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The Late Proterozoic Damara Orogen (350u4f0 nw;- in Namibia forms
part of the Pan-African mobila belt syhtem which ‘dispects
-southern Africa. The Khomaﬁ Trough in  the inland branch wf the

" oxogan ¢amprixés thick multiply deformed matagreywackes and

'pelitns qt the Kniaab Formation. Minor lithologies ara graphite_
» a?hi‘ta' ﬁalc—siliaates and sanpal;ta schists.  The Matchlass
| .Amphibeiita.mucars structurally emplaced within the 'saquenaa and
_['cﬁntéins 'thbiaiitia;. midwousan ridge type metavolcanin rocks,
in¢1uding pillow lave: and ! brgbcias,f as wall as ultramafic
litholcgiau and mntagabbra:c 1&Lsas.- Pelagic graphite. schists,'
pelitic achistu and A marhle unit are internalated ‘within the
_ m&tahatia rocks. 0rig1na1 ‘sedimentary structuraa, - turbidite
- facies, the vertical taaian distribution of progradational and_

. retrogradational ayclus; and the lateral extent of nmajor sadi~

mentary units indicate that psammitiﬁ parts of  the sadimantgry
protalithn have baen depasited as turbidxtaa gh an elongate
submarirs. fan. Geochemical signatures suggest that an active
'contincntnl maxqin source to the north-sast of the present~day
Khomas Trough supplied tha vast amounts of clastia sedinent.. The |
regional structural pattern is characterized hy five phases of
dcformation -witﬁ folds verging consistently to the south-gast.
ﬁhn.mtruu;urﬁl regime is markedly heterogensdus and is asscoiated
~with thrusting which developed elongate thrust slices traceable
laterally jor at least 150 kilometres. Metamorphic index minerals
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- indicate lower t6 upper amphibolité facies conditions but partial
melting occurred in some areas 'algng.the northern margin of the

‘Khomas Trough., -

” These ﬁqﬁturas are.axplaiaea in #‘tectonq*sedimantary nodel which
- involvas the evaiuiion of a Late Proterozeic accretionary prism,
here named the Fhomas Hochland aceretibnary' prism, within a
'cqpvargant continantal margin-seéting. Rift initiation took place
along old taatgnib ﬁaaknqps zones between the Congo and Kalahazi
‘Cratons. This vas fdllqéhd by the formation of oceanis crust in
| tha'Khdﬁas Sea which was an appreciably sized oceanic basin with
a width of hundreds of'kilometres minimum. Subsequent convergence
and horthewest directed subduction of oceanic crust beneath the
Congo - Craton pféducea an  oceanic trench which coﬂtained the
ﬁnstward-prograding elongate submarine fan. Pelagice sedimentation
»oﬁdur:ed contemporanecusly within the basin., Basalts including a
high proportion of. pillaw lavas and associated massive sulphide
oréd) depositi f@rﬁﬂd at the mid-ocean ridge. The acéretianary
 prism evolved through the offscraping of the trench sediments
together with some pelagies f£rom the oceanic plate and the
accret;on aqainst the Congo cratonic margin. Early Folding and
thrusting occurred within the prism during this accrationar?
stage. Continental collision of the Congo and Kalahari Cratons
resulted in the formation of a northerly steepening thrust pile

with an overall imbricate fan geometry. ‘Subsequent phases of

conpressional deformation involved initially south-eastward
© directed thrusting and folding which was followed at a late stage
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by right-lateral strike-slip dislocation along the oOkahandja
Lineament. Tha Matchless ﬂhﬁphibqlite 'ias. most probably bsen

'emplacad &uring the obduction of the accretionary priss bntn the
"_ﬁglaﬁari_Craton; “Thermal felaxation aubﬂequént.td subduction led

to a proloengnd amphihalite facias regional metamérphism with tnn'
- peak occurring late  in the defurmatlanal hist@ry. Heteroganeous_ -

gentherma* gradients in the Khamas Trough are interpreted to be
 due to differential uplift. The gaat—tectanic Donkerhaak Granite

'1ntrudad alonq tha Oknhandja Lineument which ie lntarpretad to;'

'represent thé farmer backstcp of the acmretiunary prism.

Lithologies, structural atyles, time sequence of avents and the
size of the Khomas Hochland accretionary prism may be compared
with the Palssozoic Southern Uplands acoretionary prism of Scot-

%and, i@ Cretaceous Chugach tarrain' in aAlaska and the Shumagin-y

“region of the modern Aleutian Trench. Several aspects auch as the
inferred wi&th of the Khomas Sea, the scarcity of arc mugmaticq
to the north, the lack of recognition of fore-arc basin deposits,
early compressional stresses, extensive sediment loading, and the

intar&alatign of metabasalts, turhiditeg,_pelagica and masgive

sulphide deposits all point to the shallow subduction of young,
~ buoyant and hot oceanic crust. A comparison to the southern Peru.

- Chile Trench may be drawn.
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1. INTRODUCTION

1.1 Preamble

Geoscientific investigations Iin Precambrian orogenic belts are

. seriously hampered by penetrative deformation, metamorphic

recrystallization and the lack of biostratigraphic control. In
metasédimentary sequences this may result in the obliteration of
delicate sedimentary strucﬁures which are essential for palaecen~
vironmental interpretations. Consequently, sedimentary facies
analysislilwhich provides together with structure and othex
geosciei ¢%ic approaches one of the most important tools in
looking into ﬁhe evolution of thesa orogenic belts, has not been

undertaken in many Precambrian orogens.

The DanmAra Orogen is one of the best preserved Ilate Proterozoic
orogenic belts worldwide and therefore crucial for the under-
standing of later Precambrian tectonics. Nevertheless, palaecen~
vironmental shkuadies in this balt and especially in the important
southern part have so0 far mainiy concentrated on stratigraphic
aspects. In this respect the Damara Orogen is no different from
other Precambrian belts. In acknowledging this problem this study
introduces a aédimentary.facies analysis to this area and to~
gether with results cbtained from other genécientific disciplines
~attempts a multidisciplinary approach to provide an insight into
the evolution of the orogen as a whole.
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1.2 ILgcation

Rocks assigned to the Late Proterozoic Damara Sequence in Namibia

are exposed within a NNW-trending coastal branch and a NE-tren-

‘ding inland branch (Fig. 1.1). The XKhomas Trough of the southern

inland branch éxtends from the Namib desert in the south-west to
the Ralahari desert in the north-east. Figure 1.1 shows important
geagraphical features including the Xhomas Hochland. The Late

Proterozoic Damaran rocks are well exposed at the western snd of

the Khomas Hochland which represents the immediate interior of
the Yereat Escarpment"™ originating from erosional processes
(Ward, 1. 37) assaciated witk the Cretadeoua breakup of Gondwana-
land. This area consequently provides good surface exposurs
whereas the cuterop situation deteriorates rapidly towards the
east beaecause of the undissected flat erosional topography
associated with the Cretaceous Kaiahari basin (Fig. 1.1).

The main study area is a north-south trending traverse near the
Great Escarpment about 120 kilometres west of Windhoek (Figs. 1.1
and 1.2). Access to the outcrops is via auxiliary gravel far.

roads or py foot from the nearest farm road.
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Fig. 1.1: Location of the study area in the inland branch of the .
Damara Orogen in Namibila. % -
1.3 objectives of study
The Late Proterozoic Khomas Treough comprises metasedimentary and ja
metabasic rocks of the Ruiseb Formation and its evolution plays ? o

.an  important role in our understanding of the Damara orogenic

belt as a whole. The present study attempts to characterize the
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metasedimentary and metabasic rocks encountered by means of
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5edim§ntolngidai, strﬁctuzal,. petrographical, mineralogical and
geochemjical methods. This leads to the modelling of the yeo-

tectonic evolution of the Rhomas Trough with partlcular focus on

the sedimentary palaecenvironments and the structural evolution

‘of this area during the Pan-African orogeny in Namibia.

'1.4.2xg£ign§_$§ﬁk'

Pioneering publications on the geology of the Khomas Trough are
those of Gevers (1963) and Martin (1965). Lithostratigraphic

| agpecte of the Kuiseb Formation in the Khomas Trough have been

catalogued by the Ssuth African Committee for Stratigraphy (SACS,
i980), Miller (1983b) and by Hoffmann (19%83). Structural studies

in parts of the eastern Xhomas Trough were undertaken by Gevers

(1962), smith (1965), Halbich (1970, 1977), Porada and Wittig

(1975), Rasch (1975, 1983c) and Blaine (1977). Miller (1979),
Sawyer (1281, 1883) and Préussinger {1887, 19990) studied the

‘structural geology of selacted areas in the western Khomas Trough

and in Ehe'vicinity of the Okahundja -Lineament. No detailed

facies analysis of the FKuiseb Formation has been undertaken in

' this part of the southern Damara Orogen prior to this study
although praserved sedimentary features (e.g. graded bedding)
‘have been reported from limited areas by Miller (1979), Downing

{1983) and Praussinqer et al. (1987). Initial studies on the
thermai evoiution of the Damara Orogen as a whole have been
undertaken by Hoffer (1977, 1983), Behr et al. (1983) and
Hartmann et al. (1983). Sawyer (1981), Kasch (1983b, 1987) and
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Preussinger (1990) studied the metamorphism of certain areas in
tha - western and eastern Rhomas Trough. Geochemical studier of
metasediments and amphibolites bave been undertaken by Miller et
al. (1983), Schneider (1983), Schmidt and Wedepohl (19827,
Breitkopf and Maiden (1987) and Phillips et al. (198%). The
nature of the massive sulphidé deposits asseociated with the
Matchless Member of the Kuiseb Tormation has been studied by
Killick (1983), Klemd et al. (1987, 198%), Breitkopf and Maiden
(1988), Preussingexr (1990} and Klemd and Okrusch (19%0). Little
geaochronoclogical work has been underﬁaken and Ehis has mainly

. concentrated on the post-tecténic Donkerhoek Granite and the

Kulseb TFormation migmatites (Xréner and Hawkesworth,  1977:
Blaxland et al., 1979; KXKukla, Kramm et al., 1990; Kukla, in
prep.) as well as on some metasediments (Hawkesworth et al.,
1983; Haack, 1983; Kukla, in prep.). Kréner (1982) obtained a
Rb/Sr isochron from rocks associated with the Matchless Memhar; A
seismic line has been shot and interpreted by Green (1983) and
Baier et al., (1983) in the eastern Khomas Trough.

Gaotectonic models for the evolution of the Damara Orogen as a
whole which incorporate the Khomas Trough have been propcsed by
several authors. In summary, -the dlscussion on the gecdynamic
evolution of the inland branch has concentrated on whether or not
oc¢eanic crust has formed, to be subseguently subducted during
continental convergence. Aulacogen-related models have Leen
favoured by Martin and Porada (1977), Porada (1983) and Krdnc:
(1982); Limitad ocean models have been proposed by Miller (199 o;
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and. Bfeitkopf (1985) and major ocean medels by Blaine (1977),
Hartnady (1978), Kasch (1979, 1983a), Barnes and Sawyer (1980)

and Downing and Coward {(1981).

The main study #rea iz a 80 km long traverse along ephemeral
river valleya eﬁaap, Amsas, Koam and Davetsaub rivers) north to
south ac:aas tha%ﬁhamas Hochlgnﬁ west of Windhoek (Fiq. 1.2).
Gnly  the deeply ﬂhciﬁed river.%eds associated with the Khomas

*  Hochland Escarpmen%_ provide de:ﬁiied; autcrdp. outside these

exposure is obscured by weathering and gravel cover. In order to

trace fimpurtant - stratigraphic and structural marker horizons

' these have been mapped along strike from the Namib desert in the
vest into the Khomas Hochland further east. Important information

of large scale structures has additionally been obtained from

Landsat images and aerial photographs.

To gain further regional constraints, the field areag of Sawyer
(1981) and Preussinger (1987) in the Goreb district of the Namib
degsert as well as the Okahandja - Windhoek profile of Halbich
- {1977) have been studied for comparison.

In order to unravel the sedimentological and structural evolution

of the Kuiseb Formation, a large number of detailed profiles and
sequences were measured along the 80 km long study traverse.

Since no work on the sedimentology arnd the depositional palaeo-
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environments has been' undertaken previously, lithotypes were
mappéd and characterized, original sedimentary 'Structures wersa

dooumented and a detailed faclies analysis was ...arrzed out.
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rig. & 2: Map of the study 'trava:‘se- showing important marker
units, major aphamural rivarb and farm baundariea. -
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A 1argeinumbér of'structurai'déta were coliadtad;HThese_were pro-
'_'ceaSed together with thin section information in order to inter-
”prat the s ruatural ey, 1ution and ~ associated cumprassinhai
directiong. ' ha | e | : |

& tugal number‘nﬁ 132 samplas af matasedimants and 14 samples of.
amphiﬁq‘itms aﬁufmstaqabbroa were analysed by xrray fluoraﬁaenca :
'(XR?) '“nalysia for major and trace al@manta. A aample_o;_marbl&
‘was analysed byl pray ~diffraction (XEDY to identify calcite and
dulomita cantents. . : o : wy

M;heralogical and petraqxaphic studies were Yased on about 200

thin sactions, Salectad samples from different mstamorph;c Zones

ware gaosen for mﬁaroproba analysan which were carried out during
_ ressarch leave at the Hinq;alaqy Inﬁtitute of the Untve sity of
| Wirzburg, Germany.

with iﬂgarﬁ to the crigiq wfnthe graphite schigts and a marble
'_m'hnrizon nf tha:xuisab Farmﬁtion gavaral-ﬁamplaé,ware analysed for
 carbon.(cl3) and oxygen (018 isotope contents at the Schonland
Reéearch.eantre Tor Nuclear Sciencés at the Univhrﬁity -of the
Witwatersrand. o
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4. GEOLOGICAL SETTING

The Damara Orogen forms part of the Pan-African mobile belt
systam (01ifford,.1967; Snhackleton, 1976; Miller, 1583a; Martin,

-1983) which largely surrounds but also dissects the African

continent (?ig. 2.1}. Two strudtural types of Pan-African belts
have'been'récagﬁized:"'(1)-'belts with thermally and tectonically

'rﬁjﬁvenatéd, older Pracambrian basement suggested for the cases
. of the Zambazi and Maramhiqua Belts (Martin, 1983; Muhongo,

1990).; and (2) Tate. Praterozoic “geosyncliw es" which have passed

-_"through a stage  of subsidence and sediment accumulatxon. The
lDamara Orogen balongs to tha latter type.\ It conuists of a NNW-
. trendlng,'_lsﬂ km wi&a coastal branch - and a NeE-trending, 400 km

wlﬁe 1nland branch (Figs.;-z 1 and 2. 2). Most ¢f the geological

“__rLsearch has concentrated on: the mors eaaily accessible and wore

\ ;anmpletely preserved Lnland branch.

;;The southern extena;on of the Bﬁmara Orogen ia formed by the
' Gariep Belt. and the Malmeabury 'Belt (Fig. 2m1, Miller, 19§3b7__'

Hartnady et al., 1985) Geophysical faatﬁres suggeat“that the

inland branch axtends further tﬁ the east 1nto the Katanga and |
_,zamb33¢ Belts.(Reeves, 1978._ Haxtnady et al?, 1985) to form a

triple junction with the Mozambigue Belt ln' eastern Africa (Fig.
2.1). It has been suggestéd thét the western limit oflthe_naﬁara

-Orogen lis rapresentéd by +the Ribeiia Orogen of Brazil (Pe. ada,
‘1979) but regmcnal ‘and geochronalogical constraints also indicate

that the nore southerly Dom Fe1iciana ‘Belt - may: be regarded ae
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Damara équi'\ialant {Cordani et .1., 1990).
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Fig. 2.1: Panw&fric:g:fﬂoroqenic “halts and terranes
rejuvenation (modified from Porada, 1983).
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The Damara.Orcqen'has bean aub&ivided inﬁo several tectono~stra-

'tigrhphic'zpnasfﬁainly.on the basis of stratigraphy, structure,
matamafﬁhiq grade,._magmatic"rbaké andlradiomﬁtric- aga (Miller,
1983a). These are from north to south (Fig. 2.2, the Kasoko Zome
(KZ) (in the coastal . branch), the Northern Platform (89,

e ;:Northarn Zone {NZ), Central Zone {CZ), Okahandja Lineament Zone
(QLZ) v Southern Zan& (‘ézi ,'_ Southern Margin Zone (SMZ)} and-

gouthern ?oraland {SF} . in the inland branch. The OLZ and 82 are
tugathar often referrad to as the Khomas Trough (e.g. Martin,

. 1565; Martin and Porada, 1977), a terminology which is also used

in this study. Zan baundarmés ara in most cases majar thrusts,
faulte and 1ineamenta ag indicated in Fignra z 2.° '

T

Thaﬂpri-namhfg bagement /is 1@fqé;y granitic and is exposed to the
north and solth of the orogen 'aQF well.as in several inliers in
“the centre (Fig.: 2.2). Radiometria ages are vary variable, how-
aver, showing the oldest ages in the order of 2000 Ma in the
Central %one (1955+/~20 Ma represanting U~-Ph ﬂtxcon.dates hy Brie
gueu et al., 1980) and the Youngest aées ih tha'arder-cf';ooo Ha
in the southern part of the“orogan'tgﬁlf/-za Ma. representing a
Rh/sr whole rock date of Esguevin and Menendez, 1975 in tha
aastern Khomas Trough: 1049+f-zs Ma Rhfﬁr whola rock data of
. Pfurr at al., 1990 in the Southern ﬁargin Znne)
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2.2 Strati hy of the

"I'ﬁe ‘sﬂatf‘graj;hy in -‘t:he- i-nlan&_'branch shows a marked asymmetrical
: arrangement of rock types. This. is indicated in Table 2.1 which

; ahows subdlviamna. and co;:relai:ions as suggested by the South
P ' 'J.'ahle 2 1: Ln.thostratigraphy of the Damara Sequance (from Mart...,
'} - 1983 based on SACS, 1980)
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" Afriean committee for Stratigraphy (SACS, 1980). Most impurtant

in interprﬁting the Damara Sequence is the occurrence of a number

of urcnnformitias whlch defina several unacnformity~hound gequen—

cep within the atratigraphic column {Tahla 3 1).

The earliest_sedinsnts and ﬁolcanid roqké of thae Damara Sequence :

‘belony to the Nosib Group (Table 2.1) which discordantly overlies

pre-samafu basement. The Nosib Group comprises a wide apectrum_af

ﬁain1y3 fluviatile deposits and'alkalic ta' acid wvolcanic rocks.

~ Thick and widespread rhyolitaa of the Nasuwpoort Formation in the

Northiérn Zona are considered to represent a time marker for the

. early avalution, i.e. rifting, of the orogen (Millex, 1983b) at

750+/-65 Ma (U~Pb zircon ages, Miller and Burge;; 1983). The ini=~
tiation of rifting is'considered by Miller (1983b) to pre~date

the Oas Syenite which intruded Nasib sediments at B840+/~12 Ma

(Rb-8r whole rock age, Kr&ner, 1982) Tha'sequencéé of the Nosib
Group show rapid changes in rock types and depgsitiﬁnal facies

within and across tectuna*stratigrﬁphid_zones {(Table 2;1).

The Nosib Group is unconformably overlain by tha Otﬁvi Group in

the north and the Swakop Group-ih. the centre and south &Tahle

" 2.1). The Abenab, Ugab and Kudis Subgroﬁpa atil; show a consi«

derable variety of rock types and facies._dalcareaus sequencas

predominate in the north and more ¢lastic sequencas in the south.

