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Abstract

The Kaoko Belt portion of the Damara Orogen, Namibia, is the deeply eroded core of a sinistral transpressional orogen that has half-flower

structure geometry centred on the major, 4–5-km-wide Purros Mylonite Zone. Formed between the Congo Craton in the east and Rio De La

Plata Craton in Brazil, the Kaoko Belt represents the northern coastal arm of a triple junction within the Pan-African Orogenic System.

Consisting of reworked Archaean, Palaeoproterozoic and Mesoproterozoic basement and a cover of Neoproterozoic Damara Sequence, the

Kaoko Belt can be sub-divided structurally into three parallel NNW-trending zones. The Eastern Kaoko Zone comprises sub-greenschist

facies shelf carbonates that have been uprightly folded. The Central Kaoko Zone contains a slope and deep basin facies succession that has

experienced intense deformation, including pervasive reworking of basement into large-scale east-vergent nappes. The Western Kaoko Zone

is predominantly deep basin facies of high metamorphic grade intruded by numerous granites. It has experienced intense wrench-style

deformation with formation of upright isoclines and steep, crustal-scale shear zones. The Kaoko Belt evolved through three distinct phases of

a protracted Pan-African Orogeny in the late Neoproterozoic to Cambrian. (1) An early Thermal Phase (M1) was responsible for pervasive

partial melting and granite emplacement in the Western Kaoko Zone from 656 Ma. (2) The Transpressional Phase produced the geometry of

the belt by progressive sinistral shearing between 580 and 550 Ma. Deformation was continuously progressive through two stages and

involved both temporal and spatial migration of deformation outwards towards the margin. The early strike-slip Wrench-Stage produced a

high-strain L–S fabric by sub-horizontal transport. Deformation became progressively more transpressive, with high-angle convergence and

flattening strains during the Convergent-Stage. In this stage, strike-slip movements evolved through multiple fold generations, progressively

steeper stretching lineations, west over east verging large-scale nappes and overfolds and ultimately thrusts with shortening at a high-angle to

the orogen. The pervasive L-S fabric was continually reworked and was both folded by nappes and partitioned into sub-vertical crustal-scale

shear zones forming at the same time in the core of the orogen. (3) A post-transpression Shortening Phase, with large-scale, upright, open

folds formed during minor N–S shortening along the length of the belt (a phase of deformation correlated with high-angle convergence in the

Inland Branch of the Damara Orogen at 530–510 Ma).

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Orogens involving oblique convergence are now believed

to be an important part of collisional orogenic systems (Jones

et al., 1977; Woodcock, 1986; Holdsworth and Strachan,

1991; Jones and Strachan, 2000). Most studies of oblique

convergence orogens with strike-slip and transpressional

components are from the brittle upper-crust (Harland, 1971;

Lowell, 1972; Wilcox et al., 1973; Sylvester and Smith,

1976; Sylvester, 1988; Oldow et al., 1990; Holdsworth and

Pinheiro, 2000). Studies of transpressional systems in the

middle-crust come from orogen-scale examples (Hansen,

1989; Holdsworth and Strachan, 1991; Little et al., 2002) and

discrete shear zones (Tikoff and Greene, 1997; Johnson and

Kattan, 2001; Lin and Jiang, 2001). There are few studies

from deeply eroded transpressional orogens representing the

ductile lower crust (Vassallo and Wilson, 2002). The data
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available worldwide from middle- and lower-crust exposures

of transpressional orogens suggests a common strain

distribution across such belts, incorporating strike-slip

shearing in the internal part of the orogen, often with a

major crustal-scale median shear zone, through progressively

more oblique convergence to high-angle over-thrusting onto

the foreland. Classic orogen-scale examples include the

Caledonian Orogen in NE Greenland (Holdsworth and

Strachan, 1991), the Pan-African Mozambique Belt (Shack-

leton and Ries, 1984) and Pan-African Kaoko Belt in

Namibia—the subject of this study.

The Kaoko Belt is characterized by all the typical

features of an oblique convergent orogen in the middle- to

lower-crust. These include: colinear folds and stretching

lineations, high plane to flattening strains, progressive

deformation to higher angle overthrusting at the margins

and a median crustal-scale strike-slip shear zone in the

core of the orogen. Furthermore, the entire orogen is well

exposed and contains different styles of basement

reactivation and cover deformation from sub-greenschist

grade in the foreland to granulite grade in the hinterland.

Until very recently the Kaoko Belt was poorly understood

and largely unmapped (Guj, 1970), because of its

remoteness and the security problems in northern

Namibia throughout the 1970s and ‘80s. Recently,

geological studies have presented preliminary frame-

works for structural evolution (Guj, 1970; Dingeldey

et al., 1994; Dürr and Dingeldey, 1996; Dingeldey, 1997),

metamorphism (Dingeldey, 1997) and geochronology

(Ahrendt et al., 1983; Seth et al., 1998).

We present the first structural analysis of the entire

Kaoko Belt, document previously unrecognised crustal-

scale structures and establish the architecture of this classic

example of a transpressional orogen. This study recon-

structs the deformation history and tectonic framework

(Table 1) as part of a larger tectono-metamorphic study.

The geochronology of matrix assemblages and meta-

morphic evolution are presented in Goscombe et al.

(2002). Our analysis is based on six field seasons (1997–

2002), involving reconnaissance observations throughout

the entire Kaoko Belt and north Namibia region, detailed

Orumpembe, Hoanib and Ugab traverses (Fig. 1) and

detailed mapping of a 30-km-wide swath across the belt

(Fig. 1; Goscombe, 1999b,c,d,e). Our mapping is sup-

plemented in the southern Kaoko Belt region (Hoanib

traverse) by the work of Guj (1970), Dingeldey et al.

(1994), Dürr and Dingeldey (1996), Dingeldey (1997) and

Seth et al. (1998). Structural analysis of the entire Kaoko

Belt was undertaken using comprehensive data sets that we

have compiled from geological mapping, structural data

(16,500 structural readings), age dating (Appendix A) and

petrological data (1600 samples). These data were sourced

from our work and both published and unpublished maps

and reports and form the basis of simplified structural,

chronostratigraphic and metamorphic maps covering the

entire Kaoko Belt.

2. Regional geology of the Kaoko Belt

The Neoproterozoic Damara Orogen within Namibia has

triple junction geometry (Fig. 1). The Kaoko Belt is the

NNW-trending northern coastal arm that extends 700 km

from the Ugab Zone in the south to Angola in the North

(Fig. 1). The Gariep Belt is the N-trending southern coastal

arm (Davies and Coward, 1982; Frimmel, 1995; Hälbich

and Alchin, 1995) and the Inland Branch trends ENE–

WSW into Botswana (Coward, 1981; Miller, 1983; Porada

et al., 1983) (Fig. 1). The relationship between the Kaoko

Belt and the continent-scale network of late Neoproterozoic

to early Palaeozoic orogenic belts called the Pan-African

Orogenic System (PAOS) (Goscombe et al., 2000) is

summarized in Fig. 1. In the Kaoko Belt, the Neoproterozoic

Damara Sequence unconformably overlies a mosaic of

Archaean, Palaeoproterozoic and Mesoproterozoic base-

ment metamorphic and igneous complexes that form the

southwest margin of the otherwise predominantly Archaean

Congo Craton. The western margin equivalent of the Kaoko

Belt in Brazil consists of the sinistral transpressional Dom

Feliciano and Ribeira Belts flanking the Rio De La Plata

Craton (Porada, 1989; Chemale et al., 1994; Trompette and

Carozzi, 1994). Deposition of the Damara Sequence was

terminated by collision late in the Neoproterozoic and was

followed by a protracted period of tectonothermal events

collectively called the Damara Orogeny, from the late

Neoproterozoic to Cambrian (Miller, 1983; Prave, 1996)

(Table 1).

The Kaoko Belt can be sub-divided into three elongate

NNW-trending, shear zone-bounded zones with distinct

stratigraphy and characteristic tectonic and metamorphic

style (Miller, 1983) (Figs. 1 and 2):

1. The Eastern Kaoko Zone (EKZ) is the foreland,

comprising sub-greenschist facies Damara Sequence

platform carbonates resting on the western margin of

the Congo Craton, the Palaeoproterozoic Kamanjab

Inlier in the south and Epupa Metamorphic Complex in

the north. Deformation involved early schistose foliation

development overprinted by the dominant late-stage E–

W shortening and upright folds. The western margin of

the EKZ is marked by the shallowly west-dipping

Sesfontein Thrust (Figs. 2 and 3), which formed under

brittle conditions late in the Damara orogenic cycle.

2. The Central Kaoko Zone (CKZ) consists of Damara

Sequence of deep basin and slope facies, ranging in grade

from lower-greenschist facies in the east to upper-

amphibolite facies in the west. The CKZ experienced

intense fabric development in both basement and cover

during sinistral transpression, culminating in large-scale

east-vergent nappes. The western margin is delineated by

the Purros Mylonite Zone (PMZ) (Goscombe, 1998;

Goscombe and Hand, 2001), a crustal-scale, upper-

amphibolite mylonite and ultra-mylonite zone (Fig. 3).

The PMZ is a sub-vertical median shear zone running the
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Table 1

Tectono-metamorphic events recognized in the Kaoko Belt

Age ranges from literature as discussed in text and numbered as in Appendix A. Chrono-spatial position of Purros Mylonite Zone (PMZ) and Sesfontain

Thrust (ST) indicated by shaded lines. *Only in southern Kaoko Belt (Ugab Zone).
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entire length of the Kaoko Belt, north into Angola and

south of the Etendeka Plateau is exposed as the Ogden

mylonites (Miller, 1983) on the west margin of the Ugab

Zone (Fig. 1).

3. The Western Kaoko Zone (WKZ) is dominated by

amphibolite- to granulite-grade Damara Sequence with

a high proportion of partial melt and Pan-African

granites, and few pre-Damara basement antiformal

slivers exposed only in the eastern part of the WKZ

(Figs. 1 and 3). Structural style is characterized by

steep, sinistral crustal-scale shear zones and panels of

isoclinally folded rocks that range from very steep

easterly inclination adjacent to the PMZ, through

vertical to shallowly west-inclined at the coast.

The Kaoko Belt is terminated to the northeast and south

by distinct zones that similarly can be structurally

characterized:

1. The Kunene Zone at the northeast margin of the Kaoko

Belt (Fig. 1) is dominated by Palaeoproterozoic and

Mesoproterozoic basement with low-grade platform

Damara Sequence. Deformation involved N–S short-

ening without transpression, and was expressed as steep

Fig. 1. Location map of the Kaoko Belt branch of the Damara Orogen. The inset outlines the regional context within the Cambrian Pan-African Orogenic

System (PAOS), after Goscombe et al. (2000). Boxes outline areas mapped in detail, and solid lines indicate traverses investigated. ST—Sesfontain Thrust;

PMZ—Purros Mylonite Zone; OMZ—Ogden Mylonite Zone; EKZ—Eastern Kaoko Zone; CKZ—Central Kaoko Zone; WKZ—Western Kaoko Zone. Arrows

indicate upper-plate transport direction during the main phase of the Damara Orogeny in different regions. These are not necessarily time equivalent and are

based on stretching lineations in highly sheared regions and fold vergence in regions devoid of stretching lineations (i.e. Ugab Zone, EKZ and Kunene Zone).
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Fig. 2. Schematic cross-section across the entire Kaoko Belt (Fig. 3), centred on the areas mapped in detail (Figs. 4 and 6). Abbreviations as in Fig. 1 and KMZ—Khumib Mylonite Zone; VMZ—Village Mylonite

Zone; TPMZ—Three Palms Mylonite Zone.
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retrograde shear zones in basement and upright E- to

ESE-trending folds in the Damara Sequence.

