 4.1B).

Stereonet projections of structural data from the Gurmchavib thrust slice are shown in
Fig. 4.11 and display a simliar pattem of distribution of strudhxral elements assoclated
with the D1, D2 and D3 deformational phases as within the Gemshok thrust slice.
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Fig. 4§1;1 Stereonet projections of sfrdptural data for the Gumchavib thrust slice.
u\\

The Ostrich 'thrust-slice changes s t.rend from northwest in the south to a northerly
trend norih of the area situated about 3 km northeast of Obib Peak. It can be traced
from the Qrange River in the south of the study area to the area northeast of Obib
waterhole (Fig. 2.3). in the northern parts of the Ostrich thrust slice alﬁortherly
trending thrust fault, named Ostrich thrust faul, luxtaposes the Ostrich and Roolkat
thrust slices and dafines the floor thruét fautt of this tentonic unit. About 3 km
southeast of Obib Pesk, the Ostrich thrus fault continues In a southeasterly direction,
where it ﬁruéts granitic basement over sandstones and conglomerates of the Ros_h
Pin.n Formation (Fig. 2.4), The Ostrich thrust fault can be followed further to the
southeast, whera it finks with an imbricate thrust zone west of locality 1, immediately

north of the Orange River. The roof thrust fault in the west of this thrus* slice is
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delineatsd by the Obib thrust fauit and the Obib dunes, which concesl the gealogy of
this thrust slice further south. : | _‘ |
Lithologically the Ostrich thrust slice cosists of a thick succession of conglomerates,
arkosic and quartzitic sandstones, mudstones and carbonates of the Rosh Pinsh and
Gumchavib Formations, and carbonates, calcareous sandstones and conglomerates
of the Pickelhaube Formation. In the ceiitral parts of the thrust slice, in a south-
westerly direction perpendicular to strike, carbonates of the Pickelhaube Formation are
abundant. Several tens of metres thick basic sills of the Gannakourlep dyke and sill
swarm, which: also underwen: metamorphism of the upper greenschist facies, are |
interbedded with the sediments of the Gumchavib Formation (Fig. 2.4). A mixed
suceession of arkosic sandstones, mudstones and carbonates unconformably overly
the granitic baé;__ement northwest of Gumchavib Mountalfa_ (Fig; 2.4_). The granitic
basement stru'ctérally overlies sediménts of the Rosh Pir_\ah Fﬂrmaﬂon-'aIOng a thrust
fault and thus amphasizes the parautochthonous nature of this thrust slipe. The beds
within thts thrust slice change their strike from north in the northern parl:s\ of mé--.t})mst .
slice to northwest fuﬁher southand dip in a westerly and southwasterlyfdiréctian.
Minar small to medium seale F2 folds are present throughout fhe thrust slice, At
locality & (Fig. 2.4) and south of I, a large scale (approximately 200 m wevelength)
isoclinal and overturned F2 fold is exposed (Fig. 4.12C), foiding sediments of the
Gumchavib Formation.

The fold hinges of the F2 folds plunge geritly (< 10 degrees) in various directions
due to the refolding of the fold hinges by the D3 deformational event. Immediately
north of the Orange River the Ostrich thrust slice is characterized by an imbricate

thrust zone (Fig. 4.28). The thrust slices within this imbricate thrust zone consist of
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Fig. 4.12:  A) Structural SW to NE cross-sections A1-A2 through parts of the Obib
~ and Pickelhaube thrust slices. | o
" B) Structural SW to NE cross-section B1-B2 through parts of the Obib, "
- Ostrich, Rooikat, and Pickelhaube thrust slices.
-C) Structural SW to NE cross-section C1-C2 through parts of the Qbib,
Ostrich, Rooikat, Fickelhaube, and Gemsbok thrust slices, Position of
oross-sections are shown in Fig. 2.4.

arkosic sandstones of the Rosh Pinah Formation, carbonates of the Pickelhaube
Formation, diamictite of the Numees Formation and carbonéte of the Pickelhaube
Formation. The Numess Formation sediments, which overlie carbonates of the
Pickelhaube Formation, form the southernmost outcrap of Numees diamictite in

southern Namibia. Stereonst projections of structural data showing from the Ostrich
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Fig. 4.13:  Stersonet projections of structural data for the Ostrich thrust slice.
thrust slice are shown in Fig. 4.13, displaying a northﬁsfésterly trend of F2 folas and
associateé easterly verging axial planes. F3 folds, though scarce, show a
south .esterly trend and do not digplay ary vargencs' of agsoclated axial planes.
The boundaries of the Rooikat thrust slice are dafined by the Roolkat thrust fautt in the
sast of this tectonic unit, which forms the fioor thrust fault, juxtaposing the Roolkat and
Pickelhaube thrust slices, and by the Ostrich thrust slice iﬁ the west, deﬁneaﬂng the
roof thrust fault of this tectono-stratigraphic unit (Fig. 2.8).

The Rooikat thru_st slice comprises an approxlmatgly 1000 m thick successlon of
arkosic sandstone, mudstons, s“;éfsanates, basic voleanics and minor acid vqlcanics
associated with minerafized gossans and collectively constitutes the Hoéi'l_ Pinah

Formation. The Rosh Pinah Formation is duplicated by a NNW-trending thrust fault,
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Fig. 4.14:  Stereonet projections of structural data for the Rooikat thrust slice.

which splays from the Ostrich thrust fault (Figs. 2.4 and 4.12C). Towards the top of the

succession several fimestone becis are Interbedded with i+ osic sandstone. Up 1o
30 m thick arﬁphibolite sills of the Gannakouriep dyke and sill swerm have been
ihm:ded into the sedimisnts of the Rosh Pinah Formation in the northern parts of the
Roolkat thrust slicé {Fig. 24). Bedding generally strikes NNW and dips to the west, but
is folded inthe sou{h of the Reooikat thrust slice (F?ig. 4.12C and 4.2A). Small td
medium scale {1 to ‘16 m), open asyfnmetric folds tranding NNW with axial p!éhes
dipping to the WSW are observed in some places (Fig. 4.12C). Approximately 1 km
west of the Rooikat thrust fault, a large scéﬁe, tight and east-vergenit F2 fold with a
wavelength of about 100 m is displayed (Fig. 4.12C). Stereonet projections of

structural data from the Hooikat inrust slice are shown in Fig. 4.14. The scarce F2

folds trend in a northerly direction and display a easterly vergence. F3 folds are .

generally upright and occasionally soutt: vsrgieir. with the trend of fold axes rangi_nﬂ?
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from west fo scumwém. Bedding (S0) and bedding-subpamual 1 foﬁaho“dip to west
to southwest (Fig. 4.14).

The Obib thrust slice’
The fioor thrust fault to the éast of the Chib thrust slice is defined by the Obib thrust
fault, which strikes north immediately east of Obib Peak, and which changes is siike

© o northwest about 6 kit northeast of Obib waterhole where it links with the Qst!_-ich

thrust fault.

Arou nd Obib waterhole and towards Obib Peak, the Obib thrust slice comprises
interbedded quartzaranites and mudstones of the Gumchavib Formation, which are
thrust over carbonates of the Pickehaube Formation along a northwest striking thrust
fault north of Cbib waterhole. This thrust fault finks with the Obib thrust fault about 4
km east of Obib waterhole. The'Pink’elhaube carbonates are overlain by arkosic
sandstones and conglomerates of the Obib Peak Formation, The westernmost grantic
outcrop near Ghib watemepté is overlain by intensely sheared basal conglﬁme_rata of
the Rosh Pinah Forrnatioﬁ and interbedded quartzarenites and mudstonus .uf the
Gumgchavib Formation in théq:_ wegt, Towards the sast, the contact of Rosh Pinah and
Gumchavlb Formation beds énd the granitic basement is intensely folded by isoclina!
overturned F2 folds vith wavelengths of several tens of metres. F2 folds with
wavelengths of up to 150 m change their sasterly vergence to a westerly vergence due
to backfolding in the vicinity of a northwest-striking thrust vault, situated abdut 2km
northeast of Obib waterhole. This thrust fault juxtaposes the quartz arenites and
mudstones of the Gum_chavib Formation and the carbonaies of the Pickelhauhe

Formation. At Obib Peak, arkasic sandstones and conglomerates of the Obib Peak
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Formation are thrusted over sandstones and mudstones of the Gumchavib Formation,
The westernmaost Numees Fn'nnatioh diamictites crop out about 3 ki south of Chib
Peak, where they reveal thrusted cohtacts with darbonates of the Pickethaube
Formation and arkosic sandstones of the Obib Paak Formation. Structurel cross-

sections through parts of the f)bib thrust slice are presented in Figs. 4.1A , 4.124,

POLES 70 So/%1
POLES 70 52 -
POLES 70 5%

D1 FOLD AXIS
Dz FOLD AXIS

D3 FOLD AXIS
Dt AXIAL PLANE
. Dz AXIAL PLANE
(D3 AXIAL PLANE

x QLT vR >N

Fig. 4.15: Starecnet projections of structural daia for the GXbrb thrust sfice.
\\

4.128 and 4.12C. Stersonet projections of structural data from tﬁ\a Ostrich thrust stice
are shown In Fig. 4.15. The trend of F2 foltl axes ranges from nortn‘ to northwest. The
D2 axial planes generally verge towards the east to northeast, bu’:‘\'san also verge in
the opposite directions due 1o backfolding. The trend of F3 folds wrthl’l*\ this thrust sﬁce
ranges from west to southwest and axial planes and the assaclatq}d axial pianar
cleavage {S3) occasionally verge in a southerly direction. 80/S1 has besen deformed
by the D2 and D3 deformational events, as displayed by the distribution of the poles

to S0/81.
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4.3 TIME SEQUENCE OF DEFORMATIONAL EVENTS _
Three phases of deformation, D1, D2, D3, have been identified within the study area.
The most conspicuous structural e!ements develapad throughout are associated w:th
D2, which therefore serves as a structural datum or benchmark. The relahonships and
the ocourrences of pianar and linear elements and folds within the study area are
plotted on stersonets end described in the following sections. The deformation phases
are described iri their dedﬁced chronological order.

4.3.14 D1 phasa of deformation

The most important feature assnciated wrth the earliest recognized D1 clefonnationa!
event are F{ folds, They are tyﬁic:ally sall scale (1 om o 2 m wavelength), recumbent
and isoglinal in Yorm, and intrafolial with respect to the sedimentary beddi;ug anda
bedding-subparaflel clsavage. Tﬁe F1 folds are best developed in the laminated
carbonates of the Pickelhaube Formatiun (Fig. 4. 16)

A bedding-subparaliel to -paraliel D1 fabric (81), which is cllspersed by subsequent _
deformations o stﬂke on all beanngs and dips variably, has a highly variable strike and
dip (Fig. 4.17A) aﬁt-j is well-ceveloped throughout the study area. In mica s'éhist and

siitstones the S1 fabric Is characterized by a penetrative slaty cleavage, associated

with the growth of mica, and is developed subparalls! to parzlie! to bedding planes
(Fig. 4.18). In coarser sediments, the D1 deformation Is characterized by the preferred
orientation and elongation of boulders, pebbles and grains, whose long axas plunge
by varlable amounts, defining the L1 stretching lineaﬁon (Flg. 4.19). The preferred
orientation of clasts is best developed within Songlomerates of the Rosh Pinah

Formation (Fig. 4.20) and in pisolitic limestone of the Pickethaube Frrmation (Fig.
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Associated with the D1 deformational svent are bedding-subparalisl D1 thrust fautts,
M which are clossly associated with F1 folds and the 81 foliation and cleavage. These

Fig. 4.18:  Intrafolial, southeﬁy verging F1 !ids within doiomitic carbonate at
locam‘y 13A, appfax:mate!y 5 km southeast of Namuskluft Farmhouse

) _ Fig. 4.17: Sterecnet projections of data associated with D1 throughout the study
; area; A) poles to S0/ST: 8) F1 fold axes; C) poles to F1 axial planes.
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Fig. 4.18: Bedding subparallei penatraﬁs}e St c!éévage developed within
mudstones of the Rosh Plnah Formation.south of Pickehaube (Fig. 2.4).

Fig. 4.19:  Rose diagram showing the main trend elongation of clasts of the Rosh
Pinah Formation and pisuiiias of the Pickelhaube Formation from
* throughout the study araa during D7. '
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Fig. 4.20:  Elongation of clasts of a Rosh Pinah Formation conglomerate associated
with D1 at Jocality 13B, approximately & km north of Dreigratberg (Fig.
2.4). Flattening and streiching of clasts Larallel to subparaiiel to bedding
and 81 cleavage. Note the cigar-like shape of clasts.

D1 thrust faults preferably use contacts betweer lithologies with contrasting
competency, Le. sandstones being thrust over mudstonss or carbonates. Thrust faults
&re dealt with in more detail in section 4.3.4.

4.3.2 D2 phase of deformation |

The most conspicuous features characterizing the D2 defonnation are very small i
large scale folds, with fold axes trending at about 140 to 180 degreta and plunging
moderately at various amounts in northerly and southerly directions (Fig. 4.21). Amal
planes generally dip in a wasterly direction, The thrust planes ~f some thrust faults,
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which have a listiic appearance, stespen in an eastéﬁy,direcﬂfm to the point, that they
can even be overturned. _Fz fa!{js,,.with an originally easterly vergerice, -whiéhl'pcc’ur '
together with some of thése s‘l.t]-éapenéd or oﬁérturned thi’ust' faults, change their
vergence towards a westerly direction as thef} *elimb up* the thrust pianes and are
- referved o as "backfolds®. East of the Aus road ﬂ'lrust_ fault and the Sedelingsdrift
thrust fauit- (ﬁg. 2.3), Fz.foids genefally verge in a westerly direction, which is caused
by backfolding in the proximity of the basement and the presence of steep and
overturned thrust fauits (Fias. 4.3, 4. 5 and 4.8).
F2 folds vary in scale from small scale (<5 cm wavelength) to laige structures with
, wavelengths of up to about 5 km (Annisfontein anticlinorium; Fig. 2.4). The F2 folds
’ which refold among cthers the eariiest D1 thrust faults, displt-iy a varisty of fold shapes.
Folds are symmedtric 1 10 assy'nmetﬁc. uprlght to recurnbent and vary from open, tight,
o isoclinal in form, harmonic to disharmonic and may be poiyclmal {box folds and .
] parasitic folds, Figs. 4.22 and 4.23). Small scale chevron folds are present at one

locality 10 about 2 km south of Pickelhaube (Fig. 2.4).