(Table 2.1). The unconformity dm the base of the Chuos Formatian"

is of regional importance and this formation is the most
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'_impartant chronoatratigraphic markar within the orogen (Tablas
2.1 and 2 2) « Above the Chucs uncnnformity sedimantary sequences

are much more coherent and latarally extensive._ Thick_carbonates=
‘are developed in the norkh (Tsumeb Subgroup), thinner carbonates
with some amphibolitas' and ciaatics ‘in the centre (¥Khomas -

-Subgroup af the Central zahg) ‘and mpmtly clastic sequenees with

sone amphibolites in the south (Khomns Subgroup of the SQuﬁhern'

and &qﬁtharn Hargin Zonas) .

The otavi Group is uncanformg@ly avarlazn on the Northern Plat~
form by . thlck clastic sedimen%s of the Mulden Group (Miller,
- 1983b). Carbunata and mived clastzcncarhonate sequences of the
zones further sowth are. overlain by clastic sediments af the
Fhomas Subgroup which representa the youngest stratigraphic unit
(Table 2. 1} R

There 1are-few'geodhranological constraints on the depositional
history of the Damara - Sequence. Most radiometric ages have been
darivéd from pre-, éynw, and post-~tectonic magmatic rocks, mostly
granite intrusione. Mineral dates froﬁ metasedimentary rocks give
2 spectrum of "ages" from about 530 to <200 Ma reflecting meta-
morphic processes and isotopic ra-aqgilibratinﬁs (e.g. Miller,
1983b; Miller and Grote, 1988; Haﬁgk and Martin, 1983; Kukia, in
prep.}. Damaran sediments have been intruded by post~tectonic
granites and the Rb-8r whale_rock_aga of 458+/~-8 Ma (Kréngr and
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'Hawkésworth, 1877} of the youngest of these int#uaipns, the

R&saiﬂq'alaskite in the Central Zone, is considered to mark the
end of the Pan-African events in Namibia (Miller, 1983b).

-'_2.2.2 Stratigraphy of the Central Zone and the Southern Margin

Zone

The Khemas Trough of the Damara Sequence is framed to +the north
by the Central Zoné and to the south by the Southern Msrgin Zone
(Fig. _2.2:. Tahle.z.z)r A rock relationships diagram illustrates
the local stratigraphies within the tectono-stratigraphic frame-
work of the southern Damara Orogen (Fig. 2.3). The stratigraphy
of the Southern Margin Zone is based on Hoffmann (1983) who has
revised the SACS (1980} stratigraphy subsequent to detailed
mapping in this area (Table 2.2). To underline important strati-
graphic changes, 'time~equivalent sequences are described across
the zones in the foliowing. The sequences\are unconformity-bound

and the important chronostratigraphic marker is the Chuos For-

mation of the Swakop Group.

(a) The Wosib Croup
In the Central Zone, .sedimentS'of the Nosib Group rest unconfor-
mably on Abbabis basement gneisses, schists, amphibolites and
marbles (Smith, 1965) with an approximate age of 2000 Ma (Briqueu
et al,, 1980). Extensive fluviatile deposits of the Etusis
Formation are represented by metamorphosed quartzites, arkoses
and conglomerates (Flg. 2.3) which underliie and interfinger with

L]
)
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faidspﬁt ria quar“zites and quartz-biotlta schists 'of the Khan
 Furmat1on {Smith, 1965‘ Jacok, 1974} ' -

In the ﬁdutharn Margin Zone (Fig. 2.3), quartzites, arkoses and

: conglomeratas of tha Ramtsas Formation were. depnaited on ‘about.
1050 Ma old hasement gnexsses and amphihnlitea. The hasement

close ta the houndary with the Khomas Trough has beéﬁ struc-
turally‘emplaced and contains serpentinite bodiaa_{ﬁarnes, 1982) .

Table 2.2: Comparison of }ithostratigraphic classifications of
the Scuthern Margin Zone by Hoffmann (1983)"and sACS {1980},
(from Hoffmann, 1983). | | o o

SACS 1950) )
HOFFMAKN 1983 | swa ceoLocicaL Map ussor ‘
lerouplsuBcroUP] FoRMATION [oRoUPISURGROUR]  FORMATION
] ¢ OKLEME >
UPEE
SOMAE RIVER |
‘ KHOMAS
‘:; MAHONDA . AUAS
VAALGRAS:. |
. | veLnos
g - §
& 08 J cHUoS
T"""“\ P BLANTIANS
lumh ‘é‘
KUDIS ond g Koie - HaKos
&MY [/ pr ]
‘_..—ﬁ CORCIA
KAMTSAR KAMTSAS
ol g o
g DURUCHALS BURUCHALNS
; Wn—g Smpreek Thewd Tone




18
5 NORTHERN SOUTHERN | o SOUTR. PN
. - CENTRAL CENTRAL. KHOMAS TROUGH MARGIN
b ZONE ZONE — . ZONE
SuseROuR o - SUBGROUP

PELAGICS

1 e
fi-m—n-u;'

i &-. ! ﬂ h"—“_&z-’:;f ,‘:"_
R é : vvvvvvvvvuvvvvvvvvvv vvvvvvvvvw\'v?\ﬂ
' = +—f Metagraywacke and metapelite[EEEd Kuiseb Fm

Shelf carbonotefEctiKaribib Fm \
Calcaracus slope turbidites inkas Fm TR ;
DiamictitefRMChuos Fm  \ e,

Dolomitic marble, schistEZZiRoesing Fm

+ & . : ’ o
GRS one condomars, el + foan B
RSO / " Quartzite and schistEZZ3Kieine Kuppe Fm B e

* l Schist, marble, amphibolite[Z57]Meirose, Mohonda, Gomab River Fm .

Ty iy Quortzite[ii i Hokos + Auas Fm .
“\\;// o Arkos;. dolomite, mata-—evuporita -ﬁumchnus + Kamtsas Fm ;

i . ~ Oceanie crustff¥vy i

; Basement{.”. | 1

Fig. "2.3: Rock relationships of the Khomas Trough and adjacent
areas in the Damara Orogen. Stratigrabhic contacts are emphasised
in their palinspastic context. Correlations and terminology of D
the Southern Margin Zone and the southern and northern Central
Zone are after Hoffmann ( 1953), Henry et al. (1990) and Baden-

horst (1987) respectively.

y
' C As a faciem of the Kamtsas Furmaﬁion, the Duruchaus Fcrmation
| (Martin, 1965; Halbich, 1970; Schalk, 1970) comprises fine-
F grained psammites, pelites, carbonates, meta-evaporites and some
4 conglomerates (L.5ffler and Porada, 1987; Horfmann, 19§7) and it ;
K |
| ,
p | .
1
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has been interpreted to represent playa-sabkha type, lacustrine
(Behr et al., 1983) as weall as fluviatile (LO6ffler and Porada,
1987) deposits. | |

(b) The Swakop Group IR
Thig Group has been subdivided into tne Uysk and the Khomas
Subgrﬁups in the Central Zone which have been correlated with the
Kudis and the vaalgras + Khoras Subgroups of the Southern Margin
Zone respeativelj-(ﬁoffmann,' 1983: Tables 2.1 and :"a; The only
astratigraphic unit in the Khomas Trouqh is the Kuiseh Formation
of the Swakop Group {Fig. 2.3). - i

Both the Ugsb and Kudis Subgroups are charactérizsd by a consi-
derabla lithologidal variability. The former containg dolomite,

quartzite, guartz-biotite schist, calc-silicate rocks, gneisses
and amphibolites of the R&ssing Formation in the Central Zone

(Fig., 2.3). The time-~aquivalent Kudis Subgroup of the Socuthern
Margin Zone conmprises marbles (CQroné Formation), quartz-mica
schists and graphite schists (Blaukrans Formation), interbedded
qﬁartzites and graphite schiste (Hakos Formation); and thick
quartziteé with interbedded graphite layers of the Auas Forma-
tion., This succession has been interpreted by Hoffmann (1983) to

represent progressively deepening marine environments.

.The FKhomas Subgroup in the Central Zone comprises the Chuos,
‘Karibib, Tinkas and Kuiseb Formations (Fig. 2.3). The Chuos

Formaticn has long been recognized and was interpreted early on
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- as being glacial in origin (Gevers, 1931). It shows a major

ﬁiscardancezﬁt“its basa and Henry et al. (1986) report that Chuos

 metasediments rest in places on Khan, Etusis and basement rocks.
'Rcck'typea developed are mainly glacial diamictites and mindr
‘feldspar-quartzites, marbles and iron formations (Henry et al.,

19867 Badenhorst, 1987). The overlying shelf seguence of the

Karibib Formation consists predominantly of dolomitic marble;

schist and marl aré subordinate. Towards the Khomas Trough the
Karibib marblés interfinger éith calc-silicates and fine-grained
" graphitic schistqj%ﬁ the Tinkas Formation which outcrops along

the Okzhardja Lineapent in the south-western Central Zone. Porada

and witxié (1983) have interpreted {his succession as calcareous
slops turbldites. An amphibolitic unit has been described trom

stratigraphic positions within the Xaribir, Formation (Smith,
1965) and the Tipkas Formation just wnorth of the Otjimbingwe

'Granita {Da Rock, 1985). The uppermcst unit in the Central Zone

is the Xuiseb Formation which comprises -pélites, metagréywackas
and calc-silicates. '

- Tha Khomas_ Subgrbup of the Southern Margin Zone has been
- subdivided by Hoffmann (1983) into the Vaalgras Subgroup

comprising the Chuos, Melrosa, Mahonda, Gamablaivér and Kleine
Kuppe Yormations which are structurally overlain by Xhomas
Subgroup sediments (Tabraaﬂi;l and 2.2), The Chuos Formation in
this zone has been used for correlation across the Khomas Trough,
Hoffmann (1983) iéﬁarts péﬁllawbéaring, éemi-palitic, light giey
mica schists, - pelitic schists, quartzites, metabasic rocks and
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iron formations which conformably overlie rocks of the Kudis

~Subgroup. "his is in contrast to the unconformity in this posi-

tioh suggested by SACS - {Table 2.2; - 1980). The Melrose Formation

consists of  green garnet-chlorite schists and subordinate

quartzites,  calcarsous schigt ~and marble wvhich occasionally

 interfinger with quartzites, .schists, amphibolites and marbles of

“the Hahomﬁa;?ormatioh. The Gomab River Formation occurs as a

small unit at the northern roundary of the Southern Hargin Zone.

It comprises dark amphibole schist, minor mica schist and marble

' ‘and the former “Red Band Quartzite” (De Kack, 1934; Halbich,
I1970)'-which has been numed "Hartelust Rhyolitsz M atax® by Miller

(1983b)._ The Kleine Kﬁpbe Formation consists of intercalated,
thin-bedded micaceous qﬁértzites and schists as well as occa-
sicnal thin amphibolite bands. Hoffmann (1983) interprets the
Vaalgr&a\Suhgroup to repreeent slope (Chuos Formation) and ocean
bagin (Helrose and Kleine KXuppe Formations) deposits. Contacts
with the{averiying Kuiaéb Formation pelites an’i metagreywackes

are structural.

' 2.2.3 Stratigraphy of the Ehomas Trough
t _

In the study aresz, the Khomas Trough is bordered to the north by
the pdsteteatonic Donkerhoek ~Granite (Fig. 2.4). Further to the
weét, ‘however, Porada and Wittig (1983) have established an
interfingering of the metisedimente with the Tinkas Formation of
the Central Zone (Fig. 2.3). The only formal stratigraphic unit
in the Khomas Trough is the Ruiseb Formation of the Swakop Group
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iron formations which conformably overlie rocks of the Kudis
Subgroup. This is in contrast to the unconformity in this posi-
tion suggested by SACS (Table 2.2; 1980). The Melrose Formation
consists of green garnet-chlorite schists and subordinate
gquartzites, calcareous schist _and marble which occasionally
interfinger with gquartzites, schists, amphibolites and marbles of
<he Mahonda Formatien. The Gomab River Formation occurs as a
gmall unit at the northern houndary of the Southern Margin Zone.
It conprises dark amphibole schist, minor mica schist and marble
and the former "Red Band Quartzite® (De Kock, 1934; Hélbich,
1970) - which has been named "Hartelust Rhyolite Member" by Miller
(19837»). The Kleine Kuppe Formation consists of intercalated,
thin~bedded micaceous guartzites and schists as well as occa-
sional thin amphibolite bands. Hoffmann (1983) interprets the
Vaalgras Subgroup to represent slope (Chues Formation) and ocean
basir (Melrose and Kleine Kuppe Formations) deposits. Contacts
with the overlying Kuiseb Formation pelites and metagreywackes

are satructural.
2.2.3 Stratigraphy of the Khomas Trough

In the study area, the Xhomas Trough is bordered to the north by
the post-tectonic Donkerhoek Granite (Fig. 2.4). Further to the
west.,, however, Porada and Wittig (19282) have established an
interfingering of the metasediments with the Tinkas Formation of
the Central Zone (Fig. 2.3). The only formal stratigraphic unit
in the Khomas Trough is the Kuiseb Formation of the Swakop Group
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{FPig. 2.3). Rock types present are mainly metasediments such as
metagreywackes, metasiltstones, pelites, graphite schists, scapo-
lite schists, calc-silicates and a marble unit. Also part of the
Kuiseb Formation is the Matchless Member (SACS, 1980), a 350 km
long and up to 3 km wide zone (Miller, 1983bj of metamorphosed
nafic volcanic and intrusive rocks which are interposed with the
netasediments. Also associated with the Matchless Member are
ultramafic lithclogies (Barnes, 1982).

‘Mapping within the Xhomas Trough has now shown that the sequence

comprises =saveral stratigraphic and structural marker horizons
(Fig. 2.4). These are: {1} the Matchliess Member, in this study
refe.. i to as the Matchless Amphibolite, which is assoclated
with a graphite schist and a marble unit; (2) a thick pelitic
unit north of the Matchless Amphibolite; (3) a graphite schist
unit several tens of metres thick which is associated witb a thin
tremolite schigt in the centre of the trough; and (4) two pelitic
successions {several hundreds of metres thick) which have heen
scapolitized during late metamorphism (Fig. 2.4). The nmarker
horizons are of regional importance since they may be traced for
more than 150 kilometres laterally along strike. The Landsat
image of the Khomas Trough confirms and emphasises this extreme
lateral persistence of the markers (Fig. 2.4). It will be shown
in Chapters 3 and 5 that these markers also designate the posi-

tion of thrust-bound sequences.
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lateral extent (reproduced with permission

Applications Centre of the CSIR).
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2.4: Landsat image of the central and western Khomas Trough
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Radiopetric dating of Kuiseb Formation rocks in the Khomas Trough
has mostiy produced amhigucus reﬁults which is. probably due to

isotopic re-equilibraticn during- ragional metamorphism (Hawkes—

worth et al., '1983) 1eading:far example to Rb-5r whole rock ages

in the order of 550'~'490 Ha'(Hawkesworth'et al,, 1983; Kukla, in.

prep). A Rb/Sr whole rock date of 765+/-37 Ma is listed by
Hawkesworth et al. (1931) for tha Hatchless Amphibollte.

The Damara Sequence thrbughout the inland _hrmndh ‘has  been

subjected to varying degrses of deformation involving folding,

thrusting and faulting. As with the stratigraphic asymmetries,
structural pa*terns also ﬁary markedly across the orcgen (Coward,
1983; Henry et al,, 1990). Generally, dJdeformation increases
southwards £from dgently open, upright folds on the Northern
Platform into +tight, locally recumbent, northward wverging folds
and thrust in the Northern Zone (Frets, 1969; Millexr, 1983b).
Further south, complex interference patterns of upright to nor-
therly and southerly inclined, tight and locally recumbent folds
occur in the Central Zone (Smith, 1965: Jacob, 1974; Blaine,
1877; Sawyer, 1981; Coward, 1983; Miller, 1983b). Folds are
tight to iscclinai and upright close to the Okahandja Lineament
passing into south-eastward-verging, open and isoclinal folds in
the Khomas Trough (Smith, 1965; Halbich, 1977; Kukla et al.,
1988). Several phazes of deform&tion which are associated with

I
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 folding, thrusting, faulting and cleavage - formation have been

discerned within the Khomas Trough. Fold vergences are consis~.

: féntly_tb the south-east and axes generally trend north-east
- except at the Okahandja Lineament.

The Okahandja Lineament (Fig. 2.2) is s monoclinal downfold of

the Damara succession along the southern Central Zone (Miller,

"$983b). It constitutes a major structural breask which shows early
. and late strike-slip displacements (Downing and Coward, 1981) and
| "which has been interpreted by Miller (1979) to represent an
"early; repeatedly rejuvenated, fundamental structure of the

orogen., Thrusting increases southwards and complex thrust and
nappe systems involving pre-Damara baserient and ultramafio bodiem
occur in the Southern Margin Zone (Hoffmann, 1933). The Schle-
sien-Amercngen Line (Hartnady, 1978) or Us Pass Lineament (Hoff-
mann, 1983} is a prominent zone alohg the northern margin of the
Southern Margin Zone (Figs. 2.2 and 2.4) which contains nappes of
basement and ultramafic rocks, +the Hartelust Rhyolite Member ang
thrusts. It has also been considered to represent a major
tectonic boundary which might he connected and traced into the
Mwembeshi shear zone of the Zambezi Belt, as such representing a
transcontinental Pan-African shear zone (Unruy, 1990), The
northarn edga of the Southern Foreland has been deformed into
open to tight folds but dafnrmation.dieé out further to the south
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Very 1little geophysical data are available from the Damara

' Sequence. Aeromagnetic surveys have confirmed and defined linea-

‘ments and lineament zones (Corner, 1983) that form the boundaries

nf the tectono-stratigraphic zones shown in Figure 2.2. Results

‘support the hypothesis that the lineaments are associated with

downfolding of stratigraphic sequences (Miller, 1983b). The most
sévefe.-dOanolding- way have occurred along the Okahandja
Lineament with the Central Zona being uplifted relative to the
¥homas Trough in the order of .20 Xkm (Miller, 1583b; Corner,
1983). An aerbmagnetic survey of Botswana (Raeves, 1978) <¢learly
shows a major te&tonic belt connecting the inland branch with the
Katangs and Zambézi Belts (Fig. 2.1). Three north-east trending

seismic profiles in the rentral Zone, the eastern Khomas Trough

and the Southern Foreland respectively show complicated crustal
sections (Green, 1983; Baier et al., 1983)., In the Central Zone
Damaran cover rocks and basement are indistinguishable in a 15
km thick upper crustal section. The depth of +the Moho is
interpreted to be between 36 and 47 km (Green, 1983). The Fhomas
Trough profile was set up along striké from the Windhoek area to
the east. It shows a 3 km thick low-velocity section on top,
followed by denser material Z2own to the 50 km deep Moho {Green,
1983)}. Palaeomagnetic data suggest initially that there was no
separation of the Congo and Kalahari Cratons during the Late
Protereozoic (Piper et al., 1973; McWilliams and Kroner, 1981).
The resclution of data, however, allowz a separation of
approximately 800 km and there are no data for the periocd from
730 to 700 Ma (Miller, 1983b).
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The Damaran rocks have been subjected to low-, medium~, and
Liigh-grade metamorphism. Mapping of regional metamorphic isograds
by Hoffer (1977) ‘has shown that these describe a concentric

“distribution around an area close to Walvis'Bay_ where partial

melting associated with the highest ‘temperatures has ocourred.
The .studiaa of Sawyér (1981) 'and Kasch (1883b) confirmed that

netanorphic _tampé:aturea inéraaSE and pressures decrease inward
towards the Central zéna with the Hhighest pressures of  up to 11
kﬁar obtained in the southern Khomas Trough. Metamorphism in the
thﬁaé rxgugh reached the upper amphibolite facies with partial
melting occurring aloné the nérthern margin. ‘The migmatites of

the  Xuiseb Formation in this area have heen reinterpreted to

represent in gitu migmatization during regional metamorphism and

U-Pb wmonazite ages of about 520 Ma are interpreted to date the
penk of metamorphism (Rukla, Kramm et al., 19907 Kuklz, in
prap.). No agreement has yet been reached as to whether meta-
norphism in the Damara Orogen took place in a single prograde
event:. (Jaccb, 1874; Hoffer, 1977) or in several peﬁks as
suggested by Sawyer (1981) and Kasch (1983b}).
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3, SEDIMENTOLOGY .
3.1 Introdyction

A large part of the present outcrop surface in the Southern Dama-
ra Orogen comprises lithologies of the Kuiseb Formation within
the Xhomas Trough. No detailed sedimentological studies have,

however, been previously undertaken because of the supposed mono-

tony of the sequence and because of its structural and metamor-

phic overprint. It is therefore the aim of this chapter to pre-
sent data from measured sections taken across the Khomas Trough
and te combine these in a model of depositional palaecenviron-
ments. The most likely tectonic settings in which the sedimentary
precursors of the Kuiseb metasediments might have accumulated and
suitable provenance areas are also diaﬁussed. Since the RKuiseb
schists represent metamorphosed rocks, the present day lithotypes
will be introduced primarily. For convenienve the interpretation
of their probable sedimentary precursor rocks are added +o the
headings of section 3.2.

