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Abstract :- The Kamanjab Inlier (KI) in northern Namibia exposes the southern margin of the Archaean
to Palaeoproterozoic Angola Shield. It consists of Palaecoproterozoic low-grade volcaniclastic rocks of
the Khoabendus Group (KG), medium to high-grade gneisses, schist and quartzite of the Huab
Metamorphic Complex (HMC), and the Fransfontein Granite Suite (FFG). 1:50k geological mapping in
two key areas west of Kamanjab and Khorixas, combined with petrography, isotope analysis and
geochemistry (rocks and minerals) provides a wealth of new data contributing to the reconstruction of
the inlier’s geological history.

Geological mapping in the Kamanjab area yielded details of the stratigraphy of the KG
comprising the lower West End and upper Otjovazandu formations dominated by volcanic and
sedimentary rocks, respectively. The volcanics and sediments were deposited mainly in local basins
under shallow marine conditions. However, in the upper part of the Otjovazanadu Formation, regional
transgression is recorded in the Arendsnes Member. The base of the KG is obscured by massive, layer-
parallel megasills of the FFG, digesting the basal rocks of the West End Formation and concealing the
base of the KG.

The FFG is marked by great variation in composition and petrography. Geological mapping
combined with interpretation of airborne geophysics data and petrography reveals 10 different types,
which were emplaced into the KG as sheet-like intrusions and plutons. Geochemistry and geochronology
of the FFG and the mostly felsic volcanic rocks of the KG show their coeval evolution between 1.88
and 1.82 Ga within an active continental margin setting. Nd-isotope analyses of FFG rocks Tpwm yielded
model ages of 2.3-2.7 Ga and mostly negative eNd 1 35 Ga values (-6.2 to -2.2) indicating mixing of mantle
derived magmas with crustal country rocks of predominantly Palacoproterozoic provenance.

Geological mapping of the HMC shows the subdivision into (i) southern migmatitic
Rooikop/Lofdal subdomains (SD) (ii) central non-migmatitic Suiderkruis-Aandgloed SD and (iii)
northeastern low-grade Ehobib SD comprising Khoabendus rocks intruded by the FFG Suite. This
constrains a normal geothermal gradient from the bottom to the top of the structural pile and excludes
nappe tectonics to explain the observed thrusted contacts between the Suiderkruis-Aandgloed and
Ehobib SD.

The HMC was intruded by voluminous mafic magmas prior to a first phase of regional medium
to high-grade metamorphism and deformation (M1). Their geochemical composition and geochronology
indicate a continental arc/backarc system between 1.96 Ga (the youngest NdTpm age) and 1.88 Ga (the
oldest FFG granite) and mixing of a juvenile mantle source with Palaecoproterozoic to Archaean crustal
components.

Metamorphic petrology yields preliminary results for M1 metamorphic conditions in the high-
grade domains, since M1 mineral paragenesis were reset during M2. In the northern, non-migmatitic
part of the HMC, M1 metamorphic conditions are estimated at 10.5-11.3 kb and 650-700 °C.

The continuation of subduction after M1 suggests that metamorphism and deformation were
associated with magmatic underplating under extensional conditions and not to classical collision
tectonics.



Migmatitic paragneisses of the HMC were intruded after M1 by sheeted bodies of granitoids
that were subsequently transformed into orthogneiss. The magmas coincide in age (1.84-1.82 Ga), Nd-
isotope and geochemical composition with those of the FFG Suite, therefore representing their deeper-
level equivalents.

The M2 tectono-thermal event is characterised in the northern study area (KG and FFG) by
generally weak, mostly steep NE-SW trending foliations, down-dip stretching lineations with a small
sinistral component and irregularly spaced, upright, tight folds that are often bound by normal faults.
Outside these zones, the rocks are almost undeformed and foliations/lineations are missing.
Metamorphism reaches greenschist facies conditions.

In the HMC, M2 metamorphic conditions are estimated at 5.6-6.9 kb and 520-560°C. M2
deformation records non-cylindrical folds and dome-and-basin structures defining the present map scale
geometry. D1 structures were generally transposed into the new penetrative D2 foliation. In the Rooikop
SD, concentric sheath folds up to km-scale with steep axes attest to highly ductile conditions and
predominantly vertical movements in the southern part of the HMC. In the north and NE, near the
sheared contact with the overlying low-grade Khoabendus Fm and FFG granites, all rocks are
transformed into mylonite. These features argue for the interpretation of the HMC as M2 mantled
gneissic dome, or metamorphic core complex, which developed again in an extensional setting either at
ca 1.8 Ga (the time of local granite emplaced into a syn- to post-D2 fault) or at ca 1.4-1.3 Ga within
Mesoproterozoic rifting of the Kibaran event. Thermal overprinting of the HMC during this period is
indicated by Ar-Ar and K-Ar hornblende and muscovite mineral ages from 1.45 to 1.32 Ga coinciding
with the emplacement age of the Kunene Igneous Complex.

Key words :- Namibia, Kamanjab Inlier, Palacoproterozoic, Mesoproterozoic, magmatism, metamorph-
ism, geochemistry, geochronology, extension tectonics, mantled gneissic dome.
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Introduction

Despite its  considerable  economic In 2000, the Geological Survey of Namibia

potential for base metals and gold the
Palaeoproterozoic Kamanjab Inlier (KI) of
northern Namibia has, in the past, attracted
minor interest in  geological research
(Geological Survey of Namibia, 1992; Steven,
2000; Steven & Armstrong, 2001; Anonymous,
2005): Geological mapping has been carried out
only in parts of the region and at 1: 100,000
scale (Frets, 1969; Porada, 1974). The study of
the  tectono-metamorphic  history = was
previously limited to field observations and
petrography, supplemented by a few
conventional U-Pb multigrain zircon ages
(Burger & Coertze, 1973, 1975; Tegtmeyer &
Kroner, 1985) and whole rock analyses
(Clifford et al. 1969). The state of knowledge
was summarised by Miller (2008) who
concluded an active continental margin setting
as the most probable scenario for the evolution
of the KI.

initiated a research program comprising
geological mapping of nine 1:50,000 scale
sheets of two key areas (Becker, 2004a-c,
2005a-c, 2006a-c). Geochemical and isotope
analyses carried out during associated studies
suggest evolution of the Kamanjab Inlier from
1.86-1.83 Ga within the context of an active
continental margin setting (Muvangua, 2006;
Mhopjeni, 2006; Wilsky, 2010; Nolte, 2012;
Kleinhanns et al. 2013). Here, we present the
results of field mapping, structural analysis and
geothermobarometry which, together with
additional geochronological data, allow the
establishment of the principal crustal arch-
itecture of the region which prompt us to
propose a first model for the orogenic processes
leading to the present configuration of coeval
low-grade and high-grade metamorphic rocks

(Fig. 1).



Figure 1. A) View into the Huab Valley and surrounding rugged hills exposing the Huab gneisses; B) sheared low-grade
amygdaloidal metabasalt rocks of the Khoabendus Group in the Ehobib Subdomain; C) polyphasely folded anatectic

amphibolite of the Aandgloed Subdomain.

Regional Geology

The Kamanjab Inlier together with the
Epupa Complex (EC) to the west and the
Grootfontein Inlier (GI) to the east in northern
Namibia expose Palaeoproterozoic crust
representing the southernmost portion the
Archaean to Palaecoproterozoic Angola Shield
(Fig. 2). The origin of rocks from these inliers
is related to a period of major global crustal
growth between 2.3-1.8 Ga (Condie, 2000;
Condie ef al. 2009) leading to the formation of
a  hypothetical supercontinent Columbia

(Rogers & Santosh, 2002; Zhao et al. 2002,
2004).

Isotope and geochemical analysis of the
EC and KI suggest a diachronous continental
active margin setting as the main mechanism for
crustal accretion with supposed younging from
the GI in the east (2.0 Ga; Hoal et al. 2000)
through the central KI (1.86-1.83 Ga; Wilsky,
2010; Nolte, 2012; Kleinhanns ef al. 2013) to
the western EC (ca 1.86-1.73; Seth et al. 1998,
2003, 2005; Kroner et al. 2004, 2010). At the
regional scale these inliers constitute the



western part of the proposed Kamanjab-
Bangweulu magmatic arc (Rainaud ez al. 2005;
Kleinhanns et al. 2013). Late Palaeoproterozoic
regional HT-LP metamorphism between 1740
and 1720 Ma constitutes the oldest meta-
morphic event that was followed by Early
Mesoproterozoic (1530 Ma) HT-LP meta-
morphism culminating at granulite facies peak-
conditions of 830°C and 2 kb in the northern
part of the Epupa Complex (Brandt ef al. 2021).