Fig. 4.24:  Stersonet projections of data associated with D2 throughout the arez; A)
poles to 80/81; B) F2 foid axes; C) poles to F2 axiai planes.
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Fig. 4.22:

Fig. 4.23:
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Disharmonic F2 fald wl!hm ar&'osic sanc#stoﬂes of the Rosh Pinah
Formation at kap;fmrt Farm (Fig. 1.2).

z’

Penetrative 82 axial planar wleavage with/n a northweét~trendfng,
“overturned tight F2 fold near Daberas, about 30 km NW of ﬂw
Oranjemund road (Fig. 1.2).
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Throughout the ssdy area an S2 axial planvy penetrative cleavage is developed within
pelitic rocks and an axial planer folietion within psammitic rocks (Figs. 4:23 and 4.24),

* The 82 axial planar cleavage is defined by a penetrative slaty cleavage within

argillaceous units (Figs. 4.24 and 4.26) and by an axlal planar fracture cleavage or a
preferred orientation of grains in arenites (Figs. 4.23, 4.24 and-4.25). The S2 axial

plenar deavage end associated axial plane strke at about 140 to 190 degrees and dip

Fig. 4.24:  Refraction of 82 sleavage arouhd folded layers of of different
: compalencies within folded mudistone and sandsione of the Rosh Pinah
Formation at focality 7, south of Pickelhaube (Fig. 2.4); note the
characteristic fiattening of the cleavags in the pelitic layers and the

higher angle befrmen cleavage and bedding in the psammitic layers.
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Fig 4.25: 82 crenulation lineation 12 within phyﬂifa of the Gumchavib Fonnatfon,

about 3 km northwest of Obib waterhola; crenulation lineation i2 Is
parallel to pencil and developed on ths bedding plane.

Fig. 4.26:  Axial planar $2 cleavage deforming So-subparallel S1 cleavage withii
mudstones of the Rosh Pinah Formation at localily 7, east of Pickelhaube
(Fig. 2.4).
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Fig. 4.27: . D2 thrust fault at focality 1 (Fid: 2.4); note the fold limb of the F2 fold is
cut-off by thrust fault.

Fig. 4.28: D2 thrust fault immediately south of Pickelhaube Peak (Fig. 2.4},
carbonates of the Pickelhautya Formation are thrust over sandstones and
conglomertaes of the Rosh Pinah Formation. Note the relatively
-undeformed carbonate in the upper thrust slice overlying folded
vandstones and conglomerates with a. clearly developed S2 axial planar
follation beneath the thrust faull.
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with variable amounts in a westerly or easterly direction (Fig. 4.21A and B).

An 82 intersectio_n- crenulation cleavage, deforming the pre-existing 81 bedding-
subparallel cleavagse, is present throughout the stut:iy' .éreé. The intersection cleavage
{81/82), which defines the 12 crenulation lineaticn IFig. 4.26), plunges in various
directions with up to 20 degrees and trends at 140 to 180 degrees

in places F2 fold fimbs are cut-off by associated thrust faults at high angles (Fig. 4.27).
At Pigkelhaube (Fig. 2.4} re!étively undeformed carbonate of the Pickelhaube .
Formation is thrust over sandstones and tongiomerates of the Rosh Pinah Fbrmation
(Fig. 4.28). The Iithdiogies of the Rosh Pinuh Formetion are folded and display a clear
axial planar §2 foliation, which is defined by the elongation of grains, pebbles and
clasts. Thrusting, associated with D2, will be descr‘.bad- in more detail in section 4.3.4.

433 D3 phase of deformation

A D3 deformation phase has been recognized throughout the study area. Stereonet
projections of data asépcnated with this deformatlonal phase are shown in Fig. 4.28,
displaying a trend of F3 i‘QId axes ranging from WNW o southwest F3 axial planes
generally show no vergende They may, however, verge in a northerly and, more
commonly, ina souther!y dlremion .

The most conspicuous features nf this phase of deformation are open, upright small-
scale to large scale cross folds, refé.‘rred to as 3 folds, ranging from small scale folds
(<5 cm wave!engm)a mainly develo&i.\d in argil!aceous rocks, to medium scale (Fig.
4.30) and large scale folds with wavelengths of several kilomstres. Open, small sca!e
chevron-like folds are also present (Fig. 4 ‘91}
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Fig. 4.29:

Fig. 4.30:

Stereonet pmjachons of data associated with D3 mmu-'ghout iha area; A)
F3 fold axes (n=68); B) poles to F3 axial pianes (n=48).

F3 open fold developed within carbonates of the P!cke!haube Formation
at locaifly 17 (Flg. 2.4).
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Fig. 4.31:  F3 open chevron fold developed within carbonates of the Pickelhaube
Formation at locality 17 (Fig. 2.4) in the Ostrich thrust slic=.
B

RIS

! Fig. 4.82.  Fold interference structure caused by a F3 fold deforming the fold hinge
' of a F2 fold at Dreigratberg (Fig. 2.4).
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" The F3 folds form fold Interference én'uctuf‘as dua. { tefolding of the pre-existing F2

folds (Fig. 4.32).'The interference structure Is dome-iike in form and the supe;pasiﬁon
of the F3 folds on F2 foids is responsible for the variable plunge directions of the F2
folds. An 83 crenulation cleavagé; associated with the development .of F3 foids, was
observed at locality zbout 2 km northeast of Cbib waterhole (Fig. 2.4), and could only
be recognized where .the $1 cleavage was ove_rprinted by a weak axial planar §3
cleavage, defining the 13 intersection fireation. ..Ev;cept for the S3 crenulation cleavage,

no D3 associated foliation was recognized.

434 Recognition of thrust faults and time sequence of thru.v;tmg
Thrust faults, associated with_r,the D1 and D2 deformational events, are amongst the
most important structural elsrﬁ_ants within the study ares. Their reéogniﬁon and the

uzﬁderstanding of the time seqbeﬂce of the activity of these thrust faults is most

 important for the understanding of the structural evolution and Kinematic intetpretation

of the Adamastor crogenesis in the Qariep Belt, as well as for the establishment of

‘correct stratigraphy.

The major thrust fauits within the study area generally trend north-south o northwaest-
southeast (Fig. 2.4) with thrust planes dipping in a westerly direction, Thrust planes are
in some cases steeply inclined towards the east as a result of intense compression in
thie vicinity of the basement or within imbricate thrust zonss. Thrust plar?es, formed
during D1, are in places refolded by the b2 deformational event, thus dipping with
variable angles in an easterly diractiun. |

The thrust faults are marked by: (1) intrafoliat Fi folds, shear zones, the presences of
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quartz veins and feldspar pegmiatolds in the vicinlty of thrust faults; (2) mylonite zork;
(3) stratigraphic discordances associated with ramping; (4) a conspicuously developed

foliation within and in the vicinity of shear and thrust zones; (5} the presence of an

" intense silicifcation of sandstones; (6) the alteration of limestones to marbles; (7) the

occurrence of actinclite schist in association with amphibolite sills; (8) the presence of
tight to isoclinal and recumbent F2 folds; and {8) the change of fold vergence from

gast 1o west,

Flga. 4.33: D2 thrust fault cutting through the stratigraphy at a localiiy south of
Gumchavib onnomeMca! beacon probably caused by the faﬂure of the
footwall ramp.

The most common thrust fauits generated during D1 are bedding parallel to
subparallel, often steepening with a westerly dip in an easterly direction taking the
shape of listric thrust faults. The listric thrust faults occasionally form ramps, which cut
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across the siratigraphy and may be caused by successive failure in the footwail (Fig.
4.33). Imbricate zones, present at various locations mrouhgut the study area, may
be a subsequent result of the progressive failure of footwall ramps. Intrafolial F1 folds,
a bedding-sﬁbparaﬁei $1 clsavage and the elongation of grains and clasts (11). are
associated with b_éc%*:iing—j:‘:amllel thrusting in the vicinity of thrust contacts. In the east
ofthe 'study area, within imbricate thrust zones and in the imm_ed]a’te vicinity of the
competent basement, the westerly dip of thrust planes steepens and can even be N
steeply inclined't-owards the east (Figs. 4.1 and 4.2). Subsequently, after a maximum; "
amount of bedding-parallel compression and the formation of duplexes, the rocks were
_fol.ded. auring the D2 deformational event. D1 thrust planes, as shown within the
Dreigratberg synciine (Figs 4.1B and 4.2C), were folded around fold hinges during D2.
Folding and the development of a penetrative axial planar S2 cleévage and fofiation is
intimately associated with thrusting during D2, wﬁh the thrust faults cuting fo!dec# beds
at high angles (Fig. 4.27). Thrusting continued during the late stages of D2, as shown
&t & locality immetately south of Pickehhaube, where relatively undeformed sediments
are thrust over folded rocks, which also display a penetrative axial planar 82 foliation
Fig. 428.
As demonstrated above, thrusting occurred from the early stages of D1, through the
main phases of D2 until the late stages of the D2 deformational event, showing that

D1 and D2 took place progressivsly.

4.4 KINEMATIC INTERPRETATION
Wizt the study area three kinematic phases were identified from the analysis of finite
strain ellipsoids, slickensides, dip and sttike directions of D1 and D2 thrust faults, the
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senéé of vergence of the. F1, F2 and F3 folds, the trend of fold hinges, their shape
along strike over long distances and the variations in strain eliipsoid shapé from
prolate to oblate within the entire Gariep Bslt. The two earlfiest kinematic phases took
place progressively.-The earliest recognized kinematic phase is related to convergent,
southsast to SSE directed tectonic transport, which is related to the closure of the
Adamastor Ocean and the accretion of the Marmora Syparterrane and the Port Nolloth -
Zone. The second kinematic phaée is associated with eastward directed tectonic
transport during the D2 deformational phase, y' " took place during the collision of

proto-South America and the Kalahari Craton, The tatest kinematic phase within the

‘study area is refated to a sinistral strike-slip phase during the D3 deformational event.

4.4.1 Transpréasiva phase

The analyses of several structural features, which led to the recognition of an early
transpressional phase, sre assoeisted with the D1 and D2 deformational events. Rigid
body analyses and finite strafn anglyses were carried out in order to define the first

kinematic phase of the tectonic svolution of the Gariep Belt.

Finitg strain analysis
Von Veh (1988) obtained 2 total amount of 88% shortening for the Gariep Belt in the
northwestern Richtersveld. Unfolding of F2 folds within the stucy area with the help of

balanced cross-sections amounted to an approximate shortening of about 80%.

Because of the paucity of marker horizons within the Gariep Belt, it is not possibie to

delineate the exact amount of displacement which took piace along the thrust faults.
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Using the bow and arow method of Effioit (1975) for the prominent Schakalsberge
thrust fault, which juxtaposes the Marmora Supér_térrane and the f_’ort &o!!oﬂ"l Zone,
the displacement is more than 100 km in an ;asteriy direction. Applying the rule of |
tliiott and ‘Johnson (1980}, stating thet the displacement of a thrust _fault is equal to
the length of the thrust fault multiplied by the ‘actor 0.07, a displacement of 16 krn
resuits for the Schakalsharg thrust fault. | |

Within the Gariep Belt north of the Ofahge Rizer, X (long)-, Y (Enter&ﬁé_diate)—, and Z
(short)-axes of clasts and boulders of conglomeretes of the Rosh Pinah Fbrmatiof; and
pisoiiths of the Pickelhaube Foreation were meaw'ed The plungs of the X-axes wers
measured and rotated back into the horizontal, f‘lgure 4.19 shows two main frends of
strain ellipscids at two obligue angles. The main trand slrikes NNW, and the second
trend at WNW, showing that diﬁerenﬂal mO\;e:ﬁent tock place. The main tectanic
transport component of the differential movement .Es towards the southeast to SSE,
whereas the minor componant is girected towards the east. The X/Y and Y/Z ratics
of the measured ellipsoids wero piottéd on a Flinn diagram (Fig. 4.34). This diagram
shows the field of flattening and the field of constriction, assuming that no volu‘me
changes took place and that the measured objects were initially spherical. The plots |
in "Hig. 4.34 show that the measuremens at localiies 138 and 7 (Fig. 2.4) plot in both
thre flattening and the constrictional fields, i.e. averaging with plane strain. At locality
8 [Fig. 2.4), which fies further westsouhwast and perpendicular to sirike, measurments
pkat in the constrictional fisld. A trend is recognizable, displaying a Ehange froma
flattening strain field in the vicinity of the basement in the east to the constric ‘onal

strain ﬁeld to the west of tha study area away from the basemnent.
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Fig. 4.34:  Flinn plots of strain data from (A) localily 13B; (B) focahty 7: and (C)
locality 8 {Icoa!ittas are shown In Fig. 2.4).

Bigid body analysis

The sfructural limits of the Gariep Belt outline an arcuate inm In relafion to the presert
coastline of southern Namibia and the northern Cape Pl:dvlnﬁe of South Africa (Fig.
2.1}, In southern Namibia, the Gariep Beit and assoclated defcmlaﬂon is restricted 1o
the area southwest of a line from Liideritz to Dreigratber at the Orange River. South
of Liideritz and in the vicinity of Bogenfels the structural trand of the muin structural
slements sucrﬁ as thrust faults and F2 folds ranas from north-south to NNW-SSE. In
the Witputs-Dreigratberg area, which aléo includes the study area, the general trend
of thrust faults and F2 folds ranges from .ﬁorm-south to northwest-southeast, changing
to NNW immedietely south of the Orange River and swinging to northeast-southwest
in the coastal outcrops from Cape Voitas to the mouth of the Holgat River further
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south (Von Veh 1988) The arcuata shape of the Gariep Belt could rot have' '
develnped as a late bﬂndnng gvent on a regnonal scals, as basemert rocks southeast
gi‘ the arc proyide no evidence for such bending strains (Davies and Coward, 1982)...
The post-Gariep Kuboos and Swartbank plutons (Fig. 2.7) may be pertialy responsie "
for a changein structural trends in thelr immediate v:cimty as a resuli of diap%rlc
activity, huwever, it ssems highly unlikely that they have caused the present arcuata
shape of the antire Gariep Belt. Diﬁarent!al-movement, detected within several thrust
sheets, can only be partially fiable for the concev form of the structural features witfin
the Gariep Belt, On the grounds of the bow and arrow method of Elfiott {1576) it has
thersfore to be concluded, thet an eastward directed tectoriic transport during D2 was
.mainly responsible for the concave form of the structural features within the Gariep Belt
and for the grouate shape ¢f the Garlep Belt as a whole. |

442  Strike-slip phase

Tha latest tectoni§ .event.wimln ihe study area is recorded by D3, which is resporisible

for smaﬂ to large iscala nast-west to southwest-northeast trending open folds. A

sinistral strike-slip phase localized along exisiing.-zones of woaknesses is responsible

for these structural festures. Plane sinistral wrenching may have ¢ontinued until after
the deposition of_ the upper Schwarzrand Subgroup of the Nama Group, a5 indicated

| by' t!:'le presence of warping of Schwarzrand Subigroup lithologies, shown in a N-S

section through th, {ama Group by Germs and Sresss (1991),
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4.4.3 Interpretation

The results of the finite strain analyses of D1 related strain ellipsoids show the
presence of differential movement v)ith two main components during the D1
deformational event (Fig. 4.18). The main tectonic transport was directed southeast to
SSE, associated with a second eéstarly ¢lrected componant. Extreme compression in
the vicinity of the basement, associated with the difference in. ductility of the
compressed lithologies and the basement itseff, is thought to be responsible for the
presence of differential movement.

