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DAMARAN STRUCTURAL AND METAMORPHIC GEOLOGY OF AN AREA SOUTH-EAST OF WALVIS
BAY, SOUTH WEST AFRICA/NAMIBIA

ABSTRACT

Three main sedimentological, structural and metamerphic zones are recognised, the Central Zone in the north-
west, bordered on the south by the Okahandja Lineament Zone, and the easternmost Trough Zone,

Lithologies and sedimentary structures indicate the Damara succession (from the base upwards—Nosib Group,
Riassing, Chuos and Karibib Formations) to have been largely deposited in shallow water in the Central Zone. The
Tinkas Member (in part a lateral equivalent of the Karibib Formation and partly the basal portion of the Kuiseb
Formation) is characteristic of the Okahandja Lineament Zone and appears to have been of turbidite origin derived
from the Central Zone and deposited on a continental slope,

The first three regional deformations and the two metamorphisms (M, synchronous with the second deformation
and M,, late to post the third deformation) can be directly correlated in the Central Zone and the Okahandja
Lingament Zone, indicating similar tectono-metamorphic histories, The M, event occurred just after the intrusion
of the pre-tectonic Salem Granite and is considered to be due to an early phase of subduction of a north-westerly
dipping plate (700-650 Ma.). M, is believed to be due to the final stages of closure of the north-easterly trending
Damara Sea. Thus the Central Zone represents a lower pressure/high temperature metamorphic belt, Both M, and
M, are recognised in the Trough Zone, and on that basis the first two and perhaps the third deformations can be
correlated with Trough Zone events.

Thermodynamic consideration of reaction equilibria for two Central Zone M, pelitic assemblages yield T=6352
+25 °C, P=4,2540,3 kb, Xp,0=0,12. In the Trough Zone calculated reaction equilibria for three M, pelitic
assemblages indicate T=605+25°C, P=7,3+1,2 kb, Xu,0~0,5. Consideration of calc-pelite and calc-silicate
assemblages in the Okahandja Lineament Zone suggests T=3585425 "C, P=4,0+1.0 kb, Xy,0~0,9 for M,.

Geothermal gradients in the Central Zone and the Okahandja Lineament Zone were about 40 °C. km— during
M, whereas that of the Trough Zone was about 22 "C. km~!, The two arcas are thus characterised as low-pressure
and high-pressure metamorphic belts respectively,

Diapiric structures in the Central £one formed during M, with metamorphism serving to accelerate dome growth
on a gravitationally unstable boundary between dense Damara metapelites and marbles and less dense pre-Damara
granitic gneisses. Calculated dome spacing derived from a simple two-layer model representative of the Damara
cover on the granitic basement are similar to those determined in the field.

A total of 50 to 80 per cent shortening is caleulated rom F, folds, deformed pillows and variolites for the second
Trough Zone deformation. A similar order of shortening is obtained from third-generation folds in the Okahandja
Lineament Zone.

Ten kilometres of uplift occurred in the Trough Zone after M, and before the emplacement of the Donkerhuk
Granite, Uplift occurred along a subvertical lineament having the characteristics of a ‘median tectonic line’ at the
very eastern edge of the Okahandja Lineament Zone. Uplift is considered to be due to isostatic rebound of continen-
tal crust at the southern edge of the Trough Zone which was partly overthrust and deeply buried by the Central Zone
crustal block during the final stages of a continent—continent collision.

Finally the Donkerhuk Granite intruded along the line of uplift and thermally metamorphosed adjacent country
rocks. Mineral assemblages from the aureole north of Hope Mine indicate T=700"+20 °C, P=4,6+1,0 kb.
During the emplacement of the granite fourth- and fifth-generation folds were formed in the Hope area of the Trough
Zone,

UITTREKSEL

Drie hoof- sedimentologiese, strukturele en metamorfe sones word onderskei: die Sentraalsone in die noord-
weste, aan die suide begrens deur die Okahandja Lineamentsone, en die Trogsone in die ooste,

Litologieé en sedimentére strukture dui daarop dat die Damara-opeenvolging (van die basis opwaarts—Groep
Nosib, en Formasies Rossing, Chuos en Karibib) in die Sentraalsone grootliks in vlak water afgeset is. Die Lid
Tinkas (gedecltelik 'n laterale ekwivalent van die Formasie Karibib en gedeeltelik die basale gedeelte van die For-
masie Kuiseb) is kenmerkend van die Okahandja Lineamentsone en blyk van turbiditiese oorsprong, afkomstig van
die Sentraalsone en op 'n kontinentale helling afgeset, te wees.

Die eerste drie regionale vervormings en die twee metamorfoses (M, gelyktydig met die tweede vervorming en
M., laat tot na die derde ververming) kan in die Sentraalsone ¢n die Okahandja Lineamentsone direk gekorreleer
word, duiende op soortgelyke tektono-metamorfe geskiedenisse. Die M,-gebeurtenis het net na die indringing van
die voortektoniese variéteit van die Suite Salemgraniet plaasgevind en word beskou te wyte te wees aan 'n vroeé
fase van subduksie van 'n noordweshellende plaat (700 tot 650 Ma). M, word beskou as die finale stadia van sluiting
van die noordoosstrekkende Damarasee. Die Sentraalsone verteenwoordig dus 'n laer druk/hoér temperatuur
metamorfe gordel. Beide M, en M, word in die Trogsone herken en op daardie basis kan die cerste twee en moontlik
die derde vervorming met gebeure in die Trogsone korreleer word.

_ Termodinamiese oorwegings van reaksie-ckwilibria vir twee M, pelitiese versamelings van die Sentraalsone
dui op T=652+25 “C, P=4,2510,3 kb, Xu,0=0,12. In die Trogsene dui berekende reaksie-ckwilibria vir drie
M., pelitiese versamelings op T=6054-25 °C, P=7,3 kb £ 1,2 kb, X;5,0~0,5. Oorweging van kalkpeliet- en kalk-
silikaatversamelings in die Okahandja Lineamentsone suggereer T=585+4-25 °C, P=4,0+1,0 kb, Xn,0~0,9 vir M.

1



Geotermiese gradiénte in die Sentraal- en Okahandja Lineamentsone was ongeveer 40 °C. km~! gedurende M,
terwyl dié van die Trogsone ongeveer 22 °C. km~! was. Die twee gebiede word dus respektiewelik as lae druk en hoé
temperatuur metamorfe gordels karakteriseer.

Diapiriese strukture het in die Sentraalsone tydens M, gevorm met metamorfose om koepelgroei op 'n gravita-
sionele onstabiele grens tussen digte Damarametapeliete en -marmers en minder digte voor-Damaragranietgneise
te versnel. Berekende koepelspasiéring, soos afgelei van 'n eenvoudige tweelaagmodel verteenwoordigend van die
Damaradekking op die granitiese vloer, is soortgelyk aan dié in die veld bepaal.

'n Totaal van 50 tot 80 persent verkorting is van F.-plooie, vervormde kussings en variéteite vir die
tweede Trogsonevervorming bereken. ‘n Soortgelyke orde verkorting is vir derdegenerasie plooie in die Okahandja
Lineamentsone verkry.

Tien kilometer opheffing het in die Trogsone nd M, en voor die inplasing van die Donkerhukgraniet plaasgevind,
Opheffing het langs 'n subvertikale lineament met die kenmerke van 'n ‘mediaan tektoniese lyn’ op die oostelike rand
van die Okahandja Lineamentsone plaasgevind. Opheffing word beskou te wyte te wees aan isostatiese lerugsprong
van kontinentale kors by die suidelike rand van die Trongsone, wat gedeeltelik corgeskuif en diep begrawe is deur
die korsblok van die Sentraalsone tydens die finale stadia van 'n kontinent—kontinentbotsing.

Ten slotte het die Donkerhukgraniet langs die lyn van opheffing ingedring en dic aangrensende wandgesteentes
termies gemetamorfoseer. Mineraalversamelings van die oureool noord van die Hope-myn dui op T=700 *C+4+20 °C,
P=4,6+1,0 kb, Tydens die inplasing van die graniet het vierde- en vyfdegenerasieplooie in die Hope-gebied van die
Trogsone gevorm.
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1. INTRODUCTION

1.1 GENERAL

The area investigated is situated south-east of Walvis
Bay in the Namib Desert of South West Africa/Namibia.
Covering some 5 000 km?® it is bounded by latitude 23°5
along its northern edge and longitude 15°30°E at its
eastern edge, and the Kuiseb River to the south and west.
Exposures on the south bank of the Kuiseb and those
presznt between sand dunes were also mapped (Folder
1.1].

The mapping project was initiated as part of Geologi-
cal Survey's programme of mapping economically
interesting areas in South West Africa/Namibia. The
detailed description of the stratigraphy, outcrop and rock-
types has been dealt with elsewhere (Sawyer 1979) and
only a brief summary of the rock types will be given in
Section 2.

1.2 PREVIOUS WORK

The earliest geological work was carried out in the area
centered around the copper deposits at Hope and Gorob.
A shaft was also sunk near Homeb, at what was thought
to be a nickel occurrence. Between 1953 and 1954 the
Bethlehem Steel Company undertook some reconnais-
sance mapping over the western part of the present area.
The Hope-Gorob area was investigated by Rand
Mines in 1957 and 1938, and recently in detail by the
Johannesburg Consolidated Investment Company. The
staff of th> Desert Research Station at Gobabeb are
engaged in pgeomorphological and ecological work
within the confines of the Namib-Naukluft Park.

1.3 PRESENT INVESTIGATION

During mapping it became apparent that the area
could be divided into four distinct structural and meta-
morphic domains (sce Fig. 1.1). Three of these areas,
the Central Zone, the Trough Zone and the Okahandja
Lineament Zone have an important bearing on the
sedimentological, structural and metamorphic evolution
of the Damara Orogen, The aurcole around the Donker-
huk Granite forms the fourth zone.

The sedimentological aspect has been dealt with
elsewhere (Sawyer 1979), Here an attempt is made at
establishing the deformation history of each zone and of
correlating the deformation events between the various
zones. An investigation of mineral-fabric relations is
intended to resolve the metamorphic history and to fix
metamorphic events within the tectonic framework. To
define the conditions of metamorphism within each
subzone a thermodynamic approach to reaction equili-
b:ez of selected low-variance mineral assemblages is
used.

It is proposed that a combination of structural and
metamorphic data obtained from each of the three
subzones will enable new constraints to be placed upon
a model attempting to explain the evolution of the
Damara Orogen.

1.4 CHOICE OF UNITS

For the thermodynamic calculations, units based on
the c.g.s. system are used in order to remain compatible
with the bulk of available litcrature, Thus, for example,
kilobars and calories are used in preference to pascals
and joules respectively.

2. STRATIGRAPHY
2.1 INTRODUCTION
As far as possible the lithostratigraphic names ap-
proved by the South African Committee for Strati-
graphy for subdivisions of the Damara Sequence and its
intrusives have been adhered to. An informal nomen-

clature has, however, been employed for some Damara
intrusives and rock units of the pre-Damara Abbabis
Complex for which lithostratigraphic names have not
yet been coined.

The stratigraphy is outlined in Table 2. 1.

2.2 PRE-DAMARA ABBABIS COMPLEX

Pre-Damara rocks occur in the cores of several anti-
formal structures just west of the Okahandja Lineament
Zone. Large parts of these basement rocks have under-
gone Damara reconstitution producing  high-grade
gneisses which have locally suffered partial melting to
form red granite, red gneissic granite or bull leucocratic
granite,

Four pre-Damara divisions have been recognised.
Medium- to coarse-grained quartzo-feldspathic gneisses,
quartzites, micaceous quartzites and cordierite schists
constitute the “lower metasedimentary segquence™. In
the Swartbank area the “lower metasedimentary
seguence’” is overlain, probably unconformably, by the
“dupper metasedimentary sequence™ consisting of cale-
silicate rocks and marble near the base passing into a
sequence of gneisses, schists and glassy quartzites. The
rocks of both the lower and upper metasedimentary
sequences are considered to be metasediments because of
varied appearance, thin banding and rare cross-lamina-
tion.

The eastern part of the pre-Damara contains a large
body of coarse-grained augen gneiss of very uniform
dppearance. Rare cross-cutling contacts  with  the
“lower metasedimentary sequence', occasional xeno-
liths and aplitic dykes indicate this to be an ortho-augen
gneiss derived from a porphyritic granite of batholithic
proportions intruded into older pre-Damara meta-
sediments.

Several metamorphosad dolerite dykes of two distinet
ages intrude the ortho-augen gneiss and the “‘lower
metasedimentary sequence™ and represent the youngest
pre-Damara rocks,

The pre-Damara rocks have a strong foliation, often
striking east-west, contrary to the Damara trend.
However, the Damara fabric is seen at the margins of
pre-Damara outcrop areas, and it is probable that the
rocks underwent at least one tectonic and metamorphic
event before the Damara overprint.

2.3 DAMARA SEQUENCE

2.3.1 Nesib Group

The MNosib Group rocks are divided into a lower
Etusis Formation and an upper Khan Formation. In
the Leeukop Antiform (Folder 1.1), however, the
sequence is rather mixed and the Nosib commences
with Khan facies rocks interfingering with Etusis facies
higher in the sequence. Nosib rocks occur only west of
the Okahandja Lineament Zone.

2.3.1.1 Etusis Formation

The Etusis Formation buries a topography of up to
800 m relief on the pre-Nesib surface. The topographic
lows are filled with locally derived material from the
underlying pre-Damara. The development of a basal
schistose metarudite is thus local, Above the metarudite
is a thick sequence of pink or buff feldspathic medium-
grained quartzites and meta-arkoses which are often
cross-bedded and cross-laminated with heavy-mineral
segregation laminae. Clean-washed metarudite bands are
also present. In the Rooibank area especially, some
Etusis Formation rocks contain up to 75 per cenl micro-
cline and may represent reworked acid extrusives, The
derivation of the Etusis appears to have been largely
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Table 2. 1—STRATIGRAPHIC SEQUENCE WITHIN AREA MAPPED

4] Donkerhuk Granite
% POST- 1 Samut granite
E TECTONIC * Post-tectonic quartz diorite
& The Red Granites
-
-
E PRE- and SYN- Aussinanis Granite
fa] TECTONIC Salem Granite Suite
) % E% Kuiseh Formation Maitchless Member
g = EE Karibib Formation Tinkas Member
i g TZ
= B W Chuos Formation

Q
(= b &
|
7 =
< % Réssing Formation
B
3 =
< Eey Khan Formation
& F Etusis Formati

z5 usis Formation
< - i
ﬁ ! Metadoleriies
= * Ortho-augen gneiss
- Abbabis Complex ¥
o * Upper metasedimentary sequence
i3]
E * Lower metasedimentary scquence

* Denotes informal term,

from the north-west, based on palacocurrent estimates
made from cross-bedding and cross-laminations.

2.3.1.2 Khan Formation

Typically the rocks are pale greenish-grey in colour,
and fairly massive, occasionally banded but generally
lacking in fissility. The texture is granoblastic to grano-
blastic-polygonal and fine to medium grained, Although
there is rarely a shape orientation the rocks are generally
not gneisses in the sense of Mivashiro (1973b), Spry
(1969) and Winkler (1976), because of lack in fissility.
The term fels (Winkler 1976) is appropriate with regard
to the hand specimen and thin section appearance of
these rocks. Quartz and plagioclase are ubiguitous
whilst garnet, wollastonite, scapolite, microcline, epidote,
clinozoisite, calcite, diopside-hedenbergite, amphibole
and sphene may also be present. Near the base of the
formation metarudites are locally developed, especially
where Khan rocks underlie Etusis rocks as in the Leeu-
kop area (Sawyer 1979),

In migmatite areas both the Etusis and Khan Forma-
tions have undergone partial melting to form either red
gneiss or red homogeneous granite and rarely leucocratic
granite,

2.3.2 Swakop Group
2.3.2.1 Rissing Formation

The Rissing Formation has been recognised in only
two small areas, viz the Leeukop Antiform and south-west
of Chungochoabberg, both west of the Okahandja
Lineament. With a maximum thickness of about 10 m,
it consists of a medium- to coarse-grained grey-blue
marble up to 3 m thick at the base which is overlain
by thinly banded greenish-brown, medium-grained
calc-silicate rocks. The Réssing Formation rocks overstep

1 Name not yet submitted to SACS for approval.

the Mosib in the Lecukop Antiform, but elsewhere in the
mapped area are bounded by a disconformity at the base.

2.3.2.2 Chuos Formation

Chuoos Formation rocks crop out only to the west of the
Okahandja Lineament Zone where these show rapid
thickness variations. These may rest unconformably
upon pre-Damara, MNosib or Réssing rocks but the
angular discordance is small.

In the extreme west the Chuos is some 30 m thick and
comprises a blackish ferruginous quartzite of variable
iron content at the base overlain by greenish-white
calc-silicate rocks. In the eastern part of its outcrop the
Chuos is considerably thicker with the development of a
ferruginous quartzite at the base, followed by thick
schist, micaceous quartzite, schistose metarudite, and
pebbly schist units, Dark-green, hard, medium- to coarse-
prained glassy cale-silicate bands are numerous at the
base and again at the top of the succession, Yellowish-
brown, grey or bluish fine- to medium-grained dolomitic
marbles occur only near the base,

Mowhere has evidence (e.g. striated clasts) been found
to suggest a glacial orign for the schistose metarudite
and pebbly schist units. These do, however, contain a
wide range of clast-types, -sizes and -shapes.

2.3.2.3 Karibib Formation

The Karibib Formation occurs only in the Central
Zone and is largely a carbonate sequence with lesser
amounts of pelitic material. South of Vogelfederberg
the base rests discordantly (up to 60°) upon the Chuos
Formation, whilst in the Leeukop Antiform the Karibib
oversteps Chuos and Rdssing rocks. Further west the
Karibib Formation rests directly on rocks of the Nosib
Group, thus indicating the existence of a4 major uncon-
formity between the Karibib and Chuos Formations.



In most places the succession begins with a few metres
of schist and calc-silicate rocks followed by the main
marble sequence, The cale-silicate rocks occur either as
dark-greenish bands within the marble or as light
greenish-blue bands in the schists. The calc-silicates are
medium grained with rare scapolite crystals reaching
50 mm in length. Quartz, plagioclase, diopside-heden-
bergite and sphene are ubiquitous with frequent
hornblende, tremolite, carbonate, epidote and clinozoisite
while garnet and scapolite (mizzonite) are rare. The
schists are dark and fine grained, often with small cor-
dierite porphyroblasts, These also occur as laterally dis-
continuous lensoid intercalations within the marbles.

The bulk of the Karibib Formation consists of massive
yellow, greenish, brown, pink, white and grey marbles.
The colour reflects the mineralogy which covers the range
from pure dolomite to pure calcite to siliceous marble.
Deformation of the marbles has been intense, producing
a strong banded appearance perhaps reflecting attenu-
ated bedding, Grain size ranges from 0,5 mm to 300
mm with the fine-grained marbles tending to be dolo-
mitic. Minerals frequently occurring are calcite, dolomite,
forsterite, antigorite, tremolite, and phlogopite with
occasional chondrodite, microcline, plagioclase and tale.

A maximum thickness of about 1 000 m is reached in
the Hamilton Mountains, but the formation thins
markedly to the south-west, where schists are virtually
absent,

2.3.2.4 Kuiseb Formation

The youngest rocks of the Damara Sequence belong
to the Kuiseb Formation. All metasediments cropping
out in and east of the Okahandja Lineament Zone
belong to this formation. West of the Lineament the
formation is much thinner and in most cases its position
is taken by Salem Granite.

Many rock types are present, but in terms of volume,
pelitic schists are by far the most important constituents.
In addition to plagioclase, biotite and quartz, the Trough
Zone pelites may contain garnet, staurolite, muscovite
and kyanite: the Okahandja Lineament pelites may
contain muscovite, cordierite, andalusite and rarely
garnet or staurolite; the Central Zone pelites may
contain garnet, sillimanite, cordierite and microcline.
Grain size varies from fine to medium, although por-
phyroblasts (e.g. cordierite, staurolite and kyanite) may
reach 100 mm n length.

Calc-silicate rocks occur widely in the Kuiseb Forma-
tion although volumetrically minor, Quariz and plagio-
clase (labradorite) are common to all samples examined
with lesser amounts of garnet, diopside, amphibole,
biotite, epidote, clinozoisite and carbonate. The glassy
varieties of cale-silicate rock generally contain porphyro-
blastic quartz.

Quartzites, micaceous quartzites and marbles are very
rare, although adjacent to the Matchless Member sili-
ceous marble, cale-silicate rocks, magnetite quartzite,
sericite quartzite and graphitic schists are locally devel-
oped.

Two members of the Kuiseb Formation are recognised:

Tinkas Member—Being the lowermost part of the
Kuiseb Formation it is only present in and just wesl
of the Okahandja Lineament Zone, The sequence of
marbles, cale-silicates, pelites, semipelites and meta-
greywackes may in part be considered to be a lateral and
upward facies change from the Karibib Formation,
thickening rapidly eastwards into the Lineament Zone.

Characteristically the metapelites are strongly cleaved,
dark bluish-grey schists of fine grain size frequently
containing cordierite and andalusite. Calc-silicate rocks

may have a bluish-green colour due to epidote and horn-
blende or a pale-green colour resulting from diopside,
The marbles vary from pure carbonate to very siliceous
types and may be white, buff, pinkish or grey in colour.
Marbles of the Tinkas Member may possibly be corre-
lated with those of the Karibib Formation but no direct
connection has been proved. Scant palaeccurrent indi-
cators in Tinkas metagreywackes point to a source
area to the west. Clasts in the greywackes are frequently
crystals of feldspar or small granitic fragments.

Marchless Member—Rocks belonging to this member
constitute a prominent linear feature in the mapped
area ending in a fold structure at the Hope Mine. How-
ever, small isolated bodies on the Kuiseb River and thin
bands as far west as Gobabeb are also considered to
belong to this member., The Matchless rocks are inter-
calated with schists of the Kuiseb Formation,

The rocks are typically dark-green amphibaole-bearing
schists and massive metagabbros, Epidote-banded amphi-
bale schists represent deformed pillow lavas resembling
those of Zermatt®*. A minor amount of more basic
material is also present. Metamorphosed dolerite dykes
may be seen cross-cutting the amphibole-bearing rocks,
but the dykes do not penetrate adjacent metapelites,
possibly suggesting a tectonic emplacement of the
amphibole-bearing rocks. Elsewhere, however, an inti-
mate interlavering with pelitic schist and even gradational
contacts suggest a non-tectonic relationship.

2.4 DAMARAN IGNEOUS ROCKS

2.4.1 Salem Granite Suite

Rocks of the Salem Granite Suite crop out in large
areas west of the Okahandja Lineament Zone, and over a
limited area within the Lineament (Folder 1.1). Rocks
of this suite are intruded by the Aussinanis Granite,
red homogeneous and buff leucocratic granites, the
Donkerhuk Granite, and in the Leeukop area by a
post-tectonic quartz diorite.

Characteristically the principal rock type is a greyish-
pink coarse-grained porphyritic adamellite or locally a
granodiorite. Aphyric adamellite, granodiorite and
quartz diorite are minor constituents of the suite. In the
majority of cases there is a marked foliation in the rock
although small unfoliated portions are present in the
Okahandja Lineament Zone. Field and thin-section
evidence suggest that the penetrative foliation is tectonic,
indicating that the Salem Granite Suite is largely pre- or
syn-tectonic, whilst small parts of it (in the Lineament
Zone) are clearly post-tectonic. The position of the
Salem Granite in the Central Zone is generally where
rocks of the Kuiseb Formation would be expected. This
association has caused some workers (Miller 1973) to
suggest an origin by partial melting of the Kuiseb
Formation. This hypothesis is not acceptable since it
requires an even earlier high-grade metamorphic event
{for which no evidence can be found), as the main
metamorphic episode post-dates much of the deforma-
tion (Section 7).

2.4.2 Aussinanis Granite

The Aussinanis Granite intrudes the Salem Granite
Suite in the Gobabeb area. The granite is important since
it contains a protomylonitic fabric having the same orien-
tation as the Okahandja Lineament Zone schistosity.
The fabric in the Salem rocks must thus also be tectonic
in this vicinity. The Aussinanis fabric is marked by a
layering of fine-grained recrystallised qi;.iartz and feldspar,
distinct planes being 1-2 mm apart. The rocks vary from

* Personal communication: J. G. Ramsay.



granite to adamellite in composition, are generally
medium grained and locally weakly porphyritic. Both
muscovite and biotite occur, with small amounts of
allanite and rarely hornblende. Donkerhuk Granite in-
trudes the Aussinanis Granite, but lacks a planar fabric.

2.4.3 Red Granites

Field relations (Sawyer 1979) show that the different
varieties of red granite, viz the red gneissic, red homo-
geneous and buffl levcocratic granites are contempora-
necus and have interrelated origins. The use of an nfor-
mal name is deemed necessary since no collective name
has been accepted by the South African Committee for
Stratigraphy. The Sopiehoogte vicinity contains virtually
all Red Granite types present in the area mapped.

The gneissic variety is, as the name indicates, a dark-
red gneissose rock of granitic composition, It appears at
first glance to be older than the other two, but nebulitic
and gradational as well as cross-cutting contacts occur
and indicate a related origin. The red gneissic granite
occurs through migmatisation of either pre-Damara or
Mosib rocks; leucosomes (Mehnert 1968) that developed
parallel to the regional fabric give rise to the gneissose
appearance. The fabric is continuous with that of adjacent
unaffected country rock. In some areas where partial
melting is extensive, as in the Nosib at Rooibank, neo-
somes (Mehnert 1968) have coalesced to give rise to
irregular nebulitic patches of red homogeneous or rarely
buff coloured leucocratic granmite within the gneissic
portion. In the Leeukop Antiform, pre-Damara gneisses
show a gradation via a nebulitic stage to red homoge-
neous and buff leucocratic granite. In places both the red
homogeneous and bufl leucocratic granites contain small
oriented microcline phenocrysts and a weak tectonic
foliation. Rarely (e.g. south of Vogelfederberg) the red
homogencous granite passes into a grey granite of iden-
tical texture and mineralogy, the colour difference being
ascribed to differences in the state of oxidation of inclu-
ded Fe-bearing opaque minerals, Although called red
homogeneous granite it is also leucocratic and has a
similar texture and mineralogy to the volumetrically less
abundant buff leucocratic granite, Many outcrops show
the buff leucocratic granite to cross-cut the red homo-
geneous variety and mixing of the melt is often indicated
by a pinkish streaky granite suggesting a virtually con-
temporaneous origin.

All varieties of Red Granites occur only in the Central
Zone. The red gneissic granite is confined to antiforms
where Nosib and pre-Damara rocks occur whilst the other
two varieties are often found intruding the Salem Granite
Suite in synformal areas.

2.4.4 Post-tectonic Quartz Diorite

South of Leeukop a dark-grey biotite-hornblende
quartz diorite intrudes foliated Salem Granite (Folder
I.1). The quartz diorite contains xenoliths and xeno-
crysts derived from the porphyritic adamellite country
rock; the rock itsell’ is unfoliated. The lack of named
geographical features near to the quartz diorite precludes
a formal name,

2.4.5 Samut Granite

The Samut granite occurs as two small bodies in the
north-¢astern part of the Okahandja Lincament {Folder
1.1). The smaller northern body is in part a slightly
porphyritic adamellite, the remainder and the whole of
the larger southern body is a cataclastic {protoclastic)
(Higgins 1971) clinopyroxene-bearing granite. Asso-
clated aplites are also cataclastic, There are numerous
fracture-cleavage planes and minor mylonitic bands
oriented subparallel to structures in the Okahandja

Lincament, It is probable that this granitic rock was
intruded during the last stages of movement in the Linea-
ment, and that protoclasis accompanied intrusion,

2.4.6 Donkerhuk Granite

Typically a fine- to medium-grained light-grey granite
to adamellite, it contains both muscovite and biotite
with occasional garnet. Locally small feldspar pheno-
crysts are present. The marginal parts may be melano-
cratic or coloured. There is an extensive thermal aureole.
Numerous pegmatites and aplites are associated with the
granite, the earliest of these are deformed by late move-
ments of the Okahandja Lineament Zone whereas the
later granite stocks, notably the smaller ones north of
Gobabeb deform the ** breccia bands™ by forceful intru-
sion. Country-rock sheets and xenoliths are common in
the granite whilst lit-par-lit injection migmatites are
common in the country rock, Donkerhuk Granite in-
trudes the Aussinanis Granite and units of the Salem
Granite Suite in the Gobabeb area.

3. STRUCTURAL GEOLOGY

3.1 INTRODUCTION

During mapping it became evident that the area could
be divided into four distinct zones (Fig. 1.1), each
characterised by its own structural style and metamor-
phic assemblages, viz A. The Trough Zone: B, The
Okahandja Lineament Zone; C. The Central Zone and
D. The Donkerhuk Granite Aureole. Zones A, B and C
are of significance in the history of the Damara Orogen,
whilst Zone D is essentially post-tectonic and post-
regional metamorphism,

In broad terms the Trough Zone is characterised by a
strongly pervasive schistosity dipping 30-50° north-
westwards which isaxial-planar to tight, almost isoclinal,
folds. Locally, as at the Hope Mine, schistosity is
folded., Characteristic mineral assemblages include
kyanite, staurolite and garnet.

The Okahandja Lineament Zone is defined as a struc-
tural domain characterised by a near-vertical, strongly
pervasive schistosity or cleavage, striking about 30°
east of north and axial-planar to elongated domes and
basins or very tight, nearly isoclinal folds. Movement
parallel to the cleavage planes is evident from rotated
porphyroblasts, off-set pegmatites, and mylonite and
breccia bands parallel to the regional schistosity, Porphy-
roblastic minerals are andalusite and cordierite with
rare garnet and staurolite,

In the Central Zone the major trend strikes north-
eastwards and although axial planes vary in orientation
these are moderately to steeply dipping north-westwards,
Hinge directions plunge fairly constant northwards. The
oulcrop pattern is generally complex due to dome- and
basin-like structures and considerable granite intrusion.
The metamorphic conditions were essentially high-grade
with sillimanite and jor cordierite-microcline assemblages.

The Donkerhuk Granite Aureole surrounds a large
post-tectonic intrusion of adamellite accompanied by
migmatisation and buckling of the country-rock schis-
tosity.

The Okahandja Lineament Zone has an important
position separating the Central Zone from the Trough
Zone, The boundary between the Lineament Zone and
the Central Zone is generally fairly sharp and delined by
a change in orientation of schistosity from vertical to
dipping steeply westward. It coincides with the appear-
ance of Chuos, Karibib and Nosib rocks and the isograd
muscovitefquartz out. Along the southern margin
of the area the boundary is placed about 10 km east of
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Gobabeb and is again fairly abrupt over about 1 km,
marked by a steepening of schistosity from east to west.
The exaect relationship between the schistosities of the
two zones is not clear because of the effect of the Donker-
huk Granite (Section 9),

Since the major zones are extensive and not uniformly
exposed, detailed studies of a number of subzones from
each of the three major zones (A, B and C) were made,

32 NOMENCLATURE AND CONVENTIONS USED

The structural elements are designated in age order
for each zone. The convention adopted is that of Turner
and Weiss (1963) where S denotes a planar penetrative
fabric, L a linear penetrative fabric and F a folding of the
fabric; suffixes 1, 2, 3 . . . denote which generation a
particular fabric element belongs to, Bedding is referred
to as §,. When describing the geometrical properties of
folded surfaces, e.g. interlimb angle, attitude of hinge
line, and dip of axial plane the terms defined by Fleuty
(1964) are used. In the description of folded layers the
terms parallel and similar are used in the sense of Turner
and Weiss (1963); for folds which have been more accu-
rately measured the scheme of Ramsay (1967, p. 365) is
used with the fold class stated. S; and §; respectively,
refer to fabric external to and enclosed in poikiloblasts.

Orientations of planes give the dip direction and the
amount of dip, i.e. 235/70. Linear elements are orientated
by trend and plunge. Structural data are plotted on
Schmidt equal-area-projection stereographic nets.

Since no single structural subzone contains all the
fabric elements, Tables 3.1, 3.2 and 3.3 show the distri-
bution of the observed elements together with the main
characteristics for each zone. It is conceded that the
nomenclature of these tables implies a knowledge of the
sequence of structural events discussed in Section 4.

The interrelationship of fabric elements evolved in
Section 4 is used here to eliminate excessive descriptive
repetition. The correlation of Section 4 is based largely
on field observations summarised under the heading
“effect on pre-existing fabrics™ in the tables mentioned.

3.3 TROUGH ZONE STRUCTURAL GEOMETRY

The distribution and main characteristics of the
penetrative fabrics observed in the Trough Zone are
given in Table 3.1.

3.3.1 Subzone TZ/1: The Hope Synform

This subzone lies immediately to the south and east of
the Hope Mine (Fig. 1.1), and includes the large syn-
formal structure (the Hope Synform) delineated by the
Matchless Member (Fig. 3.1),

3.3.1.1 Fabric Elemenis

Including bedding, four penetrative planar elements
can be seen, although two are of minor local significance.
Linear fabric elements are either S-surface intersections
or rods.

Planar Elements—Contacts between pelitic  schist
and the Matchless Member rocks may be bedding in a
few cases, Generally this is uncertain although the
contact may be at a small angle to the dominant schis-
tosity S, (see below). Contacts between metapelite
and the Matchless Member metagabbro may represent
an intrusive contact; there is, however, some doubt
because of the strong effect of later boudinaging, folding
and foliation development. Bedding contacts between
cale-silicate rocks and metapelite are frequently observed.

The transposition of S, into S, is common (Turner
and Weiss 1963, Fig. 5-26, domain 1V: Hobbs er al.
1976, Fig. 31). Such transposition incorrectly suggests

Table 3. 1—MAIN CHARACTERISTICS OF TROUGH ZONE PENETRATIVE FABRIC ELEMENTS

Element | Occurrence Main features General orientation Effect on pre-gxisting fabrics
5 TZ/1,24& 3 | Bedding, variation of lithology, mineralogy, grain- | Variable but gene- —
size or colour, Possibly also represents some con- rally NW
tacts between Matchless Member rocks and
metapelites
5 TZ2 Biotite foliae, parallel layers 1-2 mm thick, up to | Variable but gene- | Discordant to 5,
Il:n? mm apart; internal fabric in some porphyro- rally NW
sty
F, T2/2 Tight to isoclinal, moderately inclined gently plung- | Hinge 310/17; axial | Folds S,. §, axial-planar?
ing folds plane 355/40
8 TZ(1, 2 & 3 | Schistosity, parallel orientation of muscovite and | TZ/1 340/25; TZj2 | Transposes S, (especially cale-sili-
usually biotite in pelites: also frequent elonga- 325/32 and TZ/3 cate layers) into Ly cleavage
tion of quartz and plagioclase, hornblende y-z variable mullions
(100} crystallographic planes parallel S, in Crenulates and transposes 5,
Matchless Member schists; numerous guariz
veins often with pinch-and-swell structure also
parallel to 5, )
F, TZ/1,2& 3 | Tight to isoclinal, gentle 1o moderately inclined and | TZ/1 hinge variable: | Folds §, and 5. Tygc E interfer-
plunging folds, nearly reclined. S; defines axial TZ/2 hinge 355/30 ence pattern with F,
plane; hinge parallel to L, and TZ/3  hinge
variable
8, TZ2 Crenulation cleavage, common in pelites, rare in | 280/50 Crenulates §,, 5, and 5, and inter-
Matchless Member rocks section with S,=L,
S TZ/1 &3 Weak crenulation cleavage, rare quartz veins paral- TZJJ;IE ﬁm 2, TZ/3 | Intersection with 8, defines L,
el 5, )
F. TZ &3 Close to tight moderately inclined subhorizontal | Hinge TZ/1 050/10 Folds §,, §; and L,
asymmetric folds, 5, axial planar
Sus TZ(1 West | Crenulation cleavage in micaceous schists (mig- | TZ/1 010/45 Intersection with S, defines L,
matitic in TZ/3)
- TEZ3 NW. — TZ/3 average 345/15 3
Fia TE/1 West | Kink folds, chevron or parallel gently plunging | TZ/1 hinge (L;) 042/ | Folds S,
moderately inclined ; 5,5 axial planar 15
= TZ/3 — TZ(3 hinge (L;) 320~ —
ﬂl[!,.flﬁac
Fin T/ North | Medium-scale folds of varying geometry from west | Variable Folds 84, S,and L,
o east




o

*

Pole to S,

Pole to 54

L,, S;/S, intersection
and F, hinge

F, hinge L,

Fs, hinge

Fig. 3.2 — Fabricelement orientations in subzone TZ/1. L. Hope Synform excluding the northern limb
where affected by Fs folds. 11. Hope Synform, northern limb. For correlation of fabric

elements sce Table 4.1,

Maakselelementoriéntasies in subsone TZ/1. 1. Hope-sinform, uitgesiuit die noordelike vienel
waar dewr Fs plooie geaffekteer. 1. Hopesinform, noerdelike vienel, Vir korrelasie van

maakselelemente verwys Tabel 4.1,
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that S, and S, are parallel, which generally is not the
case (Fig. 4.1A). Further evidence for transposition
{Turner and Weiss 1963, p. 117) of §; by 5, comes from
occasional small isolated, rootless, almost isoclinal fold
closures found with limbs parallel to 8,. the dominant
schistosity. Where 8, is oblique to §; (e.g. a calc-silicate
band) the latter may be transposed step-like into cleavage
mullions.

The orientation of the S, schistosity varies as a result
of later folding, but the mean in the relatively undisturbed
southern part of the subzone is 340/25. For the northern
part dips average 150/60 and are locally overturned.

A widespread but weak second cleavage S, reorientates
5, parallel minerals. On average S, crenulation planes
are 5 mm to 10 mm apart. S, is steeper than 5, on the
southern limb but shallower than 5, on the northern
limb of the Hope Synform.

In the river gorge at the Hope Synform closure a
sporadically occurring crenulation cleavage Se s
developed in mica-rich layers.

Linear Elements—The L, lineation is defined by
elongated cale-silicate fels cleavage mullions and hinges
of F, minor folds. In a few cases quartz veins parallel to
S, are rodded along L, whilst in rare cases hornblende
needles in Matchless Member amphibole schists also lie
parallel to L,. The general trend and plunge of L,
vary due to later folding,

Biotite lineation L; on 3. planes has a constant
orientation over the subzone except in the northern part
where later folding reorientates L, (Fig. 3.2).

Although quartz rods are frequently found parallel to
L, and very rarely parallel to L,, these commonly have
orientations of only local significance, dependent to some
extent upon the orientation of the initial vein relative to
S, It is also probable that there are several ages of vein
emplacement.