Mesoproterozoic 1.5-1.3 Ga ultrahigh granulite
facies metamorphism marked by P/T conditions
of 960°C and 9.5 kb and younger upper
amphibolite facies metamorphism from 1370 to
1310 Ma are recorded in the southern part of the
EC (Seth et al. 1998, 2003, 2005; Brandt ef al.
2003, 2007; Brandt & Klemd, 2008) and were
accompanied by the two-stage emplacement of
the Kunene layered anorthosite.
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Figure 2. Overview geological map of southern and central Africa, illustrating the Archaean to Mesoproterozoic
units. Simplified and modified extract from BRGM SIG-Afrique (unpublished); ages in [Gal].



The Kamanjab Inlier (KI)

The Kl is exposed in northern Namibia over
an area of approximately 13,000 km”. Quatern-
ary aeolian sediments cover most of the eastern
portion whereas to the south and west it is
concealed below Neoproterozoic rocks of the
Damara and Kaoko orogenic belts (Fig. 2).
Rocks of the KI are well exposed in a 60 km

Huab Metamorphic Complex (HMC)

The HMC was mapped and described by
Frets (1969). He considered the HMC to be a
collective term comprising rocks of different
parentage and age; they include metapsammitic
and pelitic sediments, amphibolite, granitic
orthogneiss and minor metapyroxenite. The
metasediments identified comprise white
orthoquartzite, conglomerate, schist and mixed
paragneiss. Granitic gneiss comprises about 35-
45 % of the HMC and according to the author,
all transitions from banded gneiss to granitic
gneiss occur, arguing for the metasomatic origin
of the igneous rocks. The HMC was subdivided
by Frets (1969) into three lithostructural units
separated from each other by major faults (Fig.
3).

Firstly, the Rooikop Domain is composed
of granitic gneiss, amphibolite gneiss, amphib-
olite and quartzite invaded by two generations
of pegmatite forming layer parallel quartz-
feldspar veins and massive cross-cutting dykes.
The overall structure of the domain is a large
dome with steep dips (70-80°) in the north,
moderate dips in the south (30-40°) and a
horizontal attitude in the central part. Apart
from a Pan-African steep schistosity in the
southern part, the absence of any other
schistosity in this domain is quite striking.
However a few isoclinal mesoscopic folds were
observed in the central part the axial plane of
which is parallel to the banding and foliation in
the adjacent rocks.

Secondly, the  Soutput-Boesmanpan
Domain comprises the same rock types as the
Rooikop Domain and again two generations of
pegmatites have been observed, which are,
however, rare. Most of the rocks display
pronounced foliations and often record
mylonitic fabrics in discrete horizons. The three
main fold structures are the NNW-SSE trending
Soutput Synform, the Mesepotamie Antiform

wide, 80 km long strip from the Huab River in
the south, to farm Hobatere west of the Etosha
Pan in the north. The unit has been subdivided
by SACS (1980) into three major geological
units, which are the Huab Metamorphic
Complex (HMC), the Khoabendus Group (KG)
and the Fransfontein Granitic Suite (FFG).

and the Soutput Dome. A major recumbent
isoclinal fold has been mapped on Soutput 505,
which is refolded into the NNW-SSE
Mesepotamie Antiform. Mineral and inter-
section lineations are subhorizontal to shallow
N-NE plunging and are interpreted to be related
to the NNW-SSE folding. Subsequent mylonite
zones are N-S trending and associated with a
steep E-dipping schistosity.

Thirdly, the Huab-Suiderkruis Domain is
marked lithologically by a thick sequence of
white quartzite, schist, amphibolite of both
intrusive and volcanic origin, and a few
metaconglomerate bands. It is intruded by
massive sills of granodiorite transformed into
augengneiss and medium-grained equigranular
granite gneiss. A few thick pegmatites are
limited to the southern part where they cross-cut
the gneissic compositional banding. Well-
developed gneissic layering in the north is
overprinted by younger schistosities. The
regional trend recorded by orthogneisses and
metasediments consists of early NNW-SSE D1
folds that correspond to the D1 structures in the
Rooikop and Soutput-Boesmanpan domains. In
the north, they were refolded around sub-
horizontal W to moderately NW plunging D2
axes into E-W and NE-SW trending tight and
isoclinal folds. Two schistosities S1 and S2
have been observed in places and attributed to
either fold phase. S2 commonly varies in
orientation from moderate (45°) N to NE dip. In
the NE of the domain the S2 structures change
to a steep (60-70°) NE dip.

A late NE-SW striking subvertical
crenulation cleavage appears limited to this
domain.

ESE-WNW trending subvertical ortho-
gneiss and metasediments within a belt of ca six
km width limit the HMC to the NE against the
Fransfontein ~ Suite and undifferentiated



Kamanjab basement rocks. They were included
by Frets (1969) in the HMC due to the presence
of amphibolite, metaquartzite and granitic
gneiss indicating amphibolite facies conditions.
This contrasts with the interpretations of Stahl
(1940), Martin (1965), Guj (1970) and Miller
(2008) who classified these rocks together with
the Huab-Suiderkruis SD of Frets (1969) as part
of the Khoabendus Group.

In conclusion, the first gneissic event is
characterised by Barrovian type metamorphism

(almandine-hornblende) and associated with
mesoscopic tight to isoclinal folding FO (Frets,
1969). It was followed by folding around N-S
axes (F1, S1), tight to isoclinal folding around
E-W axes (D2, S2) and a late crenulation
cleavage with a constant NE-SW orientation
(S3). Thereby, D2 and D3 are limited to the
northern part of the HMC whereas DI is
recorded throughout the study area. All tectono-
metamorphic fabrics were considered to pre-
date intrusion of the Fransfontein granites.

Figure 3. Geological map of the Huab area (Frets, 1969). The stippled line marks the approximate boundary
between the southern Soutput-Boesmanpan and Suiderkruis domains, indicated by the first occurrence of white
quartzite. The Rooikop Domain is characterised by abundant pegmatite and migmatite.

Khoabendus Group

The Khoabendus Group crops out in
two areas northwest of Kamanjab and west of
Fransfontein; they were mapped and described
by Porada (1974, Kamanjab-Otjovazandu) and
Hugo (1974, Fransfontein). The synthesis of the
stratigraphy, geochemistry, deformation and
age as well as the depositional model of the
group was published by Miller (2008, Table 1).
The basal West End Formation in the north and
its southern equivalent, the Tweelingskop
Formation are comprised of porphyritic
ignimbrite overlain by rhyodacitic to dacitic

lava. They are overlain along an unconformity
by andesitic tuff and lava (Smallruggens
Formation) and a succession of flow-banded
rhyolite interbedded with quartzite, pebbly
quartzite, lithic quartzite, quartz-feldspar
porphyry and layers of andesite (Blyerus
Formation). The upper Otjovazandu Formation
disconformably overlies these rocks. A
prominent basal white quartzite, the Voorspoed
Member (600 m) grades into overlying massive
felsite and rhyolite with interbedded quartzite,
tuff and agglomerate (Robyn Member, 300 m).



Table 1. Stratigraphy of the Khoabendus Group (Miller, 2008).

Fransfontein area (Hugo, 1974; SACS, 1980) Kamanjab-Otjovazandu area (Porada, 1974) Miller, 2008
Formation Member
Formation Lithology Formation Lithology
(Maximum thickness, m)
Strongly altered andesitic to basic lavas
Upper, more massively bedded, pink limestone and grey dolomite with a few layers of chert Dinteri
Lower thin bedded limestone and dolomite with layers of chert, schist and sandstone; tuff lenses; white marble in west with interbedded quartzite, Carbonate
schist, purple slate and chlorite-actinolite schist (200)
Basal siliceous iron formation with siderite and hematite (up to 50 m thick), grades into ferruginous quartzite or chert
Local red, gritty quartzite up to 300 m thick in SE
Grey to black shale, phyllite and schist; interbedded grey to purple chert, purple siltstone, grey and white quartzite, black and purple dolomite, purple, Arendsnes
Otjovazandu | grey and black bedded or oolitic chert, lithic sandstones, iron formation, chlorite-actinolite schist; layers of felsite, flow-banded rhyolite and acid tuff Pelite (500)
Local schist, mainly greenish grey
West - tuff and andesite Massive felsite and rhyolite; few or no phenocrysts; flow banding rare; interbedded quartzite, tuff, agglomeratic rocks Robyn Felsite
East- tuff and quartz-feldspar porphyry Contac.t to underlying quartzite sharp in east but gradational in west through decreasing number of quartzite beds, increasing number of layers of acid (300)
volcanic rocks
Voorspoed Quartzite Member - massive white Massive, white, upwards-fining orthoquartzite ("Khoabendus quartzite"); thin local interbedded grey lithic quartzite, chlorite-actinolite schist, sericitic
quartzite; interbedded andesite at base and schist, iron formation; thick interbedded acid lavas and tuff in NW which increase in abundance upwards Voorspoed
o - i uartzite (600
Aub phyllite throughout Basal, red, feldspathic, pebbly quartzite or conglomerate . (600)
DISCONFORMITY
Interbedded, massive felsite and flow-banded rhyolite with small scattered phenocrysts of quartz, potash feldspar and plagioclase; interbedded grey to Blyerus Rhyolite
reddish quartzite, pebbly quartzite, lithic quartzite, quartz-feldspar porphyry and layers of Smalruggens Andesite (20007?)
. Green, massive to well stratified, andesitic tuff, locally cross-bedded, phenocrysts of hornblende and quartz; green andesitic lava, phenocrysts of Smalruggens
Andesitic tuff and lava L . .
hyperthene, diopside, plagioclase and local hornblende; both rock types generally sheared Andesite (200)
UNCONFORMITY
North ‘
Feldspar porphyry
West End in north
Tuff, rhyolite, layers of agglomerate, quartzite
near
Quartz and quartz-feldspar porphyry
. Porphyritic ignimbrite- variably sheared and foliated, grey where least sheared but greenish grey top to green in colour where sheared due to
Tweelingskop | South West End (£ 500)