Subsequent eastward directed tectonic transport during the D2 deformetional phase

is fiable for the concave shape of tectonic features such as the trend and vergence of

F2 folds, the trend and dip of the thrust faults throughout the Garlep Belt and for the

arcuate shape of the Gariep Belt as a whole.

The tectonic evolution of the Garisp Belt terminated with a sinistral strike-slip

movernent along existing weakness zones, ceasing oniy after the deposition of the

Schwarzrand Subgroup of the Nama Group..

Strain ellipsolds in the Richtersveld have very.variable shapes, ranging from strongly'
deformed prolate ellipsoids in the northern parts of the Richtersveld to oblate ellipsoids

in the south, with the average strain eilipsoid trending NNW (Von Veh, 1988).

Considering the swing in structural trend and the preserice of prolate and oblate

elfipsoids deformed during the D1 deformational phase in the area immediatsly north

of the Orange River the study area was situated in the transitiona! zone between the

frontai and the lateral edge of a southeast- to SSE- directed tectonic unit during thé

D1 deformational event (Fig. 4.35). Davies and Cowarrd (1882) recagnized no sffects

of Gariep deformation within the granites of the Auwrus Mountains approximately 60 km
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Fig. 4.35:  Schematic -agram summarizing the structursl variations and change of
- Strain ellipsoids during the earlipst kinematic phase {D1) in the central
and southern pars of the Port Nolioth Zone (modified after Von Veh,

1988). _

northwest of Rosh Pinah end concluded that the defo&nation assaciated with thrusting
dies out not anly to the riorth along the strike of the thrusts, but also 1o the northwest.
Therefore, Davies and Coward (1982) suggested that thé';’r'ncvemant of thrusts
| increases to the south and southeast, ivihg rise to extensionral fiow in the area
southeast of thé Aurus Mauntains {Fig. 1.2). Field evidence in the Bogenfels area and
the area immediatly“south of Liideritz shows, however, that early D1 related
southeast- to SSE-directed ﬂ;rusting, as well as eastward directed tectonic transport
during the D2 deformational svert, did also take place in the north-western pafts of
the Sperrgebiet. Field evidence from the study area shows, that the direction of
tectonic movement in the Gariep Belt was not restricted towards the SSE,'ias
pastulated by Von Veh (1988), but that it changed from SSE during D1 to east during
D2, and to southerly directed strike-slip movermnent during D3. |
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CHAPTER §

METAMORPHISM

51 . INTHODUCTION
No detéiléd work has so far been undertaken to constrain the metamorphic evolutioﬁ
Cof thé Port Nolloth Zone of the Garie, Belt. Studies on the rnetamc:rphicl evolution of -
the Gariep Belt were first undertaken by De Viliers and Séhnge (1959), who postulated
an older dynamic event, which gave rise to phyliites and chlorite-rich schists, and a
younger contact thermal avent forming spotted states and hornfelses. Kroner (1974;
1975} @mgnimd only one Barrovian-type regional retamorphism, increasing from low
grades in the "miogeosynciinal shelf” in the sastern .pérts of the Gariep Belt (Port
Nolloth Zone) to intermediate grades in the "eugeosynciinal realm” (Marmora Terrans)
~ to the west of thé: Suhakalsﬁerge thrust fault (Fig. 2.1). "Granitization® and
“feldspathization” are terms ftequently used in older literature (Martin, 1965; McMillan,
1968). Thess phénomena have, however, been rescived by the recognition that many
of the "granitized” rocks -repreéent tectonically emplaced granitic basement’{(Joubert
and Krdiner, 1972; Kréner, 1974a; Von Veh, 1988; Jasper, 1892/1843). Von Veh (1988)
recognized two matamorphic events for the Gariep Belt lithologies in the Richtersveld.
The M1 regional metamorphic event {ioner, 1974) comprises greenschist facies
métambrphism with temperatures assumed to be consistently !c:w 8cross .the Gariep
Beit, pﬁ)esibly not exceeding ~450 degrees C. Pressures during-M:l yware assumed to

Increass in a westerly direction, ranging between & and 7 kbar. The M1 metamurphic
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svent is suggested to ba related to th_a closure of the Adamastor Ocean and the
collision between the Soﬁth American and the Kaishari Cratons. The M2 contact
metamorphic event (Von Veh, 1988) is related td the emplacement of the Kuboos
Pluton and occurred after the M1 mstamorphic event. |

Detailed metamorphic studies in the Marmo'a Superterrane to the west af the study
area (Fig. 2.1) were undertaken by Frimmel and Harinady (1982) and indieateé;l g
| muliiphase metamorphic history for this superterrane, The first metarorphic event, M1,
was interpreted as a very low-pressure hydrothermal oceanic metamaorphism that
affected the ignéous protolithe up to gamn{)ibol‘rte facies temperatures. The subsequeijt
M2 metamorphism was syn'tectonic,’ Baiﬁg characterized by temperatures similar to
those reached during M1. but v\.;ith higher pressures, indicating burial to 10 to 15 kn‘r
This eventis interpretpd as béing related to a subduction process. Athird
metamorphic event, M3, was; low gracie and of regional nature. These results indtcataf_
that subduction and subsequant cbduction hiave occurred in the Gariep Belt, alﬂmugh.

biueschist facies metamorphism‘ has riot been reached (Frimme! and Hartnady, 1992).

52 METHODS OF STUDY

This work represents the first detaii'ad__studies of the metamorphic evolution of the Port
Nolloth Zone of the Garlep Beit. (Fig. 2.1). Phase telations within the amphikolites and
metasadiments and the P-T estimates for these rocké are discussed. Sedimentary
structures within the Gariep Group lithologfes of the ﬁurt Nolloth Zane in southern

Mamibia, aithough affected by upper greenschist to lower amphibolite facies

metamorphism, are still well preserved.
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5.21 Selection of samples

In order to investigats the metamorphic conditions throughout the study area, selected
sampling was undsrtaken. Geothermometry and gecbarometry within this study is
based on the investigation of the eritical mineral assemblages homblende-plagiociase-
epIdota—chi:‘:.rite—quartzwithin amphibolites, p!agloclase-micmciine—biotite-phengite?
guartz wﬂhirg psammites, and_garnet-chiorite-muscovite-plagioclase-ilmenite-quartz
within pe!ités; To determine the mineral content and the phase relations and to
gstimate the_ metamorphic peak conditions, five amphiboﬁtas, three psammites and two
garnet-chiorite schists were investigated (Tabfe 5.1). The amphibolite samples A1, A2
as well as the psammite gneiss sample 35 were taken from the Rosh Pinzh Formetion
in the northemn part of the study area (Fig. 2.4). The gamet-chicrite schists P1 and P2,
as well as;the psarﬁmite 235 originate from the Rosh Pinah Farmation from the
southern part of the .study area north of Gﬁ-*nchévib Mountain (Fig. 2.4). Psammite
sample RP185 is part of the Obib Peak Farmation near Obib Peak. The amphibolites
RPGO and A5 were taken from the fower Pickelhaube Formaﬁonéfﬁg. 2.4). Sample AN
originates frem Namuskluit water_ﬁole in the easternmost parts of the study erea and

is part of the Numees Formation.

5.2.2 Mineral chemistry analyses meathods

Mineral analyses were performed using a CAMECA SX 50 microprobe with four
spectrometers at the University of Wiirzburg, Germany. instrument conditions were:
15 kV acceleration potential, 10 nA specimen current and, depending on the measured

element, 10, 20 or 30 seconds counting time. The CAMECA standard set was used
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Teble 5.1:  Mineral assembiages of investigated samples.

_i_... : .
[ Formation | Rock type
|5 assemblages
' Numees bagle graen amphibcle,
] :
| “
l volcanic piagicolass,
I asldots, chiorlts,
i Al Raosh Pinah | basic quariz +plotite
volcanic xcalolte,
Accessories are
A2 Rosh Pinah | basic tables of iimenits,
volcanic | hematite and
' sphene,
AS Lower basic
n sample RPS0
Pickelhaube | volcanic relics of magmatio
RP&0 lmar basic Pyroxenas ogour
Pickelhaube | volcanic
35 | Rosh Pinat | Psammite plagiociase,
ﬂ : . tigrocline, white
A— mioa, blotite,
235 Rosh Pinah | Psammite _
: quaetz, runor
E smoaunts of
RP185 Obit Peak | Psammite retograde chiotite
and opagues
P1 Roghi Pinah | Pelite gamet, plagiocazs, §
chlorite, muscovite,
iimenite, quartz,
P2 Rosh Pinah | Pelite Accagsory minerals
_ ' | &re apagues and
: _ rare zircon
ﬂﬂ#mw
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for reference; correction procedures were carried aut using the PAP program. The
Fe3+ /FeZ%-ratios iﬁ the znalysed amphiboles were estimated by thé method of
Papike et al. (1974), modified by Franz & Hiussinger (1990}, assﬁmiﬁﬁ the Fe3+
content as the midpoint between the maximu; and the minimurn Fe3+ contents. The
Fe3+ /Fe2+-retios in the analysed gamets and ilmenitas were estimated usiﬁg- charge

bala;t:e criteria (Appendices 7 & 8).
5.3 PETROGRAPHY AND PHASE RELATIONS OF THE SELECTEb. SAMPLES
Amphibolites: The distinctly foliated amphibolites are of volcanic origin, which is

indicated by magmatic refics in the form of pyroxene. They all display the paragsnes‘is
greén amphibole-plagiociase-epidote-chlorite-quartz +biotite -+ caldite. Accessary

. + Amghlkala
Q Flagiotiase
& Pyrorene
X Epidote

Dicpeide

Figure §.1: ACF diagram showfng mineral compositions within the amphiholftes,
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minerals include tabular iimenite, hematite and sphene. In samﬁle RPB0, relics of
magmatic pyroxenes were detected. The pale brownish pyroxenes are strongly
retrograded and rimmed by homnblende and epidote. The mineral compoesitions w.thin
the amphibolites are documented within the ACF diagram of Fig. 5.1.

Fsammites: The psammites consist of the paragenesis plagiﬁhia:se-microc!iné-white
rmica-biotite-quartz and minor amounts of retrograde chiorite and opagues. The minéral__ ‘
corﬁp'ositions; within the paragneisses are shown in the A'KF diagram in Fig. 5.2. The |
psamniites generally display a foliation, which is often disturbed by detrital fragm__ents

and best developed in mica-rich layers.

Figure 5.2: A’KF diagram showing m!néra! compositions within the paragnieisses.
Gamet-chlorite schist: The garnet-chlorite schists were derived fromi a Ca- and Mrrich
peliic protolith. The gamets and the iimenites in particular reveal high amounts of Mn.
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The critical minaral assemblage is garnet-plagioclas;-ch!orite
-muscovite-ilmenite-quartz. Accessory minerals are Bpaques and rare zircon. Two
cleavages are dlearly visible in the gametchlonﬁe schists: the S1 cleavge is subparaliel
to the compositional layering 80 and the less penetrative S2 cleavage culs Sﬁ gt an
angle of about 20°, The growth of the mineral phases can be well correlated with the
fabrics. Garnet as well as muscovite and chiorite schistosities define §1 and indicate
their growth during the D1 deformation. A static phase after §1 led to the_ growth of
idioblastic garnet tims and postdeformational mica and chiorite. The $2 foliation led
to a preferred orientation of muscovite and chlorite. The growth of garnet also

continued during D2.

5.4 MINERAL CHEMISTRY
Pyroxenes:
Microprobe analyses of several grains of pyroxene from sample RP&0 revea! high

diopside contents of 86-98 mol % (Appendix 1). Microprobe analyses reveal a weak

©  Fieldof plots
of pyfoxenes from
sample AFE0

20 1C0
FeSi0,
Clipofervosilie

Figure 5.3: Nomenclature of Clincnyroxenes in the system CaMgSi,Q.CaFeSi,04
Mg,SI,0¢Fe,Si,0, (after Poidervaart & Hess, 1957).
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zonation wimiﬁ the pyroxene witl:: a slight hcrease of the jadeite component from 0.5-2
mol % and a decrease of dlopsmé from the core to tha rim. The acmite component :
is relatively constant at about 2 moi %. The high Carcontertt of the diopsides {Fig. 5.3)
may be a pruduct of ptagioclase inclusions and the analytlcal error. The precursor

minerals of the diopsides at the fime of emplacement were prbably augites.

Amphiboles: The amphiboles of the amphibolites are ail Ga-amphibeies using the _'
classification of Leake (19?3) A distinct zoning could not be observed in any sample.
The bluish-green amphlbales from ﬂamp!es A2 and AS mainly p!at into the fislds of

pargasmc and edenitic hornblende, whereas the browrish Si-poor amphiboles from

waJie T ) T w8 e 55 3 (87 1]

" T TG . i
osp HORNBE ENDE Wr

: HORNELEN TSCHERMAKITE

i ACTINGLMC : MAGNESICOLHORMELENDE r . TNLLAENG

ar agﬁ%gm o | Homvmenoe . o og TRCHEPATTE)
o8 o L A Hlo SRMey
) P B "5‘“%::
A AGTIHOUNG {rscERMmanE FERRO-TECHITRUAGTE
HORNBLENDE HORNALENDE -
500 -
o AN XA QAR oMy = Hl“aq{é

Figure 5.4: Leake {1978) amphibo!e nomenclature of calcic amphiboles: (Na + K),
aOSOp,Te:OSO Fe¥ = AV,

1.00, 1808 76 7.80 736 2] 3875 X3 n28 578 [T7]

o504 X . PAHGASTIC
stes EDENTIC HORNBLENDE PARGASITE
070 4 EDENITE : EQENTE . . !
- o g Wy o
PARGASTIC WA PARGASHTE
e | HoRNBLENDE
30 -
FERRCG EDENITE FERRO-EDENITE FERFCO- FERAO-
Eenme | aaaseme FERPO-FARGASTE
om0 NBLEN HORNDLENDE

o AN % A1 oAz & A5 # RFE6

Figure 5.5: Leake (1978) amphibole nomenciature of bafc!q amphiboles: (Na + K),
<0.50; Ti < 0.60.
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sample RP80 are commonly ferroan*péﬁrgasibeg {Fig. 5.4). Almost ai: atﬁi':ihiboles from
sample A1 are (ferro-} tschermakites aand (E;QEW) tschermakitic hort: 2ndes (Fig. 5.5
end Appendix 2). '

’v"
S

[

Plagioclases: Tl';‘é plagibclé;s .;':as)_(isting with the amphiboles' are albites and
oligaclases. Repreééntative microprobe analyses of the p!aéinslas;eg\_ are, listed in
!'Appendix 3. All plagioclases of sample At display An contents of,1é42a mol %.