3.3.1.2 Minor Folds

Rarely rootless F, minor folds can be seen transposed
in S,; these intrafolial folds may be up to 200 mm in
length and are best recognised as small folded quartz
veins in metapelitic rocks. F, folds range in size from
tens of millimetres to metres and belong to class 1C
(Ramsay 1967), occasionally with very attenuated limbs.
In one extreme case the measured wavelength was 300
mm and the amplitude 5 m. Limbs are frequently sheared
out leaving a closure and only a thin vestige of a limb.
Interlimb angles seldom exceed 7°. Hinge orientation L,
has been disturbed by later folding over the whole sub-
zone, but generally plunge northwards, Quartz veins
folded by F, are frequently rodded parallel to L.

Widely occurring on both the northern and southern
limbs of the Hope Synform are minor F, folds, generally
of millimetre-scale having Z-shaped profiles on the
southern and S-shaped profiles on the northern limb.
F, folds belong to class 1C,

In the closure of the Hope Synform several Fya kink
folds are present but are only of local significance and
confined to very micaceous pelites,

F, kink-type folds occur in the same area and often
show dilation of folded 5, cleavage planes in hinge zones.
Hinges plunge gently northwards (010/15) with axial
planes 270,52, These folds are of local importance and
commonly occur with joint planes,

3.3.1.3 Major Folds

The most striking feature of this subzone both on maps
and aerial photographs is the very large F, fold closing
to the south-west. Folding of 5, indicates this structure
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to be a synform. A stereographic plot of poles to S, from
the closure and southern limb is shown in Figure 3.2 1
whilst Figure 3.2 Il shows poles to S, for the northern
limb affected by later folding. Poles to S, (Fig. 3.2 1) give
a tight grouping on the = girdle to 5, poles, suggesting
S, to be axial-planar to F,. Lineation L, approximates
to the F; hinge.

Using the evidence that S, is axial-planar to F, minor
folds, then Figure 3.1 can best be interpreted by making
F, a major synform with a mean axial plane 332/32
plunging 030/10 at the closure. Effects of later folding
cause the hinge line to be undulose (non-cylindrical). The
Hope Synform is asymmetric with a short northern limb.

Smaller-scale, but still important fold structures (Fg)
on the northern limb of the Hope Synform increase in
size from west to east and show a concomitant change in
hinge orientation from 090/20 to 150/20 (Fig. 3.2 II),
The axial planes also change orientation from near-
vertical in the west to dipping moderately south-west
further east, Thus upright folds become reclined east-
wards, enabling the easternmost folds to significantly
affect the outcrop distribution by folding pelitic schists
from north of the amphibole schists southwards over the
Matchless Member thus giving rise to its discontinuous
outcrop. Figure 3.2 11 shows the scattering of L, due
largely to Fy folds.

3.3.1.4 Major Faults and Discontinuities

A subvertical fracture trend with apparently little
vertical or lateral displacement traverses the closure of
the Hope Synform. Some granitic dykes are intruded
along a similar trend which 1s also parallelled by quartz-
and caleite-filled tension gashes in the same area.

3.3.2 Subzone TZ/2: The Gorob Area

This subzone lies to the north and south-east of Gorob
and includes rocks from both north and south of the
Matchless Member (see Fig. 3.3).

3.3.2.1 Fabric Elements

Including bedding S,, four penetrative planar-fabric
elements are present, but only two (S, and 5;) are present
everywhere. Five basic types of linear-fabric elements are
recorded, and principally have two trends. Others are of
purely local significance.

Planar Elements—On a large scale the bedding (5y)
trend is shown IBly the outerop of a graphitic schist
just south of the Matchless Member. At outcrop, bedding
contacts between graphitic and pelitic schists are often
gradational or disrupted by the strong regional schisto-
sity Sg. In metapelites bedding is clearly shown on aerial
photographs, but S, may be virtually impossible 1o
establish at outcrop unless cale-silicate rocks are present.
Frequently even sizeable (up to 10 m) fragments of calc-
silicate rocks become transposed into S,. Thus §, is only
unambiguously seen in some fold closures where it is at
a high angle to S, Within the Matchless Member differ-
ences in rock type probably reflect degrees of deforma-
tion, as for example when a continuous gradation from
metagabbro to hornblende schist occurs, At a few places
spotted amphibole schists containing deformed variolites
(having pressure shadows) represent primary structure
concentric to pillow lava structures in epidote-banded
and amphibole schists,

S, generally dips north-westwards and cleavage(S,)-
bedding relations indicate that steep limbs (F,) are over-
turned.

At two localities, A and B in Figure 3.3, a locally
penetrative fabric S, is seen to be oblique to bedding S,.
The fabric is crenulated by S; and rarely by 5;. Biotite
flakes comprising S, are oriented parallel to S, or occa-
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sionally S, (Fig. 4.1A). 5, does not appear to be related
to folding,

Parallelism of biotite and especially muscovite in
metapelites define the dominant S, schistosity, but in
gome schists muscovite parallels S, whilst porphyroblastic
biotite, garnet, staurclite and kyanite have random
orientalions.

Small rootless Fy folds and cale-silicate cleavage mul-
lions indicate transposition of S, by 8. Schistosity may
be enhanced in highly micaceous rocks (which appear to
be depleted in quartz) adjacent to Sy,—parallel quartz
segregation lenses. Small quartz-plagioclase knots of
metamorphic origin present in some Matchless Member
schists are elongated parallel to 5, The degree of elonga-
tion of the knots increases rapidly adjacent to minor
shear zones (150-200 mm wide) parallel to S, The
orientation of S, is slightly variable as shown in Figure
3.4

8, crenulation cleavape planes are 5-10 mm apart but
are rare in amphibole schists. Post-tectonic growth of
garnet in S, has occurred, especially along the S, and 5,
intersection (Ly). At D (Fig. 3.3) 5; deforms both
kyanite and staurolite, but later growth of both mineral
species post-dates S;. The orientation of 5, is shown in
Figure 3.4, Steeper dips tend to occur in the north of the
subzone.

Linear Elements—Cale-silicate  cleavage mullions
occurring either singly or in trains and F, fold hinges
define the L, lincation (Figs 3.3 and 3.4). The orien-
tation of L, in Figure 3.3 shows marked differences in
trend at localities A, E and F which may reflect later
deformation, sliding (thrusting) along S, planes as at E,
or orientation of S, due to pre-existing F, folds.

In many cases quartz rods lie parallel to L;. L, mineral
lineations occur as oriented amphiboles and garnet trains
at cleavage mullion margins, or as oriented biotite flakes
growing in the pressure shadows of quartz rods. Some
Matchless Member amphibole schists contain pillows,
epidote-amphibole pods (boudins) and ellipsoidally
deformed wvariolites, all of which are elongated parallel
to Ly

L, occurs as biotite streaks or rarely as trains of garnets
on S,. In amphibole schists oriented hornblende crystals
or hinges of S, crenulations define L.

Mineral lineations are abundant throughout the sub-
zone, but cannot all be related to L, or Ly, Amphibole
needles parallel to the 8, strike direction have been
observed in two widely separated localities within the
Matchless Member. Prismatic biotite crystals in some
metapelites locally define a lineation, especially near to
quartz veins and rods, becoming seemingly random a
few hundreds of millimetres away from the veins.
Quartz rods are a prominent lineation, but the orientation
is often irregular even in a single outcrop.

3.3.2.2 Minor Folds

At one locality F, deformed a biotite-rich layer (5;) in
a metapelite, with an axial plane 355/40 and hinge 310/17.
The biotites of the layer have subsequently been re-
oriented parallel to S, at 330/20 (Fig. 4.1B). At locality
G (Fig. 3.3) interference between F, and F, folds gives
rise to an interference pattern resembling type E (Ram-
say 1967, p. 531).

F, minor folds are common throughout the subzone,
although less so in the Matchless Member. Characteris-
tically these are of class 1C and have amplitudes far in
excess of wavelength, Because of shearing along S, it is
commonplace for one or other limb to be absent,
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F, microfolds are best developed in micaceous schists
and are often markedly asymmetric with small ampli-
tude: wavelength ratios.

Occasionally, folds of differing hinge orientation and
tightness are found, but generally plunge northwards,
These are invariably defined by folded quartz veins
having an orientation oblique to S,. These veins may
have been injected during F, formation, or were alterna-
tively folded by a late flattening normal to §; (Section 7).

3.3.2.3 Major Foldy

Figure 3.3 shows the outlines of the larger (Fy)
folds as structural form lines depicting S, The large
fold shown at G is a large F, synform since interference
patterns are associated with it on aerial photographs
(also Fig. 3.2), and S, can be seen to cut F, axial-plane
traces at angles of 60°,

F, folds change in profile from S-shaped near B (Fig.
3.3) to M-shaped just north of locality E and Z-shaped
at dEE This may reflect a large F, synform between B
an

Interference between the postulated F, synform and the
north-castward continuation of the F, structure at G
may be responsible for the brachy-antiform just north
of E,

3.3.2.4 Major Faults and Discontinuities

At E (Fig. 3.3) two thrust planes sensibly parallel to
S, displace 5, giving rise to a narrow zone where cale-
silicate bands are extensively sheared and guartz lenses
far more flattened than in adjacent schists. Just north of
the Matchless Member at C (Fig. 3.3) kyanite-bearing
schists terminate abruptly and a 40-m-wide zone con-
tains intensively stretched and sheared gquartz veins
parallel to S,. This zone possibly represents a small
thrust.

A major north-south post-Damara fault crosses the
subzone near Gorob. The fault has a down-throw to the
east and, in the Gorob area, a strike displacement of
about 75 m and an estimated dip separation of 50 m.

3.3.3 Subzone TZ/3

This subzone lies south of TZ/1 (Fig. 3.5) and extends
to the south bank of the Kuiseb River.

3.3.3.1 Fabric Elements

Apart from the bedding there is only one penetrative
planar element present over the whole area. However,
locally penetrative planar elements do occur. Linear
elements are common and are manifested as fold hinges,
mineral lineations, rods and intersection of 8§ planes.

Planar Elements—Bedding, 8,, is often seen in pelitic
schists, whilst the contact between Matchless Member
rocks and metapelites is generally parallel to 8§,
The exceptions, however, are the massive metagabbros
which are often present as pod-like bodies in the meta-
pelite. It is possible that these contacts represent primary
igneous ones, although some bodies may be large bou-
dins.

The dominant planar fubric over the whole subzone
is the S, schistosity (Figs 3.5 and 3.6), to which both
quartz veins in metapelites and epidote bands in the
Matchless Member are parallel.

An incipient crenulation cleavage S, is present in a
small area (A in Fig. 3.5) and is axial-planar to an F,
minor fold in amphibole schists of the Matchless Mem-
ber,

In the north-west of the subzone the Sy crenulation
cleavage is developed in schists showing signs of mig-
matisation with coarsening of grain size.



o Fz hinge L,

. Ls.,5,/S, intersection-
cleavage mullions

« L deformed variolites

+ Biotite lineation L,

poles to 52

. Quartz-rod lineation
o Pole to 5, crenulation cleavage :
+ F, hinge
. 5,/S; intersection lineation L,
=]

Amphibole lineation, Matchless Member

Fig. 3.4 — Fabricclement orientations in subzone TZ/2. For correlation of fabric elements see Table 4.1,
Maakselelementarviéntasies in subsone TZ/2, Vir korrelasie van muakselelemente verwys Tabel 4.1,
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Pole to S,

= F; hinge
o F4 hinge
+ Fs, hinge

o Poleto 5,

m circle shows F, folding of S, schistosity

I
Fold D

. PoletoS, Fold B

* F, hinge and
mineral lineation

o F, hinge

Fig. 3.6 — Fabric-element orientations of subzone TZ/3, I refers to the western half of the subzone, whilst [ and
111 refer to folds shown in Figure 3.5. Sce Table 4.1 for correlation of fabric elements.
Maakselelementoriéntasies van subsone TZ/3. | verwys na die westelihe belfte van die subsone rerwyl 11
en I na plooie soos in Figuur 3.5 aangedui, verwys, Sien Tabel 4.1 vir korrelasie van maakselelemente,
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Linear Elements—The L, lineation is defined by
cleavage mullions, minor F, fold hinges and occasional
quartz rods. It is however, consistently found that L,
lies to the right of the down-dip direction of S, (as it
does in TZ/2). The orientation of L, varies due to later
folding (Fig. 3.6),

The L; lineation at A (Fig, 3.5)is a mineral striping on
8, planes and trends 053", parallel to F, fold hinges. A
sporadically developed L, lineation on Fold D (Fig. 3.6)
plunges south-westwards as seen on 5, planes.

Hinges of F,, minor folds and occasional quartz rods
define the L; lineation which varies in azimuth orienta-
tion, although its plunge is consistent at about 157 in
the S; plane.

3.3.3.2 Minor Folds

Class 1C F,; minor folds range in size from tens of
millimetres up to 100 m, and for these folds amplitude
may exceed wavelength by 20:1. The Matchless Member
rocks of Fold B (Fig. 3. 5) commonly contain amphibole
clusters elongated parallel to F, hinges (i.e. L.}

F, minor folds at A in Figure 3. 5 have an axial plane of
about 345/40 and a plunge of 055/20, Folds are generally
asymmetric with a short south-eastern limb to the
main antiform and closely resemble F, minor folds of the
southern limb of the Hope Synform (TZ/1).

Minor F,, folds are of millimetre- or metre-scale
occurring in migmatised schists in the north-western
part of the subzone.

3.3.3.3 Major Folds

Major F, folds give rise to the outerop pattern of the
Matchless Member rocks in the eastern part of the sub-
zone at C (Fig. 3. 5). The fold geometry is complicated by
the presence of large bodies of metagabbro which appear
to have resisted deformation and in some cases form large
boudins or pinch-and-swell structures. The folds are
essentially of class 1C but have various hinge orientations
due to later refolding. Initially these probably plunged
north-westwards.

A large F, synform is clearly seen on the Kuiseb
River (D, Fig. 3.5). Both 8, and F, are reoriented by the
fold, the axial plane of which possibly dips north-
westwards whilst the plunge is 230/20, in contrast to F,
minor folds at A in Figure 3.5. The axial-plane trace
trend is essentially similar to that of the Hope Synform,
the two folds being separated by a large antiformal
region (Section 4).

Other folds can be seen from the structural form lines
plotted on Figure 3.5; these folds are disharmoenic and
probably related to the intrusion of the Donkerhuk
Granite (Section 4).

3.3.3.4 Major Faults and Discontinuities
There are no major faults in this subzone, although
the southern continuation of a fault crossing the Hope

Synform closure penetrates into the northern part of the
subzone.

3.4 OKAHANDJA LINEAMENT ZONE STRUC-
TURAL GEOMETRY

Table 3.2 summarises the distribution and main
features of the penetrative fabric elements observed.
3.4.1 Subzone OLZ[1

This subzone lies wholly within the outcrop area of the
Tinkas Member of the Kuiseb Formation (Figs 1.1 and
3.7y and displays the most characteristic structural
style of this zone,

3.4.1.1 Fabric Elements

Four planar elements are present including bedding,
but only two have a wide distribution. Two major
linear trends are present due to fold hinges and inter-
section of S surfaces,

Planar Elemenis—Bedding 5, is readily seen over the
whole subzone because of the varied lithology of cale-
silicate rocks and marbles in pelitic types.

S;, a strong schistosity in metapelites, is a mylonitic
compositional layering (Vernon 1974) in cale-silicate
bands and is the dominant fabric element of the subzone.

Table 3.2—MAIN CHARACTERISTICS OF THE OKAHANDJA LINEAMENT ZONE PENETRATIVE FABRIC ELEMENTS

Element | Oeccurrence Main festures General orientation Effect on pre-existing fabrics
S OLZ{1,2,3 | Bedding, variations in lithology, mineralogy, grain | Variable —
size or colour
5 OLZ/2 & 3 | Biotite laminae. Parallel layers 1-2 mm thick up to | Variable —
10 mm apart discordant (o S, i
F,*" | OLZ/1 Isoclinal gently inclined subhorizontal folds - Folds 8,. 8, axial planar?
Fs OLZ3 Tight to fsoclinal gently inclined subhorizontal | Axial plane dips | Folds §; and 5,
olds on em scale NW, hinge N—5
8; OLZ/1, 2 & | Schistosity, parallel orientation of muscovite and | OLZ/I, 318/80; | Intersection with S;=Lg, and in-
k! biotite in most pelites: also elongation of quartz OLZ/2, 310/90 and tersection with 8,=Lgb
and plagioclase. Mylonitic layering in cale-sili- OLZ/3, 115/80
cate rocks :
Fy OLZ(1,2 & | Tight to isoclinal upright moderately plunging | Hinge OLZ/1 232/ | Folds 8; and §,
3 folds, 5, axial-planar, Class 1C tending to class 37: OLZ/Z 040/10
2, Hinges parallel to Ly, and 220,/05; OLZ/
gh (27730 and 202/
Sa | OLZ(1, 2, 3 | Crenulation cleavage in hinges of F , folds 0097 Intersection with 5,=L,
Fa | OLZ/1,2,3 | Close-tight steeply inclined moderately plunging | Hinge 217/40 Folds Sq, 5, Syand Ly
folds. §,, axial-planar
S84 | OLZ1, 3 Fr;cture cl{mvagf, rarely crenulation cleavage in | 280/75 and 095/52 -
inges of Fyp folds
Fo | OLZfL, 3 Clusci-ﬁzht sl:agplj.r inclined moderately plunging | Hinge 200/45 and | Folds S;and some pegmatites
folds. S,k axial-planar 00737
8 OLZj2, 3 Mylonitic lavering associated with ‘breccia bands’ | Parailel to 5, -
F; OLZ2, 3 Conjugate kink folds associated with *breccia bands™ | Variable Folds 5, and 5,
5 OLZE/3 Crenulation cleavages associated with Donkerhuk | Variable Crenulates 8, and 5,
Granite emplacement
F; OLZ3 Locally developed kink folds Yariable —
Close-tight parallel moderately inclined gently | Hinge 210/12 axial | Folds 5, and 5,
plunging minor folds planc 300/35
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Pole to bedding 5,

Pole to S, (axial-planar
to F; minor folds)

L, Fs hinge inI, §,/S,
other diagrams

F,, hinge

Pole to S,, (axial-planar
to F,, minor folds)

F4, hinge

Pole 1o S, (axial-planar
to Fg, minor folds)

Fig. 3.8 — Fabric-element orientations in subzone OLZ/1. I - minor folds and axial planes from the whole

subzone. Il = V refer to domains shown in Figure 3.7, See Table 4.1 for correlation of fabric elements.

Maakselelementoriéntasies in subsone OLZ/L, T - ondergeskikre plooie en asvlakke van die subsone in

gebeel, I — V verwys na domeine in Figuwur 3.7 aangetoon, Verwys Tabel 4.1 vir korrelasie van maaksel-

elemente.
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Tabular calcite crystals in many marbles also lie parallel
to S,. Transposition of bedding parallel to the S, planes
is evident in fold closures where calc-silicate layers are
commonly disrupted into cleavage mullions. The
average orientation of 55 is subvertical, striking north-
north-eastwards (Fig. 3.8),

S.a, 8 weak crenulation cleavage, is best seen in more
micaceous rocks, in the hinge areas of F, folds.

The S, fracture cleavage is present in the synformal
closures of Fy, folds, and is invariably fanned (Fig.
4.21E).

Linear Fabric Elements—The dominant linear element
Ly is defined by cleavage mullions of calc-silicate fels
or marble, and F, fold hinges. In a few cases horn-
blende needles adjacent to cleavage mullions are also
aligned parallel to Ly. On cale-pelite bedding planes
Ly often appears as ripple-like structures. Vanation of
L,y orientation is slight as shown on the stereograms of
Figure 3.8,

L, is a weak biotite lineation on S, planes due to Sy
intersection. L, is found only close to F,. hinges.

1.4.1.2 Minor Folds

F; minor folds are uncommon, except in major fold
closures, probably due to transposition of 8, by 5,
which may be so severe as to totally disrupt calc-silicate
layers leaving thin ‘smears’ of calc-silicate fels on §,
planes. Minor folds are thus destroyed on fold limbs but
may be preserved in thick marble and calc-silicate
layers., Fy plunges are gentle, and typically 232/37
(Fig. 3.8). When asymmetric with respect to S, long
limbs may be sheared out, and the short limbs locally
overturned,

F,. and Fg folds are of similar orientation to F,
although folding 8, planes. Figures 3.7 and 3.8 I show
the change in hinge and axial surface orientation between
Fy, Fu and Fy. Pegmatites intruded parallel to S,
are folded by F .

3.4.1.3 Major Folds

Possible F, folds are present in the north of this
subzone giving rise to the fold closure at A in Figure 3.7
and a dome-and-basin pattern 1 km south-west of A,
There is no apparent axial-planar schistosity associated
with these folds but these are strongly folded and cleaved
by F, and 5, respectively,

Large-scale F, folds are developed in the east of the
subzone, Interlimb angles are generally less than 357,
Cale-silicate cleavage mullions (Ls.) are abundant in the
fold closures and lie parallel to F; hinges, The folds are
slightly asymmetric often with the short limb locally
overturned. Bedding, hinge and axial-plane orientations
for one Fy fold are shown in Figure 3.8 111

3.4.1.4 Major Faults and Discontinuities

There are no major faults, although northerly trending
minor faults with sinistral displacement of a few metres
are Common,

3.4.2 Subzone QOLZ/2

A structural map of the subzone is shown in Figure
3.9, The area lies athwart much of the Okahandja
Lineament Zone and includes rocks of the Kuiseb
Formation and part of the Tinkas Member,

3.4.2.1 Fabric Elements

There are essentially four planar fabric elements—the
crenulation cleavage S,., however, is only of local im-
portance. Linear elements are cleavage mullions, fold
hinges, mineral lincations and S-surface intersections
constituting three main trends,
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Planar Elements—The lithological variation in the
Tinkas Member rocks enables 8, to be determined
readily. Above the Tinkas Member, however, pelitic
schists dominate and 8, is not as easily located. Orienta-
tion of S, is shown in Figure 3.10 I for the area east of
the Tinkas Member, and Figure 3.10 VI shows bedding
around the synform XX on Figure 3.9.

The pelitic schists above the Tinkas Member (i.e.
east of the upper Tinkas boundary) occasionally contain
the 8, fabric. 8, is not observed over any great extent
since it is folded by F, and strongly crenulated by S
into which fabric the biotites of S; have recrystallised.

The orientation of the strongly penetrative S, schisto-
sity is fairly uniform over the subzone (Fig. 3.10 III).
The fabric is seen as a compositional layering in calc-
silicate cleavage mullions,

A crenulation cleavage S, is rarely developed, but
when present is often very intense in F,, fold closures.
Orientation is shown in Figure 3.10 IV and is nearly
co-planar with 5,

East of the Tinkas Member thin breccia bands are
developed parallel to S,. These bands are not more than
a metre thick, commonly only 50 mm wide and imper-
sistent along strike grading into thin mylonitic bands
(S;) still parallel to S,. The breccias contain angular
fragments of schist cemented by carbonate or epidote.
Because the bands are thin only about 20 have been
found but they appear to be widespread.

Linear Elements—The L, lineation is common
throughout the subzone as elongated cleavage mullions
and rare F, fold hinges. Quartz veins are generally
scarce in this subzone and in the Okahandja Lineament
Zone in general, but a few of those present are rodded
parallel to L. Lga orientations are shown in Figure
3.10 11L

A biotite lineation Ly, on S, planes is frequently
broken up into small elongated spots whose long axes
define Ly where S, transposition into S, has occurred.
The crientation of this lineation which has not yet been
observed in the Tinkas Member, varies as shown in
Figure 3.10 1L

A biotite lineation microcrenulation on 8, planes
defines L, which trends 030/03-20.

3.4.2.2 Minor Folds

Minor F, folds are common having axial planes
dipping steeply north-westwards or south-eastwards.
The long limbs of a few folds occurring in the Tinkas
Member are sheared (e.g. on 290/70).

F,a folds are nearly co-axial with F, folds; the plunge
is consistently to the south-west averaging 210/45
(Fig. 3.10 V). These folds are frequently markedly
asymmetric,

Minor F; kink folds, commonly in conjugate sets
and having various orientations, are found adjacent to
breccia bands.

3.4.2.3 Muajor Folds

Many of the F, folds are elongated basins or domes
(Fold X-X, Fig. 3.9) with plunges (Ls) either to the
north-cast or south-west (Fig. 3.10 11l and VI). This
may be due to undulating hinges, i.e. the folds are not
cylindrical, or it may result from interference with pre-F
folds.

3.4.2.4 Major Faults and Discontinuities

A thrust fault is proposed in the western part of this
subzone, parallel to the strike of S, but the dip of the
plane is unknown. Evidence for the fault comes from a



==>  Trace of bedding 5,

“  Strike and dip of bedding
= 5; schistosity

— Ly, 5,/8; intersection
Bae Ly, S,/S; intersection

= p-— F;-axial-plane trace with hinge
and dip

BT Salem Granite

== Marble of the Tinkas Member

2308 t_—— Thrust

23 08

7y

kilometres

Fig. 3.9 — Structural details of subzone OLZ/2. For correlation of fabric elements see Table 4.1,
Struktuurgegewens van subsone QLZ/2, Vir korrelasie van maakselelemente verwys Tabel 4.1,

21




v QXIS
e 215/10

II

- Poleto S;
% L34S, /S; intersection

L!a L Sﬂ ;Si
intersection

® Fj hinge

« PoletoS,,

x L4y253/5, intersection

» F,;, axial plane
(S, pole)

e F,, hinge

+ Poleto 5,

= F; hinge

Fold XX(Fig. 3.9)

Fig. 3.10

— Fabric-element orientations in subzone OLZ/2. See Table 4.1 for correlation of fabric elements.

Maakselelementoriéntasies in subsone OLZ/2. Verwys Tabel 4.1 vir korrelasie van maakselelemente,

22



thin band of iron-stained metapelite accompanied by a
grey brecciated quartz vein. In addition, part of the
stratigraphic succession appears to be absent, and below
the fault plane imbricate-type structures are present in
dark massive rocks interbedded with semipelites. In the
vicinity en echelon tension gashes indicate a dextral shear
couple, This structure may be associated with the breccia
bands. It is not known whether this thrust is present
beneath the folded marble band east of the known out-
crop of the fault plane,

Numerous small-scale northerly trending fractures are
present often with metre-scale sinistral displacements.

3.4.2.5 Other Structures

A locally penetrative second schistosity Sy is visible in
some of the more micaceous schists. In these rocks
muscovile lizs parallel to S, whereas biotite defines the
Sr fabric, or may be irregularly oriented. S¢ is generally
subhorizontal (approximately 315/15) and includes
biotites grown in associated tension-gash-like structures.
The texture on S, planes is similar to that of a garben-
schiefer as a result of the new biotite orientation. The
relationship between Spand 5, is not known. Sris enclosed
helicitically in both andalusite and cordierite porphyro-
blasts which generally grow in bands parallel to §,
(Scction 7). Mo fold structures are obviously associated
with 5¢ which may be of metamorphic origin. This fabric
has been ohserved as far north-east as Gross Barmen.

3.4.3 Subzone OLZ/3

This subzone lies at the eastern edge of the Okahandja
Lineament Zone adjacent to the Donkerhuk Granite,
and contains several features not seen elsewhere in the
zone. Figure 3.11 shows the main structural details,

3.4.3.1 Fabric Elements

Four main penetrative fabric elements are seen. The
crenulation cleavage, however, may represent several
‘events’. Linear elements are abundant and include fold
hinges, rods, mineral lineation and S-plane intersections.
g)rientations of the various elements are shown in Figure

8 b

Planar Elements—Bedding 15 generally transposed
parallel to S; making precise orientation of S, difficult.

The 8, fabric is fairly common although confined 1o
mica-rich metapelites. S, is oblique to bedding and crenu-
lated by 5;. 5, may be a metamorphic banding or a
pressure-solution cleavage.

5, the dominant planar labric, is a schistosity in which
most platy minerals are aligned. There is also a tendency
for amphibole crystals to lie in §; at the edge of calc-
silicate cleavape mullions, Towards the contact with the
Donkerhuk Granite coarse-grained muscovite flakes,
cauliform andalusite and nodular cordierite grow ran-
domly across Sy. Crenulation cleavage is very common
over the whole subzone with orientation differing from
point to peint. Thus the crenulations may represent seve-
ral events and are only locally significant fabric elements,
i.e. 84,15 associated with F 4, S, with F and S, with F,,
Some crenulations are axial-planar to similar type folds,
whilst others belong to kink fold sets, The crenulations
are best seen in the finer-grained micaceous schists. S,, a
mylonitic banding, commonly grades along strike from
breccia bands, and is often of papery appearance and
parallels 8,

Linear Elemenis—The Lg lineation of cleavage
mullions, F; fold hinges and occasional mineral orien-
tation has a uniform strike of 030° (Fig. 3.12 I) over the
subzone.

Elongated biotite spots and biotite striping on 8, sur-
faces define Lys.
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Northerly trending crinkles on S, planes due to S,
define L, and are found in the hinge areas of F,, folds,

Quartz rods due to boudinage or pinch-and-swell
structures in quartz veins have various orientations, other
than the lineations above. In general, however, quartz
rods trend and plunge northwards.

3.4.3.2 Minor Folds

In one instance the S, fabric is folded into a nearly
isoclinal recumbent F, minor fold and later crenulated
by 8;. The fold is apparently rootless and may originally
have had a subhorizontal axial plane. Biotite spots
E*L%%}e]mngmed along 210/35, are abundant nearby (Fig.

Minor F; folds are not abundant but often occur as
rootless intrafolial folds parallel to 8. F; orientations are
shown in Figures 3.11 and 3.12 L.

The Fya folds are almost co-axial with F; folds (Fig.
3.12 1 and I1). The F  folds show the same slight change
in orientation from F, as in OLZ/1, (Fig. 3.12 11 and
L[[}. Quartz veins are locally rodded parallel to the F

inge.

Locally penetrative kink-and-buckle folds belong to F,
and often oceur in conjugate sets, close to the Donkerhuk
Granite. Small to meso-scale asymmetric folds also
belong to Fg, but do not occur in conjugate sets being
parallel close-to-tight gently inclined folds with hinges
210/12 and axial planes 300/35 (Fig. 3.11).

3.4.3.3 Muajor Folds

Observed F; folds are very tight with interlimb angles
of less than 10° (Figs 3,11 and 3.12 1),

3.4.3.4 Major Faults and Discontinuities

Very frequently bands of breccia are observed parallel
to 8. These are laterally impersistent and grade into
mylonitic rocks. A thin band of marble is parallel to one
such breccia and cale-silicate lavers within the marble
show small-scale folding (F;). often with limbs sheared
out. The shear couple producing these minor drag folds
appears to have been sinistral. In another case en echelon
tension gashes adjacent to a breccia band wholly in meta-
pelitic schists indicate a dextral shear couple.

Close to the Donkerhuk Granite pegmatites are
intruded either parallel to, or at high angles to S,, In five
instances where pegmatites are perpendicular to 5,
parallel breccia bands, the pegmatites are displaced
sinistrally by up to 25 m. An S;-parallel fracture cleavage
{S;) is developed in the brecciated pegmatite within the
dislocation zone. Medium-grained muscovite pegmatites
{early set) parallel to 8, are occasionally boudinaged or
show pinch-and-swell (L;) structures having subvertical
long axes typically plunging 200/70. Quartz veins may
be present at boudin necks. Although at several localities
Sy-parallel surfaces of breccia bands are exposed, no
slickenside markings have been found. Breccia bands are
numerous and in one instance persistent for 3 km
along strike. Fracture cleavage and kink folds are often
associated with the bands,

Post-Damara, northerly trending fractures with minor
sinistral displacement are frequent and in a few places
have been intruded by dolerite dykes.

3.5 CENTRAL ZONE STRUCTURAL GEOMETRY

The main characteristics of the fabric elements ob-
served in the Central Zone are shown in Table 3.3,

3.5.1 Subzone CZ/1

This zone lies immediately to the west of the Okahand-
ja Lineament Zone and contains structural elements
common to both zones (Fig. 3.13).
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Table 1.3—MAIN CHARACTERISTICS OF CENTRAL ZONE PENETRATIVE FABRIC ELEMENTS

Element | Occurrence Main features General orientation Effect on pre-existing fabrics
8o CZ/1 and 2 | Bedding, variation of lithology, mineralogy, grain Variable -
size Lo colour
5, €21 and 2 | Schistosity in metapelites, parallelism of biotite and Variable, generally | Subparallel to S, in most areas
muscovite where present, Many granitic neo- north-westerly dip- except F, fold closures
somes parallel 5, ping
F, CZ/1 and 2 | Tieht to isoclinal moderately inclined gently plung- | Hingenorthornorth- Folds 8; which it locally inverts.
ing folds, 5, is axial-planar, hinge parallel 1o L, westerly plunge Elongation of clasts in Chuos
Formation defines L,
S CZ Extremely weak alignment of biotite in F, closures | Subhorizonial Reorientates biotites of 5, and 5,
F, C7/1 and 2 | Tight to isoclinal mently inclined subhorizontal | Hinge (Lg) 350/10 —
olds, S, axial-planar
S CZ/l and 2 | Schistosity or crenulation cleavage, locally very | 300/80 Intersection with 5;=Lan (in east);
strong replacing S;. Alignment of the platy mine- mineral and lineation Lise else-
rals, some granite neosomes parallel to 5, planes where
F, CZ/1 and 2 | Tight to isoclinal steeply inclined to upright gently | Laa hinge 350/10-20 | Folds Sy, 5,, F, and F,
plunging class 1C folds, 5, axial-planar. Folds and Ly hinge 210/
modified by diapirism in
F, CZ/2 Tight asymmetric moderately inclined, moderately | Axial plane 025/55 | Folds 8;, 5, F., Fi Fs present
plunging folds, class 1C al_;lg él'lﬂf- 355/40- mainly in Karibib marble
02516
Fs CZ)2 Close-tight moderately inclined moderately plung- | Axial plane 320/33 Mot observed folding Fy
ing class 1C folds and hinge 010/40
F, CZ/1 and 2 | Open parallel upright moderately plunging folds Axial plane subverti- | Folds Fy and F,
cal hinge 000-070/
43

3.5.1.1 Fabric Elements

A number of planar fabric elements can be discerned
of which two are clearly pre-Damara, but only the Da-
mara structures will be considered. Linear fabric elements
of Damara age are abundant and include fold hinges,
mine ral lineations, deformed clasts and intersection linea-
tions.

Planar Elements—The Nosib Group rests uncon-
formably upon the pre-Damara, in effect burying a pre-
Mosib topography. Within the Nosib Group, bedding is
recognised by heavy-mineral layering, presence of pebble
bands, schist intercalations and sedimentary structures
such as cross-laminations, channel fills and graded
bedding. No bedding-plane structures appear to be pre-
served. The bedding 15 inverted at Fold C in Figure 3.13,

Bedding (S,) within the Chuos and Kuiseb Formations
is less easy to define but nevertheless, can generally be
found as lithological variations although sedimentary
structures are scarce. A compositional layering seen in
the Karibib marbles is probably bedding.

The §, schistosity is well developed in pelites but very
weakly developed in the quartzo-feldspathic rocks of the
Nosib Group. 8, is generally subparallel to 5, but can
be seen to lie obligue to S, locally (D in Fig. 3.13).

S, is a very weak schistosity confined to the closures
of F, folds where biotites of §, or 8, are reoriented
(Fig. 4.3C.)

The S, schistosity or crenulation cleavage changes
strikes from 350° to 035" from west to east as the Oka-
handja Lineament Zone is approached (Fig. 3.14 11 and
III). Flattened sillimanite knots also lie parallel to 5,
and obligue to §,.

Linear Elements—The L, lineation is defined by the
elongation of clast in the Chuos Formation and rarely by
a lineation on §, planes. The orientation of L, is variably
due to later folding, notably by F,.

F. fold hinges define the L, lincation.

The change in orientation of S, from west to east is
reflected in the orientation of associated lineations
(Fig. 3.14 11 and II1). The Ly, lineation found in the
western part of CZ/1 is due to elongation of augen in
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pre-Damara rocks, elongation of sillimanite knots and
minor Fj fold hinges in the Nosib. Ly, present adjacent
to the Okahandja Lineament Zone, is defined by clast
elongation in the Nosib and Chuos rocks and occasional
minor F, fold hinges. Typical orientations are: L.
355/30 and Ly 040-220/00-20. Ly in the Central Zone
parallels Ly, of the Okahandja Lineament Zone.

3.5.1.2 Minor Folds

This subzone contains minor folds crucial to the
correlation of Central Zone structures with those of the
Okahandja Lineament Zone.

Recumbent, nearly isoclinal F; minor folds occur at
A in Figure 3.13. The folds deform the fabric in pre-
Damara gneisses and S, in the lowermost rather mica-
ceous Nosib Group rocks. Axial planes are subhorizontal
dipping either to the west or east.

F, folds deform F, structures (Fig. 4.3C) in the west
of the subzone. In one example of an F, fold (Fig. 4.3A)
a pegmatite vein intrudes across the fold and is deformed
co-axially with Fjy suggesting post-pegmatite flattening
of the F, fold. In other cases pegmatite and granitic
leucosomes are intruded parallel to F; axial planes.

F, minor folds change orientation from west to east
across the subzone as shown in Figure 3.13. The change
of F, hinges from west (L) Lo east (Lg) is shown in
Figure 3.14 IT and 1IL

F, minor folds are frequently found in the western
part of the subzone, but do not significantly affect the
outcrop pattern,

3.5.1.3 Major Folds

Two major pre-Fy axial plane traces are shown on
Figure 3.13. These folds have S, axial-planar and L;
defining hinge directions. The folds are F, since the axial-
planar schistosity S, 1s folded by another pre-Fy fold
trend in the west of the subzone. F, folds invert the
stratigraphy locally (B and C in Fig. 3.13, Section 4).
The non-inverted limb is characterised by subhorizontal
Nosib rocks north-west of Chungochoabberg.

F, folds in the western part of the subzone commonly
have faults developed parallel to their limbs.



Fold Y-Y Fig. 3.13

Pole to bedding 5,

Pole to axial-planar
cleavage S;

Ly, clast elongation

H Western part of CZ/1 ]I[ Eastern part of CZ/1

Ly, elongation of clasts

* L, elongation of sillimanite knots .
x L, elongation of quartzo-feldspathic « 3; pole to flattening of clasts
augen
s 53 pole to flattening of sillimanite
knots
Fig. 3.14 - Fabrnc-element onentations in subzone CZ/1. For correlation of fabric elements see Table 4.1,

Maakselelement oviéntasies in subsone CZ/1. Vir korrelasie van maakselelemente verwys Tabel 4.1,
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At the boundary with the Okahandja Lineament Zone
an F, brachy-antiform Y-Y on Figure 3.13 deforms F,
axial-plane traces. The shape of the fold results from
F,/F, interference, but may also be due to the intrusion
of a large body of Salem Granite 5 km north of the fold
deflecting the northern part of the Y-Y fold-axial trace.
An axial-planar fracture cleavage is developed in the
MNaosib rocks of the fold and parallels S,4in the Okahandja
Lineament Zone. Fold X-X is indicated to be a synform
from the attitude of marble bands in the Tinkas Member,
but contains older rocks in the core, indicating the
stratigraphy to be inverted,

3.5.1.4 Major Faults and Discontinuities

The fold Y=Y (Fig. 3. 13) has a well-developed fracture
cleavage which appears to be closely axial-planar. It is
noted (Fig. 3.13) that the elongation of pebbles on the
northern limb plunges north-castwards, whilst the
elongation plunges south-westwards for the other limb.
In addition, poles to §, on a band of marble (Tinkas
Member) outlining the northern closure fall on separate
great circles (Fig. 3.14 1), suggesting some degree of
axial-planar movement,

Faulting in Nosib Group rocks north-west of Chun-
gochoabberg is often accompanied by a distinct red
celouration of rock adjacent to the fault plane, due to
growth of microcline.