2. The southern-most extension of the Kaoko Belt is the

Ugab Zone (Fig. 1). The Ugab Zone is comprised of a

thin turbiditic Damara Sequence of greenschist facies

grade that has been pervasively deformed by very tight

chevron folding without involvement of the basement

(Freyer and Halbich, 1994).

3. Chronostratigraphic rock units

3.1. Archaean to Mesoproterozoic—pre-Damara basement

The Damara Sequence is underlain by a mosaic of

basement terranes of different age and character (Table 1),

all representing the southwest margin of the Congo Craton

(Fig. 1). Archaean orthogneisses of approximately 2645–

Fig. 3. Tectonic map of the Kaoko Belt indicating the major chronostratigraphic rock units, the median PMZ and tectonic transport directions during the

Transpressional Phase of the Damara Orogeny. Average orientation of the pervasive foliation from domains covering the entire Kaoko Belt are indicated and

based on a data set of 16,500 readings from published and unpublished maps and papers and the authors data. Trace of cross-section (Fig. 2) indicated.
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2585 Ma age (Seth et al., 1998), are restricted to a single

CKZ antiformal nappe, outcropping in the Hoanib traverse

(Figs. 1 and 2). Palaeoproterozoic age basement dominates

the CKZ, EKZ and platform regions. High-grade Palaeo-

proterozoic gneisses in the north and central Kaoko Belt

region have been named the Epupa Metamorphic Complex

(Fig. 1), which is thought to be of .2100 Ma age (Miller,

1983) and contains granitic orthogneisses of approximately

1795 ^ 30 Ma age (Tegtmeyer and Kroner, 1985). Palaeo-

proterozoic gneisses in CKZ antiformal nappes comprise a

variable supracrustal suite of quartzo-feldspathic para-

gneisses, meta-quartzite, mafic gneiss and meta-pelite,

with granitic orthogneisses (Fig. 4) of approximately

1985–1961 Ma age (Seth et al., 1998). The Kamanjab

Inlier to the southeast (Fig. 1), is comprised of metamorphic

sequences of 1987 ^ 4 and 1811 ^ 35 Ma age (Tegtmeyer

and Kroner, 1985) and granites of approximately 1800 ^ 80

and 1580–1547 Ma age (Burger et al., 1976) (Table 1). Two

distinct Mesoproterozoic suites are recognised in the Kaoko

Belt. A supracrustal sequence dominated by meta-quartzites

and amphibolites, unconformably overlies the Epupa

Metamorphic Complex (Miller, 1983) and is restricted to

the northern CKZ and EKZ. Antiformal basement panels in

the WKZ (Fig. 3) consist of a bimodal suite of meta-igneous

mafic and felsic gneisses and paragneisses (Fig. 4). Zircons

from the meta-igneous felsic gneisses give a SHRIMP age

of 1507 ^ 16 and evaporation age of 1335 ^ 1 Ma (Seth

et al., 1998). These basement lithologies and Mesoproter-

ozoic ages are in contrast to those in the CKZ and indicate

that the PMZ marks the boundary between two basement

terranes of different age (Fig. 3).

3.2. Neoproterozoic cover—Damara Sequence

The Damara Sequence is a marine sequence of 770–

600 Ma age (Miller, 1983; Hoffman, 1994; Frimmel, 1996;

Prave, 1996), deposited on a passive margin, progressing

from shelf carbonates in the EKZ (Hoffman et al., 1998) to

slope and deep basin facies in the CKZ and WKZ. The basal

Damara Sequence is represented by rift-related siliciclastics

of the Nosib Group, which contains quartzites, conglomer-

ates and arenites and upper limiting ages of approximately

750 Ma (Hoffman et al., 1994, 1996, 1998; Prave, 1996).

The Nosib Group forms thick sequences throughout the

EKZ and pinches out in the eastern CKZ (Fig. 2), indicating

transition from shelf to slope facies at the margin between

these zones. The Sesfontain Thrust (Fig. 1) marks the

margin between the carbonate shelf and slope facies and a

shear zone in the eastern Ugab Zone marks a similar

transition (Swart, 1992). These shear zones may represent

reactivated growth faults in the passive margin (Porada,

1979). The overlying Otavi Group is dominated by

carbonates in the EKZ and in the CKZ and WKZ, by

turbiditic meta-pelite, meta-greywacke and quartz-musco-

vite schist with subordinate mafic schists, calcsilicate,

carbonate and quartzite (Figs. 4 and 6). Two diamictite

units are recognised in the EKZ (Hoffman et al., 1998) and

mapped across the CKZ as far as the PMZ (Figs. 3 and 4).

These are correlated with those in the Inland Branch and

Gariep Belt, of approximately 750–735 and 700 Ma age

(Hoffman, 1994; Frimmel, 1996; Folling et al., 1998;

Hoffman et al., 1998). Deposition terminated as the Mulden

Group siliciclastic molasse of approximately 650–620 Ma

age (Miller, 1983), which is only preserved east of the

Sesfontain Thrust in the EKZ (Fig. 3; Guj, 1970).

3.3. Neoproterozoic and Palaeozoic (Pan-African) granites

Pan-African granites are common in the WKZ (con-

tributing 20% of exposure), entirely absent from the EKZ

and occur only as rare granitic veins (centimetre-scale) and

granitic orthogneiss sills (metre-scale) in the western-most

CKZ (Fig. 4). At least four generations of Pan-African

granites and partial melting are recognised. The first two are

strongly sheared and develop a pervasive L–S fabric, being

emplaced either prior to, or during the main-phase of

deformation in the Damara Orogeny (Table 1). (1) Dioritic

orthogneiss with a zircon SHRIMP age of 656 ^ 8 Ma

(Seth et al., 1998) is only found in the western WKZ. (2)

Large (kilometre-scale), lenticular granitic orthogneiss

bodies dominate the WKZ (Fig. 6) and rarely preserve

discordant intrusive contacts. The most common type is

mega-crystic S-type granites with zircon evaporation ages

ranging from 580 ^ 3 to 552 ^ 2 Ma (Seth et al., 1998) and

granites from the southern Kaoko Belt have 570 ^ 20 Ma

zircon ages (Miller and Burger, 1983) and 573 ^ 33 Ma

Rb–Sr whole-rock ages (Kröner, 1982). These orthog-

neisses are associated with pervasive centimetre-scale

stromatic partial melt segregations in the host rocks. (3) In

high-grade portions of the WKZ, minor volumes of

discordant pegmatite and micro-granite veins of centi-

metre-scale were emplaced axial planar to tight overturned

folds formed in the Damara Orogeny (Table 1). (4) The

southern extension of the Kaoko Belt (Ugab Zone) contains

composite plutons that post-date pervasive deformation

associated with transpression in the Kaoko Belt and were

emplaced syn-kinematic with late-stage N–S shortening

(Table 1). Pb–Pb single zircon evaporation ages, from two

samples of the syenite core of the Voetspoor composite

pluton, are 530 ^ 3 Ma (Seth et al., 2000).

4. Tectonic framework

The temporal and spatial framework of deformational

events recognised in the Kaoko Belt is summarized in

Table 1. There is evidence, largely from the geochonolo-

gical record (Burger et al., 1976; Tegtmeyer and Kroner,

1985; Seth et al., 1998), for multiple tectonothermal events

in the various basement units prior to deposition of the

Damara Sequence. Pre-Damara tectono-metamorphic

cycles are further inferred by relic high-grade mineral

B. Goscombe et al. / Journal of Structural Geology 25 (2003) 1049–1081 1055



Fig. 4. Simplified geological map of the CKZ portion of the central profile. The numerous carbonate and amphibolite units in the Damara Sequence are not indicated for clarity. The central valley without rock

exposure is a Permian glacial valley.
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assemblages, strain-hardened textures, gneissic layering,

partial melt segregations and Proterozoic granitoids.

Proterozoic fabrics and high-grade mineral assemblages

are preserved almost entirely un-reworked in basement

exposures of the Northern Platform, EKZ and Kunene Zone

(Fig. 1). Palaeoproterozoic gneisses have E–W-trending

stretching lineations (Goscombe, 1999a) and the overlying

Mesoproterozoic sequences have top-to-the-NNE transport

along sub-horizontal stretching lineations. Within the WKZ

and CKZ, basement antiforms were almost entirely ductilely

recrystallized producing an intense L–S fabric during the

Damara Orogeny. Consequently, little is known of pre-

Damara kinematics and relic pre-Damara porphyroclasts

from upper amphibolite grade assemblages are rarely

preserved.

In common with other parts of the Pan-African Orogenic

System (Goscombe et al., 2000), the Damara Orogeny is

protracted, with tectonothermal events spanning approxi-

mately 660–510 Ma. Three distinct phases, as part of a

progressive continuum, can be recognised within the Kaoko

Belt specifically:

1. The Thermal Phase produced early metamorphism (M1)

of the Damara Sequence, with no apparent deformation

structures preserved, and occurred prior to development

of the pervasive L –S fabric and matrix mineral

assemblages formed during the Transpressional Phase

of the Damara Orogeny (M2) (Table 1). Relic coarse-

grained M1 porphyroclasts of garnet, biotite, muscovite

and hornblende are deformed, enveloped, boudinaged

and grain-refined by the pervasive L–S fabric, indicating

coarse mineral growth prior to the main deformational

phase. The Thermal Phase is further evidenced by

early hydrothermal quartz ^ K-feldspar ^ calcite ^

muscovite veins in the CKZ and in the WKZ, by

migmatization and granite emplacement with zircon

evaporation minimum ages ranging from 656 ^ 8 to

630 ^ 8 Ma and 580 ^ 3 to 552 ^ 2 Ma (Seth et al.,

1998; Appendix A). All veins, partial melt segregations

and granites are boudinaged, show high degrees of grain-

refinement and develop the regionally pervasive L–S

fabric.

2. The architecture of the Kaoko Belt and almost all

structures and fabrics in it, formed during the intense and

pervasive Transpressional Phase and associated M2

metamorphic cycle (Table 1). This phase involved

progressive deformation, both through time and out-

wards to the orogen margin, from a Wrench-Stage to

Convergent-Stage. Transpressional deformation

occurred subsequent to emplacement of mega-crystic

granites with 580 ^ 3 to 552 ^ 2 Ma minimum ages in

the WKZ (Seth et al., 1998; Appendix A), and prior to

late-stage granites of 530 ^ 3 Ma in the Ugab Zone

(Seth et al., 2000).

3. The Kaoko Belt was moderately reworked in a Short-

ening Phase that buckled the Kaoko Belt at the time that

the Congo and Kalahari Cratons were undergoing high-

angle N–S convergence, resulting in intense pervasive

deformation within the Inland Branch of the Damara

Orogen (Fig. 1). In the Northern Platform (Fig. 1), K–Ar

whole-rock ages from Mulden Group shales give a

deformation age of 535 ^ 13 Ma (Clauer and Kroner,

1979), and syn-tectonic Pb–Zn–Cu mineralization at

Tsumeb gives Pb–Pb model ages from galena of

530 ^ 11 Ma (Kamona et al., 1999). These ages are

coincident with the late-stage granite with 530 ^ 1 Ma

minimum age, emplaced syn-kinematic with the Short-

ening Phase in the Ugab Zone. The main tectonothermal

phase in the Inland Branch is well constrained at 530–

510 Ma (Miller, 1983; Jung et al., 2000), by Sm–Nd

garnet ages and 207Pb/206Pb monazite ages from syn-

kinematic granites and peak metamorphic metapelite

assemblages (Jung et al., 2000). K–Ar whole-rock

cooling ages of 499 ^ 11 and 490 ^ 11 Ma from the

Kaoko Belt and Ugab Zone, respectively (Ahrendt et al.,

1983), indicate that deformation and matrix assemblages

formed prior to this, and cooling through 350 8C occurred

at approximately 500–490 Ma.

