Mesoproterozoic rocks of Namibia and their plate tectonic setting
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Alstract

Ty main Mesoprolenoeods proviness oocur in southern Mamilda: (1) The high-grade Namagua Metamor plic Comple {NMC) com-
posed of 2 supracrestal scdimentary sws osgion and interpreted 25 8 passive margin sequencs in the west of the Kalahan caton; (2) The
Sinclair Group and it northeastern co melatives, composed of two man magmatc and metamorplic wnits, eflecting northeast-directed
sulsdweti on, which starbed belfome 137 Gia and lasted wntil gbout 1.1 Ga, These two wnits were tectondcally justaposed during the 1.1
103 Cia MNamsgua orogenic event.

The Blaimal-Kumbis Metanephic Compha compr s metmedimentany and metavolane rooks intrwded by the 1.37 Ga arcrelabed
Aunis tonalite. The maflc veleanic ocks from this compla have geochemical Teatures of idand arc calealkaline basalis; they were
emplaced and metamoiphosed dong an active margin befoos 137 Ga. The 1.2-1.1 Ga low-giade unmetamorphosed volcanmic and imme-
ture sedimentary rocks of the Sinclair Group and it northwestem equivaknts et disconflormably on the Kairal-Kumbds Complex,
They oocur in fault-bounded depocentern defining 2 regonal arc-shape strocture wp to 100 km-wide and wdth 2 minimum koagth of
20060 ko . The plate tectonic seiting of this arc i et constrained by the compostion of voleanic rocks from the ~ 1.2 Ca Barby Formea-
tomand cosval granitoids; they comprise high-K calealkaline rocks sugeesting emplacement in an sctive continental margin setting. The
final stage of this continental ans evolution is reconded in the < 1.1 Ga tholeites of e Opdam Fomation. High Ti-content and flat B EE-
patterns in the thokdiles sugaests an extensional event, whereas kigh ThTa and LafNb mtics, low Cof/Pb values and negative anomalis
For Mb-"Ta sugget 2 subduction-related setting Tor the mantk sownos Mom which the mafic magmas wene dedved . Docking of cont inenis
lead o £ hz glaly detachment, allowing intemaction etwoen the a5 henosph enc mantle and the mantk wedge enriched dunng the sulsdwetion
process, The magmatic wnderplating relabed to this event induced the geness of larpe-acale batholite granitodd bodies in the WMOC and 2
1110 G high-grade LP/HT metamaed phism, with minera] asemblags indicating an anti-clockwise P-T-1 path.

Kepworde Mamaqua Belt; Sinclair Group Subdw gon; Drocdking; Litha sphere delamimation; Mesoproterooic; Mamitia

1. Iniroddue tion fe.g. the Grenvillian belt in northern America and the Kib-

aran orogenic system in Africa), leading to the final assem-

The Mesoproterozoic was a time of major crust genera-
tion within a global accretionary event commaonly linked to
the assembly of the Rodinia Supercontinent | Hotiman,
196 1; Moaores, 1991; Well et al., 1%%). This accretionary
ewent 15 documented in a worldwide net of orogenic belts
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hly of Rodinia at s=1Ca. In Mamibia, two  main
Mesoproterozoic provinees are distinguished (Fig. 1): (1)
the Mamagua Metamorphic Complex (M MO located
southwest ot the Hauchab-Excelsior-Lord Hill Shear £one,
and (2) the Sinclair Group basin to the northeast of this
structure. Additional Mesoproterozoic complexes identi-
tied in Mamibia mchide basement “inliers” within the MNeo-
proterozoic Damara/Kaoko belts (Kriner et al., 1991,
Wil; Seth et al, 1998; Steven et al, 2000), and the
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Fig. |. DEstritution of gealygical units affected by Mesoproteraznic events in Mamibia. Inset shows the reconstruction of the relative positions of southern
Africa and Fast Antarctica in Gondwaana and kocation of the Mamaqua-Matal belt (Jacobs e al, 1993}

“Runene Anorthosite Complex”, which straddles the bor-
der between Angola and Mamibia and represents one of the
largest AMOCG-type  (Anorthosite—Mangerite—Charnock-
ite-Cimmnite) imtrusions m the world (Silva, 1990; Ashwal
and Twist, 1964,

The mediune- to high grade NMC of southern Mamibia
tarms the northern extension of a metamorphic belt that
can be traced from Mamibia through South Atrica and into
Eastern Antarctica (Fig. 1 inset, Fig. 2; Hartnady et al.,
1985; Martin and Hartnady, 1986; Jacobs et al, 1993). It
15 composed of vanous ontho- and paragneisses, whose
geographical distribution, age and tectonic setting are inad-
equately documented in Marmibia. The link between the
MNMC and the rest of the Kibaran orogemic system in
Africa has never been properly established.

The low-grade to unmetamorphosed Sinclair Group
supracrustal assemblage (Fig. 1) is exposed to the north-
cast of the MM, It is part of a siccession of volcanic
and sedimentary basins aligned along the western and
northwestern margins of the enigmatic Rehobaoth Subpro-

vince in the west of the Kalahan Craton, geophysically
distinct fromm the Zimbabwe-Kaapvaal Craton, though
hidden undemeath younger sediments (Figs. 1 and 2; Chf-
tord, 1970; Borg, 1988, Kampunmu ot al, 19%9) and
includes the Kgpwebe Formation of Botswana, the Meso-
proterozoic Sinclair-Mauzers Ciroups of Mamibia and
the Koras Ciroup of South Africa. Bimnodal wvolcanic
soquences and minor epicontinental sedirmentary clastic
rocks, whichh form the dominant basin fill, are mildly
detormed. Bathaolithic granite bodies and subordinate gab-
bro and granodiorite were emplaced during the develop-
ment of the Smclair basin in Mamibia ( Watters, 1976;
Borg, 198H; Bchalk, 1988; Hoal, 194 fiegler and Stoes
sel, 19493). The toctomic setting during the development
of the latter has always been a matter of controversy
(Vo Brunn, 1%7; Watters, 1974, 1976; Kroner, 1977;
Mason, 1981 Brown and Wilson, 1986; Borg, 1988; Hoal,
1900, 19493; Thomas et al, 19%ab; Hoal and Heaman,
19495, Kampureu et al., 1%9), whilke the tectonic and
stratigraphic relation betwoen the MWMC and the Sinclair




14 T. Beder ef ol § Jowrnal of African Barih Soiemces 46 (2006) 112140

naticnal Eaundsey
ond main shuchural domaing

Fig. 1. Regiomal map of sowhern Africa; method: total harmomal derivatne of total magnetc field upaard continued (10060 m imtervals, Wackerk,

unputlished |.

province has not attracted much attention [Watters, 1974;
Blignault ot al., 1%983; Hoal, 1990, 1993; Thomas et al.,
19 da, by Caolliston and Schoch, 2000). Bqually the internal
stratgraphy and timing of events within cach of the two
provinces has not yet heen adequately constrained; this
iz especially true for the Rehoboth part of the Sinclair
province, where Mesoproterozoic rock assemblages are
partly covered by Meoproterozoic sedimentary sequences
and overprinted by Neoproterozoic  tectono-thermal
evens of the Damara orogeny i Mamibiz (Miller, 1983;
Craroch et al., 2002,

The aim of this paperis to give a review of the Mesopro-
terozoic rocks of Mamibia by characterizing their individ-
ual stratigraphic, geochronological, metamorphic and
geachiemnical praperties. Strictiral relatiomships hetaeen
the difierent areas are discussed where aspropriate and
some atternpt is made 1o place the currem knowledge of
these rocks in a plate tectomic frame.

2. Mamaqua Metamorphic Complex (MMO)

In Mamihia, the NMC covers =600 km®, defining a
== 100 kn-wide northwesterly trending strip from Luderite
on the Mamibian coast southeast to the Orange River
(Fig. 3). Within this strip, the NMUOC is exposed in throee
main areas | Luderisz- Aus; Grnunau-Fosh Pinah and Warm-
had-Karashurg) separated by Neoproterozoic/Phanerozoc
cover. The Mesoproterozoic  tectonostratigraphic unils
cxposed m these aseas form the northern Cirunau terrane
(Table 1; Colliston and Schoch, 199, The Lower Fish
River — Tantalite Valley shear zone (Fig. 3), a southeas-
trending crustal-scale linecament, marks the contact along
which the high-metamorphic grade Gnmau terrane wes
thrmst towards the samthwest anta the lower-metammorprhe
grade Paleoproterozoic (2.0-1.8 Gai Pofadder  terrane
(Caolliston and Schoch, 199), or Rchtersveld Complex
(Blignault et al., 1983)., The latter comprises sedimentary
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Fig 1 Simplified gealogical map of the Mamaqua Metmaorphic Complex iNMC) and distribition of supracrustal sedimextary and igneous rocks and
mair shear pomes m Mamima, Inset shoas 2 regiona] crass-sectiom through the Mamaqua Metamarghic Complex { HMO) decumenting the dectomc styvle

of this terrane in Mamibia (Bignauh et al, 1983).