3.2. Description of Jlithotypes

3.2.1 Quartz-plagioclase-mica schist (psawmite)/greywacke

Psammites are most abundant throughout the XKhomas Trough. The
light grey to dark gray quartz-plagioclase-mica schists are from
below 10 em up to 5 m thick, mineralogically unifoxmn and the




metamorphic texture is schistose. Quartz forms polygonal grain
boundaries indicating recrvstallization and the gquartz-plagio-
¢lase matrix is fine~ to medium-grained (<0.5 mm}. Other nineral
phases are largely dependent on the metazmorphic grade in various

pérts-of the traverse and include plagicclase, biotite, musco-

vite, chlorite, scapolite and ainor amounts of tourmaline, epi-

dote, sphene, zircon and apatite.

3.2.2 Mica~gquartz~plagiociase schist (pelite and .ﬁetasiltstone}/

mudstonse and siltstone

Pelites are also most abundant +throughout the Xhomas Trough
whilst mataniltstonaa only ocour in the central part of the
travarsa. Both rock types are prlncipally nica (biotitawmusco-

vite)—qﬁartz-plagicclase-~schiqts with unit <thicknesses ranging

. £
~from below 10 cm to more cthan 10 m. Depending on the metamorphic

grade and the bulk rock geochemistry there are also the minerals
garnet, staurclite, kyanite, andalusite, silljmanita, chlorite,
scapolite as wall as minor amounts of tuurmaline, epidote,

aphene, zircon znd apatita present.

3.2.3 Graphitic mica—qnartswplaginclaaa schist/carbonaceous muﬂr
i? stone ®

fﬁnits of graphite schiste are developed particularly in the cen-

tral'and'aoutharn part of the traversze. The amount of graphite
ranges butween 20% and nearly 100% within pelitic schists with
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5treakhd_textura which comprise (with decreasing fréquéncy) bi-

atite, muscovite, qua:tz, plagioclase and chlorite as well as

andaiusita in the:appropriata netamorphic zones. ﬁhe schists con-J 

tain appraciablé'numhers of pyrite grains.
3.2.4 Marble and tremolite schist/carbonate

An ﬁp_:'to 2 m thick mnarble unit in.tha_hangingﬁall seguence of
the Matchles:. Amphihariiq is composed mainly of fine-grained

dolomite and some calcite as well as_ﬁinor_#mounts of quartz and

~ muscovite. A'heavily weathered, up” to 1 m thick tremolite rock
which contains mostly tremolite and some bjotite and guartz (<5%)

occurs in the centre of the Xhomas Trough.
3.2.8 Qalcwsilicate rpcx/impu@élﬁarbonnta

calcwsilicate rocks occur a; a relatively minor component o: the
sgquencé..throughout the area and in a 1arga_variat§ of shapes
(layers, sﬁindles, nodules, segregations and veins) and minera-
1agical coﬁpositibns. Minaral componants”éhcountered are: quarts,
plagioclase, garnet, hornblende, bilotite, muscovite, diopside,
zoisite, calcite, .scapolite, epidote, chlorite, sphene, rutile,

apatite and tourmaline within a partly blastomylenitic matrix.
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A Dbrief geochamical characterization of the Kuiseb schists was
undertaken in order to support the thin ssction and sedimento-
logical data. This alse helps to constrain later considérations'
of a suitable sgource area. Layers of psammites, pelites and
natasiltstones were sampled along the study traverse and
subséquently analysed by XRF whole-rock analysis for 23 major and

trace elements,  The data are presented in Table 3.1 which gives ;\Q {1;

mean, minimum and maximum element concentrations as well as the %J'
standard deviation of the 132 samples analysed. The full analyses

are given in Appendix I.

- One of the wajor geochemical problems encountered in resedimented
and metamnorphosed terranes are secondary element mobilities. E -fﬂa .
 ? Studies in other parts of tha Khomas Troudh have indicated cer=~

tain mobilities of major and minor elements (Miller, 1983c;

Phillips et al., 198%). This is also c¢onfirmed by geochemical
_.studies of Hiussinger (in prep.) who dompares unaltered Kuiseb gf:i';
f‘g schists from the present study area with altered Kuiseb schists
é'é from the Gorob massive sulphide deposit in the Namilb desert. ;t;?[
| Elements plotted against an " ixmobile" Ti0,/2r ratic (Hiussinger 1R
and Xukla, 1990) show mqstly gbud correlationg in the case of the
Khomas Trough. In the cbhsideration of possible source areas, the

psamnites have been chosen for further investigations. This is

'ﬁ\; o becauss pelites usuvally show more significant changes during
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mei:amé&.&:phi.sni -thah Ri'.ha minera'logically' an& chemically more ur_zifam
psazﬁm,i.tes._ Sacandly; _it_will be Phown 1até:c: in this chapter that,
in contrast to the psammites, thg pracursoers of the pelites did
form. ‘under differsnt depoaitional proaesses‘ '

'Ifabi;- 3.1: Chem.caa. cbmpb&ition \ﬁ paammites and- pelitéa af the
Kuiseb ]?armation along the study travarse in the western Rhomas
Trough (samples wera raclut:ac! in. a ja.w crusher and _ tungsten car-
bide mill, and praparad as prassad pellets and maeﬁ discs in tha__
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Tha alemanﬁ Zr is thought to have been transported mostly as the
heavy mineral zircon with other sand graing and conseguently
major and ninor elements have been plotted against 2Zr as
"immobile" parameter in Figure 3.l1. Respective element mobilities

are shown in this type of variation diagram and in this case they

. demonstrate good correlationg and small variations of inter-

element ratios of Tioz, Py05, ¥, ¥b, Cr, and partly Fep04 and V
with Zr. This does not necessarily assume that Zr was constant

but it tests whether parts of the group including Zr could have

bean immobile. Phillips et al. (1989) have shown from inves-
tigations in the Kuiseb schists of the eastern Khomas Trough that
fiost of the above elements are alsc vreasonably constant if

plot’ ed against Ti using pelitic rock types.

The geochemical grid of Wimmenauer (1984) clasaifies'sedimentary
protoliths by means of K,0/Na,0 and Si0,/Al,04 ratios (Fig. 3.2).
Although element mobilities especially for K and Na may be ex-
pected (¥ig. 3.1), the diagram clearly distinguishes geochemi~-
cally "pelites" and "greywackes". Data points in the arkose field
a’a samples with slightly higher quartz contents due to veining.

The more pelitic character of the siltstones is also indicated in
this diagram.

SR I T ERRGO WA o i
L




36

-}'_;.
Ay VR PEEUUN T TR BT O S | : 4 L s_:;tn!l.“
ol L w
K207 NozO

& Pucriten

= Pallfsa

O Meinsiitsiones

& Graphits sChists

Fig. 3.2: Geochemical grid for discriminating clastic sedimentary
protoliths after Wimmenauer (1984), with XKuiseb metagreywackas,
pelites, metasiltstones and graphite schists plotted.

{(a) Sedimentary .strunctures
Short sections were measured in detall throughout the study

traverse on a variety . of scales from centimetres upwards. Wwith
the axdeptian of .tha southernmost part of the ;rea éadimantary
structures have been detected throughout the Xuiseb Formation
rocks, BSedimentary logs from outcrops with best preserved sedi-
mentary structures ara shown in Figqure 3.3. Maasurad.séctian data
showed +that bed thicknesses may be defined Iamcording o tha
scheme emploved by Mutti and Ricci Lucchi (1975) with very thick
bads greater +than 100 cm: thick bada, 40-100 om; medium beds,
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- 10-40 cﬁ;.and thin beds 1-10 cm. In terms of measured bed thick-

nesses it ia”to be expected.in a deformed terrane thgthtqggonic
thinning: atfects the analysis. Sedimentary struéﬁurés do £hém*-
selves act, however, as strain markers and may  ihdicate a low
degree of internal deformation;_ if original ‘shapes are largely
praéarved.' Addftianally, it will be shown elsewhare (see Chapter
4) +that layer-parallel extension played a mnilnor role within

low~strain zones in the Khomas Trough.

Iritially, %he primary nature of the layering in_which the.abgyefl
lithotypee are organized is.cqnfirmed by sharp bases and tops of

 beds, graded beds and various erosional features ](Fig._s.ajg

Graded beds are more gquartz- and feldspar-rich at the base and . .

‘more mica~rich at the top, representing a metamorphbsed campasi?"

tional grading (Fig. 3.4,3A) reflecting a sand- to mud-rich trar-
sition in a normally graded unit. Furthermore, structural fabrics_-
mostly crosscut  and refract at bedding surfaces and beddinq -
fabric rélatianshipa tharefore aliow structural way-up contrel of
both folds and naasured sections within the traverse. Sedimentary
structures such as graded baddingfconfirm stratigraphic “way-up".

{
This tarminolagy ﬁill be amployad in the following sections,

[
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Fig. 3.3: Kepresentative measured gections mhowing range of sedi-
mentary ~structures preserved, Bouma sequences and palaeocurrent
directions in the Kuiseb Farm&tion. For facles classification
according to Plckering et al. (1986) see section 3.5. Positions
of profiles are indicated in Figuwe 3.12.
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MEASURED |  FACIES
SECTION  iPxhering » ol 1988)
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.y Pig. 3.3 (continued).
,.J Bedding is generally very uniform laterally although cobkservations
: f are limited by outcrop size. In the case of the psammites inter-
I . _
'";c nal Fad forms present are: (1) massive, structureless; (2) plane
laninated; and (3) cross-laminated. Small~scale trough cross-
i lamination (Fig., 3.4,B and ©) has been recognized in deveral
B . . outcrops and accurs both within dismerete psammitic layers and in
}c graded units which form part of Bouma Sequences.
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Load casts are common with a maximum width of 10 om (Fig. 3.4,D).
In some cases the loads became detached from the original
sediment and form load balls or ball-and-pillow structures in the
undarlying pelites (Fig. 3.4,E and ¥P). Ioads show internal
lamination which is parallel at the margins but contorted towards
the centre, Laminations of underlying strata are deformed by the
flame structures which are associated with the loads (Fig.
3.4,F). Extreme Iloading has led in some cases to layers which

comprise an accumulation of load balls (Fig. 3.4,E).

A variety of erosional structures are present namely'flute casts,
small~scale scours and channels (Fig. 3.3). Bilaterally symmetri-
cal flute casts are preserved on the undersides of massive psam~
mitic layers. The flutes range commonly in leng.h from 10 cm to
20 om and in width and depth from 5 cm to 10 cm (Fig. 3.4,C), In
one particular outcrop at the Khomas Hochland road, however;
mega-£iutes with a length of about I m and a width and depth of
20 om to 50 cm have keen found (Fig. 3.5,A). The flutes are ex-
c¢allent way-~up indicators and they have also been used to deter-

nine palaeoccurrent directions.

Scour surfaces and channels are daveloped throughout the traver-
s¢ Theege erosional features are avident from mostly massive psa=-
mnitic layers truncating earlier bedding surfaces (Fig. 3.3,IV
and V). Only a few channels have, however, been found with both
warginge exﬁosed and these show a maximum depth of about 3 m and a

width of 5 metres. Some thick psammitic units, reaching a thick-
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 Zibad cagts are common with a maximum width of 10 cm (Fig. 3.4,D}.

In some casés the '1oads became detached from the original

'sediment and form ‘load halls or ball-and-pillow structures in the

underlying pelites (Fig. 3.4,E and F). Loads show internal
1amination which is parallel at the margins but contorteﬁ towards
the centre. Laminations of underlying strata are deforméd by the
flame structures which are asgociated with the loads (Fig.
$.4 ry. Extreme_ 1oqding has led in some cases ¢to 1ayars wh;ch
mpmprise an accumnlatiun of lmad balls (Fig. 3.4,E).

A vﬁriety of érnsional structures are present namély flﬁte casts,
small-scale scours and channels (Fig. 3.3). Bilaterally sysmetri-

cal flute casts are preserved on the undersides of massive paam-

mitic layers. The flutes range cammbnly in length from 10 cm to
20 cm ﬁnd.in width and depth from 5 cm to 10 cm (Eig. 3.4,C). In
ohe particular outerop at"the Khomas Hochland ”road, however,
mega-flutes with a length of about 1 m and a width and depth of
20 om to 50 om have been found {(Fig. 3.5,A). The flutes are ex-

cellent way-up indicatorg and they have also been used to deter-

- mine palaeocurrent directions.

Scour surfaces and channels are devulﬁpad throughout the traver-

se., These erosicnal features are evident from mostly massive psa-

Jmitic layers truncating earlier bedding surfaces (Fig. 3.3,IV

and V). Only a faw channels have, however, been found with both
marging exposed and these ahow a maximum depth of about 3 m and a
width of 5 metres. Some thick psammitic units, reaching a thick-
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ness of more than 10 m, are subdivided by bedding parallel joint-.

like surfaces which might indicate "amalgamation® (processes
leading to ercsional contact surfaces between adjacent psammitic
beds). N

In several outcrops pelite and graphite schist rip-up clasts, up
to a few dentimetres in length and width, have been observed
within'psamﬁiﬁic lithologies. Rip-up clasts of graphitic schist
are inco:porated iﬂto psammites and metasiltstones (Fig. 3.5,B)
at the qraph%te schist seguence on the farm XKaan, thus confirming
the pr%mary éédimentary origin of this unit.

In the centre of +the traverse "sandstone" (psammite) dykes are
preserved in thick-bedd.d graded sequences and in the thick
graphite schist on the faz. Kaan. One particular outcrop exhibits
exceptionally preserved dykes which are up o 2 m long-and 30 cm
wida. Dyke walls are both straight, parallel sided and irregular
undulating. The dykes lead from the psammitic base of thick
gﬁadad uniﬁs and may be traced through the silty-pelitic top up-
wards where they link with +he psammitic base of the overlying
graded unit (Fig. 3.5,C). Internal structures of the dykes are
contorted if compared with the outside texture. Similar struc-
tures may be observed at the graphite schist on the farm Kaan.
There, however, the dykes cocur isolated within the graphite

schist and they contain graphite clasts.

R TS TN A 4 Mg g ooy T A o AT 4 et g T i - - e . o
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Fig. 3.5: Sedimentary structures preserved in the Kuiseb metased-
iments. (A) ZLarge flute casts at the underside of a facies B
(class 1b of this study) turbidite. ©Palaeocurrents indicate
current flow towards the south~west. Khomas Hochland Pass, farm
Garums 300. (B} Graph.te schist rip-up clasts i =2 thick-bedded
facies C turbidite. ILens cap is 4.9 cm in diameter. Farm Kaan
309. (C) Metasandstone dykes in a thick, mud-dominated facies C
2.4 turbidite. Farm Kaan 309. (Facies terminology after Pickering
et al., 1986).

°
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(b} Palaedcacurrents
Palaeocurrent determinations have been made in some outcrops
where three dimensional orientaiions of fiute casts and sets of
trough crouss-~laminae could be measured. The measurement of palae-
ocarrents was facilitated by the fact that the sedimentary struc-
tures are preserved in 2zones of low strain. In these zones
sequences are usually upward-facing and the fold axes of the main
fold phase are horizontal with +he axial plane dipping north-
westwards {3309/459),

‘Fig. 3.6: Palaeocurrent data from various measured secticns
throughout the Khomas Trough. Palaeccurrent directions devermined
C from sets of cross-laminae sand flute casts.
i
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The second phase of dJdeformation in these zones is represented

only by a reorientation of micas, and small-scale folds related

to thig phase also have horizontal fold axes co-linear with the

 previous main fold phase. This wmeant that restoration of

‘palaeocurrents involved a straightforward small circle rotation

on the stereonet. Although only a few palaeocufrent orientations

. from flute casts and trough cross-beds could be ocbtained, they

show a remarkable uniformrity throughout the traverse (Fig. 3.6).
Orientationg indicate current flow from the east-north-~east to

the west-south~west (2309-2509).

3.5 Turbiditic and pelagic facies

The recognifion of sedimentary structuves within graded ‘mits in
the present study area provas rhat parts of the Ruiselk schisis

‘are .organized in claszical E-uma sequences {Bouma, 1962). These

units are therefore hydrodynamically interpreted as hav.ing been
deposited by turbidity currents, being one end member % 4sedi-
ment gravity flows"™ as defined by Middleton and Hampton (1973,
1976} . The dﬁvelopment of graded bedding has previocusly bheen used
in isolation to infer that the sedimentary precursors of the
Kuiseb schists have been deposited by turbidity currents (Milier
at al., 1983} ﬁreussingar et al., 1987).