Thin phyllitic tuff, interbedded amphibolite,
rhyolite

Dacitic to rhyodacitic feldspar porphyry which

displays local intrusive relationships; leptite layers

in the upper portion

Local basal quartzite

saussuritisation and greenschist facies metamorphism, fragment grain sizes decreases upwards and tuffs become the dominant pyroclastic rock type in
the upper part; quartz , potash feldspar and plagioclase phenocrysts, feldspars up to 20 mm in size in the lower part, decreasing to 2- 6 mm higher up;
local graded bedding; interbedded, fine-grained , porphyritic to non-porphyritic, grey, dacitic to rhyodacitic Javas, flows 10 to 15 m thick, become more Tweelingskop in
abundant upwards and towards the west, quartz, potash feldspar, plagioclase, biotite and hornblende phenocrysts south




The Arendnes Member (500 m) is
characterised by a great variety of sedimentary
rocks (shale, phyllite, schist, chert, quartzite,
dolomite, lithic sandstone, iron formation with
minor proportions of interbedded volcanic
rocks (chlorite actinolite schist, rhyolite and
acid tuff)). The uppermost Dinteri Member
comprises basal siliceous iron formation
overlain by a heterogeneous succession of
limestone and dolomite with interbedded
quartzite, schist, slate and chlorite actinolite
schist. These rocks are capped by massively
bedded, pink limestone and grey dolomite with
few layers of chert. Miller (2008) suggested that
the depositional environment was a gradually
subsiding terrain made up of one large or
several smaller depositional basins with large
proportions of the volcanic rocks deposited
under subaqueous conditions.  Sediment
structures record relatively quiet, shallow water
deposition with occasional transgressions or
regressions. Abundant intermediate volcanic

Fransfontein Suite (FFG)

The Fransfontein Suite has been
mapped by Frets (1969) and Porada (1974) and
descriptions of the intrusive rocks were
published by Miller (2008). The granites occur
throughout the Kamanjab Inlier where they
intruded the Khoabendus Group and the Huab
Metamorphic Complex. Rocks range in modal
composition from granite to granodiorite and in
geochemistry from alkaline to calc-alkaline.
The main facies, classified as Kamdescha
Granite, is a grey coarse-grained to porphyritic
rock, which consists of centimetric microcline
and minor plagioclase (albite to oligoclase) set
in a medium-grained, equigranular groundmass
of quartz, microcline and plagioclase. Biotite
and more rarely green hornblende occur in
variable amounts. Muscovite forms a minor
component in all but the granodioritic rocks.
Very minor minerals include apatite, epidote,
calcite, rutile, zircon and opaque minerals.

Porada (1974) recognised an additional
older red to greenish-red “Kaross type” granite,
which varies from fine to coarse-grained and is
sometimes porphyritic with feldspar pheno-
crysts set in a medium-grained matrix of quartz,
microcline, perthite and plagioclase with minor
amounts of biotite, muscovite and accessory
chlorite and ore. A granophyric texture is
present in places.

Most of the intrusions are weakly
foliated and some microgranites have a strong

rocks (andesite) are taken as an indicator for an
active continental margin environment.

Low-grade regional metamorphism of
the KG is characterised in intermediate volcanic
rocks by strong saussuritisation of plagioclase,
alteration of hornblende to epidote, chlorite and
magnetite, hypersthene to bastite and diopside
to uralite. The groundmass of andesitic tuffs and
lavas consists of fine-grained sericite, epidote,
quartz, albite, uralite, chlorite, opaque minerals
and calcite with ubiquitous epidote (Miller,
2008). Contact metamorphism in an aureole
several metres wide around the Kamdescha
Granite resulted in strong recrystallisation of
carbonate whereas quartzite and tuffs became
splintery and glassy hornfels.

The tectonic style is characterised by
regional NE trending, open to tight, slightly SE-
overturned, folds of pre-Damaran age that are
associated with an axial planar cleavage. In the
west they are overprinted by NW trending
Damara folds and reverse faults.

lineation. In thin section, all rocks show signs of
cataclasis. Frets (1974) noted the transition
between these granites and the Huab red
orthogneiss. The intrusive nature of the contact
between ortho- and paragneiss was observed in
the NW of the Huab-Suiderkruis SD.

Whole rock geochemistry combined
with Sm-Nd / Rb-Sr-isotope systematics of the
FFG and the HMC by Kleinhanns et al. (2013)
reveal the monzogranite to alkali feldspar
granite composition of Cordilleran I-type
defining a calc-alkaline trend in a late- to post-
orogenic setting related to an active continental
margin. Trace element ratios indicate their
origin as juvenile magma within an active
margin setting. The absence of residual garnet
excludes major assimilation or melting of lower
crust influencing the distribution of REE and Y.
Granodioritic orthogneiss from the HMC
displays similar features documenting the
geochemical affinity with the FFG Suite.
Highly differentiated, A-type red orthogneiss
that has no equivalent in the FFG, is interpreted
as a late stage anatectic melt.

Sm-Nd and Rb-Sr isotope signatures of
several samples of the HMC and all FFG
granitoids indicate mixing between juvenile
mantle source and non-radiogenic crustal
component, whereas the other HMC samples
record the contribution of high-radiogenic crust.
Most Nd Tpm model ages vary from 2.1 to 2.4



Ga (15/17 samples) corresponding to the
Eburnian crust-forming event.

Geochronology of the Kamanjab Inlier

Table 2 and Fig. 4 summarise the
geochronological ~ data  concerning  the
Kamanjab Inlier. U-Pb multigrain zircon ages
from 2124-1749 Ma do not discriminate
between the HMC, the KG and the FFG
(Clifford et al. 1962, 1969; Burger & Coertze,
1973-75; Burger et al. 1976; Tegtmeyer &
Kroner, 1985).

U-Pb single zircon ages constrain the
age of the FFG between 1841415 and 1834414
Ma whereas gneisses of the HMC display
slightly younger ages of 1830£17 Ma

1862+/-6 (SHRIMP method) [
Steven & Armstrong, 2000

(granodioritic gneiss), 1826+30 Ma
(metarhyolite) and 1801+27 Ma (late stage A-
type granite gneiss) (Wilsky, 2010; Nolte, 2012;
Kleinhanns et al. 2013).

The age of the Khoabendus rhyolite
(Blyerus Formation) has been determined by the
SHRIMP method to be 1862+6 Ma (Steven &
Armstrong, 2002).

A low-grade Pan-African thermal
overprint (or cooling during uplift) at 481-503
Ma was identified by the K-Ar whole rock
method (Ahrendt ef al. 1983D).

Huab Metamorphic Complex-
Khoabendus Group -
Fransfontein Granite Suite

U-Pb zircon multigrain
™ upper discordia intercept age (Ma)

metarhyolite
@ intrusive rock

Figure 4. U-Pb multigrain zircon ages of the Kamanjab Inlier (except one U-Pb single zircon SHRIMP age by
Steven & Armstrong, 2000) with the 1:1,000,000 geological map of Namiba as background.

Problems of stratigraphy, tectonics and
metamorphism in the Kamanjab Inlier

The spatial, temporal and structural
relationships between the HMC, the FFG and
the KG has been always unclear and even the
classification of rocks in each unit in the Huab
area has been the subject of debate. Included in
the HMC by Frets (1969) were white ortho-

quartzite, conglomerate, schist, mixed para-
gneisses, amphibolite, orthogneiss and, in the
southwest, migmatitic rocks. In his model, the
emplacement of the Fransfontein Granitic Suite
occurred after rocks of the HMC had become
metamorphosed and deformed. Subsequent



reconnaissance mapping by Guj (1970) showed
that the northeastern portion of the HMC
comprises low metamorphic sedimentary and
volcanic rocks; these were classified as southern
equivalent of the Khoabendus Group (Table
la). The particular, white orthoquartzite was
taken as a marker defining the boundary
between the HMC sensu stricto and the
Khoabendus Group. This assumption found its
expression on the 1:1,000,000 map of Namibia
(1980) and was repeated by Miller (2008)
thereby reducing the surface of the HMC to the
southern part (Fig. 4).