‘Rehr::s of ohgoclase {An,;) are also pres)nt in sample A2, which: malnly contams albite
{Ang.g). This is probably due to retrogfade processes. The amphh‘;ﬂirtes AS, AN and
RP60 are all albite-bearing with An qéntents of 0-8 moi %. The piagiociases ofthe &

garnet-chlorite schists are ollgoc!asas and andesines with An-contents of 22-33 mol
%.

EpL_qt_e_a The pistacite contants of the eptdmw arg qulte simitar in all amphibohta
samples They range frmh 18-32 mol % and are wrtual!y unzoned. Microprebe

analyses of the epidotes are listed in Appendix 4.

White micgs: Microprobe analyses of the white micas from the gneisses show gistinct
differences in the Si content. The highest Si contenis were found in scmple 35, where
they range between 6.4 and 6.62 p.f.u, The paragonite content of the micas varies
between 3 and 5 mol %. Compared to the micas of the other gneisses, the XFe is
relativaly high, ranging bstween 0.45 and 0.57 (Fig. 5.6). The phengites in sample
RP185 reveal distinctly lower celadonite contents with Si ranging between 6.35 and 6.5

p-f.u. and a paragonite compnnent of 3-5.3 mol %. Even lower Si contents were found
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in the micas of sample 235, They vary w:thin a wids range from 6,15-6.43 p.f.q. and

reveal a paraganite content between 3.7-8 mol %. The lowest celadonite contents and
the highest paragonite contents are observed in muscovites of the garnet-chlorite
schist (sample P1; Fig. 5.6). This is probably due to the absence of K-feldspar In the
rack. T’Th Si-contents of the micas range between 6.15 and 8.3 p.f.u., while the
paragionite component lies between 15 and 25 mol %. 1t is remarkabla that there are

no significant chemical differences between micas which formed during the

0.6 R y . T4
_ ' P
XFe B
- e m '
0.5 b . . i I g
--r. * *He
n ﬂ %‘ L] .3 .
0.4 e k- -' o YT
) = E‘rf] Cl:l[%‘_ +
- °F Fria
4+
0.2 . ) | . L ] ) . ! )
5 8.1 6.2 6.3 6.4 6.5 6.6 6.7
Si

" P 0 235 ¥ 325 + RP183

Figure 5.6: Diagram showmng the Fe-Si composition of samples P1, 235, 35, RP 185.

development of §1 and $2. Selected microprobé: analyses of white micas are listed

in Appendix 5.

mmg: Like the muscovites, the chiorites from the gamet-chlorite schist (sample P2)'
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show a rather homogeneoﬂé chemistry. They are classified as ripidolités after Hey. o
(1954), with slightly elevated MnO-contents of up to 0.9 wt-%. Micoprobe analyses are
listed in Appendix 6.

liimenite: The illmenites from the garnet-chlorite schists are strongly altered to a
brownish mass of leucoxene. Unaltered illmenites are only preserved as inclusions In
the cores 6? the garnets. Thess illmenites have extremely high Mn-contents with

pyrophanite components of up to 52 mol.-%. Th_e'gelkielith componerit never exceads

3
B

0.1 mol %. Microprobe analyses are listed In s ;ppendix 7.
V/
Garnets: The garnets from the garnet-mica schiSté {samples P1 and P2) show no
zonation. Microprobe profiles paraliel and perpendicular to the S1 foliation reveal a
rather homogeneous chemistry with Spessg.,, Gross .5 AlMyass PyPas. The same
appiies to garnets which show a growth on the S2 schistosity planes. Microprobe

analyses of selected garnets are listed in Appendix 8.

55 METAMORPHIC EVOLUTION

The mineral parageneses cf the basic volcanic rocks of the study area indicats P-T

- conditions of the epidote amphibolite facies grading into the iowsr amphibolite facies.

Piyusnina (1982) nalibrated a geothermometer based on the reaction of

hornblende + epidote + H,0 + CO, < ==> plagiuciase + chlorite + calcite +

gquartz,
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which can also be observed In the arnphiboiites from the Gariep Belt. A':pib't of
coexisting amphiboles and plagioclases from the basle volcanics within the studly area
shows a great variability concerning pressures and temperatures (Fig. 5.7). The
ampi_jibolite samples A1 and A2 froﬁ the Rosh Pinah Formation reveal elevated
pressures of 7-8 kbar, The termperatures range betwesn 450 and 550“6. The relatively
low temﬁeratures of sample A2 résult from thé strong retrograde overprint of the

plagioclases. Sampie RPE0 from the lower Pickethaube Formation shows a pressure

0.60

| es0°c _
Ca ' §
T Pls B00°C / 4’
0.40 + / /
§50°C

i 2 kbar & kbar

8 kbar

020}
i 500"‘3
0.00 L4580 : =
0.00 1.00 3.00

" - Alypl
O Al ®mA2  £:RPEO vAs AN

Figure 5.7: Plagiociase-hornbiende Mennobamwnerry after Plyusnina (1982) showing
plot of coexisting amphiboles and plagiociases from amphibolite
samples; note the great variabliily of pressures and temperatures.

range bietween 7 and more than 8 kbar and temperatures between 450 and 500°C.
For this sampile, an upper temperature imit can be calculated using the retrograds

reaction of magmatic clinopyroxene and plagicclase to hornblende, dlinozoisite and
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quartz. The divariant curve for the reaction

4 diopside + 10 plagioclase (Ang,) + 4 H,0 <==>

hornblends + 6 clinozaisite + 3 quartz

was calculated with the THERMOCALC program {Powell & Holland, 1988; see Fig.

5.8). Similar pressures and temperatures to sample RPS0 can be estimated for sample

Py ofkbar

10

| Chlorite +
K-Feldspar

Flgure 5.8: P-T diagram with "lsoplethes” for Si-contents of phengites after Maszone
(1991); note great variabillty of pressures and temperatures of the
investigated samples. '

A5 from the lower Pickelhaubs Formation. The lowest P-T conditions of about 2 kbar |
and 450°C are represented by sampla AN of the Numees Formation.

The pressures determined from some of the amphibolite samples can also be
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canstrainaed using the Si contents of the micas in gneisses frorﬁ the same units.
Application of the phengite gecharometer of Massonne (1991} vields the following
pressures: for samples A1, A2 and the coexisting gneiss sample 35 from the northern
Rosh Pinah Formation, pressures of up to 8 kbar were estimated, assuming a
temperature range of 500-550°C, Assurning pressure range of 7 to 8 kbar, the gneiss
sample RP185 from the Obib Peak Formation indicates temperatures of 450-500°C
{Fig. 5.8).

The resulting facies fislds of the metabasites are shown in Fig. 5.9 (after Laird & Albes,
1g81). | |

| 50
100-Nq

Ca+Na

4O

0 i 10 20 30 AL &0
" AN ®A2 o APEY A A5 Sia Al

Figure 5.9: Facies fields of metabasites and coexisting pelites after Laird & Albee
(1981).
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The paragenesss of the garnet chiorite-schists P1 and P2 as well as the gneiss sample
235 aliow a weli constfained P-T estimata for the Rosh Pinah Formation in the -
southern parts of the study area. The gamet-chiorite geothsrmometres of Dickenseon |
& Hewitt (1986) and Ghent et al. (1987) both indicate temperatures between 400 and
450°C (Appendix 9) assuming a pressure of 5 kbar. The gamet-r_nuscqvit_e
geothermomster of Hynes & Forest (1988) points to slightly higher temperamﬁ;s_ qf -
450-500°C (Appendix 10). Hdwever, these results are maximum values because n;:
Fea+-estimaté was performed for the white micas. [t is remarkable, that there are no
significant differences in the temperatures determined from syn-81, past §1 and
syn-S2 micas, r_:h!or!tas and garnets. A pressure constraint is possible using the
phengites of the gneiss sampie 235. For temperatures between 400 and 450°C,

prassures of up to 6 kbar can bs deduced (Fig. 5.8).

5.5 CON(#LUSIONS

The critical mineral assemblage in the amphibolites from the northern Rosh Pinah
Formation is hornblende-plagioclase-epidote-chlorite-quartz, while the psammites
consist of plagioclase-micraciine-bictite-phengite-quartz. Microprobe data shows, that
many of the plagiociases are albites. These assemblages testify to the lower
amphibolite-facies with peak metamorphic temperatures at 500-550%C and pressures
of more than 8 kbar, In the Obib Peak Formation, geothermometry and barometry
reveal P-T conditions of the epidote-amphibolite facles with temperatures of 450-500°C
and pressures of up to 7 kbar, In the southern Rosh Pinah Formation, a Mn-rich pelite

with the mineral assemblage gamet-chlo_rite—musoovite—p!agiociase-ilmenite-quartz was
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detected. Geothermometry of thié. sample, as well as géob.arom_etry of 'ccaaxgsting
psammites, point to P-T condiﬁons of the greenschist facies at about 400-450°C and
4-8 kbar. In the Pickelhaube Formation, geothermometry and -barometry reveal a
pressure range between 7-8 kbar and temperatures between 450-500 degrees C.
Textural evidence shows thet these P-T conditions were consistant during the D1 and
D2 deformation. All these P-T estimates reveal a Barrovian-type metémorphism wath
a geothermal gradient of about 20°C/km. Very !oﬁv pressures (about 2 kbar) were
recorded in an amphibolite of the Numees F"orn":atinn with the mineral sssemblage
actino!lte»aibite -gpldote-chlorite-quartz from the eastarnmnst pans of tha study area,
substantiating further field evidence for the fact that thase sediments are part af the

Numess Formation and not of the Rosh Pinah Formation as suggested by Hoffmgnn
(1989). "

e
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CHAPTER &

[

TECTONICS AND SEDIMENTATION OF THE SOUTHERN COASTAL BRANGCH
- OF THE DAMARA OROGEN (GATIEP BELT)

61  INTRODUCTION |

One of the main aims of this study was to develop a more highly resolved geodynamic
madel for the evolution of the Gariep Belt, which forms the southem part of the coasial
branch of the Damara Orogen. The understanding of ths tectono-sedimentary
evolution of the Gariep [ it might be a valuable help for the development of
geodynamic models for other parts of the Damara Orogen. A
In order to be abis to understand the tectono-sedsmentary evolution of the Gariep Bsit,
itis irnportant to look Tthrcrugh the tectonic deformatlon and metaniorphisr, whlch'
affected the rocks of the Gariep Grcup. The understanding of the tectonic deformation,
together with detailed sedimentclogical studi'el\n:s, has enabled the .estabﬁshme.nt of a
stratigraphy for the Gi'arlep Group. in terranes that I_have undargone substantial
extenslon, any geodynamic model must take into accoﬁnt the role of syn-sedimentary
fault systerns, -
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6.2 PREVIOUS GEODYNAMIC MODELS FOR THE EVOLUﬂON OF THE
SOUTHERN COASTAL BRANCH OF THE DAMARA OROGEN {GARIEP
BELT)
Several geody-namic models have been propnsed for the evoiution of the southern -
coastal branch of the Damara Orogen (Gariep Belt).
Pravious workers refated the development of the Gariep Belt to the growth and closure
of a Late Proterozoic ocean, which was tied.in with the svolution of the inland.branch
of the Damara Orogen (Kréner, 1974, 1975; Hartnady, 1978; | ‘asch, 1983, 1983a;
Parada, 1883). In this regard, several authors (Martin & Porada, 1977; Parada, 1979,
1-983§ tAartin, 1983; Miller, 1983) regarded the Gariep Beit and the other parts of the
coastal branch of fie Damara Orogen as recording the developmsrnt of sn acean with
‘substantial width, while the inland branch of the Damara Orogen formed as an
aulacogen cr failed rift. A weakness of thesa maodels is, thet they are not based on
detailed work in the coastal branch of the Damara Orogen, but rather on inferred and
generalized relationships between the well-studied inland branch an_cl the[ |
reconnaissance picture we préviously had of the coastal branch in general. In this
regard an understanding of the Gariep Bell is cructal for the development ofa
_geodynamic modsl of the coastal branch of the Damara Oragen. |
The first detailed geodynamic models for the evolution of the Gariep Belt were
presented by Martin (1965), McMillan (1968}, and Krdner (1872), who described it as
a geosyndlinal assemblage, comprising an eastern "miogeosynciinal” accumulation of
terrigenous clastic sheif sediments, carbe nates, diamictites, and subordinats volcah_ic
focks, flanked By a western "eugesasynciine” filled with volcanic rocks overlain iy fine

terrigenous clastics, which were subjected fo higher degrees of deformation and more
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intense m'etamor'phism'. St '1tigrap_hically, the "sugeosyncline® comprised the
Grootderm, Holgat, and Oraniemund Formations; whereas the "miogecsyncline”
consisted of the Stinkfontein, Hilds, and Numees Formations.

Kasch (1981, 1983} suggested that stbduction of ocaanic material élong a coastal
extension of the inland branch of the Damara Belt continuec siter tﬁe collision of the

Kalahari and Congo Cratons and proposed that the pre-Gariep subduction complex
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Fig. 8.1:  Qroclinal bending model as suggested by Kasch (1983).

roiated relative to the iniand branch of the Damara Belt prior to its collision in the
southern coastal branch (Fig. 6.1). | |

Davies and Coward (1982) firsi recognized the important role of large scale thrusting
within the Gariep Belt. They presented a model of differential mdvement in a thrust

regime for the orighi of the arcuate structures, which were possibly caused by
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lccalized spreading of an obducted thick dense mass of basic volcanic rocks to the
southeast. Gravitational instabiliies were held respcnsible for the collapse of the dense
mess. Associated spreading caused imbricate faulting in previously undeformed
sediments (Fig. 6.2). L
Geochemical analyses of basalts of the .Grootderm Formation, which are obducted
along the Schakalsberge thrust fault within the Marmora Supertarrane (Hartnady et al,,
1885}, .«dicate a tholeiitic affinity for most of the pile, but in the upper sequences of

SE
Rosh Pinah

NW SE

- ? . Frontel Imbricate Zone
'--._“%\
» 7N Schokelsberg Noppe e
/ 7 /w
£e

-
s

- Region of Exisnsiona! Flow

- Fig. 8.2:  Crass-sections showing the gravitational collapse model of Davies &
Coward (1982).

the Grootderm Formation, alkali basatts occur (Smith and Hartnady, 1984). Smith &
I-_Iartnady (1884) and Hartnady et al. (i985) interpreted a within-plate ocean-fioor
setting with strong hot-spot or piume-type méématic sowrce affinities of the ophiolitic
Grootderm Formation of the “eugsosynclinal aSsemblage" In the west of the Gariep
Belt of southern Naribia. Hartnady et al. (1985) described the metavoicanics of the
Grootderm thrust sheet as being created by an enviched magmatic source distant from
any nearby terrigenous sedimentary provenances. He concluded that it could be an
accreted uppér part of an oceanic island-seamount chain, as suggested by Kréner
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(187", or an aseismic ridge or smai oceanic plateat.