In consequance, seadimentary facies may be dafined in the Xuiseb

schists aﬁd be compared with current classification schemes of
marine clastic sediments., The most widely used classification is

Cmm e e o llangn #a e R e . Y T A T Y,
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the "turbidite facies and facies associations" scheme of Mutti
and Ricci Imechi (1972, 1375). New rasearch data from the past
decade has led Pickering et al. (12385) to a re-classification of
recent and ancient deep-water rediments. In the following a
classification of the siliciclastic turbidite facies and the
assoclated facies encountered infthe Khomas Trough is applied to
the Kuiseb Formation metasediments. Figure 3.7 gives an overview
of the turbidite facies classes established in this study ahd

these are compared with the schemes of Mutti and Riccl Iumcohi
(1975) and Pickering et al. (1986). In extending Gressiy's (1838)
original application 6f facies, Selley (1976) defines the
parameters of facies, namely lithology, sedimentary structures,
palaeontology, geometry and palaeccurrent patterns. These are
enly partly applicahle, however, to Phaneropoic and Proterozoic
deformed and metamorphosed rocks, The major attributes used to
- defline facies Wy the Kuiseb schists are 1i.tholoqies, beddiné‘
style, vertical bed thickness distribution, wvariations in
psammite/pelite ratio and sedimentary structures. On the basis of
these characteristics, the metasediments within hhe Khomaé Trough
are grouped into seven facies classes, representing both turbi-
dite and pelagic facies which are characterizéﬂ and hydrody~
namically interpreted below. Additional data has 1¢d to an exten-
" sion of a facies classification scheme given by the present
author in an earlier publication (Rukla et al., 1988).
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THIS STUDY Pickering et al. | Mutti & Ricci Lucchi
Facies Class (1986) (1975)
_ Facles Class Facies
Facies Clags (1) '
medium— to very thick—bedded

'  psammitas | _

] " ajmasasive, structureless B 11 Al or M

RN h)massive, “organized" - B2

@ I o ¢iparaliel-stratified B 2.1 B1
d)cross—stratifisg 22 -
Facies Closs (220

graded psammite/peiite

= enuplets

H842 ajvary thick— to thick—badded c 2.1 o2

. b)medium—bedded c 22 Dz
Sy Tk o thick-bedded S %3 ot

ve ck— ick—bedded, . -
mt:ﬁ—dominutsd ¢ 24
Facies Ciass (3)
thin-laminated metasiitatones 0 2.1 x|
Facies Class (4
thin—~ to very thick—bedded thin— to
peiites : mediurm—bedded
q)siructureless E1orG DorG
|2m bjorganized" E20rG

Fig. 3.7: Susmary of the turbidite facies classification of this
study compared with other studies.
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3.5.1 HMedium— to wvery thick-bedded psammite facies (facies

class 1)

This facies class includes psammitic layers which are not part of
a Bouma sequence. It is subdivided inko (a) massive, struc-
tureless psammites; (b) massive, "organized" psammites; (¢) para-

llel-stratified psammites:; and (d) cross-stratified psammites.
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(a) Maszsive, structureless psammites
The structureless psanmites have sharp and planar bounding sur-
faces and range in thickness from 15 cm upwards, commonly to

about 3~5 m (Fig. 3.8,A). Psammitic units which are 5 mto 15 m

‘thick commonly show signs'of amalgamation. Graded 1aYefing hasg

not been cbserved. This facies would best be compared with facies -

B 1.1 "thick/medium-~bedded disorganized sands® offPidkering et
al. (1986). {(In the Mutti and Ricci Iucchi (1975) scheme, how-

ever, these psammites could be assignéd to both facies A1, whidn"

includes medium- to coarse,'often'amaléamated sandstones, and to

more rganized facies Bl sands". In contrast facies A of Piékeff
ing et al. {op.cit.) only cantaiﬁs g;aéelg and ;pebhly saﬂds.)
Interpretation: Depositional processes aséigned to thig facies
are high-density turbulent-_flows'(Muttilaﬁd? Ricei Lucdhi,_1975}

Pickering et al., 1986; Lowe, 1982)., The psammites are similar to -

mostly structureless facies 84  sands of Lowe * (1982), who

interprets deposition from high-concentration turbidity currents -

by suspension sedimentation. Sbme ligquefied flow dépqsits closely.

‘resemble these 83 divisions but woula contain- generally fine-

‘grained sand and coarse silt (Loﬁe, 1982), Within this facies the -

presence of tractional processes, developed beneath turbidity

currentg and typical for “pruxiﬁal“ turbiditésj.and Bouma T,

divisions, must also be considered.

 "(b) Massive, Yorganized" psammites

Abundant within the sections measured are psammites which have a
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masasive texture if compared with other facies in <this facies
class (see below) but which contain sedimentary structures (Fig.
3.3). Bed thicknesses <range from 10 cm to about 3 m but are

mostly in the order of 70 on. Most commonly the.layérs which are

up to 70 cm thick contain trough cross-lami. 3:iop in the upper 10

cm. Load cag“s and;flute casts do‘-accur on beanks {(Fig. 3.4,C).
Ernsianal channels .and scours deﬁected within the traverse are
mosﬁly developed within = this facies class. Sandstone dYkes and
rip-up ¢lasts have-also been observed. Thisifanies compares well

with WMutti and RlﬂGl Lucchi' (1975) faﬁies B2 turbidites.

'Pickerlng et al. (1986), hnwever,'db not addfesé a facies which

| 1nc1udes massive, ungraded psammltes containing a variety of

aedimentary structures. _g;g;p;“;;_;_g& This facies mlght indi-

cate the transitinn from high—density suspension flow to residual

low—den51ty currents whpse cross-lamlnation confirms contlnued

rapid fallout from suspension. This process is squested by Lowa

(1982) and is manifest in units comprising his 53 and Ty

dlvisions.
{c) Parallel-atratifled psammxtes

This fasies ' is poorly devaloped w1thin the, area. _Thé heds“are

10-35. om thick and show flat, planar upper and lower surfaces. No -
'sedimentary gtructures have been observed. This facies is com~
pared with plane-laminated facies Bl of Mutti and Ricci Lucchi

_(op.cit.)- and with facies B2.1 of ﬁickering et al.' (oPLnit.).
Interpretation: Within turbidite sequences this facies is

interpreted as traction carﬁet deposits comprising Yhorizontal'.
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lamination and inverse grading (Lowz, 1982; Pickering et al.,
198637 Hiscott and Middleton, 1979). The latter feature, however,
could not ba observed in the metamorphosed Puiseb schists.

(4} Cross-strati.fiea psammites
A crbaa-stratified'psammitiu layer which is not part of a Bouma
seguence has only been cbserved in one outcrop (Fig. 3.4,B). The
1&§er is 20 cm thiék, trougk nross-~laminated and the t0p'aﬂd ba-
sal contacts are sharply &efiﬁed. This facies is the oply facies
of complately cross-laminated metasandstone 1ayérsf'and compares
pfincipally with facies 32;2 of Pickering et al. (1986). Restric-
tion muéﬁ be made, however, in terms of the grain size since this
facies is only assignéd to medium to granule-grade sands an eval-
uation which cannot be strictly made in metamorphic rocks.
In;grnxg;gtign; It has been pointed out by various authors that
discrete cross-stratified layers might be attributed to trac-

tional processes beneath dilute turbidity ocurrents or bottom

currents (Mutti and Ricci Lucchi, 1972; Lowe, 1982; Pickering et
al., 1986). . | B |

3.5.2 Very thick- to thin-bedded graded paanmita/pelite facies

(facies class 2)

The psammite-pelite couplets of facies class 2 show a wide range
of psamﬁite/pelitu fatias' from >10:1 to 1:10. Graded layering
generaily charactafizes thin facies and sedinentary structures
within Bouma sequences are abundant, Four  sﬁbfaciesq”4%ve_haen

e
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distinguished (Fig 3.7) based maihly on bed thickness which may
appear to be an arbitrary criterion initially. Measurements have
shown, ~ »wever, that certain sedimentary structures are associ-
ated with specific'bed thicknesses and these agree broadly with
the subdivision scheme employed by Pickering et al. (1986).

(a) Very thick- to thick-bedded psammite/pelite couplets range in
thickness from 40 em to 170 cm (Fig. 3.8,B). Psammite/pelite-

ratios in well developed graded beds vary between 1:1 and 10:1
 but conmonly are about 4:1. Sedimentary structures found in this
facies are primarily sets of trough cross-laminae which contri-
bute to partial Bouma sequences which are mostly Tape 9ivisions
in this' subfacies althoﬁgh complete Bouma divisions have also
been Ffound (Fig. é.a,c and D). TFurther structures are rip-up
clasts, scour gurfaces, load casts, load balls and flame struc-
tures. This facies is compared with facies €2 of Mutti and Ricei

Lucchi (1975) and with facies C 2.1 of Pickering et al. (1986).

{b) Medium-bedded graded units are abundant in measured sections
(Fig. 3.3). The beds are 10-25 cm thick and psammite/pelite raé
tios range widely between 10:1 and 1:10 but with an average of

1:1. Bouma sequences are mainly Tbéd divigions 1acking‘theilbwer.

massive peammite but T,q and T, divisions have also been found.

Sedimentary structures are comparable to those in the previous

subfacies. Thig facies is compared with facies C 2.2 of Pickering .

‘et al. (op.cit.) and facies D2 of Mutti and Ricei  Lucchi (op.

git.).
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F%ga iég;)Turbidite facies (facies terminology after Pickering st
a.:; .

A) Thick-bedded facies B turbidites; height of scale (circled)
s 1.7 m. Farm Usambara 304. .

(B) Thick-bedded facies C 2.1 graded psammite/pelite turbidites.
Beds ares overturned. Farm Kaan 309.

"(C) Complete Bouma séquanca_developed in a facies ¢ 2.1 turbidite

underlying a thick-bedded facies B psammite. Farm Dagbreek 365.

(D) . Complete Bouma seqguence developed in a facies ¢ 2.1
turbidite overlying a medium~bedded facies B psammite and under-
lying a medium-bedded facies € 2.2  turbidite containing flute
casts (see arrow). Fara Dagbreek 365. :

(B) Thin-bedded facies ¢ 2.3 turbidite with low psammite/pelite
ratiog. Note the selective development of siilimanike in the

pelitic tops; beds are overturned. Pocket knife is 8.5 om long.
Farm Keises 312. :

(F)  Fine-laminated facies D 2.1 metasiltstones containing small
load structures (indicated by arrow); lens cap is 4.9 cm in dia-
meter. Farm. Kaan 30%. _
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{¢} Thin-bedded graded layers are up to 10 cm thick and are char-
acterized by a dominant pelitic top (Fig. 3.8,E) with psammite/
pelite ratios wusually >1. Bouma sequences often start with
trough cross-laminated T, units within overall Tgge Sequences.
No additional sedimentary'structures have been found. This facies
is comparable with facies € 2.3 of Pickering et al. (1986) and
facies D1 of Mutti and Ricci Lucchil (1975). ;gtg;g;ggggigg;
Facies_z fvery thidk— to thin~bedded graded layers represent the

"glaésid“ turbidites described by Walker (1976) and Gepositional.:

lﬁfocesses tﬁerein have been interpreted by many workers (Bouma,

1962; Piper, 1978; Walker, 1978; Stow and Bowen, 1980). High

conaenfration turbidity currents with rapid settling seen the

predominant depositional processes within this facies bdut low

'boncentration_currénts produce thin-bedded units and decreasing

.psammitejpelite ~atios.

(4) Graded layers which are dominated by pelitic lithologies and
which are 50 ¢m to more than 2 & thick have been observed in a
few outcrops across the traverse. Psammitic bases are rather ir-

regulﬁr and commonly_éhnw'load structures. The pelitic parts of

the units are laminated with alternations of pelites and meta-

-ﬁsi;tstonen. On the farm Kaan, spectacular metasandstone (psam-

mitg)'dykes have devalopedrfrum the lower psammitic layex through

 the pelitic part- to finalily join the psammite of tha’oveflying
graded unit (Fig;"a.s,C). This facies is compared with facies c

2.4 of Ppickering et al. “iléss;. Interpretation: Pickerinq'anﬁ“_

Hiscott (1983) attribute'this unusual facies to 1arge-volume,'
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high concentration turbidity currents confined within small

basing. In this model the thick gilt-mud layers are formed by

- rapid settling of flocs within a highly concentrated mud cloud.

Pipar (1378} has pointed out the occurrence of thick turbiditic
mud beds overlying sands with pﬁrtly gradational contact;gin
channel to levee erivironments. Heé alsoc cites ponding in basins &z
a possible mechanism to a<tumulate turbiditic thin sand/thick wud

couplets.
3.5.3 Thin~laminated metasiltstone faciééi{facies class 3)
This facies ig only developed in the central part of the study

traverse. The classification as siltstones seems appropriate

bacauss of the thin-laminated gharacter of sedimentary layering

'and'tha rodal compositions yhich point towards equal proportions

of guartz and mica. The sequences comprising this fac¢ies are all

"_vu*y aimilar so that only die fac;aa type, namely graded strati-

fied metaailtstones, has been estaullshad.

The sedimentary units comprising this facles are typically 20 cm
to 350 cm thick. Within these, single metasiltstone layers are
internally well laminated (i.e. silt and clay laminations) with

. bed thicknagaﬁs.ranginq-from 1 mm to 2 cm (Fig. 3.8,F). only very

few sequences comprise up to 7 cm thick layer.. The majority of

the bads show norwal grading with psamnite/palite ratios in the

order of 3: 1*1*2. Bouma sequencas comprise mostly Tg. divisions.
Pelitic taps arg in some cases graphitic. Bases often show

&
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micro-loading and flame structures. erss-lamination is occasion~-

‘ally developed in the lower quartz-rich parts of layers, thus

constituting Bouma Teqe turbidites. This facies compares with

facies D1 of Mutti and Ricci Lucchi (1975) and with facies D2.1

of Pickerinq et ‘al. (1986). Interpretatiop: Thin-laminated

siltstones are interpreted to have formed by low concentration,

low velocity turbidity currents (Piper, 1978; Stow and Piper,

1984). This is confirmed by the lack of erosive features, the

thin bed thickness, the grading, and the lateral continuity of
laﬁinatad'unita Pickering (1984) attributes the thin laminations
to discrete ;. .. %ng) fléw events with an accompanying deposi-
tional sorting process as described bf Stow and Bowen (1978). An

increase of this facies together with mud turbidites towards

distal parts of a sedimentary basin has been pointed out by Piper

(1978).
3.5.4 Very thick- to fhinrbédded pélite_facies (facies class 4)

This_faéies_comprises pelitic layers which are not part of graded
psamnite/pelite couplets and it is subdivided into (a)! structure-
less pelites ahﬁ {b) Yorganized" pelites. The classifications of
Pickering et al. (op.cit.) and Mutti and Ricci Lucchi (op.cit.)
distinguish a variety of mud sﬁbfacies using additional compo-
nents such aSICQlour, organic carbon content, terrigenous input,

degree of biocturbation and grdin sirze. These cannot be eviluated
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in the pelites of the Kuiseb schists. A further problem encoun-
tered is the pfeaei&ation potential of pelitic units which would

~ have been preferentially been eroded.

_(a)f.structurexass pelites'moatly.occur in units where bedﬂing is |
_paorly.ﬁafined;Q-The thickness varies frem ahout 20 em to several
metres. No sgdimentary structures have been found and the layers

are mostly codisely recfystallized-palitea with biotite and chlo-
fite (dependin@?mn métamarphic ¢rade and bulk composition) as the
main constituent, This tacies m(y be compared with faciés E 1,1
“structureless mﬁ&s" of Plckering et al. (op.cit.) and with the
E3 division of Fiper (1978). The thin= to medium-bedded pelites
of this faciﬁs:maY'be compared with Mutti ahd Ricel Imcchi's (op.
cit.) facies D or facies G pelites. These authors bave not

accounted, howe:zr, for pelitic layers thicker than 60 cnm.

(ﬁ)- Pelites which show some degree of interhal organizationﬁgre
assigned to the second group within this facies. These rocks may
best be described as graded, laminated pelites. The grading var-
ies from silt to mud with ratios of generally less than ~"1:2 but
transitions are very often ambiguous. Pelite layer thicknesses
range from below 10 cm to more than 10 m, one unit has been found
in the centre of the tréversa which is about 30 m thick but =
component of tectonic thickening through repetition canni® be

_excluded as possible (Fig. 3.9,A). This facies may alsp be

conpared with facies D or ¢ of Mutti and kicci Lucchi (op.cit.)
and with facies E2 and facies G of Pickering et al. (op.qit.).




_;ﬁzg:p:g;gzigni Fine-grained sediment may be generally deposited
as turbidites, 'Gontaurites and a result of pelagic~hemipelagic
settling., It uas bheen painted out by Stow and Piper (1984) that
these procaasén strangly interact and ovasrlap during both trans-

'port and dgpositian._ structursless muds may ba zntarpreted as

resulting from nepheloid settling through the water column to be
finally rgwafkad. by deep-sesa botﬁom_ currents (Corsline, 1984).
This facies may also réault 'from"ponding of thidk, dilute
turbidity currents as suggested by Pickering et al. (1986). Piper
(19?3)'~pnints out tbat the internai"arganization of mnuds is
1arqnly dﬁpendent on  the deceleration of the turbidite flow

: cancarned. Thin facies E2 turhiditas may therefore be deposited
.thrngggﬁqgain#byhgrain settling or aggregata settling within low
*_aoncentration turbidity currents (Pickeriny et al., 1386).

3.5.5 Impure metacarbonate facies (facies class 5)

(a) Demcription
Mntacadbonate-rich lithologies ocour widely as calc~silicates

?withiﬁ tha EKhomas Trough ang have basn described previocusly (e.g.

Cavers, -19563; H&lhich, 1370; Porada, 1973; Praussinger, 1987). A
large var&a Ly of téomatriaa or these unita has bheen observed in
the presdgt study area such as: {a) well dafinad.layars, up to 40
cm thick, parallel to bedding (Fig. 3.5,B): (b) cignr-shaped
spindies, zﬁp. tb..¢avaral netres long and 40 em thick. Thay are

either aligned alorg badding planes or orientated batween beiding

‘and the S; cleavage (Fig. 3.9,B)s (c) swall nodules, up to sev-



R

58

eral'ém'long_and ‘wide; (d) diffuse concentrations of calcarecus
lithologies within cleavage domajns; ent (e) calc-silicate veins
dis¢§rdaht-£a bedding. The occurrence of the calc-silicates is
almost éxciuaively restricted’ to psammitic lithologies and in
particular to the basal parts of facies 1 turbidites and the
stractureiess_aouma Ta division of facies 2 turbidites. Further-

mors,. finelY'dispersed calcareous material is preferentially de=

pusited within the troughs of oross~laninated psammites., This

: featﬁré'has also been observed in the Ugab area in morth-western

Namibia where much less deformed and metamorphosed equivalents of
the Kuiseh schists cfap out._

(b) Interpretation |
Th-re ara several possibzlitiea to account for the origin of the

carbonnta leading to the formation of calcnsilicates éuring re-

: gianal matamorphism. These are: (1) carbonate graine derived from

adjacent shelves through resedimentation processes (e.g. Stow,
1984): (2) pelagic organic precipitation by bacterial oxidation
of"mathahe (Faure, 1986); (3) inorganic oxidation of methane
(Faure,"leasjr {4) carbonate derived from hydrothermal processes
(e.q, Mattl at al., 1983).

The wide distribution of calc-silicates in the Khomas Trough and
the strikinQ%canfinemant of these lithologies to psammites which
are part of turbiditia saquences imply that calcareous sediment
formed part of the resedimentation processes during deposition of
the ailiciclastiaﬁﬁ' There}ora possibility (1) is strongly fa-
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voured for the origin of the carbonate., .stow (1984) described
decreasing amoﬁhta of carbonate upward from Bouma Ty, to Tg divi-
sions in tores taken from the Bngnla basin. .The redapositioﬁ'uz
finé*qrained carbonate sediment (aragonite and Mg-calcite) from
shelf areas intn adjacent ocean basins has frequently been de-
scribed; frdm the Bahama Banks for example_by - Neumann and Land
{1975} and_Haath and_mullins {(1984). 'Transport distances of 200
km or'mbra from_thé nearest carbonate source have been reported
(Berner and Honjo, 1931). Orqanidlor.inorganic precipitation of
carbonate from seawater should have precduced a more randcm dis-
tribution of carbonate within the varisty of 1lithologies in the
Khomag Trbugh. These pfncesses may, however, not totally ba ex-

'cludad since carbonate formed by pelagic pracipitatian may have

also been involved in resedi%gntation processes (e.g. bottom cur-

‘yents) from the site of original deposition. There ig ne evidence
for hydrothermal processes in large parts of the Khomas Trough
which excludes possibility (4).