and volcanic rocks of the Haib Subgroup intruded by ton-
alites to granodiorites of the Vioolsdrif Igneous Suite ( Blig-
nault et al., 1983; Reid and Barton, 1983). This tectonic
bomdary is less well defined to the cast of the NMC, where
Mesoproterozoic orogeny (locally known as the Mama-
quan) resulted in interfolding of units of the Grunau and
Poradder terranes. The Lower Fish River — Tantalite

WValley shear zone is part of a regional thrust and fault ays-
tem that mcludes the Hauchab-Excelaor-Lord Hill shear
and the ™am shear zone to the north (Fig. 1; Vajner,
1974; Blignaul ct al., 1974; Hoal, %)), Exhumation of
granulites southwest of the Hauchab-Excelsior-Lord Hill
shear zone indicates a major crusial discontinuity, This
becomes less obviows towards the northwest, due to a
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general nonhwesterly decrease in metzmormphic grade,
which led to the uxtaposition of amphibalite facies rocks
on hoth sides of the shear zone in thwe Awash area
(Fig. 4). The Usrrunau terrane 15 ptaposed with the
Sinclair-Helmeringhawen- Awasib (SHA) terrane along
the Eauchab-ExcelsiorLord Hil shear zcne, with the ter-
ranc boundary regarded as the front of the Mamagua oro-
gen (Blignault et al., 1983),

The Mamibian part of the MMC has been covered by
regional mapping and preliminary strucural and petro-
graphic imvest gations (Greenman, 1966; Blignaul, 1971,
19742, b, 1975, 1977; Bankes, 1973; Moore, 1973; Blignault
et al. 1974; Blgnault, 1975; Jackson, 1974; McDaid, 1976,
1978; Toogood, 1976; Kartun, 19749 Cieringer and Beukes,
1973; Schreuder and Gems, 1977, Bewkes and Botha,
19781, hcd,e ). Few geochronological =nd geochemical
dnal yes have been pepanted (Moae, 1975, Balun, 1979,
Moore, 1981; Barton, 1983; Burger and Coertze, 1973,
1978; Kartun and Mocre, 19749 Reid and Barton, 1983),
Availahle geochronalagical data (Tahle ) sngoest that
the Mamibian NMC includes Mesoproterozoic (1250
1100 Ma) rocks and a strongly reworked Paleoproterozoic

(20001700 Ma) basemert. The proportior and the areal
distribution of these two components remain hrgely
unknown, In the sections that follow, the terms pre., syn-
and past-kKinematic refer to the main structural grain of
the MMC, which is northwest-souvtheast tending.

2.1 Warmibad-Rarasbuwrg area

The rocks of the MWMC exposed in this egion ddine a
=4 km” diamond-shaped area largely coverad by youn-
gersedments (Fig. 3 ). The high-gmde polycyclic metamor-
phic rocks of the Grunau terrane strike southeasterly
this region adjacent to South Africa. They overthrust
low-grade Paleoproterozoic basement of the Pofadder ter-
rane to the southwest along the Lower Fish River — Tanta-
lite Walley shear belt. Towards the ecast, Namagua
alelinmation gl metansa pliizo incease i ot tenanes,
and complex interference folding is common on a regional
scale. Primary interlayering betwern Paleo- and Mesopro-
terorar racks nf these terranes has heen proposed by
Toogoad (1976) and Blignault et al. (1983). However, fur-
ther structural and geochronological work is required, and
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the indridual paragneisses distinguished by Toogood
(1976) are grouped, curmently, into the pre-kinematic
Umseepkans Sequence (Tabkle 1), Quartzc-feldspatic gneiss,
quartzite, guartz-muscovite schist, cak-silicate gneiss,
heornblende agmatite, hornblende gneiss and schist, cordie-
ritc—sillimanite-garnet  gneiss  and  bictite  gneiss with

cale—silicate bouding are the maost common rock types.
Subdivision of the Onseepkans Sequence into seven forma-
tons (Table 1) s based on the pre-dominance of one of
these rock types inthe respoctive unit. Intrusions are distin-
guished into syr-kinematic augengieiss (Crrassriver type),
narite and enderbite (Stolentels type; U-Ph @ircon age
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of 1110 Ma (Toogood, 1976)), matic gramulite {Kumkum
type| and amphibolite (Jencho type), alkali felspar granite
( Mavtsis type), megacrystic granite | Beenbroek type; U-Ph
zircon age of 1218 Ma (Toogood, 1976)) and late syn-kine-
matic granite mterminglsd with country rock { Maros type).
Late- to post-kinematic igneous complexes include layered
matie—ultramatic mtrwions (Tantalite Valley Igneous
Complex) and pegmatte (Skimmelberg type) (Tables 1
and 2; Kartun, 197%; Kartun and Moore, 1979; Moore
et al, 1979,

2.2 (irunaw- Roskh Pivah area

Maore or less continuous exposures of the MMO define a
3 km-wide and 100 kmodlong strip between Rosh-Pinah to
the spouthwest and Crrurau to the northeast{Fig, 3). Along
the Lower Fish River - Tantalite Valley shear zone the
low-grade Palkoproterozoic Pofadder Termne in the south-
wist is overthrust from the northeast (Fig. 3) by the med-
um- to high-grade, stongly deformed Cirunau terrane.
Furtier to the nomtheast, the northwest-striking, steeply
dipprng  Lord-Hill thrust separates the Grunau terrane
trom a gneissic complex of ‘unknown age and origin’
expoecd northeast of the thrust (Blignault et al., 1983).
Recommaissance mappirg of the Girunau terrane (Beukes,
1973 Blignaul, 1977; Schreuder and Gemis, 1977) resulted
in an informal poorly constrained stratigaphy (Beukes,
1973}, featuring three pre-kinematic supracrustal umnits,
iz lower “pink’, intermediate “grey’ and upper “hlack’
gneiss, which, together, define the Crarub Ssguence around
Aus, The *pink’ paragneisses forming the Houms River
Formation are exposed n the northeastern and southwest-
ern part of the Grunau serrane (Blignault, 1977 Schreuder
and Cienis, 1977). They are composed of (1) fine- to med-
Tum-grained K-teldspar-quartz paragneiss, with an arkosic
procursor ( Kroner, 1971 Beukes, 1973; Geringer, 1973)
and (2) subordinate guartzite, calc-silicaie, marble and
amphibalite. Minor felsc metavolcanic rocks occur in the
northeast (Schreuder and Gienis, 1977). The “grey’ equi-
gramilar fine-grained gnris af the Uimek Farmation strse-
turally overlies the Houms River Formation to the west. It
contains metasadimentary rocks (biotite/hornblende- or
garnet gneiss, quartzite and hiotite schist) and metamor-
phic rocks with probahle igneous precursors, which inchide
amphibolite, hiotite-hormblende  gneiss and  porphyritic
quarz—teldspar gneiss (Kartun, 197%). A gradual transition
betwzen low-strain Palzoproterozoic Vieolsdrf plutonic
rocks of the Pofadder terrane ( Fig. 3) and this gneiss com-
plex is exposed along the Lower Fish River thrust | Bligna-
ult, 19771 A U-Ph muligrain zircon age o 1861 =21 Ma
was abtained from orthogneiss caught up zlong the thrust
and mmterpreted as time of crystallization of the magmatic
procursor (Koiner et al, 1983), but 50 far no Paleoprotero-
zoie age was recorded further north of the shear zone. The
‘black” gneisses of the Arus Formation consist of metapel-
ites (biotite—garnet and/ar sillimanite schist, gneis and cor-
dierine gneiss), minor guartzite and amphibkolite.

Toogood (1976] questioned this stratigraphy which iz,
however, supported by (1) the regional structural pattem
suggesting a syntform with the Houms River Formation
at the marging and the Arns Formation at the core and;
(2) a similar stratigraphic succession within the Ciarub
Sequence of the Luderitz- Aus ama. Syn- to post-kinematc
intrusions in the Grnunau-Fosh Pinah area are coeval and
petrologically similar to those exposed in the Aws ama.
Syn-kinematic intrusive bodies include enderbite and char-
nockite, granodionte, augen gneiss and megacrystic gar-
net-hiotite  granitic gneiss. The  late-kinematic Ai-Acs
Igneows Complex represents a layered mtrusion exposed
over Tl km®, It intrudes the Umeis Formation and the meg-
acrystic granite gneiss (Blignault, 1977), and includes an
carly gabbroic phase (subsequently recognised as char-
nockite by Toogood, 1976), amphibolite to minor tonalie
and granodiorite, and late-stage porphyritic gramte gneiss,
Pink granite imtruding the Ai-Ais Igneows Complex s
probahly genetically unrelated to this layered complez.
Small pyroxenite and serpentinite bodies occour in the
Karas Mountains (Fig. 3), northeast of the Crrunau-Rosh
Pinah area. Late-kinematic intruave hodies comprise small
stocks of a  granophyric  leucogranite  and  related

pogmatites,
2.3 Laderitz- Aug area

Two main suprecnstal assemblags were defined north
ot Aus (Jackson, 1974; McDaid, 1975, whereas correlatie
supracrustal assemblages near Luderiz have not been di-
terentiated (Circenman, 1966). The older Crarub Sequence,
which iz part of the Grunau terrane (Fig. 3), is made of
quartzite, marhle, calesilicate rock. hotite schist, sillime-
nite-cordierite—garet  gneiss, amphidolite, hypersthene—
plagioclase—hornbknde-hiotite—quartz  gramulite, and
minor ironstone :nd ultramatic rock (serpentinite and
chlorite schist). Supracrustal metassdimentary assemblages
are detined by a quartzite-calcsilicate-metapelite succes-
sion; gradational changes oocur between these lithologic.
The Crarnh Baqueroe iz mitrnded by pre- to syn-kimemate
batholiths, which locally induced the development aof
migmatites in the country rocks.