The subsequent subdivision of the Gariep Belt into a western Marmora Terrane and
an eastern Part Nolloth Zone {Von Veh, 1988; Hartnady & Van Veh, 1990) is based
on the faciss distinction of the “eugeosyncline” and the "miogeosyncling” described
by previous authors, and the recognition of a major tactonic discontinuity, the
Schakalsberge thrust fault, within the bekt (Davies & Coward, 1982; Stowe et al., 1984;
Hartnady et al., 1885). Von Veh (1988) proposed that the Port Notloth Zone evolved
as a rifted, Atlantic-type, passive coniinental margin on the western edge of the
Kalahari Craton. He concluded that the rifting stage with its associated alkaline acid
volcanics, tuffs, and agglomerateé_was followed by a sea-floor spreading stags when
the centinéntal margin cooled and subsided as it moved away from a spreading
centre, fo!lowed by & period of tectonic instabifity assoclatad with giacial activity. The
unconformably overlying Numees Formation diamictites and ferruginous sediments
were interprated as having been deposited in a “continental siope” palaeo-environment.
Continuing subsidence is suggested 1o have caused the deposition of the overlying
Holgat sediments in a distal slops or basin environment, while the uplifted hinteriand
was largely eroded away and shallow water Kuiseb and lower Schwarzrand clastics
and carbonates of the Nama Group transgressed onto the adjoining craton. Aa
approaching orogenic front was incorporated in the distal parts of the depositional
basin (Von veh, 1588). Subseiquemt oceanic closure, which culminated in the collision
of the Port Nolloth Zone continental margin with a subduction_zona (Hartnady & Von
Veh, 1887 and led to the accretion of the Marmora Terrane as an allochthonous
block, was suggested to have predated the final closure of the inland branch of the

Dammara Orogen (Von Veh, 1988). Von Veh (1988) propesed a southward migrating
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Fig. 6.3: Schematic diagram showing the proposed southward migrating "

subdugstion zone, responsible for the demlopment of the arcuate shape of
the Gariep Belt {Von Veh, 1988).

subduction zore i. a dlrection roughly paraile to the westem margln of the Kalahari
Craton (Fig. 5.3). Because ﬁ'ne obducted Marmora Terrane hacl become sutured to the
Port Nolloth Zone, a major sinistral transform fault is propt:se;d 10 have develop_ed in
an off-shore position at or near the interface betwsen the continental and oceanic
lithosphere (Fig. 6.3d). Von Veh (1988) concluded et the Pan-Africéh avolution
terminated with the emplacement of the Kubeos-8Bremei line of plutons prior to or
during the final gtages of the closure of the inlaﬁd branch of the Démara Origen. This
model implies that the orogeny within the inland branch: did not predate the orogeny
of the éoastai branch of the Damara Orogen,

The most recent madel proposed for #he geodynamic evolution of bath e inland and
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the coastal branches of the Darnera Orogen was proposed by Stanistreet et al, (1991),
who described the basinal-sedimentary raspohses to the epening of the Adamastor
Ocean along the coastal branch and the subsequent opaninq of the Khomas Seain .
the inland branch of the ﬁamara Orogen. The model suggests that & 118 Khomas
Orogeny involved the subduction of hot young ocsanic crust associated with a
relatively short residence time of the Khomas Sea, which can be dated at j;ist before
the Proterozoic-Cambrian bdundary. whereas, in contrast, the Adamastor Ocean had
a residence time of about 200 Ma suggesting, therefore, that convergence involved the
subduction of cooled oceanic crust and incorporation of exotic terranes (Marmora
Superterra.. x In this model, the temporal separation of the Khiomas and the
suhsequent Jamastor QOrogenies is distinguished {Fig. 6.4). Furthermore, it is
proposed that the Nama Group semments were depnsut_ed into petipheral foreland
basins, which developed adjacent .tc the .'approachin'g'.Khoma.s-tand Adamastor
orogenic fronts. |

Globa_'.l geodynamic modeis have bacn proposed by Dalziel (1991), Hofiman (1981)
Hartnédy (1 99‘?) and Moores (1991). The evolution of the Adamastar Ocean and
Adamcastor Orogeny and their posrtion in regard to a global geodynamic model, in
particular, was discussed by Delziel (1981), Hartnady (1991) and Hoffmen (1991), who
described the existence of a Late Proterozoic supsrcontinent (pre-750 Ma), analogous
to Pangasa, called Rodinia (MeMenamin and McMenamin, 1990). The Late Proterozoic
fragmentation of Rodinia centrad on Laurentia, followed by rapid faﬁ-like collapse of
the present southern continents and the évantual consolidation of East and West
Gondwanalahd, with a pole of rotation near the Weddell Sea (Hoffman, 1981; If)alziel,

1891), thus expiaining the the dominance of wrench tectonics in prenent west-gust
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Fig. 6.4:  Schematic dlagram showing the cralonic motions during the closure and
- collisional phases of the Khomas Sea and Adamastor Ocean (modified
aftor Stanistreet et al,, 1991). KC= Kalahaw raton; CC= Congo Craton;

SAC= South American Continent. - '

trending and subduction-accretion tectonics in north-south trending Pan-African mobile
belts (Hoffman, 1991). During. fragmentation, rifts originating in the interior of the

Rodinia supercontinent becams the external margins of Gondwanaland, whils the

exterior margins became landlocked within the interior of Gondwanaland (Hoffman,

1991). Hartnady (1891) also suggested that Laurentia was the centre of the Rodinia
supercontinent, flanked by "East proto-Gondwanaland" to the west of it, and "West
proto-Gondwanaland® te the east of it. In this model, the southern African block is
situated in a hinge position between "East proto-Gondwanaland" and "West proto-
Gondwanaland" (Fig. 6.5A). Rodlinia was then tumed "inside out” around the southern
African block, which glso rotated in an anﬁ-dcckWise Sense, gmng rise to the opening

of the proto-Pacific Ocean an¢ concomitantly the Adamastor Qeean, which forms an
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arm of the new proto-Pacific Ocean. The inside out movement of "East proto-

Gondwanaland® away frorn Laurentia in an anti-clockwise sense gave rise to the
convergence of "East proto-Gondwanaland” and "West proto-Gondwanaland” and the
closure of the Mozambigque Ocean, which subsaquently resuited in their collision and

the formation of the Mozambique metamorphic belt (Hartnady, 1891; Fig. 6.58).

Fig. 6.5: A) - (oidifiest from Hoffman, 1987; and Hartnady, 1997): Rodinia In its pre-750 Ma old configuration with
Laurentis,

B} - (modified afier Harinady, 7891}; the B50-500 Ma cid configuration ¢* Rodinia after it has been turnad

“ingida vut, EPG= Esst proi-Gondwanaiand; WPG= West proto-Gondwnnalard; L= Lauveniia; B= Ballcs;

SA= southem African biock; G= Grenville beii; N= Namagua belty L= Luric bait; S= Sverdrupfiella beit;

- Ve Viayan belt, E= Eastsm Ghats balt; R= Raynar balt; A= Adamasior Ocean; MO= Mommiblque Ocean;

PPO= profp-Pauific Ocean; ICe laneius Ocean; M= Mozamblque metamonphic bell; ANS = Arablan-Nubian

Shield.
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6.2 TECTONIC INVERSION WITHIN THE GARIEP BELT IN SOUTHERN

NAMIBIA

6.3.1 Location of Inverted faults

Within the study area an autochthonous area in the east has been differentiated from
a parautochthcndus area In the west (Fig. 2.4), which comprises a set of basement-
cored thrust slices. The major én'uctural boundary batween the two is the Rosh Pinah
fautt, which can be followed over a total distance of about 85 km. It can be defineated
from an area situated_abnuf 40 km northwest of Rosh Pinah and about 15 km
ﬂomwe;ﬂst of Trekpoort Farm southeastwards into the Richtersveld, where & splays into
the Klipneus, the Grasviakte and the Vandersterrberg faults (Von Veh, 1988).

In the northern pért of the study area, the Rosh Pinah thrust slide and the
autochthonous unit to the east of it are juxaposed along the Rosh Pinah thrust _féuit.
In the southern parts of the study area the Dyeigratberg thrust slice Is juxdaposed with

the autochﬂ'lnﬁous assembiedge to the east (Fig. 2.4).

6.3.2 Stratigraphlc thickness varlations along inverted faults.

The untelescoping of thrust faults within the study area reveals considerable lateral
thickness variations of stratigraphic sequences, providing dizect svidence for faulting
during the exiensional phase of the evolution of the Gariep Belt.

The important structufal boundary represented by the Rosh Pinah fault is coincident

with the major strafigraphic break which occurs in the study area. To the east of this
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fauilt, rocks of the Pickelhaube and Numees Formations unco\?fdrmaibly overlie
basement rocks, to the west of it most of the eniire sequencs, cdﬁiprisiﬁg the Rosh
Pinah, Gumchavih and Pickethaube Formations, unconformably overfie basement (Fig.
6.3).

Because more complete sequences are only preserved to the west of the Rosh Pinah
fault, it is obvious that the fault acted with a normal sense of throw with down-to-the-
west movement during the sedimentary history. Because this is ithe most maior
stratigraphic break, it suggests that the Rosh Pinah fault was the master low angle fault
controlling extension in the study area (Fig. 8.7). It is not surprising that the thickest
and best dave!opemeni of the intracontinéntal- rift sequence representad by the Rash

Pinah Formation is preserved just to the west of this major extensional structure.

6.3.3 Tectono-sedimentary history of the study area

Lateral varistions in stratigraphic thickness along the Rosh Pinah thrust fault have
shown that it has an older history prior to the compressional phage, which affected the
sedimentation of almost the entire Gariep Belt. During subsequent compression,
inversion took place along the extensional fault to ptfoduce an eastward directed low-
angle reverse fault, presently exposed as the Rosh Pinah thrust fault zone.

The basin art:lhitecmre within the Gariep fbtd and thrust belt has exerted a profound
influence oﬁ Ehe contractional iectonics in the study area. The geometries of the
extansional fauits controlled the level of detachment and apparent thrust fault
sequences. The example of the fush Pinah basin, situated west of the invaried

extensional Rosh Pinah fault, demonstrates the extent to which the early basin
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Fig. 8.6: Schematic diagram showiny stratigraphic thickness variations within the
study area (for locations see Figs. 1.2 and 2.4).
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Fig. 6.7: Interpretation of Fig. 6.8, showing the proposed position of syn-sedimentary
faulis, which controlled the depositfon of the Garlep Group sediments within

the study area.
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architecture and characteristics of the_':.associatad syn;riﬁ sediments and volcanics
shaped this section of the Garie_p fold and thrust belt. The Rosh Pinah thrust fault
represents & most conspicuous inversion structure. A mddei that illustraies the
sequential contraction and inversion of the Rosh Pinah half-graben system is shown
in Fig. 6.8. Ami:ther key aspect for the redognition of inversion structures s the

identification of a syn-rift (or passive infill) sequence (Cooper st al., 1989). The

 sediments and volcanics of the Rosh Pinsh Formation represent syn-rift depo'sits and,

therefore, add lurther evidence for the poésible presence of structural inversion. The
extensional thrust plane (Fig. 6.8a) is reactivated during the early stages of contraction
(Fig. 6.8b). During continusd contraction lithological boundaries both along the
basemant contact and within the synrift and post-rift cover sequences are used as
thrust planes during the D1 deformational phase (Fig. 8.8¢). Further contraction along.
the same thrust favkt planes leads to intense folding and associatéd thrusting during
the D2 deformational phase (Fig. 6.8d). intense folding and imbrication of the half-
graben sediments is aitributed to the space problern generated by shortening of the
haif graben during inversion, lni_addition, !'ilgh cut-off angles of faults suggest that
imbrication did not only take place during *he D1 deformational event, but also during
and after folding (D2). Dupiex structures are a common feature within the inverted

Rosh Pinah half graben.

6.3.4 Inversion tectonics within other fold and thrist belts _
The hasin architecture of several fold and thrust belts, as shown by the example of the

Kechika Trough in the western Rocky Mountains of northern Canada (McClay et al,
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Fig, 6.8: Schematic myidel for the invarsion of the Rosh Pinah half graben; () Pro-inversion peomety of the half graben with
deposition of syn-nift aediments and woleanies; (b} Initial inversfon showing maciivation cf the iaire normnal faut
which boungs the half grahan; (6} Continued deformation with ramping and budiing sub-parafiel thrusting along
the extenisiénal listric fault plane (i31); {d) Subsequent folding and assoclzted thrusting (D2) elong the reactivated
extensional fault plane,
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1989), can exert a distinct mﬂueme on ’ma corfractional tectonics. The reactivation of
extensnonai structures during cempress:onal tectonics has been notefi in vaﬁous thrust
and foid belts, 8.g. the Cordilleran Fold and Thrust Belt (Taylur and Stott, 1873,
Thompson et al., 1987; McClay et al., 1988). The recognition of fault inversion and
fateral asymmetrios of thicknesses of stratigraphic sequences on either side of
reversed faults and the presence of syn-rift sediments and volcanics is therefore of

great importance as direct proof for extensional fauiting.