Processes leading to the formation of the variov.) geometries of
_calc-silicates may comprise diagenesis ({including concretionary
processes), deformation and subseguen*t regional metamorphiism.
Parada (1973) has Initially proposed concretionary processes
within an originally CaCO;-bearing sediment to account for thﬁ
formation of ‘the calc-silicates. This interpretation is accep-
table for the spindles and some of the nodules; well davalbped
~ carbonate concrcions have also been observed in lass deformed

and metamorphosed Kuiseb Formation schists in the Ugab area.
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Pickering et al., 1986). (A) Vexy thick~-bedded (>10 m) facies E
pelites. Farm Reises 312. (B) Cale-silicate layer and spindles
{facies class 5) in thick-bedéad facies B turbidite above facies
¢ turbidite. Farm Dagbreek 365. (C) Very thick-bedded pelaglc
graphite schist facies (facies class 6). Height of outcrop is ab-
out 10 m. Farm Kaan 309. (D) Dolomitic marble facies (facies
'f{ class 7) Aggfﬁéé.of_a graphite schist in the hangingwall of the

S
natchleéé Amphibolite  (stratigraphic top towards the left).
Hammeyr for scale., Farm Annelie 412.
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Calc-silicate layers and cale-silicate lithologies deposited in

troughs of crose~lamirated psammites have, however, not undergone

poncretionary processes and are interpreted to represent resedi-

mented deposits. Reginnal metamorphism has formed the various
mineral assemblages observed and element mobilization processes

may account for the formation of calc-silicate assemblages along

- veins and fractures.

In conclusion, the cccurrence of metacarbonate rocks in the Rui-

- seb schists implies that sediments comprising mixed carbonate and

siliceous grains have also been deposited by resedimentation pro-
cesses in addition +to the majority of siliciclastic sediments
being deposited by turbidity currents. Some of the cﬁlcareous li-
thologies have been subjected to concretionary processes during
diagenesis. Regional metamorphism has subsequently formed calc-

gilicates.

3.5.6 Thin- to very thick-bedded graphite schist facies (facies

class €)

{a) Desoription
This facies is closelv associated with sequences comprising tur-
bidite facies classes 1 to 4. Graphite schists have been found
mainly in the south and centre of the traverse, especially in the
vicinity of the Matchless Amphibolite. Units are usually between
1 mand 10 m thick but an extremely thick graphite schist is de-

veloped on the farm Raan with a thickness of about 60 m in out-
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“eorop (Fig. 3.9,C). This thick-bedded graphite schist and one unit

in the vicinity of the Matchlegs Amphibolite have been traced
'along strike through the Khomas Hochland into the Namib desert,
proving the regional distribution of this facies. The graphite
schists’éhOW'Very iittle internal organization, except of some of
the graphitic'tops_infthe thin~laminated metasiltstone facies. On
the férm-xaan,.psammitic.aykes_which contain graphitic clasts are
developed within the thick graphite schist. Pyrite is abundant
within the graphite schists. | | |

- (b) stable isotops analysis
Lur;a_ first step towards the interpreﬁation of the graphite
schists stable'iéatdge geochenistry has béen'appliéd in order to
prove or disprove“ the organig'arigin of these rocks. The thick
graphite schist on the farm Raan and one unit close to the Matech-
less Smpﬁibélita have been analysed and the data, givan_in Table
3.2, show a very haﬁageneuus distfibution‘ of 5?3c indicating a
cap#iderabla enrichment of up teo 209/, 12c'relatiYa to unaltered

marine limestones.

_ta)-Inturprntatian and discussion : o g S
Thia graphite schist  facies is compared with facies G'("hemi-
péiagip pelites") of Hutti'éhd Ricei ©Lucchi (1575) and with
facies 'group\G ("biogenic oozes, 'hemipelégités-Hand chemogenic

a4

sediments") of Pickering et al. (1986).
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Table 3.2: Stable isctope data from graphite schists and
dolomitic wmarble. For sample localities see Figure 3.12. (all
samples refer +o bulk rock analyses. Hhés—spectrometric
neasurements were undertaken with a VG micromass 602 C. The
Bamplas wers reacted with 100% H;P0; at 25°C to liberate €Oy;
analyses were carriad out at the Schonland Research Centre for

Nuclear Sciances, University of the Witwatersrand).

SAMPLE NO. SAMPLE nzscn:pw:cn s13¢ (3 PpB) &80 (% rDB)

PR 852  Graphite schist, - 20.4
: - Kwaggafontein farm _
PK 954 Graphite schist, = 19.6
Annalia farm ' .
FK 825 Bolomitic marble, . . A3 - 15.8
: . Annelie ta.m _ ' :
PE B66 Dolomitic marbla, . = 9.0 - 15.7
_ o Amalie farm ‘

The carbon isotapa-data vbhtained for tha graphite schists are in
accoxdance with publiﬁhed data of pctantially analogous biogenic
_pracursors of such rocks (Hahn-ﬂeinhaimer, 1966; Hoefs, 1980).
 Analyses of Hahn-Weinheimexr (19€6) - om)Precambrian and Cambrian
matamorphusad graphite sdhists are divided by her into one group
with a canuidarabla deplutian in 13¢ (average -25 fgo) being
interpratsd as ¢umpatib1a with a biogenic origin of these rocks
-and a second group with 513c~valuas of up to <79 ;ntarpretaﬁ
as_baaxinq & probable crustal signaturas. The avarage 513cuvalne
of about -20%/,, fits well into data sets for sedimentary organic




s

64

material as shown in Figure 3.10,A. The graphite might have
developed by the progressive loss of hydrogen £rom organic
compounds leading to the recrystallization of the residual carbon
as graphite (FPaure, 1986). A mechanism involving tha (abiogenic)
reduction of €0, or of carbonates would have produced an
enrichment in 13¢ with a shift towards positive values of the
130,120 ratio.

The interpretation of "hlack shales® preserved in the rock record
is stilil problematic. Arthur et al. (1984) summarize the three
most frequently used variables which are considered to be most
significant for black shale development:' (a) variations in the
supply of marine and terrigenous corganic matter from surface pro-
ductivity, fluvial &ischarge, redepositional processes and sett-
ling from nepheloid-layers; (b) varlation in the rate of sedi-
mentation and hence rate of burial of organic matter; and (c)
variation in bottom water oxygenation within an oxygen-minimum
zone. Graphitic schists occcur within distinct parts of the study
area and are intercalated with turbidite facies sequences. The
sequence stratigraphically above the graphite schist on the farm
Raan shows especially well preserved sedimentary structures which
are part of turbidite facies (¥ig. 3.3,I). High pyrite contents
indicate reducing conditions. The most likely processes to
account for this change in facies are initial changes in supply
of organic matter (e.g. by increasing plankton productivity)
and/or oxydgen deplation associated with volcanic activity, s.9.
as represented by the Matchiess Amphibolite. Both.these processes
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may lead to temporary extensions of oxygen-~minimum
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zones 1into

the deep-sea which might even explain the occurrence of black

shales near the Mid-Atlantic ridge (Tissot et al.,

1980), in the

deep Atlantic - Cape' Verde basin (Arthur et al., 1984) and the

Angola basin off the south~west African coast (Stow and Dean,

1984).

|

This study, This study
marble hori:):'on. ‘gruphﬂe s:::hisfs
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Fig. 3.10: Diagram comparing &§13c (a)

and 5180 (B) data from

graphite schists and marble in the Khomas Trough with carbon and

oxygen isotope distributions of the lithasphere and hydrosphere

(from Hoefs, 1980).
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Taking the case of the Angola basin, Stow and Dean (1984) point
out that oxygen concentrations changed periodically in sediment
and bottom waters. This leads to anoxic conditions both in the
basin and on the continental margin. Analyses of black shale
sequences in the Atlantic occean have shown that both turbiditic
and pelagic processes opérata throughout their deposition (Arthur

et al., 1984).
3.5.7 Marble and tremolite schist facies ‘facies class 7)

{a) Description

Rocks of this facies have only been found at the Matchless Amphi-
bolite (marble) and stratigraphically below the graphite schigt
on the farm Faan (tremolite schist). The up to 2 m thick marble
horizoen is developed on top of a 10 m thick graphite =chist and
has been traced laterally over several kilometres (Fig. 3.9,D).
The marble is internally massive, the matrix consists mainly of
finely recrystallized dolomite and some calcite. The tremolite
schist is about 1 m thick and extremely weathered. It has been
included with thig faclies because metamorphic assemblages indi-
cate that it has formed from dolomite during prograde metamor—
phism (Winkler, 1979).

(b) Stable isotope analysis
Stable isotope technigues have been used to elucidate the primary
(erganic pelagic) or secondary (chemegenic, hydrotherma,' origin

of the marble layer at the Matchless Amphibolite. uxygen data

-
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(Table 3.2, Fig. 3.11,B) give constant &80-values arcund
~16%/,,. This represents an enrichment in 180 compared with aver-
age ocezn water {Fig. 3.10,B) but a marked depletion if compared
with data for Upper Proterozoic marine carbonates (Veizer and
Hoefs, 1976). The &§13C-values for carbon isotopes range between
~-49/., and =99/, (Table 3.2, Fig. 3.11,A) which represents a

depletion in 13C compared with marine carbonates (Hoefs, 1980).

. {c) Interpzretation and discussion
In comparison .with the graphite schists,-, the interpretation of
the carbon and oxygen data of the dolomitic. marble horizon is
more problematic. land (1980) concludez that the marked depletion
in _130 of ancient dolomites compared with recent dolomites has
either developed by primary precipitation (which is rather rare)
or by replacement, either at elavated temperatures or from flulds
depleted in “80 relative to SMOW. Oxygen isotopic compositions
nay change during subsequent procesges such as hydrothermal al-
teration and under the influence of meteoric waters (Cocker et

al.,”" 1982; Fig. 3.11,B). On the other hand Valley (1984) repor-s

‘that during metamorphism volatilization and fluid exchange tend

to decrease 51%0 but only on a scale of 1-3 9/, between lower

greenychist and Qranulita facies. Carbon isotopic compositions

.are more aleficult to alter due to the_higher ingolubility of cué

(Lamd, 1980).  Since a freshwater origin as well as the

participation of terrestrizl organic carbon towards formation of

the marble seem uniikely in terms of the enccuntered__deap'marine
sedimentary facids in the Xhomas Trough, a mechanism to deplete

B N SRR O
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Fig. 3.11: Diagram comparing 513c (a) and 81%0 (B) data from the
dolomitic marble at the Matchless Amphibolite with other species
of dolomite (from Mattes and Mountjoy, 1980).

& 3¢ to the values observed was probably involved. This decrease
in 13¢ towards valunes characteristic for "juvenile .carbon" in

carbonatites and diamonds (Fig, 3.10,A)  might be due to
diagenetic processes (Mattes and Hountjoy;_ 1930:_Land,-1980) or
to hydrothermal alteration,  which includes the possibility of
funarolic activity (Eﬁure; 1986). o ‘-
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In conclusion, both data sets may be regarded from two points of

- views if.cpmpﬁraq_with recent and ancient "organich limsstones

both heavy isotaﬁas are depleted but compared to ocean seawater
as well as matearlc, connate and formatian waters 180 is enriched
and 13¢ is enriched with regard to Eedlmentary crganic carbon.

?oesih*’?jaes to axplain the origin of the marble horizon aze:

-€1) reseﬁimentation processes 1nva1v1ng shelf carbénates; and (g;
; preaipitafian and/or replacement of carbanate, “involving mariﬂa

organi& ccz"or coz from hydrathermaljfumarolic activity. Posszi-

bility (1) may be exvluded due to the pelagic sadimentary facles

surroﬁnding the marble. Therefore "in situ” -ﬁrecipitatinn of
carbonata from seawater probably in the vicinity of the Matchless
Amphibalita shoxtly after its extrusion is consideﬂed to explain

better the isotope signatures obtained.

(aj Vertical fa “ps sequences

The facies described above occur within cha acteriatic facies

- sequences throughout the Rhomas Trough. Since the comparison with

the turbildite facies classes of Pickering et al. (1286) has been
drawn in section 3.5, their facies will be referred to for coen-
venience in the following. A representative sample of measured
sections is presented in ¥igures 3.12 and 3.13. This shows that
vartical facies sequences mnétly involve - very thick~bedded
{north) to thin-bedded (south) facies B layers which are.assaci-
ated: with'tacias C and ¥ at tha northern margin of the Khomas
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S = Scopolliie schist
© G = Graphite schist

=y _ Flé. 3.12: Representative selection of measured sactions along
the study traverse showing facies ¢istribution. Note the increase
of pelagic facies southwards. Pelites black shading; Psammites
hlank. Alsoc indicated are positions' of measured sections in

Figures 3.3 (roman letters) and 3.13 (circled letters).
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Trough (Figs. 3.12, 3.23, 3.14,A and B); with facles C, D and
partly E in the centre (Figs. 3.9,B, 3.12, 3.13, 3.14,0); and
with facies E and partly C in the south (Figs. 3.12, 3.13, 3.14,

‘D). _Also in the centre of +the traverse facies ¢ is associated

»with.faaieé D. In the sauth'and centre o. the trough pelagic fa-
cies G graphite schists are intercalated within turbiditic facies
B and ¢ (Fig.. 3.3,I}). The turbiditic carbonate facies is
distributed throughout the traverse and preferentiélly associated
with facies B and C psammites.

The development of bed thicknesses of psammites and pelites shows
similar trends for both rock typaa'inlthe north and cent e of the
Khomas Trough but different trends in the south. This is ex-
pressed by a decrease in psammite layer thickness to a maximum of
about 20 cm in the south whilst pelitic unitz increase in thick-
ness to several metres (Fig. 3.12). An exception is a limited
aréa on the farm Okasume where thilcker beds are developed (Figs.
3.12 and 3.13,H). It is due to the greater differsntial weather~
ing of the pelitic units that measured sections have a recording
bias. They preferentially contain information from the psammitic
parts of each sequence and do thersfore not reflect psammite/
pelite percentages on a larger -scale along the traverse. Figure
3.12, however, indicates the increase of pelitic percentage in
the southern part of the Khomas Trough.
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Fig. 3.13: Representative measurad-%ectionsrshowing facies analy-
sis, sedimentary cycles and bed thickness plots, Diagrams from A

to H confirm the change from small~-scale thinning-upward to
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thickening%upward uycles raspédtively from nof%h‘“ to  south.

positions of sections are indicated in Figure 3.12, )
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rig. 3.13 (continued).

In' addition to the change in bed thickness it is impoftant to
note that thers is a pronounced chaﬁgn in sedimentary faatures
in the centra of the traverse. Sedimentary structures ara
davelopsed commonly in sequences north of the upper Koam canyon
(Figs. 3.12,G and 3.13). To the south, however, only graded

layering appears to ba preserved.
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Fig. 3.14: Faclies segquences. (A) Thick-bedded facies B turbidite

underlying facies E turbidite, northern Khomas Trough, farm

'Reises 312. (B) PFacies B, C and E turbidites in *he northern

Khonas Trbugh, farm Keises 312. (C) Facies B, € and E turbidites

in the central Khomas Trough, farm Dagbreek 355. (D) Thin-beddes =

facies E turbidites below the Matchless Amphibolite in the
southern Khomas Trough. Height of gcale is 1.8 m. Farm Kobos 305.
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(b} Sedimentary cycles

Further analyses of measured sectionéfhasnshown' that faciea sa-~

quences are organized intc sedimentary cycles which are developed

oh all soales., Cyclicitf on a;-kiiametré' scale _iﬁ already
conspicuous in the landscape which exhibits a regular alternation'
/of zones with smooth topography and scarce:outcropfwhich contrast

‘with rough, sateep topoqraphieu with abundant cutcrop. Mapping

along the traverse and along some sections west towards the Namib

- desert has revaaled that thesa topographical ahanges are related
ko sedimtntary facias changes from major pelite doninated to

‘psanmite dominated auccasaions respectively. The major ¢yclic

sequenuaa are also vigible on the Landsat image of the area (Fig.

g
g 2,4} and they may be traced 1atera11y foz at 1aaat 100 km. Thalr

dist:ihutian along the study traverse is shawnﬁin Figure 3.15.

Medjum~scale cycles have proved to be difficult to evaluate in

- measured sections due to outcrgp preservation hut could be mapped
in the landacapa'ﬁﬁﬂ:a they are well shown (Fig..s.is,a-n}.'whe
rmadiumwscala ~ oycles are between 200 m and 500 m thiék and the

measured cyclﬁs-havé baen 1ncarpur§ted inta'tha_large  aycles in

Figure 3.15.
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' Small-scale cycles vary in thickness from 2 m to 30 m and are

nested within the medium-scale cycles, ﬁed_thickness plots of

‘some selected outcerops axe givén in ¥Figure 3.13. These confirm
that the north of the Khdmaszrcugh'caﬁprisés two major thinﬁinq-_
?npward'sequehcés-(?igs.' 3.15, 3.16,%), the southern of which,
however, includes m;ndr_thigkgning—ﬁpward cycles (Fig. 3.15).

Towards the south a wide zone of nested thickening-upward cycles

- foulows (Figs. 3.13, 3.15, 3.16,F and G) to be succeeded by non~

_cyclia_suGGQSQicns in the south (Figs. 3.12, 3,15). A swall zone
eont&iﬁing thickening~upward cycles is inéurporated within the

latter zone (Flgs. 3.15, 3.16,D). T~

~ Since tha Ruiseb schists are strongly deformed and metamorphosed,

a conaider&bls amount of intarngl-folding'ie developed within the

- sedimentary cycles. Notwithstanding this strong but widely coax-
'ial'dafarmation, sequential lithofacies changes have beeh shown

to ocour en all scales. Therefora the major large-scale cycles
are Yyegardaed ax coherent stratigraphic units which extend for

 more than 100 km laterally.

oo




Fig. 3.16: Sedimentary cycles.

: 1s ' _ |
(A) Several thickening-upward cycles, approx. 50 m thick, etched
in the landscape. Farm Dagbreek 365. - o _

({B) Thickening-upward cycles, appro£. 200~m.thick.'Farm Kaan 309;

(C¢) Thickening-upward cycles, approx, 200 m thick. Farm Kaan 309.

() 'Thidkaninguupward-aydlea, intercalated with thiuk-nonécyclic

basin plain secquences of the gouthern Khomas Trough (compare with

Flg. 3.13). Farm Okasume 304. .

(E) Small~scale thihning—upward'cycles; Peammitic lithologies are
light coloured, pelites are dark, Beds thin towards the strati-

graphic top (top of the photograph). Farm Dagbreek 365.

(¥) small-scale thickening-upward cycle (3.5 m). Compare alsg bed

thickness plet in Rigure 3.13,D which contains this gycla.

%ndigi?ua%ngeda are demarcated by bars., Hammer for scale. Farm
sawisis . o . .