The younger Konipherg Formation ( McDhaid, 1976) =
cxposed locally and rests with a tectomically overprinted
contact on the MM, It comprises quartz—mica schist, con-
glomerate, gquartzite, mica schig and amphibolite, with
minor calksilicate and pyroclastic rocks. In contrast o
the Ciarub Sequence, it is intruded only by late-kinematc
granites and pegmatites cross-cutting an carlier metamor-
phic fabric. Mo detailed study has been carried out on ths
unit and its stratigraphic position with respoct to the MNMC
remains unresolved.

Three igneows suites are known m the NMC of the
Luderitz Aus area and awvailable U Ph zircon dates are
shown in Table 2. Local names appear in brackets, whie
the regional correletion within the Girmau terrane is given
in Tahle 1. A pre-kinematic dark-grey, medinm-grained
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tomalitic or granodiontic augen gneiss (Tsirub type) post-
dazes the deposition of the Crarub Saguence. It is chamcter-
ized by ovoid quartz—feldspar phenocrysts or feldspar
megacrysts converted into phenoblasts‘megablasts and
a small amount of poikiloblastic pink garnet. The syn-
kinematic igneous rodks include a minor ultramanc phase,
which was followed by widespread matic to felsic plutons,
induding charnockites, noritic (Konip type) to granodio-
ritic (Jakkalskop, Kunguib, Techauchaib types) intrusions,
mesocratic schlieren-rich granite gnesscs (| Kubub type),
levcocratic garnetiferous megacrystic K-feldspar granites
(A type), mesocratic biotite granites and fine-grained
gremite gneisses (Pyramide, Anib, Tiras types). The late-
syn- to post-kKinematic intrusions range from diorite (Tierk-
loat type) through granodiorite { Hoemood type) to granite
(Clockenberg, Klein Tiras types) and are combined to
define the Maisip River Igneous Suite (Jackson, 1976).
There are no reliable geochronological daa for these rocks,
although the dates presented in Table 2 suggest that the
mzin igneous events might have taken place betwesn
123+ 25 Ma (Tierkoof granite, Burger and Coertze,
1975) and 1022 Ma. The Tierkloof gratite intruded the
Kumbiz Complex; it & in turn tectonmically overprinted by
the Hauchab-Excelsicr-Lord Hill shear zone. Theretore,
the age datum of 1236+ 25 Ma constrains a minimum
age for an early metamorphic event and a maximum age
tar the shearing event.

3. Sinclair-H elmeringkausen—A wasib (SHA) terrane
31 Kairab—Kumbiz Complex (Fig 4)

A medinm-grade metamorphic complex undedies the
low-grade Sinclair group supracrustal package (Hoal,
1900}, This pre-Sinclar complex consists of isolated occur-
rences of metamaorphosed igneous and sedimentary rocks
grouped into the eestern Kumbi Complex (Watters,
1976) and its probable western sguivalent, the Kairab
Complex (Hoal, 198% 19%90), which iz intruded by the
Aunts tonalite. The Aunis tonalite vielded a precise U-Ph
single zircon age of 1:76.5 + 1.7/—1.6 Ma (Haoal and Hea-
men, 19935). The spatial disgribution of these =1.37 (a
igreous complexes & mknown; however, recent SHRIMP
zircon ages from the Hammerstein tenalite, mtroding
amphibolite and memsedimentary rocks of the Meuhot
Formation #0 km to the north of the Aunis tonalite,
viclded an igneous aystallisation age of 13800+ 14 Ma
{Backer et al., in preperation ). This mplics that both intru-
sions are part of a cakealkaline magmatic suite of regional
exient and that the Meuhof Formation may form the
northern contimuation of the Kairab-Eumbiz Complex
{Backer et al., i preparation ). Previowsly, similar ages were
reported from varios granitoids in the Rehoboth inlier
{Tahle 2), but need o be contirmed by modern dating
techmigues.,

As part of the SHA terrane, the Kairab-Kumbis
Ceomplex i separated from the Crrunan terrane by the

Hauchab-Excelsior-Lord Hill shear zone (Fg. 4). Med-
num-grade rocks are exposad on boih sides of this tectonic
boundary, and it appears that lithelogies of the Kairab—
Kumbiz Comple partly match those of the Ciarub
Soegquence., Classtied as undifferentiated basement, they
include caksilicite rocks, aluminous gneiss, motite and
bintite-amphibole schist, quartzite, guartz—feldspar gneiss,
amphibolite, chlorite schist, layered hiotite gneiss, serpent-
inite and kiotite granite gneiss (Hozl, 19590,

In addition, &n igneous complez exposed in this arca
comprises a metavoleanic succession of hasalis and rhyo-
lites, with subordinate voleaniclastic rocks. Plagioclase—
phyric, high-alumina pillow basalts interbedded with por-
phyritic, locally Aow-handed, rhyolites form a sucoession
with a minimum thickness of ~400m. Intrusive matc
and felsic bodies are commonly assaciated with these vol-
canic rocks. Metagabbro, diorite and subordinate perido-
titic intrusions related to this succoession range from a few
metres to severa kilometres across, Omne large outcrop of
gabbro associated with pillow basalis and a matic dyke
swarm in the Awasib Mountain arez & interpreted as a dis-
membered ophidite { Hoal, 1990).

Pre-Sinclair gmnitoids exposed in the Awasib arca
include unclassiied pre-kinematic biotite granite gneiss,
megacrystic augen gneiss of granodioritic to tonalitic com-
position, metatekite, amphibolite, metagabbro, peridotite
and diorite. Post-kinematic tonalite | Aunis type) and gran-
ite | Khorasib type) are spatially linked to the metavoleznic
sucoession described earlier (Hoal, 1900,

The Kumbis Complex is mtruded by coarse- to medium-
grained, equigmmlar and porphyrilic subalkaline granites
and minor aplitic rocks (Tumuat type); the plutor is
restricted to the area north of the Hauchab-Excelsior- Lord
Hill shear zone where it also intrudes granitoid rocks of the
Maisip River Sute dated at 1236+ 25 Ma (Burger and
Coertze, 1975).

3.2 Rinclay group

Previous work in the SHA area comprises regional map-
ping, structural analysis, petrography and geochemical
analysis bt very little microprobe and geochronological
work ( Martin, 1965; Von Brunn, 194, 1967, 196%; Schalk,
1970; Watters, 1974, 1977; Watters, 1982; Harnson, 19749
Hoal, 198%, 1990; Burger and Coertze, 1973; Brown and
Wilson, 1986; Hoal et al, 1986; Hoal and Heamamn, 1995).

Mesoproteroznic low-grade to ummetamorphic voleenic
and sedimentary rocks of this area comprise into the Sin-
clair Giroup. They rest discontormably on medium- grade
rocks of the Kumbis and Kairab Complexes and are sepa-
rated from the Crrunau terrane to the south by the
Hauchab-Excelsior-Lord Hill Lincament. To the ncrth
they are separacd from the Rchoboth terrane by the
MMW-S5E-strikng Mam Shear done (Figs. 1 and 40
The western part of the area is characterized by rugged
inselbergs rising steeply above the sand and scres-coverad
plains of the Mamib Desert, while its castern limit is defined
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by a sharp escarpment, which still further to the cast &=
tapped by a high platean of Meoproterozoic and Mesozoic
sedimentary rocks,

In the type area, the Simnclair Group includes three con-
tormahle volcano-sedimentary cycles deposited in north-
south clongated hasins (Table 1; Hoal, 194, The first
cycle is mpresented by the Magatis Formation (<400 m
thick), which unconformably overlies grey gneisses and
granodiorite of the Kumbizs Complex. Rhyolitic flows
and minor matic lavas follow upon basal arkoses, grit and
shale. They are intruded by coarse-gmined granite and
granodiorite (115 kan® outcrop area ), rich in mafic enclaves
(Haremub, Kotzerus type) and the Tumuab granite of
batholithic dimension, all of which predate the second
cycle.