3.5.2 Subzone CZ[2

This subzone covers an area dominated by fold
structures in the Karibib Formation (Fig. 3. 15),

31.5.2.1 Fabric Elements

Two penetrative planar-fabric elements are seen in the
area. Linear elements include mineral lineations, clast
elongations and fold hinges. The orientation of the
latter is to some extent dependent on later folding.

Planar Elements—Differing lithologies in the Chuos
and Karibib Formations make S, bedding readily
apparent. Calc-silicate layers frequently parallel to §,
in the Karibib marble are boudinaged and/or folded.

In areas of local partial melting, granitic neosomes are
often found parallel to S, (e.g. red gneissic granite).
Later folding-and-diapir formation gives rise to a highly
variable orientation to §,.

The subvertical §, fabric is occasionally seen in pelites
folded by Fj. Sy crenulates S, and contains flattened
sillimanite knots, Locally partial-melt neosomes may
intrude along 5.

Linear Elements—The L, lineation is defined by
elongation of clasts within the Chuos Formation,
forming a lineation on 8, planes.

The L, lineation is formed by F, fold hinges occasion-
ally seen as folded cale-silicate bands within the Karibib
marble.

Mineral lineation Ly, due to elongated aggregates of
sillimanite, cordierite or quartzo-feldspathic neosomes
{augen) lies parallel to Fy hinges and all plunge gently
northwards. In many cases cordierite porphyroblasts lie
along the S,/S, intersection but pariallel to Lg.. The
orientation of Ly, lingations is shown in Figure 3,16 1
and 1L

3.5.2.2 Minor Folds

Folded interference patterns at B in Figure 3.15,
suggest a gently inclined set of F, minor folds to be
present in the subzone,

Recumbent F, minor folds are occasionally seen
where marble and pelite are interbedded, e.g. A in Figure
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3.15, The subhorizontal axial Elanes dip gently east-
wards with a northerly trending hinge line.

Minor Fy folds are abundant in the Karibib marble,
commonly accompanied by parasitic Z-, M- and §-
shaped microfolds. F; interlimb angles are generally 5°
or less, F, refolds F, giving rise to numerous interference
fold patterns (Fig. 4.3).

F; minor folds are particularly commeon in the central
part of the subzone, reorienting earlier structures
(Figs 3.16 T and II).

F, concentric buckles with rare axial-planar fractures
are common over the whole subzone.

3.5.2.3 Major Folds

The major F, folds trend north to north-eastwards
and are locally modified by diapirism into north-trending
dome structures (e.g. C, D, E in Fig. 3.15). The F; folds
have essentially wvertical limbs and appear to plunge
northwards. Diapirically modified forms still plunge
northwards, but ofien have a cylindrical form with bul-
bous antiforms and tightly pinched adjacent synforms,
e.z. Sopichoogte Antiform, C in Figure 3.15.

F, folds give rise to the north-westerly strike of the
Karibib Formation south of Vogelfederberg.

F; folds are only present in the western part of the
subzone and are arranged in en echelon fashion along
the outerop of the Karibib Formation.

3.5.2.4 Major Faults and Discontinuities
No major faults have been recognised in this subzone,

4. KINEMATIC INTERPRETATION

For the purposes of this chapter the fabric elements in
each of the subzones are combined into an overall scheme
for each zone: in Table 4.1 the elements present in the
different zones are correlated. The relationship between
the various elements observed is discussed and illustrated
below enabling the overall histories of the subzones to be
compiled (Tables 4.2, 4.3 and 4.4),

4.1 TROUGH ZONE

Bedding is common to all areas, although it is rarely
traceable over any distance in the field. The Matchless
Member, although an excellent marker, may not reflect
S, in all areas, notably the metagabbro bodies and ultra-
mafic types which are probably intrusive into either
pelites or metabasites,

In all three subzones there is a single dominant pene-
trative fabric, which has a fairly uniform orientation
dipping moderately steeply north-westwards. In thin
section the fabrics in Matchless Member rocks are
marked by alignment in y-z planes of phyllosilicates in
metapelites and amphiboles. A large proportion of all
quartz veins observed lie parallel to this fabric. Trans-
position of bedding, notably calc-silicate layers, is charac-
teristic of this fabric. The schistosity is common to all
three subzones and is termed S, since it can be seen to
crenulate an earlier fabric in TZ/2.

The S, biotite folia in TZ/2 are regularly spaced
biotite-rich layers, possibly of pressure solution origin.
It is not known whether the biotite has mimetically
grown in S, or was there originally. All biotite flakes
defining S, now lie parallel to S,. Since S, lies oblique to
bedding in aluminous schists it 1s probably of structural
or metamorphic origin (Fig. 4. 1A).

There is also evidence of pre-5, folding for TZ/2 where
small tight F; folds are obliquely cut and crenulated by
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. Pole to banding in marble 5,(?)
« L3, mineral lineation

F, fold hinge

[u]

Sy (?Ipole to banding
in marble

o Fs fold hinge

Western part of CZ/2

Eastern part of CZ/2

. Sy(?)pole to banding in marble
x F; fold hinge
. F4 fold hinge

, F, fold hinge

Fig. 3.16 — Fabric-element orientations of subzone CZ/2. For correlation of fabric elements see Table 4.1.
Maakselelementoviéntasies van subsone CZ/2. Vir korrelasie van maakselelemente verwys Tabel 4.1.
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SD
S, fabric crenulated F, fold deformed by S, Garnet porphyroblasts grown
by S,. Biotite flakes schistosity (locality G, along Ly (TZ/2)
parallel S, (TZ/2) Fig. 3.3, TZ/2)

Kyanite and staurolite porphyroblasts pre-

F, fold crenulated by S, in
and post-dating S, (locality D, Fig. 3.3, TZ/2)

southern limb of Hope Synform (T2/1)

Hypothetical N—S section across Hope Synform (TZ/1) and fold D (TZ/3) showing the
Matchless Member (black) on the low-temperature side of the Donkerhuk Granite aureole
sillimanite isograd (dotted line). Donkerhuk Granite shown hachured

Fig. 4.1 — Structural and fabric-element relationships in the Trough Zone.
Straktunr-en maakselelememtverbouding i die Trogsone,
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Table 4 1—CORRELATION OF FABRIC ELEMENTS FOUND WITHIN EACH SUBZONE INTO OVERALL SCHEME FOR
EACH MAJOR TECTONIC ZONE

Deformation event Planar elements Linear elements Folds
TROUGH ZONE TZ/1 TZS2 TEZ/3 TZ/1 TZ/2 TZ/3 TZS1 TZ/2 TZ/3
e T T 5 F, :
D“................... SI S]: Sj I—l L-| L-] F| F. [‘.
B e R S L, Fs
pc & 5, 5, Ly L. Fy F,
WDk 5 e e S Sia L, Fua. Fun Fua
Post-Damara........... Fa
OKAHANDIA
LINEAMENT ZONE OLZ/1 OLZj2 OLZj3 OLZ/1 OLZj2 OLZ3 OLZ/1 OLZj2 OLZ3
b e 5 8 F,?
R s S¢7 5¢? E;
DL. ................... S: b-; 54 L:m L!|_+ L:h I-.uq L:I} F:: Fl F:
D]_. ................... 5"_1 S;h Sﬂ Su. Slb Ll Lq. Ll. Fu.- Flh- Fdl FI.I-u Fﬂi
TR 5 Sy L, F, F,
L B B R 54 Fy
CENTRAL ZONE CZl CZf2 CZ/l CZf2 CZj1 C2j2
Dy s S S T 51 5 L, L, Fy F,
I}f| ................... EI L: F‘ F|
| & R LA T 5 3, Laa. Lab Laa Fa Fa
ert b St "
Fraasad s g bdnqaansapi 5
RS Fa F,

* Deformation events associated with the emplacement of the Donkerhuk Granite,

Table 4. 2—SUMMARY OF DEFORMATION HISTORY OF THE TROUGH ZONE

Trough £one Damara deformations:

Dy S Biotite fabric oblique to bedding
F, TJ¥I t rootless folds, hinge EIEI..'] 7 axial plane 355/40; rare quartz veins parallel 5,
i

| 8, stosity axial-planar to F,; mean orientation 330/30
F, Tight to soclinal class 1C folds, hinge 325/25-015/20 depending on later folding; many quartz segregation veins
parallel §
Dy, L C‘r:m.l]aliunl:ieavag: and micro-folding axial plane 260-330/30-70; garnets grow along 5./5, intersection
Donkerhuk Granite emplacement (Late Damara):
Dy S Weak crenulation cleavage 332732 axial planar to Fy
F, Close-tight asymmetric [olds, hinge 050/ 10-230/30
Dy S Crenulation cleavage 340/ 10-000/07 west of Hope

F; Minor folds d:wmn-tjipe hinge 320/05-060/12 west of Hope
F, Minor folds of variable orientation on northern limb of Hope Synform

Post-Damara;
Fe N-S-trending faults, joints and minor kKink bands

Table 4. 3—SUMMARY OF DEFORMATION HISTORY OF THE OKAHANDJA LINEAMENT ZONE

Okahamdia Linearment Zone Damara deformations;

Dy S Biotite lamination, pressure solution cleavage (7) obligue to 5,

57

F, Tight to isoclinal, north-trending, gently inclined folds . =
Dy, 5, Axtal-planar schistosity 312/80, transposing Sy and 5; local tectonic striping

Fy Tight to isoclinal class 1C/2 upright folds, locally with overturned short limb. Hinge 030-040/15 to 220/20;
some long hmbs sheared
Dy S Weak axial-planar cleavage 300075 or crenulation cleavage 280/70
Early Donkerhuk pegmetites:
Fia Open-tight upright folds hinge 200,/25-240/50
Fib Orpen-tight upright folds hinge 19545 or 007/37 folds early Donkerhuk pegmatites .
Dy &, parallel breccia and mylonite bands. Reactivation of 5, planes. Sinistral offset of early Donkerhuk pegmatites
Boudinaging of pegmatites parallel 1o 55 Minor kink folds

Main Donkerhuk Granfte emplacement ( Late Damara) -

D, Sa Crenulation r:]eamfe of various orientations i
Fg Concentric open folds hinge 210/12, axial plane 300/25, Many kink folds; only adjacent to Donkerhuk Granite
Post-Damara;
MN-S-trending feactures and joints sinistral offset
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Table 4 4—SUMMARY OF DEFORMATION HISTORY OF THE CENTRAL ZONE

Central Zone Damara deformations:

D, 5, Schistosity, axial-planar to F,

F, Moderately inclined folds with westward-dipping axial planes and north-westerly trending hinges
Dy Fs Gently inclined folds with westerly dipping axial planes. North-south-trending hinges. Folds and reorientates 5,

hiotites, Thrusting with north-south strike

Des 8 Crenulation cleavage or axial-planar schistosity; subwvertical )

F, Tight to isoclinal class 1C upnight folds S,=axal plane ¢ 300/30; hinge 355/20

Late modification by diapiric nse gives domes and bulbous antiforms

D, S Very, very weak axial-planar fracture cleavage

Fa Close-tight class 1C folds axial plane variable 025/50; hinge 355/40-025/60
i F Closa tight small- to medium-scale folds, axial plane 320035, hinge 010/40
Mey F, Small-scale open concentric folds: axial plane subvertical; hinge 000/ 50-070/40

the 8, fabric (Fig. 4. 1B). No axial-plane structures were
observed in the F; folds. Evidence of large-scale F,; folds
can be seen on aerial photographs covering the area
around G in Figure 3.3 which indicate a large synformal
structure (F,) refolded by F; and cleaved by S, The
north-eastern part of this fold at G in Figure 3.3 shows
no pre-S, axial-planar fabric.

No evidence has been lfound Lo relate 5, and F,; these
are, however, combined into Dy,

8, and 8, are observed to crenulate 8, in TZ/2 and
TZ/1 respectively (Fig. 4.1C, D and E). Sy is considered
to be older than 5, on the grounds (Fig. 4.1C and D) of
kyanite, staurolite and garnet growth across S, or along
its Ly lineation with 5, 8, however, has only been
observed crenulating minerals, most notably post-S,
random growth of actinolite (at F in Fig. 3.3). This
sugpests that S, pre-dates a regional metamorphism,
whereas 8, post-dates it. 1t is unlikely that the mineral
growth across S, planes is related to the Donkerhuk
Granite since thin sections fail to show muscovite replace-
ment of Kkyanite or staurolite, typical of thermally
affected Trough Zone rocks near the Donkerhuk Granite,

No reason can be offered as to why 5, is absent from
TZ/1 and TZ/3, but within TZ/2 the S, fabric becomes
stronger from west to east.

Large-scale folds deforming 5, (i.e. F,) are unique to
TZ/1 and TZ/3 since they are absent from TZ/2 and
further east on sheet area 2315B*. Hence F, folding is
only a local phenomenon. Figure 8.1 shows both major
F, folds (the Hope Synform and Fold D in Figure 3.5) to
lie on the low-temperature side of the sillimanite isograd
(6). The proximity of the Donkerhuk Granite to the F,
folds suggests a relationship. A schematic N—S cross-
section through Hope Synform and Fold D (Fig. 3.5) 15
drawn (Fig. 4, 1F) bearing in mind the position of the
sillimanite isograd. As shown in Figure 3.5, S, orienta-
tions are irregular between the Hope Synform and the
Kuiseb River but define a post-5, antiform between the
Hope Synform and Fold [, This suggests that the amphi-
bole schists of the Hope area and at Fold D are the same
band. The Maitchless Member rocks in the eastern part of
TZ/3 are largely metagabbros and are probably separate
bodies. Whether the curvature of the sillimanite isograd
is due to F, folds or to the increased thickness of rocks
in the synl’nnn is uncertain. The second alternative is
preferred.

The similar axial-plane orientations of the Hope Syn-
form and Fold D suggest a common direction of maxi-
mum stress during formation, the plunges being con-
trolled by the form of the intruding Donkerhuk Granite.
Within this scheme the complex folds east of D are
interpreted as disharmonic structures associated with the
doming north of Fold D.

* Personal communication: R, 8. Hill, Geological Survey.
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5, and 8., have similar dip directions but Figure 3.6 1
shows the Fy hinge defining L; on the 5; axial surface to
have a completely different orientation to F, folds to
which 8, is axial-planar. This may, however, be related
to variable orientation of the folded surface. The Fg
folds of TZ/3 are found only in extensively recrystallised
migmatitic schists where they fold the S, fabric. These also
fold small Donkerhuk pegmatites intruded parallel to
the S, fabric. Folds of similar orientation and geometry
oceur in the closure of the Hope Synform, but affect non-
migmatised rocks.

The folds designated F, along the northern edge of the
Hope Synform are unique to that area, clearly post-
dating F; by folding the L, lineation (Fig. 3.2). Pegma-
tites intruded along F,, axial planes are boudinaged®,
suggesting that folds formed during pegmatite emplace-
ment. There is no interrelationship between the Fyy, folds
of the Hope Synform's northern flank and those just
south-east of its closure, Both are considered to have
originated through the emplacement of Donkerhuk
Granite,

Late Fg kink folds and crenulations are associated
with joints and fractures and are of post-Damara age.

4.2 OKAHANDIJA LINEAMENT ZONE

Bedding, S, is readily discernible in the Tinkas
Member, but is more difficult to recognise in the remain-
der of the Kuiseb Formation. Within the Tinkas Member
graded bedding, turbidite structures (similar to those
described by Allen 1970), and possible flute casts can be
recognised locally. The sedimentary structures all indicate
a sediment transport direction largely from the west,

S, biotite laminae are seen over much of the zone
(especially in OLZ/2 and OLZ/3) east of the Tinkas
Member. 5, is strongly deformed being crenulated and
transposed by S, giving rise to the Ly lineation. Figure
4.2A shows the general appearance of §; whilst Figure
4.2B from OLZ/3 shows S, to be oblique to 5y, and that
both are disrupted by S, This and the very regular
spacing suggest that 5, is of structural origin. An origin
as a pressure solution-type structure is preferred. In all
cases the biotite defining S, has recrystallised parallel
to ;.

Evidence for pre-5; folding can be seen in OLZ/1
(Fig. 3.7, locality A) and OLZ/3 (Fig. 4.2C). In the first
case a macroscopic fold is clearly crossed by the S, fabric
which is not axial-planar to the fold; F; and F, also fold
the structure. The resulting Type 3-interference pattern
(Ramsay 1967) suggests that the earlier fold was gently
inclined and had a northerly plunge (2~0, B=T0°,
Ramsay 1967, Fig. 10-2). The second case shows another
Type 3-interference pattern, but un a microscopic scale.
Figure 4,2C shows a gently inclined rootless fold crenu-

* Persomal communication: A Killick, Johannesburg Consoli-
dated Investment Co. Ltd.



S, crenulated and transposed by S;;
note biotite flakes parallel to S, (OLZ/3)

Relationship between F,, S, and L,, Fracture cleavage in F synform
showing cleavage mullions formed by deforming a pegmatite vein parallel to S,
Sy /S; intersection (OLZ/1)

F

: 8; schistosity cutting the S; fabric (OLZ/2)
Sense of shear on S; planes during

F, fold formation

Fig. 42 — Fabricelement relationships in the Okahandja Lineament Zone.
Maak selele mentverboudings in die Okabandja-lineamentsone,
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lated by §;. The geometry of this interference pattern
and the known orientation of Fg suggest that Fy may have
had a northerly trend. This microscopic interference fold
deforms the S, biotite fabric, the biotites of which now
lie parallel to §,.

8, is common to all three subzones; correlation is based
upon similar orientations, similar microscopic relation-
ships to micas, similar associated folds and continuity
observable in the field. It is the principal fabric imparting
a fissility to the rocks of the Okahandja Lineament Zone.
The fabric is a schistosity although it probably originated
as a crenulation cleavage (Fig. 4.2A). Williams (1972)
notes that a schistosity may initially begin as a crenula-
tion cleavage becoming modified to a true schistosity.
The relationship between S,, Fy and Ly, is shown
schematically in Figure 4.2D.

The S, schistosity is folded (OLZ/1, Figure 3.8 IV
and V) by F, and F ;. These two folds have very similar
profiles but slightly differing orientations, Fy, and F g
are distinguished becavse F,p folds have been observed
to fold and cleave pegmatites intruded parallel to S,
(Fig. 4.2E) whereas no such relationship has been
observed with F,, lolds, It is believed that both fold
trends represent minor changes in trend during the same
deformation during which pegmatite intrusion took place.

Although the relationship between F.. F; and F, can
be established, the status of the *breccia bands’ and asso-
ciated mylonites is uncertain. The sense of shear on §,
planes from offset pegmatites, drag folds and rotated
porphyroblasts is sinistral during breccia band deforma-
tion. One set of en echelon tension gashes does, however,
indicate a dextral sense of shear. The sense of shearing
induced along S, planes during F, deformation would be
dextral (Fig. 4.2F),

Breccia and mylonite bands post-date the Samut
Granite and early Donkerhuk pegmatites, yet pre-date
the late Donkerhuk pegmatites and main Donkerhuk
Granite, and may thus in part overlap the F, deforma-
tion. The sense of shear on 5, planes during F; would
mitigate against such a correlation,

The breccia bands could perhaps be the result of the
emplacement of the Donkerhuk Granite, as they are
more numerous near to the Donkerhuk Granite, that is
towards the castern edge of the Okahandja Lineament
Zone. Crenulations and conjugate kink bands are
commonly associated with the breccia bands. Because
of the problem of assigning the breccia bands to either
D, or D, they are given separate status as D, and
probably are related to a stage of uplift occurring late in
the Damaran orogenesis (Section 9).

MNumerous crenulations and minor folds occur close
to the Donkerhuk Granite and are considered to belong
to the phase of granite emplacement on the following
grounds:

{1) They occur close to the granite and die out west-
wards (cf. Pitcher and Read 1960. Fig. 4).

{2) They occur in migmatised pelites adjacent to the
Donkerhuk Granite,

(3) They fold and boudinage many pegmatites.
Therefore these structures are assigned to Dy,

The S¢ fabric is problematical in that it has not been
observed in direct association with any folds, Its relation-
ship to S, is shown in Figure 4.2G, which indicates that
S¢ pre-dates S, (see also Turner and Weiss 1963, Figs
2-8 and 4-29). Muscovites in the aluminium-rich pelites
are generally parallel to S, planes whereas biotites tend
to parallel S or are irregularly oriented. In a few cases
Sr traces appear to curve slightly into Sy planes. S¢ is
crenulated by the various crenulation cleavages near the
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Donkerhuk Granite. Regional metamorphic andalusite
and cordierite often enclose 5¢ helicitically since these
minerals tend to grow in aluminium-rich pelites.

The orientation of S¢ is such that it may represent an
axial-planar fabric to the F, folds. It is also interesting
to note that S; bears a similar orientation to S, of the
Trough Zone (Section 9),

4.3 CENTRAL ZONE

The relationship between fold phases is based largely
upon interference structures which are very common in
CZ/2.

In CZ/2, and the rest of the Central Zone, folds with a
northerly or north-easterly trend are common, and are
accompanied by a crenulation cleavage or schistosity
(Sy). In the CZ/1 subzone, however, the orientation of
these folds and S, changes markedly from west (0 east
across the subzone, trending more north-east at the
Okahandja Lineament Zone boundary. The relationship
of these folds and the peak of metamorphism is illus-
trated in Figure 4.3A and G. In the former case a
pegmatite is intruded across an F; fold and deformed
co-axially with that fold, whilst in the latter example
granitic neosomes are intruded parallel to fold-axial
planes. This relationship to metamorphism can be seen
throughout the Central Zone. The peak of metamor-
phism during late or just after Fy corresponds with an
episode of diapir formation. The rise of the domes,
detailed in the next chapter, has in many cases modified
F, folds making antiforms bulbous or cylindrical in form.

Evidence for two deformation events prior to Fy
comes largely from CZ/2 and may be summarised thus:

(1) Figure 4. 3B shows the enveloping surface of an F,
fold containing and deforming a train of basin-and-dome
structures (Type l-interference pattern) indicating two
fold phases pre-dating F, assuming that the basins and
domes are due to fold interference and not non-cylin-
drical inhomogeneous folding.

{2) Figure 4.3D and E show Type 2-interference
patterns in which one of the deforming fold episodes is
F,. Since the geometry of Fy is well known the geometry
of the other fold set can be inferred from the interference
pattern (x>>20°, 8<70°). This suggests the other and
earlier fold set to have had gently inclined axial surfaces,
which is confirmed by direct observation at A in Figure
3.15. Hinges probably plunge northwards,

{3) If Figure 4.3B represents a folded interference

ttern it is possible to state that one of the fold sets
involved in the Type l-interference pattern had a gently
inclined axial surface. Therefore with a# 0%, =70" for
Type l-patterns it is possible that the other fold set also
had moderate to gently inclined axial planes. Hinge
trends of F, and F, are probably at a fairly large angle
from the shape of domes and basins.

Evidence from CZ/1 supplements that of CZ/2 thus:

{4) 5, is folded by a gently inclined fold (F,) trending
north—south which is in turn folded by F,; (Fig.
4.3C).

{5) 8, is axial-planar to F, folds and intersects 8, at a
high angle in F, closures. F, folds invert the stratigraphy
at B and C in Figure 3.13, the former locality is a Type
l-interference pattern of basin form. These folds have
a north-westerly plunge and are pently to moderately
inclined although strongly deformed by F,.

The fabric and structural relationships in both CZ/I
and CZ/2, therefore tend to suggest two fold episodes
prior to F; as shown in Table 4.4.
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Fig. 4.3 — Structural and fabric-element relationships in the Central Zone.
Struktuur en maakselelementverbouding in die Sentraalsone.
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S; 15 a locally strong crenulation cleavage which
deforms 8, (Fig. 4.3G). On F; fold limbs, however, §,
and S, are subparallel, a fact observed in the Rooibank
area where a thin section of a pelite from an F; fold
limb shows §, and S, to be about 53° apart, Thus mineral
lineations and mineral-fabric relations on F, fold limbs
are difficult to determine accurately since both 5; and 5
schistosities are virtually parallel. At F; fold closures,
however, S, and 8, are virtually perpendicular and clearly
visible as separate fabrics,

The S, schistosity is in general concentrically folded
around Fy dome structures,

Over most of the Central Zone, dome structures are
accompanied by layer-parallel extensional features such
as boudins or elongated clasts, and compressional features
such as shortened veins perpendicular to layering (Fig.
4.3 1). This represents the expected strains developed
during diapiric rise of domes (Fletcher 1972; Dixon
19735).

In the area north of Rooibank quariz veins inter-
secting at right angles show shortening in all directions
on the horizontal plane, indicating constrictional strain
with possible extension in the vertical sense. Such a
deformation scheme is not compatible with diapiric
dome formation seen further eastwards in the Central
Zone, Any domes within the western extremity of the
mapped area may thus be of interference origin.

F, folds in the CZ/2 subzone deform both F,/F,
interference patterns (Fig. 4.3F) and F, folds (e.g. Fig.
4.3H, which shows schematically a thick marble unit
containing F; minor folds deformed by F,).

F, minor folds are of local occurrence and are con-
gidered to be separate from F, because of differing axial
plane orientation.

Minor F, folds occur throughout the subzone deform-
ing Fy and F, fold limbs (Fig. 4.3H), These are parallel
folds and generally of small amplitude.

Several large-scale dislocations are present west of
Hamilton Beacon. These structures generally have
vertical dips, as a result of subsequent folding by F,. In
one example the dislocation plane cuts Salem Granite
and induces a locally strong schistosity parallel to the
shear plane (Ramsay and Graham 1970). The age of
these structures is believed to be D, as they appear to
have been low-angle thrusts subsequently refolded by Fj.
The sense of movement on the dislocation planes
indicates overriding from the west or north-west,

5. SOME ASPECTS OF QUANTITATIVE STRUC-
TURAL ANALYSIS

Several aspects of the structural geology in the area
mapped are of special interest because of relevance to the
broad-scale development of the Damara Orogen. Several
aspects will be dealt with, one from each of the major
structural areas:

(1) Structures due to gravity tectonics in the Central
Zone,

(2) F, fold development in the Trough Zone.

(3) Strain determinations in the Trough Zone and the
Okahandja Lineament Zone,

5.1 STRUCTURES DUE TO GRAVITY TECTONICS
IN THE CENTRAL ZONE

5.1.1 General Description

During mapping of the Central Zone eight dome or
brachy-antiforms were recognised (Fig. 5.1). Two of
these structures are rather elongated with length to
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breadth ratios of about five whereas for the other domes
the ratio is about two. In general the domes are elongated
approximately north-south, with the exception of the
structure A-A in Figure 5.1 which has a north-easterly
trend. Several of the structures have slightly curved
axial-plane traces probably due to deformation during
Dy, or De;. The structure A-A in Figure 5.1 is possibly
a Dy=Dey interference fold whilst the other domes
further west are diapirs of late Dy age.

The domes all have near-vertical, vertical or even
overturned margins and are surrounded by pinched
synformal areas. The domal nature is shown by the out-
crop distribution of either Nosib Group or Karibib
Formation rocks. The structures may be divided into
two groups, an eastern and a western one scparated by
the Hamilton Mountain range. The eastern group is
characterised by having a core of pre-Damara rocks
which is overlain unconformably by Damara metasedi-
ments. This contact is not tectonised. In the Leeukop
Antiform, for example, the basal Mosib metarudite con-
tains clasts of the underlying pre-Damara and can be
traced around the whole structure north of the area
mapped, The pre-Damara core rocks consist of high-grade
paragneiss, ortho-augen gneiss and minor amounts of
schist, quartzite and cale-silicate rocks. The pre-Damara
and parts of the Nosib sequence are extensively migma-
tised forming red gneissic, red homogeneous and buff
leucocratic granites. Some red homogeneous granite
bodies and veinlets intrude the Nosib Group rocks across
the unconformity.

The western domes lack the core of pre-Damara rocks
although red homogencous and red gneissic granite
derived from Mosib Group rocks are present in the cores,
The Nosib Group rocks forming these domes frequently
have vertical dips throughout much of the dome struc-
ture.

The difference in the two dome levels may be due
simply to erosion, but it seems more likely to be due to
level of diapir rise controlled by such factors as cover
thickness, degree of heating with resultant viscosity
contrasts or basement control in the location of the
domes.

The Damara domes closely resemble the mantled
gneiss domes of the Karelidies (Eskola 1948) and those
of the Appalachians (Thompson e al. 1968; Naylor
1968).

In the original description, Eskola considered that
mantled gneiss domes formed over granite plutons in the
basement of a later cover sequence, these granites being
remobilised during the “orogenic revolutions” which
deformed the cover sequence, and the basement granites
then rising into the cover. Since Eskola, further work
(e.z. Thompson et al. 1968; Naylor 1968) have shown
that many mantled gneiss domes do not contain basement
plutons in their cores, but all do contain high-grade rocks
of essentially granitic composition.

An alternative origin for the Damara domes is that
they are interference structures. Evidence (see below)
suggests they are diapiric structures.

5.1.2 Model for Damara Domes

Mapping has shown the Damara to be deposited on an
essentially flat terrain, with occasional topographic highs
of up to 800 m (Sawyer 1979). The nature of the Nosib
sediments, however, suggests dejosition on a highly
eroded basement (Smith 1965; Sawyer 1979). The under-
lying pre-Damara rocks consist of high-grade granitic
gneisses of igneous and sedimentary origin, together
with pelitic schisis and minor amounts of other rock
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types. In contrast, the Damara metasediments consist of
quartzites and marbles overlain by a considerable thick-
ness of pelitic schist. The approximate thickness of the
Damara pile above the Karibib Formation can be esti-
mated from the metamorphic mineral assemblages con-
tained within the metapelites. For the Central Zone,
pressures are of the order of 4 kb (Section 8) giving an
approximate thickness of 13,5 km above the Karibib
Formation or 16 km above the pre-Damara—Damara
contact, Thus in a pre-orogenic staie with a normal geo-
thermal gradient (say 25 “C. km™') the rocks at the con-
tact would be at about 400 °C.

At the pressure and temperature of burial it is reason-
able to assume that the Damara cover will be largely
dewatered and compacted, losing much of its pore space.
The bulk density will then be of the order 2,70 g. cm™,
Bean (1953) shows that there is an increase in density
from about 2.77 g cm=2 to 2,82 g om~ between
medium- and high-grade metapelitic rocks. The impli-
cation is that during ensuing metamorphism the Damara
cover will become progressively denser, The mean density
of granitic rocks is about 2.67 g cm~* (Johnson and
Wenk 1974), so even before tectonism and metamorphism
the Damara cover and the pre-Damara floor constituted
a layered sequence with marked density contrast and
with denser material over lighter.

The lowermost Damara, the Nosib Group, presents a
slight complexity. The quartz-microcline dominant
Etusis Formation is of granitic composition and hence of
granitic density, The Khan Formation, however, is
essentially cale-silicate material and would have a bulk
density comparable to the metapelites, Mechanically the
MNosib as a whole is “*competent” and similar to the under-
lying basement.

A situation with denser material resting upon less dense
material is gravitationally unstable, The unstable state is
relieved by “spontaneous overturn” of the inverted den-
sity stratification (Ramberg 1967, 1968a, 1973; Fletcher
1972 : Dixon 1975). The reliel of instability takes the form
of the development of small amplitude waves at the inter-
face between the two media due to rise of the buoyant
less dense laver. Several groups of waves will be esta-
blished (Ramberg 1968, 1968a and 1968b) but a dominant
wavelength based on layer thickness will produce bulges
on the interface as the less dense material is forced
upwards. The initiation of the dominant wavelength 1s
dependent on the viscosity contrast, with the only condi-
tion that the overlying layver is not perfectly rigid. How-
ever, for rapid development and sustained rise, an opti-
mum viscosity contrast is required.

Thus by establishing a model based on this principle it
is possible to predict the spacing of the incipient waves
developed on the interface, waves which could be esta-
blished before any significant deformation and more
important metamorphism,

5.1.3 Simple Model for Dome Initiation

If the Damara cover sequence above the Etusis Forma-
tion has a minimum thickness of 15 km and a bulk mean
density of p=2,76 g. ecm~? (Johnson and Wenk 1974,
Table 11), and overlies a granitic basement (including the
Etusis Formation) of mean density p=2,67 g, cm™, a
two-layer model can be assumed in the initial case.
The thickness of the pre-Damara is not known, but a
minimum value can be set by halving the diameter of the
largest dome—this gives about 4 km, In addition approxi-
mately 1 km is required for the Etusis Formation
giving 5 km.

Within a crustal sequence it is noted that a dis-
continuity — the Conrad — separates granitic crust
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p=2,67 g. em~* from dioritic to gabbroic material
p=3,1 g cm™ This boundary is concidered to be
rigid and gravitationally stable with light material
above more dense material, Although not always present
as o marked discontinuity (change in seismic velocity
of 6.0 km. 57! to 6,5 km. 57%) it has an average depth of
about 20-25 km (Rast 1969).

In the non-orogenic case a two-layer model is not too
unrealistic, but during an orogenic episode probably a
Four-layer model is required to describe all the density
and viscosity variations expected. For the model chosen
the upper surfaces of the top layer (Layer 1) will be
assumed to be free since the thickness of the cover is
large, compared to the basement thickness (15 km
against 5 km). The model scheme is shown in Figure
e

In Ramberg's consideration of the simple two-layer
model (1968a, 1968b), growth of the instability at the
Layer | /Laver 2-interface has been calculated for various
viscosity contrasts 1,/ .. The wavelength of the dominant
perturbation is dependent upon viscosity #, density p,
layer thickness h, rate of change of amplitude and
number of layers. For the above model, curves relating
the warious factors have been calculated by Ramberg
{1968a, 1968b) and are shown in Figure 5.3. The
maximum for each curve correspondsto the dominant
wavelength.

The viscosity contrast between Layer [ and Layer 2
(pelitic and granitic respectively) has to be estimated.
Examination of the structures within the domes shows
that the core rocks are relatively undeformed with most of
the deformation being confined to small ductile shear
zones. The marble and pelitic sequence above is strongly
deformed. These factors indicate that the Layer 2-rocks
are far more viscous than the cover rocks, i.e.
1= 4,/ms=0. This is in marked contrast to salt domes
where the rising salt is both less dense and less viscous
than the mantle rocks, Fletcher (1972) has sugpested
that the bulk wviscosity of core gneisses may be up to
100 times that of the mantling rocks, so that wy/Ha
is of the order 0,01,

For the caleulation of the dominant wavelength
forming on the Laver |/Layer 2-interface. data can be
obtained from Figures 5.3 where;

hy=thickness of Layer 2
4 =dominant wavelength

2zthy
W
v =vertical velocity component
y =amplitude
a _{pi—palhag
2ire
K =Y __growth factor, ie, time required to enlarge
yq the original amplitude 100 times
thus for:
(a) nyfna=1 ¢=1,95 and
(b) my/na=0 $=2,49
let hy=35 km

Ay=16,1 km and Ap=12,6 km

The dominant wavelength range of 16,1 km to 12,6
km, depending on the viscosity ccstrast is in good agree-
ment with the observed dome separations of 13,5 km
(one very small dome with length of less than 2,5 km is
ignored, as the remainder have a mean length of 62,5
km).
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The effect of making the granitic Layer 2 thicker, to
say, 7 km, is to change the dominant wavelengths, thus

(a) myfne=1 Aa=221,5 km

(b} ma/n.=0 Aw=I17.7 km

An expression derived by Ramberg (1968b) estimates

the time taken for a 100 times amplification of the wave
amplitude:

4,6

T
for (a) n,/n.=1 he=5 km ta=70x10" y
(B) 5y/a=0 ha=5km tp,=42x10"y

assuming ny=2,2x 10" poise, and p,—p,=0,1 g. cm—2
the time for growth is longer than would occur in
practice, since changes in density and viscosity within
increasing temperature all tend to accelerate dome growth
since y, would decrease and p,-p, would increase.

These estimates are intended to establish the spacing
between sites of potential dome formation. Establish-
ment thereof could well have begun before metamor-
phism, although the Damaran metamorphic events
would provide the impetus for rapid dome formation.
Assumptions made in establishing the model are (i)
Newtonian viscosity, (i) small amplitude/wavelength
ratio (sinusoidal), (iii) negligible internal forces, (iv)
two-dimensional flow, and (v) orthogonal gravity-field
symmetry (Ramberg 1968a).

5.1.4 Origin of the Damara Domes

Deposition of a thick sequence of largely metapelitic
rocks upon a granitic pre-Damara basement, initiated a
gravitational instability even before orogenic activity.
The instability is relieved by flexing of the interface,
taken as the top of the Etusis Formation, the perturba-
tions being the site for future rapid diapiric dome rise,
spaced between 12,6 km and 16,1 km. During ensuing
Damara metamorphism the density contrast would
increase as the metapelites progressively recrystallised
and lost water whereas the viscosity of the granitic
layer would tend to be lower although still higher than
that of the cover rocks. These two factors would tend to
accelerate dome rise at pre-established interface per-
turbations.

The irregularities in the pre-Damara—Damara inter-
face would have had an effect on compaction of the
overlying Damara sediments piving rise to incipient
antiforms and potential sites of dome rise. However,
by considering the Etusis Formation as mechanically
part of the granitic Layer 2, large-scale irregularities will
not be present. The effect of compaction over topography
is merely to give a locus for later diapiric rise of granitic
material.

The shape of many domes with overturned margins,
or, as in the case of the Sopiehoogte Antiform, a flattened
inclined cylindrical shape, is suggestive of diapir struc-
tures. Folding during F, and F; has affected the dome
outcrop pattern, e.g. at Lecukop.

Dixon (1975} has studied the states of finite strain
within diapir core and mantle rocks and finds distinct
structural patterns to be expected at different erosion levels
within an individual diapir. From this evidence it would
appear that progressively lower levels are seen to the west.

Evidence suggesting a diapiric rather than interference
fold origin are;

{a) initial gravity instability,

(b) dome spacing,

(c) dome rise during peak of metamorphism with
granite generation (Section T),
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(d) dome shape and form,

(e} highly irregular pattern of associated synforms,
which appear to be marginal synformal development
as a result of intrusion through density inversion,

(f) lack of systematic lines of fold axes and large-scale
interference pattern.®

Viscosity contrast structures are common in the central
zone as a whole, with large-scale antiforms having a
bulbous shape, but synforms generally tightly pinched.