(&) Thickeningﬂupw&rd'dycle (approx. 15 m thick) within‘loba se-
guence of the goutharn Xhomas Trough. Sledge hammer for scale
(circled) is 59 om long. Farm Ckasume 304.
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3.7. Facies models

Most of the seven facies described above may be interpreted in
termz of facies models for turbidites and pelagic sediments. The
turbidifes in the Khomas frOugh are largely accommodated within
the medium-grained turbidite model - .armihology of Stow, 1986 and
Pickering et al., 1986). This involvés the classical Bouma (1962)
sequence and represents the depositional model for most of facies
¢ and partly facies B and D (Fig. 3.7). The wel rknown five Bouma

 divisions are T, to T,. It seems, however, that incomplete se-

quences (tap-absent,-Qmidfabsent} hase-abgent etc.) are the rule
and this formed also the base of the facies subdivisicns into
immature facies (Bl, ¢1) and mature facies (Bz; ¢2) by Pickering
et al. (1986). Most of'tha gand-rich turbidites (facies C) are
deposits of high-concentration turbidity currents in contrast to
1ow_cnncentration currents of facies D. Tractional processes play

a role wheréa flows are underladen (Pickering et al., 1986).

The fine-grained turbidite model (Stow and Piper, 1984) repre-

sents much of facies D and E (Fig. 3.7). In this model graded,
silt-laminated muds pass upward into graded muds and finally into
ungraded muds. These sequences have been described by Piper
(1978) and Stow and Shanmugam (1980). Again in this facies com-
plete sequences are the exception and top~, mid-, and base-abgent

units occur. Waning current velocities account for the grading,

ke
H
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snd the alternation of silt and mud laminae originated from
depositional sortlng of silt grains from clay flocs due to sh“ar_

in the bottom boundary 1ayer {Stow and Bowen, 1980).

RﬁaadimentedIcarbonates“have become incorporated with the clastic

-dépbsitioﬁal system in the Rhomas Trough. Whilst. fina—graiﬁgd

carhonate material would haVa tended to dlsperse in the water co-

lumn and settle out with tha palaqic backgruund sediments (s aw,_

-1986), the sand and gilt grade carbonates -hava‘;eeﬁjﬂeposited'
with the turbﬁdity ¢urrenta to produce a mix which was metamnor-

0

.

‘More than 100 m thick pelitic-sﬁaaﬁssions in the'southerﬁ:part of

the traverse are’ cansidared to 1arg91v rapresent phlagic and

hamipelagiaﬁdeposits. Pelagic and hemipalagic facles models are

very similar to bottom current (contourita) facies mudels and

imp056°a recognition problem in the pre-Palaeczoic rock record

'(Gorsline, 1984) All these depbsits occur mainly in facies E and

G and 1&Ek direct evidence for current flow. Since 'muds'up to
several metres thick have been reported»frqm turbidite basine
(“unif%;esﬁ of Stanley, 1981) it is extremely difficﬁ;t to dig-
tinguiéﬁ structureless pelitico turbidites, pelagic/hemipelagic
pelitea and pelitic battam current depasits, éspecially in the
metamorphused seguences described here. o

A
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Further facies models encountered in the 1iteratﬁﬂg_ara slides
and slumpz {(Woodcock, 1978),. debrites (Thorntori, 1544}  and
'_coarse-grained turbidites (Lowe, mﬁaz) There is no evidence for
_.alidas, alumps or debris Fflow depusits in the Khomas Traugh to
 date. Although the sediments have heen considerably recrystal-
Lized _dﬁrinq- metamggphism :it- may be postulated that origiﬁélz
'_g:ain qizeanhawa not“excee&éd sand size. It is rather unlikely
that a congiomeratic precursdr :ecrystallizé&,during metamorphism
to produce"the fine and medium “grain asizes™  encountered in the.
studf.&rea. The relatxve uniformity of grain s;ze is a regicnhal.
.féature. SQma authors have, howevar, 3““91 that some of the
carhonata-baaring naunkes and spindles dmseribed abovea unﬁar
the metacarbanate faaw&s represent original - sadiment&ay clasts"
(De Waal, 1965 Praus&gngar et al., 1937). |

3.8 9ﬂRﬂ!iiiﬂﬂﬂlfﬁﬂi&inE#QIQHMlJﬂﬂmﬁﬂﬂizﬂﬂgh
N | -
3.8.1 Pravious sadimentation models o
For the Khamaa_ﬂrraugh interpretatidﬁs of tha sedimantatigh:pat-
tiirns have onry' been speculative in the past. Martin (i965)
acharactarians the Kﬂiseh schisty as a *typical augeoayn¢1ina1
“assnmblaqeﬁ, Millier (1975} has initially ﬁemanstratad graaad
 badding and he concluded that the "flysch sadxmants“ whers dapo=

sited by turbidity Gﬂvrenta. This has subseqnantly besm canfirmed

o
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by several aunthors (e.g. Downing, 1983; Preussinger at al.,
1587). Without presenting dJata, Downing (1883) has speculated

upon a submarine fan environment for the Kuisek schists. .

3.8.2 Geochemical constraints on the source area of Kuiseb
metagroywackes |

With regard to a §ossib1e source area,_‘chemical compositions of
fhe Knisab metagreyvackes of this study (see section 3.3), of
Schneider (1983) and of Phillips et al. (1989) are compared in
Tabkle 3.3 with graywackes from different geotectonic settings on
the basis of data compiled by Bhatia (1983) and Bhatia and Crook
(1986) . Also given are “average" greywacke analyses from Petti-
john (1963). The table demonstrates unusually high average con-
tentsz of Ti0,, Cr and Ni in the Kuiseb metagreywackes which is
confirmed by the dﬁta of Phillips et al. (1989) who studied in
detall an outcrop near Windhoek. The-overalllcompositions show
striking similarities to continewcal island arc and active conti-
nental margin greywackes which is confirmed particularly by the
immobile elements,

Within Crook's (1974) classification.based on 510, and.NaZO/KZO
contents the Kuiseb metagreywackes classify as guartz-~interme-
diate Ahdean margin greywackes. Roser and Korsch (1986) have also
analysed greywackes from different tectonic settings and have

e b " ~ e
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tried to characterize these by means of wmajor element ratios.

- 'I'he,._zxuiseb data have been plotted into one of their diagrams and

this alg+ confirms an active continental margin source for the

Table 3.3: Chemical composition of greywackss £from varlous

=
geotectonic settings (Bhatia, 1983; Bhatia and Crook, 1986 and
Pettijohn, 1963) in comparison with average Kuiseb metagreywackes
(this study; Schneider, 1983; Phillips et al., 1989).
A 8 ¢ [ E F G B .
5i0, (Wt %) 7240 S8.B3  70.69 7586 8195 TILT9 7054 66.70
Tit, .85 1.06 6h W46 49 .93 .78 A0 :
AloOy 1.9 1711 %06 1289 641 1171 42,10 13,50 ST
ped = md  5.52 3.05 1.5 1,7%  5.083 3,19  3.50 L
Pl 5.06 195 143 130 132 nd  1.65 160 et
] .08 A5 .10 .10 .08 .08 .10 A0 B
¥go 2.03 3,45 1.7 1B 1,39 223 2% 210 .
Ca0 .76 5.83  2.68 248 1.8 1,58 273 2.50 o
Ha,0 278 440 342 277 .07 228 2.8k .90 ' o)
K0 2.6  1.60 t.89 2.9 1.7 297 2% 200 '
P40g A9 .26 .16 09 A2 B .18 .20
¢ (ppm 7 37 51 2% 39 7
N 2r 1 13 10 8 24
b 85 18 67 115 61 88
Sr 146 437 250 141 &6 114
TS 462 370 &4 522 253 389
v 9 134 8 48 3t 9
Y 33 20 2% L zr 40
n gl 89 7h 52 26 67
Nb 10 2 9 1" 8 "
r 243 9 29 179 28 238
" total Fe as Fe,0; In Kuiseb erhists
A - Xuiseb metagreywacke (this study; quartz-plagioclase-biatite schist)
(=70
B + ccennic izland arc greywacke (n=82)
C - continental island arc greymacke (n=257)
D - active continental margin greywscke (n=212)
E - passive contirental margin greywacke {n=123)
F - Kuiseb "gneiss# (Phillips st al., 1989; n=i7)
G - Kuiseb greywacke {Schneidar, 1983; no57)
H - average greywecks (Pettijohn, 1963; n=51)
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precursor (Fig. 3.17). Although major elements have been modified
during metamerphism, the variation diagraws (Fig. 2.1) show that
K50, Nags0 and Si0, have been enriched. Pettijohn (1975) points
out that Xy0 and Na,0 increase with increased maturity of the

terrigenovlastic sedimentary rock. It may therefore be expected

that K,0/Na,0 ratise were originally lower, a fact which empha-
sises even more, considering Figure 3.17, the probable active

margin derivation of the Kuiseb metagreywackes.

o PASSIVE CONTINENTAL MARGIN
A
K20 ACTIVE CONTINENTAL MARGIN
Naz0
’-1
0.5
QCEANIC ISLAND ARC
044

1 1 ] ) ]

5102 (%)

Fig. 3.17: Major element plot distinguishing tectonic settings of
sandstone-mudstone suites (after Roser and Korsch, 1986).
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These results suggesting that an active continental margin with
héth volecanic and plutonic magmatic suites contributed conside-
fably towards thé precursor of the'Kuiseb metagreywackes in the
Fhomas Trough are not in accnrdance. with the .finﬁings nf-Millgr
et al, (1983) who  studied the geochemistry of the Kuiseb'schists
along a traverse between Okahandja and Windhoek. Based on the
geochemical maturity index of Pettijohn {1975} the authoxs con-
clﬁda that a sautherﬁ and cantral group in the Khomas Trough is

related to a passive margin provenance whereas a northern group

‘has been supplied by a northerly-situated rhyolite-rich source.

3.8.3 Interpretation of elongate svimarine fan and basin plain
depositional environments

By the very nature of the metamorphosed Xuiseb Formation metase-
diments, comparison mist be made between the sedimentary features
raaaghized and those facies associations already described from
nore recent turbidite sequences. Within marine environments three
fundasiental “facies assoclations® (Nelson and Wilsen, 1384) or
"environments" (Stow, . 1926) have been identified: slope aprons,
submarine fans and basin plaing. The facies and facles models
which have been documented and summarized above are interpreted
to indicate submarine fan environments and b&sin plain environ-

ments, The lateral extent af'markar horizons, the consistent pal-

aeccurrents f£rom the north-east parallel with the tectonic
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strike, the size of sedimentary cycles and the uniformity in

lithologies and grain sizes strongly %uggest a miiad—se&iment
elongate fan system (Nelson and Nilsah, ﬁ984). '

Interpreting submarine fan facies associations from "proximal® to
wdistal® has limitations. Various authors have put emphasis on
the probléms Arising from the comparigon of modexrn fan settings
with those of anclent fanes (Normark et al., 1983/84: Shanmugam et

al., 1988). This is initially a problem of study appraadhes since
modern fan research deals mainly with morphologic agpects and

shallow drill cores. Subsequently the turbidite facles scheme of

Mutti and Ricel Iucchi (1972). developed on an_ancient mixed~

sediment fan (Nelson and Nilsen, 1984), has been applied'to mod-
exrn fan settings. Ancient fans on the other hand are interpreted
from vertical facies sequences which are dependent on outcrop
preservation, Larga-écale morphological features which halp to
cénfirm a fan shape are extremely difficult to evaluate. In tha
rock record it is problematic on & smaller scale to recogniza
channels, which are such an important feature of fan settings, as
has hean'pointad out bY Normark et al. (19837/84) and Shanmugam et
al. (1988).

Interpretation of sedimentary seguences in the Khomas Trough is
mada with the background that the succession is aubdivide& into
individual thrust-bound sequences {ihia'will be shown in Chapter
4). Hawu#ei, having takan internmal folding inko account Guring
the measurements in th# field, it is implicit that facies rela-

oy
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tionships are largely intact within the individual slabs, The

fold styla and south-east directed vergences have produced thick,
upright fold 1iﬁbs with upward-faaing-sequencaa and only véry
. narrow overturned 1imbs. Stratigraphiu relations batween adjacent
. Blabs, howavar, ares unknawn ‘and cona;derabla pazts of the fan

 mystem might be miuaing but ‘are more probably repeated.

Tha3distributibn and oﬁgaﬁiz;tian' 6£ f&cies'and vartigal facies
quuancaa, together with ‘eyelic patterns as {ahown_in Pigures
3.12, '5.13' and 3.15, are int%fﬁreted to document middle fan and
outer fan depositidnal environments of an elongate submariné fan
in the nortﬁnand centre of the Khomas Trough. Bahin plain de-

posits are dnvalopad in the south (Fig. 3.18). Sinﬁa there is no

avidenca for coarse-~grained, canglamaruta fad&ea (?ickermng et
al., 1936: Hutti and Riceci Lucchi, 1975) aon g.larger scale am
‘wall as for taciea F “chaotic. depogits" (Pickarinq et al., 1986;
| Mutti and Ricel Lucehi, 1975) it is infarrﬁd that inner ran
environﬂants and slump and slide deposits hava not been developed
on the %ina of this traverse or bhave not bgen preserved. Inner
fan &eﬁasitinnal envirorments are typically small and closely

aituata@ to the feeding source of elangaﬁa fans {e.g. Nelson,

1983/841: and may thaerefore easily be omlztarated or developed

1atara11y in andiant orogenic settings.

In the northern part of the Khomas Trough niddle fan depositional
enviromments of an idealized fan system (Nelson and Nilsen, 1984)
are indicated by the dominance of thick-bedded over thin~badded
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turbidites within an overall thinning-upward trend. Irregular
alternations of thinning- and thickening-upward cycles together
with small channels and incomplete Bouma sequences suggest, how-

evat, the ﬁidespread'occgrrenca of interchannel deposits (Nelson -

and Nilsen, 1974; Stow, 1986).

FPacieg featurea outlined above fram'the centre of the trough are
consiatant'with-uutar fan lobe (in the sense of Mutti and Ricel
Lucchl, 1972} and f#n frings facies asgoclations '(summaries in
Nelsdn ahd Nilsen, 1984 and Shanmugam and Moibla, .1988). The

7sma11-éca1a_thickening-upward cycles (up to 5 m thick) most prob-

ably represent compensation cycles as described by Mutti and Son=-

‘pino  {1981). Regarding cyclicity, Stow (1986) has pointed out

that proximal sandy lobas tend to show thickening-upward sequen=
cas in contrast to distsl sandy and muddy lobes which show more
symnetrical sequences.

Sedlmantary sagquences in the southern Khomas Trough, from several

i-kildmntras north of the Matchless Amphibolite 4o the Southern

nggin Zonea, decument the transition from outer fan lobes te fan
fringe and basin plain successions (Fig. 3.18). In favour of this
interpretation are: (1) thinébedded turbidites intercalated with
pelagic depositsa; (2) the overall decreasing bed thickness of
turbidites towards the southern margin of the Khomas ‘Prough; and
aimﬁltunaoua;y, (3) the increasing thickness of large-scale pe-

" lagic successions (pelites and graphite schists) up to a hundred

metres scale towards the mouth, reflecting the preponderance of
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Flg. 3.18: (A)-ng'af depositional palaecenvirorments interpreted
for the Khomag Trough., Middle fan and outer.fan dapositg of an
elongate submarine fan system as well as basin plain deposits
are devalnpad.in the ndith, cantre and south respectively. (B)
Sahemafic profile through the southern inland branch of the
_Damara~0rogén ghowing_palaeoenvironmental'setting and tacies as-
saciations in the pregentédﬁy Khomas Trough and in adjacent ar-
eas. “te the position of the Matchless Amphibolite.
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hemipelagic and pelagic sédimentation over turbiditic processes.
The narrow 3zone which comprises thick psammitic beds organized
within thlckaninq—upward cycles and interculated within the basin
plaln succession (Figs. 3.12 and 3,18) might either be explained

.by stxuctural interposition or by an episode of outbuilding of a

icbe sequence into the distal environments. This would be
similar to one of the basin~plain lobes described by Pickering
(1981) from the Iate Proterozoic Rongsfjord turbidite system and

- by Ricc' Lucchl and Valmori (1980) from the Italian Apennines.

. Thaye are most probably 1evae;z'interchannelxand contourite envi~

rorments intercalated in various parts of the succession. Facies
D deposite Iin <the centra' of the Xhomas Troﬁgh are.aspécially
1ikaly candidat&s for intarchannel' depoaits in tha outer fan.
Levees, interchannalssfanﬂ thmn—beddad basin plain turhidites
are, however, wvary gimilar in dapnsltional patterns (Nelson and

‘Nilsen, 1982) and therefore great uncartainties_a¢company inter~

pratations in an ancient terrain,

Comparing the assigmment of cyclicity to variocus éubparina fan
facies asscciations on modern and ancient fans in various studies
shows that there are considerable dissimilarities. There seems to "

be only partial consensus in recognizing the larger-scale

thinning-upward trends as imney and middle fan enviromments as

opposed to thickening-upward trends of outer fan environments. In
view of ‘the widegpresd -symmetrical sequences occurring in the

vertical sequences of
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turbldites anpd associated sequences by Stow '(i985) shoﬁs that
regular cyclicity, which occurs preferentially in proximal envi=-
ronments} is rather the qgceptinn. In buter fan and distal envi-
| rpnmqnts éymmatrical sequences or nonécyciic sequences are wide-
gpread features (Stow, 1985). | | |

i

3.8.4 Discussion of other pbaﬁihle.daposiﬁianal environments

_ rhe basic.turhidita éedimantntibn Rystems within the marine realm
‘are slope agrans,-radia;af&ﬁa, elongate fans in trenches and open
basins, and extended Geep-sea channel systems. Slepe aprons as
vall as radial fan-aysteﬁs (sumﬁarias @.9. in Nelson and Nilsen,
1984:§ﬂd Stu#, 1986) c¢an be ruled out for the Khomas Trovgh bazed
on the following Teasons: (i) the lateral extent and the
conuistency of major sedimsntation units; (2) the overall verti-
cal facles diatriﬁution with nnitbrm {metamorphic) psammite
”grain'sizes prpbahiy reflsacting ;riginal sedimentary grain sizeé,
and mostly regular bedding surfaces; (3) the lack of proximal
glopa and innar. fan :daposits; {4) the uniform longitudinal
palascourrent distribution; and (5) thatpresent day size of the
Khomas Trough is larger than most radial fans described in the
literature.

RN . o .
Stow et al, 311983/84)--point.out_that tans with elongate shapes
also develop in trench'floor'asttiﬁgs {(compared to. elongate open

basin fans) due tc'struqtural don:inemant and if a large sediment
snuraa_axiutg.' An ancient example is the Cretaceous Chugach ter-

i
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rane in Alaska'(ﬂilseh and Zuffa, 1982). Undefwood and Bachwmann
{1982) show that tranchas may contain debris aprons, alongate
fans, axial chamnel deposﬁts and unchannelized turbidite sheet

flows.

and depositional'phtterns Emmégut elongate trench f£fans, elongate
opan basin fana and deep~sea channel tﬁrbiditaﬁ. The authors fur-

ther emphaSizs"that 'aource muds for thesa:trench fans may be.

high in organic contant due to dapasition ak daptha coinnidgnt

with oxygen minxmum layers in the ‘ocean.