The second cycle encompasses the sedimentary Kunjas
(Sinclair area) and Urusib (Awasib area) Formations
(<2500 m thick), which are composed of two successions
of braided river and lacustrine sedimentary deposits with
oocasional Huvial discharge { Harrison, 197% Hoal, 1990);
they are overlain by the voleaniclastic Barby and Haiber
Flats Formations, respectively. Basal pebble conglomerate
of local provenance (<120 m thick) or breccia, grit and
arkose disconformably overly the Kumbi and Kairab
Complexes and the Haremub granite. Where absent, they
are replaced by arkosic grit or ferruginous shales locally
contaming a few thin limestone lenses. Poorly sorted arko-
sic wacke, siltsone, laminated grey shale and dark-brown
to white quartzite define a fining-upward sequence abhove
the conglomerate. Sedimentary structures nclude planar
and trough cross-bedding, ripple marks, parallel lamina-
tiom, desiccation cracks, scour surfaces, longitudinal hars
and channel fill sequences.,

In the Sinclair area, the Kunjas Formation (Fig. 4) &
overdain by volcanic and voleaniclastic rocks of the Barby
Formation (< 500 m thick). Basal felsic ash-How tulf, strat-
itied tuthite and volcaniclastic conglomerate are followed by
massive calealkaline volcanic and subvaolcanic rocks (Table
1; Watters, 1974; Hoal, 1990}, This probably includes also
a voleanic pile of trachyandesite, trachy hasalt and tholeiitic
baszalt { ~320 m thick) of the Cuperas Formation (Watters,
1974}, which are separated from the lower calcalkaline vol-
canic rocks by a rhyolitic ash-tuff intercalated with a local
conglomerate <80 m thick. Rhyolitic lava Hows (= 1 m
thick), which form the base of the Guperas Formation,
are separated from volcanic mocks of the Barby Formation
by clastic sedimentary rocks (<100 m thick). These rhyo-
litic rocks correlate with those of the Hather Flats Forma-
tiom in the Awasib arca. Quartz—teldspar porphyrics show
contorted or laminar flow banding, vesicles and local lith-
ophysac. Domes, plugs (up to fkm® in diameter) and
quartz-porphyry dykes of this magmatic event cut across
all other lithologics,

The wvolcanic rocks exposed in the Awasib arca were
grouped into the Haiher Flats Formation (Hoal, 1990).
Basaltic andesites and andesites are overlain by a large vol-
ume of rhyodacites and rhyolites. Coarse-gramed agglom-

crates and dome-shaped rhyolitic plugs indicate preserved
voleanic centres, This 2100 m thick succession of predomi-
nantly andesitic lavas exposed on the castern flank of the
Awasib Mountains was tilted to the cast during the
emplacement of the coeval subvolcanic Awasib granite
(Haoal, 199} dated by U-Ph single zircom method at
12164 = 1.2 Ma (Hoal and Heaman, 1995). Additional
intrusive coeval igneows complexss in the Awasib arca
include the Chowachasib granite, the Bushman Hill diorite
and tonalite and the subalkaline Sather and Haisib Swuites,
the latter of which consist of clinopyrox ene—orthopy roxens
bearing gabbro-morzogabbro, with mmnor olivine and
quartz, and coarse-grained equigranular or porphyritic
monzonite-syenites. Plagioclase- or clinopy roene—phy ric
monzonite-syenite predominates, whereas olivine-phyric
rocks are rare. The emplacement age of the intrusive rocks
was determined by U-Pb single zircom method at
1216 +4.7/=3.5Ma  (Chowachasibj and 1216 + 1&
—1.5Ma (Haisib; Hoal and Heaman, 199 35).

Isolated occurrences of bimaodal volcanic and associated
sodimentary rocks | Keerwader, Welverdiend, fwartmaod-
der and Eensam Formations) in the northern part of the
Sinclair area have been regarded as lateral eguivalents of
the Barby Formation (Schalk, 1988) They consist of a
hazal rhyalitic ash-How, disconformably overlying the MNew-
hot Formation., Higher up in the stratigraphy oocur alter-
nating amygdaloidal basalt and rhyolite, imterbedded
with epiclastic conglomerates (Schalk, 19835).

This igneous event ends with the emplacement of gra-
nitic batholites including: fine- to medium-grained porphy-
ritic and granophyric red granites in the northern { Muhib
type) and southern { Rooiberg type) parts of the basin into
which the Sinclair Group was deposited. However, present
U-Ph multigrain zircon age data bhetween 1247 and
1360 Ma determined for the Mubib intrusion { Burger and
Coertze, 1973, 1975, 197H; Waters, 1974) argue agains
this stratigraphy.

The Cruperas Formation (Fig. 4) discontformahly owver-
lies the Barby Formation and the Mulib gramite and
according to Hoal (1990) marks the third volcaniclastic
cycle i the SHA terrane. It & preserved within two
north-trending grabens (Watters, 1974). Lithic sandstone
and pure cross-bedded white quantzite occur at the hase
af the sucoession. Higher up important thickness vanations
over short distances are common, and lithic sandstone or
subgreywacke and conglomerate (0-37T0 m thick), with
minor shale and altstone, are the dominant rock types.
Cross-hedding is ubiguitiows in the sandstones, while oscil-
lation ripples and muderacks are common in the fine-
grained rocks. The clastic rocks are interlayered with and
partly overlain by rhyaolitic lavas, minor ash-flow tuffs (-
100K m) and matc amygdaloidal lavas (<230 m). The volca-
niclastic rocks include throe successive sheets of ignim brite
up to 35 m thick. The contacts of the basal and upper lows
with the underlying sedimentary rocks are sharp, whik
gradual transitions occur at the base of the second flow
and below the sedimentary rocks forming the top of the
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succession. Minar occurences of tuff, lapdli-tuff and tuffite
are known in the Guperas Formation | Watters, 1974). The
Sonntag grame was emplaced towards the end of Guperas
depaosition; it 5 considered an eguivalent of the Gemsberg
gramite in the Bechoboth termane and tie Chowachasib
gramites of the Sinclair-Awasib area (SACS, 198); Hoal
and Heaman, 152),

4. Reéhohoth terrane

A large pre-Neoproterozoic basement nilier is preserved
in the Rehobeth area within the southern forland of the
Meoproterozore Damara belt. The so<alled Rehobath
Basement Inlier (RBI) covers more than 10000 k. It &
tectonically overlain by Damacan thrwst sheets to the
north, and urconformably covered by Meoproterazoic to
Phanerozoic sedimentaty rocks o the south; much of the
area is covered by sand of the Kalahari and Namib deserts
to the east and west, respectively.

Regional mapping of the Rcioboth toranc (Handley,
1964 1965 DeWaal, 1966; Schalk, 1970, 19835, 1987,
1988 was fallowed up by various structural, geochemmical
and geochronalogical studies | Hugo and Schalk, 1974: Wil-
liams-Jones, 1984; Seifert, 1986; Borg and Maiden, 1986;
Borg, 1988 Reid ot al, 198E; Pfurr et al., 1991; Ziegler
and Stoessel, 1993; Hilken, 199; Magel, 2000; Craroch
etal. 2002; Ledru et al. 2002; Schneider e al., 2004), mamy
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of which remain unpubished, The isolated Oorlogsende
parphyry (Fig. 5, situatad close 1o the Batswana border,
was studied by Hegenberger and Burger (1945). It prabably
represents the castern continuation of the Rehoboth ter-
rane and provides a link with the kgwebe vokanic complex
of Botswana (Kampurzu et al., 1598),

I'he KB s composed of a late Faleoproterozoie dymaim
(185301720 Ma; Bocker o al., 1998; Ledm ot al., 2002) and
of a Mesoprokerozalc domain. A major unconfarmity
oocurs between these tws domains; an east west teotonic
fabric, formed during a low-pressure/high-temperature
metamsorphiamn (De Thizrry, 1967), is restricted 1o the
Paleaproterozoic domair. The reconstruction of the arigi-
nal stratigraphy in this area is hamperad by the patchy dis-
tribution of oulcrops, ard by teconic complications (e.g.
folding and thrusting during tie Damaran orogeny).
Therefore, previous models for the evolution of the RBI
remair very general (Borg and Maider, 1986; Borg,
1988), A revised Mesoproterozoic stratigraphy of this area
iz proposcd by Decker ot al, { 2005,

4.1, Western rekaboth

Theclassic subdivision of Mesoproterozaic rocks in the
western Rehoboth Complex and the corrdation with the
Smclair Giroup (SACS, 980 is shown in Tahble 1. Basal
sedimentary and rhyalitic rocks of the Nuckopt Formation
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are overlain by sandstones, conglomerates and  minor
bimadal voleanic rocks ot the Gravwater Formation, Baoth
units were subsequently irtruded by the CGamsherg Crranite
Suite and are unconformahly overlzin by a thick (23000 m)
maonotenous continental red-hed succession (Darnpoort
and Kkin Aub Formaticns) and a minor matic voleanic
succession in the lower portion of the Dorcpoort Forma
tiom (SACE, 1980; Borg, 9HE; Schalk, 1988, This clessib-
cation = opposed by Hofmarmm ((98%), who regards the
regional uncontormity at the base of the Dormpoaort For-
mationas the homdary between the Paleo- to Mesoprote-
rozoic  Rehoboth and  the MNecproterozoic Ddamaran
terranec,