5. Damara Orogeny—Transpressional Phase

5.1. Wrench-Stage

5.1.1. Wrench-Stage dominant L–S fabric

The first recognised deformation produced a regionally

extensive, pervasive and intense bedding-parallel L-S fabric

associated with small-scale isoclinal folds throughout the

WKZ, CKZ and EKZ. This earliest and also most pervasive

and intense expression of the Damara Orogeny almost

totally reworked basement, resulting in identical structures

in both basement and cover in the CKZ and WKZ. The

dominant foliation is defined by bedding-parallel schistosity

in the EKZ, schistose alignment of micas and quartz ^

feldspar aggregate ribbons in both the CKZ and low-grade

WKZ, and aligned micas and ductile grain-refined foliation

ranging from proto-mylonitic to ultra-mylonitic in high-

strain zones and throughout high-grade WKZ. The domi-

nant foliation strikes NNW–SSE and is westerly inclined in

almost all domains (Fig. 7) across the Kaoko Belt, being

steep (60–908) in the WKZ, moderate (40–608) in the

western CKZ and shallow (20–408) in the eastern CKZ

(Figs. 8 and 9). Only in the eastern most WKZ, adjacent to

the sub-vertical PMZ, is the dominant foliation steeply

inclined to the east (Figs. 2 and 6).

The dominant stretching lineation is penetrative, region-

ally pervasive and interpreted to represent the principal

relative transport vector (Shackleton and Ries, 1984)

throughout the Wrench-Stage. Dominant stretching linea-

tion is defined by mineral aggregate ribbons of quartz and

feldspar sub-grains, trains of fine micas and aligned mica,

sillimanite and amphibole laths. The dominant stretching

B. Goscombe et al. / Journal of Structural Geology 25 (2003) 1049–1081 1057



lineation is parallel to the long axes of highly stretched

clasts in diamictites and conglomerates and thus represents

the X-axis of the strain ellipsoid. Stretching lineation

orientation is very constant and plunges shallowly (0–308)

to the NNW (and less commonly SSE), parallel to the belt,

throughout the WKZ and the western CKZ (Figs. 8 and 9).

In the eastern CKZ stretching lineations define a spread of

increasing obliquity to the orogen, ranging from NNW- to

W-plunges (Fig. 8). In the steeply inclined strike-slip core of

the orogen (WKZ), stretching lineations are sub-horizontal

and parallel to the orogen and in the shallowly inclined

foreland margin of the orogen (CKZ), stretching lineations

range from oblique to down-dip orientations. This almost

908 swing in stretching lineation orientation is well

illustrated on map-scale (Figs. 1 and 3–6). Boudinage of

early veins and compositional layering is very common in

the Kaoko Belt and the majority formed during layer-

parallel shear, with flattening, associated with formation of

the dominant L–S fabric (Goscombe and Passchier, 2002).

Boudins are enveloped by the dominant foliation and the

extension axis of boudinage is sub-parallel to the stretching

lineation in the host (Goscombe and Passchier, 2002).

Shear sense in the dominant fabric has been determined,

throughout the Kaoko Belt (Figs. 3, 5 and 6), using the

following methods: C- and C0-type shear band cleavages

(Lister and Snoke, 1984; Simpson, 1984), s- and d-type

asymmetric mantled porphyroclasts (Passchier and Simp-

son, 1986), flanking folds (Hudleston, 1989; Passchier,

2001) and trains of asymmetric boudins (Goscombe and

Passchier, 2002). Results are considered reliable because

two or more independent methods were employed at each

locality. Shear sense is consistently sinistral along shallow

lineations throughout the WKZ and CKZ; this is top-to-the-

SSE in the predominantly westerly inclined foliation and

top-to-the-NNE where inclined to the east (Figs. 3, 5 and 6).

Dextral shear sense is documented only in very few

localities in the eastern over-turned limb of the Gap

Antiform and Omapungwe Synform (Figs. 5 and 7). Shear

sense inversion at these localities is due to refolding of the

dominant fabric and associated shear sense indicators,

around fold axes sub-parallel to the early stretching

lineation as described by Goscombe and Trouw (1998).

This simplistic model of mechanical refolding of fabrics

without modification predicts that shear sense inversion

should occur on all overturned limbs in terranes with co-

linear late fold axes and early stretching lineations

(Goscombe and Trouw, 1998), such as the Kaoko Belt.

Inverted shear sense (i.e. dextral) is not universally observed

on all overturned limbs of map-scale Convergent-Stage

folds (Fig. 5), suggesting that the dominant fabric was

reworked by progressive sinistral shear throughout the

entire Transpressional Phase, including during map-scale

Convergent-Stage folding.

The progressive reworking and evolution of the domi-

nant L–S fabric during the Transpressional Phase, as

implied by the regionally homogeneous sense of shear, is

also supported by other observations. A continuous spread

in stretching lineation orientation is apparent in all structural

domains (Figs. 8 and 9), implying development of the L–S

fabric throughout a protracted period of increasing obliquity

of transport. Spatial partitioning of the components of

transpressional strain such as strike-slip and dip-slip

components (Dewey et al., 1998), would produce bimodal

datasets, less continuous than those developed in the Kaoko

Belt (Figs. 8 and 9). The same relationship is documented on

individual outcrop scale, where lineations with different

angles of obliquity are developed on different surfaces in the

dominant foliation. Similar relationships have been

described by Ebert and Hasui (1998) from transpressional

belts in Brazil. Some outcrops preserve a refolded dominant

fabric with an equally intense axial planar foliation that is

co-planar with the pervasive foliation. The pervasive

dominant fabric now observed in the Kaoko Belt, formed

over a protracted period by continual reworking of the

principal form surfaces, and is thus the accumulative sum of

a history of progressive sub-parallel fabric development.

5.1.2. Wrench-Stage folding

The majority of Wrench-Stage strain was accommodated

by layer-parallel shear and fabric development. Folding on

any scale during this stage was not common. The earliest

folds are small-scale (1–20 cm wavelength) rootless,

isoclines with strong axial planar foliations and axes always

parallel to the stretching lineation, plunging shallowly

NNW (Figs. 8 and 9). Uncommonly, early isoclines have

variable orientation in individual outcrops and have curved

hinge lines with sheath like form (Figs. 5 and 6). The

colinearity of fold axes and stretching lineations is common

at high strains and variably interpreted to be due to hinge

migration (Harland, 1971; Berthe and Brun, 1980; Cobbold

and Quinquis, 1980) or folds initially forming at low angles

to the stretching lineation due to differential shear (Ellis,

1986; Holdsworth and Strachan, 1991; Tikoff and Peterson,

1998).

A spectrum of fold geometries formed progressively

throughout the Wrench-Stage. Second generation folds are

uncommon. These are asymmetric, tight, small-scale (5–

30 cm wavelength) folds that refold the dominant L–S

fabric and develop either a spaced axial planar crenulation

cleavage or biotite foliation. Two distinct geometries are

recognised. (1) Early formed folds have axes highly oblique

to the early isoclines and stretching lineations. These plunge

down dip to the W in the western CKZ and to the SW in the

eastern CKZ (Fig. 8). All of these ‘down-dip’ folds have

sinistral fold vergence consistent with sinistral shear of the

dominant foliation surface. (2) Later small-scale folds were

locally developed in the western CKZ and plunge shallowly

north, sub-parallel to the stretching lineation (Fig. 8). These

have W over E fold vergence on both limbs of large-scale

Convergent-Stage overturned folds, also of W over E

vergence, indicating that they were refolded and not

parasitic to these large-scale folds. These indicate that the

B. Goscombe et al. / Journal of Structural Geology 25 (2003) 1049–10811058



Fig. 5. Structural map of the CKZ portion of the central profile, with Wrench-Stage strain estimates (Appendix B) indicated. Strain ratio (R ) is calculated from extension of drawn and shearband boudins

(hexagons and squares respectively) after Goscombe and Passchier (2002), quartz fringes on magnetite (bold square) and average aspect ratio of clasts in conglomerates and diamictites (underlined). Localities

with clasts indicating constrictional strains (Fig. 11) are highlighted by open circles and large font. Shear strain (g ) is calculated from the angle between C0- and S-planes (ellipses) after Ramsay and Graham

(1970) and sheath fold geometry (bold ellipses) after Lacassin and Mattauer (1985). All ultramylonite (.90% grain-refinement) and mylonite shear zones are indicated. Direction of closure and the dip of limbs

of major overturned synforms and antiforms are indicated by arrow symbols.
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Fig. 6. Structural and chrono-stratigraphic map of a portion of the WKZ mapped in detail, with major structures named and Wrench-Stage strain estimates (Appendix B) indicated. Strain ratio (R ) and shear strain

(g ) are calculated and labelled as in Fig. 5. Shear zones labelled as in Fig. 2. Convergent-Stage fold axial traces are sub-parallel to the structural grain but not indicated for clarity.
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earliest expression of W over E transport gave rise to small-

scale folding of the dominant foliation surface immediately

prior to large-scale W over E transport in the Convergent-

Stage.

5.1.3. Wrench-Stage shear zones in the WKZ

The WKZ is dissected into NNW-trending laterally

extensive panels of rock, by a network of crustal-scale, sub-

parallel, steep, sinistral ductile shear zones. The eastern

margin of the WKZ was originally defined as the Purros

Lineament (Miller, 1983). Our mapping has established this

margin to be a steep 4.5-km-wide shear zone consisting

almost entirely of mylonite and ultra-mylonite (Goscombe,

1999d) which we have renamed the Purros Mylonite Zone

(PMZ) (Goscombe, 1998; Goscombe and Hand, 2001). To

the west, the Khumib Mylonite Zone is a sub-vertical

network of at least two mylonite zones each at least 10 m

wide, in the high-grade core (Hoarusib Region) of the WKZ

(Fig. 6). Along strike to the north, the Khumib Mylonite

Zone is a single 20-m-wide mylonite and ultramylonite zone

with numerous sheath folds, that juxtaposes low-grade

Damara Sequence against basement gneisses (Figs. 2 and 6).

Fig. 7. Names of major structures and outline of structural domains referred to in Figs. 8 and 9. (a) Area outlined in Fig. 5. (b) Area outlined in Fig. 6.
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Fig. 8. Lower-hemisphere, equal-angle stereoplots of Transpressional Phase structures in domains from west to east across the CKZ in the area mapped in detail (Fig. 5). Time progresses down the page. Solid

squares—dominant mineral aggregate stretching lineation; open squares—aligned mineral lineation; contoured region—poles to dominant foliation; open circles—plunge of fold axes; solid circles—poles to fold

axial planes. Contours at three, six and nine times uniform distribution of data.

B
.