A palaqoeﬁvironmantal interprgt&tion of'tha'Khdmaa Trough has to
take the faliowing regionﬁl aspects into account (Fig. 2.3).
Towards tha south of .the Khomaé Traugh. continental ﬁ&igin
sediments of the Upﬁer Pamara Sequence of the ¥Kalahari Craton
have been interpwat @ to partly ﬂgpresent slope to deep-water
turbidltes dapasited on small fans (Porada and Wittig, 1983;
goffmann,_ 1983}. On the Congo craton in the north, calcareous
platform sediments are overlain by _younger clastic sequences.
Along the cratonic margin calcarecus tﬁrhiditea form éidpe facies
associations which have been deposited within radial submarine
fan systems according to Porada ‘and Wwittig (1983). Hargina both
north and'sduth_of the Khomas ‘Trough have thus been interpreted
as platform amd zlope séttiﬁgs vwhich aontaiﬁ' partly turbiditic
daap—water sedimants {Fig. a 3}. |

l\'-—\.

It has bean fﬁrthermore emphaaized hy ‘Nelson and Nilsen
-{1984) that tharazagg_alaa sgriking similaritles.inpgaurca-dehris

!
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and faciés associations destribed in
'indicaté' that tnrbidity currents within a svbmarine fan, here_
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 ghelf %o the north was included in the flows.
- was etfectivaly transported laterally parallal to the basin
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This study proposes the following palagcenvironmentali setting for
(Pig. Clastic sedimentation probably
ng divargent plate movements in the Southern Damaxa

;5fﬁuqh 3.19).

Crogan i@:&. Hiiler, 1983b, Henry et al., 1990} . The 1ithctacies
the previous sections

named Khamas ?an, were the main anpcaxtlannl procassea within the

. Khowas Sea which saparatad the Congo and Kalahari eratona. The

turhidites carried overwhelmingly a clastic load but some calca~
mram the ‘adjacent
The seﬁtmant load

reous material which was mnst probably derived

ﬁargingxf:pm the north~east to the south-west. ZThigktype of lon-
gitudinal,
by deposition within an elongnta submarine fan as shown in Figure
3.19. “Proximal®

scuth confirming the deveiopment and preservation of middle fan,

to " 3igtal® relationships uccur from north to

outer fan and basin plain depositional environments tﬁfaugh

| time. The maﬁa':law'pracéasea were accompaﬁiqd by ¢ontemporane&ua

palagid_ahd hﬁmipélngic sqttling  but partas of the pelagic and

hemipelagic sediment has also been involved in rasedimentatian |
© processes during progressive development ¢f = the basin. Various

graphite schists intarcalatad with turbiditic as well as palagic

facies QSVa probably ariginated from both pels ¢ settling and

transport Qf orqanic ﬁarbonwrich detritus by turbidity currents

into oxygenwdafician? anaxic parts of the Khomas Sea where they

' have been depcnita& as black shales. -

long distance sediment transport is best interpreted

L Y
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Pig. 3.19: Palascenvirtnmental model of the Khomas . Trough. The
elongate Xhomas Fan is f@@%fprimarily from a mixed volcanio-
'plutania active cantinantg; margin source which is situated to

_the north-éast of the present Khomas Trough. Pelagic and hemi-
‘pelagic medimentation dominates the basin plain towards the

sauéh; Continental plattoxm and slops sedimsntation, partly in
submarine fans, occurs an the ¢angc and Kalahari Cratons on

either side of the XKhomax Sea.

Palanbcuxrtnt cdata confimm thaﬁ tha ﬁain source for the clastic
sadinent was s‘“untad tuward@ ths narth—eastarn and of the
present Khonas Trnugh (Fig 3 19).




_Géachamical ~pattarns show volcanic source influence and point.
towards continental island arc and/or active continental margin.

- The width and_dapth ot the initiul-xhamas'saa'has repeatadly been

: ovar&ll_geotectanig'madélé of thé Damara Orogen. The sedimento-

95

derivation of the precirsor greywackes. &udging from thegé data
the mast probable prdvénanca;aréas are either the Proterezoic
'ﬁnbilé 'belts'in thép east (Lufilian Ard, Zanbezi ﬁelt), or,
altnrﬁgtivaly, & volcanic arc feeding in from the Central Zone
(Fig.  3.19). | I |

a controversiﬁl' issue and Qpacﬁlatiéna have been hased on

logical data presented here suggest that the basin has baen wide
enough to accommodate thick submarine fan and basin plain se-
quencéa. .Eurthérnore_£w9 contrasting depositional énvironmenta,
clastic and cal&arnou:,-'hava been operating on opposite margins
of the bhasin. No evidenca for deposjtion above wave base, such
as symmetric—aﬁyﬂmetric ripples or ﬁﬁmmocky crogs~stratification
is present. Facies C turbidites with base truncated Bouma Tp.ge
divisions do confirm the basinal nature of depositicn as does the
lack of gedimentary strﬁctures togethar with thin-bedded tux-

" pidites and thick pelagic pelites in the southern Rhomas Trough.

Carbonates indicate deposition - above CCD but judging from the
present an CCD levels between 4000 m and 5560 mn water depth as
well as'fram'thé interpreted slope successions at adjacent mpar-
gins, the water depth of the original depoaitovry was well in ex-
cess of 1500 nm {average base of continental slope; CecX et al.,

T o e .l vk e S
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1282), This estimata-

nodern - elongate fanﬂ on pausive and sctive continental margins
{Ralson and Nilsen, 1884). ' o

.D_

A ¢bmpariaan with modern and ancian£ elohgatu'fans-shoﬁa the con~
-sidarabla size and the shapa of the proposad Khomas Fan (Fig._ o
3.20;7 ‘Pable 3. 4). It in interesting in terms of possible tectnnic

sattings that modekn studies describe both passivs margin fans
(e.qg, Bangal, Indu&,
(e.q. Astaria, Crati, Magdalena, zcdiac)

this most  of ‘the -ancient tans (Marnuao~hranacea,

Ferrelo, - Chugach, Butano, Jackford Formatibnj?annsylvani&n,

Torlassé Terrana, ﬁ;stern ‘Alpms; Table 3:8) are intarpreted as

. situatad at proposed active marygins (Bouma at ﬁlﬂf 1985). Many of
' these active margin fana are furthermaxa elongata in shapa and

ara interpretad to have duvalopad in uqeanic trenches. Exceptions
are the slope-apron system of the Brae ui¢ xiald in the North Sea
(Stow, 1985} and possibl; the Late Proterozoid Kongsfjord
subm&rina fun~slope~delta system (Pickering, 1985)}.

#

Ll

is in accnrdanca with data obtainad From

Amazon; Fig. 3.20) and activa margin fans
In stronyg contraat to
Cottere,
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Fig. 3.20: éumpnriﬁén of the aize and éhapa ef the prasent day
outzkop of the Khomas Fad with other ancient and modexrn IZan -
tens (madified from Barnes and Normaxk, 1983/84).

In ccnclusion,' the above shows that the racias and the facies
asgociations in  the Khomaa Trnugh compara well with published

elongata ﬁubmarina fan aettxnga* Thu vartical and lateral facies
aistr{?ution, the high percentage of mstaaedimantﬁ*wh ch indi-
cates a larga sadiment sgpply and the inferred shape of the
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'§id Khonas Egn are simllar to elongate trench fans developed at

"actmva continental margins. Ancient examples are the Cretaceous
the Middle

ik, lﬁ

Chugach terrain in Alaska (Nilsen and Zuffa, 1982)

' Phanercioic Torlesse terrain in New Zealand (MacKinne.
1983/84), - the Early Palaeozoic of the Central Appa-
lachians (Lash, 1986)

(Talra et al., 1982)

Howell,

aﬁd_theZCretaceousJShimanto HBelt in Japan

-

R

Table” 3.4:
and shapes of modern (above the dashed 1line)
‘the dashed line)

fans (from Barnea and Norhark, 1983/84)

cdmgarisan of tectonic . aatting%,.sizes, thiqknésses

and ancient:(bélow

Note

.at ancient fans ara nearly axcluslvaly altuated at. actxve

cantinental marqins as poxnted out by Bouma et al. {1985).

NANE WAL SEYTING  WHGTH, WIDTH AR, ﬂtt'mm SHAME REFENEKTE
) _type of sargin, - RADIURT (k) [
“type of criur
%o Amazon P Wowln, 250-100 KD slongated percial cone  Normarl ot ol 19EN/8%
M, Astoria T A D Lol 130 2200 truptzoidel formard ot al., 1905/84
3. Fargat L R0, 1100 5000 . alargated Norwark ot al., 1983784
ke Eap Pereat [ [ ()] 1803 ulongated dissyssatrie  fouses ot al., 1983
¥, tratd f ] 14, 8 0 Hlongated Normark #k ab., 1503784
6 Tilyace .o s o0 wlongeted Bi-loked Nerisark ot al., 1A%/
7. thra PG 16, 50 70 avl ' Wtmerk ot al., 1PE3/84
% I # 0 1500, Sidmny »3000 fanl Harmerk o al., 19AS/M
B e dells e 40, 5B Thin) plar ahspwd - Srabms L Nachean, 1553
W Laurwntian MO S00nfn=1500mx, hig slongatud, Lobate Normerk ot al., 1993784
“ 11, Higdalona . A A 3006 trapezoidal fan ¢ Norwirk #t ak., (963784
© A Wiasiasippt ¥, o 340, 570 Alitn povrical : Hormark et al,, WES/BA
1%, Hahteray T, B 4a, %50 2000 QMPLEE Cone Rapmark et sl., 198378
My Navy .t 160 900 wslonjute baaine Rormerk & Plpar, 1972
15. Wicober MT, D 122001 3000 tiriupulas Boben ot al,, 7R
5. Wite - s C 280, 500 *3000 - fan Maldonade & Stenley, 1978
-1, Hitieat A 0 264, B0 1000 ted sgulae Stokke wt 81, 1997
18, Rhore T, c/0 &1, 210 150p slorpated Kotewrk sz ol., 1983784
_ W. San Lusas LA 80 71000 recangulee Noriark, 197D
0. Mancs t. e M5, X L shongatad Horvark ot al., 1983/84
A Arww LA varbugping fans 20 slope+apron Merfark et &i., 1983784
wach (5108 alongated
¥, Btane | - "W, 0 3006 ulongated ellipeoidal - Normirk et al., 1988754
© . tewlo A, & boby 0B i arcuate Porwark ot al., 198356
R Shuguck “wa w0, 100 10000 nerrod prism Moreart ot al,, 1980/M
&%, Farralo A0 ¥n, &3 0] slongated Horeark ot al,, 1985/B4
2. Govrate A O i, 50 - 1500 semleirein Norears, et sl., 1953/04
BT jatho A 0 175, 4050 00 alongated Yormark st al., 19A3/EG
W Merrosye - A5 Major 2 dl, 4-15 0eo elivgarad Hormark et al., 1963784
Arenmcen - Hlnoe-20-25, 410
9. Thoman Ay n_ 25, 100 ¥ {50003 algogetad this stixly
mmalimn <a} typa of nnratm Araccritionary; P-pasaivey T-tr N Snubdustion
Atk of crust: Gecaitinentsl; Jeacemic,
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4. STRUCTURAL GEOTOGY OF THE KHOMAS TROUGH
4.1 Intxroduction

structural studies alony the study traverse examined the overall
défoxmation  pattern in _ordar. to help constrain the tectonic
setting of'thé Khomas Trough. The studies benefited from the fact
that aimngt continunous exposure exists along the river sections.
Detailgd . structural analyses in  the Khomas frough were first
' undertakén by Gevers (1963) ‘and Smith (1965) in the vicinity of
the Donkerhoeﬁi Grgnité south-west of = Okahandja, followed by
Hilbich (1970, 1877), Blaine (1977} and Sawyer (1981). Halbich
(1977) has studied the Xhomas Trough between Okahandja and
Windhoék, 100 km to the éast of :tha prezent study traverse. A

reconnaissance aiudy by Halbich (op.cit.)} ia the western Khomas
Trough was 1arqéiy based on aerial photographs. Kasch (1975,
*%fa' : 1983¢) studied the Kuiseb Formation east of Windhvek in the

o omitara area whilst Sawyer ({1981) and Preussinger (1987,“1990)
L concentratad on the structural style of the Gorob mining area in
: the Namib desert,:lso ki south~west of the present study tra-

versea,

.okl )

e :

In the study area five phases of deformation, four of which are

associated with cleavage development, have been discerned. Chang-
| e8 in fabric development which sometimes coincide with changes.in
a;{: - fold morphology allow subdivision inte four structural domains,

: laballed A, B, ¢, and D. "Domain® here is used in tna grammatical
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-andfphysical sense of a ragion which'h&s-béeh_affectad by a uni~

~ tary influence. The chara&teriétiQS-of”domains,_i e, fabric ele-

manta and folds, will be da#criba& ﬂ_aactlon 4.2 and the contact
" the Ruisab metasadimnnts with3Jtha ponkerhoek Granite in

'section 4.3, Structural diacontinnatias play an impoftant role in

.'tha detornatioﬁ hiatory and these will be discussed separately in
aaction .4, Tha gruss struqtural styla and the timing of B

aafornatﬁ%hal evenﬁu (saction 4. 5) are ‘intarpreted in a unltary v
st uural modcl for the Khomas Trnygh in saction 4.6. '

i

I

sincn thern iu ‘no general ¢laszifiaation schane on the terminol--
vbgy of fabric alamants, ngaliationt is used in the current text_

ta de-criba ganerally planax surfaces of atruatural origin. Fol-

4 lawing tha subdivision of cleavage typas by Hobbs et al. (1978),
'l, :
N’axiai . unar ‘toliations are representad in the study area by

ﬂmatan __nic hanﬁinq claavaqas and ¢renu1ation sleavages., Trans-

- ]poaﬁd foliations in tha southarn part of tha traverse represent

:tha sscond major group. Peneﬁ*ative cleavage is a more general
ﬁ&xm used ‘for fabrics which are characterized by the preferred
al gnmant {nuwly crystallized and/or rearlentated) of a parti-
cul&r”minural apecias. The nomenclature of Fleuty (1964) ls used
for fold shapes (f.e. opan, c¢lose, tight). Where more accurate

mnasurnméﬁ;é were taken, Ramsay's (1967) fold classification is

employed.
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The earliest planar element developed in most parts of the
traverse 1is original sedimentary bedding defined by graded and
non~graded units, but alsoc plane bedding and a variety of other
sedimentary structures dJdocumented in Chapter 3. Sedimentary

bedding is referred to as S,. As far as other structural elements
.re concerned the terminoclogy of Turner and Weiss {(1963) is used
vhere 8, characterizes planar, penetrative fabrics, Lp linear

penetrative fabrics and F, folding of fabrics. The age order of

 consecutive fabric generations is denoted by suffixes 1,2,3,4.

The defprmations identified are labelled Dy to Dy and they are
characterized and definéd by the following structural elements:
(1) Dy by an 8y cleavage and Fi folde; (2) D, by an 5, cleavage,
an Ly lineation and Fy folds; (3) Dy by an 55 cleavage and Fj
folds; (4) Dy by an B, rleavage and F, folds; and (5) Dg by Fy
folds. Tt is important to note that D, structural elements in the
southarn part of the traverse conld not conclusively be estab-
lighed <for the northern part. There iy evidence, however, that
the structural elements which are associated with D, are devel-
oped throughout the traverse ‘and this therefore serves as a
gtructural datum or benchmark. These relationships, nomenclatures
and the ocuurrences of planar eiaments and folde within the par-

ticular demains are summarized in Table 4.1.

The problems of correlating structures, microstructures and meta?
moxrphic assemblages in multiply deformed terrains has repeatedly

I i i ol : o i LS v Fmibut 1o ,“ e R P
: . ) ) @ . ) ) . . " . N A N : . - 'I:‘ o : : °
n . . . . R . . o Vs g . .
L . =) . . oo " . [
- . o P _ > o
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Table 4.1: Summary of planar gabrics and folds encountered in
domains A~D along the study traverse.

| P!a_nur'_elements - Folds

———
e

Domain A | Souzs | Sa | Fa|Fs

|Domain 8 || S, | S, | Ss | Sa |Fi|Fa|Fs]|Fa

Domgain C 1 S2 1 Ss | T | Fal F3

Domain D | Sz {53 |Ss -t Fa | Fs{Fa

haai}paintad out'(s.g; spry, 1963; Williams; 1988) . To obtain a
. relati¥e timing of events in aﬁ_area, as many ﬂpasitivéﬂ rela=

tionships as paﬁsibla'have to be taken into consideration. In the
"study area, ¢the following lines ﬁf qvidenca have been used to
' distinguisﬁ consecutive phases of alaﬁvaga development and fold

formation: _ | | _

(1) preferred orlentaticn and character of planar and linear

© fabric elements; '

_ig' {2) overprinting of planar and linear- fabrics of earlier folds;
gé | {3) crystallization and recrystallization of metamorphic min-

fif? o erals and its relationships to the present foliations
?' {see chaptér_S): e

{#) styles of mesoscopic and macroscopic folds,

i

l
1
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The first two of the abgve criteria define the four domains which

are shown in Figure 4.1. In comparison with an earlier publi-

- cation ¢f Kukla et al. (1988) it is apparent that on the basis of
additional data a new subdivisicn of the traverse has been

_undertaken {Table 4;2). The structural profile along ‘he study

travarsé (Fig. 4.2) indicates that on the basis of fold style a
further sﬁbdivision'is possible. This has been omitted because
fabric elements in this area represent a mora reliable "first
brde:" atructﬁrai marker. The fold geometry i{ much more depend~
ent'on the mechanical and rheological state of the rocks during

the fblding process (Ramsay andlnubet, 1987).

The symbois used in the following for various structural elements
are summarizea in Table 4.3, Cenerally orientations of axial
planes uive strike, angle of dip and dip direction {i.e.
0309/4.°NW) . Orientations of linear elements are recorded by azi-
muth and angle of plunge (i.e. 0609/11°). All structural data are
presented on a Schmidt lower hemisphere stereographic net.

Table 4.2: Comparison of the subdivision of the study traverse
into domains A-D of this study with an earlier study of Kukla et
al. (19BB) B

. - : Kukia et ai.
- | | Kukla
Domain JI D c | B A this study

b e e b e el L i e T e e e+ / . ’
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SOUTHERN MARGIN
ZONE

/N S2 oxial plone fokation
P T s -
#2 1%h wircn zoies, infurred thamts .
Ty boundery

s mm—
Fig. 4.2: Structural profile across the Khomas Trough showing the
size and the style of m?jcr Dy ﬁgi&s.

4.2.1 Dowain A

This doniin covers approximately thwe area between the confluence
of the Koam and Kuiseb rivers at the southern margin of :zhe Kho-
mas Trough and the Us Pass road in the north (Fig. 4.3},

(a) Planar fabrics . _ .
The southernmost part of the traverse is characterized by a dis-
tinet subparallel orientation of plandx fabric elements. Judging

from other parts of the traverse where «(riginal bedding is

e gt MMt mee s e aeme o e e mlemes. s e e e e e
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Table 4.3: Summary of the symbols used for various structural

alements.