4.2 Central and sasiern Rehoboth

In the central and castan Rchoboth arca, Meosoprotero-
zoic voleanic and sedimentary rocks are grouped into three
stages (Figs. 5 and &) Becker et al., 2005):

(11 The basal Billstein Formation mchides quartzite and
low-grade metapelites previowsly classitied into the under-
lying Marienhot Formation; both units were previowsly
linked to the Paleoproterceoic Behoboth Sequence (SACS,
1980). However, the ahsmce of pre-Damar deformation
and regional metnmorphizm and the existence of a gradual
tramsition to the overlying units support that the Billstein
Fonnston neuks the base ol the Mesoproloosaic eia in
the REBI (Fig. 6). The omet of sedimentation i not goeo-
chronologically constrained, but a minimum age hased
an a mnlti-grain #ircon d:te tor pophyries nrmding thess
sedimentary rocis is 1210+ 7 Ma (fiegler and Stoessel,
1945 3). Cross-bedded guarzite (<100 m thick) rests uncon-
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tormahly on the Paleoproterozoic basement and gredes
into interlayered metapssmmites and  monomict and
polymict conglomerates (<300 m thick). Reddish manga-
nese-rich  memapetites (<00 m  rhick) overlle  these
metapsammites, with minor intercalated mafic schist bands
at the botom. White guartzite occurs higher up i the sue-
eession 11 the form of lerses and layers (<2 m thick).
However. the original postion of ihis hithology remains
uncertain as these lenses are highly sheared at their base,
{21 Vaolcamiclastic successions, dominated by rhyolitic
igmimbrites and spanning more than 100 Ma, characterize
the second unit (Fig. &), The Muckopf, Langherg and Kar
tatsaws Formations and parts of the Crravwater Formation
ab Achalk {1%EE) are considomed to bz the remnants af ths
igmimbritic system, which is placed into the MNaurerus
Ciroup (Becker et al.,, 2005). The Muckopt Formation com-
prizcs scveral izolated outcrops. The most complete litho-
stratigmphic section 5 exposed west of Klein Aub,
(Fig. 5) where clastic sedimentary rocks (~400m thick ) rest
uncontormahly on the Paleoproterozoic Pikaeel gramte.
They conast of layered horzons of phyllitic shale, phyllite,
mudstone, gritty sandstone [with cross-hedding) and an ill-
sarted polymict conglomerate. Distal hyaloclastic to zpi-
clastic recks and two horzons of amygdaloidal hasalts
(<235 m thick ) ame mtercalated with the sedimentary succes-
sions. Fesic volcanic mocks (<2300 m thick) overlie the int-
wrbodded volecanic amk] ssdboentany rocks ad, lowads
the north, transgress uncontformably owver the Paleo-
proterozic basement. These volcanic rocks yieded a TIMS
I-Ph=zingl 7ircom date af 1775 < 10 Ma {(Scbneider st al |
2004) and a SHRIMP U-Pb mircon date of 1226+ 11 Ma
(Bocker et al., in preparation) taken to mark their crystal-
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lization age. The lower portion of the volcanic pile includes
abundant basement fragments, while higher up finely fow-
banded gquartz feldspar porphyry contaming lozal hitho

physae are domnant. Pyroclastic rocks ranging from tuff
to agglomerate and pyroclastic broccia are subordinate
( DeWaal, 1966). At the top of the succession, the volcanic
rocks interfinger with sedimentary rocks of the Grauwater
Formation. The hasal agglomerate, interpreted as a talus
broccia, grades mto and is overlain by coarse- to fine-
gramed sedimenary rocks. Thin lenses of rhyolitic tuff,
lapilli and agglomerate intercalated with the sedimentary
successions prove the overlap between the extrusion of
lavas and the deposition of sediments, Higher up in the
stratigraphic sucwession, immature metapsammites with
intercalated lenses of conglomerate and slate dominate.
Sedimentary structures comprise normal bedding, cross-
bedding and ripple marks. Basalts are absent at the type
locality and rare elkewhere. Several sedimentary units
devaold of felsic volcanic rocks on the northern flank of
the RBI were emplaced into the Crrauwater Formation
on the strength of the lithological similarity of sandstone
(Schalk, 1988). At the base of these units, conglomerates
of wvariable lithalogical character often transgress the
Palkoproterozoic basement, while higher up they are inter-
calated with the sandstone as channels fills. The cormelation
of these rocks wih the Grauwater Formation implies that
the sedimentaticn s distal m melaton to the volcanic
centres.

The Langberg Formation overliss quartzite, and
metapelite of the Billstein Formation to the south of Reho-
haoth, while the Kartatsaus Formation occurs in an isolated
syncline spouth of the Langherg Formation. High-msol-
tion acromagnetic data suggest that the Kartatsaus Forma-
tion represents a lateral correlative of the Langherg
Formation to the west, This correlation is supported by
SHRIMFP U-Fb  =mircon  crystallization  ages  of
1100+ 5 Ma and 1% =15 Ma for igneous rocks from
these two units, respectively (Becker et al., in preparation).
M-sorted clast-supported polymict conglomerates (<2 m
thick) occur at the base of both units. Relatively thick
metapsammite lonses intercalated locally with conglomer-
atic wedges of limited lateral extent mark this sucoession.
The sedimentary rocks are overlain by rhyolitic flows
{300 m thick), intercalated with greyish pebbly psammite
at their hase; the volanic rocks are sucoceded by red
quartzite and slate. Within the Langhberg Formation, a
homogeneous Hne-grained volcanic assemblage, traced
over =30 kn alng strike, grade to a coarse-grained
quartz—teldspar porphyry to the west and to lithophysae,
How banded rocks and fine grained porphyries to the east.
Laocal very fine-grained rhyolitic tuff marking an extremely
stromg explosive event was documented. The Kartatsaus
Formation comorises silicified pyroclastic rocks, with
abundant coarse angular basaltic and rhyolitic clasts. Con-
tarted fow-banding, vesicular lava and lithophysae oocur
lacally, while guartzite and metatuffite form distinct inter-
bedded horizons (330 m thick).

Future geochronaological analysis will probably lead to a
refined stratigraphy of stage 2, distinguishing more voleani-
clastic successions in that period. One U Ph multigrain zir
con age of 1132 =75 Ma from rhyolite grouped presently
into the Muckopt Formation (Table 2) supports this
assumpton.

Batholitic granite complexes emplaced during and at the
end of the second umit in central and eastem Fehohoth
torm the poorly defined Cramsherg Cirenite Suite (GiGS),
which itself is intruded by guartz-porphyry and dolerite
dykes. U-Ph zircon multigrain dates am in the range
1001250 Ma (Tabkle 2) and argue for a long-lasting epi-
sode of contimuows plutonism, accompanying the volca-
nism of the Mawerus CGroup. However, none of the ages
15 considered to be mliable and moderr geochronological
analysis 8 needed to establish within that penod distinct
magmatic suites, which could better document the continu-
ity of magmatic activity than the more rarely preserved vol-
canic rocks. At the reglonal scale, the GGis was correlated
with the late-stage Sormtag and Chowachasib gramites of
the Sinclair- Awasib area (SACS, 1980; Hoal and Heaman,
1945}, The mineral and textuml composition varies consid-
crably in the GOGrS, the most commaon types being biotite-
bearing gmanites with a medium-graned equigramular
(Klein CGramsherg type), seriate { Kobos type) or porphyntic
(Hornkrantz type) texture. Less fragquent are biotite- horn-
blende—titanite  granodiorites (MNamibgrens, Biesiepoort
and Marabis types). Intrusions of smalles size are probhahly
younger, bt this should be constrained using geoachromo-
logical data. These small intrusions comprise reddish to
greyish subalkaline granites with or without hornblende
(Uitdraai type), pinkish aplite granite with minor mica
(Meuras, Kooichas types), and a light medium-grained hio-
tite gramite ( Tierkolkies type). Rhyoliticand microgramtic
enclaves am frequent within these granies.

(3) The third unit in central and eastern Rehoboth
includes clastic sedimentary and mafic igneous rocks of
the Opdam Formation (Figs. 5 and 6). It overlies the Lang-
berg Formation m the Fehoboth area, while further east it
transgresses the quartzites of the Billkten Formation. The
haszal clastic succession (10— 150 m thick ) comprises greyish
quartzite, polymict conglomerate and imtercalated slate, It
15 overlain conformably by hasaltic amygdaloidal flows,
How hreccias and rare pillow hasalts (= 1TH0 m thick),
which are interbedded with pink to hrown cross-bedded
to ripple-marked guartzite, magnetite-hearing quartzite,
conglomerate and pebbly quartzite, phyllite and calcareous
phyllite. Voleanic breccias occur above the lava fows and
often grade into quartzite layers (Willams-JTones, 1984),
Pre kinematic epidotite stockwerk occurs within the basal
tic Hows and breccias.