G
o

sco
m

b
e

et
a

l.
/

Jo
u

rn
a

l
o

f
S

tru
ctu

ra
l

G
eo

lo
g

y
2

5
(2

0
0

3
)

1
0

4
9

–
1

0
8

1
1

0
6

2



To the west two further mylonite zones are inclined 608 to

the west and each juxtaposes Damara Sequence and Pan-

African granite gneisses of successively lower-grade

towards the west (Figs. 2 and 6). The first of these, the

Village Mylonite Zone, is a network of mylonites 1 km

wide, at the margin of a panel dominated by Pan-African

granites. The western-most, Three Palms Mylonite Zone, is

a poorly exposed .100-m-wide mylonite and ultramylonite

zone. Some of these shear zones may be terrane boundaries.

The PMZ is possibly the boundary between Palaeoproter-

ozoic and Mesoproterozoic basements, and the Three Palms

Mylonite Zone is the east margin of the Coastal Terrane

(Fig. 6), a distinctly different Damara Sequence of massive

greywackes devoid of mafics and carbonates.

The PMZ is a crustal-scale, orogen median, ductile shear

zone that can be traced for at least 500 km. Characterized by

extremely high shear strains (g . 10; Fig. 6) that imply

lateral displacement @ 50 km. The PMZ controlled the

architecture of the entire Kaoko Belt and remained active

throughout the whole Transpressional Phase, from early in

the Wrench-Stage to being the root zone of outward vergent

over-folds and nappes in the Convergence-Stage (Fig. 2). In

the central Kaoko Belt region detailed mapping (Figs. 5 and

6) shows the PMZ to be a 4.5-km-wide mylonite zone,

Fig. 9. Lower-hemisphere, equal-angle stereoplots of Transpressional Phase structures in domains from the WKZ (Fig. 6). Time progresses down the page.

Solid squares—dominant mineral aggregate stretching lineation; open squares—aligned mineral lineation; contoured region—poles to dominant foliation;

open circles—plunge of fold axes; solid circles—poles to fold axial planes. Contours at three, six and nine times uniform distribution of data.
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bounded sharply by ultramylonite zones, and containing a

further nine ultramylonite zones, each of 50–100 m in

width. The PMZ is dominated by an intense L–S fabric with

little folding, though sheath folds are documented (Figs. 5

and 6). The orientation of the PMZ and the mylonitic L–S

fabric within it, are parallel to and continuous into the

dominant fabric either in the adjacent WKZ or CKZ.

Mylonites are comprised of statically annealed quartz and

feldspar polygonal granoblastic aggregate ribbons, indicat-

ing the thermal peak and annealing subsequent to shearing.

Ultramylonites consist of .90% matrix of very fine glass-

like aggregate ribbons with contorted flow folds and

isolated, rounded porphyroclasts of feldspar, quartz and

hornblende.

To the south, the eastern bounding ultramylonite of the

PMZ is directly along strike from a 100-m-wide, westerly

inclined (508) ultramylonite zone in the Hoanib traverse that

marks the eastern boundary of mylonites in the WKZ and

Mesoproterozoic basement dated by Seth et al. (1998).

Further south the PMZ is interpreted to continue along strike

to the Ogden Mylonite Zone at the western margin of the

Ugab Zone (Fig. 10; Freyer and Halbich, 1994; Hoffman

et al., 1994). The Ogden Mylonite Zone dips steeply (708)

east, experienced sinistral shear along shallow NNW-

plunging lineations and grain-refined partially melted

greywackes of the Damara Sequence. To the north in the

Orumpembe Region (Fig. 7), the PMZ is a 2-km-wide,

steeply (60–708) west-dipping shear zone containing slivers

of basement and mylonitized Damara Sequence carbonate

and quartzite units and juxtaposes basement against low-

grade Damara Sequence in the west (Fig. 6). The PMZ can

be traced northwards into Angola as a prominent sinistral

shear zone on Landsat images, juxtaposing basement

exposures in the CKZ with Damara Sequence and Pan-

African granites in the WKZ (Fig. 3). Along the entire

length of the PMZ, shear sense is consistently sinistral and

obliquely reverse along shallow NNW-plunging stretching

lineations.

5.1.4. Wrench-Stage bulk strain and flow regime

Pervasive and intense foliations and stretching lineations

suggest high bulk shear strains were experienced throughout

the whole WKZ and CKZ during the Wrench-Stage. Semi-

quantitative measurements of strain intensity were made by

a variety of methods (Appendix B), calculated as strain ratio

(R ) assuming plane strain and shear strain (g ) assuming

simple shear. These are represented spatially across the

Kaoko Belt (Figs. 5 and 6). Elongation of quartz fibre

fringes on magnetite grains (Ramsay and Huber, 1983),

parallel to the stretching lineation in matrix quartz–sericite

schist, give an average strain ratio of 14.5 (Fig. 5). Stretch of

the enveloping surface to boudin trains (Goscombe and

Passchier, 2002) are typically moderate but give strain ratios

up to 36.0 and 23.8 in drawn and shearband boudins,

respectively (Figs. 5 and 6). Aspect ratios of stretched clasts

in conglomerate and diamictite units give minimum

estimates of bulk strain (Appendix B; Figs. 5 and 6). The

principal extension axis (X ) is parallel to the long axes of

clasts and is sub-parallel to the stretching lineation in the

matrix, whereas the Z-axis is orthogonal to the foliation

(containing the X- and Y-axes). The average strain ratio from

each locality ranges from 8.1 to 33.3 (Fig. 5) and shear strain

calculated after the method of Ramsay (1967), assuming

simple shear, ranges from 2.5 to 5.5 (Appendix B). In these

rocks, bulk strain calculations can only be considered

minimum estimates because strain is differentially parti-

tioned between matrix and clast. At opposite ends of the

spectrum, granite clasts give the lowest estimates and

carbonate clasts give estimates closest to the bulk strain

experienced because clast and host are of similar

competence.

Angular relationship between shear bands and the

pervasive foliation (u ) is related to shear strain (g ) by the

relationship g ¼ 2/(tan(2u )) (Ramsay and Graham, 1970).

In the area mapped, u ranges from 11 to 358 and calculated

shear strain ranges from 0.73 to 4.95 with an average g of

2.19 (Appendix B). Schists and mylonites with C0-shear

bands are regionally pervasive and mylonites with coplanar

S–C foliations are common, both indicating shear strains

.2.3 (Burg and Laurent, 1978; Berthe et al., 1979; Ramsay,

1979). Co-linearity of stretching lineations and early fold

axes attests to the high shear strains (g . 10) during the

Wrench-Stage (Berthe and Brun, 1980; Cobbold and

Quinquis, 1980). Sheath folds with long axes parallel to

the stretching lineation are rare in the CKZ and common in

the PMZ and crustal-scale shear zones of the WKZ. Shear

strain estimates from sheath fold geometry using the method

of Lacassin and Mattauer (1985) ranges from 3.7 to 22.7

with an average of 13.3 (Fig. 6). These calculated shear

strains are considered realistic estimates of the bulk strain

experienced by the rock volume. In contrast, most other

methods are minimum estimates, where to varying degrees a

proportion of strain is not recorded because strain is

preferentially partitioned into the enveloping ductile

foliation and not the competent boudins, cobble clasts and

porphyroclasts employed for strain calculations.

These semi-quantitative strain measurements indicate

that bulk strain during development of the dominant L–S

fabric was on the whole high (g ¼ 2–10) across the CKZ

and WKZ (Figs. 5 and 6). Superimposed on this regionally

pervasive high bulk strain are discrete thrusts and shear

zones, with mylonitic to ultramylonitic fabrics, which are

interpreted to have experienced much higher bulk strain (g

up to 23) than background values. In the CKZ most of these

high strain zones are in the vicinity of the contact between

basement and Damara Sequence (Fig. 5). Bulk strain in the

PMZ and other crustal-scale shear zones in the WKZ, was

significantly higher than background strain in the CKZ and

the panels of rock between these shear zones. In these shear

zones, mylonite and ultramylonite fabrics experienced 75–

90% and .90% ductile grain-refinement, respectively, to

fine (0.01–0.2 mm) sub-grain aggregate ribbons and highly
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Fig. 10. Simplified map of the Ugab Zone (southern-most Kaoko Belt) indicating the major chrono-stratigraphic rock units. Dip of the pervasive axial planar foliation is indicated. For clarity, only select

Transpression Phase folds are indicated and their vergence illustrated by the overturned synform and antiform symbols (Fig. 5). Stretching lineations are rare in the Ugab Zone, upper-plate transport direction at

these localities are indicated using the same symbol as in Fig. 3. Map sourced from Miller and Grote (1988), Hoffman et al. (1994) and the authors work. OMZ—Ogden Mylonite Zone, the southern lateral

extension of the PMZ.
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elongate sheath folds are common, documenting shear

strains of up to 23 (Fig. 6).

The Wrench-Stage pervasive L–S fabric formed in a

non-coaxial shear environment. Non-coaxial shear is

indicated by the colinearity of fold axes and stretching

lineations, sheath folds (Berthe and Brun, 1980; Cobbold

and Quinquis, 1980), regionally consistent sinistral sense of

shear and pronounced monoclinic asymmetry of developed

structures (composite foliations, boudins, mantled porphyr-

oclasts and asymmetric folds). These features indicate that

pure shear did not dominate in the Wrench-Stage when the

L–S fabric was forming. In contrast, Convergent-Stage

structures in the CKZ and WKZ (nappes, asymmetric

overfolds, tight upright folds, crenulations and thrusts) also

indicate an overall non-coaxial shear environment, but with

a significant component of pure shear. This evolution

towards more flattening strains in the Convergent-Stage is

illustrated by the aspect ratios of stretched clasts in

conglomerates and diamictites. Plotted in a Flynn diagram,

the clast data outlines a large continuous spread from

flattening to constrictional strains, with most data clustering

around plane strain and into the flattening field (Fig. 11).

The highly constrictional and highly flattening strains

recorded are the result of further modification of clast

shapes during Convergent-Stage reworking. Apparent

constrictional strains are documented in only four localities;

all of these occur in the hinge zones of large-scale

Convergent-Stage synforms (Fig. 5). In hinge zones, the

Wrench-Stage Y-axis of the deformed clasts was closely

aligned with the Convergence-Stage Z-axis, and shortening

along this axis produced modified prolate clast shapes

(Fig. 11). Localities on the limbs of Convergent-Stage folds

experienced further shortening along an axis similar to the

earlier Z-axis, further enhancing oblate clasts shapes and

enlarging the flattening strain field (Fig. 11).

5.1.5. Basement/cover relationships

Basement/cover relationships differ significantly across

the belt. In the high-grade internal part of orogen (WKZ and

CKZ) basement and cover rocks are deformed similarly.

Only in the foreland (EKZ) is a distinct contrast in

deformation style developed; between weakly reworked

coarse gneissic basement and strongly foliated Damara

Sequence. Nevertheless, the unconformity was rarely

reactivated as a high-strain shear discontinuity during the

Damara Orogeny. The eastern-most basement/cover contact

in the CKZ (i.e. eastern limb of the Tsongwari synform;

Fig. 5) preserves its unconformable nature regionally

throughout the Kaoko Belt, including discontinuous granite

gravel regolith. Westward throughout the CKZ and WKZ,

the basement/cover contact can be considered a ductilely

sheared unconformity, with similar strain intensity at the

unconformity surface as throughout the adjacent basement

and cover rock masses. Reworking of basement was intense

and the regionally pervasive L–S fabric is developed

throughout (Fig. 5), indicating that deformation of basement

and cover was linked and the unconformity did not operate

as a strain discontinuity. This resulted in both basement and

cover in the CKZ and WKZ being similarly deformed

throughout the Damara Orogeny and the unconformity

being folded in the Convergent-Stage. High-strain shear

zones and thrusts slivers at, or in the vicinity of, the

basement/cover unconformity have been recognised within

the Gomatum Synform and western margin of the

Omatumba Antiform, but are not characteristic of this

contact (Figs. 2, 5 and 6).