Similar problems of “stratigraphic”
classification exist in the northern part of the
study area mapped by Porada (1974). Again,
orthogneisses identified as part of the HMC
have been separated from less gneissic or
undeformed granitic rocks grouped into the
FFG, the latter being further subdivided into the
Kaross and Kamdescha types. The contact of
the West End Formation with the underlying
granitic rocks of the basement complex has
been observed in a few localities and has been
described as indistinct due to palaeo-
weathering. This does not exclude an intrusive
relationship.

Table 2. Geochronological data base of Kamanjab Inlier; zr = zircon, WR = whole rock, fs = feldspar, bt = biotite,

gr = granite, eva = evaporation.

| Easting | Rock: Reference
526944] 7737608)
526944 | 7737608|
526944] 7737608| Burger st ol 1976
Sa6944] TIETeOR| SV
526944| 7737608
s03e83| 7768231 Ciittord er ot 1969
503483 [Ciiftord ee of - 1962
S m kol & cale-
Soassa] Trevssal o 1PN [Burgererwi. 1976
501554| 7767554
502554 | 7767554
472213 7757665 [Tagimeyer & Kroner, 1985
$32650] 7758335 g
502554 7767554 ntknt graniee
£32660| 7788335 |
515304 m
530208
el S Burger et ol 1576
526673| 7768641
530208 7781761
526673 TI6EE41]
512935] 7794181 |atkas |
468625| 7784802 ] Burger & Coertre, 1975
526673] 7768641
534233] 7767951
556482| 7777853 |alkali
s342m| 7767951 Burger e ol 1976
530208] 7781761
granodiorite
547461] 7781565
£52367| 7780602 |
513934] 7771914 calealiali Surger & Cosrtze, 1973
T e ol F—
534134] 7769519] Burgeretol 1576
527165| 7767748
533090 7770044 |calcaluali & 1973
527961] 7766671]
534233] 7767951
516008| 7785591
S3s322 m Burger eral. 1976
507173] 7777451
533480| 7770689 |calc-aikal
sa6121] vresan] Lo
m_mm el "
43750| 7833320]
461861 _TB25462|granite [Riminhanns et of . 2013
482717 7833268 grancdiorne
50870 Hawkesworth et ol 1983
|Clifford et ol 1962
Clifford et al_1969
|Kroener, unpubl. in Seth e
ol 1996
| Stovan & 2002
Anrendt et ol 19832
of. 19835
of.2013
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Geochronological data suggest more or
less coeval evolution of the HMC, the KG and
the FFG. If correct, this requires a model
explaining the remarkable difference in
metamorphism and structural fabrics in the
HMC and the adjacent KG/FFG and a
mechanism for the juxtaposition of the two
domains.

The age(s) of one or several metamorphic
and deformation event(s) recorded by rocks of
the HMC, the reconstruction of the respective
P/T path(s) as well as the interpretation within a
plate tectonic (?) context have never been
addressed prior to the present study.

The possible correlation of the HMC with
the Epupa Complex (EC) needs to be
investigated. The northern EC is characterised

by Late Palaeoproterozoic regional HT-LP
metamorphism that was followed by Early
Mesoproterozoic ~ HT-LP ~ metamorphism
culminating at granulite facies peak conditions
of 830°C and 2 kb in the northern part of the
Epupa Complex (Brandt et al. 2021). Meso-
proterozoic 1.5-1.3 Ga ultrahigh granulite facies
metamorphism and younger upper amphibolite
facies metamorphism are recorded in the
southern part of the EC (Seth et al. 1998, 2003,
2005; Brandt et al. 2003, 2007; Brandt &
Klemd, 2008), accompanied by the two-stage
emplacement of the Kunene layered anorthosite
complex within the geodynamic context of a
continental rift setting attributed to the Kibaran
event (Ernst et al. 2013).

Analytical Methods and Laboratories

The production of this memoir was
achieved with the collaboration of scientists
based at several international laboratories and
universities, and included training of Namibian
MSc and PhD students. The following
colleagues contributed largely to the realisation
of the project.

Project coordination: Becker, T.; PhD and MSc
supervision: Kleinhanns, 1., Klemd, R., Becker,
T.; Writing: Becker, T.; Geological mapping:
Becker, T., Mhopjeni, K., Muvangua, E.;
Structural analysis: Becker, T.; Mineral
analysis, metamorphic petrology: Nolte, N.,
Depiné, M.; Whole rock geochemistry: Nolte,
N., Wilsky, F. Mhopjeni, K., Muvangua, E.;
Sm-Nd isotope analysis: Nolte, N.; U-Pb
geochronology: Wilsky, F., Wiegand, B.,
Sergeev, S.; K-Ar geochronology: Wemmer,
K.; Ar-Ar geochronology: Sudo, M.

Whole rock geochemistry

Samples weighing 5-10 kg were cleaned
and, where present, weathered rims were
removed. Whole rock aliquots of ca 100 g and
< 40 um grain size were prepared by using a
rock crusher, riffle splitter, and planetary agate
disc mill. Sample powders were dried overnight
at 100°C. For XRF analysis 600 mg of the
sample powder were mixed with 3.600 mg
LiBO, - Li;B4O7; Spektromelt and ~ 1.000
Milligramm NH4NOs, and fused into a glass
disc. For ICP-AES approximately 0.9 g of the
powdered unknown was fused into glass discs,
and subsequently dissolved in HNO;-HCI.
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Major and trace elements were analysed by
using X-ray fluorescence (XRF) on a Philips
PW 1480 spectrometer and a VG Plasma Quad
2+ inductively coupled plasma mass
spectrometer (ICP-MS) at the Geoscience
Centre of Georg-August University Gottingen,
Germany.

Sr-Rb, Sm-Nd whole rock isotope analysis
Rb-Sr and Sm-Nd isotope analysis was
carried out at the Isotope Geology Department
at the Geoscience Centre of Georg-August
University Gottingen, Germany. Prior to
digestion, samples were mixed with spikes
enriched in *’Rb-**Sr and '*Sm-'""Nd isotopes,
respectively. Rb, Sr and rare earth elements
were separated from dissolved aliquot powders
of whole rock samples by standard cation
exchange procedures. The separation of Sm and
Nd was done through reverse ion
chromatography in hydrogen-diethylhexyl-
phosphate (HDEHP) resin. Mass spectrometry
of'lead and uranium was done on Triton thermal
ionisation  mass  spectrometer  (TIMS).
International standards were measured at
regular intervals between the samples. Long-
term reproducibility for National Bureau of
Standards Standard Reference Material (NBS
SRM) 987 (n = 16) are 0.71026+13 (2c) and
0.056473+7 (20) for ¥Sr/**Sr and *Sr/*Sr,
respectively. Analytical mass bias was
corrected with an *Sr/*°Sr of 0.1194 using
exponential law. Analytical mass bias
correction for Rb measurements was achieved
via repeated analyses of NBS SRM 984,



yielding a ®Rb/*Rbyay 0£2.5952+13 (26;n=7),
resulting in an exponential mass bias of
0.4%o/a.m.u. Sample measurements were
performed under the same conditions and
corrected with the exponential mass bias
derived from the standard measurements. Long-
term reproducibility for the Nd in-house
standard (n = 18) are 0.511790+5 (25) and
0.348389+3 (20) for 'Nd/“Nd and
"SNd/"Nd, respectively. This '**Nd/"**Nd
value agrees with the value of 0.511830 for
"Nd/'"Nd for the La Jolla solution (Nolte,
2012). Analytical mass bias was corrected with
a " Nd/"Nd of 0.7219 using exponential law.

U-Pb single zircon age dating

SHRIMP method

Centre for Isotopic Research (VSEGEI, St.
Petersburg, Russia)

Zircon grains were hand selected and
mounted in epoxy resin, together with chips of
the TEMORA (Middledale Gabbroic Diorite,
New South Wales, Australia, age = 417 Ma,
Black & Kamo, 2003) and 91500 (Geostandard
zircon, age = 1065 Ma, Wiedenbeck ef al. 1995)
reference zircons. The grains were sectioned
approximately in half and polished. The
analysis was performed on a SHRIMP-II ion
microprobe. Each analysis consisted of five
scans through the mass range; the spot diameter
was about 18 um and the primary beam
intensity about 4 nA. The data were reduced in
a manner similar to that described by Williams
(1998) and references therein, using the SQUID
Excel Macro of Ludwig (2000). The Pb/U ratios
were normalised relative to a value of 0.0668
for the 2°°Pb/**®U ratio of the TEMORA zircon,
equivalent to an age of 416.75 Ma (Black &
Kamo, 2003). Uncertainties given for individual
analyses (ratios and ages) are at the one T-level,
whereas uncertainties in calculated Concordia
ages are reported at the 2 ¢ level.