6.4 TECTONICS AND SEDIMENTATION
The Damara Orogen, of which the Garlep Belt forms part, is one of several orogenic
provinees collectively referred to as the Pan-African (Cahen et al., 1984). It has

traditionally been divided into an inland brénch and a coastal Lranch. The coastal

branch consists of a northem coastal branch, the Kaoko Bel, and a southem cogstal

branch, which extends southwards to the Gariep Beit. The coastal branch possibly
links in & northerly direction with the West Congofian Belt, and in a southerly direction
with the Saldanian Belt in the Cape Province of South Africa (Clifford, 1967; Stowe et
al., 1984). Becauss of good outcrop conditions within the Gariep Bett, the relatively low
metamorphic grade in its eastern parts (Port Nolloth Zone), and the good presarvatioh

of primary sedimentary structures, the Gariep Belt represents a crucial ares in

~ interprating the gecdynamic evolution of the coastal branch of the Damara Orogen and

its relationship with the Iniand branch. The synthesis of conclusions from the detailed
sedimentclogical and structural studies within the study area helps to discriminate

belween the various interpretations given for the geodynamic evolution of the Gariep
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Belt. The information gathered in this study, together with information of previous work

undertaken by various authors ﬁ\roughout the Gariep Belt, is combined in a model |

which _involves_the sedimentary-basinal responses to the opening of the Adamastor
Ocean, and the convergence and collision of the Kalahari and South American Cratons
associated with the acci‘eﬁon of several exatic terranes. The model proposed in this
work adds to the groﬁing évidence, tha! a supercontinent, analogous to Pangaes,
accreted during the Middie to Late Proterozoic (Bond et a':f.'}. 1984; Dalziel, 1991;
Hartnady, 1991; Hoffman, 1891; Moocres, 1991; Piper, 1887). This supercontinent
subssequenty fragmented during the Late Proterozoic/Eaﬂy Palaeozoic, as testified
within southern Africa by early rifting and spreading both along ths coastal and the
inland branches of the Damara Orogen. The subsequent Khomas and Adamastor
Orogenies werg integral components of the procssses which resulted in eventual
reassembly of the previously rifted- and spread-apart crustal fragments to produce

western Gondwanaland (Hoffman, 1991).

Several stages of'dave!opment of the coastal branch have been proposed by

Stanistrest et al. (1981) In a model, which includes the geodynamic evolution of both
the intand and ths coastal branches of th; Gariep Belt, as well as the Nama foreland
basin. Detelled study of sedimentation, stratigraphy and structure of the Gariep Balt
within the study area supports the main features of the mode! presented by Stanistrest
et al. (1981) for the devsloment of the southern coastal branch during its exterisional
phase. Various stages of gecdynamic evolution of the Garep Fold and Thrust Belt will
be presented in this section, adding t¢ the understanding of the so far poorly
understood Gariep Belt. Four stages.of gaodynamic development couid be

distinguished: (i} riting phase; (il supercontinental breakup: opening of the Adamastor
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Ocean; (i) closura of the Adamastor Ocean; (iv) continental colision.

6.4.1 Tectonlc-. framework and evidence of rifting

The evolution of the Gariep Belt in southern Namibia commenced with an initial rift
system, recorded by the deposition of immature fiuvial and lacustrine sediments and
the emplacement of bimodal volcanics. The rift sediments and volcanics wére
produced by activation of & linkad fault systern, which may have followed older'lines
of tBOtonfc weaknesses in the crust, cdntrolled by fhe Middle Proterozoic Sinclair Belt
(Stan!street et al., 1991), which,has teen suggested to have developed in essociation

with oceanic closure and arogenesis (Hoal, 1880).

6.4.2 Sedimentary response to intracontinental rifing

The synrift sediments of the Rosh Pinah Formation were deposited in several ‘fault-

[

controlled asymmetric extensional basin;,a Notth of the Orange River, the Rosh Pinah

Formation forms the lowsrmost stratlgraphlc unit of the Stinkfontein Subgroup The

sediments of the Rosh Pinah Formation were deposlted within a continental

_environment, associated with syn-sedimentary faulting end bimodal volc_anism. Coarss -

conglomerates and sandstones, derived by sub-aerial ercsion of upliﬁéd fault blocks

E and domlnated by large extra- and lesser tntrabaslnal clasts, poured westwards Into :

the Roshi Plnah trough which was domlna,’ted by fluvial and lacustrine sedimentation

{Fig. 6.9a). The coarse conglomerates and Sandstones were de™ ried as subaqueous
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(Fig. 6.9a, b and ¢ on opposite pageJ Stinmary diagrams showing stcges during the
deposition of the sedimentary and voleanic rocks of the Garlep Group. (a) Deposition
of ush Pinah fluvial, lacustrine, and alluvial fan sedimemis assoclated with volcanism
during the 1ift siage, {bj First murine transgressions characterfzed by intert-Jded disial
fivial and shaliow marine carbonates and beach d-voshs, indicating continued rifting,
(c) Marine transgression accompanied by Influx of siliciclastic sedimenis and the
formation; of a carbonate platform, a carbonte shelf, and deep sea deposition of the
Holgat beds wuting Fickelhaube times, indicating that the Kalahari Craton and South
America separated, and sea floor spreading began in the Adamastor Ocean. (d}
Regression of marine sediments and depasition of continental sediments. (g}
Deposition of mainly glaclomarine sedimenis during Numees glaciation, assoclated
with the development of a major uitconformity prior to Numees sedimentation.
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fans and fen deitas, prograding into lake bodies within the half grabens. The debris
flow nature and the lack 6f mud matrix and cdarse averagé clast size of the

conglomerates indicaies that they were deposited rapidly, associated with the marked

extension and r'apid subsidance of the rift system as 2 series of haif-graben and sub-

basins. i
' ki
The various depasitional cycles, recarded within these sediments, were probably

tnggerad by puises of synsedimentary fauiting along the extensional fault systems. At

~ Spitskop and at Trekpoort Farms, which are sﬁpated in the east of the Gariep Belt, iba

volcarics were extrucied as fissure eruptions wi‘;lich were conducted' alonhg the major

syn-sadimentary fault zones. Several isclated \)?icamc cones probably dsveioped

i Basunal subsudenca causing rapid erosion of the bl‘\ﬁement rocks at the-same time as .

the oyclic voleanic eruptzons were rasponsib \for the complex stratrgraphrc
relaﬂonshaps betwaen the voicanics and the SBdImAW rocks. Simuitaneous with the
pronounced volcanic activity In the north of the study };\rea, volcanic activity appears
to be iess Inteﬂswe further south from Spltskop Farm tc\(a?ds Hosh Pinah.

South of the Orange Hwer the Shnkfontem Subgroup comphses a considerably thicker
succession ef clastics of a more mature composmun \‘"\ '

Continued rifting, which subsequently led to initiation of oceanic spreading of the
Adamastor Oceén, is Indicated by the transgression represented b_y the mixed
continental /shanow marine Gumehavib Feimation, which records the earliest marine

transgressibns (Fig. 6.9b).
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6.4.3 Dating of rlftiz;g and oceanic opening

The Lekkersing granite, which is intrusive into Stinkfontein lithologies inthe
Richtersveld, has been dated at 780 +/-10 Ma (Pb-U zircon age; Allsopp et al., 1879),
represénting the most likely age conslraint for the initistion of rifting in the Garlep Beit.
This age constraint for the initiation of rifting is supported by the Rb-Sr mineral-
isochron age of 717 +/-11 Ma, achieved from basic volcanics of the Gannakouriep
dyks &nd sil swarm «1 the Richiersveld {Renscme and Reid in: Hartnady and Von Veh,
1980), which is intrusive into ;fie Stinkfonte_in Subgroup and the lower Pickelhaube |
Formation. A Rb—Sr.mineral-isochron age of 719 +/-28 (Welke, _i_n: Da Villiers, _1968)
obtainéd for the Rosh Pi_nah Formation fglsttes probably also représems a primary age,
rather than thé mineral-errorchron age of 686 +‘/~32 Ma (Aﬂs_opp et al., 197‘?)‘,
abtained for the Rosh Pinah felsites. The Richtersveld .Jompiex and the oider Bremét;l
granites, which are u_nt:onforrhahiy overlain by Stinkfontein lithologies, yiei_ded ages oi\
ages of 920 +/- 10 Wa and 911 + /- 30 Ma respectively (Allsopp et al., 1979). These '
wers suggestad by Von Veh (1988) and Harinady and Von Veh (1990) as representing
~ the oidest possibie age bracket for the inltiation of riﬁing. if rifting did, however, inftiats |
at around 900 Mg, then the period between initiation and cesséti‘mn of' rifting wouild
range at about 200 Ma, which is geologically not viable for continuous rifting-
processes assumed for the Gariep Belt rift system. If a duration of 200 Ma was
postulated for rifting within this rift system, it would hﬁv'e to have occurred in several
pulses separated bvy tectonically guisscent periods, as described from the North Sea
(Sclater & Christie, 1980). There s, hovjever, no direct evidence to support this in the
southarn coastal branch of the Dérﬁara Orogen and these dates are more likely io

represent ages of the Middle Proteroznic basernent (Hoal, 1990}
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644 Oceanic opening and iheﬂna%?ﬁﬁs%d;mca
The Pickelhaube Formation, which conformably oveﬁies the Gumchavib Formation,
records a continuous transgression, which was related to thermal subsidence after the
intiation of oceanic spreading of the Adsjmastor Ocean (Stanistreet et al., 1991). The
absence of any apparent reﬁiona! break-up uncanformity separating the rift deposits
- 'frorn the postift deposits might indicate that rifting was unaccompanied by doming
(Miller 1887). A Garbonate platform and carbonate shelf developed sediments of the
Pickeihaube Formatinn (Fig. 6.9¢).

€.4.5 F_ienéiwed rifting and/or glacial.outwash? = the Obib Peak Formation

The Obib Peak Formation, which ovéi’lies the Plcke!héube Formation conformably N
within the study area, reﬂedfs a marked change from the marine sedimientation of tha

N 'Pic':kelhaube Formation to continental sedimentation (Fig. 6.9d). The pré__servation of

Obih Peak Formation lhologles v;est of the'Rosh Pinah fault and the 'absehde of these

_ 1[ - lithologies to the east of the fault suggests mat syn-sedimentary faulting wés clearly

" | ope}atlva during Obib Peak Formation sedimentation,

Various processes might be called on to account for this sudden break in marine -

-sadimentation:

()  renewed rifting,

) glacial outwash heralding the advanca of the Nuntees glaciation and
‘assocized drobfsing sealevel changes end |

(i) - a combinution of these two processes,
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6.4.6 Glaclation

The depaosition of the Obib Peak Formation was foliowed by the Numees gl&ciation. -

‘which is cantemporaneous with the 670 Ma oid Varangian glacial episode in Europe

and the Rapitan glacial episode in northwest Canada (Harland, 1_983; Hambrey &
Harland, 1985). |

The Numess Formation was deposited within a predominantly glaciomarine setting,

. githough the ssdimentary record indicates interruption by several interglacial phases.

L

The diamictites were deposited on the sk~lf as a dsbris flow, which comprises
reworked sediménts, dumped at the ice-front. Floating ioe sheets and icebergs caused

dropstone formation (Fig. 6.9e). Intarg_!:aciai:periods' account for the redepositec

e

carbonate beds and the depbsition of deliaic and fluvial sedhﬁent’s. which are

lnte.rbedded with the glacio-marine diamictite__éz. Felsic volcanics and amphibolite sills,
which Intruded Into the interglacial sediments, suggest the possibiity of renewed rifing
during the deposition of the Numees ﬁpmaﬁm, possibly esseciatad with the opening

of the Khomas Sea (Henry et al., 1988). iron formations within the glaciamarine

diamictites of the Numees Formation may also be related to rsnewedﬁrifting and

associated spreading ridges.

Bscause of the abssnoe of sadiments overlying the Numeses Formetion, in contrast | |

with the case in the inland branch, where the Karibib Formation carbonates ovetlie
Chuos Formation diamictites, the 670 Ma age serves only as a minimum age for the

end of deposition of Gaﬁap Group lithologies.
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65  MINERALIZATION AND VOLcAmsM IN THE WESTERN vlcm]lw OF
| THE INVERTED FIOSH PINAH FAULT

A thick plle of intennedaate to felsic volcanics of the Rosh Pinah Formation has been
deposited within the Gariep 'Belt in southern Namibia. The most promirient outcrops
of mainly felsic volcanics are situated at Spitskop Farm about 10 km northwest of Rosh
Pinah, and at Tr_ekpoort Farm, about 25 km northwest of Rosh Pinah (Fig. 1.2). The
formation of carhonate- and shae-hosted synsedimentary, stratiform Zn-Pb-Cu-Ag-
{+ Ba)-sulphide minarali;ation (SEDEX) was associated with voicanism during the
de;:osition of the Rosh Pinah Formation. Several basemetal-sulphide deposits have
been disdovarecl so far. The most prominent deposit is situeted %t Rosh Pinah
Mountain, where 11,5 tons of ore have been mined since 1989, lsaving abbut 11 tons
of proven ore with about' 6,5% Zn, 1,8% Pb and 0,1% Gu’ {0 be mined in the future
{personal cummuhications R.P. Flande!l). An oxidi_zad Zn-Po-Cu-Ag-(+ Eé)—sulphide
depésit at Bkorpion exploration camp, situate_'d within Diamond Area No.1,
apprisimately 17 km northwest of Rosh Pinah, revealed ore ressrves of about 8,3
million tons at about 10,8% Zn. This depcéit is, howsver, exceptionally deeply oxidized,
locally exceeding Smm. below surface (Cori;ans, 1983). Geochemical sfream sampling
of watercourses draining volcanc-sedimentary vock ridges at Trekpoort Farm revesled
strong geochemical anomalies, indicating the presence of a further major Zn-Ph-Cu-Ag
mineralizetion (personal communications J. Dean). | |

All these deposits, as well as the intermadiate to felsic volcanics are situated in the
immediate western vicinity of the Rosh Pinah thrust fault.

The sulphide-mineralization is considered to have forrned from metalliferrous brines

which ponded in local extensional basins during crustal extension duri'ng the rift stage.

224

e R N i TR St S edﬂam*s-:{h_-;;\r,r_. o

Ta

o2z



The acid to mtermednate volcanics of the Rash Pinah anatlon also dlscharged along

thesn active growth faults.

The fact that the volcanics and the sulphide mineralization were all discharged in the

western vicinny of the Rosh Pinah thrust fault adds further indirect evidencs to the

suggestion, that the Rosh Pinah thrust fault had an extensional history prior toits

inversion.
A minor sulphide mineraf‘zation and assocliated gossan was found on surface within
£

the Rooikat thrust slice. West of the Rooikat thrust fault and east of the Ostrich thrust

slice (Figs. 2.3 and 2.4}, an approx. 1000 m thick succession of Rosh Pinah sediments

Is interbedded with acid volcanics and minor Zn-Pb-sulphide mineralisation. The

absence of any volcanics east of the Roolkat thrust fault, the great tl_'fij_pkness of t__h'e
.wsh Pinah Formation within this thrust slice, as well &s the fact that the Roolkat thrust
slice links In a southerly dil:éction with the pfc_rpMent Ostrich thrust fault, which thrusts
granitic basement ow “athin sequence of Rosh Pinah Formation sediments, suggests

the existence of a restriét_eci extensional subbasin within the Rosh Pinah basin.