5.2 EE}F%LD DEVELOPMENT IN THE TROUGH
N

Tight to nearly isoclinal F, folds (of D) are very
common in the Trough Zone. These invariably have a
strong axial-planar schistosity, S,, which transposes
bedding 5, Hinges are defined by the intersection
lineations S,/8;. In most cases the folds are observed by
the folding of calc-silicate bands in a metapelitic matrix.
There is probably a significant difference in viscosity
between the calc-silicate bands and enclosing schists.
Such a difference in relative viscosity appears to be a
prerequisite for fold development and for similar folds
In particular.

5.2.1 F, Fold Morphology

Figure 5.4 (A, B) shows the outling of two F, folds
from the Trough Zone. It is noted that the dip isogons
are mildly converging and that the layer thickness
parallel to the axial plane does not vary greatly, a fact
suggesting that the folds are of class 1C approaching
class 2 (Ramsay 1967). By plotting t" against angle of
dip a2 (Hudleston 1973; Ramsay 1967) the various
classes of folds are delineated. In addition the ratio of
the principal quadratic elongation of superposed strain
v Aol %, can be determined. Figure 5.5A shows such a
plot and the folds lie in the class 1C (Fig. 5,5B) field
close to similar folds.

Transposition of bedding S, in the axial-planar
schistosity is very common giving rise to cleavage mul-
lions as shown in Figure 5.4C. Thin sections show the
metapelites to have a very good fabric defined by biotite,
muscovite and frequently by the elongation of quartz
and feldspar, In the calc-silicate rocks, however, a planar
fabric is not always developed, although many minerals
are elongated in §,. In the calc-silicates the fabric is
sometimes mylonitic.

5.2.2 Similar Fold Development

The formation of similar folds is generally considered
to result from the flattening of parallel buckle folds
(Ramsay 1962, 1967; Dieterich 1970; Hudleston 1973,
1973a; Hudleston and Stephansson 1973; Parrish ef al.
1976). Ramsay (1967, p. 415) notes that the effect of
imposed homogeneous strain upon various fold classes,
e.g. 1A, 1B and 1C, is to produce folds of class 1C
morphology which approach class 2-type.

During the development of a fold, whilst still ¢ssen-
tially concentric, an axial-planar cleavage develops,
which will be refracted in layers of differing bulk vis-
cosity. The cleavage forms essentially perpendicular to
the maximum compressive strain o,, and will lie in the
X-Y plane of the finite strain ellipsoid (Dieterich 1969,
1970; Ramsay 1967; Hudleston 1973, 1973a; Ramsay
and Graham 1970). However, c ses have been cited
where the cleavage is oblique to the axial plane and the
X-Y plane of the strain ellipsoid (Williams 1977).

* Personal communication: J. G. Ramsay.
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Trough Zone F, folds A and B (Fig. 5.4)
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Fig. 5.5 — A: plot of t against & for Trough Zone F; folds shown in Figure 5.4,8 and C define terms used in A
and in the text (after Ramsay 1967}
A: witstipping van t ‘teen & vir F;-plooie van die Trogsone aangetoon in Figuur 54,8 en C definieer
terme soos gebruik in A én in die teks (volgens Ramsay 1967).



As folds become tighter the cleavage tends to become
parallel from initially being fanned (Dieterich 1969;
1970). Shearing or slip along cleavage planes is a well-
known phenomenon (Ramsay 1967, Fig. 7-90) and can
occur only after cleavage has formed; shearing along
cleavage is a feature of late-stage fold development,
the cleavage offering a mechanical anisotropy for relief
of stress as the stress field changes in orientation (Die-
terich 1969, 1970; Ramsay 1967; Schwerdtner 1973;
Parrish et al. 1976).

Parrish et al. (1976) conducted a series of folding
experiments with a wet quartzite band in a marble
matrix with an initial viscosity contrast of 10 (i.e.
o/ tm=10). Initial buckling produced concentric
folds at 375 °C. With rising temperature and flattening
of the folds, “similar-type’ geometries developed with a
concomitant decrease in the wviscosity contrast to as
little as 0,6 especially on fold limbs (Parrish er al. 1976
Figs 9 and 10). They conclude that ‘similar’ folds can
only develop when the viscosity contrast is reduced to
2 or less,

‘Similar’ folds produced by a process of shearing
along discrete planes (slip folds) or by bulk movement
(flow parallel to axial planes, i.e. flow folds) has often
been cited (Whitten 1966: Ramsay 1967; Hobbs et al,
1976).

Whilst explaining the geometry of similar folds ade-
quately, such processes present problems concerning the
mechanical generation of the folds (Ramsay 1967).
Production of similar folds by flow-folding and espe-
cially slip-folding is probable under certain conditions,
although these processes may just be modifications to
generally flattened buckle folds,

5.2.3 Formation of Trough Zone F, Folds

During Dy, a mineral banding was developed (5;)
which can now be seen sporadically as a biotite lamina-
tion. There is no evidence to suggest that the biotite
formed during 5, but the rocks were metamorphosed to
greenschist facies at approximately 450 “C before or
during early Dy, (Section 7 and Fig. 7.1). Thus before
Dy, deformation commenced, the rocks would be
crystalline and practically dewatered with the cale-
silicate rocks having a higher bulk viscosity than the
enclosing metapelites.

As F, folds developed, it is reasonable to assume that
temperature was also rising since the peak of metamor-
phism is post-F, (porphyroblastic garnet, staurslite and
kyanite enclose 5.). As deformation commenced. buckle
folds of concentric geometry formed as the cale-silicate
rocks are the more viscous. With increasing temperature
and continued stress the viscosity contrast between
metapelite and calc-silicate bands decreased allowing
the folds to be flatened to near-similar peometry,
Cleavage planes gpproach parallelism and an axial-
planar cleavage in the X-Y plane of the strain ellipsoid
is formed,

After formation of the schistosity planes perpendicu-
lar to oy, a plane of low-bulk viscosity existed in the
rock, acting as a locus for late-stage shearing in the fold.
Some cleavage planes remained ‘active’ long after Fy
folds had formed and post-dated the metamorphism
(Section 7).

Thus the folds are seen as flattened buckle folds
modified by late slip-fold processes.
5.2.4 F, Folds in the Okahandja Lineament Zone

F, folds of Dy are rather frequent in the Okahandja
Lineament Zone, both on a large and small scale. The

folds have an appearance very similar to Trough Zone
F, folds as described above, There is, however, a greater
slip-fold component to the Lineameni Zone folds,
although the mode of origin is essentially similar to that
of the Trough Zone. Figure 5.6A, B and C shows
several typical fold profiles, and Figure 5.6D shows
plots of t' against = indicating the folds to be class 1C
and class 2.

5.3 STRAIN DETERMINATIONS

5.3.1 Folds

By considering the folds of F, age in the Okahandja
Lincament Zone and the F, folds of the Trough Zone to
be flattened concentric folds (not necessarily of the same
age) it becomes possible to estimate the degree of flat-
tening. The method vsed is that of Ramsay (1962, 1967)
and Hudleston (1973), It is assumed that the original
folds had concentric profiles and that one of the principal
directions of the three-dimensional strain ellipsoid is
parillel to the fold axis, The latter assumption is reason-
able since fold hinges parallel the stretching lineations
defined by elongate variolites. The modification of the
fold shape by a homogeneous flattening is a measure of
4/ 74, the ratio of the principal quadratic elongations
of the superimposed strain.

From plots of t' against = (terms defined in Fig.
5.5C) the class of fold (Ramsay 1967) can be determined
as well as /377, (Table 5.1). Thus plots of 1" against
z have been made for two Trough Zone F, folds ( Figs
5.4A and B) and three Okahandja Lineament Zone F,
folds (Figs 5.6A, B and C).

Table 5. 1—RATIO +/ 4. 4; FOR TROUGH ZONE F; AND
OKAHANDJA LINEAMENT ZONE F, FOLDS
(FIGS 5.5A AND 5.6D)

Structural Zone Fold Class v Al dy
Trough Fig. 5.4A 1c 0,15
Fig. 5.4B++C 1C i, 10
Okahandja Lineament Fig, 5.6A 1 0,23
Fig. 5.68 i 0,13
Fig. 5.6C 2 el

5.3.2 Deformed Pebbles and Variolites

In the Trough Zone near Gorob, pillow structures can
be seen in epidote-banded amphibole schists of the
Matchless Member. In addition, outcrops show pillow
autlines by variolite-bearing margins now observed as
highly flattened spots. Both pillows and spots which
have pressure shadows in thin section and are thus
pre-tectonic, enable an estimate of strain to be made.
Measurements from 20 pillows in epidote-banded amphi-
bole schists were made near D in Figure 3.3, whilst 100
variolite measurements were made from oriented
samples of spotted schists at F in Figure 3.3. For the
variolites an initial spherical shape is assumed. Culs
parallel to the three principal axes of the strain ellipsoid
were made. The measurements are shown in Table 5.2
after making Z=1. Orientation of the axes are also given,

Table 3.2—DEFORMED VARIOLITES AND PILLOWS
NEAR GOROB (TROUGH ZONE)

n X ¥ K
Pillows {C - Fig. 3.3} 20 13 f I
Orientation (S, —330/35) 005/30 | 275722 | 150/55
Variolites (F - Fig. 3.3) LK) 19,1 5.8 1
Crrientation (5,-=340/45) 355/45 | 260/10 | 150/45
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Table 5,3—CLAST DEFORMATIONS AT THE EASTERN EDGE OF THE CENTRAL ZONE (SAMPLE LOCALITIES SHOWN

IN FIG. 5.1)
Locality n X ¥ Z Formation/Group Matrix
467 X0 3,50 1,67 1,00 | Khan Calessilicate
652 24 2,46 1,66 1,00 | Etusis Feldspathic quartzite
568 13 3,43 1,72 1,00 | Etusis Musc-ble-gtz-fsp schist
548 1] 4,16 1,49 1,00 | Mosib (undifferentiated) Slightly micaceous quartzite
565 17 3,88 1,52 1,00 Chuas Cale-silicate and quartzite

Mo rudaceous beds are developed in the Lineament
Zone, although the eastern edge of the Central Zone
contains many rudites and is deformed by Lineament
Zone deformations since these possess a near-vertical
planar fabric and have lineations parallel to those of the
Lineament Zone further east. Figure 5.1 shows the
locations where pebble measurements were made.

Measurements taken at each site include the long (X),
intermediate (Y) and short (£) axes. The orientations of
X and where possible also the X-Y plane and together
with clast type and matrix type were also noted. As
far as possible only quartzite clasts were measured. The
mean axial ratios for the quartzite clasts together with
matrix type are shown in Table 5.3,

X, Y and Z are plotted on modified Flinn diagrams with
axes logaa and logh, where a=X/Y and b=Y¥Y/Z
Such a diagram is used since it allows the type of strain
ellipsoid, deformation path (Ramsay 1967, p. 138) and
volume change to be determined (Hobbs et af. 1976,

p. 39), Also plotted is the line K=I1 where K=E:rll
which corresponds to no-volume-change plane strain.
Below the line K=1 lies the field of flattened ellipsoids
(I1=K=0) whilst above K=1I are the constricted ellip-
soids (1=K <o), Figure 5.7 shows modified Flinn
diagrams for the measured clasts together with the
orientation data for each locality cited in Table 5.3
above. The diagrams show the orentation of X, the
orientation of the X-Y plane (shown as poles to flat-
tening) and the orientation of 5, bedding (as poles)
where known. The poles to the X-Y plane define Z,
thus with X and Z defined, ¥ can be found knowing
X, Y and Z to be mutually perpendicular,

5.3.3 Strain Data: Conclusions

The degree of shortening of F, and F, folds is a mini-
mum value since the degree of shortening, whilst still
concentric, has not been allowed for and may amount to
36 per cent (De Sitter 1958),

The ratio +/L77, of 0,1 and 0,15 from F, folds of
the Trough Zone agrees well with the value of 0,16
(Z/Y) determined from pillows and 0,17 from deformed
variolites with the maximum elongation direction parallel
to Fy hinges ( Z/Y) 0,05, The orientation of the strain
ellipse from pillows and variolites is given in Table 5.2
above. The strain from fattened F, folds may be in
error since movement along the cleavage planes is
evident, although this may have occurred after fold
formation. In addition, the variolites may not have been
initially spherical and the pillows almost certainly were
not of regular shape.

The +/773, value of F; folds in the Okahandja
Lineament Zone varies from 0,23 to 0,0, the latter
reflecting class 2 folds. Change in the orientation of the
strain ellipsoid during deformation is evident from the
change in fold orientation from F,to F,.
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There is no direct evidence for large-scale vertical
movements within the Okahandja Lineament Zone, and
all elongations of clasts, fold hinges and lineations are
subhorizontal, The cleavage and clast-flattening planes
suggest that during the main deformation (Dy;), o was
essentially horizontal, perpendicular to 5, whilst o4
parallelled the clast elongations and fold hinges. Minor
structural evidence suggests that sinistral, and, to a much
lesser extent, dextral shear couples existed for the late
movement (D) on S, Whilst the possibility of moderate-
scale lateral movement in the Okahandja Lineament
cannot be discounted, there appears to be no single
zone of intense shear movement apart from a thrust in
OLZ/2 and its continuation southwards.

Clast deformation at the edge of the Central Zone
shows that the intense vertical fabric of the Okahandja
Lineament Zone (Dyj) affects the eastern edge of the
Central Zone and is correlated with Dgy. Clasts, how-
ever, are far less deformed than the Okahandja Line-
ament Zone rocks as determined from the F, folds,
although clasts are flattened parallel to 5, i.e. parallel to
F; axial planes in the Okahandja Lineament Zone (D).

6., MINERAL ASSEMBLAGES

The three separate regional metamorphic zones have
characteristic mineral assemblages, reflecting difference
in P-T-X conditions and bulk chemistry. The aureole of
the Donkerhuk Granite also has a distinctive appearance
since the Kuiseb Formation pelitic schists show extensive
migmatisation and recrystallisation.

Metapelites and calc-silicate rocks are common to
all three regional metamorphic areas, thus more of these
rock types are examined than metabasites or marbles.
Mineral parageneses are given in order of increasing
abundance (Winkler 1976, p. 326). Pre-Damara rocks
are not included because of the possibility of pre-
Damara metamorphism affecting present assemblages.
Mineral assemblages are tabulated in Appendix II. The
description that follows is intended to draw attention to
the differences between characteristic assemblages in the
three rones,

6.1 METAPELITES

The most common pelitic assemblage in the Trough
Zone and the Okahandja Lineament Zone 1s muscovite-
plagioclase-biotite-quartz, and in both zones probably
comprises 75 per cent of all the pelites by volume.
Occasionally small idioblastic garnets are also present.

In the Central Zone assemblages containing-tsilli-
manite -+ garnet 4 cordierite - plagioclase-K feldspar-bio-
tite-quartz are common, These rocks are generally not
porphyroblastic. On rare occasions guartz and musco-
vite are found co-existing as primary minerals. Secondary
muscovite is, however, common. A few metapelites are
very dark in colour, being depleted in quartz, K feldspar
and plagioclase, these minerals being removed in a melt
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component during high-grade metamorphism. Quartzo-
feldspathic leucosomes are often interlayered with
cordierite-biotite melanosomes in migmatitic schists.

Diagnostic mineral assemblages of the Trough Zone
and the Okahandja Lineament Zone are kyanite-garnet-
staurolite-plagioclase-biotite-muscovite-quartz, and an-
dalusite-cordierite- plagioclase - muscovite-biotite - quartz,
respectively. Both these assemblages are found in the
more aluminium-rich schists, actual mineral proportions
depending on bulk rock chemistry and Xu,o0.

Fine-grained graphite-bearing schists are common in
both the Trough Zone and the Okahandja Lineament
Zone. The assemblage graphite-muscovite-biotite-plagio-
clase-gquartz is common to both zones, but Trough Zone
rocks often contain kyanite, staurolite and/or garnet in
addition.

Cale-pelites in the Tinkas Member contain the assem-
blages+ K feldspar-white mica-chlorite-plagioclase-bio-
tite {phlogopite)-quartz.

Small idioblastic crystals of tourmaline are present in
many pelites from all three zones. Common accessory
minerals are apatite, zircon and opaque ore.

6.2 CALC-SILICATE ROCKS

Cale-silicate rocks present a wide variety of mineral
assemblages commonly with eight or more mineral
species present. However, quartz and plagioclase (general-
ly andesine or labradorite) are present in virtually all
samples, and frequently comprise large portions of the
rock by volume.

Thin cale-silicate bands commonly form cleavage
mullions in the Okahandja Lineament Zone and the
Trough Zone. Those of the former are commonly blue-
green in colour, having the assemblage +calcite | par-
net + biotite-epidote and/or clinozoisite-hornblende (blue-
green)-plagioclase-quartz. Thicker bands (over 150 mm
wide) are commonly zoned having light-green cores
containing the assemblage garnet-diopside-calcite-pla-
gioclase-guartz, From core to margin, diopside is pro-
gressively replaced by hornblende, whilst calcite and
plagioclase are replaced by epidote/clinozoisite. Garnet
may or may not persist from core to margin. The calc-
silicate bands of the Trough Zone are less commonly
zoned and contain the assemblage -+ chlorite4biotite-
calcite-hornblende-garnet-plagioclase-quartz with occa-
sional colourless amphibole rims to hornblende.

Thicker (up to 3 m) bands of fine-grained, pale-green
calc-silicate rocks in the Tinkas Member have the assem-
blage + epidote-tremolite-diopside-carbonate-plagio-
clase-quartz, with tremolite replacing diopside. Thick
(over 10 m) bands in the Trough Zone with the assem-
blage epidote-clinozoisite-carbonate-hornblende-diop-
side/hedenbergite-biotite-plagioclase-quartz are of glassy
appearance and resemble the cale-silicate bands in the
Chuos Formation of the Central Zone.

Massive calc-silicate rocks of the Khan Formation,
like the Etusis Formation rocks (see Section 6.5), often
contain high proportions (up to 60 per cent) of micro-
cline which is probably of detrital origin, Typical
assemblages are -scapolite+chlorite-epidote/clinozoi-
site-hornblende-diopside/hedenbergite-microcline-plagio-
clase-quartz. Biotite, garnet, tremolite and wollastonite
may also be present.

Garnets of the Trough Zone and Okahandja Linea-
ment Zone are pink in hand specimen and colourless
in thin section whereas those of the Central Zone are
brownish and strongly honey coloured in thin section.
Furthermore, epidote in contact with Central Zone

49

garnets is distinctly pleochroic and contains up to 24
per cent pistacite. The garnet thus may have a high
andradite component, Epidotes from the other zones are
generally weakly pleochroic,

Scapolite (mizzonite) is fairly abundant in the Central
Zone, but rare in both the other zones, and commonly
intergrown with plagioclase in a myrmekite-like manner.

In virtually all cases (except cores of zoned Okahandja
Lineament Zone rocks) diopside is replaced by tremolite
at its margins. Fe content varies considerably from rock
to rock within the cale-silicates, and is reflected in the
wide range of pleochroic schemes of clinopyroxene
{di]upsidefhedenbergite] and amphibole (tremolite/acti-
nolite).

Sphene, often rimming ilmenite, is o common acces-
sory. Chlorite is usually secondary.

6.3 MARBLES

Marbles of the Okahandja Lineament Zone are
principally carbonate (usually calcite) with minor (less
than § per cent) quartz, tale, phlogopite, plagioclase and
microcline. In contrast, the Karibib marble of the Central
Zone shows considerable variation from cale-silicate to
pure calcite and pure dolomite-types. A common and
distinctive assemblage is-+ chondrodite/clinohumite-anti-
gorite-forsterite-dolomite-calcite. Dolomite exsolution-
textures from high Mp-calcite are common. Other
minerals occurring are tremolite, phlogopite, tale,
garnet and sulphide.

Late, possibly post-Damara, siliceous alteration affects
marbles in the Central Zone, notably near Hamilton
Beacon.

6.4 METABASITES

Metabasites are only of significance in the Trough
Zone, Assemblages are listed by fabric type in Appendix
II.

Blue-green hornblende is abundant in all types whilst
clinopyroxene (diopside or augite) occurs infrequently
but is intergrown with hornblende in metagabbro types.
Epidote-rich bands with minor amounts of pink calcite
are frequent and in some cases have the form of closed
loops, albeit very elongated, The epidote bands resulted
from Ca metasomatism (analogous to Na metasomatism
in spilites) of the material interstitial to pillows. Deformed
variolites at some pillow margins consist of plagioclase
and quartz with minor hornblende. Small (up to 7 mm)
quartz-plagioclase knots of metamorphic origin (lacking
pressure shadows) are also present,

The gradation from amphibole schist to metagabbro
is accompanied by a progressive decrease in epidote
and guartz content whilst plagioclase content rises.
Relict ophitic textures are seen in some metagabbros be-
tween hornblende and plagioclase,

6.5 FELDSPATHIC QUARTZITES

Feldspathic quartzites of the Etusis Formation may
contain up to 80 per cent microcline ; typical assemblages
are-{- biotite 4+ muscovite 4 sillimanite-microcline-quartz.
Plagioclase is generally rare.

6.6 DONKERHUK GRANITE AUREOLE

Inthe Trough Zone rocks, sillimanite is developed at the
expense of muscovite and perhaps staurolite, In some
cases cordierite appears to replace staurolite and some
samples contain four or five AFM phases, indicating
relict minerals from the regional metamorphic assem-
blage.



Within the Okahandja Lineament Zone, andalusite
and cordierite have formed close to the granite, in both
zones partial melting of pelites took place very close to
the granite, whilst growth of randomly oriented musco-
vite flakes has occurred for some considerable distance
from the granite body,

7. RELATIONSHIP BETWEEN MINERALS AND
FABRIC ELEMENTS AND TEXTURE

When discussing the relationship between metamorphic
minerals and the fabric it must be borne in mind that the
minerals are components of an assemblage and ought
not to be thought of as separate entities. Thus, although
garnet porphyroblasts overgrow biotite parallel to S, in
the Trough Zone, it is most likely that the biotite has
progressively changed its composition andf/or perhaps
recrystallised mimetically in §,, thus remaining in equili-
brium with the garnet (Vernon 1977). An important point
to consider from fabric-mineral relationships is the effect
of early fabrics upon later mineral growth, Over most of
the area mapped an early fabric (e.g. 5; of the Central
Zone) is present and gives rise to a marked chemical
anisotropy in the rock which may persist through sub-
sequent events. The anisotropy once established may force
later minerals to grow mimetically in this pre-existing
mechanical and chemical anisotropy (Spry 1969, p. 9, 194
and 21%: Etheridge and Hobbs 1973; Ferguson and
Harte 1975, p. 46%; Vernon 1976) complicating the
metamorphic-structural relationships,

Similarly, the sequence of metamorphic crystallisation
cannot be unmambiguously determined, although the
sequence of completion of growth is more readily
discerned, Taking another example, some staurolite
porphyroblasts of the Trough Zone enclose idioblastic
garnets, indicating that staurolite finished growth after
garnet. Nothing is, however, known about the sequence
of the nucleation.

If mineral growth is considered to take place in sequen-
tial episodes, one species at a time, it is frequently neces-
sary to invoke metasomatic introduction or removal of
material for erystallisation of the final phase (e.g. Rast
1958). Consideration of the metamorphic assemblage as a
whole generally obviates the need to invoke metasoma-
tism,

Relationships between mineral species and fabric
elements are given in Appendix II; the important con-
clusions are summarised below.

7.1 TROUGH ZONE

A locally penetrative planar fabric 8, takes the form
of biotite laminae 10 1o 20 mm apart and could be a
pressure-solution cleavage, No significant degree of
metamorphism appears to accompany S,.

The main regional schistosity S, is characterised by a
strong-preferred orientation of prismatic and platy min-
erals. Much of this mineral alignment is the result of
mimetic recrystallisation after Dt.. At one locality,
however, clear evidence is available for the sequence of
events. At D in Figure 3.3 kyanite and staurolite are
rotated by up to 907 and cleaved along S, indicating
these Lo be syn-5, mineral growths (Fig. 7.1A). A later
85 crenulation cleavage further deforms these crystals,
but a later growth of both staurolite and kyanite (and
probably biotite also) post-dates the §; fabric. The
syn-S, staurolites contain biotite crystals defining the
internal fabric; thus some biotite is either pre- or syn-5,
in age. Therefore not all biotite can post-date 5; and grow
mimetically in 5, planes (Hoffer 1975, considers Biotite
growth to be entirely post-5.). A few hundred metres

further north a strong S.-planar fabric in Matchless
Member rocks is defined by oriented hornblende crystals,
some of which are polygonised by 8, crenulations. Here,
also, a randomly oriented mineral growth (ortho-amphi-
bale) post-dates S,.

Further east garnets and staurolite crystals helicitically
enclose straight inclusion trails of quartz and plagioclase
elongated in S.. In other instances garnets growing in 5,
planes helicitically enclose S,. In the Hudaub area (Fig.
7. 1B) a garnet showing about 90° discordance of included
S, (7) fabric is probably pre-5,; however, most of the
garnet, kyanite and staurolite also helicitically enclose a
fabric (S;) but are slightly deformed, probably by a weak
flattening of the S, fabric.

Cale-silicate rocks show garnet porphyroblasts en-
closing the mylonitic cleavage but are themselves not
deformed. Amphiboles also grow randomly across the
S, fabric.

Thus, for the Trough Zone, 8, may have developed
through pressure solution during low-grade, but waxing
metamorphism. The first metamorphic event reached its
peak during 5, and gave rise to the very strong regional
fabric during intense deformation. The work of Parrish
el al, (1976) shows that medium- 1o high-grade metamor-
phism is conducive to the formation of similar style
folds, e.g. F, structures. Locally kyanite and staurolite
assemblages were developed., A second metamorphic
peak occurred post-dating Dy and Dy, this event giving
rise to the widespread biotite-muscovite-staurolite-gar-
net-kyanite-bearing assemblages of garbenschiefer ap-
pearance. In this scheme the muscovite feli-mat fabric
may belong to the first event and a plagioclase fabric
representing the second event,

During cooling chlorite formed at the expense of bio-
tite, garnet and rarely staurolite. The conditions of the
second thermal event are considered in Section 8.

7.2 OKAHANDIJA LINEAMENT ZONE

In this zone mimetic growth of minerals and a late
reactivation of S; planes during Dy ; cause difficulty, An
early schistose fabric 5; may be the result of pressure
solution processes or may in part represent banding of
metamorphic origin,

Evidence clearly indicates two metamorphic events
separated by an intense deformational event. It is unlikely
that the metamorphic (thermal) events are entirely sepa-
rate. They actually represent two peaks of a broad
thermal episode. Similar folds formed during Dy
indicating a “hot rock™ deformation (Section 5). In an
example of a massive schist which has not undergone
reactivation of 8§, planes, cordierite porphyroblasts
enclose an earlier fabric (S¢) at a high angle to S, In
addition, 8, schistosity planes wrap around the cordierite
porphyroblasts, which show no sign of rotation, A band-
ing or irregular spacing (8,7) is also present within the
rock and is also helicitically included by the cordierite,
passing straight through the porphyroblast with no rota-
tion or disruption (hence no Dy rotations — Fig. 7.1C).
Thus there is clear evidence of a cordierite growth post-
dating S¢ but pre-dating 8; in aluminous schists.

Elsewhere pre-existing cordierite porphyroblasts are
fattened into S; with the S; schistosily planegs wrapping
around the porphyroblasts, and subsequently being
deformed during Dy,

The intense deformation of Dy, gives rise to a perva-
sive schistosity. In most metapelitic rocks the biotite and
muscovite fabrics are essentially parallel. In such pelites
it is common for cordierite porphyroblasts to be elon-
gated parallel to Sy and enclose S, helicitically as straight
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Syn-S, staurolite poikiloblast with curved inclusion trains of biotite (left) and post-S,
staurolite (right) (TZ/2)

Pre-S, garnet enclosing S, fabric Pre-S; cordierite poikiloblasts enclosing
with post-S, overgrowths (TZ/2) the S; fabric (OLZ/2)

Andalusite poikiloblast with inclusion-free
core. Arrows show extinction directions Sillimanite inclusions in cordierite outlining
of subgrains (OLZ/3) micro-crenulations (CZ/2)

Fig. 7.1 — Mineral-fabric relationships,
Mineraalmaakselverboudings,
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inclusion trails. There are often biotitg-rich rims around
such porphyroblasts (including andalusite), possibly the
result of slow porphyroblast growth being able to remove
other reaction products from the site of the growing
crystal (Spry 1969), Andalusite porphyroblasts are often
ramdomly oriented across S,, although mimetic growth
in S, chemical anisotropy is common. In a few cases both
cordierite and andalusite have sigmoidally curved inclu-
sion trails suggesting a late 8, age.

In one example from fairly close to the Donkerhuk
Granilte, yet showing no outward signs of textural change,
andalusite poikiloblasts grow across S, and exhibit an
unusual texture. The poikiloblast margins contain abun-
dant Sy-parallel inclusions whilst the cores are devoid of
inclusions. The optical pattern bears little relationship
to the poikiloblast outline being made up of large sub-
grains as much as 45° out of optical coincidence. Indi-
vidual subgrains contain both an inclusion-free and
inclusion-bearing part of the poikiloblast (Fig, 7.1D).
The origin for this texture may be:

{a) Regional metamorphic growth of an inclusion-free
core followed by overgrowth of thermal andalusite due
to intrusion of the Donkerhuk Granite followed in turn
by subsequent granulation by movement in the Oka-
handja Lineament Zone, or

{b) slow growth of a clear core followed by rapid
spongy growth of the outer part during regional meta-
morphism, subsequent deformation and/or recrystalli-
sation giving rise to the present texture,

Aluminium-rich schists, however, show the metamor-
phic history rather more clearly. Muscovites lie parallel
to Sy, yet biotites are often oriented at various angles to
S, (at a consistent angle on outcrop scale) forming the 5
fabrie (see OLZ /2, Sections 3 and 4). Both cordierite and
andalusite porphyroblasts enclose the S fabric heliciti-
cally, In many cases the porphyroblasts are markedly
tabular, being confined to the aluminous layers. Rarely,
small idioblastic staurolite porphyroblasts grow ran-
domly across 5, and S;. At the very western edge of the
Okahandja Lineament Zone sillimanite has developed
from gquartz and muscovite in Chuos Formation rocks.
Thus sillimanite forms radiating knots parallel to S,
planes since that is the plane containing the reactant
minerals.

Some cale-silicate rocks show a mylonitic composi-
tional layering (Vernon 1974) which is helicitically
enclosed in garnet and randomly overgrown by amphi-
bole. The majority of cale-silicate rocks do not show this
mylonitic layering at all, although these are commonly
zoned, containing cores of oriented diopside showing
peripheral alteration to amphibole, This apparently retro-
grade texture is discussed in Section 8, The randomly
nriekmed amphibole is ubiquitous among the cale-silicate
rocks.

The Okahandja Lineament Zone textures are thus best
explained by a thermal event, possibly during Dy, and a
second, very late event, essentially post-Dy,.

Conditions of the second metamorphism are discussed
in Section 8.

7.3 CENTRAL ZONE

Sillimanite crystals defining microfolds are occasionally
observed in the cores of cordierite crystals. The cordierite
appears to post-date Dg, and is rarely associated with
garnet porphyroblasts growing across the schistose 8, and
S, fabrics. As the cordierite post-dates Dy, the sillimanite
evidently must pre-date at least De,.

Elsewhere (e.g. CZ/1 near Chungochoabberg) sillima-
nite porphyroblasts growing in the 8, layering are flat-

tened together with most of the 8, biotites and reoriented
into the F, axial-planar cleavage (S;). In most cases where
the sillimanite knots are not highly flattened the S, fabric
tends to wrap around the porphyroblasis, a few of which
have pressure shadows, This suggests that sillimanite
growth occurred prior to F, folding and flattening,

The schistosity in rocks of the Kuiseb Formation
cropping out just north of Rooibank represents 8, modi-
fied inte parallelism with S, on the flanks of F; folds.
The microclines of a sample taken from such an F,; flank
contain the S, fabric as biotite inclusion trains, but are
wrapped around by the S,y schistosity. The inclusion
fabric is subparallel to the external one, although
occasional crystals show up to 407 discordance.

The Rooibank area shows further clear evidence of a
metamorphic event, cither late or post-dating D,
Garnel porphyroblasts grow across both §; and 8, and
commonly are associated with undeformed quartzo-
feldspathic veinlets. Cordierites from the same area do
not appear to contain 5, inclusions and commonly grow
mimetically along §; and 8, In some cases equant,
roundish cordierite crystals grow across the mica fabric.
Small randomly oriented quartz wveins are strongly
shortened, indicating a constrictional deformation with
the long axis of the strain ¢llipsoid approximately vertical,
this occurting late- to just post-Fg.

Further east in the Central Zone, quartzo-feldspathic
leucosomes intrude along 5; planes, and in one case a
pegmatite is slightly folded during final flattening of an
F, fold. In addition, both garnet and cordierite grow
across the S, fabric, which in several cases has been
almost totally destroyed. In situ partial melting, giving
rise to red homogeneous granite which intrudes Fy struc-
tures but itsell lacks any fabric, also suggesis a strong
post-F, thermal event which produced the diapiric struc-
tures of the area.

Within calc-silicate rocks, amphibele formed at the
expense of diopside, and wollastonite developed with
random orientation at calcite-quartz contacis. These
factors may indicate changes in fluid-phase composition
(Section 8).

Thus the Central Zone is charactererised by a sillima-
nite-producing event during D¢, and a garnet-cordierite
grade thermal event which largely outlasted Dey.

7.4 DONKERHUK GRANITE AUREOLE

The general effect of the intrusion of Donkerhuk
Granite upon regionally metamorphosed schists 18 to
induce the random growth of large muscovite poikilo-
blasts across the schistose fabric. Approaching the granite
the schists become progressively coarser grained due
largely to mimetic recrystallisation of the biotite parallel
to the regional schistosity. Still closer to the granite par-
tial melting gives rise to migmatites and lit-par-lit injec-
tion of granitic material.

Most of the mineralogical changes occur where
coarsening of grain size or migmatite development has
taken place. The pre-existing fabric has exercised a strong
influence on the orientation of newly formed minerals,
Thus sillimanite on the eastern and southern boundaries
forms parallel to the S, fabric (Dy;) since the reactants
necessary for sillimanite formation lie in S;. Along the
western edge new growth of andalusite and cordierite has
occurred with the former frequently growing in and heli-
citically enclosing crenulated 8, (D,,) schistosity, the
crenulation cleavage apparently being caused by granite
emplacement.

Early Doenkerhuk pegmatites are deformed by Dy,
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The Donkerhuk Granite is undeformed and shows
clearly cross-cutting contacts with country-rock fabrics,
The existence of a large thermal aureole is confirmed
by the presence of sillimanite on the eastern side, and
post-regional-fabric andalusite along the western margin.
The time of intrusion post-dates Trough Zone regional
tectonism but is clearly synchronous with the very final
stages of significant tectonism in the Okahandja Line-
ament Zone,

7.3 PRE-DAMARA ROCKS OF THE CENTRAL
ZONE

Large-scale mineralogical and fabric evidence strongly
suggests at least one high-grade pre-Damaran metamor-
phic event.

In pre-Damara outcrops a strong foliation can be seen
in pelites and gneisses, This foliation tends to strike in an
east-west direction away from contacts with the over-
lying Damara cover. As the Damara-pre-Damara con-
tact 15 approached the pre-Damara foliation is generally
reoriented into nedr parallelism with the Damara trend,
Close to contacts a Damara foliation is impressed upon
the pre-Damara rocks, often showing two gneissic fabrics
at 5-10° and giving rise to a lineation and rarely a pencil-
gneiss fabric. Thus a very coarse-grained gneissic fabric
was in existence in pre-Damara rocks before the Damara
metamorphism and deformation.

8. CONDITIONS OF METAMORPHISM

Mineral assemblages in the three main structural-meta-
morphic zones enable some constraints to be placed
upon the conditions of metamorphism within the respect-
ive areas. In all cases the last metamorphic event (M),
Le. largely post-deformational, is investigated. When
considering the conditions of metamorphism an attempt
at assessing Xy, and changes in fluid-phase composition
is also made.

Both pelitic and cale-silicate rocks offer assemblages
and mineral reactions from which the various parameters
may be determined. However, only the pelitic rocks were
investigated by microprobe analysis and thermodynamic
considerations. In some cases the parameters P and T
derived from pelites are used to augment data derived
from calc-silicates. In applying thermodynamics to mine-
ral reactions and assemblages the following assumptions
are made:

{1} The minerals in contact or in small domains are in
equilibrium with each other unless disequilibrium textures
(Zen 1963) are present;

{2} the present composition of the minerals concerned
is the same as that attained at the peak of metamorphism;

{3} volume change of reaction, AV, is net a function of
pressure and temperature over the range of interest;

(4) any fluid phase present is assumed to be an ideal
mixture;

‘{Sj minerals are ideal solid solutions (i.e, ideal on-site
mixing is assumed) except for Reaction | where allowance
has been made for non-ideality of the solid solutions; and

(6) errors in AH", A 5" and A V® are considered in cal-
culating reaction curves, bul errors in microprobe ana-
Iysis are not considered.

Mineral margins were analysed since these can be
assumed to have been in equilibrium with adjacent mine-
rals and the fluid phase, bearing in mind that at least
two metamorphic events have occurred over the area,
Mineral-core analyses are not used in the thermodynamic
considerations below, Calculation was made on the basis
of mean values for the composition of each mineral

species of interest in each rock and not by individual
mineral pairs (e.g. if five garnet-cordierite pairs were
analysed in a rock, then the mean garnet and mean
cordierite compositions were used). Thermodynamic
data has been extracted either from published data using
:ihe n:i:thnd of Weisbrod (1968), or from unpublished
ata.

B.1 TROUGH ZONE

8.1.1 Introduction

Ne chlorite or chloritoid was observed in any of the
rocks other than as minor retrograde alteration of hiotite,
garnet or rarely staurolite, In addition, kyanite is present
in rocks over the whole area examined. Furthermore,
there is no evidence of partial melting in any of the rocks.
These three field observations are combined to provide
a lower and upper temperature and a lower pressure
estimate. Figurc 8.2 shows the field delineated by the
observations, The breakdown of chlorite and chloritoid
is from the investigations of Richardson (1968), Hoschek
(1969) and Ganguly (1972). The beginning of partial
melting is taken from Winkler (1976), and the aluminium-
silicate triple point from Richardson er al. (1969). The
various determinations of the A1,510; triple point are
shown in Vernon (1976, Figure 4-3),

In order to define the metamorphic conditions further,
three pe]itic schists (EWS 115, 235 and 316) have been
investigated (see Figure 8. 1 for localities). All three rocks
contain the assemblage:

Quartz+ kyanite 4 staurolite -+ garnet + plagioclase +
muscovite -+ biotite, which in equilibrium with fluid
represents eight phases. The assemblage may be described
by the seven components;

(K,Na),0, Ca0O, (Fe,Mn)O, Mg0D, Al1,0, Si0, H,O

Thus by application of the phase rule the assemblage
has a variance of one, i.e. it is isobaric invariant, If one
phase (plagioclase} and one component (Ca0) are tempo-
rarily removed from consideration, the variance remains
as one, but the phases can now be linked by the reaction:

Staurolite+muscovite 4 quartz+=
garnet 4 biotite- kyanite-+ H,0
Since staurolite has an Fe/Mg ratio intermediate

between garnet and biotite (Carmichael 1970; Thompson
1976) the reaction is discontinuous (Thompson 1976) and
as such ought to define an isograd. However, the assem-
blage occurs widely in the Trough Zone. This may be
explained by several factors:

(1) I the fluid were not pure H.O, and H.O not per-
fectly mobile, then the equilibrium assemblage may buffer
the Auid composition (Greenwood 1975; Vernon 1976),
allowing the full-phase assemblage to occur over a wide
but undefined range of temperature.