Harvard University, USA

Zircon U-Pb ages and trace element
compositions were obtained using the sensitive
high resolution ion microprobe with reverse
geometry (SHRIMP-RG) jointly operated by
the U.S. Geological Survey and Stanford
University. Operating procedure included an
02— primary ion beam focused to a ~14 x 18
um diameter spot for trace element analyses and
a ~30 x 40 pm diameter spot for U-Pb isotopes.
Zircon U-Pb analyses were calibrated using
zircon standard Temora-2 (**Pb/~*U age =
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416.8 Ma; Black et al. 2004) and trace element
concentrations standardised relative to MAD-
559 (Coble et al. 2018). Data were reduced
using Squid 2.51 (Ludwig, 2009) and Isoplot
3.76 software (Ludwig, 2012). Measured
206pp/238U was corrected for common Pb (Pbc)
using measured *’Pb based on a model Pb
composition from Stacey & Kramers (1975)
and corrected for 2*°Th disequilibrium using the
method of Schirer (1984) and an initial
assumed (°Th/*%U) melt value based on whole
rock Th/U values (Th/U = 4.7 for IESnl and
IESn2; Th/U = 3.7 for IESn3 based on values
from the same units sampled by Hards (1995).
The magnitude of the correction was typically
85-90 kyr.

LA-ICP-MS method
University Bergen, Norway

Backscattered (BSE) and cathode-
luminescence (CL) images were produced using
a Jeol JXA-8900 R Microprobe at the GZG -
Department of Geochemistry (Georg-August
University/Gottingen, Germany). These images
were used for optical inspection of the grains for
mechanical damage during the preparation
procedure, but more importantly the internal
structures of the zircon grains. Laser-ablation
ICPMS (LA-ICP-MS) measurements were
done at the Department of Earth Science,
University of Bergen (Norway), on a Thermo
FinniganTM  Element 2. The following
description is based on the technique described
in Kosler et al. (2002). A 213 nm Nd-YAG laser
(New Wave, UP213) connected to an Element2
Thermo FinniganTM single collector was used
for the ablation of the zircon samples. Firing
was done at 10 Hz repetition rate, with a fluence
energy of 1.4 J/cm?, a laser beam diameter of 30
pm, and line length from 50 to 100 pm
depending on size and condition of the zircon
grain. Blanks were measured before each
analysis. For mass bias correction simultaneous
measurement of a tracer solution was
performed. To assess the degree of U and Pb
fractionation and to ensure high quality data the
91500-, GJ-1- and the PleSovice-standard
zircons were analysed after about every 15
unknown zircon grains (i.e. one run) (91500:
Wiedenbeck et al. 1995; GJ-1: Jackson et al.
2004; Plesovice: Slama et al. 2008).

K-Ar muscovite age dating
K-Ar muscovite age dating was carried
out at the Isotope Geology Department at the



Geoscience Centre of Georg-August University
Gottingen, Germany. Samples included
pegmatitic mica of several cm size and coarse-
grained metamorphic mica from paragneiss
where coarse-grained muscovite was hand-
picked from the crushed rocks. Potassium was
determined by using the classic AES method.
The argon isotopic composition was measured
in a Pyrex glass extraction and purification line
coupled to a VG 1200 C noble gas mass
spectrometer operating in static mode. The
amount of radiogenic “’Ar was determined by
the isotope dilution method using a highly
enriched **Ar spike from Schumacher, Bern
(Schumacher, 1975). The spike is calibrated
against the biotite standard HD-B1 (Fuhrmann
et al. 1987). The age calculations are based on
the constants recommended by the IUGS,
quoted in Steiger & Jager (1977).

4Ar/ ¥ Ar muscovite, hornblende age dating
Sample preparation and neutron irradiation
Mineral separates of hornblende with
300 microns diameter and of muscovite with
100-200 microns were prepared from the rocks
by the standard methods for mineral separation.
Neutron irradiation of those mineral separates
was performed at CLICIT (Cadmium-Lined In-
Core Irradiation Tube) facility in the nuclear
reactor OSTR (Oregon State TRIGA Reactor),
Oregon State University, USA. The six
unknown samples were wrapped in commercial
grade Al foil and subsequently loaded into a
sample container (22.7 mm in diameter and
101.5 mm in height) made of 99.999% pure Al.
All samples were irradiated for 4 hours with the
fast neutrons of the flux of 2.47 x 10" n/cm?/s
for inducing the reactions of *’K(n,p)*Ar in the
samples. The *Ar/*’Ar ages were obtained as
the relative ages against the neutron flux
monitoring mineral age standard, which was
irradiated together with the unknown samples.
The age standard used was Fish Canyon Tuff
sanidine, FC3, which was prepared at the
Geological Survey of Japan and its age was
determined as 27.5 Ma (Ishizuka, 1998; Uto et
al. 1997). This age is consistent with that
obtained by Lanphere & Baadsgaard (2001).
Additionally, crystals of K,SO4 and CaF, were
also irradiated for correcting the interference of
Ar isotopes produced by the reactions of K and
Ca in the samples during neutron irradiation.
After the irradiation the samples were stored for
a few weeks at OSTR to cool down their
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radioactivity before they were delivered to the
University of Potsdam.

“Ar/ 3 Ar isotope dating

Argon isotope analyses were performed
at the *°Ar/*? Ar geochronology laboratory of the
University of Potsdam. The common procedure
usually conducted for the “°Ar/°Ar dating at
Potsdam has been described in the literature
(Wilke et al. 2010; Halama et al. 2014), but the
summary of the present system is as follows.
The Ar isotopic analytical system in the
laboratory consists of, (1) a New Wave Gantry
Dual Wave laser ablation system including a
S50W CO; laser (wavelength 10.6 micrometer)
for heating samples and extracting sample
gases, (2) an ultra-high vacuum purification line
equipped with SAES getters and the cold
stainless finger-trap cooled at -90°C through
ethanol, and (3) the high-sensitivity Micromass
5400 noble gas mass spectrometer equipped
with an electron multiplier. The extracted gas
with CO; laser from a single white mica grain
was introduced into the ultra-high vacuum
purification-line and was held for 10 minutes
for purifying the gas to pure Ar, then the Argon
isotopic ratios were determined with the noble
gas mass spectrometer. All Ar isotope ratios
from the samples were finally obtained after
blank, mass discrimination, interference and
decay corrections of the analysed results. Each
J value at one location was obtained as a
weighted or arithmetic average by the four
single grain total fusion analyses of the Fish
Canyon Tuff sanidine grains, then the J values
at the unknown samples were interpolated from
those directly obtained J values. The “°Ar/*’Ar
age calculation was conducted following the
method of Uto et al. (1997) and the isochrons
calculation follows York (1969). The *°Ar/*°Ar
ratio of the atmosphere and the decay constants
for K used were those recommended in Steiger
& Jager (1977) as 295.5, Ap = 4.962x107'° /yr
and Le =0.581x107'" /yr. Our used interference
correction parameters are: (Ar/’Ar)c, =
(6.638£0.263) x 10%,  (°Ar ’Ar)c.
(2.730+0.032) x 107, (*Ar/’Ar)
(50.97+24.35) x 10* and (PAr/PArk =
(1.182+0.003) x 102 Conditions of plateau
follow Fleck et al. (1977). All errors (in the
figures and tables) indicate 1 sigma error.

Mineral geochemistry
Normal 30 pm thick polished thin
sections were made of each sample and first



studied under an optical microscope. Mineral
composition was determined by using JEOL
JXA-8200 microprobe at the GeoZentrum
Nordbayern of the University of Erlangen.
Analysis was done using wavelength dispersive
spectrometers with an accelerating voltage of 15
kV, a current of 15 nA and a beam diameter of
ca 1 um. Matrix corrections and data reduction
were done by matrix correction software

supplied by the manufacturer. All iron was
calculated as Fe’+. The relative errors are £1 %
for major elements and +5 % for minor and trace
elements. Calibration was done at regular
intervals by using mineral standards orthoclase
(K), albite (Na), barite (Ba), andradite (Ca, Si);
corundum (Al), MgO (Mg), Fe,Os (Fe), Cr,0O3
(Cr), and MnTiO; (Mn, Ti).