5.2. Convergent-Stage

5.2.1. Convergent-Stage folds

Map-scale (kilometre-scale wavelength), shallow-plun-

ging, inclined, east vergent nappe and asymmetric folds

dominate the structure of the Kaoko Belt (Figs. 5 and 12),

and are characteristic of the Convergent-Stage of defor-

mation late in the Transpressional Phase. Both map-scale

nappes and associated parasitic mesoscopic folds are

asymmetric, tight to isoclinal, ‘similar’ folds with curved

Fig. 11. Flynn diagram of clast aspect ratios from deformed conglomerate

and diamictite localities. Solid dots are individual clasts and open circles

are averages representing a specific locality (Appendix B). Dark shading—

majority of the data, represents typical Wrench-Stage strain. Pale shading—

field of extreme clast shapes, possibly modified by reworking in the

Convergence-Stage (see text).

B. Goscombe et al. / Journal of Structural Geology 25 (2003) 1049–10811066



hinges that refold early isoclines, drag folds and the

pervasive L–S fabric. Convergent-Stage folds have shallow

(0–308) plunges to the N to NW and SW (Figs. 8, 9 and 13),

are co-linear to the Wrench-Stage isoclines (Figs. 8 and 9)

and the belt in general. As such they are typical of

transpressional belts (Harland, 1971; Haq and Davis, 1997;

Tikoff and Peterson, 1998). Convergent-Stage folds display

a trend across the belt from NW-plunges in the WKZ

(Fig. 9), N-plunges in the western CKZ, N- and SW-plunges

in the eastern CKZ (Fig. 8) and horizontal to S-plunges in

the EKZ (Fig. 13). Similarly, fold inclination varies

systematically across the Kaoko Belt, defining a gross

architecture of a steeply divergent flower structure in the

core of the orogen. This is centred on the PMZ, with

progessively shallower, west-inclined and east-vergent

nappes in the eastern CKZ (Fig. 2). Convergent-Stage

folds are inclined 60–808 west in the Coastal Terrane,

inclined 60–908 to both the east and west in the eastern

WKZ (Fig. 9), ranging from 40–808 to 20–508 westerly

inclination across the CKZ (Fig. 8) and sub-vertical

(60–908) with both east and west inclination in the EKZ

(Fig. 13).

Convergent-Stage folds in the high-grade WKZ develop

a weak axial planar mica foliation and uncommonly have

thin (0.5–3 cm) axial planar partial melt segregations, but

are otherwise too coarse-grained to develop crenulation

cleavages. In the CKZ, a new axial planar schistosity was

not developed but crenulation cleavages are common.

Discrete crenulation cleavages are developed only where

Fig. 13. Lower-hemisphere, equal-angle stereoplots of deformation

structures in the EKZ (Fig. 12). Data sourced from authors work,

unpublished maps and literature, principally Guj (1970). Solid squares—

poles to thrusts; open squares—stretching lineations; contoured region—

poles to bedding; open circles—plunge of fold axes; solid circles—poles to

fold axial planes. Contours at three, six and nine times uniform distribution

of data.

Fig. 12. Simplified map of the axial trace of major folds throughout the

entire Kaoko Belt in Namibia. Tight to isoclinal folds from the

Transpressional Phase are distinguished from late-stage, upright open to

close Shortening Phase folds. Data sourced from authors work, unpublished

maps and literature.
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axial surfaces are sufficiently oblique to the early schistosic

foliation. A wide range in orientation of weak, spaced

crenulation cleavages formed as progressive folding rotated

the dominant foliation through the stress field and into

orientations conducive to crenulation (Fig. 8). Crenulation

lineations are sub-parallel to all scales of Convergent-Stage

folds and earlier formed stretching lineations and isoclines

(Figs. 8, 9 and 13). In the low-grade WKZ, the tight to

isoclinal Convergence-Stage folds have spaced axial planar

foliation seams at a low-angle to the early schistosity. These

seams have shear band-like geometries and display

consistently sinistral shear sense, indicating that Conver-

gent-Stage folding in the WKZ accompanied sinistral

transpressional strain.

Convergent-Stage folds in the CKZ and WKZ are

interpreted to have formed in a non-coaxial shear environ-

ment, as indicated by their consistent asymmetry in the

profile plane and formation of crenulation cleavages with

sinistral shear band geometries. These folds are moderately

to steeply inclined, have axes normal to the inferred

transport direction (see below) and consistent fold asym-

metry vergence and nappe style indicate both significant

dip-slip non-coaxial shear and flattening strains. In contrast,

Convergent-Stage folding in the EKZ formed by pure shear

shortening, producing kilometre-scale wavelength, upright

and symmetric cylindrical folds with sub-vertical crenula-

tion cleavages and horizontal N–S axes (Fig. 13). The Ugab

Zone is dominated by two heterogeneously partitioned

generations of colinear and horizontal, tight and asymmetric

map-scale folds that are typically steeply inclined and verge

both to the east and west (Figs. 1, 10 and 14; Coward, 1981;

Weber and Ahrendt, 1983; Hoffman et al., 1994). These N–

S-trending folds formed without involvement of basement,

during NW–SE transpression and E–W shortening in the

Convergent-Stage (Freyer and Halbich, 1994).

Mineral lineations defined by aligned coarse-grained

hornblende and biotite laths are sparsely developed

throughout the CKZ and WKZ. Where developed, these

mineral lineations post-date the strong mineral aggregate

stretching lineation and plunge down-dip to the W to WNW.

Wrench-Stage mineral aggregate lineations and Conver-

gent-Stage aligned mineral laths overlap in orientation

(Figs. 6 and 8), indicating progressive deformation through

both stages of the Transpressional Phase. Aligned mineral

laths are the latest-formed, texturally recognizable end-

member in the progressive development of stretching

lineations, evolving from sub-horizontal to higher angles

of obliquity through the Wrench-Stage and into the

Convergent-Stage (Figs. 8 and 9). Aligned mineral lath

lineations are developed at high angles to the axes of

Convergent-Stage folds and represent the axis of maximum

extension at this stage. Consequently, the aligned mineral

laths define the vector of tectonic transport during west-

over-east transport and development of nappe folds during

high-angle convergence across the Kaoko Belt late in the

sinistral Transpressional Phase.

Tectonic transport in the Convergent-Stage, was approxi-

mately orthogonal to the orogen-parallel stretching linea-

tions in the Wrench-Stage. These two end-member strain

states are recorded both by stretching lineation populations

(see above) and by boudin train geometries. The vast

majority of boudins developed in the Kaoko Belt (88%)

have extension axes (orthogonal to the boudin long axis

within the enveloping foliation; Goscombe and Passchier,

2002) sub-parallel to the Wrench-Stage stretching linea-

tions, and formed during development of the dominant

fabric. A distinct boudin sub-population (12%) has exten-

sion axes orthogonal to the Wrench-Stage boudins and sub-

parallel to the inferred E–W-trending Convergent-Stage

transport direction (Goscombe and Passchier, 2002). These

formed in two distinct structural settings; as foliation-

parallel boudin trains on the long limbs of asymmetric folds

and as foliation-oblique boudin trains in over-turned limbs.

Therefore, lineation populations, fold geometries and

Fig. 14. Lower-hemisphere, equal-angle stereoplots of deformation

structures in the Ugab Zone (Fig. 10). Data sourced from authors work.

Contoured regions—poles to bedding or pervasive foliation; open circles—

plunge of fold axes; solid circles—poles to fold axial planes. Contours at

three, six and nine times uniform distribution of data.
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boudin train populations all confirm that there were two

temporally sequential and geometrically distinct end-

member strain states bracketing the progressive Transpres-

sional Phase of orogenesis.

5.2.2. Convergent-Stage thrusts

EKZ folds were progressively tightened into box-shaped

profiles with late-stage cleavages, folds and thrusts devel-

oped, indicating progressive shortening late in the Con-

vergent-Stage in the EKZ. The western margin of the EKZ

is a network of brittle thrusts called the Sesfontain Thrust

(Guj, 1970; Hoffman et al., 1994). These strike NNW, are

inclined 15–458 west and have WNW-plunging slickenlines

(Fig. 13) indicating high-angle oblique WNW over ESE

thrusting. The eastern-most CKZ and western-most EKZ

have late-formed, strongly developed shallow west-inclined

crenulation cleavages, indicating that the Sesfontain Thrust

formed by brittle failure late in a continuum of west-over-

east ductile transport. Progressive E–W shortening of the

EKZ further tightened the synclinorium of Mulden Group

molasse, resulting in a broad divergent structure represent-

ing an inverted flower structure (Fig. 2). The eastern margin

of this structure, developed shallow east-inclined, late-stage

crenulation cleavages with east-over-west vergence (Fig.

13) and steep, east-dipping brittle thrust faults and thrust-

related box-shaped hinges in the thick carbonate sequences

(Hoffman et al., 1994).

6. Damara Orogeny—Shortening Phase

A later phase of deformation, entirely distinct from the

Transpressional Phase, involved minor N–S shortening

strain resulting in large-scale (5–50 km wavelength)

upright buckling of the central Kaoko Belt (Fig. 12).

These upright E-trending folds gave rise to interference

patterns with oppositely plunging culminations of Con-

vergent-Stage nappes and overfolds (Figs. 3–5). Meso-

scopic Shortening Phase folds are rare and occur as upright,

open to close folding of the dominant L–S fabric around

typically rounded hinges of 2–1000 cm wavelength. No

axial planar foliation was developed. Axial surfaces are

vertical and trend ENE to ESE with axes plunging 15–558

towards the west. Despite the low-angle between the trace of

pre-existing foliations and axis of N–S shortening during

the Shortening Phase, kinkbands are surprisingly rare

throughout the whole Kaoko Belt. Those present in the

Kaoko Belt have 1–30 cm width, with steep, sinistral

kinkbands trending NE and dextral kinkbands trending NW,

in response to sub-horizontal N–S s1. In the Ugab Zone

kinkbands are steep, have 1–10 cm width, with dextral

kinkbands trending NW and sinistral kinkbands trending

ENE, in response to sub-horizontal NNE-SSW s1.

Shortening Phase strain was greatest at the northeastern

and southern margins of the Kaoko Belt, within the Kunene

and Ugab Zones (Fig. 12), where the structures developed

are significantly different to those in the central Kaoko Belt

region. The dominant structures developed in the Kunene

Zone (Fig. 12) and Northern Platform of the Inland Branch

(Fig. 1) are kilometre-scale, upright, E- to ESE-trending

tight to open cylindrical folds with horizontal axes (Figs. 12

and 15). In these regions, expressions of the earlier

Transpressional Phase are insignificant. Shortening Phase

folds dominate and have significantly tighter inter-limb

angles and shorter wavelength, indicating higher N-tending

shortening strain than experienced in the central Kaoko Belt

region. Shortening Phase, greenschist facies, 20–400-m-

wide retrograde shear zones are only developed in the

Kunene Zone. These are tabular, have consitent ESE-trends,

dip 808 south (Fig. 15) and have reverse movements along

sub-vertical stretching lineations giving palaeo-stress sol-

utions with horizontal NE–SW-trending s1 (Goscombe,

1999a).