(2) The effect of exira components: the garnets in all
three samples contain significant amounts of Mn and Ca,
The effect of Mn on the Mg-Fe discontinuous reaction
above would be to make it an Mn-Fe-Mg continuous
reaction, and therefore present over a range of tempera-
ture (Thompson 1976; Tracy et al. 1976). Ca may affect
the stability of the assemblage through garnet-plagioclase
continuous reactions (Tracy ef al. 1976).

Of the five continuous reactions (Thompson 1976)
which can be written between minerals in the above
assemblage the following Fe end-member equilibria are
important:

Fe staurolite + quartz =+ almandine + kyanite + H,O;
almandine + muscovite == annite -~ 2 kyanite -+ quartz

* Personal communication: I Waters.

53



(s8urioyfo an | jasfupquey sAmisa) mpuve

siunauwsiaa asangad a1syudurpaq aip wva Surpraidsaaa ap Jom saguaaissd ssaiyad do iaasvgad Lovysiays afioupiapy
(SUDITEIAIIqqE

10y | xipuaddy 20s) safejquasse aiunpad 1ofew jo votingusip Sumoys syaox mupad vo paseq dow ynays sgdioweay  — 1'g g

S sr EZT
Hﬁh[ a41S FHNLVITdWAL-HDIH GHL NO ONIWNHOS STVHIANIW JLLSTHALIVHVHD HLIM OINTANI SAVHDOS]
z, OFH +ds3 3 +p103 - 71b s1ps 401 —
u_w...uum_..._ +M N wfs#ﬂﬁ OFH +dsy ¥ +1|]15 = 21b 4280w — g
A 9
ﬁ +ISNUT +INE1S + U8 + 4y ~Auueunjis 1....“1_.......!- ALISNTVANY +ALIHAIOHOD 40 IONVHVAIdY LSHIJ —— ¢
o w._. .../r.
N 3 n, ™ ...m SAVHI0S] IT03HNY MOHEINNOA
adop @ a
i h_x... 5 _r_, m.? PHEQOTY wd  0fH +ds) q +p102 o mb 415 +q — ¢
= - 0%H +ds; M+fps b sosn — ¢

u_...._u_Esu 7 +1udspja] u_,
zib + Fepd +21q
_+1ud 4+ proa + n_ 3+ .__.w.._._.

L)
__

%
&

ALINVAN A0 HONVHYIIIY ISHId — T

HITTOEAVLS 40 IDNVHVILY ISHId — 1

ft.. .-\\n
#u. %, SAVHODOSI JIHIMOWVLAW TVNOIDIH
. -
w/ =%, LXTL NI OL GINHE4EN ALITVD
g ._...,.{.i,. & n Va, TR e
= ; e
%
o A VANY dOUDILOO MIVIN .
£ s i
- B —
,w.,,.\s $ %35.,_# N ALINVHD XNHAEINOA
o n.w;\._ Z1b & [EPUE +PI0D
..\ .M..ﬂ...w.__ +.U.p..._. + JSN +M.m._.n_+..=.._.ﬂww| Hﬂmm LS STE VLTI |
I
“ 5 g oz o o
e _.w_ / _fp./
- ._..._\x ~
e \
> .n,x m._ua_:wmﬁ:mcn_._ /\v/
/ JUEGIOOY
I
; gsz+ O\,
— i aa* k]
B ~
w _.._ o5+ BEZL*
: 1, uoatag B,
\q.. ! UOT[ILIER ¥
5 __.m__.. i Euﬁﬁﬂum_mm:} zib +Feyd 4210 + proa «dsy 3 +2uBF m
= -_. -
| 5 A
o ._L._.. m_;.,._.._:__.u_u._‘._\ 5 oo EZ




g 1
2
"
c
8 1 %

—_—— -] IE'"

5 & Trough Zone T

& o £

I & Metapelites o

I T F ‘E; _E'_

2 3 T
oy 3 Fi
-] = o

£ g

- L

S 61 & Kyanite

i

o
o
o Sillimanite
]

T .

Andalusite
T L 1 i N .
540 580 620 660

Temperature °C

Fig. 8,2 — Pressure and remperature constraines based on field observations in the Trough Zone {(sec Section 8.1}
Diruk- en temperatuurbeperkinge gebaseer op veldwagrnemings in die Trogsone (verwys Seksie 8.1).

- 650
900 - i
- 600
e 2
] -
a = 550
o
=
=
E L
2 800 -
E
7]
- _ 500
— 450
700 - T ' T ! v
1.0 0,5 0
%
H D

Fig. 8.3 — 1mbanc T—Xp,o diagram for Reaction IV (sample 235} showing X0 range with temperature cstimates
{50 C]l from Reaction 111

Isobariese T— X" -diagram wir Reaksie IV (monscer 235) wat die bestek van Ji"zu met benaderde teni-
perature (50 °C) van Reaksie I aandui,

35



8.1.2 Reaction Equilibria

The pelitic schists analysed all contain plagioclase,
kyanite and garnet, enabling the plagioclase-garnet-
Al,5i0;-quartz geobarometer to be used, The reaction:

3 anorthite = grossular + 2 Al,5i0, + quartz

has been investigated experimentally by Hays (1967) and
Hariva and Kennedy (1968), whilst its potential as a
geobarometer was discussed by Ghent (1975, 1976), In
this case the following reaction is applicable:

(1) 3 anorthite = grossular 4 2 kyanite + quartz

Thermochemical data used are from Waters (Appen-
dix 1), but do not differ greatly from those of Ghent
(1976), and Schmid and Wood (1976). Since the phases
present are impure (e.g. anorthite in oligoclase and
grossular in garnet) activities in terms of the pure phases
were calculated for the observed minerals. Plagioclase
activity data were taken from Orville (1972).

The equilibrium equation (Appendix I) contains both
P and T as variables and was solved by fixing T at values
within the range of interest, The results are shown in
Table 8.1 below. Uncertainties are estimated at +1 kb.

Table 8. 1—EQUILIBRIUM DATA, REACTION1

Sample 550 °C 800°C | 65D°C

bar bar bar
oy s T 258 8 183 9093
b I P AP T - 6 304 7158 BOL8
L [ Rep L e T 546 & 480 9418

A further check on pressure is given by the reaction:

(I1) almandine 4+ muscovite =
annite + 2 kyanite + quartz

Although potentially an extremely useful reaction
together with its Mg counterpart enabling both P and T
to be established, the thermochemical data have very
large errors at present. Attempts to calibrate the reac-
tions have been made (Thompson 1976, 1976a); those
used here are from Waters.® As the errors are large
(4300 °C for the Mg end member) only the Fe end-
member reactions have been calculated and are shown in
Table 8.2. Activities of the minerals present have been
caleulated in terms of the end-member compositions.

Table 8. 2—EQUILIBRIUM DATA, REACTION 11

8 000 bar 7 000 bar & 000 bar
Sample

T*C | Error T Error T Error

115 637 554 590 509 544 464
745 692 i)

235 622 239 576 408 531 457
727 675 624

116 592 514 548 474 504 435
639 640 590

Temperature may be determined from Fe-Mg exchange
between garnet-biotite mineral pairs. Determination
of Kp values from mean garnet and biotite composition
for mineral pairs in contact give temperatures of the
order of 525 °C, using the calibrations of Thompson
(1976a) and Ferry and Spear (1977). Using the data of
Holdaway and Lee (1977) for the reaction:

(1)  1/2,52 Mg biotite + 1/3almandine =
1/2,52Fe biotite + |/3pyrope

* Unpublished data, see Appendix L

Garnet-biotite K values give the temperatures shown
in Table 8.3. These values are still considered to be
low and have an error limit of <50 °C.

Table 8. 3—TEMPERATURES DETERMINED FROM
Fe-Mg EXCHANGE, REACTION I1I
Sample 115 | Sample 235 | Sample 316
P bar

T TC T
[t e 544 546 535
1, | 5 R e 548 549 338
B .coiiirenanins 351 552 541
GOD0E, v i bimmin's 554 555 545

Temperature is potentially determinable from the
reaction:
(IV) 6 Fe staurolite + 23 quartz «

8 almandine + 46 kyanite + 12H,0

The thermodynamic data given in Appendix [ are
derived from the experimental data of Ganguly (1972)
using the staurolite formula of Richardson (1968) as the
analytical data indicate this to be more appropriate than
the formula used by Ganguly,

The equilibrium temperature for Reaction 1V is depen-
dent upon Xu,o as the isobaric T-X diagram (Figure 8.3)
shows (calculated from the re-arranged equation of state,
Appendix 1). Assuming temperatures determined by
Reaction 111 to be correct (50 “C) it can be seen from
Figure 8.3, that Xp,o has the range 0,15t0 0,50 at 7 to 8
kb (pressure estimates from Tables 5.1 and 5.2).

Wells (1976) finds Pg,o to be about half Py in upper
amphibolite-grade rocks of Greenland. French (1966)
suggests Xy,o to be of the order of 0,5 in graphite-
bearing pelites. Ohmoto and Kerrick (1977) consider that
under typical moderate- to high-metamorphic grades,
Xu,0 must be less than 0,9 in the presence of graphite.
Graphite-bearing pelites are common within the Kuiseb
Formation especially in subzone TZ/2 where the three
samples were collected. Should graphite have been present
then the reaction:

2 graph:ile o EHED =t COE -+ CH‘
may well have occurred, consuming H,O and thereby
reducing Xu,o in the fluid phase.

In view of the indicated Xy o range of 0,15 t0 0,5 and
the findings of other workers the value Xy,n=0,5 has
been chosen and the equilibrium for Beaction IV calcu-
lated accordingly (Table 8.4).

Table . 4—REACTION 1V EQUILIBRIA AT Xy,0=0,5

Sample 115 Sample 235 Sample 316
P bar

T4C | Error T*°C Error T Error

9 000 596 565 593 359 595 562
617 Gl4 615

B OO0 64 575 601 570 602 572
622 al9 621

7000 | 610 583 6008 550 609 581
627 623 626

6 (K 6l4 590 611 585 a6l2 589
631 627 630

5000 | 6l6 504 a2 £38 615 594
b3l 630 632

Temperature may also be estimated by the reaction:
(V) paragonite + quartz « albite + kyanite + H,0
where paragonite and albite are involved in solid solutions.
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Microprobe analysis of the white micas (samples 115
and 235) show them to be muscovites with 17-20 per cent
paragonite, which is close to the maximum possible
crystalline solution of paragonite in muscovite (Thomp-
son 1974).

Several metapelites (e.g. sample 694) have a felt-like
mat fabric of white mica, whereas other samples (e.g.
115 and 235) have a groundmass consisting largely of
oligoclase, The difference in mineralogy between the two
rocks 15 attributed to the occurrence of Reaction V.

Chatterjee (1972) and Thompson (1974) show that the
breakdown of paragonite+-quartz occurs at lower
temperatures than that of muscovite--quartz. The sub-
assemblage oligoclase-muscovite-kyanite found in
samples 235 and 115 corresponds to the K feldspar-defi-
cient part of the phase diagram in section E, Figure 1 of
Thompson (1974). At 7 kb, Reaction V occurs at 630 °C
(Xm0 = 1) and therefore after the beginning of melting
in pelites. With reduced Xy 0 the reaction is displaced to
lower temperatures, e.g. 576 °C at 6 kb and 591 "C at 7
kb for Xu,0 = 0,5 (Wintsch 1975), The oceurrence of
muscovite-rich and plagioclase-rich assemblages in
Trough Zone pelites may be attributed to the occurrence
of Reaction V in rocks of suitably low Xu0.

%.1.3 Conclusions

The reaction equilibria for the three samples investi-
gated are plotted on Figures 8. 4A, B and C. Reaction |
tends to give lower-pressure determinations when the
bulk Ca content of the co-existing garnet and plagioclase
is low (Table 8.5).

Table 8.5—MEAN Ca CONTENT OF GARNET AND PLA-
GIOCLASE FROM AMALYSED SAMPLES

Sample X gca:net § EL&;]:::J&&E
[ P . 0,082 0,318
AR e A e 0,042 ,230
3 1 A e P 0,079 L2850

Reactions T and I are in reasonable agreement for
sample 235 and in excellent agreement for 316, however,
the discrepancy between the two equilibria for sample 1135
may be due to the upward displacement of Reaction |
due to higher Ca content.

Temperature estimates from Reaction 111 give consis-
tent results for the three samples, although temperatures
are considered low, in spite of large errors (=350 “C).

Figure 8.3 shows that Xu,0 could not have been
greater than about 0,8 since partial melting ought then
to have been widespread. Reaction 111 with its large
errors suggests Xp,o = 0,15 to 0, 5. Taking the value of
Xu,o = 0,5, since graphite is common in Trough Zone
rocks, Reaction IV gives temperatures of abouot 600 °C,
which is in very good agreement with Reaction V, also
assuming Xu,0= 0,5,

Quartz veins parallel to 5; contain abundant fluid
inclusions, a high proportion of which are CO.-filled,
thus lending support to the suggestion that H,O was
diluted in the fluid phase by CO,.

The eight-phase isobaric invariant assemblage is
expected to occur over a limited area in outcrop; on the
contrary, however, it is rather widespread. This is
probably due 1o the buffering effect of the assemblage on
the Auid phase. In a closed system, or where HyO is not
perfectly mobile, the occurrence of devolatilisation re-
actions yield internal control of the chemical potentials
of fluid components, The process of buffering in rocks

undergoing devolatilisation is considered to be common-
place (Greenwood 1975; Ohmoto and Kerrick 1977:
Fyfe et al. 1978). Other explanations for the apparent low
variance of the assemblage are: (i) The presence of Mn
in the system makes the discontinuous reaction;

staurolite--muscovite -quartz =garnet +biotite+H,0

divariant in which Mn stabilises garnet at lower tempera-
tures than in the Fe-Mg range; (ii) Harte (1975) notes the
reflractory (non-reactive) nature of garnets in particular,
It may thus be that garnet is a refractory mineral having
formed al lower temperatures.

Metamorphic conditions experienced by samples 115
and 235 during M, (last regional metamorphism post-
dating 5.) appear 10 be a pressure of 7,3+1,2 kb and a
temperature of 605425 “C. Sample 316, collected 16 km
further south-castwards indicates pressures of 8,2
41,2 kb and temperatures of 6004-25 °C.

8.2 CENTRAL ZONE

8.2.1 Introduction

High-grade metapelites of the Central Zone often con-

tain the assemblage:
+garnet+sillimanite +K feldspar-+plagioclase -+
cordierite +biotite +quartz

The K feldspar is always microcline and the plagioclase
an oligoclase, Furthermore, partial melting in metapelites
and Etusis Formation feldspathic quartzites begins in the
vicinity of sample 465 and is widespread at sample 729,
the two samples chosen for investigation (Fig. 8.2).

Sample 465 contains the assemblage (with all phases
in contact):

sillimanite+garnet-+-oligoclase +-microeline +-biotite -+
quartz--cordierite

which with a fluid phase represents eight phases in the
seven component system:
(Na,K),0, Ca0, (Fe.Mn)O, MgO, Al,0, 5i0, H,O

This indicates isobaric invariance. Excluding plagio-
clase and CaO from consideration the variance is still
one, but the reaction:
biotite <+ sillimanite 4 quartz = cordierite + garnet +

K feldspar + H;O

can be written linking all phases. This reaction is discon-
tinuous (Thompson 1976) and thus ought to define an
isograd.

Sample 729, however, contains the isobaric univariant
assemblage:
garnet + biotite + cordierite + oligoclase < micro-

cline + quartz
for which the reaction:
biotite-t-cordierite +-quartz =garnet + K feldspar+H,0

can be written (neglecting plagioclase and CaO).

8.2.2 Reaction Equilibria

Estimates of temperature can be made using the Fe-
Mg exchange reactions:
(1113 1/2,52 Mg biotite 4 1/3 almandine =
1/2,52 Fe biotite + 1/3 pyrope
(V1) 1/2 Mg cordierite + 1/3 almandine =
1/2 Fe cordierite + 1/3 pyrope
of Holdaway and Lee (1977). Both reactions have been
calibrated by Thompson (1976} but yield temperatures
below 600 “C. Wells {1976) gives thermodynamic data for
Reaction VI with results similar to those obtained from
the data of Holdaway and Lee (1977).
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|

3 anorthite = grossular + 2 kyanite + quartz

almandine + muscovite = annite + 2 kyanite + quartz

Il 1/2,52 Mg biotite + 1/3 almandine = 1/2,52 Fe biotite + 1/3 pyrope

IV 6 Fe staurolite + 25 quartz = 8 almandine + 46 kyanite + 12 H, 0

Pressure kb
[=1]

520

Fig. B.4A —

Eéﬂ - 600 640
Temperature °C

Reaction equilibria for sample 115 from the Trough Zone plotted on a P—T diagram with Xpp0 = 0.5.

Heavy lines show equilibria calculated from the ‘best fit’ thermodynamic dara (see Appendix l}
Light lines indicate errors due to uncertainties in the thermodynamic daca,

Reaksie-ckwilibria vir monster 115 van die Trogsone uitgestip op "n P—T-diagram met Xy o — 0,5,
Dik lyne toon ekwilibria bereken vanaf die ‘mees toepaslike” termodinamiese data (verwys Aanbangsa! I).
Dun lyne dut foure e wyte aan onsekerbede in die termodinamiese data aan,
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Pressure kb

Pressure kb

o 4
ﬂ -
T 9
6 4
5 -
520 560 600 640
Temperature °C
Fig. 8.4B —  Reaction equilibria for sample 235 (see Fig, 8.4A for explanation).
Reabsic-ekwilibria viv monster 235 (kyk Fig. 8.4A vir toeligting),
11 Tk
X. =05 IV Iy _—
H,0 I I I
Im s o
9 o i I

7 A lll" i -
e | T
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— = II e -"'-;#
6 | Y
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Temperature °C

Fig. 8.4C — Reaction equilibria for sample 316 from the Trough Zone (see Fig. 8.4A for explanation).
Reaksie-ckwilibria vir monster 316 uit die Trogsone (kyk Fig. 8.4A vir roeligting),
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Kp values for Reactions 171 and VI are shown in Table
8.6 and are used to calculate the temperatures shown in
Table 8.7, using the data of Holdaway and Lee (1977).
Temperatures for Reaction VI from the data of Wells
(1976) are shown in Table 8.8,

Table E.&-KI_F YALUES FOR REACTIONS 1II AND VI
(HOLDAWAY AND LEE 1577)

Sample

Reaction 11 \ VI i ‘ vl

Boieaii v | 041826 | 0,0928

0, 1846 ‘ 0, 1046

Table 8. 7—TEMPERATURE DETERMINATIONS FROM
REACTIONS III AND Y1 USING DATA IN

TABLE 8.6
Sample 463 Sample 729

Our Tc | ¢ | ¢ | T

(111) (V1) (I11) )

JO00., ;i i 0 B4 St L] i
4000, i B50 572 653 G01
i 654 577 656 605
GO0, iiis i 658 582 660 609

Table 8. B—EQUILIBRIUM DATA FOR REACTION VI
USING DATA OF WELLS (1978)

Sample Sample

465 129

P bar

THC T*C
N 626+ 5 657 +4
B o i e e L A T 62245 653 +4
L T S g R e N e G185 649 -4
G000, ., .. B e e o B 61445 64544

Since partial melting of metapelites occurs at both
sample localities, the higher temperatures from Reaction
L1l are preferred, and a temperature of 632 °C (925 "K)
i5 assumed for both samples. An error of 425 °C is also
assumed, and thus encompasses the results from Reaction
¥I using the data of Wells (1976)—Table 8. 8.

The combination of garnet and cordicrite offers a
potentially useful geobarometer (Currie 1971, 1974;
Hutcheon ef af. 1974: Hensen 1977). However, consi-
derable wariation in the thermochemical data exists,
Seifert (1976) experimentally investigated the Mg
reaction;

6 muscovite + 2 phologopite + 15 quartz =
3 Mg cordierite 0,5 H,O + 8 K feldspar + 6,5 H,O

whilst Hoffer (1976), using natural minerals, experimen-
tally investigaied the reaction:

2 biotite4-6 sillimanite 9 quartz =
3 cordierite+2 K feldspar+0,5 H,0

Fe end-member reactions experimentally determined are:

(VII) 3 Fe cordierite. InH,O =
2 almandine-+4 sillimanite +5 quartz+ 3nH,0

by Weisbrod (1973, 1973a) and Holdaway and Lee
(1977) (n=number of mols H,O in cordierite); and

(VIII) Fe biotite-- 2,08 sillimanite{-4 quartz =
|.26 Fe cordierite +0,84 K feldspar+-(1=1,26mn) H,O

by Holdaway and Lee (1977}, Although both experimen-
tal determinations of Reaction VII give similar results
{(Appendix I) the data of Holdaway and Lee are used for
compatibility.

With temperature known, an isothermal P-Xy, o dia-
gram can be constructed for sample 465, enabling
Reactions VII and VIII to be solved simultaneously
yielding values for both P and Xy,0. To ensure both
reactions are compatible, the experimental data of Hol-
daway and Lee (1977) are used since both experimental
determinations (for YII and VIII) used similar buffers
(QFM) and experimental procedure. A further compli-
cation arises from the problem of water in cordierites,
The number of mols of HyO (n) in cordierite is approxi-
mately 0,5 at 2 kb Py, and 0,7 at 5 kb Py,o (Weisbrod
1973a, Fig. 61). Since the experiments of Holdaway and
Lee (1977) are in the pressure range 2-3,5 kb, and the
expected pressure is about 4 kb in the Central Zone
Xu,0="1; a value of n=0,5 has been chosen as realistic
for the amount of water in cordierite.

Figure 8.5 shows the isothermal P-Xy,0 diagram for
Reactions VII and VIII and sample 465, Equilibria are
shown for temperatures of 652425 °C and also take into
account errors due to the uncertainty in the thermoche-
mical data (Appendix I).

Neither Reaction VII nor VIII are applicable to sample
729 since sillimanite is not present. However, the re-
action:

(IX) 4 annite+43 Fe cordierite 3 quartz =
f almandine+4 K feldspar+35,5 H,O

can be written for the assemblage of 729. The experimen-
tal data of Holdaway and Lee (1977) can be combined to
yield thermochemical data for Reaction IX*,

Although no detailed work was carried out on cale-
silicate rocks, the following observations are significant:

In one case (EWS 620, see Figure 8. 1 for locality) the
isobaric invariant assemblage:

clinozoisite+quartz +anorthite +grossular+-calcite

was found, Since clinozoisite and not zoisite is present
the reaction:

4 zoisite +quartz = grossular +5 anorthite+H,0

is displaced upwards to higher temperature (Holdaway
1972) whilst the reaction:
2 clinozoisite-+CO, = caleite +3 anorthite+H,0

is little altered (Thompson 1975a). Thus the isobaric
invariant assemblage lies at approximately 650 "C at 4 kb
and is indicative of a very low Xco,

A common subassemblage in cale-silicate rocks is:

diopside/hedenbergite +tremolite /actinolite+-quartz +
calcite

generally with the amphibole forming at the expense of
the clinopyroxene, possibly by the reaction investigated
by Slaughter e al. (1973):

5 diopside+3 CO,+H,0
tremolite-4- 3 calecite-+2 quartz,

* The data used are those obtained by D. Waters (personal
communication ). See Appendix [.
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In many such rocks diopside comprises over 20 per
cent of the rock volume., During progressive metamor-
phism of a rock containing quartz, dolomite and caleite,
it is reasonable to assume that the fluid composition will
be driven to a fairly high CO, content by reactions
involving tale and tremolite (Greenwood 1975), Thus
diopside may form by:

tremolite{3 caleite+2 quartz+
53 diopside+3 CO,+H,0
at low to moderate Xeo, or at high Xgg, by:
delomite-2 quartz =diopside2 CO,,

Frequently the rocks also contain the subassemblage:

epidote/clinozoisite 4-quartz +-calcite + plagioclase
which iq itndiclativc qt’a low Xco,. Thus a change of fluid
composition is indicated during metamorphism of the
cale-silicate rocks, possibly due 10:

(i) Two metamorphic events, the first at high Xco,
producing diopside and the second event at low Xep,
producing the epidote/clinozoisite-tremolite assem-
blage.

(ii) A change of fluid composition during a single meta-
morphic event by the continuous gain of water from
adjacent pelitic rocks effectively reducing Mpe and thus
affecting the stability of certain minerals in favour of low
Xcp, assemblages,

Three rocks taken from close to bodies of red granite
contain the subassemblage;

calcite +-guartz -+wollastonite.
In one case (sample 258, see Fig. 8.1) the assemblage:

plagioclase +quartz +-calcite +scapolite +-garnet +
microcline+wollastonite +diopside

E la1i:rr|:sv.=:nt, This contains the isobarically invariant assem-
ge:

prossular4-quartz+wollastonite +anorthite - caleite
as well as products of the reactions:

calcite-quartz = wollastonite +C0O,
and,
plagioclase -f-calcite =scapolite (mizzonite),

Mizzonite is the scapolite stable at the lowest tempe-
ratures (Orville 1975). The isobarically invariant assem-
blage suggests a pressure of about 3,8 kb at 652 *C. The
pressure and temperature estimates suggest that wollas-
tonite formed at Xco, ~ 0,20 (Winkler 1976, Fig. 9-8).

8.2.3 Conclusions

Unlike the Trough Zone, Fe-Mg exchange reactions
give temperatures considered to be realistic from the
occurrence of partial melting in pelitic rocks, The Fe-Mg
exchange reaction between garnet and cordierite gives
satisfactory results when the thermodynamic data of
Weils (1976) are used. A range of +25 “C covers the
calculated temperatures from Reaction IIT and Wells’
Reaction VI,

The experimental data of Hoffmann (1976a) for the
Central Damara rocks suggest that partial melting begins
at 635 "C in pelitic rocks {excess H,O at 4 kb total pres-
sure) and most samples contain melt by 670 °C. The
Nosib feldspathic quartzites at Rooibank will begin to
produce red homogeneous granite at 662 °C and have
produced 20 per cent melt by 670 °C (Hoffmann 1976).

The derived temperature of 652425 °C therefore
appears to be realistic,

The production of large amounts of melt at a eutectic
will have the effect of buffering the temperature, since
addition of heat leads 1o continued melting (until one of
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the phases is consumed) rather than a rise in temperature
(Bailey 1976, p. 27). Thus it is unlikely that temperatures
would exceed 675 °C except locally where melting did
not occur.

The isobaric invariant assemblage of sample 465
enables both P and Xy,o to be determined by plotting
Reactions VII and VIII (assuming n=0,3) on an isother-
mal P-Xn,o diagram such as Figure 8.5. The pressure
50 indicated is 4,25+4-0,3 kb with Xp,o ranging from
0,082t0 0,169, At 652 °C values are 4,24 kband Xy o=
0,124 respectively. Although Xu,o and n {number of
mols HiO in cordierite) are related, assuming n=0,7,
raises Xp,po 1o a8 maximum value of 0,237 at T=
652125 °C,

An assemblage in a calc-silicate rock (EWS 620) taken
near to sample 465 indicates the same order of pressure
and temperature,

Calc-silicate sample 258 suggests a pressure of just
below 4 kb at 652 °C which, when applied to the isother-
mal P-Xu,0 plot for sample 729 (Fig. 8.6), suggests an
Xun of about 0, 18,

Holdaway and Lee (1977) state that the assemblage:
almandine +cordierite - K feldspar +-quartz

requires Pu,o < Piow to form, and that with cordierite
of Mgy, requires Xg,n = 0,4, (X, cordierite are 0,6047
and 0,6107 for samples 465 and 729 respectively). The
determined values of Xu,o thus appear to be reasonable,

B.3 OKAHANDIA LINEAMENT ZONE

Chloritoid has not been found in any metapelites,
whilst chlorite is generally retrograde, the sole exception
being the prograde continuous reaction:

chlorite +muscovite +-quartz = garnet {biotite +H,0
observed texturally in one sample (locality 56 Fig, 8.1).
_ The most characteristic pelitic assemblage encountered
is:
plagioclase +quartz +muscovite -+ biotite +cordierite +
andalusite

which with a fluid phase has a variance of two in the
seven-component system (Na,K),0, Ca0, (Fe,Mn)O,
MgO, Al,Oy, SiO,, H,0.

In a few instances staurolite is also present making the
system isobarically invariant.

Since both garnet and staurolite are very rare in meta-
pelites the disappearance of chlorite probably involved
cordierite through the continuous reactions:

chlorite +andalusite +quartz = cordierite -+ HyO;
chlorite+ muscovite+quartz =
cordierite-+ biotite- H,0O

for which the two Mg-end-member reactions have been
carried out by Seifert and Schrever (1970) and Seifert
(1970) respectively, However, Guidotti et al. (1975)
suggest that the actual disappearance of chlorite takes
place via the terminal univarianl reaction:

chlorite+ muscovite+ quartz =
cordierite+ Al,5i0, biotite + H,O

which thus sets a lower temperature limit to pelites
(Fig. 8.7).

The pelitic assemblages are characteristic of Buchan-
type low-pressure metamorphism (Harte 1975),

Cale-silicate rocks often contain the isobaric invariant
assemblage:

clinozoisite -{- grossular -+calcite+quartz +-anorthite



Pkb

VIl  3Fe cordierite 1,5H; O % 2almandine + 4sillimanite + Squartz + 1,5H; 0
VIl Fe biotite + 2,08sillimanite + 4quartz = -8
1,26Fe cordierite + 0,84K feldspar + 0,37H,0
s27c B
VIL 4
87r°
1 45
e17C s
a __'___,_,_.-—l-'-"'-'-——- I 4
es2 C
VIII —
621 C
F 3
- 2
u:a 0,2 0,168 0,124 0,1 0,082 o
X
H,0
Fig. 8.5 — lsothermal P—Xy,0 diagram for Reactions VIl and VIII for sample 465 showing errors for a

temperature of 652+25 C
Isatermale P—X 0 diagram van Reaksies VI en VI vir monster 465 wat foute by 'n temperatiur
wan 652425 °C uitwys.

Pkb
frun 5
20
IX
s 4
d4annite + 3Fe cordierite + 3quartz =
Galmandine + 4K feldspar + 5,5H,0
3
; » 0,338 ° . D25 " 2
0.5 0,4 03 y 0,2 0,1 0
HO

Fig. 8.6 — lsothermal P—Xy,q diagram for Reaction IX for sample 729 at a temperature of 652125 °C.
Pressure estimate from sample 258,
Isatermale P—Xy,o-diagram van Reaksie IX vir monster 729 by 'n temperatuur van 65225 i 24
Benaderde druk van monster 258,

62



£
il
W
|
g
oL
2 4 A — isobaric invariant assemblage: clinozoisite + grossular + quartz
ﬁﬁ‘?’ + anorthite + calcite minimum temperature)
o
540 580 620 660
Temperature °C
Fig 8.7 — Pressure and temperature constraints at locality 66 in the Okahandja Lincament Zone,

Druk- en temperatuurbeperkinge by lokalitiet 66 in die Okabandja-lineamentsone.

a bdolomite + Bquartz + H,0 = tremolite + 3calcite + 7CO,

b chlorite + 3calcite + 7quartz = tremolite + anorthite + 3H,0 + 3C0,

¢ bphlogopite + Bealcite + 24quartz = 3tremolite + 5K feldspar + 3H,0 + 6CO,
d tremolite + 3calcite + 2quartz = Bdiopside + H,0 + 3CO,

e calcite + 3anorthite + H, 0 = 2clinozoisite + CO,
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for which the minimum temperature is shown on Figure
8.7. Increasing the Fe content of the epidote mineral
displaces the equilibria to higher temperatures {Holda-
way (1972).

Calc-pelites are fairly common in the Tinkas Member,
Five examples from locality 66 (Fig, 8. 1) show the sub-
assemblage:

phlogopite +calcite +quartz
i.e. tremolite which could have formed via the Fe-Mg
continuous reaction:

5 phlogopite{-6 calcite+24 quartz =

3 tremolite+-5 K feldspar -2 H,0+4-6 CO,

is absent. This enables a maximum to be placed upon
temperature of (Thompson 1975a)

610 °C at 5 kb H O pressure

580 °C at 4 kb H,O pressure

550 °C at 3 kb H,O pressure
assuming pure Mg end members. However, the addition
of Fe could raise these temperatures by 30 °C (Hewitt
1975; Thompson 1975a). These temperatures lie jusi
above the minimum temperatures of the assemblage:

clinozoisite | grossular +calcite + quartz+ anorthite,
~Many cale-silicate rocks contain diopside grains
nimmed by acicular, disoriented amphibole crystals.
Sample EWS 452 (see Fig. 8.1 for location) shows such
an amphibole accompanied by clinozoisite; the full
assemblage is:
plagioclase +biotite+clinozoisite + tremolite +calcite +
diopside +-quartz+ K feldspar.
Textural evidence suggests that the following reactions
have occurred:
5 phlogopite+6 calcite-+24 quartz =
3 tremolite+ 5 K feldspar+-2H,0+6 CO,;
2 clinozoisite-+quartz =calcite-+ 3 anorthite+ H,0;
5 diopside--3 anorthite 4+ H.,0 =
2 clinozoisite+tremolite +2 quartz.
Since diopside comprises about 20 per cent of the rock
by volume it is evident that the reaction:
tremolite+ 3 calcite+2 quartz «
5 diopside+3 CO,+H,0
was the diopside-producing reaction since it occurs at
lower temperatures than the reaction:

3 tremolite -6 calcite+ K feldspar =
phlogopite 412 diopside 46 CO,+2 H,0.
(Rice 1977, Fig, 3).

The generation of tremolite and diopside would tend
to enrich the fluid phase in CO4in a closed system (Green-
wood 1975). However, the subassemblage:

diopside + plagioclase + tremolite +clinozoisite +

quartz fcalcite
is isobaric invariant at about 580 °C at 4 kb with Xcg,
less than 0,1. Thus the composition of the fluid phase
has changed from relatively rich in CO, to being CO,-
deficient, This is difficult to explain in a closed system,
but may occur in an open system where CO, is lost to
and H,O gained from adjacent pelites. Cale-silicate bands
commonly show zoning with core, intermediate and rim
assemblages:

diopside | calcite 4 plagioclase +-quartz +garnet;
diopside +tremolite -+-clinozoisite -+-calcite + quartz+
garnet;
tremolite +-clinozoisite +quartz +calcite -+ garnet
respectively, suggesting increasing Xg,o from core to
margin. Thompson (1975) and Vidale and Hewitt (1973)
considered such zoned cale-silicate rocks to be the result

of diffusion of volatile components (e.g, CO,, H,0) and
non-volatile components (e.g. KCI, CaCl,) down activity
gradients between the calc-silicate rock and a large
external pelite reservoir,

Hence by considering sample 452 as an open system
it is possible to derive the present assemblage by constant
diffusion of CQ, from H,O into the rock. Figure 8.8
shows two supgested paths of open and closed systems
assuming a single metamorphic event.

A further explanation may be sought by considering
the diopside to result from an earlier metamorphism in
which Xep, was high, which has been subsequently retro-
graded by the M, event with high Xu,0.

#.3.1 Conclusions

A lower limit to temperature for M, metamorphism
can be established by the absence of chlorite in meta-
pelites, and by the assemblage (isobaric invariant):

clinozoisite +grossular +caleite f-anorthite+-gquartz

in cale-silicate rocks, The upper limit can be established
at locality 66 by the reaction:

5 phlogopite +6 caleite+24 quartz =3 tremolite+

5 K feldspar4 2H,0+-6 CO,

which has not occurred, whereas it has occurred at
locality 452. Thus locality 452 must have been at higher
temperature and/or lower pressure than locality 66, or
else contained less Fe in the bulk composition than at 66,
This together with the only occurrence of prograde
chlorite (locality 36) indicates increasing temperatures
from east to west across the Okahandja Lineament Zone.

Thus temperature has a range of 535 to 610 °C and
pressure a range of 2,0-5,25 kb with the andalusite «
kyanite transition as the upper limit and the occurrence
of staurolite as a lower limit. At locality 66, P=4,04-0,9
kb and T=385-425 °C.

8.4 DONKERHUK GRANITE AUREOLE

The following comments are confined to the area
between Hope Mine and Hirabeb Mountain (Fig. 8.1).
Donkerhuk Granite has intruded Kuiseb Formation
schists of the Trough Zone containing the assemblage:

garnet +staurolite + muscovite + biotite {-quartz +
plagioclase.

Compositionally the granite is a peraluminous adamellite
containing both muscovite and biotite with almandine
garnet also frequently present, Whitney ef al. (1976)
describe a similar granite from Georgia, U.S.A., and have
used the muscovite+quartz-out reaction, together with
the minimum melting of granite to indicate a minimum
pressure of intrusion of about 3,3 kb. Carmichael et al.
{1974, p. 65) suggest a minimum pressure of about 4 kb,

In many of the country rocks partial melting has
cccurred and thus the minimum melting temperature in
metapelites has been exceeded, although the

muscovite +quartz =sillimanite + K feldspar+H,0
reaction can still oceur up to 6 kb and 730 °C,

An assemblage occasionally found is:

plagioclase - sillimanite -{-quartz | biotite+ staurolite +
cordierite 4-almandine K feldspar
whilst one sample contains a cordierite porphyroblast
enclosing sillimanite, biotite, staurolite and quartz
suggesting the reactions:

staurolite + muscovite -+ quartz «
sillimanite -+ biotite -+ H ;O
and,
sillimanite+ biotite -+ quartz -
cordierite-+ K feldspar - H O



occurred, Cordierite and almandine do not appear to be
produced together in any reaction involving staurolite
breakdown since almandine and cordierite have not been
observed in contact. In several cases small idioblastic
staurolite crystals appear to be forming at the edge of
cordierite porphyroblasts. The final assemblage and the
remaining staurolite suggests Pri=3,7 kb at 680 °C
and Prax=35,5 kb at 720 "C depending on Fe/Mg ratios
(Thompson 1976a) and Xueo. Furthermore the assem-
blage:

plagioclase +sillimanite +cordierite 4 biotite +garnet +
hercynite+ilmenite+quarlz 4 K feldspar+ corundum

found in sample 689 suggesis temperatures in the range
650-800 "C (Loomis 1976).