§.6 EFFECTS OF OCEANIC CLOSURE AND CONTINENTAL COLLISION

Rifting and spreading was followed by the closure of the Adamastor Ocean, associsted

with a northwestward directed subduction of cceanic crust under the Kalahari Craion

(Fig. 6.4). Subduction was associated with the development of tectonic melanges and -

the accretion of three allochthonous exnt’i‘-ﬁ terranes, namely the GChamais,

Oranjermund, and Schakalsherge terranes, which form the Marmora Superterrans

(Hartnady st al,, 1880). The Marmora Superterrane and the Port Nolloth Zone ars-
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Juxtaposed along the Schakalsbe_rg- thrust fault {Fig. 2.1). Oceanic closure culminated
in the colision of the Port Nolloth Zone continental margin and the accreted Marmora
Superterrane as an allochthonous tectonic block, The collision of the South American

Craton with the Port Nolloth Zone continental margin was assoctated with the

obduction of ophicltic material on top of the Schakalsberge thrust fault. The collisional

event was accompanied by intense southeastward and susequently eastward directed
tectonic transport (D1 and D2), resulting in intense folding and thrusting of Port Iivoilcth
Zane sediments and volcanics “durihg the 'A_daniaster Orogeny. AsSogi'.- 1 with the
.Adamastor arbgenic event is the development of a peripheral retroarc.foreiand basin :
to the east, into which sediments of the Schwarzrand and Fish River Formations
Fqnnati"ons of the Nama Group were deposited (Stanlst_reet et al., 1891). #oiding and
thrusting, associéted with the D2 deformational event, also affected N~ - Group
sediments in ihe easterm parts of the Nama basin. After the collision of S¢ * .merica
and the Kalahari Creton, a sinistral movement developed along the defined fault 2ones,
deforming bioth Gariep and Nama Group sediments as far east as Vioals'éfrif,
approximately 50 km gaét of the eastémmost. Carisp Belt outcrop in t_he Richtersveld.
The collisional event was accompanied by a Barrovian Type metamorphism with a
geothermat gradient of about 20 degrees C/km. The tectonic eﬂr&iiution of the Garlep
Belt continued with the emplacement of the granitcids of tr__a_e *Kubroos-Bremen-iine"
(525+ /- 60 Ma; 521 + /- 12 Ma) and the younger part 6f the Bremen complex
intrusives (521 + /- 12 Ma; Allsopp et al., 1979) during the deposition of upper Nama
Group sediments. The Nama Group sediments were shed into a foreland basin,
marginal to the advancing Adamastor crogeny. Ages gainec_l_ from Nama Group

sediments range from 547 to 443 Ma (compiled by Milizi & Gicis, 1585) and were
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reirterpreted biy Stanistreet ot al, (1991) as metamorphicl ages. Similar metamorphic
ages from thé Vanrhynsdorp Group sediments, which represent the so.uthern |
correlative of the Nama Group in Namagualand, South Africa, range from 552 to 476
Ma with a _ﬁeai{ at 496 Ma (Gresss et al., 1988) and aiso indicate thet the Adamastor
orogenyﬁ.@ithin the Gariep Belt only ceased at about 500 Ma. Horstmann et al. (1990)
reportef:i .K/Ar ages of upper Nama Group sediments from southern Narﬁibia, which
may be indistiguishable from the 496 Ma .paak metarmorphism of Gresse et al. (1988)
within the limits of expéﬂmental error. These ages may, however, also indicate that a
time tr'angfessive collsion from north to south occurred during the fina! stages ol the
geodynarmiic evoiution of the Gariep Belt and the associated Nama foreiand basins

(Stanistreet et af.; 1991).

67  CORRELATION OF THE GARISP BELT WITH OTHER PARTS OF THE
. DAMARA OROGEN

V'arious'mode_!s have been proposed for the géi};iynamic' evolution of the ﬁémara

Crogen, The latest model, prdposec_i by Stanistrest etal (1991), differentistes between

~ the tectonosedimentary evolution of the inland and the: coastal branches, proposing

that the extensional history of the coastal brarich took plﬁt:e prior to that of the Inland
branch. According to this modal, the Khomas Sea closed prior to the closure of the
Adamastor Ocean, If this is the cé.se; the temporal difference of geodynamic evolution
would mean that a direct stratigraphic and tectonic correlation of the inisnd and the
coastal branches is enly éﬁp!icable to a certain extent. On the other hand,

comparisons with other areas of the coastal branch would allow a test of whether the
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concept of an Adamastor Orogeny is valid,

6.7.1 Stratigraphic correiation of the Gariep Beit with other parts ol the

Damara Orogen

orrelation within the Gari Zone
Correlations of stratigraphic units of the Bogenfels area with stratigraphic units of the
Gariep Belt immediately north of the Orange River have so far not been atteripted.

Reconnaissance mapping of the Bogenfels area in the north-western parts of the

Sperrgebiet and reconaissance work underiaken by Davies and Coward (1982) reveals

the presence of a banded dolomite overlain by massive blue-grey dolomits, referred
to as the lower ahd upper do!o_mita units of the Bogenfels Formation (Davies &
Coward, 1 882). These dolomite units bear a striking resemblance to the dolomific
carbonates of the Pickelhaube Formation in the study area. In the district of Pomona,
situated south of Bogenfsls (Fig. 1.2), a discontinuous conglomerate urcanformably
overlies granﬁic gneisses, augengneisses and schists assigned to the Namagqualand
Metamorphic C.omplex. The conglomerate forms the base of a sequence and is
followed by feldspathic grit, arkoses, thin interbanded yellow dolomiies and massive,
cross-bedded sandstones and quartzites, which comprise the base of the Bogenfels
Formation (Davies & Coward, 1982). This "basal clastic member* of the Bogenfels
Formation resembles the Gumchavib Formatioﬁ in the area north of the Orénge River,
bath in lithelogical composition, and interms of its' interpreted depositional

palaeoervironment.
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Reconnaissance mapping carried out in the erea immedia't'ely south of Liideritz,
revealed the presence of a several tens of matt;es thick__;?uccession of interbedded ..
quartz-arenitic sandstgnes and interbedded dolomites, which was previously mapped
as basement (S\;VA/Namibia Geosurvey Map, 1982). This formgtion, which has not
been described previousiy, will be referred to as the Liideritz Formation and can be -
correlated with the Gumchavib or the lowermost Pickelhaube Formaticn within the

study area, refiecting deposition within a shaliow marine shelf environment.

The Diaz Point Formation {Greenman, 1986; Siegfried, 1992/1983) vonsists of a

sedimantafy mixtite bordering thé coastline of Namibia from Lideritz southwards to

Atlas Bay. Greenman (1966) first interpreted these fnetasedlments, which are

conspicuously different frorm the gneissic basement ascribed to the Namaqua

Metamorphic Complex, as being part.of the Gariep Group. Kra‘iﬁer and Jackson (1974)

reinterpreted the Disz Point Formation as refoliated 'b:aseaﬁant, but present consensus

is that they represent Gariep age Iitholagies that have been highly tectonized (SACS,

1980; SWA/Namibia Geosurvey Map, 1982; Siegfried, 1992/1993). Siagfrié-gﬁ
(1992/1983) correfates the Diaz Point Formation with the Mumees Formation of thra
Gariep Group, because of the gross sirnllarities in mineral and clast composition. - |
The latest attempt to correlate stratigraphic: units throughout the Damaré Belt was
undertaken by Hofftmann (1989). His correlation of the Gariep Group stratigraphy with
other parts of the Damara Sequence is mainly based on stratigraphic and structuraf |
work presented by Von Veh (1988) for the Gariep Belt in thé Richtersveld. The prasent
secimentological and structural investigations within the study area have, however,
revealed, that the siratigraphic subdivislon of the Gariep Belt, as proposed by Von Veh . .

{1888), has to be partly revised for southern Namibia (Table 2.2), as structural
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repatition and lateral and vertical sedimsntary facies variations in the structurally highily
complex Richtersveld have not always been recognized correctly. In southern Namibia,
the Rosh Pinsh Formation forms the lowermost stratigraphic -t_;r{rt in the southem parts

of the Gariep Belt, overlying the basement unconformably at several localities. The

Wallekraal Formation, integrated by Von Veh (1988] into the Hilda Subgroup, forms

part of the Rosh Pinah Formation. Streiigraphic correlations of the Gariep Group

lﬂhoio_gies within Diamond Area No.1 in southern Namibia are summarized in Table

[

8.1,

Table 6.1:  Stratigraphic correlation of Gariep Group fithologles of southern Namibia,

Southern Diamond Bogenfels and Pomona areas | Litderitz and Diaz Point areas
Area No.1 (this work) | (Davies & Coward, 1982) {this work; Siegfried, 1992/1993)
Nurnees Formation i Diaz Point Formation :
Ohlb Peak Formation
Bickeihaube Formation 1 “tower and upper dolomite
"1 unit" of Boganfeld Formation _
Gumchavib Formation | *basal member* of Bogenfels | Laderitz Formation -
Formation '
Rash Pinah Formatlon :
= e e N

Correlation with the infand branch
The Kaigas, Jakkalsberg, and Numees Formations, described by Von Veh (1988) as

independent lithostratigraphic units, form one stratigraphic unit, defined here as the

Numees Formation. The Holg'éit Eormation is & distal lateral facles equivalent of the-

Pickelhauhe Formation, and therefore underlies the Nijmees Formation
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stratigrapﬁicaliy. The absence of a lower diarniqtiiic unit, the Kaigas Formation (Von
Veh, 1988), is qf great importance for the correlation of stratigraphic Linitg of the
Gariep Group with other parts of the Damara Sequence. Hoffmann's (1989) atternpt
to correlate the Gariep Group stratirapw with other parts.df the Qamafa Sequence
was based on the presence of two distinct diamictitic units, the lower Kaigas Fonnahon
of the St:nkfontem Sungroup, and the upper Numees Formation. Hofﬂﬂann (1989) alsg -
included _the Rosh Pinah Formation in the Milda, and not the lawer Stinkiontein
Subgroup. Tha Stinkfontein Subgroup,: comprising cross-bedded arkoses, .‘-aldspétﬁic
quarizites, conglomerates, and minor intercalated acid to intesv Tiste v_o!cahics, was
described by Hoffmann (1989) as "virlually identiéal to'th&,.Nuﬁib Grou’f;!h the souﬂlem
Damarz Belt (‘ inland branch) and elsewhere in the central and northern Damara Balt". _
As the Rosh Pinah Formation forms the butk of the Stinkfontein Subgroup in southem

Namibia, a cvrre[a*.ion of the Rosh Pinah Formation with tha-Nosib Group of the infand
branch, as well as the Nosib Group of the northern coastal branch of the Damara
Orogen, is applk *4le.

As the inclusion of the Wallekraal Formation (part of the Rosh Pinah Formation) into
the Hilda Subgroup is not gorrect, the siriking resemnblance between the Pickelhaube
and Dabie River Formations, described by Von veh {1988) from the Richtersveld, allow
their correlation as a single stratigraphic unit, in a similar fashion to the sequence
defined here north of the Orange River. This carbonate unif ';'eferred here to as the
Pickethaube rnrmatlon, aiso incorporates the more distal “Holgat: Formation”, and was
correlated by Hoffmann (1989) with the Kuclts and lower Vaa!gras Subgroup and the;r

stratigraphic equivaler:1s in the Naukiuft Nappe Complex and forgland sequencs,

respectively.
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Correiaion with the northern coastal pranch 5
A striking szmﬂanty exists between ihe Rosh Pinah Formation of the Gariep Belt and
the Nosib Group in the -nortne_rn coastal branth, both in lithclogy and
palascenvironmental Setting (Table 6.2). The peiites and carbonetes of the Omlihiva
Formation in the Kaokovsld, which were deposited in a lacustrine delio.siﬂonal setting,

may also be;, correlatable with the Flosh Pinah Formatlcm which was deposited in a

mibed fluvial /Iacustrlne dept:smnnal setting (Table 8.2). The Omuhwa Fcrma’qan sy,
however, also form part of the Gumchavib Formaﬁon of tha Gaﬁep Belt. The bmutwa
and Cutuwo Farmations of the Ugab Subgroup in the northern coastal branch (Kacko

Belt) of the Damara Oragen (Henry et al. 1992/1993) were déposite.. ‘Aithin a playa

lacusiting or/and shallcw matrine eﬁvircsnment and resemble the sediments of the |

palaecenvironment, representing the transmon frorn a predominantly contmental toa
marine emf,ronment The overlying Okarondokav: Otjomngwari axd Okovikuti
Formations, Whlch comﬁﬁa%..sequence of paht&s, psammites diamictites and meta-

basaltic volcanics, interbedded with carbonate beds, were interpreted as being

deposited within a marine environment, including submarine iurbiditt: fan and debris

flow deposition (Henry et al., 1992/1883). A within-plate alkaline signature for the

basalts of the Okoevikuti Formatiun is mdzcated by ma]or and trace alement piots‘»---._\
(Henry et al 1992/1993) The Olarondokavi and Otjonrongwarl Formaticns can'

possibly be correlated with the deepsea Holgat bads of the Picke!haube Formatlon_

(T able 2.
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Tahle 6.2 L:ihestraﬂgraphic corre!atfan of the northem ancf saufhsrn coastal

branches of the Damara Orogen.
Southern coastal branch | Lithologies : Horthern cowatal hrench (Henty «i al,,
_ ) 1692/1993) u
ﬁ Nuthess Formation Diamictite {Glacio-marine) __| Chuos Formstion ' : ﬂ
Ohib Peak Formation. Palites/sHiclcly~ics/carbanates/ meta-basalty - Okovikuti Formation . H
: {marae «> fluviul) Cijorongwari Formation
Pickethaube Formation Oxarundokavi Formation
Gumchavib Formation Cirthoquartzites _[sha!!cm macde) Cutuwao Fermation
: Palites/carbonates {acusiine) Omuhiva F.. mation
Raosh Pinah Farmation : : !
Akosesfoonglomernates (affuvial fan/fuviaf} Nasib Group . _
e T e e e e e i e AT

The Numeses Formation of the Gariep Beit Is correlated with the Chuos Formation of

- the inland and the northern coastal branches of the Damara Orogen for several

reasons: |
(1)  both consist mainly nf diamictites, which were deposited within a glaciai
 paiaeosiviranmient and vesemble each other iithalogically;

(2) botis were daposited within sfmii_ar palaedenvironments during én ex_tanslve
glaciation; | o

)] | both include laterally inconsistent banded iron formations with dropstonss
disrupting !amination; | |

4 both eontéin intrbedded, laterally inconsistent carbonate beds; and

(5)  both were depostted after the deposition of carbonate dominated shelf, and in

the case of the northern coastal branch, associated deep marine

environments.
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6.7.2 Correlation of tectonic evenis of the Gariep Belt an other paris of the

Darnara Oraogen | ” _
Three progressive deformational events (D1, D2, D3}, associatsd with B8 clostie of
the Adamastor Ocean and assocaated coliisicri betwaen proto-South America anv the
Congo and Kaiahari Cratons, were recognized in this study in the 'southerr_! coastal
branch (Gariep Bel). |

| Correjation within the Garlep Zone

A structural pattern similar to that developed in the study area, is j:;res_ent in the
Richtersveld, where an early, bedding sub-paraliel cleavage was folded around the fold
hinges of north- 1o riorthwest-trending small to large scale (>4 km wavelength) folds

with a generally easterly vergence, changing to a westerly v-.-irgfance in the vicinity of

the ba=zmaent outerop to the east. The latest deformational event also forms open

veent- 0 southwest-trending folds (Von Veh, 1988). The intrusion of the Kuboos Piuton
generated a radial fold trend of minor folds, which is not recognizable in southern
Namibia and is thersfore only of minor importance {Von Veh, 1988).