Om the regional scale, the deposition of clastic rocks out-
lasted the basaltic volcanism, and resu'ted in a =10 m
thick sedimentary succession defiming an upward fining
soquence, from conglomerate to meddish pebble- and frag-
ment-rich guartzite. Four horizons of rhyolitic voleanic
rocks (<230 m thick) are intercalated within the quartzites
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at the top of this unit. They include guartz porphyry and
pyroclasts, suggesting a resurgence of fekic volcanism
(Skumok Fomation). Numerous matc dykes, ranging
from coarse-grained gabbro to dolerite, form a dense net-
waork mterred to be the feeder dykes of the hasaltic Hows
{Ladru et al., 2002). The final infill of the basin consists
of planar-bedded immature sandstones.

5. Mesoproterozoic basement inliers within the Damaran
(Pan-African) orogen

A number of hasement inliers occur within the Pan- Atri-
can Damara helt (Fig. 1). Littke is known about these
inliers; however, geochronological data indicate the exis-
tence of Mesoproterozoic tectonic blocks.

F 1 Ebwja-hiikangwe Nappe Complex { EONC)

This poorly exposed mlier is situated 120km nort heast
of Windhoek within the southern zone of the Damara belt
(Fig. 1). It has attracted some interest hecause of its poten-
tial for copper, with reserves estimated at 6 = 10F: (Steven
et al., 2000 The main rock assemblage includes banded
bictite paragneiss, migmatitic gneiss, augen gneiss and foli-
ated amphibolite (Kasch, 1986, 1987; Steven et al., 2000).
The precursors of the gneisses am assumed to be basaltic
andesite, dacite, tonalite and rhyaolite. SHRIMP U-Fh zir-
con dates between 1063 £ 9% and 1115 £ 13 Ma are taken to
mark the igneous crystallization ages of these rocks (Steven
et al., 2000).

The EOMNC was origmally thought to belong to the
poorly investigated Hohewarte Complex further south,

which may represent its continuation. It & composed of
quartzite, amphibolite, calesilicate and feldspar gneiss,
intruded by undated pre-Damaran porphyritic granite.

5.2. Abbabis Inlier

Isolated hasement domes within the central zone of the
Damara belt are grouped in the Abhabiz Metamorphic
Complex (Figs. 1 and 7; Smith, 19635; Jacob, 1974; Marlow,
1981; Sawyer, 1981; Brandt, 1987). In the cast, a basal
Tzawizsizs Formaton consists mamly of metapelite, gneiss,
meta-arkose, and subordinate marble, cale-silicate rocks
and conglomerate (Brandt, 1987). It iz owverlain by
metapelite and amphibolite forming the base of the Maob
Formation, which are succeeded by quartzite, marble,
calcsilicate and metavolcanic rocks. Granitoids of the
Marubis igneows complex intruded these supracrustal rocks
and form the widespread augen gneiss of the Abbabis Meta-
morphic Complex. Cross-cutting mafic dykes now con-
verted into amphibolite am ubiguitows. In the west,
medium- to coarse-grained quartzo-teldspathic  gneiss,
quartzite, micaceous quartzite and cordierite schist consti-
tute a lower metassdimentary sequence { Sawyer, 19810 |
1z overlam, probably unconformably, by an upper metasaedi-
mentary sequence consisting of hasal cale—silicate rocks
and marhle passing into a sequence of gnesses, schist and
glassy quartzite. The eastern part of this domain contains
a large body of coame-grained augengneiss of uniform
appearance.

SHRIMP U-Ph zircon dates of 2038 = 5 Ma for augen
gneissss from the Abbhabis Metamorphic Complex in the
Ida [dome area are interpreted as time of igneous crystalli-
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zation and constrain a minmmum age for the supracrustal
rocks in this complex (Tack and Bowden, 1999 A multi-
stage history is indicated by the complex internal structures
of the zircons with magmatic zoning, metamorphic over-
growths and variows inclusions. The rims yielded a late
Neoproterozoic age of 526 = 17 Ma. Kriner et al. {19491)
reported U-Pb single mircon dates hetween 1240 and
1040 Ma for augen gneisses near the K han-Swakop confiu-
ence; they were interpreted as time of crystallization of the
igneous protolith, A xenocrystic grain yielding an age of
2014 = 3% Ma suggests the ultimate source of this gneis
to be Paleoproternzoic basement. Md-model ages of 10—
1.2 Cra (Hawkesworth et al., 1981 ) determined on overlying
Panatrican sediments imply that a Mesoproterozoic rock
province was the dominant source for these rocks arguing
tar its regional distribution.

5.3 Coentrall Western Kaoko zones

Twao major shear systems (Purros lineament and Seston-
tein thrust) subdivide the Pan-African Kaoko orogenic belt
of northwestern Mamibia into three distinct terranes: the
castern (ERE), central (CKL) and western { WEE) Kaoko
zones (Figs. 1 and ). All three terranes comprise ™Neopro-
terozoic metassdimentary rocks and granitic orthogneisses
and a poorly documented Pre-Meoproterozoic bascment
{Miller, 1983; Cioscombe et al, 23a.b; Kroner, 2003).
Crreenschist facies rocks prevail in the ERE, high-pres-
sureflow-temperature (HP-LT) metamorphism marks the
CHZ and low-pressure/high-temperature { LP-HT) meta-
marphian (up to gramlite facies) characterizes the WEE,
dated by Sm-Md whaole rock-garnet method at 595 £ 13
and 573.2 = 7.6 Ma (Goscombe et al., 2003a). Pan-African
obligue thrusting with a sinistral component along the Pur-
ros and Sestontein shear zones juxtaposed the ERE, CRE
and WKL, Pre-Meoproterozoic, migmatites and augen
gneses within the WEE yielded U-FPh single mircon dates
of 17T01- 1683 Ma and 1 510-14%0 Ma, respoctively { Kriner,
2003). One Sm-MNd whole rock-garnet age of 123% + 6% Ma
{Croscombe et al, Me3a.b) is regarded as a mixing age;
compositional maps from the sample show two phases of
garnet growth, the younger of which is interpreted to be
Damaran in age.

F4. Bpupa Metamorphic Complex—Kunene Anorithogive
Comiplex

The late Archean to Mesoproterozoic Epupa Metamor-
phic Complex (EMC) of northern Mamibia is regarded as
the southwestern margin of the Congo Craton (Figs, 1
and % Tegtmaicer and Kriner, 1985; Brandt et al., 263;
Seth et al, 2003). The EMC comprises a generally poody
investigated sequence of medium- to high-grade para-
and orthogneisses. Two metamorphic complexes were
detined in the northeastern corner of the EMC ( Brandt
et al, 2003). The cast—west trending Epembe terrane
(=30 km-long and 10 km-wide; Fig. 9) comprises mafic
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Fig & Simplified gealagical map of pants of the Kaoko helt shoaing
tramspart direction in a tramspressional regime during the Pan-African
arageny (Goscombe et al, 2003h).

and felsic granulites and paragneisses, Peak metamaorphic
conditions under ultrahigh temperatures (930 =), medium
pmessures and aclockwize P-T-t path weme documented for
these granulites { Bandt et al, 2003). U-FPb single @mircon
dates between 1520 and 1510 Ma for these rocks (Seth
et al., 2003) probably represent the igneous crystallization
ages of the protolith of the granulites, whereas Fh-Fh
step-wise leaching TIMS garnet and retrograde sapphirine
age data from 1490 to 1447 Ma are thought to mark the
granulite facies metamorphic event (Seth et al, 2001,
23). The Orue terrane (Fig, %) comprises migmatitic
ontho- and pamgneisses evolved under upper amphibalite
facies metamorphism (630-720 °C at -7 kbj. The O4jfit-
ambi-Ehomba shear zone separates the Epembe and Orue
terrancs.

The Kunene Anorthosite Complex (KIC) & ~350 km-
long and ~#0 km-wide, and represents one of the largest
anorthosite bodies in the world (Silva, 1990). The KIC
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straddles the boundary between Mamibia and Angola and
mtrudes Malcoproterozoic rocks (Tegtmaier and Kriner,
198 5). This intrusion i undeformed and unmetamor-
thosed to the north, particularly in Angola (Momis
et al., 1949H), but has been affected by Pan-African deforma-
tdom and metamorphism in Mamibia  (Dnippel  and
Okrusch, 2000; Drippel et al., 200, 2001). The KIC &
casentially composad of a layered sequence of anarthosite,
leucotroctolre and troctolite, with surordinate noritic and
mabbroic rocks (Kdstling 1974; Silva, 1990; Von Sec-
sendortf et al., 200 Drappel ot al, 20601 A U-I"b single
rircon date of a mangerte vein from the KIC m Angola
constrains the emplacement of the KIC at 1370 =4 Ma
| Mayer et al , 200 ).