8.4.1 Conclusions

The data indicate that the Donkerhuk Granite has a
marked thermal aureole, contrary to the view of Faupel
(1973, p. 335) and that in the southern part of that aureole
the country rocks underwent very high-grade thermal
metamorphism in the range P=4.,641,0 kb and
T=700-+20 "C, The western and eastern margins under-
went lower-grade thermal metamorphism with andalu-
site and sillimanite developed respectively. The degree of
metamorphism experienced in the aureole is probably a
function of angle of contact and contacts are relatively
steep on the east and west flanks, but of low angle in
the south.

9. CONCLUSIONS
5.1 PRESENT STUDY

9.1.1 Damara Deposition

Within the area mapped a marked contrast exists
between the Central Zone with its fairly thin cover
sequence of Nosib and Swakop Group rocks consisting
of feldspathic quartzites, marbles and pelites, and the
thick, largely pelitic succession in the Okahandja Linea-
ment and Trough Zones.

Sedimentary structures such as cross-lamination,
cross-bedding and channel fills in the Nosib Group sug-
gest a derivation from the west and north-west, In addi-
tion an intraformational rudite in the Karibib Formation
marbles sugpest shallow-water deposition (Sawyer 1979),
The Trough Zone rocks show layering similar to that of
distal turbidites {Allen 1970) whilst submarine volcanism
gave rise to pillow lavas and associated gabbro and
dolerite intrusions of the Matchless Member,

The Okahandja Lineament Zone and the eastern Cen-
tral Zone contain the peculiar Tinkas Member, partly
interfingering with and partly overlying the Karibib
Formation, The contact between the Tinkas Member and
the Kuiseb Formation is fairly sharp, although rocks east
of the boundary often are as dark and fine grained as
those of the Tinkas Member. Sedimentary structures in
the Tinkas Member include flute casts and slump struc-
tures whilst sedimentary layering tends to become finer
grained and more pelitic from west to east in the manner
of distal turbidites (Allen 1970). All the sedimentary
features thus indicate a derivation from the west or
north-west for the Tinkas Member, Mapping shows that
the Tinkas Member thickens from nothing about eight
km west of the Okahandja Lineament to over 3 000 m
just a few kilometres into the Lineament.These facts
suggest that the Tinkas Member is a local, thick aceumu-
lation of pelite and carbonate of turbidite origin at the
edge of the Central Zone, that was deposited in mode-
rately deep water on the continental slope with the
Karibib Formation as a shelf edge reef (Dietz and Holden
1966, Fig, 3).

Taking a broader view of the Damara Orogen it is
apparent that the lower Damara succession in the Hakos-
Rostock area 70 km to the south-east bears little resem-
blance to the rocks of the Central Zone of the mapped
area.” In the Rostock area, thick metarudites and
quartzites are developed which together with amphi-
bolites and graphitic schists have no counterpart in the
Central £one. The only exception is the useful marker,
the Chuos Formation, a schistose rudite of wide distri-
bution. The rocks of the Hakos-Rostock area seem to
be of local provenance representing local outwashes of
predominantly clastic sediment derived from a pre-
Damara highland area further south-east towards
Rehoboth and deposited in a tectonically active environ-
ment.

The fAysch-like Kuiseb Formation {minus the Tinkas
Member) is envisaged filling the Trough Zone, and sepa-
rating two distinct Damara successions resting uncon-
formably upon the respective pre-Damara gneissic base-
menis, In this scheme the Tinkas Member would require
separate formation status within the depositional
sequence of the Central Zone, forming a wedge-shaped
accumulation of sediment at the edge of the shallow-
water depositional regime of the Central Zone and the
deep water Trough Zone,

9.1.2 Metamorphic Geology

Two metamorphic events have been established in the
Central and Trough Zones through mineral-fabric
relations.

In the Central Zone sillimanite porphyroblasts are
flattened and rotated during F, folding, whilst in one case
sillimanite folded by the 8, crenulation cleavage is
enclosed in a cordierite porphyroblast. The M, meta-
morphism hence reached at least sillimanite grade. In the
Khan—Swakop area garnet—cordierite assemblages
formed during M, sugpesting that (il Xy,s=1) pressure
could not have exceeded 6 kb, the upper stability limit
of Mg cordierite. Pressure was probably well below this
maximum since muscovite and quartz would still be
stable until beyond the beginning of melting if pressure
was above about 4 kb. Furthermore, some partial
melting appears to be associated with M,. Pressures
during M, were probably similar to those during M,
although temperatures may have been somewhat less
{600-625 °C). Fabric relations indicate M, to be syn-
3

The M, metamorphic event in the Central Zone
occurred partly during but largely after D, giving rise
to wide-spread partial melting in pelites. Mineral assem-
blages and reaction equilibria suggest temperatures of
652+25 °C and pressures of 4,2540,3 kb at sample
locality 465 with Xg,0 in the range 0,08-0,17. The fluid
phase in cale-silicate rocks was low in CO, since epidote
and wollastonite are frequently present. The increasing
degree of partial melting from east to west suggests a
temperature rise in that direction.

In the Trough Zone staurolite and kyanite porphyro-
blasts are rotated and deformed by both Dy, and Dy in
the same outcrop. Later post-S; growth of both minerals
is across the pre-existing fabric indicating two meatamor-
phic events, M, being syn-S, and M, being late- but largely
post-5,.

The M, event produced staurolite-kyanite-bearing
assemblages as did M, However, the presence of M,

ortho-amphibole (anthophyllite) porphyroblasts in an
ultrabasic unit of the Matchless Member suggests that

-

Field work: R, 5. Hill and E. W. Sawyer.
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M, was of higher temperature than M,. Conditions for
M, are pressures of 7,341,2 kb and temperatures of
605425 °C with Xy, approximately 0, 3 in metapelites.

Conditions for M, in the Okahandja Lineament are
difficult to establish. Some M, andalusite porphyroblasts
have a bladed habit which may be indicative of inversion
from kyanite. If this is so, then M| was at higher pressure
(hence greater depth) than the M; metamorphism which
could indicate uplift after M, due to erosion. If diopside
in the calc-silicates was formed during M, rather than
during M, then a higher temperature and Xeo, during M,
is indicated. M, occurred during the Dy, deformation
event.

The Mg syn- to posit-D;, metamorphism shows in-
creased temperatures from east to west as in the Central
Zone. Pressures were probably about 4 kb and tempe-
rature approximately 580 °C as deduced from calc-silicate
assemblages.

The common occurrence of diopside altering to tremo-
lite in Central and Okahandja Lineament Zones calc-
silicate rocks cannot be adequately explained by assuming
a single metamorphic event and a system closed to
exchange of fluids with adjacent rocks. The alteration
can be explained by either considering the system open to
fluid exchange with adjacent metapelites, or by con-
sidering the assemblage to be derived from two meta-
morphic events. The open system is preferred since it can
be used to explain the zoning commonly seen in thick
calc-silicate bands in the Tinkas Member,

Five Trough Zone and Central Zone metapelites were
examined by microprobe and thermodynamic conside-
rations. In all cases it was found that the Xy,n of the
fluid phase in equilibrium with the mineral assemblages
was 0,5 or less. Thus when dealing with metapelites of
the Damara it cannot be assumed that Xyo=1, with the
consequence that reaction equilibria will be displaced to
lower temperatures, the exceptions being melting
reactions.

Figure 8.1 shows the distribution of the main pelitic
assemblages, characteristic of the zones. The compilation
is based upon 300 thin sections and approximately 2 000
field observations. The regional isograds are shown
where possible. Partial melting in regionally metamor-
phosed rocks begins at curve 3, and increases westwards
until it is widespread beyond curve 4. The isograds are
indexed with the characteristic minerals shown on the
side of the curve on which these occur.

Curves 1 and 2 mark the first occurrences of
kyanite and staurolite respectively. The change-over to
regional cordierite-andalusite assemblages occurs roughly
parallel to lines 1 and 3, some 10 km east of Gobabeb,
but is obscured by the Donkerhuk Granite. In addition
this boundary also marks the north-western limit of
abundant garnet,

Isograds of the Central and Okahandja Lineament
Zones are virtwally parallel to the structural trends,
whereas those of the Troug‘h Zone are oblique to the
regional fabric by up to 30°

The M, regional metamorphism characterises both the
Central Zone and the Okahandja Lineament Zones as
low-pressure metamorphic facies series (Miyashiro 1973)
having peothermal gradients of 42,143,7 °C. km~!
(locality 465) and 39,849 “C. km - (locality 66, large
errors due to poor pressure determination) respectively,
These estimates assume the density of pelite to be 2,80 g.
cm~? (Bean 1953). If a pressure of 4,040,25 kb is
assumed from the evidence of sample 258 at 652+25 °C
the geothermal gradient at locality 729 is 45+4.5 °C,
km~1, This shows that both the Central and Okahandja

Lineament Zones belong to the same metamorphic
regime and have similar geothermal gradients,

M, regional metamorphism in the Trough Zone took
place with a geothermal gradient of 22,844,0 °C, km-?,
that is just within the high-pressure metamorphic zone
of Miyashiro (1973) which is drawn at the 25 °C, km™!
geotherm,

Figure 9. | summarises the P-T conditions established
for each zone and the intrusion of the Donkerhuk
Granite,

9.1.3 Structural Geology

In broad terms the three subzones represent an anti-
formal region (Central Zone) separated from a synformal
region (Trough Zone) by a monoclinal region (Okahand-
Ja Lineament Zone).

Both the Okahandja Lineament Zone and the Central
Zone show the same deformation event (D, and D¢,
respectively) producing structures of similar orientation
and morphology, although much more intense in the
Okahandja Lineament Zone, In both zones two earlier
fold phases having subhorizontal and moderately inclined
axial planes are postulated. It 15 assumed, therefore, that
the deformation history of the two zones was similar up
to and including Dy, and Dgy. Indeed, all of its history
from deformation sequence, timing of metamorphic
events and geothermal gradients are closely related up to
the post-Dy ; and Dgy M, metamorphic event, The main
difference between the two zones appears to be largely
sedimentological with thin cover over partly exhumed
basement in the Central Zone and very thick cover on an
unseen basement in the Okahandja Lineament Zone,
The other main distinguishing feature is that metamor-
phic temperatures were rather higher in the Central Zone.

Later deformations, i.e. post-Dyy and -Diy, cannot be
correlated between the two subzones. In the Central
Zone the Dg; and Dg, folding episodes, although
probably of local significance, show thickened hinge
regions (i.e. class 1C) and may be indicative of quasi-
plastic ‘hot rock’ deformation (Parrish er af. 1976)
whereas it is not until D, that parallel folds with asso-
ciated fracture cleavage develop. The Okahandja Line-
ament Zone, however, shows increasingly brittle defor-
mation during Dy, with the early folds having an axial-
planar crenulation cleavage and the later folds a fanned-
fracture cleavage. Also during D, the intense 8, schisto-
sity (with locally considerable shearing along 5, planes)
produced a mylonitic fabric parallel to S, in cale-silicate
rocks, mylonitic cleavage planes being 1-3 mm apart.
During Dy, deformation, however, an essentially brittle
deformation-style produced the *breccia bands’ parallel
to 8; and developed associated kink folds. The change
in deformation-style from quasi-plastic (D, 4) to elastico-
viscous (D) (Sibson 1977) may be due to cooling in
response to uplift,

The 5¢ fabric of the Okahandja Lineament Zone does
not appear to have a counterpart in the Central Zone,
but it does have a similar orientation to the S; (Dry)
schistosity of the Trough Zone, No deformational event
has been proved to be related to 8¢, which retains a
similar orientation as far north-eastwards as Okahandja.
Thin-section evidence has so far failed o show conclu-
sively what the relationship between S¢ and 8y (D) is,
although it indicates Sy to pre-date 5, In aluminous
schists S is defined by biotite whilst S, is defined by
muscovite, Andalusite and cordierite of M., commaonly
enclose 5¢ helicitically. The orientation of S¢1s similar to
axial planes of Dy, folds, and is thus correlated with
D ;. Also the orientation of S¢is similar to that of the 5,
Trough Zone schistosity and the two are tentatively
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correlated. Lines of evidence supporting this are: (i) al-
though the relationship between the Okahandja Line-
ament Zone and the Trough Zone fabrics is not clearly
visible since the Donkerhuk Granite intrudes along the
boundary between the two Zones, oulcrops some seven
km east of Gobabeb indicating the subvertical S; fabric
of the Lineament Zone to post-date the gently inclined
Trough Zone 8, schistosity; (ii) it is known that M, is
contemporaneous with Dy, and M, syn- to post-Dy; in
the Lineament Zone, and that M, is syn-Dy, and M,
post-Dyy in the Trough Zone. Now by assuming that
both the M, and M, metamorphic events are the same in
both zones then it follows that D, and Dy, could be the
same event.

Correlation of deformation events between the three
zones sugpests that all experienced the same three
{pre-M,) deformation episodes within the tectono-
metamorphic framework, although the style and orienta-
tions of structures produced in the Central and Okahand-
ja Lineament Zones differ markedly from those in the
Trough Zone, Later deformations (post-M,) differ in
each zone, but all indicate a progressive transition to
elastico-viscous and brittle behaviour,

Tha degree of shortening determined from F, folds,
deformed pillows and flattened variolites in the Trough
Zone is 50-80 per cent, A similar although less reliable
amount of shortening is obtained for F, folds in the
Okahandja Lineament Zone,

An initial gravity instability of denser Damara meta-
sediments upon a granitic pre-Damara basement in the
Central Zone caused diapiric domes to form during the
M, metamorphic event. An origin by interference folding
is discounted in the mapped area because of the lack of
regional interference patterns, presence of rim synclines
around the domes, shortening across bedding concentric
to the dome, whilst extension parallel to such layers has
occurred, and finally by the close agreement between
actual dome spacing and that calculated for a simple
gravitationally unstable model.

The large-scale synforms in the Hope area are con-
sidered to have formed through the emplacement of the
Donkerhuk Granite. Tt is envisaged that these folds were
compressed between granite bodies during the ascent of
the Donkerhuk Granite. Sufficiently large in volume the
cores of these synforms did not undergo high-grade
thermal metamorphism thus causing the muscovite+
quartz thermal aureole isograd to curve around every
synform (Figs. 4. 1F and 8.1).

9.2 CONSIDERATION OF PREVIOUS WORK

At Swartkrans 224, Rehoboth Gebiet, on the southern
margin of the Damara Orogen mineral assemblages
indicate a decline in temperature and pressure from the
Trough Zone (Malling 1978). Using the garnet-biotite
calibration of Ferry and Spear (1977) and the phengite
content of muscovite (Velde 1967), Malling (1978) has
obtained T=545+50°C and P=6,34+0,5 kb for a
biotite- muscovite- garnet-chlorite-albite-quartz  schist.
Assuming a mean rock density of 2,8g. em™ these P-T
estimates indicate a geothermal gradient of 2414 °C.
km=1. Figure 9.2 shows the different geotherms obtained
from the mapped area and from the data of Malling (1978).

Within the mapped area no radiometric dating has been
carried out save a biotite K-Ar cooling age at Gorob
(Clifford 1967). The following data are, however, signi-
ficant in interpreting the area mapped {(all Rb-Sr whole
rock ages):

(i) Syn- or pre-tectonic Salem granite: 700 Ma:
Haack (1977).

(ii} Post-tectonic Salem Granite: 550 Ma: Hawkes-
worth er al. (in prep.).

{iii) Donkerhuk Granite: 52847 Ma: Haack {(1977).

{iv}) Khan Formation, Central Zone: 663414 Ma:
Kréner et al. (prep.).

(v} Khan Formation, Central Zone: 475+6 Ma:
Kréner er al. (in prep.).

Within the Trough Zone it is evident that the regional
metamorphism pre-dates the Donkerhuk Granite, and
furthermore, in the Okahandja Lineament an unfoliated
post-tectonic variety of the Salem Granite is intruded by
Donkerhuk Granite indicating M, to pre-date the 550 Ma
age, The 663+14 Ma age (iv above) may represent M,
since it is noticeably younger than the date obtained by
Haack for syn- or pre-tectonic granite of the Salem
Suite. Thus an age of 170 Ma covers the intrusion of
syn- or pre-teclonic varieties of the Salem Granite Suite
and the emplacement of the posi-tectonic Donkerhuk
Granite,

The second Khan Formation Rb-Sr whole-rock age
of 475 Ma and the Rissing alaskite age of 46818 Ma
(Kroner and Hawkesworth 1977) date a later, post-
tectonic thermal event. The cause of this late thermal
episode may be high-level radiogenic heating. An alter-
native cause of the heating is discussed n Ec::ticm 9.3

Fission-track data on garnet, idocrase and apatite
(Haack 1976) together with K-Ar biotite ages (Clif-
ford 1967; Haack and Hoffer 1976) reflect the times at
which the various minerals cooled through the respective
blocking temperatures.

The K-Ar data on biotites show no systematic
regional variation and give ages of 513 to 420 Ma over
much of the Damara belt. This led Haack and Hoffer
(1976) to conclude that any differential uphift within the
Damara belt must have taken place before the rocks
cooled below 300-330 °C some 485 Ma ago.

Fission-track ages which indicate the time when
annealing processes became so slow as not to destroy
tracks, show a marked change across the Okahandja
Lineament Zone with older ages to the south-east. This
suggests that slower cooling north-west of the Lineament
Zone are possibly due to:

(i) higher geothermal gradient north-west of the
Lineament ;

(ii} uplift south-east of the Lineament;

{iii) continued heat supply north-west of the Linea-
ment.

Pressures determined (Section 8) suggest that the
depth of M, metamorphism in the Trough Zone was
26,6--4,4 km, whilst the depth of emplacement of the
Donkerhuk Granite was 16,7--3,6 km. Hence an uplift
of about 10 km (assuming mean density=2,80
g. cm~) took place after M, and before 528 Ma (Haack
1977), the age of the Donkerhuk Granite, thus giving a
more precise age to the uplift than the 485-Ma limit set
by Haack and Hoffer (1976).

It is also noted that the pressure obtained for the
metamorphism in the Okahandja Lineament Zone and
that for the Donkerhuk Granite (Section 8) are of the
same order, thus the uplift must have occurred at the
very eastern boundary of the Okahandja Lineament
Zone (Fig. 1.1) where it adjoins the Trough Zone, a site
now occupied by the Donkerhuk Granite, which may
have used the crustal discontinuity as a locus for its
ascent.

Since the age of the Donkerhuk Granite is known all
that is required to calculate the rate of uplift is the date
of the M, metamorphic event. It is known that M, must
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be older than 550 Ma (age of post-tectonic Salem
Granite). If an age of 560 Ma is assumed for M, the rate
of uplift is approximately 300 m per million years, a
rate comparable with the Upper Triassic uplift in the
Appalachians or the Eocene to Recent uplift of the
Himalayas (Sutton 1969),

Detailed mapping along a traverse from Okahandja
to Windhoek enabled Hilbich (1977) to present clear
evidence thait the subvertical schistosity of the Okahandja
Lineament Zone is overprinted by the main schistosity of
the Trough Zone, Some 200 km to the south-west in the
area mapped, the subvertical schistosity of the Okahandja
Lineament Zone is considered to post-date the main
schistosity of the Trough Zone. Blaine (1977) shows in
his Figure 30 the subvertical schistosity of the Okahandja
Lineament Zone (termed by him a metamorphic banding
cleavage) to post-date the tight-inclined folding of the
Khomas Trough below the basal unconformity of the
fore-arc deposits. Within the Okahandja Lineament
Zone pre- and syn-Dy4 granites (Salem and Aussinanis)
are common in the Gobabeb area, whereas Blaine (1977)
observes no such granites. Thus with reference to Blaine
(1977, Fig. 30b) the conflicting observations of Hilbich
(1977) and the author can be reconciled by considering
Hiilbich to have mapped structural relations within the
fore-arc basin deposits, and the present study to have
examined structural relationships below the fore-are
basin metasediments at a deeper structural level.

The structural elements associated with D¢y, Dg, and
D¢y are essentially the same as those observed by Jacob
(1974). However, he (p. 37) considers that his F, folds
produced two foliations, one (5;) parallel to bedding (S8)
and the other (8,) axial-planar to F, i.e. these two fabrics
would be perpendicular in F; hinges. The contention of
two fabrics forming at right-angles during the same fold-
forming event is untenable (Dieterich 1969, 1970; Hudles-
ton 1973a, 1973b; Ramsay 1967; Ramsay and Graham
1970). It is preferred to consider the S, fabric of Jacob
{1974) to result from a deformation event and term this
fabric element S, belonging to the Dy, deformation.
Thus F, and F, of Jacob (1974) correspond to Dg; and
Dy of this study,

Bickle and Coward (1977) show the existence of large-
scale thrusting along the southern edge of the Khomas
Trough, a feature indicative of considerable crustal
shortening, as determined for the Trough Zone,

The location of the A1,5i0; triple point has long been
a topic of controversy, Experimental data are in fair
agreement for the andalusite = kyanite and the sillima-
nite = kyanite reaction boundaries (Anderson er al. 1977),
The andalusite = sillimanite boundary has been variously
determined, Richardson er gl, (1969), Althaus (1967), and
Holdaway (1971) being the most quoted.

The use of field data, e.g. Froese and Gasparini (1975),
has been made to determine the location of the triple
point, The data in Section 8 indicate that andalusite =
sillimanite reaction boundary lies between those of
Richardson ef al. (1969) and that of Holdaway (1971).

9.3 DISCUSSION OF A MODEL FOR THE DAMA-
RA OROGENIC BELT

It has been noted by Martin and Porada (1977) and
Kriner (1977) that the Damara Orogen consists of three
arms, two essentially parallel to the coast, and a third
striking roughly east-north-east (the so-called intracra-
tonic arm), with the hypothetical triple junction being
off the present coastline. The area investigated lies
entirely within the ‘intracratonic arm’,

The authors mentioned above all consider the intra-
cratonic branch of the Damara to be an aulacogen or
rift-like system in which a cratonic area has rifted into a
sequence of parallel graben structures, of which the
Trough Zone is perhaps the most important. The aula-
cogen moadel is considered below.

Martin and Porada (1977) consider the site of Nosib
sedimentation to be a graben structure, and cite palaco-
current data which indicate infilling of the basin. During
Kuiseb times however, they postulated thick schists to be
deposited on the adjacent horsts, which ultimately
became the Khomas Trough. Several questions arise:
firstly, if the MNosib grabens filled with sediment derived
from adjacent horsts, where did the material for the
Kuiseb Formation come from? Secondly, the proposed
model requires that structures that were grabens origi-
nally ultimately become horsts, and that horsts become
grabens. The vertical movement being of the order of
20 km, what process is involved in generating such
extreme reversals of uplift?

The palacocurrent data of Martin and Porada (1977)
are considered suspect, since within the mapped area
cross-laminations and cross-bedding in the Nosib at the
eastern edge of the Central Zone indicate westward or
northerly source areas (Sawyer 1979), Furthermore,
evidence from the Karibib Formation and Tinkas
Member suggesis a transport direction from the west.
It is therefore coniended that the Central Zone was
always a positive area with respect to the Khomas Trough
during the Damaran orogenesis,

In contrast, Krdner (1977) states that particular litho-
stratigraphic units are continuous across the whole
orogen. This is possibly true of the Chuos Formation
but for the other formations there is no positive correla-
tion between Central Zone rocks and Southern Margin
rocks, Similarities are oulweighed by dissimilarities, i.e.
the Auas quartzite is confined to the Southern Margin
whilst the Tinkas Member 1s confined to the eastern edge
of the Central Zone. Martin and Porada (1977) and
Kréner (1977) base their correlation of the Damara
stratigraphy on similarity of lithology, always a dubious
method in highly deformed terrains with a complicated
sedimentological history. Krdner (1977) following Miller
(1973) considers that large volumes of granodioritic and
adamellitic intrusives (i.e. the Salem Granite) are derived
from partial melting of the Kuiseb Formation, Yet field
evidence especially in the area mapped shows the Salem
to be largely intrusive into the Kuiseb Formation,
Miller* now considers the Salem Granite Suite to be at
least of lowermost crustal origin. The deep-level origin,
range of compositions, zonation, age spread and size of
the Salem Granite indicate a similarity with batheliths
such as the Sierra Nevada.

The presence or absence of continental crust below the
Khomas Trough during the Damaran orogenesis is
crucial to the aulacogen model, since all well-documented
examples, (Hoffmann er al. 1974) are floored by an
unbroken layer of granitic crust. Furthermore, true aula-
cogens are devoid of ultramafic rocks. Whilst there 15 no
direct geophysical evidence of oceanic ¢crust flooring the
Khomas Trough, the presence of alpine-type serpenti-
nites} strongly suggests the presence of oceanic crust
during the Damaran orogenesis, The presence of ultra-
mafic rocks immediately separates the Damara Belt from
a true aulacogen,

The model of Martin and Porada (1977) requires
rifting accompanied by acid volcanism in parts of the

* Personal communication: R, McG, Miller.
T Personal communication: 5. J. Barnes.
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Mosib sequence. They consider rifting with an astheno-
lith cushion developed but their scheme allows only
moderate crustal extension (10 per cent in the Kenya rift,
Bailey 1972) which after Damara deformation and closing
cannot adequately explain the observed degree of defor-
mation (50-80 per cent shortening) in the Trough Zone
and large-scale thrusting along the Southern Margin
(Bickle and Coward 1977).

Secondly, heating comes from below the crust, yet the
oldest granites formed — the Salem Granite Suite - are
considered by Krdner (1977) as having developed from
the top of the sedimentary pile, dismissing any deeper
origin, If near-surface temperatures were high enough to
partially melt large amounts of sediment (ca 720 °C) why
did the Red Granites not form then, as its source-rock
was at still deeper levels, rather than at about 550 Ma
ago? The Red Granites would thus have been pre- or
syn-tectonic.

There is, in conclusion, no adequate explanation for
two metamorphic events some 100 Ma apart. The degree
of deformation permissible in the aulacogen model seems
to be far too low for that observed. The generation of
large volumes of Salem Granite is not adequately ex-
plained, nor is the late formation of the Red Granites.
Lastly, there is no proof that continental crust floored
the Khomas Trough, rather evidence favours a floor of
oceanic material, The aulacogen model is thus seen to be
wanting.

One alternative lies in a plate-tectonic model leading
to continent—continent collision. Evidence for conti-
nental rifting during the Mosib is poor, the Naauwpoort
volcanics suggested to belong to the graben or rifting
episode of Martin and Porada (1977) actually interfinger
with Ugab and Chuos metasediments in the Fransfontein
area (South African Committee for Stratigraphy 1978,
Table 4 in prep.) making a correlation with a rifting
episode suspect. Furthermore, pre-Damara rocks of the
Southern Margin (De Waal 1966) and those of the
Central Zone (Blaine 1977; Sawyer 1979) have distinctly
different sedimentological and deformational histories.
Bailey (1972, 1974) notes that intracratonic rifting is
often, but not always, accompanied by alkali magmatism.
Assuming rifting to have occurred, then a period of
spreading leading to the creation of oceanic crust is
postulated, the resulting ocean taking the site of the
Khomas Trough. During the spreading phase the Central
Zone and the southern margin of the Khomas Trough
developed their own characteristic sedimentary sequen-
ces, having only the Chuos Formation in common. The
Central Zone sedimentation was generally of shallow-
water type with turbidite sequences being deposited in
deeper water of the Okahandja Lineament Zone conti-
nental slope.

Generation of the first granites of the Salem Suite
approximately 700 Ma ago indicates the early history of
the northward-dipping subduction zone beneath the
Central Zone, As heat was conducted or convected up
into the crust and sedimentary pile, the M; metamorphic
event took place. During heating it can be expected that
the rocks would become ductile, and flow, giving rise to
the sub-similar recumbent folds of F, and F, (Central
Zone and Okahandja Lineament Zone) in the manner of
Hudleston (1977).

A period of relative quiescence followed M, until
renewed plate descent caused the Dey and Dy, deforma-
tions and related M, event during the final stages of
closure, plate descent occurring at the same site as for M,.
Mitchell and Reading (1971) note that intermittent plate
descent may lead to narrow zones of differing structural
trends. Hartnady (1977) and Porada and Wittig (1975)

have recognised several linear belts of differing tectonic
style within the Khomas Trough,

During M, a region of high-geothermal gradient was
separated from a region of low-geothermal gradient by
the ecastern edge of the Okahandja Lineament Zone,
Disregarding the post-tectonic Donkerhuk Granite, Da-
mara granites occur only in and west of the Okahandja
Lineament Zone, making the comparison with paired
metamorphic belts separated by a median tectonic line (e.g.
Japan and New Zealand, Mivashiro 1973, 1973a) more
striking. In this case the median tectonic line is repre-
sented by the eastern edge of the Okahandja Lineament
Zone. The Central Zone metamorphic conditions with
large granite intrusions correspond well with those
expected beneath a voleanic arc (Mitchell and Reading
1971, Table 1). The distribution of geothermal gradients
across the Damara (Fig. 9.2) shows a pattern typical of
that found in plate tectonic environments (Miyashiro
1973, Fig. 2; Ernst 1974, Figs 1 and 3).

Martin and Porada (1977) ask the pertinent question
for a plate-tectonic model: *Where is the suture ling?"
Miyashiro (1973a) and Turcotte and Oxburgh (1972}
show that high-pressure metamorphism takes place in
the down-going slab, that is, in or near the trench. Thus
the Trough Zone rocks and those further to the east on
the Southern Margin with similar geothermal gradients
must have been near to the trench. The low-pressure
metamorphic belt occurs on the continent side of the
high-pressure belt (Miyashiro 1973, 1973a; Mitchell and
Reading 1971; Ernst 1974). The metamorphic pattern
dictates that the trench must lie east of the Okahandja
Lineament Zone. The south-easternmost position of the
trench would be the pre-Damara outcrop of Rostock. The
occurrence of serpentinite and tale schist on the farm
Schlesien 483, together with large-scale thrusting in the
Hakos-Rostock area (Bickle and Coward 1977) having a
north-over-south sense may indicate that the suture zone
lies along the northern edge of the Hakos Anticline of
De Waal (1966). The suture line would be placed close to
the red band (De Waal 1966) and its continuation east-
wards, In the Windhoek area and further eastwards the
suture line follows a line of ultramafic intrusions exten-
ding as far east as Amerongen 181, Windhoek District,
and passing just north of the Rietfontein and Seeis
Inliers. The proposed trace of the suture zone separates
two distinctly different structural zones, the Trough Zone
and the Southern Margin (Hartnady 1977).

If the highest regional metamorphism in the Central
Zone is considered to mark the centre of the volcanic are
(Ernst 1974) then the distance to the eastern edge of the
Okahandja Lineament Zone in the area mapped is 80 km.
Allowing for 50-80 per cent crustal shortening during
Dy and Dy, the arc-trench gap becomes 280+120 km
giving reasonable agreement with the computed thermal
structure in a convergent plate (Turcotte and Oxburgh
1972; Ernst 1974, Fig. 3).

The eastern edge of the Okahandja Lineament Zone in
the area mapped has the characteristics of a median
tectonic line (Miyashiro 1973a), being a subvertical line
of uplift. The origin for the uplift and hence the * median
tectonic line” may be the isostatic rebound associated
with partial subduction of continental erust belonging to
the southern continental block. During the process of
final closure a considerable amount of pelite was drawn
down into the subduction zone. However, since the geo-
thermal gradient in the Southern Margin rocks is low
and the rocks underwent high-pressure metamorphism
(7 kb) it is apparent that these too were deeply buried. It
is considered that during the final stages of closure of the
Damara Orogen the southern continent’s leading edge of
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Table 9. 1—SUGGESTED SEQUENCE OF EVENTS IN THE HISTORY OF THE DAMARA OROGEN

1. Deposition of early Mosib on gneissic basement ; possible rifting.

2, Deposition of Nosib complete, local uplift and erpsion give rise to many unconformities; Chuos deposition; formatien of oceanic
Crust,

3. Uplift and minor folding before deposition of Karibib Formation in shallow sea on the northern continent (Central Zone), Tinkas
deposited on continental slope; separate sedimentation on southern continent,

4. Matchless Member voleanism during deposition of Kuiseb Formation at margins to ocean basin.

5. Beginning of ocean closure,

6. TOD—600 Ma: Heating of Central Zone (northern continent) by a north-westward-dipping subduction zone; intrusion of early granites
of the Salem Suite (700 Ma); D, and D, with M; metamorphism; emplacement of serpentinites.

7. S60 Ma: Final closure of acean, D, deformation in Central Zone and Okahandja Lineament Zone; thrusting in Trough Zone; over-
riding of leading edge of southern continent by northern continent ; deep burial of granitic crust of southern contingnt.

E. 550-528 Ma: Isostatic rebound of Trough Zone and Southern Margin of Orogen; uplift of 10 km accomplished before 528 Ma;
formation of subvertical lineament (median tectonic line) at eastern edge of the Okahandja Lineament Zone due to Trough Zone
uplift against northern continent.

9, 528-475 Ma: Late thermal event responsible for formation of Donkerhuk Granite and late alaskite emplacement in Central Zone,

10, Erosion and uplift of orogen.

granitic crust (Southern Margin) was pulled by the
downgoing slab (Molnar and Gray 1979) and was over-
ridden by the northern (Central Zone) continental crust
and hence forced to considerable depth (> 26 km). After
compression had ceased and the downgoing slab of oceanic
lithosphere had separated from the continental lithosphere
(Fig. 9. 3), the low-density granitic and pelitic rocks were
rapidly uplifted and the *median tectonic line” marks the
western edge of that uplift against the continental crust
of the northern continent,

Expression of the uplift at the western edge of the
Trough Zone as a deformation in the Okahandja Linea-
ment Zone is considered to be the D, breceia bands and
reworking of 5, schistosity planes into locally very thin
slate-like cleavage shects. Kojima and Suzuki (1958)
describe such a fabric associated with the Sanbagawa
metamorphic median tectome line in Japan.

In an active subduction zone, the sediments passing
into the trench are pushed upwards into a higher tempe-
rature/lower pressure environment, being welded to the
continental plate, in this case the Central Zone/Oka-
handja Lineament Zone. In the area mapped this process

Tl

of adding material to the low-pressure side of the trench
may account for the width of the Okahandja Lineament
Zone (30 km) east of the Tinkas Member. Furthermore,
this process may explain the bladed andalusite porphy-
roblasts, by considering these to have been inverted from
kyanite after passing through the trench, being uplified
and welded to the Central Zone crust. In a continent-
continent collision it 15 common for the subducting
oceanic slab to drag continental crust down with it into
the subduction zone as in the Zagros Mountains (Bird ef
al. 1975). Detachment of the oceanic slab near to the
leading edge of the subducted crust terminates the down-
ward motion of the subducted continental crust, allowing
it to rise by isostatic rebound. The process of detachment
and sinking of the oceanic slab enables hot asthenosphere
to upwell and heat the base of the crust causing a thermal
event in the crust (Bird er al, 1975; Toksoz and Bird
1977). This late, post-tectonic event is considered respons-
ible for the formation of the Donkerhuk Granite and
perhaps the late Réssing alaskites as well.

The sequence of events outlined above is summarised
in Table 9.1,
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Fig. 9.3 — Suggested sequence of events in the evolution of the Damara Mobile Belt shown schematically (not to
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imie volgens skaal nie) ap Stadivms 4, 6, 7 en 8 onderskeidelih van Tabel 9.1,
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APPENDICES
I. MINERAL FORMULAE AND REACTION EQUILIBRIA

Abbreviations for solid-solution minerals mentioned in Appendix I
cordierite =cord staurolite =staur white mica =w.mica garnet=gnt biotite=bte plagioclase=plag

Mineral compositions and abbreviations

Almandine....... alm....... Fey Aly Siy Oy

AT o TR K Fey AlSiy Oy (OH),
Anorthite........ anorth..... Ca Al Siy Oy

Fe cordierite... ... Fecord.... Fes Al Si; Oy nHLO

Mg cordierite..... Mgcoord... Mg Al Si; O nHO

Grossular, ....... ETO8S.. . ... Cay Aly Sig Oy

K feldspar....... Kfsp...... K AlSi; Oy

Eyanite..... 0.0 K¥oooio. AlSIO,

Muscovite........ musc..... K Al Si; Oy (OH)4

Phlogopite. . .. ... phl........ KMgs; AlSi; O, (OH)s
Pyrope........... PYeoonen.. MEs Alg 8iy Oy
Quartz........... Q.. ...... Si0,

Sillimanite....... Silli,...... ALSIO

Fe staurolite... ... Fe staur... 2 Fe; Aly Sis e O (OH)

Fe biotite (ITTL,YTII) Kouwi Fesap Alyzg Sis,00 040 (OH),
Mg biotite (I11)... Koay Mgeos Al qg Siggy O (OH),

QG;‘T —standard state Gibbs energy of reaction at the P and T of interest.
g’}.HT.T —enthalpy of the reaction at one bar and T of interest.
.r'_"-.S]J_-r —entropy of the reaction at one bar and T of interest.

&V:n,;ﬁ—m!um change of neaction at one bar and 298 “K assuming volume changes of resctions are not functions of pressure and
temperature.

A, GENERAL

Consider the reaction: bW-+cX=dY +eZ
Then at equilibrium,

d ]
AGpy=—RT In ({“*‘ (e "] .

e AR e 1 = —RT InK =0
{ag )t (ay »

where a3 refers to the activity of component Y in pure phase v, also,
AGpr=AH) p—TAS) r+P-1) AV 354=0
at equilibrium 1.e,
AGpr=AHy 1 —TAS| 1+(P-1) AV 394 +RT InK =0
Let the mineral AnFmSix0y be a component of the solid solution series
(A, B,Cl(D,E,F)mSixOy
Then assuming ideal solution, the activity of the solid solution is:
{A,B,Chu (D,E,FynSi0y

a =X "X ™
An Fu Six Oy
o & . F
Whes X=lgrpre ™M %= (¢

s¢e Wood and Fraser (1976).
Mow the general equation at equilibrium Tor an HyO-producing reaction is:

AGpp=AH ¢ —TAS] 4 +(P-1) AV, gy +RT Infuo+RT InK =0
rearranging

I f0. Xio= ( —AH p+TAS; r—(P-1) it"’:mids) —InK
' RT

Gt (—aH}T+Tg Spp—(P=1) a-v:d._,_) e
RT
Sugo
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B. REACTION EQUILIBRIA
. 3 anorthite=2grossular-+2 kyanite-+quartz

gnt .gnt
Xoross Tgross | 7444 0,7947 (P-1)
3in] -—m—m—— | =———19 38 —————
xplag Fplng T T
anorth  “anorth
Data: [, Waters (pers, comm.); see also Ghent (1975, 1976 and 1978); ?:J?:Erm from Orville (1972);
(1-XEM_ yw .
In ygﬁm=_£'rn_ Ghent (1976); W=950 cal. mol.-*  Schmid and Wood (1976).