Shortening Phase folds in the Ugab Zone have E- to

ENE-trending, steep axial surfaces, similar to those

elsewhere in the Kaoko Belt (Figs. 12 and 14; Weber

and Ahrendt, 1983; Freyer and Halbich, 1994; Hoffman

et al., 1994). These folds differ by having sub-vertical axes

and fold asymmetry with sinistral vergence, consistent

with the N–S shortening axis. Shortening Phase strain

was also heterogeneously partitioned into 5-km-wide,

Fig. 15. Lower-hemisphere, equal-angle stereoplots of deformation

structures in the Kunene Zone (Fig. 12). Data sourced from authors work

and unpublished maps. Solid squares—poles to retrograde shear zones;

open squares—stretching lineations; contoured region—poles to bedding;

open circles—plunge of fold axes; solid circles—poles to fold axial planes.

Contours at three, six and nine times uniform distribution of data.
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NE–SW-trending higher strain zones containing open to

tight map-scale and mesoscopic folds with steep NE- to E-

trending axial surfaces and crenulation cleavages. The

aureoles of syn-tectonic granites contain a micaceous

schistosity of NE-strike (Fig. 14).

The Transpressional Phase deformation regime involved

non-coaxial shear and a significant lateral movement

component resulting from south-directed transport of the

outboard Brazilian Plate. In contrast, the Shortening Phase

involved N–S shortening in a pure shear environment with

little non-coaxial shear component. Change in the defor-

mation regime was due to a reorganisation of the Damara

Orogeny on crustal plate scale. Strain during the Shortening

Phase was heterogeneously partitioned throughout the

Kaoko Belt, with only minimal reworking in the central

Kaoko Belt region but strong deformation in the Kunene

Zone and Ugab Zone. At this time, the deformation front

had moved to the south and east and is correlated with the

main orogenic phase in the Inland Branch, resulting from

high-angle convergence of the Congo and Kalahari Cratons

(Fig. 1; Coward, 1983; Freyer and Halbich, 1994).

7. Discussion

7.1. Spatial and temporal progression in deformation across

the Kaoko Belt

There is a continually smooth transition from orogen-

parallel lineations in the orogen core to higher-angle oblique

lineations on the margin of the Kaoko Belt (Figs. 3, 5 and 6).

This is a feature in common with and typical of mid-crustal

transpressional orogens (Shackleton and Ries, 1984; Bale

and Brun, 1989; Holdsworth and Strachan, 1991; Ebert and

Hasui, 1998). Continuous symmetrical partitioning (Dewey

et al., 1998) with orogen-median, high-strain strike-slip

shear zones such as the PMZ are also typical (Bale and

Brun, 1989; Soper et al., 1992; Robin and Cruden, 1994;

Tikoff and Teyssier, 1994; Camacho and McDougall, 2000)

and represented by median transcurrent brittle fault systems

in the upper-crust (Teyssier and Tikoff, 1998). The

alternative scenarios of discontinuous strain partitioning

(Dewey et al., 1998) or transpressional orogens with

alternating panels of contemporaneous strike-slip versus

thrust movements or shear versus flattening fabrics (Solar

and Brown, 2001) are apparently less common.

An approximately 908 swing in stretching lineations

across the different zones of the Kaoko Belt from strike-slip

shear zones in the WKZ to over-thrusting onto the foreland

margin reflects both a spatial and temporal progression in

the reorientation of the tectonic transport direction during

the Transpressional Phase. Deformation progressed from

NNW–SSE-trending strike-slip movements to NW over SE

oblique transpression in the Wrench-Stage to ultimately

high-angle W over E transport and formation of large-scale

over-folds and nappes in the latter Convergent-Stage

(Fig. 16). This same progression is represented spatially

from the orogen core to the foreland margin (Fig. 16). This

temporal and spatial progression in deformation is also

recognised in the Ugab Zone where second generation

Transpressional Phase folds are dominant in the eastern

margin (Figs. 10 and 17). Consequently, the horizontal and

vertical stretch components of transpression (Dewey et al.,

1998) are spread out over time through a continuous

spectrum. Principal form surfaces that developed early in

the Wrench-Stage were continually reworked during

progressive deformation. Strain was continuously parti-

tioned into the steep strike-slip shear zones in the orogen

core (WKZ), even during Convergent-Stage nappe for-

mation in the CKZ. These crustal-scale shear zones

remained steep planar structures and were not folded by

the nappe folds. Indeed Convergent-Stage over-folding and

nappe development is fed by the continual reworking of the

pervasive fabric in the shear zones. Consequently, the

conventional temporal labelling of structures of distinct

geometric style breaks down in the Kaoko Belt, because the

regionally pervasive fabric was progressively reworked and

continued to evolve throughout the formation of nappes and

overfolds, that elsewhere (i.e. in the CKZ) fold the pervasive

fabric.

Despite a temporal and spatial continuum in defor-

mation and common structural history across the orogen,

each tectonic zone is characterized by a distinct deforma-

tional style (Fig. 16). The core of the orogen, centred on

the WKZ, is characterized by steep foliations, sinistral

strike-slip movements and a very low-angle of oblique

convergence and acts as a corridor of continuous

deformation that feeds the margins of deformation in the

CKZ and EKZ. The CKZ is characterized by large-scale

refolding of the pervasive L – S fabric. Large-scale

asymmetric folds and nappes with sub-horizontal axes all

verge outwards onto the foreland in the east. This simple

end-geometry formed through an evolving deformation

regime from initiation in a wrench regime producing the

L – S fabric, through progressively higher angles of

convergence indicated by latest formed stretching linea-

tions at higher angles to the orogen (Fig. 16).

The EKZ responded differently to Transpressional Phase

orogenesis, is of much lower metamorphic grade and

comprised of cratonic basement and platform carbonate

sequence. It is therefore rheologically contrasted with the

more mobile internal zones of the Kaoko Belt. Similar to

Wrench-Stage fabrics in the rest of the Kaoko Belt, the EKZ

also developed an early layer-parallel foliation with rare

associated isoclines, but there is no strong linear component

or evidence for intense non-coaxial shear. In contrast,

deformation of the EKZ is dominated by later Convergent-

Stage pure shear flattening at a high-angle to the length of

the belt (Fig. 16). The deformation front of the belt

progressed outwards from the earliest formed Wrench-

Stage dominated core of the orogen to deformation being

progressively later formed towards the margin and
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Fig. 16. Block diagrams illustrating the structural style and relationships between structural elements in each of the principal zones from east to west across the

central Kaoko Belt. Arrows indicate components of transport during the Transpressional Phase. Shear zone abbreviations as in Fig. 2.
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ultimately dominated by the later Convergent-Stage in the

EKZ. Spatial progression of the deformation front and

increasing dominance of successive stages in the temporal

progression of deformation, across the belt (Figs. 16 and

17), implies that the width of the orogen increased outwards

from the core as the Kaoko Belt evolved (cf. Robin and

Cruden, 1994).

7.2. Regional implications

The Kaoko Belt illustrates three distinct deformation

regimes in a rather protracted Pan-African Damara Orogeny:

(1) an early Thermal Phase (M1) apparently either without

pervasive deformation or entirely obscured by subsequent

deformations; (2) high-strain pervasive deformation and

Fig. 17. Block diagrams illustrating the structural style and relationships between structural elements in the bounding marginal zones of the Kaoko Belt, the

Kunene Zone in the northeast and the Ugab Zone in the south. Based on mapping and observations by the authors in both regions (Fig. 10). For clarity, arrows

indicate components of main phase transport only in the respective regions: white—Transpressional Phase (dominant in the Ugab Zone); shaded—Shortening

Phase (dominant in the Kunene Zone).
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metamorphic overprint (M2) during the sinistral oblique

Transpressional Phase; and (3) late-stage N–S shortening

along the length of the belt. Analysis of the entire Kaoko

Belt region recognises zones in which the three phases of the

Damara Orogeny have been differentially partitioned. With

extrapolation, these results give insights into the defor-

mation history on a gross-scale for the entire Damara

orogenic system. There has been speculation for a long time

on how the geometry of the triple junction of the Damara

Orogen operated during orogenesis. In particular, debate has

centred on the relative timing of orogenesis/convergence of

the three branches (Barnes and Sawyer, 1980; Coward,

1981, 1983; Porada et al., 1983; Hartnady et al., 1985, 1989;

Dürr and Dingeldey, 1996). The outlined tectonothermal

evolution of the Kaoko Belt can be correlated across the

other crustal elements of the Damara Orogen, giving a

coherent picture of crustal plate movements during the Pan-

African Damara Orogeny. Evolution of the Kaoko Belt

within the regional context precludes that all three arms of

the Damara Orogen were deforming equally (in strain

intensity and structural style) during any coeval deforma-

tional phase. Thus the triple junction geometry is the result

of superimposed orogenic periods with distinct strain

regimes and interacting plate geometries.

The Thermal Phase is recognised by early sheared

granitoids with minumum ages of 656–630 and 580–

552 Ma in the WKZ (Dingeldey, 1997; Seth et al., 1998) and

650–630 and 610–550 Ma in the Central Zone of the Inland

Branch (i.e. Kröner, 1982; Miller, 1983). In the Kaoko Belt,

deformation structures and mineral parageneses from the

Thermal Phase were almost totally obliterated during

subsequent intense deformation. In the Gariep Belt the

Thermal Phase may be represented by the early subduction

and closure phase at 576–573 Ma (Frimmel and Frank,

1998). Peak deformation, metamorphism and granite

emplacement in the Dom Feliciano Belt in Brazil occurred

in this period (Chemale et al., 1995; Da Silva et al., 1997).

This early thermal and magmatic phase was apparently

restricted to the core of the Damara Orogen, such as the

western margins of the coastal arms and the Central Zone of

the Inland Branch, and is absent from the Barrovian fold and

thrust belt foreland margins. The tectonic environment of

the Thermal Phase is poorly understood because early

kinematic indicators and mineral parageneses are largely

obliterated and beyond the scope of this paper.

Transpressional Phase SSE-directed oblique transport

progressing to high-angle convergence onto the foreland, is

recognised in both the Kaoko Belt and Gariep Belt (Gresse,

1994) coastal arms of the Damara Orogen. Sinistral

transpression and the accompanying metamorphic overprint

(M2), occurred at much the same time in both coastal belts,

approximately between 580 and 530 Ma (Frimmel, 1998;

Frimmel and Frank, 1998; Seth et al., 1998). Progression

from Wrench-Stage low-angle convergence to high-angle

W over E transport in the Convergent-Stage is evident in the

coastal arms. Identical deformation regime, transport vector

and timing imply that the two coastal belts were contiguous

and that the Congo and Kalahari Cratons were not widely

separated at this time. This supports the view that closure of

the inferred ocean basin along the site of the Inland Branch

occurred early, at approximately 650 Ma as argued on

stratigraphic grounds (Miller, 1983; Hoffman, 1994). The

Central Zone of the Inland Branch also experienced

orogenesis at the same time as the Transpressional Phase

in the coastal arms. Granites of 570–540 Ma age (Kröner,

1982; Miller, 1983) are widespread in the Central Zone and

early E–W-trending stretching lineations pre-date N–S

convergence in the Shortening Phase (Coward, 1981;

Oliver, 1994). Consequently, the entire western margin of

the Damara Orogen experienced orogenesis during the

Transpressional Phase, suggesting that the Congo and

Kalahai Cratons acted as one contiguous continental plate

with the outboard, obliquely colliding Rio De La Plata

Craton in the west.