. Metamorphism and structural development
0. Namagua Metamorphic Complex in Namibio

The metanorphism aid sructura development of the
Namagua Metamorphic Complex hes been deall with in

mumerows studies | Blignault, 1974ab, 1977; Beukes and
Dotha, 1978a,b; Jackson, 1976; Toogood, 1976 Krincr
and Blignault, 1976; Kartun, 19749 Blignault et al., 1983;
Hartnady e al, 1985 Van Aswegen et al, 1987; Cilliers
and Beukes, 1988; Hoal, 19%0; Van der Merwe, 1995; Coll-
iston and Schoch, 19596, 1949, 2000; Visser, 19%9). Compre-
hensive reviews of the tectono-metamorphic evolution of
the MMC in MNamibia were giver by Blignanlt et al.
(1%E3), Van Aswegen et al. (1987), Hoal { 19940) and Collis-
ton and Schoch (20000, and the man features recogmzed
by them arc summarized below. The structural grain of
the MMC comprises northeast-phunging stretchng linea-
tons and long axes of mega- and mesoscopic shath folds,
with a foliaion trending WW-5E, which is motaed in the
plane of maxirmum shear. Southwesi-directed transport in
the MMC m Mamibia cccurred under ductile mmid-crustal
metamaorphe P-T condidons (Blignault et al., 193; Collis-
ton and Schoch, 2000). Crustal-scale thrusts with transpornt
=100 kn delineate the houndary between the Pofadder and
Cirunau terranes, Stuctural maps of individual a~eas show
a complex uxtaposition of tectonic blocks displaying




T. Becker eral § Jourmal of African Barrh Scamees 46 (20068 ) 112140 X2

distinct  deformation  histories, Metamorphic inversion
alomg the Lower Fish River — Tantalite shear zone
(Fig. 3) 15 shown by greenschist facies rocks to the south
of the shear zone, structumlly overlain by a gramlite facies

package to the north of the thrust. Both blocks are affected
by late north-south trending open folds. The mineral
assemblages in the Cinunau terrane (Jackson, 1976; Too-
good, 1976) grew under LEFHT matamorphic conditicns,
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In the Aus area (Figs. 2 and 10), there is a general increase
in prograde  metamorphism  from amphibalite Facies
(625 2C) in the northwest to granulite facies (TRO-E60=0)
in the southeast; pressure estimates for both facies are
given at 6= 2 kb (Jackson, 1976). Similar T-peak condi-
tions {H0-E607C) under higher pressures (-9 kb mark
the Cinmau temrane in the Warmbad-K arasburg area ( Too-
good, 1976). A second metamorphic event is recorded in
that area in both the Grunau and Pofadder terranes ( Too-
good, 1976); migmatites of the Aus area (Jackson, 1976)
posably formed during M2, The widespread migmatization
in the Girunau terrane occurred under P T-conditions of 5
Tkb and 630-T =, Polycyclic reactivation of major
shear zones (Figs. 1 and 3) has been documented (e.g. Jack-
som, 1976; Toogood, 1976; Kartun, 19749 Jacobs ot al.,
1949 3; Colliston and Schoch, 20000 wing superimposed
shear sense ndicators for the succession right-lateral-verti-
cal movement (e.g. The Lower Fish River — Tantalite Val-
ley shear zone), or bath reverse and normal displacement
{e.g. Hauchab-Excelsior-Lord Hill shear zone). Late-kine-
matic intrusions (e.g. Tantalite Valley Igneous Complex)
are coeval with a regional metamorphic event under P/T-
conditions of ~4-5.5 kb and ~580 =C.

& 2 Sholair—He b erinphauser—Awasih, Rekoboth areas

The oldest tectonic fabric within the Kairab Complex
a regional gneissic fabric or migmatitic layering, which
exhibits Iy deformation event related sochinal folds, | &
overprinted by tight to overturned Dy folding. The mineral
linzation, formed during the Dy event, is dispersed because
of its refolding during [, but a down-dip component
dominates, Amphibolite facies metamaorphic conditions
prevailed during Iy and [ A minimum age of 1370 Ma
tar these deformation events & constrained by the Aunis
tonalite, which is not afiected by these two deformation
events. However, a regional MMNW-trending fabric (8a)
and locally developed mineral lineations with a heteroge-
neous distribution post-dating the Aunis mtrusion and pre-
dating the deposition of the Sinclair Crroup, were linked to
tramscument tectonics ( Hoal, 19835, 194%0).

The Sinclair CGrroup and its northeastern equivalents are
weakly folded and display low-grade greenschist or sub-
greenschist metamaorphic assemblages. The Awaab ama &
chamcterized by open folds and MW-5E-trending dextral
and sinistral shear zones (Hoal, 199%)). In contrast, the
Mam Shear belt is characterized by a subvertical mylonitic
toliation and subhorizontal stretching lincations. In the
Rehoboth region, Meoproterozoic Pan-African structures
(not described here) pre-dominate and have completely
overprinted possible older structures { Ledru et al., 2002).

T. Geochemistry
Them are no geochemical data on igneous rocks

exposed in the NMC. All the data discussed below come
trom the SHA and Rehoboth terranes and for better

comparizon were recalculated to 10084 LOT free. The qual-
ity of the data is vanable and REE and several critical trace
clements are available only for a small number of samples
(Haoal, 199 Becker et al., 2005).

7.1 Mafic rocks

This section covers the composition of metabasalts and
gahbros marked by 5i0); contents <53 wit% wt. and Mg#
(Mg/Mg + Fe™™ with Fel)/Fesh + Fel) normalized at
0L in the range 0.4-0.7. The metabasalts of the Kairah
Complex are characterized by the following composition:
S0 465503 wtt, Mgt 04006, TiOs: <05 wt.,
AlLOy: 1721wt Rb: <20ppm, Ba: <300 ppm, S
< ppm, Zr <Hippm, Y <20ppm and TifV: <10, The
composition of these mafic rocks (Fig. 11) resembles that
af island arc calcalkaline basalts (Hoal, 1%0)).

The kasalts of the Barby and Haiber Flats Formations
(Watters, 1974), ame characterized by slightly higher values
for 50z (52-53wtts), Mg# (0.480.51), Ti0: (0.7-
09wt%), Al (<17 wt), K0 (3.5-55wt%), Rb
(=100 ppm), Ba (=100 ppm), Sr (=500 ppm), Zr
(=90 ppm), Y (=20 ppm) and TifV -~ 20, They represemt
high-K calcalkaline hasalts (Fig. 11).

The basalts of the Opdam Formation {Williams-Jones,
1984; Becker et al, 2005) are tholeiitic and marked by
the following geochemical characteristics: KiQx 46—
S2wt, Mgi 040-0.75, Ty 007-2 wt, Al
217w, Kk 01-13wth, Rh: <0 ppm, Ba:
<30 ppm, Srr <4 ppm, Zr <100 ppm, Y 1530 ppm,
Tiv: =20, ThiTa: =30, La/Nb: 1.5-10 and Ce/Ph: 2-5.
Their  chondrite-normalized REE  pattems are  flat
(Fig. 12), with an overall enrichment factor of -~ 10 for
most elements. Primordial mantle normalized spider dia-
grams display Mbh and Ta negative anomalies (Fig. 12).
These matic rocks show atfinities with late orogenic conti-
nental thaoleiites (e.g. Kapenda et al, 199), with most
immaobile clements showing the influence of subduction-
style mantle enrichment at their source (of. high Th'Ta
and La/Nb vs. low Ce/Pb values).

7.2 Intermedinie and felnic rocks

The Aunis tonalite of the Kairab Complex represents a
low-K tonalitic suite | NayOfK.0 = 1), with a few samples
showing a slight trondhjemitic atfimity (Fig. 13). They rep-
resent arc-granitoids (Fig. 13). The Haiher Flat and Barby
Formation wolcanic rocks define a high-K  calcalkaline
suite, The Awasib and Chowachasib granites in the AHS
terrane represent intrusive equivalents of these calcalkaline
volanic mocks with which they share geochemical charac-
teristics. The same haolds true for the 1227 Ma Muckopt
and 1100 Ma Langherg Formation volcanic rocks in the
Rechoboth terrane, whose intrugve squivalents ame grouped
into the poorly defined Ciamsherg Ciranite Suite, which
consists of metaluminous to sightly peralumimous [-type
calcalkaline gramtoids (Fig, 130
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Dacites and rhyolite of the Langherg Formation are med-
iume to high- K rocks (Ma 00K 00 0.2-0.7) and straddle the
tields of voleanic arc and within-plate felsic rocks in tectonic
setting discrimination diagrams (Fig. 13). Important to
note is that these lavas pverlap the field of post-collisional
telsie igneous rocks (Pearce, 19%6). Chondrite-normalized

REE patterns are moderately steep (Fig. 12), with extremely
variabhle normalized values in the range 4-200. Primor-
dial mantle normalized grider diagrams display negative
anomalies For Sr-Nb-Ta-Ti, with a general increase of nor-
malized values from moderately to highly incompatiblz
clements.
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K. Discussion

8.1 NMC-SHA, Rehoboth terranes, EONC, Abbabiv ilier

The main findings for dicussion are listed below:

(1) The NMC comprises a metasadimentary assemblage
of unknown deposition age, which is composad of
quartzite, cale-silicate and metapelitic rocks. Callis-
ton and Schoch (20 suggest a Paleoproterozoic
fore-anc  sctting  during the deposition  of  this




(2)
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assemblage, which was related to the Poifadder ter-
rane. However, its compoation suggests a shelt mark-
ing a passive margin sequence (lackson, 1976), which
may have heen deposited i early Mesoproterozoic
times before the onset of subduction.