1. almandine+muscovite s+annite+2 kyanite+quartz

bie
a & o a aH.I'II‘I
AGp =0 H l..T"T"'—\'S‘I.T (P-13 & V,dH.TRT In ma =)
a s
alm  Tmusc

& V:ul.id, ={),2199 cal. bar—*
A8 7=0,45.10,55 cal. mol.~! deg.”
i‘*1'];‘; =32 550-L 45 cal. mol.—?

a0t —xEDl, BSOSO, e = (i RRT 0K

Data: D, Waters (pers. comm.),

[1I. 1/2,52 Mg biotite +-1/3 almandine=1/2,52 Fe biotite+1/3 pyrope
AGpp=6150-3,93 T+0,0246 P+RT InK,=0
XEe xEn
where Bt vt
Xmg XFe
Data: Holdaway and Lee (1977}

v, & Fe staurolite+25 quartz«=8 almandine+-46 kyanite+ 12 HyO

staur

Bt
/Gy p=296 653—463,0 T—7,1076(P-1)+ 12 RT Infu,0+ 24RT In ( . ) =0
Kn staur

AS] p=465 .4 55 cal. mol,~* deg.”*

AH{ =298 72753 305 cal. mol.”

aﬁ[‘t‘l =g, l:?l;ilur =Y

Dhata: Ganguly (1972); Richardson (1968).

VI. 12 Mg cordierite-+1/3 almandine <1 /2 Fe cordierite +1/3 pyrope
AGpp=06150—2,69 T+0,0303 P+RT InK, =0
rid
X" xE
UL
Data: Holdaway and Lee (1977},

where Ks

Also 3 Fe cordierite+2 pyrope=13 Mg cordierite +2 almandine (i.e. 6 times V1)
{awrd 3 {agm o
1Gpp=—40291+415,88T+0,1768(P-1) +RT In Mg_cord am’ | _o
. {amrd P {agn[ }'
Fe cord oy

£4Y5naigs =0, 1768cal. bar.-*
Sy p=15,8812cal. mol."*deg.”!

AH =40 291 2 000cal. mol.~?

cord 1
where afﬂ'dmrd =(Xpgh 8. cord ™ Xr %:I=EKM,]“. ﬂﬂlm='fxpu 5
Data: Wells (1976).
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vil. 1 Fe cordierite. 3nH;0 =2 almandine-+4 sillimanite< 5 quartz + 3nH,O

fa cord 0

}I
5 Gpp=30837-41,3 T—4,0061 (P-1)+1,5 RT In fue+ RT( _3'1'1._ )
' 1]
Fe cord’

AV = —4.0061cal, bar,~? n=0,5
ASyp=41,345 8cal. mol.~'deg.~!
AHy =30 83715 500 cal. mol.~

= (Xe)" S Eord = Xr)

Dwata: Holdaway and Lee (1977).

alm

Also:

1
2 3 = X%‘: =
AGpp=28394-38,3T—-3,95 (P-1}+ 1.5 RT Infan+6 RT ln| ———== |=

cord
XFe
AV g = —3,95 cal. bar.~t ne=0,5

AS) 7=37,944,5 cal. mol.* deg.—*
AH{ =28 16544 410 cal. mol,~?
Data: Weishrod (1973, 1973a).

VIIL, Fe biotite + 2,08 sillimanite + 4 quariz«= 1,26 Fe cordierite +0, 84 K feldspar+ (1 — 1,26n} H,O
o {E‘Iisrcdnrd}h“ mﬁﬁﬁﬁi,ﬂ.:u'“
AGp 1.=1I 59920, 12T 4 1,0024(P=1) +0,37TRT In fuo+RT In o =
B pre!
"."v:nHﬂ: =1,0024 cal, bar.~* n=0,5

AS;1=20,12+3,59 cal. mol.~* deg.~*

£Hy ¢ =11 599 43 403 cal. mol,~*

eI R

Thompson {1976},
Data: Holdaway and Lee (1977).

X, 4 annite + 3 Fe cordierite + 3 quartz=6 almandine+4 K feldspar+ §,5 H,O
c- Iag?lhv t.ail"'f-l::g"l'ﬂll "
HGp =146 360—214, 66T ~6,4351(P-1)+5,5RT In Suo+RT In E cord
. (a ) lag ¥
ann cord
ad """:.:.nds=—“-4351 cal, bar!

AS) p=214,6632,7 cal. mol,~* deg."*

MM ¢ =146 360 (4148 at §-214,66) cal, mol,™!

cord

bie
aford et WEIR G000 Bl a00n)h  an S0L) Ohp)®

Duta: [3, Waters (pers, comm,) after Holdaway and Lee (1977).
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I1, MINERAL ASSEMBLAGES AND MINERAL-FABRIC RELATIONSHIFPS

A. MINERAL ASSEMBLAGES (Tables 11a—11h)

Table Ila — TROUGH ZONE PELITES

97 (111|112 |115|116|233|235|236|237|239|316|693|694 | 695| 231|327
quartz O+ |X|O|X[X|O[X[X[X[X[O|X[X|X][X
plagioclase O X | XXX |XIX]|X]|X]|X]|X XIX|X|X
biotite XIXIX|X[X[X|X[X[X]|X|X[X|[X|X]|X]|O
garnet 0 |+ X |0 X 0|0|0|0|0|0O0 |0
staurolite X | X X X XX 0| X
kyanite X110 0] 0 0

museovite X|IX|X[X[X|X|X[+[O|O]|O|[X]|O|+|X
\chlorite X |0 0 + 0|0 |+

graphite + X + | X + |+ |+
opaqueore | O |+ |4| O [+|+|+|+|+]| [+|O|+]|+]|0O [+
apatice + ++[ [+ [+ [+ |+
. +H [FHHH A ]
dreon |+ || H ]| T
cummingtonite X

X abundant (> 5% ); O minor (1—5%); + rrace (< 1%)
Sample localities shown on Folder 2.1.

76




"T'T 12pjod uo uMmoys SaTN[EI0] ajdureg
(%1 =) a9en + {(%e—1) Jomw O }( %S <) WwEpunge X

oiqqedeiaw 818138 ajoqrydure
e
AIOTP
X anjodeoss|
X X0 0|0 X X 31BUOqIE)
0 0 -+ X 310 anbedo
0 o|0|+|O|O|X|+|O[(O|O|F+|O|X|X]|O auayds
X - + X susiozoup
X X X |04+ X|X|4+|0 -+ aopida
x X X suaxoikdourpd
X aujdydopue
X X XIX[X[X[X|X[X|X|X]|X|X]|X[X[X]|X]X POy
O XXX XXX XXX X]|X[X]|X|X]|X]|X aseporBerd
4= 0 O X[ X[ X|[4|X|X[O]X[X[X][X]|X[X]|X]X wumnb
MMu_ 169 ETE|LIE|PET|BIT|669|L69|0ET| 6TT|SOE|BTE|0TE|6TT |ETT |ZCT|ITT|OTT

HWAGWAIW SSTTHIOLVYVW ANOZ HONOHL — 911 2[9EL

77



‘1°Z 1apjo4 uo umoys sanijedo| ajdweg
(%1 >) 3080 + ¥ %5—1) 1ounw Q }{ %§ <) uEpunge X

|_|

B 1(iym

anodess

H [+

210 anbedo

++

auayds

o|+|+

++

o[y

+lol+[+] [+

+|x<

asIozZOUI

o

aopids

=

JTBUOGIED

>

o|OoO|C|O|O|O

>

>

>

x| |lo|x|4+

suaxoaddourp

ofx|x|4+

>

Aljowan

Jpuajquioy

1oured|

anorq

X XX | X|O

X

X

X

X|0|0 | X

asepoided

o

X

...T

0

SUT[XOJOTUT

X

X

X

X

X

X

X

X

X

X

X |X|O0|O

X

X

X

X

X

X

z1mnb

EII

0oL

98¢

65¢

65

6%

I8Z

95

St

EE

B9

L9

29

9£9

LTS

(434

0¥+

08

9

0s

iy

6f

(NOLLYWHOA 93SINN ‘T65—££ *HAAWHW SYIUNIL 89—6€) STLVOIITIS DTVD
ANOZ INTWVANIT VIANVHVIO ANV (£T1—65€) SHLVOITIS DTVD ANOZ HONOWL — 211 39EL

78



"1'Z 1apjo4 uo umoys sanimedo] ajdureg
(%1 >) 980 + (%6—T) Joutw © }(%s <) IUEPUNqE X

UONEUIIO] qIsInY] M PquIap SEquLL

¥ + ¥ [ZElE + + 4[4[ Fmwanoy
i 5 MO e + g o i B s anede
i . 0 4{+|+]0 [+ Q10 4|+ o ) i
4|0 arydead
X -+ ol x 1BUOGIED
0/0 0 X +! |40 20014
+ + 2[0INEDS
0 + Jouaed
X | x| X x| |olo|[x| |o 0 x| e
0| X X X|10|X X X JSN[EpUE
x| [ x[x|x|x|x[x| [x|[x[+]|x|x|o|+]| |o|o|+]|o]o|o]x Sa1A0osN
X X|X|X XIX|X|X]|X|X|X|X]|X]|X XIX| XX X[X[X]|X]|X]|X T
O X|X|X]|X 0 X| X X100 XIOJOIX|X|X[X|[O]|X|X|X »seporderd
X 0 0|0 X e
RIARIX]EXIR [ XK |E K| X] XX XXX RIXIXTIX IR IXTX] XX zrenb

£991799|099|859|+09|8L5| T9 | LS | TE | TE | BT | 91 |1€9|BES|6EH |96+ |0BT |6LT |9LT|9ST| 0L |99 |8 | 1+ | OF | P£

(Pueq ¥19031q ¥ wody $09) SALITAd AINOZ INTWVINIT VIANVHVIO — PII 3|qEL

79



Table lle — CENTRAL ZONE AND OKAHANDJA LINEAMENT ZONE

MARELES
170]175[192(212|256 |470 43 | 44 | 65| 67 | B2

carbonate XX [|X]|X X XIX|X]|X|[X
quartz + olo|o|o|+
plagioclase o+
white mica |+ |+ 0

[phlogopite 0|10
e +[+][+]+]+
tremolite 0 0 0

forsterite X| XX X

chondrodite 0|X

igarnet 0]

chlorite 0 0
]antiguritt: X0 X X

scapolite +

) Central Zone Okahandja Lineament

Zone

X abundant (>> 5% ); O minor (1—5% ); +trace (< 1%)

Sample localities shown on Folder 2.1.
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Table ITh — DONKERHUK THERMAL AUREOLE IN
TROUGH ZONE PELITES

98 | 99 |105(329|331|332|347|352|689
|quartz | XXX |X]|%]|X%]|0
micr_ncline O[O X 0
plagioclase XIX[X|X[X|X|0]|X|O
biotite XIX[X[O|X|X[X]|X][X
muscovite O|X|[X|O X|0
silimanite |+ | O|+|0]| 0| X X
cordierite XXX X
staurolite 0 0
garnet + |4 0|+ X
chlorite X 0
opaqueore |+| |+|/0|0 |0 4|0
tourmaline + + +
hercynite 0

X abundant (> 5% ); O minor (1—5% ); +trace (< 1%)
Sample localities shown on Folder 2.1.
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B. MINERAL-FABRIC RELATIONSHIPS
TROUGH ZONE

Observations were made on rocks throughout the
Trough Zone, and were not confined to the three sub-
zones of Section 3. The fabric elements cited refer to
those of the Trough Zone only, as indicated in Table 4.2,
Section 4.

A. Pelitic Rocks

(i) Muscovite—In the majority of metapelites musco-
vite flakes lie in the 5; plane, and in some cases these are
the only oriented mica. Sections of muscovite showing
cleavage traces are penerally far more elongated than
biotite crystals, Generally muscovite comprises less than
10 per cent of the rock by volume. In some Al-rich
schists, however, muscovite may comprise over hall of
the rock, forming a felt-like mat fabric paralle] to S,
Recrystallisation of the mica produces larger, less elon-
gated grains generally parallel to the S, fabric. Such
recrysiallisation posi-dates the biotite poikiloblasts.
Muscovite derived from the alteration of staurolite and
kyanite oceurs as scaly randomly oriented aggregates, In
the Al-rich schists with a largely plagioclase groundmass
disoriented elongated muscovite laths are commonly
present, possibly resulting from alteration of the plagio-
clase. Near the Donkerhuk Granite large muscovite
poikiloblasts have grown randomly over the 5, fabric.

{ii) Biotite—In most quartz-rich schists north and
south of the Maichless Member small flakes of dark-
brown, almost black biotite parallel 8, and together with
muscovite delineate the schistosity. Those biotites
forming the S, mineral laminations are undeformed and
now also lie parallel to S, suggesting recrystallisation
rather than rotation. Those schists with the muscovite
mat fabric or containing kyanite and staurolite have
randomly developed porphyroblastic biotite, occasionally
enclosing 8, poikiloblastically. This fabric clearly post-
dates the schistosity 5,. The biotites are prismatic and
resemble hornblende in hand specimens.

(iii) Garners—Some rocks from Hudaub in the very
south-east show garnet growth to be pre-S, since one
garnet contains straight inclusion trails of quartz and
plagioclase at 90° to S,. There is evidence of a later over-
growth of new garnet upon the old, and later flattening
of the 5, fabric around the porphyroblast [see (iv) below
and Fig. 7.1B]. Elsewhere garnets are usually idioblastic
and grow across the 8; schistosity. In some instances
zones around the garnets are depleted in 5, parallel
muscovite and biotite, and rarely also graphite. Frequent-
Iv post-5, garnets occur in embayments in post-5, biotite
but without touching the biotite, elsewhere idioblastic
garnets are enclosed by biotite blades parallel to and
touching garnet crysial faces without apparent replace-
ment textures. [n an example where S5 crenulation clea-
vage is present garnets grow in 8, and enclose 8, heliciti-
cally.

(iv) Sraurolite—Around Hudaub staurclite growth
may be syn- to late-S, Elongated inclusions within the
staurolites make a slight angle with the external fabric
(S,) which is undulose around the poikiloblasts (S, is
defined by biotite lying in the schistosity). It is also pos-
sible that this texture was produced by the following
sequence of events: (a) development of S, schistosity;
(b) growth of staurolite; (c) flattening of the fabric essen-
tially perpendicular to S, deforming the schistosity and
causing slight rotation of the poikiloblasts, Elsewhere
staurolite porphyroblasts may attain lengths of up to
20 mm and grow randomly across the 8, schistosity. Such
staurolites may enclose idioblastic garnets, small grains
of biotite and plagioclase. At locality D in Figure 3.3
staurolite (and kyanite) orientated essentially parallel to

S, are sheared and rotated by S, and crenulated by §,.
Later growth of staurolite (and kyanite) crosses both §,
and Sy randomly without being deformed. This locality,
however, is considered unique as far as conditions of
mineral nucleation and growth are concerned since some
crystals reach 150 mm in length,

(v) Kyanite—With the exception of pre-5; kyanite at
locality D in Figure 3.3 [see (iv) above] kyanite is the
last prograde mineral to complete its growth. Whilst
generally in the 5, plane, kyanite is randomly oriented
(Spry 1969, p. 259). A kyanite growth across §, at
Hudaub shows undulose extinction and bent cleavage
traces possibly confirming late compression perpendi-
cular to §; planes,

(vi} Ouartz—In quartz-rich schists and especially the
graphitic schists, quartz is often elongated parallel to 8,
schistosity. In Al-rich schists quartlz is generally rare and
of granoblastic form. However, in Al-rich schists nume-
rous S;-parallel quartz veins are present (amounting to
15 per cent of rock volume) and suggest migration of
quartz, perhaps through pressure solution and metamor-
phic reactions.

(vil) Plagioclase—Plagioclase (oligoclase) in the
quartz-rich and graphite schists is often elongated in §,
whereas the Al-rich schists have either a fairly fine-
grained granoblastic-polygonal or fairly coarse-grained
fabric with shape determined by impingement boundaries
upon staurolite, biotite, garnet or kyanite. For Al-rich
schists the groundmass is largely plagioclase, possibly
derived from the muscovite mat fabric,

(viii) Chiorite—All chlorite present results from the
retrograde alteration principally of biotite but also of
staurolite and garnet, in the latter along fractures,

B. Maichless Member

Only the amphibole schists are considered, since the
coarser varieties tend to have a decussate texture and
little. or no fabric. Quarizo-feldspathic knots of meta-
morphic origin are abundant in some rocks and show
progressive elongation adjacent to minor shear zones.

(i) Blue-green amphibole (hornblende)—Much of the
hornblende lies parallel 1o the S, schistosity, often with
the y—z crystallographic plane in the fabric. Occasionally,
however, crystals are oriented virtually perpendicular to
S, and some have grown in the lineation caused by Sy
intersecting 5. In other instances hornblende needles are
oriented parallel to the strike of S,

(i) Ortho-amphibole—Undeformed porphyroblasts of
ortho-amphibole (anthophyllite) reaching 15 mm in
length grow across a fabric defined by blue-green horn-
blende parallel to S,.

C. Cale-silicate Rocks

Thin garnet-bearing calc-silicate bands are often trans-
posed into the S, cleavage in F, folds, and frequently
show a planar fabric of elongated recrystallised quartz
and plagioclase. The fabric is a mylonitic compositional
layering (Vernon 1974) parallel to the 8, schistosity.
Porphyroblasts of garnet, hornblende and biotite are
often elongated in §; and contain abundant S;-parallel
inclusions, but do not show an optical-preferred orien-
tation parallel to 8, These minerals post-date S; and
may grow along the 5,/8, lineation.

Massive glassy calc-silicate rocks west of Homeb con-
tain small segregations or pods of epidote, diopside/
hedenbergite or green amphibole parallel to S, These
minerals ofien occur as inclusions in quartz parallel to
S, suggesting development of quartz porphyroblasts by
boundary migration after the main fabric formed.
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OKAHANDIA LINEAMENT ZONE

A. Pelitic Rocks

(i) Muscovite—Muscovite generally parallels the main
S, fabric, but close to the Donkerhuk Granite and adja-
cent to the unfoliated type granite of the Salem Suite
porphyroblastic muscovite grows across S, Scattered
small flakes oriented across the S, fabric are present in
many porphyroblastic (andalusite and cordierite) schists,
and these are not thermal aurcole muscovites.

{ii} Biotite—In many cases biotite iies parallel to the
S, schistosity, but in some cases the biotite schistosity
lies at 5-10° to the muscovite and guartz fabric. Biotite
growth across S, is common either as randomly oriented
scattered flakes or more commonly as a well-defined
locally penetrative fabric S almost at right angles to 5,
and occurring in thin Al-rich bands. The biotites
defining the schistosity (S;) are locally deformed on
planes parallel to 8,.

Schists containing biotite spots due to 8,/S; inter-
sections have a muscovite-defined S, schistosity in which
all biotite spots are disrupted, the spots frequently being
small fold closures.

(iii) Cordierite—Poikiloblastic cordierites up to 150
mm long frequently enclose the S, schistosity of biotite
and quartz, in a few cases also enclosing the 5; biotite
fabric. The external fabric may differ slightly in orienta-
tion, but on examination of microscopic guartz veinlets
the slight rotation appears to be due to the late compres-
sion of, and movement parallel to Sy causing poikiloblasts
to rotate (Ramsay 1962, Fig. 16). In other cases the 5.
and §; discordance varies from poikiloblast to poikilo-
blast and may result from crystallisation effects. Whilst
the majority of inclusion trails are straight a few are
slightly sigmoidal, Orientation of retrograde alieration
products (e.g. muscovite) in cordierites appears to be
generally irregular, Some cordierites are completely
pseudomorphed by micaceous aggregates.

(iv) Andalusite—Andalusite poikiloblasts generally
have straight inclusion trains parallel to 8, in a very few
places they are curved. In other cases andalusite crystals
appear to be disrupted parallel to S;. This may be the
result of late movement on 5, planes during Dy,.

(v} Garnet—Occasionally small idioblastic or sub-
idioblastic garnets which have grown across the S,
schistosity are found. Very rarely minute idioblastic
garnets with high Mn content are present in the outer
edges of cordierite porphyroblasts.

{vi) Quariz and Plagioclase—Xenoblastic polygonal or
elongated grains often parallel to the S, schistosity tend
to be elongated in muscovite- and/or graphite-bearing
schists. In many andalusite- and cordierite-bearing schists
both quartz and plagioclase are absent from the matrix
adjacent to poikiloblasts.

(vii) Staurolire—Small squat idioblastic crystals have
grown across the S, fabric and S¢ schistosity.

(viii) Chlorite—Subidioblastic porphyroblasts traverse
the S, schistosity. In most cases chlorite is a retrograde
alteration of biotite. Chlorite is not common.

B. Cale-silicate Rocks

(i) Quartz and Plagioclase (andesine-labradorite)—The
majority of the cale-silicate rocks forming cleavage mul-
lions have a mylonitic compositional layering (Vernon
1974) delineated by thin lamellae of quartz and plagio-
clase of noticeably finer grain size than that between the
cleavage planes, spaced 1-2 mm apart. Recrystallisation
of the smaller grains has removed strained extinction and
produced granoblastic-polygonal textured layers parallel
to the 8, fabric.
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(ii) Amphibole—Sheaf-like aggregates of undeformed
blue-green hornblende are common and grow randomly
across the 8, parallel fabric. Retrogressive alteration of
clinopyroxene (diopside/hedenbergite) to :mphibole
gives rise to randomly oriented acicular crystals.

(iti}) Clinopyroxene—Skeletal poikiloblasts up to 10
mm across show no optical-preferred orientations in the
fabric although poikiloblasts tend to be elongated parallel
to S,

(iv) Garner—Skeletal xenoblastic poikiloblasts of
garnet tend to be elongated in S;, but post-date 5, since
these contain straight inclusion trails parallel to S,. In
addition the inclusions tend to be elongated in 5, Small
idioblastic garnets are often developed across 5; in meta-
pelites at contacts with calc-silicate rocks.

(v) Epidote/ Clinozoisire—Epidote that replaces plagio-
clase often forms streaks parallel to the S, fabric, the
epidote forming rounded granoblastic grains, Epidote
may in rare cases replace randomly oriented amphibole
in zoned calc-silicate rocks with a mosaic of extremely
fine-grained equant crystals. Generally, however, clino-
zoisite is secondary (retrograde) and irregularly oriented,
but where associated with carbonate and garnet lies in Sy,
and may be prograde,

(vi) Chlorite—Chlorite forms irregular sheaf-like
aggregates, in some cases retrograde after garnet. In
general, however, chlorites are alteration products of
amphibole or biotite.

C. Marbles

Many marbles have a strong fabric consisting of
elongated and flattened carbonate grains in the S, fabrie.
Tremolite and phlogopite generally form at grain boun-
daries and hence have a parallelism to 5;.

CENTRAL ZONE

A. Pelitic rocks

(i) Biotite—Biotite flakes define the 8, fabric in meta-
pelites. Locally these show regrowth or reorientation into
F, and F; axial planes. In some cases S, crenulates 8, and
biotites then lie parallel to S;. Small biotite crystals
(0,1 mm long) parallel to 8, are frequently enclosed in
poikiloblastic microcline and are also oriented sub-
parallel to the external 8, fabric. Rounded biotite crystals
are commonly found in some cordierite porphyroblasts,

(ii) Sillimanite—Radially oriented sillimanite fibres
occur as small flattened knots up to 40 mm across or as
small aggregates of fibres. The flattened knots lie in the
S, axial-planar cleavage (generally a strong crenulation
of the §, fabric) of F, folds. Sillimanite also lies in the §,
plane where it has formed at the expense of muscovite
and quartz. This growth parallel to 5, may, however, be
mimetic. Sillimanite, when not cccurring as knots, is often
disharmonious (Vernon and Flood 1977) with respect to
quartz and feldspar, but harmonious with respect to
cordierite. In one example small sillimanite needles out-
line a polygonal fold within a porphyroblast of cordierite
in a rock with fairly strong schistosity but with grano-
blastic quartzo-feldspathic minerals (Fig. 7. 1E).

(iii) Cordierite—Cordierite may form small grano-
blastic grains or large poikiloblasts confined in the 5,
fabric e.g., north of Rooibank. The cordierites often
contain inclusions which parallel the external fabric but
S, and S, are subparallel in F, fold flanks from where the
sample was taken. As far as the mapped area is concerned
no cordierite has been observed which shows rotation.
Rotated cordierites do exist further north in the Khan—
Swakop area®, Cordierite may be bluish or greenish and

* Personal communication: S, J, Barnes and M. Coward,



in some cases is elongated along the intersection between
S, and S, schistosities. In thin section many equant
cordierites grow across the S, fabric.

(iv) Garnet—In thin section the garnets are irregular,
commonly embayed and elongated in 5,. A few kilo-
metres north of Rooibank garnet crystals can be seen to
grow in the S, fabric whilst large garnet porphyroblasts
or aggregates grow across the S, and S, fabrics. These
oceur in association with some late undeformed pegma-
titic veins and are also disseminated throughout the rock.
In the area mapped no rotated garnet porphyroblasts
have been observed although these too are common in
the Khan-Swakos area, Garnets in thin section appear
to be late as the: grow either across the fabric or are
elongated paralle to 5, yet include large S,-parallel
biotite grains. Garnet and cordierite are often in contacl
and associated with microcline.

B, Cale-sificate Rocks

The rocks are generally granoblastic-polygonal but
those of the Chuos Formation often have a glassy
appearance due to large elongated (parallel to 5, fabric)
guartz grains which enclose amphibole, diopside and
epidot: parallelling ;. In most rocks a mineral layering
or segregation parallels S,, although a specific mineral-
preferred orientation appears to be absent. Clinopy-

roxene (diopside/hedenbergite) invariably shows a degree
of retrograde alteration peripherally to unoriented
amphibole. Most mineral species are subidioblastic or
xenoblastic,

C. Marhies

Carbonate minerals generally give rise to a granoblastic
texture in which the various cale-silicate minerals have a
random orientation, although a mineral banding (pos-
sibly 8, or §,) is generally present.

IIL MINERAL ANALYSES

The 103 mineral analyses (Tables [[la~I11j) were all
done by Mr R. 5. Rickard of the Department of
Geochemistry, University of Cape Town, using an
electron microprobe,

Operating conditions were a 15-kv accelerating poten-
tial and a beam current of 0,15 gamps. The 0,5 micron-
diameter beam was defocussed to 10-20 microns to
obtain analyses for Na and K. Determinations were made
as close as possible to the mineral margin (avoiding edge
effects). Those minerals denoted by * were analysed at
their respective cores. A short dash in the tabulated data
indicates “not analysed for™,

Total iron is represented as FeQ for all minerals.

Table [Tla—CENTRAL ZONE BIOTITES, SAMPLES 465 AND 729

4654 4658 4650 4a5D 7294 7298 129C T29E

<[5 U P —— 34,54 34,32 34,21 3.9 31,81 33,93 34,25 14,14
TiO.. .- 3,17 3,38 1,32 3.65 2,94 2,36 2,35 2,86
AlO, 19,38 19,11 19,27 18,92 18,41 18,53 18,35 18,51
BREX e nn 19,63 19,50 15,06 19,81 18,58 18,58 18,81 18,66
% 1o SRR 0,02 0,05 0,03 0,04 0,05 .06 0,06 0,06
Mg .cooviviiins 8,54 £.40 8,89 g,36 9,18 9,59 9,66 B.99
L 61 i 0,00 0,00 0,01 0,01 0,00 0,00 0,02 0,03
MaD, . ciiueiiann 0,11 0,059 0,0 0,09 0,13 0,08 0,15 0,09
KO L iiiviaiiia 9,63 9.5 9.52 9.70 10,00 9,86 9,87 9. 79
g -] | RO 95,02 04, 96 94,40 | 94,37 93,12 93,30 93,52 93,11

Atomic proportions (22 oxygens)
Bliiccssmiimenai 5,296 5,272 5,267 5,255 5,298 5,306 3,33 3,337
RS R 0,366 0,391 0,385 0,425 0, 346 0,273 0,275 0,336
R 3,496 3,497 3,498 3,430 3,404 3,416 3.m 1.411
Bl L e e 2,517 2,556 2,454 2,562 2,435 2,469 2,452 2,439
Mn. : 0,003 0, 006 0,004 0,005 0, 07 0,007 0,008 0,009
MEuvernronmssnnns 1,952 1,922 2,040 1,927 2,145 2,235 2,245 2,004
1, T 0,000 0,000 0,002 0,002 (0, 000 (0, 00 0,003 0,002
1 PR IR 0,035 0,026 0,027 0,026 0,041 0,028 0, D4 0,028
K.... 1,884 1,863 1,870 1,912 1,999 1,967 1,963 1,953
Total.....0... 15,549 15,533 | 15,547 | 15.564 15,675 15,706 15,704 15,609
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Table [IIb—CENTRAL ZONE CORDIERITES, SAMPLES 465 AND 729

465A | 465 | 465C | 465D | 4ssE | 729a | 729B | 729C | 729 | 729G | 729H0
41,97 | 41,53 | 47,53 | 47,45 | 4r.62| ar.28| 47.28| 4733 | an.as| ar,08| 47,30
001 oot| o1 oot| ooz| ooi| ooo| ooo| ooi| o00z| o002
3333 | 32,25 | 33)s2| 33,54 | 33045 | 3360 | 32082 3346 | 33,39 | 3344 | 33,87
907 | 99| mloa| moe| Toos| 877| E9| 8l9s| 87| Bls9| &M
0,08 0,08 0,10 0,09 0,08 0,16 0,15 0,17 0,16 0,19 0,21
5| | 73| 7iso| 777| 7i83| 7i8s| 748 | 7me| 7.73| 7les
oot | oeo| ojoi| olor| olor| oe2| o0d| o3| oos| o002 ool
017 | o019 1ae| o7| on9| o.a| o24| o0l17| 07| 03| o012
o3| opor| — a: e 0,00 000| — - - —
T R 98,42 | 97,87 98,00 98,06 98,18 97,90 | 97,16| 97,58 | 97.77| 97.16| 97,98
| 5, _J7.16 | 97,98
Atomic proportions (18 oxygens)
Si..... . 4,954 | 4,939 4,928 | 4,919 4,939 | 4,907 | 4,946 | 4,904 | 4,920 | 4,015]| 4,91
| it PG 0,001 | 0,000 | 0,001 | 0001 | 0.001 | 0,000 | 0.000| 0.000| 0001 | 000l [ 0,002
AT eorerry oo bemmmreR 4.060 | 4,073 | 4,097 | 4099 | 4,084 | 4121 | 4049 | 4,109 | 4,09 | 4120 [ 4138
B | o3| o090 | o775 | 0779 | o0l783 | ol762 | 0)769 | 0.781 | 0763 | 00751 0.755
P e iy 0,007 | 0.007| 0.009| 0008 | 0.007 | ol014| 0.014| 0015 | 0lo14| o017 | 0,019
ME. oo 1,193 | 1194 | 10194 | 12205 | o199 | 201 | 1224 | 10189 | 1.207| 1.203| 1,182
A el e o001 | 0.000 | 00001 | 0001 | 0001 | 0003 | 0003 | 0003 | o004 | ooz | olooi
el S ulEe s e 0.035 | 0,038 | 0.033| 0,033 | o038 | o028 | o0loss | 0'o3s| o/034| 0027 | o0 024
Kuorromnoansesoennennns 0,003 | 0j002| = i 7 oooo | oooo| — | - i it
Y. 11,037 | 11,043 | 11,038 | 11,045 | 11,052 | 11,046 | 11,053 | 11,005 | 11,042 | 11,036 | 11,032
Tahle [llc—CENTRAL ZONE GARMNETS, SAMPLES 465 AND 729
465Ai | 465Aii | 465B | 465B* | 465C | 465D | 729ii | 7298 | 729C | 720C* | 79D | 729E
Si0;. .. 36,26 | 36,48 | 36,37 | 36,70 | 36,51 | 36,66 | 36,26 | 36,50 | 36,53 | 36,62 36,31 | 36,35
TiO,. 0,04 | 0.08| “006| 0.02| o007| oo1| ooz 005| 005| o003 004| 0,02
AL, 21,00 | 21035 | 2121 | 21032 | 21,38 | 20,44 | 21,36 | 20,53 | 20,47 | 21,47 | 21,35 21,10
PG 36,69 | 36,74 | 36.82 | 3608 | 3640 | 3660 | 35,09 | 35,73 | 35,82 | 3435 | 3445 | 3443
MnO. .. ; 1958 | 1a7| T1.s3| Tno2s| 1039 13| Tziso| "2isa| 2035 Tzia7| 298| 29
MgO. .. 2055 | 2096| 2'84| 369 | 30aa| 3n1| 33| 32| 335| om0 2ies| 3:
S 078 | o6s| 04| 00| 07| 06| 09| o090 | 092| 100| 097 0,51
Mg s o e 0,03| o00s| oo7| o002| 003| o4 000| — = = = =
Total... 99,02 | 99,81 | 99,64 | 99,78 | 99,71 | 99,98 | 99,82 | 99.53| 99,19 | 99,74 | 99,06 | 98,94
Atomic proportions (12 oxygens)
2,960 | 2,058 | 2,958 | 2,963 | 2,058 | 2,963 | 2,009 | 2,974 | 2,982 | 2,953| 2,960 | 2,96
0,003 | 0,005 | 0.004 | 0001 | 0,004 | 0.001 | d.001 | 0,003 | 0.003 | 0l0o2 | olco2 | 0,001
2,035 | 20041 | 2034 | 20020 | 2042 | 20043 | 20041 | 1,972 1.970| 2041 | 2,052 | 2.009
2,512 | 2,492 | 20505 | 2,436 | 2.466 | 2,474 | 20379 | 20435 | 20425 | 20316 | 21348 | 2,350
0.110 | 0101 | 0,106 | 0.085 | 0,095 | 0,09 | 0,192 | 0,175 | 0,163 | 0.169 | 0,206 | 0,201
0,312 | 0,358 | 0,344 | 0444 | 0,380 | 0,374 | 0,402 | 0,400 | 0,408 | 0.456 | 0.359 | 0,391
0,069 | 0,059 | 0.065 | 0.060 | 0.068 | 0.060 | 0.083 | 0)078 | 0.0s0 | 0)086 | 0.084 | 0,079
0.004 | 0)008 | 0)011 | 0j003 | 0lood | 0lo07 | o) 25 55 s e
8,004 | 8,022 | 8,007 | 8,021 | 8,007| 8,018 8,037 | 8,037 | 8,051 | 8,023| 8,011 ] 8,017
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Table IIId—CENTRAL ZONE MICROCLINES AND PLAGIOCLASES, SAMPLES 465 AND 729

MICROCLINE PLAGIOCLASE

4654 4658 465C TI04 720B 12%C 4654 4658 7298 729D TINE
W s ch T e 63,61 | 63,57| 63,26 | 63,14 | 65,99 | 66,21 62,79 | 62,68 | 60.48| 5997 60,34

o T —- —_— 0.03 0,03 0,03 0,01 — — 0,01 0,01 -
B i i e Ci 19,55 19,50 19,36 19,28 19,05 19,03 23,66 23,61 25,22 | 24,50 | 24,54
| ok TR W Sl o T N P 0,02 0,04 0,04 0,00 0,01 0,11 0,02 0,02 0,01 0,03 0,11

MEO. o voonnnnins et = 0,00 owo0| ow00| o00| — s o00| o00| —
R e e 0,03 0,02 0,01 0,03 0,04 0,08 3,80 1,87 5,32 5.36 5,20
[ O e e e 1,20 2,00 1,82 1,83 1,85 2,35 10,01 9,82 9,87 g 61 9,50
N e 13,78 | 14,19 ) 14,01 15,26 14,40 ) 14,09 0,25 0,16 0,18 0,20 0,12
Woial s 99,19 | 99,32 | 98,53 | 99.57 | 101,37 | 101,88 | 100,53 | 100,16 | 101,09 | 99.68 | 99,81

i
Atomic proportions (8 oxygens) Atomic proportions (8 oxygens)

2,946 | 2,945 | 2,950 | 2,937 2,987 | 2,984 | 2,769 | 2,772 | 2,674 2,688 | 2,696

— - 0,001 0,001 0,001 0,000 = 0,000 ( 0,000 —
1,067 1,065 1,064 1,057 1,017 1,011 1,230 1,231 1,314 1,254 1,293
0,001 0,002 | 0,002 G000 | 0,000 [ 0,004 | 0,000 0,001 OO0 [ 0,001 0, 004

i b 0,000 | 0,000 | 0,000 0,000 = 0,000 | o000 | —
0,000 | 0,001 | 0000 | 0001 | 0,002 0,004 | 0,180 0,184 | 0,252 | 0,258 | 0,249
0,197 0,179 | 0,165 0,165 0,162 01, 205 0,856 0,842 ( 0,846 ( 0,835 )| 0,823
0,814 0,839 | 0,834 0,906 ( 0,831 0,510 00014 | 0,009 0,010 0,001 0,007
5,026 | 5,031 | 5.017| 5,067 | 5000| 5018| 5050 | 5039 | 5009 | 5.087| 5072

Table []IE—ERDEFH ZOME BIOTITES, SAMPLES 115 AND 235 (115F IS AN INCLUSION IN A STAUROLITE PORPHYRO
LAST)

1154 | 115B | 115C | 115D | 11SE | 115F | 235A | 235B | 235C | 235D | 235 | 235F

23 o 35,56 | 35,79 35,69 | 34,60 | 35,29 | 34,86 | 35,62 | 35,72 35,38 | 35,30 | 35,11 | 35,69
Ti0. 1,44 1,46 1,40 1,44 1,34 1,11 1,42 1,47 1,46 1,34 1,46 1,48
AlO, 20,14 | 20,19 | 1988 | 19,77 | 19,85 20,19 20,29 | 20,05 | 19,76 | 19,76 | 20,001 | 20,55
o SR 16,28 | 16,91 | 17,08 17,11 | f®6.63 | 15,78 16,93 | 17,28 | 17,60 16,75 | 17,41 | 16,64
M0 o s — - - — — — 0,07 0,06 0,05 0,06 [ 0,07 0,07
MgO. .. 1,15 1,00 1,31 | w51 14| 12,29 11,33 11,09 10,79 1,00| 11,08) 11,08
T TR 0,02 0,00 0,01 0,02 0,00 0,03 0,01 0,02| 0,01 0,02| 0,02| 0,04
Moyl ovavyvans 0,01 0,16 0,16 0,15 0,1% 0,01 0,39 0,41 0,34 0,28 0,32 0,42
3 8,78 8,96 9,01 1,54 8,85 8,46 | & 66 8,57 §,70 8,67 8,62 8,70
Tatal 93,38 | 94,57 | 94,54 | 87,15 | 93,48 | 93,39 | 94,72 | 94,67 | 94,09 | 93,18 | 94,14 | 94,65

Atomic proportions (22 oxygens)

5,401 | 5,392 | 5388 | 5,364 | 5,381 | 5,288 | 5,358 | 5,382 5,382 5,399 5,334 5384