During the final Shortening Phase of the Damara

Orogeny, the deformation front moved from the western

margin, to within the African Plate, with N–S convergence

between the Congo and Kalahai Cratons (Coward, 1983;

Miller, 1983). Strain was very high within the Inland Branch

(Coward, 1983; Miller, 1983; Oliver, 1994). Stretching

lineations, tectonic transport directions and foreland-

directed thrusting and over-folding at both margins of the

Inland Branch are consistent with N–S to NNE–SSW

convergence between the Congo and Kalahari Cratons

(Coward, 1983; Miller, 1983). In contrast, the overprinting

N–S shortening was minor in both coastal arms. However,

moderate strains and upright folding was experienced at the

terminations of the Kaoko Belt; the Kunene Zone in the

northeast and Ugab Zone in the south (Figs. 12 and 17) and

in the Northern Platform (Hedberg, 1979). N–S shortening

of the Kaoko Belt occurred at some stage subsequent to

shearing of WKZ granites with minimum ages between 580

and 552 Ma (Seth et al., 1998), and accompanied emplace-

ment of the 530 Ma age syn-Shortening Phase granite in

the Ugab Zone (Seth et al., 2000). Peak metamorphic

parageneses, pervasive granite emplacement and the

main phase of deformation in the Inland Branch

occurred between 535 and 510 Ma (Miller, 1983;

Oliver, 1994; Trompette, 1997; Jung et al., 2000).

These age constraints and structural overprinting

relationships in the Kaoko Belt (this paper) and

elsewhere (Coward, 1981, 1983; Miller, 1983; Freyer

and Halbich, 1994; Frimmel, 1998), constrain main

phase N–S convergence in the Inland Branch to have

occurred some 40–50 Ma after transpressional orogen-

esis in the coastal branches. The timing of N–S

convergence between the Congo and Kalahari Cratons

was remarkably consistent throughout the entire PAOS

(Fig. 1), from the Inland Branch of the Damara Orogen,

through the southern Lufilian Arc and Zambezi Belts

into the Mozambique Belt in the west (Goscombe et al.,

1998, 2000).
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Appendix A

Summary of all geochronological data available from the Kaoko Belt and northern Namibia region

Terrane Location Stratigraphic unit Rock-type Method Age (Ma) Interpretation Reference

Epupa Complex Ruacana Falls Epupa Metamorphic Complex Granitic orthogneiss U–Pb concordant (zircon) 1795 þ 33/ 2 29 Emplacement age (1) Tegtmeyer and Kroner, 1985

Kamanjab Inlier Franzfontein Franzfontein Granite Suite Granite Rb–Sr (WR) 1547 ^ 20 Emplacement age? (2) Burger et al., 1976

Kamanjab Inlier Franzfontein Franzfontein Granite Suite Granite Rb–Sr (WR) 1580 ^ 20 Deformation age (2) Burger et al., 1976

Kamanjab Inlier Franzfontein Franzfontein Granite Suite Granite Rb–Sr (WR) 1800 ^ 80 Emplacement age (2) Burger et al., 1976

Kamanjab Inlier North Namibia Huab Complex Granitic orthogneiss U–Pb concordant (zircon) 1811 þ 39/ 2 35 Emplacement age (1) Tegtmeyer and Kroner, 1985

Kamanjab Inlier North Namibia Huab Complex Granitic orthogneiss U–Pb concordant (zircon) 1749 þ 78/ 2 70 Emplacement age (1) Tegtmeyer and Kroner, 1985

WKZ Hoanib River Pan-African granitoid Orthogneiss U–Pb SHRIMP (zircon) 565 ^ 13 Emplacement age (3) Seth et al., 1998

WKZ Hoanib River Pan-African granitoid Orthogneiss Pb–Pb evaporation (zircon) 563.8 ^ 1.5 Emplacement age (3) Seth et al., 1998

WKZ Hoanib River Pan-African granitoid Orthogneiss U–Pb SHRIMP (zircon) 656 ^ 8 Emplacement age (3) Seth et al., 1998

WKZ Hoanib River Pan-African granitoid Orthogneiss Pb–Pb evaporation (zircon) 567.2 ^ 1.5 Emplacement minimum age (3) Seth et al., 1998

WKZ Hoanib River Pan-African granitoid Granitic orthogneiss Pb–Pb evaporation (zircon) 551.9 ^ 1.5 Emplacement minimum age (3) Seth et al., 1998

WKZ Hoanib River Pan-African granitoid Granitic orthogneiss U–Pb SHRIMP (zircon) 580 ^ 3 Emplacement age (3) Seth et al., 1998

WKZ Hoanib River Pan-African granitoid Granitic orthogneiss U–Pb SHRIMP (zircon) 630 ^ 8 Emplacement age (3) Seth et al., 1998

WKZ Skeleton Coast Cretaceous dyke Dolerite dyke Ar–Ar versus K–Ar isochron 134.2 ^ 0.9 Emplacement age (4) Siendner and Mitchell, 1976

WKZ Hoanib River Mesoproterozoic Basement Orthogneiss U–Pb SHRIMP (zircon) 1507 ^ 16 Upper concordia intercept age (3) Seth et al., 1998

WKZ Hoanib River Mesooproterozoic Basement Orthogneiss Pb–Pb evaporation (zircon) 1335.4 ^ 0.9 Emplacement age? (3) Seth et al., 1998

WKZ Hoanib River Mesoproterozoic Basement Orthogneiss U–Pb SHRIMP (zircon) 578 ^ 57 Lower concordia intercept age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss U–Pb SHRIMP (zircon) 2605 ^ 11 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss U–Pb SHRIMP (zircon) 2287 ^ 10 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss U–Pb SHRIMP (zircon) 1985 ^ 23 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss U–Pb SHRIMP (zircon) 2645 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss U–Pb SHRIMP (zircon) 1961 ^ 4 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss Pb–Pb evaporation (zircon) 2584.6 ^ 0.4 Emplacement minimum age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss Pb–Pb evaporation (zircon) 2584.2 ^ 0.6 Emplacement minimum age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss Pb–Pb evaporation (zircon) 2605.8 ^ 0.6 Emplacement minimum age (3) Seth et al., 1998

CKZ Hoanib River Andib Archaean Basement Orthogneiss U–Pb SHRIMP (zircon) 2616 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Palaeoproterozoic Basement Orthogneiss U–Pb SHRIMP (zircon) 1972 ^ 7 Emplacement age (3) Seth et al., 1998

CKZ Hoanib River Palaeoproterozoic Basement Orthogneiss U–Pb SHRIMP (zircon) 1971 ^ 7 Emplacement age (3) Seth et al., 1998

CKZ Sesfontein area Khomas Subgroup White mica schist K–Ar (WR) 465 ^ 12 Cooling or deformation age (5) Ahrendt et al., 1983

CKZ Sesfontein area Nosib Group White mica schist K–Ar (WR) 494 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

CKZ Sesfontein area Nosib Group White mica schist K–Ar (WR) 499 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group White mica schist K–Ar (WR) 479 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group Mu–bi–chl schist K–Ar (WR) 454 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group Mu–bi–chl schist K–Ar (WR) 442 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group Mu–bi–chl schist K–Ar (WR) 463 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group Mu–bi–chl schist K–Ar (WR) 459 ^ 12 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group White mica shist K–Ar (WR) 487 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group Mu–bi–chl schist K–Ar (WR) 469 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Mulden Group Mu–bi–chl schist K–Ar (WR) 460 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

EKZ Sesfontein area Tsumeb Subgroup Mu–bi–chl schist K–Ar (WR) 460 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Huab River mouth Pan-African granitoid Granite U–Pb concordant (zircon) 570 ^ 20 Emplacement age (6) Miller and Burger, 1983

Ugab Zone Voetspoor Intrusion Pan-African granitoid Syenite Pb–Pb evapouration (zircon) 530 ^ 3 Emplacement age (13) Seth et al., 2000

Ugab Zone Toscanini borehole Mulden Group Mu–bi–chl schist K–Ar (WR) 380 ^ 10 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Toscanini borehole Mulden Group Mu–bi–chl schist K–Ar (WR) 427 ^ 10 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Toscanini borehole Mulden Group Mu–bi–chl schist K–Ar (WR) 428 ^ 10 Cooling or deformation age (5) Ahrendt et al., 1983
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Appendix A (continued)

Terrane Location Stratigraphic unit Rock-type Method Age (Ma) Interpretation Reference

Ugab Zone Brandberg West Khomas Subgroup Mu–bi–chl schist K–Ar (WR) 422 ^ 10 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Brandberg West Khomas Subgroup Mu–bi–chl schist K–Ar (WR) 418 ^ 10 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Brandberg West Khomas Subgroup Mu–bi–chl schist K–Ar (WR) 431 ^ 10 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Brandberg West Khomas Subgroup White mica schist K–Ar (WR) 490 ^ 11 Cooling or deformation age (5) Ahrendt et al., 1983

Ugab Zone Doros area Late-tect, Salem type Late-tectonic syenite Rb–Sr (WR) 573 ^ 33 Emplacement age (7) Kröner, 1982

Ugab Zone Ugab River (10m) Damara Sequence Meta-sediment Fission track (apatite) 109.8 ^ 3.5 Cooling age (8) Brown et al., 1990

Ugab Zone Ugab River (0m) Damara Sequence Meta-sediment Fission track (apatite) 106.8 ^ 3.9 Cooling age (8) Brown et al., 1990

Ugab Zone Ugab River (440m) Damara Sequence Meta-sediment Fission track (apatite) 91.0 ^ 2.5 Cooling age (8) Brown et al., 1990

Ugab Zone Ugab River (660m) Damara Sequence Meta-sediment Fission track (apatite) 100.8 ^ 5.3 Cooling age (8) Brown et al., 1990

Ugab Zone Ugab River (790m) Damara Sequence Meta-sediment Fission track (apatite) 81.4 ^ 3.5 Cooling age (8) Brown et al., 1990

Ugab Zone Ugab River (690m) Damara Sequence Meta-sediment Fission track (apatite) 81.0 ^ 2.9 Cooling age (8) Brown et al., 1990

Ugab Zone Ugab River (1570m) Damara Sequence Meta-sediment Fission track (apatite) 90.7 ^ 3.8 Cooling age (8) Brown et al., 1990

Ugab Zone Cape Cross Cretaceous dyke Dolerite dyke K–Ar (WR) 124 ^ 6 Emplacement (4) Siendner and Mitchell, 1976

Ugab Zone Cape Cross Cretaceous dyke Dolerite dyke K–Ar (WR) 139 ^ 7 Emplacement (4) Siendner and Mitchell, 1976

Ugab Zone Messum Cretaceous dyke Dolerite dyke K–Ar (WR) 142 ^ 4 Emplacement (4) Siendner and Mitchell, 1976

North Platform Tsumeb Mine Pan-African mineralization Pb–Zn–Cu sulphide Pb–Pb model (galena) 530 ^ 11 Syn-tectonic mineralization (9) Kamona et al., 1999

North Platform Etosha strat test 1 U Mulden G, Owambo F Shale K–Ar (WR) 455 ^ 13 Tectonothermal event (10) Clauer and Kroner, 1979

North Platform Etosha strat test 1 U Mulden G, Owambo F Shale K–Ar (WR) 535 ^ 13 Tectonothermal event (10) Clauer and Kroner, 1979

North Platform Etosha strat test 1 U Mulden G, Owambo F Shale K–Ar (WR) 550–560 ^ 14 Deposition age (10) Clauer and Kroner, 1979

Northern Zone Oas Farm Upper Nosib Group Quartz syenite U–Pb concordant (zircon) 756 ^ 2 Deposition minimum age (11) Hoffman et al., 1996