Geological mapping

Geological field mapping at a scale of
1:50,000 was carried out intermittently from
2000-2005 in (i) the area from Khorixas to the
Grootberg Pass and (ii) the Huab Region (Fig.
6). This covered the previously unmapped
portion of the KG and the FFG in the north (3
sheets) and the entire HMC that was mapped by
Frets (1974) at a scale of 1:100.000 (6 sheets;
Fig. 7) including the part that was subsequently
distinguished as southern Khoabendus Group
(Hugo & Schalk, 1974). Geological mapping
was complemented by two profiles (in the
following sections named the “Transition
Zone”) between these areas for additional
structural information. The field data base of the
area includes about 5500 georeferenced entries
providing information on rock type,
sedimentary and tectonic structures, meta-
morphism, contacts, samples, photos, etc.

Kamanjab-Grootberg Area

Geological mapping in the northern
Kamanjab-Grootberg area was supported by
interpretation of high resolution airborne radio-
metric and magnetic data combined with remote
sensing of Landsat TM7 scenes. The new
geological map shows refinement of the
stratigraphy of the KG, the new subdivision of
the Fransfontein Suite into ten igneous rock
types and their geometry and illustrates the
overall structural architecture.

Khoabendus Group (KG)

Detailed geological mapping was
carried out in the southwestern part of sheets
1914 CB and DA which exposes the West End
and Otjovazandu formations. All formations are
extensively invaded by the FFG into which they
continue forming large slivers that are
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progressively assimilated by the surrounding
magma. Three profiles through the Bruno,
Oortrek and Honib synclines resulted in the
detailed stratigraphy of the West End, Blyerus
and Otjovazandu formations (Fig. 5, Table 3).

The stratigraphic terms Robin and
Smalruggens Member have been omitted,
because rhyolitic and andesitic volcanic rocks
occur within the Voerspoet quartzite both
locally at the base and as intercalations higher
up and it is unclear which specific horizons
correspond to the units in the type locality in the
Huab area.

West End Formation (MWs)

The West End Formation starts with a
clastic to volcaniclastic succession that higher
up grades into the classic porphyritic ignimbrite
and rhyodacite, which was formerly considered
to be the base of the formation (Porada, 1974).
This succession is here distinguished as the
Ombonde Member, whereas the ignimbrites are
classified as the Bruno Member, with both
names derived from the farms of the respective
type localities (Fig. 5). However, the Ombonde
Member probably does not represent the base of
the Khoabendus Group. The basal sediments of
the unit are intruded by foliated Kamdescha
Granite that was formerly classified as part of
the HMC (Porada, 1974). The geological map
clearly reveals the discordant nature of the
contact with the granite intruding towards the
south successively into higher stratigraphic
levels. Slivers of fine-grained sandstone and
quartz-sericite schist up to several deccametre
size occur within the Kamdescha Granite near
the contact demonstrating the continuation of
the KG into underlying older units.
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Table 3. Revised stratigraphy of the Khoabendus Group in the northern area.

Northern Kamanjab area Revised stratigraphy
: Formation | Member

Lithology (Maximum thickness, m)
Strongly altered andesitic to basaltic lavas
Upper, more massively bedded, pink limestone and grey dolomite with a few layers of
chert
Lower thin bedded limestone and dolomite with layers of chert, schist and sandstone; Dinteri
tuff lenses; white marble in west with interbedded quartzite, schist, purple slate and (200)
chlorite-actinolite schist
Basal siliceous iron formation with siderite and hematite (up to 50 m thick), grades into
ferruginous quartzite or chert
Local red, gritty quartzite up to 300 m thick in SE
Grey to black shale, phyllite and schist; interbedded grey to purple chert, purple
siltstone, grey and white quartzite, black and purple dolomite, purple, grey and black Otjovazandu Arendsnes
bedded or oolitic chert, lithic sandstones, iron formation, chlorite-actinolite schist; (1700) (500)
layers of felsite, flow-banded rhyolite and acid tuff
Local schist, mainly greenish grey
Carbonate and calc-silicate rocks alternating with grey quartzite (locally microbialite),

S ; ; ; : : Doorslaan
micritic dolomite, laminar-bedded calcareous shale alternating with thinly-bedded (400)
carboniferous siltstone, intercalated micritic carbonate rocks
Massive, white, upwards-fining orthoquartzite ("Khoabendus quartzite"); thin local
interbedded grey lithic quartzite, chlorite-actinolite schist, sericitic schist, thick Voorspoed
interbedded acid lavas and tuff in NW which increase in abundance upwards,

: 7 (600)
intercalated beds of andesite
Local basal, red, feldspathic, pebbly quartzite or conglomerate

DISCONFORMITY
Base not exposed. Polymict small-pebble conglomerate grading into overlying planar-
bedded sandstone with important volcano-clastic component alternating higher up Eendrag
with andesitic and rhyolitic tuff beds. Top is comprised of conglomerate and arkosic (500)
sandstone laterally grading into small-pebble conglomerate.
Porphyritic ignimbrite- variably sheared and foliated, grain size decreases upwards and
tuffs become the dominant pyroclastic rock type in the upper part; local graded Sianc
bedding; interbedded, fine-grained, porphyritic to non-porphyritic, grey, daciticto West End (1900) (500)
rhyodacitic lavas, flows 10 to 15 m thick, become more abundant upwards and towards
the west, quartz, potash feldspar, plagioclase, biotite and hornblende phenocrysts
Thinly bedded quartz-sericite-biotite schist, interbedded epiclastic sandstone, tuff and
rare basalt flows Ombonde
Pebbly- to gritty sandstone with local cross and planar bedding, heavy mineral seams (900)
Oligomict conglomerate intruded by Fransfontein Suite granite
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Ombonde Member (MWsOm)

The Ombonde Member is characterised
by overall normal grading coinciding with the
change from clastic to volcaniclastic deposition
(Fig. 5). Locally preserved conglomerate (20 m)
at the base comprises sub-rounded to rounded
clasts of vein quartz and quartzite of 2- 50 cm
size set in a coarse sand quartz-feldspar matrix
with abundant magnetite. Tectonic deformation
results in both flattening and stretching of the
clasts (Fig. 8a). The conglomerate grades into
pebbly sandstone that further up turns into pink-
to-grey, well-sorted gritty quartz-feldspar sand-
stone (900 m). Sedimentary structures comprise
both planar bedding at cm-scale and more rarely
cross-bedding of 15-40 cm size indicative of
fluviatile deposition. Sedimentary structures are
often outlined by heavy mineral seams of

magnetite (Fig. 8b) and in the airborne magnetic
data the unit represents a prominent marker. The
upper portion of the Ombonde Member
comprises thinly bedded quartz sericite biotite
schist interbedded with volcanic fragment-
bearing quartz sandstone, felsic to intermediate
tuffs and rare basalt (<120 m). These rocks are
exposed in the south and north of the study area.
On Bruno 614 the transition from clastic to
volcaniclastic deposition is marked by pale-
green andesitic tuff alternating with gritty
sandstone. One intercalated, massive basalt
flow about 30 metres thick, locally contains
amygdales filled with calcite and epidote. The
quartz sericite is intruded in the south by sills of
Fransfontein Granite and finally forms major
slivers within that intrusion.

Figure 8. Ombonde Member. A) metaconglomerate alternating with sandstone overprinted by steep foliation
transposing the clasts; B) cross-bedded sandstone; the cross bedding is outlined by heavy mineral seams.

Bruno Member (MWsBr)

The Bruno Member corresponds to the
classic porphyritic ignimbrite sequence of the
West End Fm documented in detail by Porada
(1974) and Miller (2008; Table 1).

Eendrag Member (MWsEe)

Clastic and volcaniclastic rocks that are
now classified in this member occur on farms
Kaiserfontein and Eendrag 619 in the SW
corner of the study area and on Farm
Wilhelmsville 615 in its central northern part.
To the south they are in faulted contact with the
Ombonde Member of the West End Formation.
To the east and north quartzite of the Voorspoed
Member overlies it and in the west basal
conglomerate and sandstone of the Neoprotero-
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zoic Nosib Group. In the NW the unit is bound
by a fault with the FFG suite which, in addition,
intrudes the formation in various places. Due to
the mostly tectonic or intrusive nature of
contacts between Khoabendus rocks, the
stratigraphic position of the volcaniclastic
succession remains uncertain. The base of the
formation is not exposed and the strati-
graphically lowest horizon consists of a
polymict small-pebble conglomerate, which is
exposed in the core of an anticline (Fig. 5). It is
overlain by a succession of clastic, epiclastic
and pyroclastic rocks at least 500 m thick. Its
lower part is dominated by immature medium-
grained planar-bedded quartz-feldspar sand-
stone with alternating grey and red-brown beds
between 3 and 50 cm thick. Higher up these



rocks grade into cream planar-bedded quartz
sandstone alternating with green, up to 5 cm
thick beds of fine-grained epiclastic or
pyroclastic rocks (Fig. 9). The latter are marked
by an abundance of volcanic fragments and
interpreted as metatuff or tuffite of andesitic to

dacitic composition. In the Honib Syncline,
andesitic rocks at the top of the Blyerus Fm are
up to 200 m thick and are distinguished as the
Smallruggen Member. The formation is
overlain disconformably by the Voorspoed
quartzite.