In the Bogenfels area, in the north-western pm i of the Sperrgabiet, the earliest

- deformational event is characterized by a bedding sub-paraliel cleavage and folistion,

which was folded around fold hinges of north- to northwest-trending small to large
scale {(up to several hundreds of metres) open to isoclinal folds with an sasteriy
vergence. These structural features reflect a similar tectonic history to #hat in the areas
adjacent to the Orﬁnge River. The warping of the D2 refated folds may be related to
the presence of approximately west-east-trending folds, similar to the F3 folds in the

study area and the northwestern Richtersveid.
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Fig. 8.10:  Tectonostratigraphic zones of the Damara Orogen (from Mifler, 1983)



Fig. 6.11:  (opposite pahge) Structural E-W crass-section across the Kaoko Belt,
Sesfontein area (from Miller, 1983).

Structural investigations undertaken by Siegfied (1832/1993) south of Lideritz

revealed that two deformational events are preserved. These are characterized by iz .

presence of north-south trending thrust . ults, northwest-southeast trending normal -

faults, and a dominant bedding parallel foliation striking at 240 degrees with a
.orthwesterly dip of 16 degrees, associated with an intense mineral lineation trsndlglg:_
st 15 degrees on a bearing of 330 degress, which have ﬁeen generated as the rasult |

 of continued unidirecticnal cornpressian from northnarihwest. Sieghied (1992/1983)
correlates these structéiral features with the D1 deformational event of the Gariep Beit
at ﬂ-zg_: Orange Fliver. A crenulation cleavage, trending 04 degrees on & bearing of 230
dégreés is concordant with folds developéd towards the end of D1 or during a less
well-developed D2 deformational avént (Siegﬁed, 1992/1993), which correlates with

the D2 deformational avent developed in the southern Sperrgebiet and the

Bichtersveld.

G tion with the no, { bran

‘The northern coastal branch of the Damara Orogen (Kacko Belt) is subdivided into a
Western Kacko Zane, a Central Kaoko Zone, and a Southemn Kaoko Zone {Figs. 6.10
& 6.11), which are il characterized by contrasting siructural styles (Miller, 1983). In
the Western Kaoke Zone bedding and fald closures are rarely seen. However, a
strongly penetrative foliation with a N-8 to NW-SE trend and a moderate westward dip
(Guj, 1970) is displayed. Several strike-parallel shear zones (Guj, 1970; Miller, 1983)
mark the gastward transition into the domain of steep, narrow, westerly inclined,
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basement caored antiforms {Guj, 1970), which straddle the Purros hneam;‘ut (Flgs 8.10
&8.11). A stm-*g bedding parallel foliation is associated with tight to Isucllna‘r*ﬂdg
within this damam of anticlines (Coward, 1983). The Central Kaoko Zone is hounded
by the Purros Lineament in the west oad the Sesfontein thrust in the east (Figs. 6.10
& 6.11). This zone is characterized by -8 tfending folds and thrust faults, and NW
plunging lineations and axes of small-scale folds {Coward, 1983). The N-S trending
folds have an easterly vergence, which changss into a westerly direction in the vicinity
of the Sesfontein fhrust fault in the east of the Central Kacko Zane (Fig. 8.11). These
structural features were ascricedtoa D2 deformationai event, caused by
southeastward directed thrustzng (Coward, 1883). The change fro‘n a predominantly
easterly to a westerly vergence near to the Sesfontsin thmst fauit cé}|1 be ascribed to
backfolding near the Sesfontein _thrust fault (Coward, 1981). The Ia;yést deformational
event in the Central Kaoko Zone s characterized by upright, muﬁeast verging"fo!ds
with a SW-NE trend and large wavelongths (Coward, 1983), uﬁhlch wers probably
generated by a late sinistral movement along exist‘ms{ fault systems. The Eastern
Kaoko Zone, which is situated east of the Sesfontein thrust fault (Figs. 6.10 & 6 11),

is, similar to the vastern p_arts of the Central Kaokn Zone, characterized by west-

vergent backfolding. Large wavelength, low amplitude folds with g ENE-WSW trend, :

warp the earlier N-S frending structures.

Reconnaissance mapping in the Sesfontein-Hoanib River area in the northern coastal
branch (Kacko Bet) by 1@, Stenisireet, E.G. Charlesworth and the author showed the
presence of a pervasive bedding-sub-parallel fabric (D1}, which probably is caused by

SSE-directed tectonic transport. This D1 fabric is deformed by a prominent phase of

folding, which forms the main north-south structural grain and is polyphase in parts

237



, )
i o

! o
.S

i
of the Kaokoveld (D2 and D3). Small to large séale (> 1km) open, aast-trend‘mg fold_é
(D4 interfere with folds of the previcus defonnatioria! phassy (D1 to D3) to form dome
and basin structures. | |
Throughout the coastal branch of the Damara Oragen penetrative bedding parallel to

sub-paratiel foliation and thrust fauits (D1 of this work), related o a SSE-directed

~ tectonic transport, are assaciated with the first deformational event. North fo NW

- Table 8.3: Correlation of deformational evailts of the Gariep Belt {southem coastal

branch) and the Kaoko Bult (northern coastal branch) of the Damasra

. Orogen.
Southern -l Structural features { Morthern ccastal brancte - A
Il coastal branch | =~ | Western Kaokoveld (Guj,
{this work) Ly 1970; Miller, 1583; Coward, ".
) __ 1983; this work)
D1 Pervasive bedding-sub- ™
' parallel fabric: tectonic
ransport 10 SSE
Prominent phase of folding D2
D2 forming main ~N-S structural | progressive
grain; polyphase in paris of | D3
the Kaokoveld
i Small to large scale (>1km)
] D3 open folds with easterky
trend forming interference
structures with previous
deformation to form domes
and basnns

trending folds with a generally easterly vergence (D2 of this work), essociated with an

easterly directsd tectonic transport, and deforming the bedding parallel to sub-paraliel
foliation, are developed throughout the southern coastal branch (Gariep Belt) and

within the northern coastal branch {(Kaoko Belt). The correlation of deformational
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events in tﬁe northern 2nd sdhﬂiém ébasial. hranches of the::.Dan{ara Orogen is
summarized in Table 6.3. L 3 | | -
The change of vergence from an eéétgrly io a westerly direction it the eastern patts -
of the respective behs s a feature obstrved both in the Geriep and Kaoko Belts. West
to SW trending folds (D3 of this work}; relaﬁed to sinis&al tectonic _movgmant along
“older fﬁuit z..sﬂes,.were obsarved in the entire coastal branch of the Damara Orogei.
The strikfngiy similar tectonic,_history atthe southérh and the northern coastal
branches appear to validate the: concept of an Adamastor Orogeny slong the entire
coastai branch after the ciosqre of the Kﬁomas Sea. H

i
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APPENDIX 3: M:cmpmbe analyses of Magmcfases from amph;bolite
| | samples A1, A5, AN, RP60 and gamet-chlante sch:st_
semples P2 and 235.
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APPENDIX 4: Microprobe analyses of the epidote samples A1, A2,
RPEQ. _ '
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Microprobe analyses of white micas from samples 35
235, RP185 Pl -
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* APPENDIX 6:  Microprobe analyses of chiorites from sample P2.
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APPENDIX 7: M:cmprobe analyses of rﬂmemtes from samples P2, A2,
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APPENDIX 8:  Microprobe analyses of gamet from sample P2.
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'APPENDIXU: Gamet-muscovite geithermometers of Dickenson and
Hewitt (1986), Ghent el al. {1987) and Hynes and Forest
(1988). - o -
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GHENT et ai. (1987): 447
Grapats: ¢hierits .
B2 F1. B2
Profill F1 ) _ o
-10.00 025 | | o
P {(kbar): i 5.00 : T {°C): :
DICKIRSON & REWITT {(1986): 386
GHENT et al. {1987): - 354
Granat: Chlerit: |
‘p2 ¥1 - P2
Profiil "Fi
-10.00 C26
P (kbar): 5.00 T {°Q}:
" DICEINSUN & HEWITT (i9886): 3R7
GHENT et al. (1987): 392
Granét= Chlerit:
B2 F1 P2
Profill Fi
~11.00 L27
P {kbar): 5.00 _ T {2
DICKINS N & HEWITT (198G): 426
GHENT et al. (1987}: 427
Granat: Chlorits |
P2 F1° P2 _
Profila Fl
-1.00 - Q158 _
P (kbar): 5.00 T (°C):

DXCKINSON & HEWITT (198&) 3939



Granat: = Chlorit: _ ’ .

i

P2 Fi 2] _ ' o I

Profil2 i -
-2.00 . clé
P (kbar): 5.00 T (°C):
DICKINSON & HEWITT {1986): 443 SR '
GHENT et al. {i987): 415 =
Granat: Chlorit:
P2 F1 = "P2
Profil2 1
«3.00 ci7 .
P (kbar): 5.00 : T {°C):s
DICKINSON & HEWITT (1986): 387
GHENYT et al. (1587}): 392
Granat: Chlorit:
P2 1 R
Profil2 Fl
-4.00 c1s
P {xbar): ' 5.00 T {°C):
RICKINSON & HEWITT {1986): 407
GEENT et al. (1987): 410
Granats; cﬁ;orits
P2 Fi P2
Profilz . Fl
-5.00 - c19 .
P (kxbhar): 5.00 o)
DICKINSON & HEWITT (1986): 402
CHENT ot -al. (19837): 405
Granat: - Chlorit:
P2 Fi P2 : ' -
Profil2 Fl _ -
~-6.00 20 _ :
P {kbarj: 5.00 T {°C)=:
DICKINSON & HEWITT (196653 415
GHENT et al. {1987): 417
Granat: 'Chlorit=
P2 F1 B2
Profil2 Fl1
-7.Q00 - €21
P (kbar): 5.00 T o{9C):

 DICKINSON & HEWITT {(1986): 399



ERG o TIPS |

¥

GHENT .@t al. {1987): Y o303
‘Grapat: . - ﬂhlorit: ' @
P2 F1L ¢ P2
. Profil2 "1
-8.00 cL .
P {(kbax): 8,00 4 § 4
DICKIRSON & HEWITT (i986): 417
GHERT et al. (1987): . 418
Granit: Chloxit: |
P2 F1 P2
Profilz F1
? (kbar}: . 5,00 T (*0C):
DICRINEON & HEWITT (19886): 440
GHENT et al. {(1987): ' 438
: i ) " _
Granat: Chlorit:
. P2 F1 P2
Profil2 Fl
~10.00 = = ¢4
P (kbar): _5.00 T {eC)e
'DIGKINSON'&’BEHITT‘TlQBE}: 410
GHENE et ald (1987): . 412
Granat: thorit: .
N,
P2 F1 po® ¥
Profil2 F1
~J]1i.00 5 .
P (kbary: - 5.00 T {*C):
DICKIMSON & HEWITT {1986}: 421
GHENT et al. (1987): 422
Grapat: Chlorit:
Fz Fi P2
Profil2 S
~12.00 - C6
P (kbhar): .00 T {°C):
DICKINSON & HEWITT (1%86): 421
GHENT at al,. {(1s87}: 422
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- Granat-Phengit-Thermometris nach HYNES & FOREST {1588):

- B1: Granat: Phengit: tGranat: Phengit: Granat: Phengit:
. ' P1 F3 - P1 F3 . ‘PL F3 '.E’_'l‘ . - P1 F3 ‘Pl P2
i . 85 .2 T 3 . 4
L - g ye 5 -~ P{kbar}: .8 - P(kbar): B
%g cys 458 . T(°C): © 484 . T(eC): ' 4856
{Ph): - 61  mg{Ph}: 56 . mg(Phj: 83
Granat: Phengit: Granat: Phengit: Granatp Phengit:
Pl ¥3 Pl F3 P: F3 FL F3 P1L ¥3 & PpP1 F2
27 83, to29 83 - 286 "2
P({kbar): 5 P (kbar) : 5 « P{kbary: - . B
T{°C): 487 ° 9(°C): 489 T{°C): 492
mg {Ph) : 53 mg(Ph): 53 »  sg({Ph): 54
82: Grgnat: Phengit: .. Granat: Phengit: . Granat: Phengit:
PLF3 Pl ¥3 PL F3 PL P4 P1 F3 Pl Fa
o - 30 © 77 31 1 32 3
- P{kbar){ 5 . P{kbarj: L P(kbar); 5
T(°C): 477 S OM(eC): . 472 T{°C)s 489
ng{Ph): . 58 mg (Ph) 2 59  mg{Ph): 55
g Granat: Phengits Granat: Phengit: Grianat: Phenmit:
"PL F3 - Pi1F3 "P1 F3 . P11 F3 - PL F3 Pl F3
- . B9 77 ' 58 rd: : " B6 79
P{kbar): - - = P(kbar): - 8 P{kbar): 5
TPy : 468 T(%C): - 488 CT(eC): - 480
T mg(Ph): 58 mg {Ph) : - 57 mng (Ph): 57




Granat: Phengit:

Pi F3
4
P(kbar):
W T({=C):
ng{Ph}.:

rganats
Pi F3
25
P(kbarj:
T{®*C):
mg {Fh} :

i

' @Granat:
P1F3
33
P(kbar):
T(eC)

mg (Ph} <

Granat:
P1 F3
a4

-4 P{kbar):
T(°C):
mg (Ph} :

I|“jl

PL F1
3

£

468

61

Phengit:
Pl F3
. B5-
5
459
-6

Phengit:
Fl P4
4
5
477
5%

Fhengit:

PL F3
840

5

464

62

TN

w
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