0,064 | 0,165 0,159 | 0,168 | 0,176 | 0,202 | 0,161 | 0,167 | 0,167 | 0,154 | 0,167 | 0,167

3,606 | 3,587 3,537 3,613 | 3,58 3.610| 3,597 | 3,561 | 3,543 | 3,563 | 3,585 | 3,640

2,068 | 2,130 | 2,157 | 2,218 | 2,121 | 2,000 | 2,129 | 2,177 | 2,239 | 2.143| 2,212 | 2.0

= - 6 b i bl 0,009 | 0,007 | 0,007 [ 0,007 0,009 0,009

2,524 | 2,492 | 2,544 | 2,428 | 2,508 | 2,778 ) 2,540 | 2,490 | 2,446 | 2,508 | 2,502 | 2,477

0,003 ([ D000 | 0,002 ( 0004 | 0,000 0,005 Q000 | 0002 0,002 0,003 0,004 | 0,006

0,031 | 0,046| 0,045 | 0,044)| 0,053| 0,004 | 0,113 | 0,119 | 0,100 | 0,083 | 0,115 0,124

700 [ 1,723 1,734 | 1,692 | 1,741 1,638 | 1,662 | 1,648 | 1,688 | 1,691 | 1,671 | 1,669

Total........ | 15,488 | 15,535 | 15,566 | 15,531 | 15,549 | 15,526 | 15,570 | 15,553 | 15,575 | 15,551 | 15,599 | 15,547
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Table MIf—TROUGH ZONE GARNETS, SAMPLES 115 AND 235

115A4 | 115A6i | 115B* 1158 115C 1150 1153 | 235A* | 235A ‘ 2358 235C 235D
Bl «cnawibaria 37,06 | 3702 | 36,96| 37,15) 36,97 T a4 37,1 37,02 | 35,75 36,50 | 36,37 | 35,78
g %, o TR e 0,05 0,08 0,09 0,10 0,05 0,05 0,06 0,02 0,01 0,02 0,03 0,03
Al S el 21,47 21,76 21,60 21,58 | 21,73 | 21,57 | 21,70 21,35 21,35 | 21.19| 21,26 21,30
o e s sansn 32,13 | 32,12 29,84 | 3,48 32.09) 3158 467 3,44 | 32,47 | 32,15 | 32,51 ) 2.4
¥ 10, b 3,01 2,96 4,90 317 3,09 3,56 i1 4,95 5,04 4,97 L2 5.14
MO e 3.10 3,13 2,37 308 3,14 2,85 3,10 31.43 3,12 3,05 2,72 2,94
CADY, vve vanrnmsse 3,06 3,32 4 28 3,66 2,98 2,78 3.57 2.07 1,37 1,69 1,50 1,58
Total 100,08 | 100,39 | 100,04 | 100,23 100,05 | 100,53 | 100,39 | 100,28 | 100,11 | 99,37 9_*:1641 100,19
[}
Atomic proportions (12 oxygens)
| R et 2.976 | 2,957 | 2,967 | 2,969 ) 2,961 2971 2,974 2,969 | 2,96] L5961 2,955 | 2,966
7 | R o 0003 | 0,005 0,005 0,006 | 0,003 | 0,005) 0,003) 0,001 0,00 Lol | 0,002 [ 0,002
X R 2027 | 2,049 | 2,045 2,033 2,052 2,035 2,039 2018 | 2,029 26| 2,037 | 2,025
B L 2,152 | 2,145| 2,003 [ 2,104 [ 2,149 [ 2,180 2,007 2,100 2,189 181 2,209 | 2,186
7 | PR 0,204 | 0,200 | 0,333 0,215 | 0.210 | 0,24 0,216 | 0,336 | 0,344 0,341 | 0,361 ] 0,351
REE s i by 0,382 | 0,373 | 0,284 | 0,367 | 0,374| 0.340) 0,368 | D410 0,375 0,368 | 0330 | 0,353
Gl s 0,262 | 0,285 0,368 | 0,313 | 0,256 | 0,239 | 0,305 0,178 | 0,118 0,147 | 0,131 ] 0,138
Total B.006 | E,014) 8,005 §,007 | B, 005 | 8,009 | B 002 :E.iilk B,019 | &,025 3.025_ g.09
! ]
Table Illg—TROUGH ZONE STAUROLITES, SAMPLES 115 AND 235
115A0 1154 1158 115C 235A¢% 2354 2358 35C 215D
SN s o e 27,17 27,43 26,98 26,98 27,15 27,32 27,34 27,35 27,03
y | o PR R B R ¥ 0,57 0,59 0,51 0,76 0,60 0, 50 0,59 0,65 0,64
R o YT 54,91 54 04 54,77 54,96 55,07 54,77 55,04 55,22 55,01
BN s e s e 13,10 11,81 13,11 13,12 13,12 13,21 13,12 13,17 13,30
MY, e v S i e e 0,19 0,20 0,19 0,20 0,26 0,24 0,26 0,25 0,26
| 1,94 i 1,84 1,72 74 1,68 1,54 1,54 1,67
CR i e e 0,02 0,0 0,01 0,00 - — St e =
Total.. o7, 90 95 85 97,41 97.74 97,94 97.69 | 57,89 98,18 97.91
Atomic proportions (23 oxygens)
- A e g AL 3,756 3,847 3,750 3,738 3,753 3,786 3,779 1,760 3,742
[ i R SR 0,060 0,062 0,053 0,07% 0,062 0,052 0,061 0,063 0,067
P PR A P ot 8,951 3,934 4,974 B,977 8,975 8,549 B.970 8,973 B, 078
BB . .o swid bl ral oot 30 1,515 1,385 1,524 1,521 1,517 1,341 1,517 1,518 1,540
M. S i e 0,022 0,024 0,022 0,02% 0,031 0,019 0,030 0,030 0,030
[ Ry e 0,401 0,171 O, 380 0,354 0,358 0,341 0,317 0,317 0,345
' R M S 0,003 0,002 0, 002 0,001 — — - - —_
1| | PR e R 14,708 14,625 14,707 | 14,695 14,697 14,688 14,674 | 14,675 14,702
1




Table IITh—TROUGH ZONE BIOTITES, GARNETS AND STAUROLITES, SAMPLE 316

BIOTITE GARNET STAUROLITE
6B 36l 1sD 316E I6A® 36A Il6GBE 316A 316B
i e e P T R 15,381 35,47 35,47 35,62 36,93 36, 88 36,84 27.63 27,54
d 1] A 1.45 1,92 1,43 1,49 0,07 0,02 0,00 0,66 0. 62
BN il il s 20,08 19,47 19 06 19,34 21,50 21,50 21,41 54,82 55,10
Fell...: Ry e 17.9% 17,10 17,48 17.36 33,15 33,51 32,67 12,63 12,67
RETHIE. oo s csiriy ooy 0,06 — — — 2.8 2,79 .50 0,18 —_
MgO.., .. 11,54 10,15 11,00 10,81 3,37 2,99 2.90 1,41 1,24
L5 i R R AR E S 0,01 0,01 0,100 0,00 3,61 2,82 2,70 0,01 0,00
Bag, .o e es 0,14 0,11 0,10 0,10 e e =s = B
B e AR N S g, 18 9.32 a.l6 9.42 — — — =4 =
Totaleewoenennnn. .. 96,23 | 93,55 | 93,70 | 94,14 | 10,16 | 10051 | 9911 | e7.34 | 97,47
]
Atomic proportions (22 oxygens) Atomic proportions (12 oxygens) A"“E;‘:up:;;‘:ﬂ]mm
5,340 5,399 5.419 4,933 2,955 2,957 2,982 3,827 3,818
0,162 0,222 0, 165 0,155 0,004 0,001 ), (00 0,069 0, 064
3,525 3,531 3. 439 3,157 2,029 2,082 2,042 8,953 2,007
2,244 2200 2,238 2,011 2151 2,247 2,211 1,463 1,469
0,007 — — — 0,172 0,189 0,174 0,022 —
2,563 2,327 2. 508 2,231 0,402 0,357 0, 350 0,281 0,255
0, 001 0, 001 0, O O, D 0,310 0,242 0,235 0,002 0, D00
(4 0,013 0,028 0,028 —_ —_ — —_ -
1,747 1,830 1,789 1, 664 — -— — e —
1 | 15,629 15,543 | 15,5% 14,179 B,023 s.u:s_" 7.998 14,627 14,613
Table NIi—TROUGH ZONE MUSCOVITES, SAMPLES 115, 235 AND 316
1154 L1158 115C 115D 2354 235C 235D leA il6B
o 3 R e TS 45,62 45,81 46,25 46,03 45,75 45,18 45,89 45,01 45,67
G i PR AR o 0,32 0,32 0,30 0,54 0,55 0,30 0,50 0,49 0,37
AL e S e 3t 19 36,48 36,47 o, 61 36,31 37,46 37,03 36,12 36,66
T - e e ey 1,10 1,05 0,97 0,94 0,52 o, 0,71 1.42 1,42
| 1 R RS N S 0,73 0,76 0,76 0,67 0,70 0,44 0,50 0,56 0,45
Cal. .... S o P P 0,01 0,02 0,00 0,01 0, 00 RN 0,01 0, 0,00
BIRKE, - o fnpaisn o panmne 1,37 1,22 1,23 131 1,60 1,97 1,74 1,50 1,55
o N R B P A 9.30 9.03 9.32 .30 8,87 8,41 8,54 9,05 3,86
Total........ccovmnn 95,64 94,76 95,30 05,31 g, 60 94,67 04,92 95,15 94,98
Atomic proportions (22 oxygens)
o RPN T b R e 6,019 6,082 6,110 6,081 6,081 6,015 6,062 6,102 6,062
Ti.. 0,031 (039 0,030 0,054 0,055 0,029 0,050 0,048 0,037
Alaiiii W v L 5,784 5,710 5,681 5,702 5,693 5,854 5,768 5,648 5,737
| . PR en T A 0,121 0,117 0,107 0,104 0,091 0,079 0,078 0,158 0,158
] T 0,143 0,151 0,151 0,132 0,138 0, (86 0, 059 0,112 O, 0FAD)
Ca.. . 0,001 {0, 002 0, 000 0, 00 0,000 0, CHI) 0,002 0, 000 (0,000
R s e i e 0,351 0,314 0,314 0,311 0,412 0, 5046 0,446 0,385 0,399
A e 1,566 1,530 1,570 1,568 1,506 1,421 1,439 1,531 1,501
Total 14,006 | 13,945 13,963 13,953 13,976 13,990 13,944 | 13,984 13,984
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Table IIJ—TROUGH ZONE PLAGIOCLASES, SAMPLES 115, 235 AND 316

115A 115B 115C 115D 235A 235B 235D Jl6A 31eC Jl6RD
o 61,12 60,49 61,53 60, 02 62,53 62,29 62,65 61,57 61,17 60,29
T ... 0,01 0,02 0,03 0,03 0,00 0,01 0,03 0,00 0, () =
Ay oo ina 25,35 25 04 25 20 25,57 21,56 24,36 24,32 24 .97 25.52 2501
FeO.... 0.01 0,03 0,04 0,01 0,05 0,05 0,04 0,20 0,04 0,02
MgO.. 0,04 0,00 0,00 0,00 0,00 0,00 (1] 0,00 0,00 =
T o S 6,01 6,25 6,26 .19 4,34 5,06 4,83 5,89 6,24 5,84
T o 8,30 T.97 8,47 7,49 9,13 &,92 9,23 8,29 8,38 8,75
- H W e 0,15 0,33 0,08 0,07 0,07 0,05 0,06 0,09 0,04 0.07
Total..... 100,99 | 100,13 | 101,70 | 99, 100,00 | 100,74 | 101,19 | 101,01 | 101,39 | 99,98
Atomic proportions (8 oxygens)
Blivias 2,650 2 6R9 2,692 2,669 2,778 2,741 2,745 2,708 2,684 2,686
) ¢ (EErge 0, 00 0,001 0,001 0, 01 (0, 000 0, (i 0,001 0, 000 0,000 _—
Al 1,316 1,312 1,308 1,340 1,228 1,264 1,256 1,295 1,320 1,313
- R 0,000 0, 01 0, 001 0, 000 0,002 0, 002 0,001 0, 008 0, (01 0,001
My 0,002 0, (00 0, 00 0,01 0, D00 0, (00 0,001 0, 000 0, 004 —
[ 3 K S 0,283 0,298 0,204 0,324 0,206 0,239 0,227 0,279 0,293 0,279
|7 TR 0, 709 0, 687 0,719 0, 64y 0, 784 0, 761 0, 786 0,707 0,713 0,755
Bt e 0,009 0,019 0, 004 0, 004 0, 004 0,003 0,004 0,005 0,002 0, 004
Total 5,009 5,007 5.016 4,985 5,002 | 5,010 5,021 5,002 5,013 5,038
REFERENCES DE WAAL, 5 A., 1966. The Alberta Complex, 8 metamorphosed

ALLEN, 1. R. L., 1970, Physical Processes of Sedimentation:
Gieorge Allen and Unwin Litd, London, 248p,

ALTHAUS, E., 1967, The triple point andalusitesillimanite-
kyanite ! Contr. Mineral. Petrol., 18, 29-44,

ANDERSON, P. A, M., NEWTON, R. C.. and KLEPPA, O. ],
1977, The enthalpy change of the andalusite-sillimanite reaction
and the A1.S510, diagram: Am, ). Sci., 277, 585-593.

BAILEY, D. K., 1972, Uplift, rifting and magmatism in continental
plates: Earth Sei. J. Leeds Umniv., 8, 225219,

BAILEY, D. K., 1974, Continental rifting and alkaline magmatism,
in The Alkaline Rocks. (Ed. H. Sorensen); Wiley Interscience,
London, 145-159.

BAILEY, D. K., 1976, Experimental methods and the uwses of
phase diagrams fr The Ewolution of the Crwstalline Rocks
lEdﬁD. K. Bailey and B. MacDonald): Academic Press, London,

HEAN.- R. 1., 1951, Relation of gravity anomalies to the geology of
central Vermont and Mew Hampshire: Bull, geol. Soc. Am,, 84,

a9-3 38,

BICKLE, M. I, and COWARD, M. P., 1977, A major thrust in
the southern Damar belt, Namibia: 20th A. Rep, Res, Inst.
Afr. Geol.,, Univ. Leeds, 8-13,

BIRD, P., TOKSOZ, M. N, and SLEEP, N. H., 1975, Thermal
and mechanical models of continent-continent convergence
zones; J, peophys, Res,, 80, 4 405-4 416,

BLAINE, J. L., 1977. Tectonic evolution of the Waldau Ridpe
structure and the Okahandja Lineament in part of the central
Damara Orogen, west of Okahandja, Scuth West Adfrica;
zﬂrlggChnmbcr Min, Precambr. Res. Unit., Univ. Cape Town,

.99 p.

CARMICHAEL, D. M., 1970, Intersecting isograds in the Whet-
stone Lake area, Ontario: 1. Petrol., /1, 147-181.

CARMICHAEL, 1. 5. E,, TURNER, F. 1., and VERHOOGEN,
%}:g 1974, Igneous Petrology: McGraw-Hill Inc., New York,

.

CHATTERIJEE, N, D., 1972, The upper stability limit of the
assemblage paragonite+quartz and s natural occurrences:
Contr. Mineral. Petrol., 34, 288-303.

CLIFFORD, T. M., 1967, The Damaran cpisode in the u
Proterozoic=lower Paleoroic structural history of Sout
Africa: Sﬁc. Paper, Genl. Soc. Am,, 92, 100 p.

CURRIE, K. L., 1971. The reaction 3 cordierite=2 garnet+4
sillimanite-+ 5 quartz as a geological thermometer in the Opinicon
Lake region, Ontario: Contr, Mineral. Petrol., 33, 215-226.

CURRIE, K. L., 1974. A note on the calibration of the garnet—
cordierite geothermometer and peobarometer: Contr. Mineral,
Petrol., 44, 3544,

DE SITTER, L. L\, 1958, Boudins and parasitic folds in relation
to cleavage and folding: Geologie Mijnb., 20, 277-286.

layered intrusion, north of Mauchas, South West Africa, the
surrounding granites and repeated folding in the Damara Sys-
tem: I).Sc. thesis, Univ. Pretoria (unpubl.), 203 p.

DIETERICH, J. H., 196%. Origin of cleavage in folded rocks:
Am. J. Sci., 267, 155-168. )
DIETERICH, 1. H., 1970, Computer :1p¢_ri.lﬂm1.l5 on mechanics
of finite amplitude folds: Can. 1. Earth 5ci., 7, 467476, _
DIETZ, R. 5., and HOLDEMN, 1. C., 1966, Miogeoclines (mio-
cosynclines) in space and time: J. Geol,, 74, 566-583, g
l)lsk()hl, J. M., 1975, Finite strain and progressive deformation in

models of diapire structures: Tectonophysics, 28, 89-124.

ERNST, W. G., 1974, Metamorphism and ancient continental
margins fn The Jeclogy of Continental Margins (Ed. C. A,
Burke and C. L. Drake): Springer Verlag, Berlin, 907-919.

ESKOLA, P. E,, 1948, The problem of mantled gneiss domes: Q.
Il geol. Soe., Lond., T04, 461476 .

ETHERIDGE, M. A., and HOBBS, B. E., 1974, Chemical and
deformational controls on recrystallization of mica: Contr.
Mineral. Petrol, 43, 111-124, o o

FAUPEL, 1., 1973, Geological and mineralogical investigation of
the Donkerhoek-Granite, Karibib-District, South West Africa
(Pzreliam!inary Report); Mewes Jb. Miner, Geol. Paliont. Mh.,
J&r-341.

FERGUSON, C. C, and HARTE, B., 1975. Textural pattern at
porphyroblast margins and their use in determining the time of
deformation and crystallization: Geol. Mag., 112, 467-480.

FERRY, J. M., 1976, Metamorphism of calcarcous sediments in
the Waterville-Vassalboro area south-central Maine: Mineral
reactions and graphical analysis: Am. 1. Sci., 276, 841-882.

FERRY, J. M. and SPEAR, F. 5., 1977. Experimental calibration
of the partitioning of Fe and Mg between biotite and garnet:
Carnegie Instn, Wash, Yb,, 78, 579-581, :

FLETCHER, R. C., 1972, Application of a mathematical model
to the emplacement of mantled gneiss domes: Am. J. Sci, 272,
197-216.

FLEUTY, M. 1., 1964, The description of folds: Geol. Assoc.
Proe., 75, 461-492. e .
FRENCH, B. M., 1966. Some geological implications of equili-
brium between graphite and a C-H-O gas phase at high temperi-

tures and pressures: Rev, Geophysics, 4, 223-283.

FROESE, E., and GASFARINI, E., 1975, Metamorphic Zones in
the Snow Lake area, Manitoba: Can. Miner., 13, 162-167,

FYFE, W, §,, PRICE, N. I, and THOMPSON, A. B, 1978, Fluids
in the Earth's Crust: Elsevier, Amsterdam, 383 p.

GANGULY, 1., 1972, Staurolite stability and related parageneses:
Theory, experiments and application: 1. Petrol., 13, 335-365.
GHENT, E. D., 1975, Temperature, pressure, and mixed-volatile
equilibria attending metamorphism of staurolite-kyanite-bearin
assemblages, Esplanade Range, British Columbia: Bull. geol.

Soc. Am., 86, | 654-1 660,

92



GHENT, E. D., 1976 Plagioclase-garnet-Al Si0-quartz: a
tential geobarometer-geothermometer. Am. Miner., 61, TI0-
14,

GHENT, E. D, 1978, Applications of activitv-composition rela-
tions (o displacement of a solid-solid equihbrium, anorthite =
grossular -+ kvanite-+-guartz in Short Course in Application of
Thermodynamics to Petrology and Ore Deposits (Ed, H. 1.
Greenwood): Mineral. Assoc, Canada, 99108,

GREENWOOD, H. L, 1975, Buffering of pore fluid by metamor-
phic reactions: Am. J. Sci., 275, 573-593,

GUIDOTTI, C. V., CHENEY, J. T., and CONATORE, P. D.,
1975, Coexisting cordierite - biotite+chlorite from the Rum-
ford guadrangle, Maine: Geology, 3, 147-148,

HAACK, U., 1976, Rekonstruktion der Abkithlungsgeschichte des
Damara-Orogens in Siidwest-Afrika mit Hilfe von Spaltspuren-
Altern; Geol. Rundschauw, 65, 967-1 002,

HAACK, U, 1977, Radiometrische Untersuchungen in Damara-
Gebiet: Ber. Sonder Forsch Bers 48, Georg-August. Univ,
Gattingen, 182-186,

HAACK, U, and HOFFER, E., 1976. K/Ar ages of biotites from
the Damara-Orogen, South West Africa: Trans. geol. Soc 5.
Afr., 7% (2), 213=216,

HALBICH, L. W., 1977. Structure and tectonics along the southern
margin of the Damara mobile belt, South West Africa: Annale
Univ. Stellenbosch, Serie Al (Geol.), 2, 149-247.

HARIYA, Y., and KENNEDY, G. C., 1968. Equilibrium study of
anorthite under high pressure dand high temperature; Am. J.
Sci., 206, 193-203, ;

HARTE, B., 1975, Determination of a pelite petrogenetic grid for
the Eastern Scottish Dalradian: Carnegie Instn, Wash. Yh.,
74, 438-446,

HARTNADY, C. ], 1977. On the tectonic zonation of the Damara
orogenic belt and the Khomas ridge provinee: Rep. Precambr.
Res, Unit, Univ, Cape Town (unpubl.).

HAWKESWORTH, C. J., MILLER, R, McG., and RODDICK,
1. C., {in prep.) Geochronology in the Damarides, South West
Africa.

HAYS, 1. F., 1967, Lime-alomina-silica: Carnegie Insin, Wash.
Yh,, 65, 234-230,

HEMSEN, B. 1., 1977. Cordierite-garnet-bearing assemblages as
geothermometers and barometers in granulite facies terraines:
Tectonophysics, 43, T3-88,

HEWITT, D. A., 1975, Stability of the assemblage phlogopite-
calcite-quartz: Am., Miner., 60, 191-397,

HIGGINS, M. W., 1971, Cataclastic Recks: Prof. Pap. U.S. geol,
Survey, 687, 97 p.

HOBBS, B. E, MEANS, W, D., and WILLIAMS, P. F., 1976. An
Qutline of Structural Geology: Wiley Interscience, New York,
571 p.

HOFFER, E., 1975, Die zeitliche Beriehung zwischen Tektogenese
und Metamorphose: Ein Beitrag zur Rekonstruktion der ther-
mischen Geschichte des Damara-Orogens: Ber. Sonder Forsch
Bers 48, Georg-August-Univ. Géttingen, 170-183,

HOFFER, E., 1976. The reaction sillimanite |- bictite - quartz =
cordicrite+K-feldspar+ HyO and partial melting in the system
K,0-FeO-MgO-A1,0,-8i0,-H,0: Contrib, Mineral. Petrol,,
535, 127-130,

HOFFMANN, C, 1976, Granites and migmatites of the Damara
belt, South West Africa. Petrography and melting experiments:
Geol. Rundschau, 65, 939-966,

HOFFMANN, C., 1976a. Natural granitic rocks and the granitic
systems Qz-Or-Ab-An-(H.0) and Qz-Ab-An-{H,0): Neues Ib.
Mineral. Mh., 1976 (7), 289306,

HOFFMANN, P, DEWEY, F. F, and BURKE, K. 1974,
Aulzcogens and their genetic relation 1o geosynclines, with =
Proterozoic example from Great Slave Lake, Canada in Modern
and Ancient Geosynclinal Sedimentation (Ed. R. H. Dot and
R. H. Shaver): Spec. Publ., Soc. econ, Palaeont. Min,, 19, 38-55,

HOLDAWAY, M. J.,, 1971 Stability of andalusite and the alu-
minium silicate phase diagram: Am. J. Sci.. 277, 91-131,

HOLDAWAY, M. 1., 1972. Thermal stability of Al-Fe epidote as
a function of fo, and Fe content: Contr. Mineral, Petrol., 37,
307-340.

HOLDAWAY, M, J. and LEE, §. M., 1977 Fe-Mg cordierite
stability in high-grade pelitic rocks based on experimental,
tlh;frlcé;:al. and natural observations: Contr, Mineral. Petrol,, 63,

HOSCHEK, G., 1969. The stability of staurolite and chloritoid
and their significance in metamorphism of pelitic rocks: Conir,
Mineral. Petrol,, 22, 208-232,

HUDLESTON, P. J., 1973, Fold morphology and some geometri-
cal imlf.utinns of theories of fald development : Tectonophysics,
I, .

HUDLESTON, P. 1, 1973a. An analysis of “single layer™ folds
?Efﬂrd experimentally in viscous media: Tectonophysics, 165,

HUDLESTON, P, J, 1977, Similar folds, recumbent folds, and
gravity tectonics in ice and rock: J. jeol, &5, 113-122,

93

HUDLESTON, P. J. and STEPHANSSON, Q. 1973, Layer
shortening and fold-shape development in the buckling of single
Inyers: Tectonophysics, /7, 200-321.

HUTCHEON, L., FROESE, E., and GORDON, T. M., 1974, The
assemblage quarnz-sillimanite-garnet-cordierite as an indicator
of metamorphic conditions in the Daly Bay Complex, N, W.T.:
Contr. Mineral, Petrol,, 44, 29-34,

JACOB, R. E,, 1974, Geology and metamorphic petrology of part
of the Damara Oro along the Lower Swakop River, South
West Africa: Bull. Chamber Min. Precambr, Res, Linit, Univ.
Cape Town, I7, 201 p.

JOHNSON, L. R, and WENK, H. R., 1974, Anisotropy of
%hy;‘alml properties in metamorphic rocks: Tectonophysics, 23,

KOJIMA, G, and SUZUKI, T., 1958. Rock structure and quartz
fabric in a thrusting shear zone: the Kivomizu Tectonic Zone in
Shikoku, Japan: J. Sci. Hiroshima Univ.. Series C, 2 173-193.

KRONER, A., 1977. Precambrian mobile belis of southern and
eastern Africa—ancient sutures or sites of ensialic mobility? A
case for crustal evolution towards plate tectonics: Tectonaphy-
sics, 40, 101-135,

KRONER, A., HALPERN, M. CLAUER, M., HAWKES-

WORTH, C. ). and JACOB, R. E,, (in prep.). Timing of poly-
metamorphism and deformation in the Pan African Damara
belt of MNamibia (South West Africa) as deduced from new
Rb-5r chronological data,

KRONER, A., and HAWKESWORTH, C. 1, 1977. Late pan-
African emplacement ages for Rissing alaskitic granite {Damara
belt) and Rooi Lepel bostonite (Gariep belt) in Namibia and their
significance for the timing of metamorphic evenis: 20th A, Rep.
Res. Inst. Afr, Geol., Univ. Leeds, 14-17.

LOCMIS, T. P., 1976. Irreversible reactions in high-grade meta-
maorphic rocks: J. Petrol., 17, 559588,

MALLING, 8., 1978, Microprobe and XRD studies of Damaran
metamorphosed rocks at the southern margin of the Damara
Orogenic Belt, Windhoek District, South West Africa: Rep.
CSIR (unpubl.).

MARTIM, H., and PORADA, H., 1977. The intracratonic branch
of the Damara Orogen in South West Africa: I Discussion of
geodynamic models: Precambr, Res., 5, 311-138,

MEHNERT, K. R, 1968, Migmatites and the Origin of Granitic
Rocks: Elsevier, Amsterdam, 393 p.

MILLER, R, McG., 1973 The Salem Granite Suite, South West
Africa: penesis by partial melting of the Khomas schist: Mem.

1. Surv. 5. Afr., 64, 97 p.

MITCHELL, A. H, and READING, H. G., 1971, Evolution of
island arcs: J. Geol., 79, 253-284,

MIYASHIRO, A., 1973, Paired and unpaired metamorphic belts:
Tectonophysics, 17, 241-254.

MIYASHIRO, A., 1973a. Metamorphism and Metamorphic Belts:
George Allen and Unwin, London, 492 p,

MOLNAR, P, and GRAY, D, 1979, Subduction of continental
;‘ngmzphere Some constraints and uncertainties: Geology, 7,

62,

NAYLOR, R. 8, 1968, Origin and regional relationships of the
core-rocks of the Oliverian Domes in Study of Appalachian
geology: Northern and Maritime (Ed. E-An, Zen, W. 5. White,
and I. B. Hadley): Wiley Interscience, New York, 231-240,

OHMOTO, H., and KERRICK, D., 1977, Devolitization equili-
bria in graphitic systems: Am. J. Sei., 277, 1 0131 044,

ORVILLE, P. M., 1972, Plagioclase cation exchange cguilihrlﬁ with
aqueous chloride solution: Results at 700 °C and 2 000 bars in
the presence of quartz: Am, ), Sci., 272, 234-272,

ORVILLE, P, M., 1975. Stability of scapolite in the system Ab-An-
NaCl-CaC0, at 4 kb and 750 "C: Geochim. cosmochim. Acta,,
39, 10911 108,

PARRISH, D, K., KRIVZ, A, L., and CARTER, N. L., 1974,
anil.g;;]tmcm folds of similar geometry: Tectonophysics, 32,
183=207.

FITCHER, W, 5., and READ, H, H., 1960, The aureole of the
Main Donegal granite: Q. J geol. Soc, Lond., 116, 1-36.

PORADA, H, and WITTIG, R., 1975, Zur Tektonik des Sid-
lichen Damara-Belts: Ber. Sonder Forsch Bers 48, Georg-
August. Univ.-Gittingen, 51-70,

RAMBERG, H., 1967. Gravity, Deformation and the Earth's
Crust, as studied by Centrifuge Models: Academic Press, New
York, 214 p.

RAMBERG, H., 1968, Fluid dynamics of layered systems in the
field of gravity. A theoretical basis for certain global structures
and isostatic adjustment; Phys, Earth Planet. Interiors, [, 63-87,

RAMBERG, H., 1968a. Instability of layered systems in the field
of gravity 1: Phys. Earth Planet. Interiors, [, 427-447.

RAMBERG, H., 1968b. Instability of layered systems in the field
of gravity 1I: Phys. Earth Planet. Interiors, [, 448—474.

RAMBERG, H.. 1973, Model Studies of gravity controlled tec-
tonics by the centrifuge technique én Gravity on Tectonics (Ed.
K. .ﬁ.é de Jong, and R. Scholten): Wiley Interscience, New York,



RAMSAY, J. G., 1962, The geometry and mechanics of formation
of “similar” type folds: J. Geol., 70, 3089-327.

RAMSAY, J. G., 19:7, Folding and Fracturing of Rocks : McGraw-
Hill, New York, 568 p. o
RAMSAY, 1. G, and GRAHAM, R. H., 1970, Strain variation in

shear belts: Can. J, Earth, Sei, 7, T86-813, . .

RAST, M., 1958 Metamorphic history of the Schichallion Com-
plex: Trans. R. Soc. Edinb., 63, 413431, )

RAST, M., 1969, Orogenic belts and their parts in Time and Place
in Orogeny (Ed. P. E. Kent, ef of.}: Geol. Scc. Lond., 197-214,

RICE, J. M., 1977, Progressive metamorphism of impure dolomitic
limestone in the Marysville aureole, Montana: Am., J. Sci,
277 1-24.

RICHARDSOM, 5. W., 1968, Staurolite stability in a part of the
gystemn Fe-Al-Si-0-H: 1. Petrol., 9, 467-488.

RICHARDSOMN, 5. W.. GILBERT, M. C., and BELL, P. M.,
1969, Experimental determination of kyanite-andalusite and
andalusite-sillimanite equilibria: The aluminium silicate triple
point: Am. . Sci., 267, 250-272,

SAWYER, E. W., 1979, The geology of an area south-cast of
Walvis Bay: Lithology and field relationships: Rep. geol, Surv,
S.W. Afr. {unpubl.). W

SCHMID, R., and WOOD, B, J,, 1976. Phase relationships. in

anulitic metapelites from the Ivrea-Yerbano Zone (Nonthern
taly): Contr. Mineral, Petrol., 54, 255-279, :

SCHWERDTNER, W. M., 1973, A scale problem in palaco-
strain analysis: Tectonophysics, f6, 47-534. . .

SEIFERT, F., 1970. Low-temperature compatibility relations of
cordierite in haplopelites of the system K 0-MgO-Al.0,-
5i0,-H,0: 1. Petrol., 11, 73-99, .

SEIFERT, F., 1976. Stability of the assemblage cordierite+K-
feldspar--quartz: Contr. Mineral. Petrol., 57, 179-185.

SEIFERT, F.. and SCHREYER, W., 1970, Lower temperafure
stability limit of Mg cordierite in the range 1-7 kb water pres-
sure: A redetermination: Contr. Mineral. Petrol., 27, 225-238,

SIBSOM, R. H., 1977. Fault rocks and fault mechanisms: J.
geol. Soc, Lond,, 133, 191-214.

SLAUGHTER, J., KERRICK, D. M., and WALL, V. I, 1975.
Experimental and thermodynamic study of equilibria in the
systern CaO-MpO-5i0,-H,0-COy: Am, 1. Sci, 275, 143-162.

SMITH, [ A. M., 1965. The geology of the area around the Khan
and Swakop Rivers in South West Africa: Mem. geol, Surv,
5. Afr, 7 (5.W. A, series), 113 p.

SOUTH AFRICAN COMMITTEE FOR STRATIGRAPHY,
1976, Draft proposals for nomenclature of the Damara Super-
group and associated granites (unpubl, ).

SOUTH AFRICAN COMMITTEE FOR STRATIGRAPHY
1978 (in prep.). Stratigraphic sub-divisions: Geol. Surv. 85 Afr.

SPRY, A., 1969, Metamorphic Textures; Pergamon Press, Oxford,
350 p.

SUTEgN, J,, 1969, Rates of change within orogenic belts in
Time and Place in Orogeny, (Ed, P. E. Kent, er af.): Geol. Soc.
Lond., 239-250. )

THOMPSON, A. B, 1974, Calculation of muscovite-pa nite-
a!rk:ia_ligic!dspar phase relations: Contr. Mineral. Petrol., 44,
1 194,

THOMPSON, A. B, 1975, Cale-silicate diffusion zones between
marble and pelitic schist: 1. Petrol., 16, 314-346. )
THOMPSOMN, A, B., 1975a. Mincral reactions in a cale-mica
schist from Gassetts, Vermont, U.S.A.; Contr. Mineral. Petrol.,

53, 105-127.

THOMPSON, A, B., 1976. Mineral reactions in pelitic rqc.ks: I

pn.;d:icii;:rn of P-T-X{Fe-Mg) phase relations; Am. J. Sci., 274,
-4

44 ;

THOMPSOM, A. B., 19762, Mineral reactions in pelitic rocks: 11
calculation of some P-T-X(Fe-Mg) phase refations: Am. J.
Sei., 276, 425-454.

THOMPSON, J. B, ROBINSON, P, CLIFFORD, T. M., and
TRASK, M. 1, 1968. Mappes and gneiss domes in west-central
Mew England in Study of Appalachian Geology: Northern and
Maritime, (Ed. E-An Zen e al): Wiley Interscience, New
York, 203-218.

TOKSOZ, M. N, and BIRD, P., 1977. Modelling of temperatures
in continentzl convergence zones: Tectonophysics, 4/, 181-193,

TRACY, R J, RORINSON, P. and THOMPSON, A. B., 1976.
CGiarnet composition and zoning in the determination of tempera-
ture and pressure of metamorphism, central Massachusetts: Am.
Miner., &1, T62-T75,

TURCOTTE, D, L., and OXBURGH, E. R, 1972. Mantle
convection and the new global tectonics: Ann. Rev. Fluid
Mech., 4, 33-68.

TURNER, F. L, and WEISS, L. E., 1963. Structural Analysis of
Metamorphic Tectonites: MceGraw-Hill, New York, 545 p.

VELDE, B., 1967, 5i** content of natural phengites: Contr. Mineral,
Petrol,, /4, 250-258

VERNON, R. H., 1974. Controls of mylonitic compositional
layering during non-cataclastic ductile deformation ; Geol. Mag.,
11, 121=-123:

VERNOMN, R. H., 1976, Metamorphic Processes, Reactions and
Microstructiure Development: George Allen and Unwin, Lon-
don, 247 p.

VERNOMN, R. H., 1977. Relationships between microstructures
and metamorphic assemblages; Tectonophysics, 39, 439-452,
YERNON, R. H. and FLOOD, R. H., 1977. Interpretation of
metamorphic  assembla containing  fibrolite  sillimanite;

Contr, Mineral, Petrol., 59, 227-235,

VIDALE, R. ). and HEWITT, D. A., 1973, “Mobile” companents
in the formation of calc-silicate bands: Am, Miner., 38, 991-997,

WATERS, D. 1., 1976, Structural, metamorphic and geochrono-
logical studies in the south-cast Tavern: Ph.D. thesis, Univ,
Oxford (unpubl, ),

WEISBROD, A., 1968 Détermination rapide des wvariations
reactionnelles d'entropie et d'enthalpie 4 partir des courbes
expérimentales d'équilibre trace rapide des courbes théoreques
d*égquilibre: Bull. Soc. fr. Minér, Cristallogr,, 9/, 444453,

WEISBROD, A., 1973, Refinements of the equilibrium conditions
of the reaction Fe cordierite=almandine 4 quartz -|sillimanite
(+H40): Carnegie Instn, Wash, Yh,, 72, 518-321.

WEISBROD, A, 1973a. The problemi of water in cordierite:
Carnegie Instn, Wash. Yb., 72, 321-523.

WELLS, P. R, A, 1976. Late Archean matamorphism in the Buk-
sefjorden region southwest Greenland: Conir, Mineral, Petrol.,
56, 219-242,

WHITNEY, J. A, JONES, L. M. and WALKER, R. L., 1974
Age and origin of the Stone Mountain Granite, Lithonia district,
Georgia: Bull, geol. Soc. Am.,, 87, 1 067-1 077,

WHITTEN, E. H. T., 1966, Structural Geology of Folded Rocks:
Rand McNally, Chicago, 678 p.

WILLIAMS, P. F., 1972, Development of metamorphic lavering
and cleavage in low-grade metamoerphic rocks at Bermagui,
Australia: Am. J. Sci., 272, 147,

WILLIAMS, P. F., 1977. Foliation: A review and discussion:
Tectonophysics, 39, 305-328,

WINKLER, H. G. F., 1976, Petrogenesis of Metamorphic Rocks:
Springer-Verlag, New York, 334 p.

WINTSCH, R. P, 1975, Solid-fluid equilibria in the system
KA 15i,0,-NaAlSi,0-A1 Si0,-810,-H,0-HCL : J. Petrol,, I8,
57-79,

WOOD, B. J. and FRASER, D, G.. 1976, Elementary Thermo-
dynamics for Geologists: Oxford Univ. Press, Oxford, 303 p,
ZEM, E-An., 1963. Components, phases, and criteria of chemical

equilibrium in rocks: Am. J. Sci., 267, 929-942,

94