Figure 9. Lower Eendrag Member; pale sandstone alternating with pale-green fine-grained pyroclastic rocks.

A second isolated volcaniclastic
succession on Farm Wilhelmsville 615
documents the great variation in volcanic and
volcaniclastic facies; the base of the unit is
intruded by granite and at the top it is
unconformably overlain by quartzite of the
Otjovasandu Formation. The lowermost rocks
are sheared metabasalts or mafic tuffs
transformed into chlorite schist. They are
overlain by a succession of quartz-sericite-
biotite schist with intercalated, grey, occasion-

ally banded chert (Fig. 10a). Petrography
reveals fine-grained crystals of quartz, K-
feldspar and plagioclase in a microcrystalline
matrix suggesting their interpretation as former
ash beds. Higher up these rocks grade into
immature tuffaceous sandstone and quartz
sandstone that contains dark grey angular
volcanic fragments 0.5-1 cm in diameter with a
second series of quartz-sericite-biotite schist
terminating the succession (Fig. 10b).

Figure 10. Eendrag Member. A) black banded chert of volcanic origin; B) arkosic sandstone with disseminated

angular volcanic fragments.

Otjovasandu Formation (MOv)

Most of the MOV outcrops north of the
study area and the initial stratigraphy is derived
from mapping by Porada (1974) in that area.
Later the MOv was subdivided from the base to

the top into Voorspoed Quartzite, Robyn
Felsite, Arendsnes Pelite and Dinteri Carbonate
Members (Miller, 2008). In the study area, the
MOv crops out in the northern half of sheet
1914CB and in the NW comner of sheet



1914DA. The predominantly sedimentary rocks
were deposited unconformably on the West End
and Blyerus formations and were intruded by
FFG granites. Some of the facies can be
correlated with those known from the north, but
important changes render such correlations
tenuous. Two profiles across the Ootrek and
Honib synclines are described in the following
section, documenting the considerable facies
variation over less than 3 km along strike.

Oortrek Syncline
Voorspoed Member (MOvVs)

The unit starts with a basal conglom-
erate which is overlain by the characteristic
white orthoquartzite. On Kaiserfontein 619, a
continuous, about 70 m thick conglomerate
horizon was mapped over more than 5 km along
strike. The clast-supported and oligomictic
conglomerate comprises rounded to subrounded
clasts, 1-20 cm in diameter, of vein quartz and
quartzite. The matrix is fine-grained and is
pervasively altered by hydrothermal chert-
epidote, transforming the rock into a breccia
(Fig. 11).

Figure 11. Hydrothermal breccia at the base of the Voorspoed Quartzite Member.

On Wilhelmsville 615, white ortho-
quartzite overlies arkosic sandstone, less than 2-
3 m thick, that grades laterally into gritty
sandstone and a small-pebble conglomerate.
The contacts of these rocks with the underlying
volcaniclastic rocks is also gradational. The
white massive quartzite forms a prominent
horizon 200-500 m thick. The medium- to fine-
grained recrystallised rock is commonly devoid
of any sedimentary structures, however bedding
at decimetre-scale is suggested by the preferred
layer-parallel wide cleavage that probably
traces altered laminae of interbedded fine-
grained sediments or pyroclastic rocks.
Oscillation ripples locally occur in beds less 2-
3 cm thick and in other places cross-bedding is
outlined by heavy mineral seams. The
sedimentary structures document a very shallow
marine depositional environment.

Dorslaan Member (MOvDo)

A first cycle of carbonate deposition
recorded in the Oortrek syncline identified
during the present mapping programme is
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classified as the Dorslaan Member; the contact
with the underlying Voorspoed quartzite is
transitional. Up to 2 m thick carbonate and calc-
silicate layers alternate with grey quartzite and
locally record microbialite structures (clotted
thrombolite; Fig. 12a). The overlying, ca 30 m
thick, carbonate sequence starts with light grey
limestone, which occasionally displays
microbial mat structures (Fig. 12b) attesting to
very shallow marine deposition. It is overlain by
brown micritic occasionally carbonaceous
dolomite that in the upper part alternates with
thin beds of black shale. The overlying graphite-
bearing laminated calcareous shale, up to 300 m
thick, alternates with grey thinly bedded
carbonaceous siltstone. Intercalated are up to 2
m thick beds of cream brown micritic carbonate
rocks.

Arendsnes Member (MOvAd)

The MOvVAd overlies the Dorslaan
Member in the Oortrek Syncline along a sharp
sedimentary contact. The unit starts with a 10-
15 m thick horizon of dark iron-rich rocks




grading into overlying laminar bedded chlorite quartzite. In the upper part of the sequence,

phyllite with dark lenses of Mn and Fe-rich quartzite beds become less and less abundant
carbonate rocks. Higher up, these facies grade until only massive phyllite remains in the
into rhythmic sequences of 10 cm thick phyllite uppermost portion of the unit.

beds alternating with thin beds (0.5 ¢

m) of dark
| R % Wy G

-
gl

Figure 12. Limestone of the Doorslaan Member displaying undeformed sedimentary microstructures.
A) microbialite (clotted thrombolite, B) microbial mats (stromatolite).

Honib Syncline Outcrop areas of individual phases vary
In the Oortrek syncline, quartzite of the in area from more than 400 km? to less than 15
Voorspoed Member overlies volcaniclastic km? representing their minimum size. Phases
rocks of the Blyerus Formation comprising less than 100 km? in outcrop are commonly
quartzite with intercalated horizons of andesite restricted to only one locality whereas the larger
and rhyolite in the lower part. The succession is ones either form major sills (Beulah,
overlain by phyllite that towards the contact Kamdescha) or distinct circular bodies
grades into highly altered iron-rich rocks, which (Kaross). Only a few relative age constraints
are interpreted to result from hydrothermal were established by field observation: the
fluids following the barrier. The ca 300 m thick Oortrek granite forms the central part of the
phyllite sequence resembles the one in the Waterbron granodiorite body and therefore is
Ootrek Syncline. As in that unit, it starts with younger whereas xenoliths of Kaross facies
rhythmic sequences of thin dark quartzite beds within the Kamdescha granite indicate the
alternating with thick beds of phyllite that greater age of the red granite. FFG granites are
higher up grade into massive phyllite. These not cross cut by mafic dykes or sills which are
rocks are capped along a sharp sedimentary ubiquitous in the HMC attesting to their greater
contact by massive yellow to light grey age.
dolomitic rocks 30 m thick, classified as the Petrography shows that FFG granitoids
Dinteri Member. The rocks record marine are mostly undeformed coarse-grained to
regression and the change from deep water megacrystic rocks with equigranular, seriate
deposition into a restricted lagoon environment. and porphyritic textures. Rapakivi textures have
been observed in two facies (Franken and
Fransfontein Granitic Suite (FFG) Tevrede, the latter forming a small pluton north
Geological mapping and airborne of the study area). Disseminated biotite is
radiometric data (K, Th, and U) reveal the high present in all facies but varies in modal
variation in texture, composition and geometry proportion from 15-20% (Franken, Beulah) to
of the FFG intrusions that allows eleven phases less than 5% in leucocratic rocks (Katemba,
to be distinguished (Fig. 6, Fig. 14). Table 4 Kaross, Tevrede). Dark green amphibole is
shows the main properties of each facies associated with nests of biotite but is absent in
(outcropping surface area, field description, the the leucocratic facies. Angular xenoliths of
intrusion mode, radiometric properties and andesite, red granite and mafic rocks are
where available petrography, geochemical characteristic of a number of intrusions.
classification and age). Rounded mafic magmatic enclaves and
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sometimes diffuse contacts attesting to magma
mixing were found only in the Neuland
Intrusion.

A weak metamorphic foliation is
developed in most granitoids of the FFG and
commonly increases with the proportion of

biotite in the rocks. Leucocratic granitoids
therefore appear to be almost undeformed
whereas the biotite-rich Beulah and Franken
granodiorites are marked by a penetrative
foliation and in places turn into augengneiss.