Northern Zone Summas Mountains Upper Nosib Group Ash-flow tuff U–Pb concordant (zircon) 746 ^ 2 Eruption age (11) Hoffman et al., 1996

Northern Zone Summas Mountains Lower Ugab Group Rhyolite lava flow U–Pb concordant (zircon) 747 ^ 2 Eruption age (11) Hoffman et al., 1996

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 114–117 ^ 2 Eruption age (12) Gidskehaug et al., 1975

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 122–125 ^ 2 Eruption age (12) Gidskehaug et al., 1975

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 107–110 ^ 2 Eruption age (12) Gidskehaug et al., 1975

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 119–128 ^ 2 Eruption age (12) Gidskehaug et al., 1975

Etendeka Plateau Etendeka Plateau Etendeka Group Dolerite sill K–Ar (WR) 93–94 ^ 2 Emplacement age (12) Gidskehaug et al., 1975

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 114 ^ 6 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 112 ^ 3 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 110 ^ 3 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 114 ^ 3 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flow K–Ar (WR) 117 ^ 3 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Cape Cross Etendeka Group Basalt flow K–Ar (WR) 110 ^ 3 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Cape Cross Etendeka Group Basalt flow K–Ar (WR) 117 ^ 3 Eruption age (4) Siendner and Mitchell, 1976

Etendeka Plateau Etendeka Plateau Etendeka Group Basalt flows Ar–Ar versus K–Ar isochron 121 ^ 1.2 Eruption age (4) Siendner and Mitchell, 1976

Number of reference is referred to in Table 1.
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Appendix B

Estimates of dominant fabric strain ratio (R ¼ X/Z ) and shear strain (g ). Strain estimates are discussed in text and summarised in Figs. 5 and 6

Location Rock type Deformed clasts, quartz fringes and boudins S–C0 fabric Sheath folds

X Y Z R k ga n u gb a B/C gc n

Aspect ratio of deformed clasts in diamictite and conglomerate (averages)

K1066 QFG clast shistosic gneiss 7.05 1.00 0.22 32.05 1.55 5.48 8

K1110 Quartzite clast diamictite 5.67 1.00 0.27 21.00 1.53 4.36 13

K19 QFG clast conglomerate 10.00 1.00 0.30 33.33 3.00 5.60 1

K198 QFG clast diamictite 2.52 1.00 0.31 8.13 0.78 2.48 13

K361 QFG clast conglomerate 1.93 1.00 0.23 8.39 0.44 2.53 19

K465 Carbonate clast diamictite 7.32 1.00 0.49 14.94 3.59 3.60 7

K57 QFG clast conglomerate 3.17 1.00 0.27 11.74 0.86 3.12 9

K66 QFG clast conglomerate 3.09 1.00 0.27 11.44 0.83 3.07 16

K821 Quartzite clast conglomerate 3.50 1.00 0.23 15.22 0.81 3.64 9

Aspect ratio of quartz fibre fringes on magnetite (average, plane strain assumed)

KK143 Quartz–sericite schist 3.75 1.00 0.28 14.46 1.00 3.46 10

Degree of stretch of layer-parallel boudin trains (plane strain assumed)

K1013 Drawn boudins 1.35 1.00 0.74 1.82 1.00 – 1

K1014 Drawn boudins 1.16 1.00 0.86 1.35 1.00 – 1

K1036 Drawn boudins 3.50 1.00 0.29 12.25 1.00 3.20 1

K1040 Drawn boudins 1.27 1.00 0.79 1.61 1.00 – 1

K1053 Drawn boudins 2.06 1.00 0.49 4.24 1.00 1.50 1

K1134 Drawn boudins 2.35 1.00 0.43 5.52 1.00 1.88 1

K1135 Drawn boudins 2.39 1.00 0.42 5.71 1.00 1.93 1

K1150 Drawn boudins 1.69 1.00 0.59 2.87 1.00 0.93 1

K1152 Drawn boudins 1.83 1.00 0.55 3.36 1.00 1.17 1

K1186 Drawn boudins 1.17 1.00 0.86 1.36 1.00 – 1

K1188 Drawn boudins 1.67 1.00 0.60 2.78 1.00 0.88 1

K1200 Drawn boudins 1.79 1.00 0.56 3.20 1.00 1.10 1

K1216 Drawn boudins 1.50 1.00 0.67 2.25 1.00 0.50 1

K1253 Drawn boudins 2.25 1.00 0.44 5.05 1.00 1.75 1

K1255 Drawn boudins 1.53 1.00 0.65 2.34 1.00 0.59 1

K1256 Drawn boudins 3.16 1.00 0.32 9.99 1.00 2.83 1

K1268 Drawn boudins 2.60 1.00 0.38 6.76 1.00 2.18 1

K1339 Drawn boudins 4.04 1.00 0.25 16.32 1.00 3.78 1

K41 Drawn boudins 1.75 1.00 0.57 3.06 1.00 1.03 1

K45 Drawn boudins 6.00 1.00 0.17 36.00 1.00 5.83 1

K737 Drawn boudins 1.45 1.00 0.69 2.10 1.00 0.32 1

K797 Drawn boudins 2.33 1.00 0.43 5.43 1.00 1.85 1

K858 Drawn boudins 1.38 1.00 0.72 1.90 1.00 – 1

K955 Drawn boudins 1.10 1.00 0.91 1.21 1.00 – 1

K985 Drawn boudins 1.37 1.00 0.73 1.88 1.00 – 1

K990 Drawn boudins 1.54 1.00 0.65 2.37 1.00 0.61 1

K? Drawn boudins 2.00 1.00 0.50 4.00 1.00 1.41 1

K1003 Shearband boudins 1.61 1.00 0.62 2.59 1.00 0.77 1

K1008 Shearband boudins 1.54 1.00 0.65 2.39 1.00 0.62 1

K1036 Shearband boudins 1.35 1.00 0.74 1.84 1.00 – 1

K1040 Shearband boudins 1.13 1.00 0.89 1.27 1.00 – 1

K1103 Shearband boudins 1.33 1.00 0.75 1.78 1.00 – 1

K1133 Shearband boudins 1.17 1.00 0.86 1.36 1.00 – 1

K1134 Shearband boudins 1.25 1.00 0.80 1.57 1.00 – 1

K1135 Shearband boudins 1.49 1.00 0.67 2.22 1.00 0.47 1

K1136 Shearband boudins 2.03 1.00 0.49 4.14 1.00 1.46 1

K1151 Shearband boudins 2.17 1.00 0.46 4.70 1.00 1.64 1

K1165 Shearband boudins 1.45 1.00 0.69 2.11 1.00 0.33 1

K1186 Shearband boudins 1.71 1.00 0.58 2.94 1.00 0.97 1

K1200 Shearband boudins 1.72 1.00 0.58 2.96 1.00 0.98 1

K1201 Shearband boudins 1.98 1.00 0.51 3.91 1.00 1.38 1

K1208 Shearband boudins 2.23 1.00 0.45 4.97 1.00 1.72 1

K1216 Shearband boudins 1.26 1.00 0.79 1.59 1.00 – 1

K1254 Shearband boudins 1.41 1.00 0.71 1.99 1.00 – 1

K1255 Shearband boudins 2.43 1.00 0.41 5.89 1.00 1.97 1
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Appendix B (continued)

Location Rock type Deformed clasts, quartz fringes and boudins S–C0 fabric Sheath folds

X Y Z R k ga n u gb a B/C gc n

K1256 Shearband boudins 2.63 1.00 0.38 6.92 1.00 2.22 1

K1259 Shearband boudins 1.24 1.00 0.81 1.54 1.00 – 1

K1266 Shearband boudins 2.31 1.00 0.43 5.33 1.00 1.83 1

K1268 Shearband boudins 1.53 1.00 0.65 2.35 1.00 1.53 1

K1271 Shearband boudins 1.14 1.00 0.88 1.30 1.00 – 1

K1276 Shearband boudins 1.26 1.00 0.80 1.58 1.00 – 1

K1311 Shearband boudins 1.18 1.00 0.85 1.38 1.00 – 1

K1335 Shearband boudins 1.46 1.00 0.69 2.13 1.00 0.36 1

K1337 Shearband boudins 4.88 1.00 0.20 23.84 1.00 4.67 1

K41 Shearband boudins 2.24 1.00 0.45 5.02 1.00 1.74 1

K493 Shearband boudins 2.95 1.00 0.34 8.70 1.00 2.59 1

K54 Shearband boudins 1.23 1.00 0.81 1.52 1.00 – 1

K59 Shearband boudins 1.33 1.00 0.75 1.77 1.00 – 1

K663 Shearband boudins 1.62 1.00 0.62 2.62 1.00 0.79 1

K725 Shearband boudins 1.93 1.00 0.52 3.72 1.00 1.31 1

K737 Shearband boudins 2.09 1.00 0.48 4.38 1.00 1.54 1

K820 Shearband boudins 1.88 1.00 0.53 3.55 1.00 1.24 1

K821 Shearband boudins 1.42 1.00 0.71 2.01 1.00 0.07 1

K984 Shearband boudins 1.76 1.00 0.57 3.09 1.00 1.04 1

K987 Shearband boudins 2.20 1.00 0.45 4.85 1.00 1.69 1

K988 Shearband boudins 1.27 1.00 0.79 1.61 1.00 – 1

KK102 Shearband boudins 3.07 1.00 0.33 9.41 1.00 2.72 1

KK104 Shearband boudins 1.54 1.00 0.65 2.36 1.00 0.60 1

KK114 Shearband boudins 2.39 1.00 0.42 5.69 1.00 1.92 1

KK114 Shearband boudins 4.60 1.00 0.22 21.13 1.00 4.37 1

KK44 Shearband boudins 1.33 1.00 0.75 1.76 1.00 – 1

KK51 Shearband boudins 1.39 1.00 0.72 1.92 1.00 – 1

KK51 Shearband boudins 1.72 1.00 0.58 2.96 1.00 0.98 1

KK86 Shearband boudins 1.53 1.00 0.66 2.33 1.00 0.57 1

Angular relationship between shearbands and pervasive foliation (assuming simple shear)

K Greywacke schist 35.0 0.73

K Greywacke schist 27.0 1.45

K1014 Greywacke schist 27.0 1.45

K239 Schistosic gneiss 20.0 2.38

K353 Schistosic gneiss 29.0 1.25

K369 Greywacke schist 30.0 1.15

K376 Schistosic gneiss 12.0 4.49

K455 Augen gneiss 26.0 1.56

K494 Greywacke schist 29.0 1.25

K500 Greywacke schist 24.5 1.74

K502 Greywacke schist 21.0 2.22

K620 Greywacke schist 23.0 1.93

K92 Greywacke schist 19.0 2.56

KK102 Greywacke schist 28.0 1.35

KK104 Greywacke schist 22.0 2.07

KK107 Greywacke schist 35.0 0.73

KK112 Greywacke schist 16.0 3.20

KK112 Greywacke schist 16.0 3.20

KK125 Greywacke schist 20.0 2.38

KK125 Greywacke schist 20.0 2.38

KK127 Greywacke schist 27.0 1.45

KK127 Greywacke schist 16.0 3.20

KK128 Greywacke schist 16.0 3.20

KK129 Greywacke schist 23.0 1.93

KK139 Greywacke schist 18.0 2.75

KK140 Greywacke schist 11.0 4.95

KK2 Greywacke schist 35.0 0.73

KK63 Greywacke schist 18.0 2.75

KK64 Greywacke schist 10.0 5.49

KK65 Greywacke schist 35.0 0.73

(continued on next page)
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