The SHA terrane encompasses the Kairab/Kumbis
Complex, which was affected by amphibolite-grade
metamarphian prior to being  mtruded by the
1.37 Gia Aunis tonalite. It includes high-alurmina/
low-potassium pillow haszalts, showing athnities with
izland arc basalts. Hoal { 19%90) correlated the Kairab
Complex with the Carub sequence of the NMC on
thie hags of lithological similarities. However, carbon-
ates and caksilicate rocks are absent in the Kairab
Complex, whercas Mesaproterceaic metaluminous
granitoids older than 1.2 Ga are unknown in the
MM,

1.23-1.1 Ca low-grade to unmetamorphosed volcanic
and sedimentary rocks af the Sinclair Group and its
narthwestern equivalents rest disconformably on the
Kairab Complex. These supracrustal sedimentary
and voleanic rocks ocour in fault-bounded depocen-
ters, which define a regional arc-shape structure
=100 km-wide and =200 lan-long (Figs. 1 and 2).
The ==1.2 Ca volcanic Barby Formation and coeval
granitoids comprise high-K calcalkaline matic, inter-
mediate and Felsic rocks, Sedimentary rocks comprise
immature and minor mature siliciclastic rocks, which
are interlayerad with pyroclastic rocks. The 1.1 Ga
rhyolites of the Langherg and Kartatsaus Formations
are intruded by syenogramites that are thought to
have A-type characteristics, although a final interpre-
taticon awaits detailed geochemistry.

Matic rocks characterize the overlying Opdam For-
mation. High Ti-content and flat REE-patterns in
these tholeiites suggest their emplacement in an
extensional setting, whereas high ThiTa and La/Nb
ratios, low Ce/Pb values and negative anomalies far
MNb-Ta in the PM-normalized spiderdiagrams mark
a subduction-style enrichment of the mantle source
of these matic magmas., These data require the
imvalvement of the asthenosphere and a lithospheric
mantle enriched during a subduction event during
the geneas of these matic igneous rocks.
Late-Mesoproterozaic  (1.2-1.05 Cia]  meta-igneous
rocks from inliers within the Damaran belt { Mamibia)
and its lateral correlative, the Gharzi-Chobe belt
(Botswana), document the wide distribution of these
rocks to the north and northeast of the AHS and
Rechoboth terranes. Md-model ages of 1.0-1.2 Ga
(Hawkeswaorth et al., 1981), determinad on overlying
Panafrican sadiments, suggest that the Mesoprotera-
zoic terrane may underlie the entire southern Damara
helt, the Khomas trough (Koriner et al., 19491).

The main transport direction during the 1.1-1.03 (Ga
Mamagua orogeny s towards the southwest, with a
Juitaposition of terranes along crustal-scale shear

zones, resulting in a metamorphic inversion along
the Lower Fish River — Tantalite Valley shear zone,
where granulite facies rocks structurally  owverlic
greenschist facies rocks. Serpentinite  occurrences
located along the Hauchab-ExcelsiorLord Hill shear
zone, decorate the boumdary between the NMC and
SHA-terranes.

(70 LBfHT gramulites of the NMC crystallized under the
same PfT conditions as their correlatives exposed in
the (Fkiep area of South Africa (Fig. 1), where they
are procisely dated at 1060-1030 Ma. This metamaor-
thic event is charactenzed by an anti-clockwise P-T—
t path { Waters, 1989, 1990; Robb et al., 199%).

(#) The timing of magmatic activity in the NMC is
poorly constrained. Igneous rocks compnse ultra-
matic, matic, intermediate and felsic members.

8.2 (motectonic interpretaiion

The onset of the Wilson-cycle rifting-drifting stage is at
present not constrained within the MMOC, although the
paragneisses of the Garub sequence could represent a pas
SIVE IMATZIN SUOCeEEI0n,

A period of northeast-directed subduction, including
island-arc accretion, is recorded in the Kairab Complex
(Hoal, 1%8); Fig. 14), and presumably started before
1370 Ma, which iz the age of the oldest subduction-related
igneous body. It is known that subduction-related magmas
are generated only when the developing slab reaches a
depth of ~ 100 km, i.e. the subduction starts several million
years before the generation of arc magmas. The regional
Mesoproterozoic convergence wvector (Fig. 15) deduced
from the arc-shape of the Mesoproterozoic magmatic arc
in Mamibia was broadly east—west in the present-day coor-
dinates (Watters, 1976; Hoal, 19%3). Tectonic truncation as
possible cauwse for this shape can be excluded by the
arrangement of gravity anomalies and the regional mag-
netic pattern enveloping the Kalahan Craton | Kleywegt,
1946:7; Fig. 2, Wackerk, unpubl.j. The 21.37 Ga amphibo-
lite tacies metamorphism, migmatisation and isoclinal fold-
ing in the Kairab- Kumbiz Complex is linked to the arc
accretion.

The high-K calealkaline volcanism in the Sinclair area at
==1216 Ma requires subduction beneath a continental crust.
This continental crust section {overriding plate) is part af
the Kalahari craton, while the MM represents the leading
edge of the western craton. The Hauchah-Excelsior- Lord
Hill shear zone marks the boamdary between the two con-
verging plates. This s in contrast to a model, which inter-
prets the Lower Fish River — Tantalite Valley shear zone
further south as the main suture (Hoal, 1900, At
==1.1 Ga outpouring of continental tholeites originating
from a lithospheric mantle section, enriched during sub-
duetion, mark a major change in tectonic processes, i.e a
switch from subduction to asthenosphere uprise, triggering
partial melting of a lthospheric mantle section enrichad




T. Becker eral | fourmal of African Barch Scamces 86 (2006) 12-140 135

Kol Cormpl|

= 147D Mo

VBTN )
o cefoerraiion and
PR

e L L T s

12101150 Ma

g M BT

1100- 1030 Ha

QOGO continents

cunari
[tz olpored Bnchmte:

Lipe e al

o S A R

T “hikask rocks

T4 Sedimsantary ks

Wl Cccamicons
Wk lihasphere

Astersnphee

Fig. 14. Gealogical madel far the evahnion of the Mesapraterceoc ferranes in Mamibia encompassing the NMO, 3AH and Rehabath domains imadified

after Hoal, 15%0).

during the subduction stage. We believe that docking of
continents led to the slab detachment, allowing the interac-
tion between the asthenospheric mantle and the mantle
wadge enriched during the subduction process (Kampurzu
et al., 19%9#). The magmatic underplating related to this
event induced an anti-clockwise P-T-t path with a high-
grade LP/HT metamorphism mecorded in the NMC gramu-
lite facies rocks. Furthermore the Umkondo large igneous
province in the Kalahan craton { Hanson et al., this vol-
ume) is related to the same event. Late arc-=plitting and
subsaquent back-arc spreading could also induce this
upwelling of asthenospheric mantle leading to partial melt-
ingof the lithosphers to generate tholeitic volcanism, How-
ever, this interpretation 15 not supported by the fact that
this tholziitic magmatism is widespread outside the arc sys-
tem and extends well into the Kaapwvaal craton. The intra-
continental rift model { Borg, 1988) has been discussed and
argued agamst by Hoal (190 the sedimentology and
geometry of the basins, the apparent himodal character
of the volcanic rocks and their younging ages towards

the northeast, and geophysical patterns (2. gravity anom-
alies) cited in favour of such a model have heen shown to
be wrong or, alternatively, do not constrain this setting
uneguivocally.

B3 Conirall Western Kaokoe zones, Epupa Complex, Kunene
Anorthosite Complex

The geotectomic setting during the emplacement of
Mesoproterozoic igneous rocks in northern Mamibia and
Angola is not yet well constraned. The AMCG-Kunene
Complex is coeval to the arc-magmatism in the AHS-
terrane. However, the Kanene Complex intrudes the Paleo-
proterozoic basement of the Congo craton and has been
taken for a pristine extensional igneous complex (Morais
et al, 1998), although AMOG magmatism commonly
marks post-collisional settings. Granulites exposed in the
Emupa Complex display a clockwise P-T-t path and
yielded Ph—Ph stepwize leaching TIMS peak-metamarphic
garnet and retrograde sapphirine ages of s=14%0- 1447 Ma
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Fig. 15 Interpretative positin ( present-day conrdinates) of the Mesoproterasnic magmatic arc and convergence direction in Mamihia, compatible aih

the data discussed in the paper imodified after Wattes, 1976).

(Seth et al., 2000, 2003; Brandt et al., 2003). This is close to
the age of migmatised tonalitic rocks from the WEKZ,
which yielded U-Fb single zmircon dates of 1510-14%0 Ma
{Krimer, 2002). Themtore, a plate-convergence proces i
likely. The absence of Mesoproterozoic are igneous rocks
older than 1.4 Cia in the AHY and Behoboth terranes sug-
gest that the convergence between the Congo and Kalahari
cratens postdate 1.4% Cia.
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