Table 4. Properties of Fransfontein Suite phases. The two lowest and highest values for each element are marked

in blue and red, respectively. Values for K are in [%], for U, Th in [ppm]

—
Intrusion | Outcrop area Field deseription Intrusion mode Airborne radiometry statistics Sassificati Age
[km2] Element| min | max | range | mean | std (Klginhanns et al. 2013)
Fine- to medium grained equigranular K 04 56 L] 33 07
bictite- (amphibole) rich granodiorite, | . Th 23 221 | 198 | 127 | 27
e s loccasionally transition into e u 12 64 53 3.8 07
ignimbritic rocks, often sheared, Ternary | 229 135 112 | 959 | 176
. F p K 1,4 41 F Vg 29 | os
Medium- to coarse-grained, seriate, ¥
[neuiand 16 |biotite-rich granodiorite, numerous ::'""d e e s I:‘ :: 3;;' 1:‘:' ’:i: ::
i 4 ¥ ;)
o — Ternary | 414 | 162 | 120 | 964 | 222
K 0,4 8,7 43 31 | 08
Medium-grained equigranular biotite- |2 circular intrusions of 15 and 4 |Th 20 | 357 | 337 | 151 | 33
W) s lbearing granmodiorite km size, one dyke u 13 B3 7.0 a3 09
Ternary | 204 | 162 142 | 982 | 172
K 18 51 33 36 04 Monzoto
(Coarse - to megacrystic porphyritic . Th 7.2 230 158 | 144 25 Alkali- 1841 +/- 14
| i
= % biotite-bearing granodiorite e u 15 | 87 49 | 40 | 07 feldspar Ma
Ternary | 536 | 142 | 88,2 | 105 | 12,4 granite
Medium- to coarse grained, K 05 74 69 3s o8
equigranular to porphyritic biotite- . Th 26 515 500 | 176 64 _ |1836 +/- 17
1 4 ill
Ramdcice 7 |bearing granite, sbundant enclaves of [ * u 0s | 114 | 105 | a2 [ 12 BEEEUE|,,
Intermediate andesitic composition Ternary | 18,7 | 233 24 | 111 | 278
| Biotite 2™ ¢ ircular intrusionof 5km K 12 53 40 35 07
L L4 :
Jrsenss | 4 [anngtegsparcicnamane o (Someer 2 smallr mrusonsof | 98 | 249 | 151 | 5 | 29
fic encl to 30 i . X g
e e {deformed into oval body) Ternary | 60,1 | 1506 | 905 | 1117 | 167
Medium-g: d equigranular biotite- |probably sill, overlain to the :h :‘: ::1 :;; :'srs :”:
[xaiserfontein 16 bearing subvolcanic granodiorite, west by Damara sedimentary o 1‘ i S i “? 10
I g . k \
v valcanic frag rocks Ternary | 324 | 200 | 167 | 110 | 183
K 0.6 58 5.2 36 06
I« 249 Red biotite-poor fine to medium- 3 circular plutons with Th 22 240 | 518 | 185 | 10,7 Monzo-to  |1834 4/-14
i grained equigranul ic granite |d b and 22 km |u 0,0 145 | 146 | 41 | 20 Syenogranite [Ma
Ternary | 2356 | 250 | 227 | 115 | 382
K 3,2 50 28 41 0,3
Late-stage medium-to coarse-grained | terk bod
Oortrek a4 equigranular high K, Th, U amphibale fmir" b : ::‘ 1:': ’7".": 1:.': ’f‘f :’: Syenogranite
e iethe:dearing srantte Ternary | 726 | 169 | 954 | 123 | 135
g it K 2,5 5.6 31 4“3 0,3
s 27 *d:n pinkish h,ln_ hﬂm_"' T35 one circular intrusion of 6km  [Th 124 428 304 | 227 35
Jaeaipmes ;uniu diameter, two smaller plugs u 18 2,0 7.2 50 08
Ternary L2100 201 101 140 121

Airborne geophysics data document
considerable variation in geochemical whole
rock composition coinciding with the mineral-
ogy of the rocks. Less fractionated granodiorite
(Beulah Neuland, Waterbron and Franken
intrusions) is characterised by relative low mean
values of K, Th and U and total count, whereas
the more fractionated Ondaura and Oortrek
intrusions show high concentrations of the radio
elements. High standard deviations in radio
elements mark the Kamdescha and Kaross
phases forming the largest intrusions, which
indicates that they could be possibly subdivided
into further, more homogeneous, phases.

Hierarchical classification analysis
(HCA) of the 10 FFG phases based on mean
values of K, Th, U and total count using
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Euclidean distance and single linkage method
results in the tree diagram given in Fig. 13. The
phases are arranged by the HCA according to
their fractionation degree. Less fractionated
phases with low radio-elements (e.g. grano-
diorite, Table 4) occur to the left of the x-axis
whereas the highly-fractionated Ondaura and
Oortrek phases, marked by elevated radio-
elements have been placed to the right. Low
Euclidean distances corresponding to similar
geochemical  characteristics  classify  six
intrusions into two groups comprising the
Kamdescha-Katemba-Kaiserfontein granite and
Neuland-Waterbron-Beula granodiorite. The
fractionated Oortrek and Ondaura intrusions
show the greatest distances to the other phases,
indicating their special composition.
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Figure 13. Hierarchical classification analysis of the FFG phases based on the mean values of K, Th, U and

Total count.Transition Zone

Two cross sections over the Transition
Zone between the northern and southern study
areas show predominantly medium-grained,
equigranular red orthogneiss, which is intruded
by coarse FFG granites (Kamdescha type) and,
more rarely, by mafic amphibolite dykes. An
exception to this are two parallel ENE-WSW
trending discontinuous bands of supracrustal
rocks between 50-200 m wide, about 3 km from
each other, which can be traced along strike on
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the Landsat image over more than 90 km and
appear to join in an eastern fold closure. To the
west these bands widen and, in the area north of
Suiderkruis the Landsat image shows numerous
folded amphibolite dykes suggesting that this
domain already forms part of the HMC s.s. The
metasediments comprise highly deformed
conglomerate, metaarenite, quartzite, chert and
schist described in detail.
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Figure 14. Ternary data draped over Landsat 741 imagery illustrates the variation of radio-element concentrations with the Fransfontein Granite Suite.
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Figure 15. Fransfontein Suite granitoids show considerable variation in composition and texture allowing
subdivision into eleven subtypes. Beulah subvolcanic granite grades into West End rhyolite.

Huab area
Huab Metamorphic Complex (HMC)
Geological mapping shows that the
HMC can be subdivided into three subdomains
marked by distinct rock types and/or
metamorphic conditions (Fig. 16), which are
separated from each other by first-order shear
zones. These domains partly coincide with
those already outlined by Frets (1969), which
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have, however, been re-interpreted in terms of
metamorphism and structures. In the following
section they are referred to as the Rooikop-
Lofdal (southwest and south), Suiderkruis-
Aandgloed (central and north) and Ehobib
(northeast) subdomains. Several schematic
cross sections illustrate the regional deform-
ation style (Fig. 17). Detailed descriptions of
most rocks are given by Frets (1969).
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Figure 16. Simplified geological and structural map of the Huab Metamorphic Complex showing the main units, structures and relative movements. The names of syn- and

antiforms have been adopted from Frets (1969).
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Figure 17. Schematic cross sections illustrating the regional deformation style in the northern and southern study areas.
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Rooikop/Lofdal SD

The domain in the south of the HMC is
characterised by the highest metamorphic
conditions resulting in regional migmatisation
of the gneissic rock with the leucosome
commonly forming stromatic and phlebitic
structures (Fig. 19a). The main supracrustal and
intrusive rock types are (i) massive medium to
coarse-grained, equigranular, grey quartz-
feldspar-biotite gneiss derived from greywacke
or granodiorite (Fig. 18a), (ii) light grey to white
banded, fine to medium-grained equigranular
leucogneiss (Fig. 18b), (iii) quartz-muscovite
schist (Fig. 18C), (iv) medium-grained,
equigranular massive garnet-biotite gneiss (Fig.
19b), (v) abundant layers of (garnet-bearing)
amphibolite of volcanic and/or intrusive origin
that locally predominates over other facies (Fig
19¢) and (vi) minor coarse-grained, equi-
granular, grey-bluish  quartzite forming
discontinuous layers up to several metres thick.

Ubiquitous anatectic pegmatite and aplite form
two generations of early stage transposed bodies
with irregular outlines (Fig. 18d) and late stage
cross-cutting dykes. The highest metamorphic
conditions are indicated in the Lofdal
Subdomain by nebulitic structures developed in
amphibolite classifying the rock as diatexite
(Fig. 19d).

All rocks are intruded lit par lit by
massive medium-grained equigranular, garnet-
bearing granite whereas granodioritic biotite-hb
augengneiss (POGD) and medium-grained,
equigranular, red  biotite-poor  granitic
orthogneiss (ROG) form a few transposed
sheet-like bodies up to 40 km long following
and outlining the regional gneissic trend. The
high degree of deformation, the absence of
distinct marker horizons and regional anatexis
of the rocks do not allow establishment of the
lithodemic pile in this domain.

Figure 18. Characteristic rock types of the Rooikop SD (Rooikop 506).
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