PLANAR E. EMENTS

Leng axes of calc—gilicote spindles

Pole{ Trace
. -
Sedimentary layering, strlke and dip SO| % | ko |
Metumorphle foliation Si{o! —o
Metamofph!c’ folletion Sz & | ..-.._n.-...-.
Do axial plane s —-—"L—
Metamorphic follation Ss{ 1 | 2
'Dz. Gl plane b 3 | _.._!..._.
Crenulation cleavage Sa{ B | —ti—
104 axial plane [ _...JL_.
Dg axigl plane (Kink folds, only axigl plare readings} ol e
Antiform eial surface trace (north dipping) S <
Synform axial surface trace. (north dipping) g
Exposed narmagl fdult (with dip tick) —_
Exposed reverse or thrust fault (triangle on upper shest) bbb
Infar, reverse or thrust fault (triangle on upper sheet) A
Thrust zone (tricngls on upper sheet) A
RIS T N —
LINEAR ELEMENTS Pole | Trace
| Dy fold hinge line (with azimuth and angle of pluitje) & dé-""A
Dz fold hinge l: 2 {with azimuth ond angie of plungs) L+ 4 .e:’:
Da fold hinge fine (with azimuth and angle of plunge) (o k";
Dg Kink fold hinge line -(with azimuth and anyie of plunge) | ~ | ©
Dz mirerai lineation _ -LaA *
Intersection line Sq/Sa L8| &
®
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evident, it is inferred that lithological contacts between meta-
greywaakes and pelites in this domain also represent original
sedimentary layering. Since there is evidence for thres pene-
trative fabrics in the adjacent domain B (Fig. 4.1), subparallel
planar elements in +this domain are inferred to constitute an
S4,1,2,3 composite cleavage. The mean orientation of this fabric
is 0529/359°NW, It is mainly defined by the parailel to subpara-
1llel alignment of ahlofite, nugcovite and biotite which encloses
staurolite, kyanite and garnet (Fig. 4.4,7A). Within the composite
qleavagé domsins symmetrical boudinage occurs which is associated
with quartz—chlorité—ankerite ségregations within the extensional
spaces, The composite cleavage 4is overprinted by a weak 84
crenulation cleavage in pelitie lithologles (Fig. 4.4,B). The
crenulation fabric diﬁs moderate to steep towards the north-east
(133%/84%NE) .

{b) Linear elements
Throughout the domain, a prominent minexal lineation comprising
elongate biotite aggregates is developed on composite cleavage
surfaces, Although data show a considarable scatter there is a
major cluster with a mean orientation of 336%°/40°9, & partial gir-
dle representing an anticlockwise sghift of orientations from
north—northuwaét towards west-north-west appears to oceccur towards
the north of the domain (Fig. 4.3). However, to the east of the
study traverse close to the Us Pass, an S, crenulation cleavage
has been observed with a Liotite lineation comparable in charac-

teristics and orientations with the wﬁst-north;wasterly.trands
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Fig. 4.3: Map of the study traverse showing a selection of struc~
tural data for domain A. Ses Table 4.3 for explanation of sym-

bolsg: key givez nunber of measurements.
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i) . : . .
Fxg.lk.éz Micrptextufas in domain A.wu%#icings froem thin sections
-showing: (A) 55,1,2,3 composita cleavags illuﬁtfating the'paral_
lel to subparallel alignment of biotite within a chlorite-
mnscavita.mat:ix enclosing garnet I (specimen PK '855, farm Usam=
bara 304, south of Us Pas# road): (B} Chloritefhiatit&.schist-

showing S, crénulation cleavage ‘developed within the Sg.1 3 3

N0 555 T B ™ B TN R S et et e

componite cleavage. Note microfaults at hinga lines (specimen PK
140, farm Usawbara 304, south of Us Pass road). |
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just described. It can therefore not be excluded that in fact two
different generations have been measured. Left—lateral shearing

along the southern margln of the Khomas Trough may on the other

hand also account for this observed shift of linear element

'orxentations. A second type of linear element is represented bY
deformed gquartz-chlorite~carbonate concretions, set mestly in
pelitic lithologies, which are up to several tens of centimetres
long. The long axes of these.concretions are parallel to the foid

axes in this area which are orientated 057%/5°.

(c) Folds _
No major folds ha : been observed within this domain, Fold struc-
tures occurring are asymmetric and monoclinal kxink folds, as
defined by Ramsay and Huber (1987). The composite cleavage is

- deflected from its original orientation within kink bands which

are. 10-100 cm wide. Axial surfaces (kink planes) dip 20°-60°
towards 156° which is opposite to the north-west dipping attitude
of the regional cleavage. Quartz-filled dilation spaces occur
parallel to the kinked surfaces (Fig. 4;5) and kinking is closely
associated with joint planes. No direct relationship of kink
folds with fabric elements could be observed but the kinking
cccurred subsequently to faulting events which displaced the S,

cleavage.

M e B T T e e
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Fig. 4.5: Small-gcale (Ds) kink band in domain A, showing quarts-
filled dilation space parallel to the Sg j,3,3 Gomposite clea-
vage. Lens cap fdr_scale ig circled., Farm Usambaxa 304, south of

Us Pass road.

4.2.2 Domain B

Various generations of fabric elements and folds are discernible
within this domain and in domains C and D towards the north. Five
planar elements and several linear elements can be distinguished
including badding. The domain COVErs an area from- the Us Pass
road in the south t6 the northern part of the farm Kaﬁn Dam (Fig.
4.8). The Matchless Amphibolite is situated in the centre of this
domain. | |
(a) Planar fabrics
Bedding By can be readily deflned from original 1ayering. This is
evident in parts of the seguence where graded bedding occurs.

Graded layers which provide younging evidence are more guartz-
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Fig. 4.6: Map of the study traverse showing a selection of
structural data for the southern (A}, _cazﬁ:ral {B), 'énd northern
(¢) part of domain B. See Table 4.3 for explanation'of symbols;

key gives number of measurements.
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and feldspar~rich at the base and more mica-rich at the top, rap-

H%esenting é?metamnrphosad compositional yrading. The orientation

of ” add;ng is varlahla 'but genarally teends north-east and dips

'moderately towards the Aorth-west (os4°;4r°nw1, In contrast to

'hedding so, the earliest structural fabric is an 84 tvompositional

bandlng w1th altarnatxng guartz-rich and mica-rich layers

orientated obliguely to bedding (Pig. 4.7,3).

- Because nf later refolding (Fig. 4.7,B) there is no comsistency

in tha or%antation of 8§, which is strongly transposed within 8,

cleavaga domaina to be preferent;ally preserved as a crermlation

in Fy fola hingaa (Fiq. 4, B). The fahrlc dips both towards the

N

south-east (050°/30°8E) and tha northwwest (oso°/ao°nw Fig.4.6) .

The S4 fabric is charagterized by an early generation of biotites

which may be'enclosga and wrapped-around hy later biotites devel~

oped in S. Further evidence for 5, comes from early guartz veins

{Fig. 4.7,C) and calc—dilicate layers which parallel S, ani which

are folded by D; and subsequently by Dz {Pig. 4.7,B).

The second recognizable structural Fabric (85) is a strong, pene~
trﬁtiva cleavage thrcughout the domain and a'metamorphic banding
cleavalie in which‘lsn and 31 ara partly transposad by Bz (?ig.
4.7,R) in the centre and north The By fahrtu dips mnderately

(30°~40°) to the north-west (060°) and ovcurs axial planar to Fy

folds. _Fanning of the cleavage and rafraction at psammite « pe-—

lite contacts is common. The character of the S, fabric changes

' with the 1itholngy shown by the widths cf tha quartz-feldw
spar—rich and thg layerwailicata-rich bands which vary from less

v




?1g. 4.7: Plan&* fabrlcs and "alds in énmain B.

(A) Transposit;on of 54 and refractlon of 52 at 1itholog1ca1 con-
tagts S8, (indicated = “by arrows). Sed/ lentary younging indicated
by araded layering is towards the bottom of the photmgraph. Lo-.
callty Kmam canyen, farm Annelle 412._

{B) Calc-51licate 1ayer folded within pelltic llthalcgles,

- representing intyafolial Dz fold within S, cleavage dowains. Fol- = =

. ded and transposed Sy . fab¥ic also 1ndiqa ed by arrow. Farm Usam-
Q\ bara 304, north of % Pass road.’

(<) Phatograph ahowmng zntrafolial Dy folde wlthin the S, claav-
S age and overprinting £ crenulat*on cleavage in pel:tlc schist.
. Farm vsambara 304, north of Us Pass road,

(ﬁ) Narrow shear zone - in psammitic lithologies showxng small- ~
scale Fy fold. The biotite fabric constituting the S, cleavage is
deformaé aboutr the fold and:. the penetrative S8 cleavage is
developed in the fold hinge. Koam canyon, farm Anneiie 412,

(E} Phatoqraph showing overprmting relat:l.cmsh:LQs of deformations

Dy=D,  in narrow shear zone in pelitic lithologies. 35, is folded -
by Dy which developed small-scale F, folds and a penetrative $,
cleavage; +these are overprinted by the §;4 crenulation cleavage.

{, All planar fabrics are indicated by arrawg Matchless Amphibolite
sequence, farm Annelie a12. '

'(F) Flattenad, coricaentric ﬁ: folds,éclass 1c,? Ramsay, 1967) in

the Koam aanyan section. Height of scale {Qircled} i 1.7 m. Farm
Annelie 412, .
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than one millimetre to akout one centimetre. Sg 15 defined by the
preferred allgnmant af biotite and chlorite canatxuutlng either a
penet;atxve foliation or a wavy to anastomosing network (Fig.
A, é}. Caicﬂailicaﬁe spindles with sizes from éeverﬁl centimetres
to several tens of centimetres are mostly oriantat&d with thelr_
lang axes parallal to Sz.

Fig. 4'32. Tracinq £rom thin sactiqn shawing hinge araa of minor
F3' fold daveloped in pelitic lithologies. The &, fabric is
transpuseﬁ and crenulated within sgljdamains. S5 constitutes an
anagtomosing network within psammitic lithologles {specimen PX

86/57, farm Kaan Dam 411, near Khomas Hochland road).
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83 is a rather unevenly distributed fabric especially in the
l;gf southern paxt of this domain. The mean orientatian in the centre
_ i and ndrth_isloso°/30°ﬂw'(Fig. ~4.6). The fabric ia best aevelapad
;fi in narzew shear zones where folding of 8; by D3 occurs (Fig. 4.7,
ifi? ) D and E). Nntably in the hinges of ¥; folds Sy ¢onstitutes a pen-
5 I etrative bzotite fabric which encloses the 8, fabric.

LWL B LR s G o e L L

"

1

An 8y crenulatiun alaavagn ocours in- tha highly palitic litholo-
gies (?ig. 4,7,C and E}. The orientation of this fabria is varia-
ble (Fig. 4.6) and it describes a clockwise rotatiocis from or;en—'
tations of 0109/40°-60°NW in the south to aeo°/so°—ao°hw close
to tha’ﬂ;tﬁhless Amphibalite where the fabric is exceptionally
stroﬁgly davgiopad {Eig.-%.s;h and B).

1'.\

vt il DAy

(h) Linaar elamnnt&
Thera are several linear elamants present in this domain. The £
most - dis”inct is a mineral lineation which plunges 209~209 to- |

~ wards 320° on 82' p1anas and which is'.theraék}a designated Lga.

| Minarals defining Lgi.ara m&inly biotité but also plagioclase and
amphibolo: at the Matchless Amphiholite. A second lineaticn, LZB,
is the 54/3; intersection with an orientation of 060%/0%. In the
south and centre of the dcnain, ‘the long axes of small cale- -«
silicate spindles gonstitute a linaation which plunges at 30°~50° |
towards 315° down-dip on 8, planas (Fig. 4.6,A) . At the Mai.  less
amphibolite thn long axes of piliow structurns plunge 3309/35°
forming a down-dip lineation on 85 planss together with the elon-
gated ﬁlagioclaua porbhyrablatts they contain, iﬁ the'southarn
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part of tha donain on tha‘faxm'vsambara the 1cng axes of Quartzm

chloritn-¢arbonats ¢oncrations are orlentatad 2500/10° {Fig.

4. b,h)._"

(c) Fblds

Dy structures rapfhaant the majar fold phase in this domain.
Folds are davelope& on all scalés varying from cm-gcale 1ntrafo~ 
1ial falda o isoclinal faiﬂ#.wlth wavalengths cf up’to 280 m.

Quartz and caxg-silicata 1ayers Which parallel 8p are folded by
D to form intratalial ﬁldﬂ within 8, cleavage domains (Fig.
4. 7 B and €). Folds with WEX‘Eengths of ‘several metres are iso-
clinal with axial planas dipping nogtly north-west (05097

| 200-60%KW) although some Zfolds with horth-east dipping axial
planes with a considarabla.spraad of orientations occur in the

southernmost part of‘ﬁhé-domﬁgn (Fig. 4.6,3 and B}. The majority
of +tha folid -axea.plunge:suhhqrfzop;ally towards the north-esst

and the south-west but steeply plithging axes also occur (Fig.

4.6,A and B). Inkrafoliai "Dy folds and isoclinal folds with
wavaléngths af up'to S'm are. particulafly well-daveloped within

matasadimantary saquanaea intercalated with the Matchless Amphi-

bolite. Dy folds with wavelangths of 15-20 1 and amplitudes of
tens of metres are spectacularly developed and well-exposed in a
canyon section of the upper course of the Koam river (Figs. 4.9
and 4.10). These folds are flattened concentric folds (class icC;

-RAmsey , _1&6?)' which lﬁqe tight to isoclinal, inclined, and

_hériznntally to 8ha11awij plunging in attitude (Fig. t.7,F; Fig.
4.9). Axial planes are orientated 0409/40°-60°NW and fold axes
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i
 EXPOSED THRUST, TEETH D CLEAVAGE {ZNGLE OF
v o UPFER v ¥ ot oS
M- THRUST ZOME, TEETH ON U2 SYNFORM, AXIAL SURRAZY
' UppEs BHEET ' TRACE e -+
: - I
=~ DOWNWARDS ON CLEAVAGE g ANTIPORM, AXIAL SURFAGE
MEGIUM-SCALE THICKENING - '
' HCREASE 1 POIMMARE- - ANOLE
R - e \“""'4 glg ;.ot":cs mméﬂgl '

Fiq._ 4.9¢ Map of the Koan canyon saci:ion on the farm Annelie 412

we

o POLES TO 8y

* POLES TO %o - §

‘& POLES TO 8p

a PEULES TGOS
o “AWIAL PLANE

.®&mm

& taglEATION

showing localitias with Da downward-facing atructurea- Aand stareo-

net data. Major s{zm'.ihentary cycles are also indicai:adn
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2w

e msrm {TEETH ON UPPER
T BHEET)

| Y OIRECTION OF SEDMENTARY YOUHGING
X GRADED BEDDINS * DOWNWARD ~ YOUNGING

Fig."i.ioﬁ an o£'the Koam canyon section showing skatghés of

downward-facing structures and related thin section information.

Note particularly the direction of sedimentary yqunging with re-

~spact to the 8, axial planar claavhye, which indicates downward-

facing. Abkreviations: O, guartz; PLAG, plagioclase; BIO, bio-

tite. See Tabla 43 for explanatxon of symbols. Faru Annells 412,
\}

plunge at low angla& hotp towards 235° and 050°—060° (Fig.

4.6,0). Way-up eriteria to" aﬁtermina major D, £old clomures are

provided hy badginqueuclauvage relat¢onshipa, Datgilad mapping of
the canyen section has shown that the wavelengths of the major
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folds are in the order of 5 km. Overturned limbs, however, are

‘very narrow confirming that wmainly right-way up sequences are

_'ﬂevalopeﬂ'within this part-of the Khomas Trough.

bdﬁnward-f&éihg D, folds have been detected at three localities
(Figs. 4.9 and 4.10)  of the Koam canyon section (Kukla et al.,

1988). It ie essential for the recognition of downward-facing

that sedimentarv siructurss, providing way-up criteria, are com-

bined with fab&ic_elemEnts. Two lines of evidence were used to
define.ﬁawnwardﬂfacing= (i) -sediméntary younging indigatad by
gfaded-bedding and (ii) bédding « uvleavage relationships with
respect to Dy folds. Figures 4;7,? and 4.11 demonstratz the
structurﬁl' style of part of the canyon eection where downward-
facing has been detected. The 8, cleavage has been refolded and
strongly transposed ihto S8y (Figs. 4.7, and 4.10) so that F,
fold closuras.have been largely.abscured. Orientations of §; in

the canyon section vary conseguently with dip directions both to

- the north-wesh aﬁd the south-east (Fig. 4.9).

. Fy folds are cm- to m-scale tight to isoclinal, asymmetric folds

which are é?velopad in narrow shear zones (Pig. 4.7,D and E).
They have gently to moderately plunging f£old axes (250°/149-40%)
and axial planes which;dip moderately to 1‘I“aa‘c:e-eply towards the
nbrth—weat.(059°]436?63°NW) and tha sauﬁh—easﬁ'(0599/25°ss; Fig.
4.6, | | | |
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Axial planes of cm~scale close-tight orenulation folds (Fig.
4.7,¢ and E) 4&ip moderately towards both the north-west and the
south-east with axes plunging subhorizontally towards the north-
east and the south-west (Fig. 4.6,B).

Kink bands of monoclinal kink folds are up to two metres wide and
are occasionally brecciated. Axial planes dip both towards the
south-gast and the north-east (Fig. 4.6,3).

Fig. 4.11: Structural sketch illustrating the style of Dy foldiny
in the Koam canyon section. 8, and S, form lines are indicated.
Note sedimeniary younging evidence. Farm Annelie 4.2.
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. 4.2.3 pomain ¢

This domain covers a wide area between the Upper Koam river can-
_ybn on the farm Annelie up ta.tha.central'part of the farm keises
(Fig. 4,12), In this domain only D, and Dy structural elements
are evident according te the hnmanclatura of previcus domains
fTable 4.1). However, one downward-facing D, fold has been de-
tected in the centrs of this domain which might suggest the pres-

ence of an earlier D phase of folding.

(2) Planar fabrics
Bedding is evident throughout the dbmain and a variety of sedi-
‘mentary structures bave been described {Chapter 3). S§5 strikes
'uniformlj towards the north¥eaat and dipa both towards the north-
ﬁest and tha south~-ecast (Fig. 4.12).

The first recognizable fabric element is the S, cleavage which is

- similar ip character to that described in domain B. §; is a
strong, 'pérvaqive, harraw to widely spaced and wavy to anastomo-
aing metamorphic banding with quartz-feldspar-rich and mica-rich
(biotite and mﬁgcbvita) cleavage domains (Fig. 4.13,A and B).
Fanning of the cleavage and refraction at psammite -~ pelite
contaots'ara'commdh (Fig. 4.13,C). The 84 fabric is axial plahar
to the daminant F, folds in this domain and it varies accowding
tq the orientation of the folds but generally trends towasds the
north-east (Fig. 4.12).
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¥ig. 4.12: Map of the study traverse showing a selection of
structural data for domain C from south (A) +o north (D). See

Table 4.3 for explanation of symbols: key gives number of
neasurements.
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S84 occurs within the southern part of the domain in marrow shear 2

zonas but is nore stronqu developed towards the north where it -
is dominant in wajor highﬁstrain zones, The fabric is penetrative

-{Fié. 4.13,D) and is characterized by a newly formed biotite gen-

_ eration which'engldses the sz..fabric. In units of low competence
: v _ - guéh ag the graphite schist on the farm Kaén, howevér, 84 i=
q rather a strong. crepulation.cleéwage3_ Orientation data for S4
indicﬁte é shift'fruﬁ north-easterly trengs (050°/309-509NW) to
nq?thwnorth-eastéfly trends (030“}30°NW3 towards the north of the
‘ domain,_démunstrated by the stereoplots in Figure 4.12. |

(b} Lirear elemants
Within sheay ‘zones mineral 1lineations of elongate biotite and
garnat are oucasionally devbloped showing a wide spread of orien-
tations (Fig. 4.13,0}.' A north-east trending £,/8, intersection i
lineati?n alaoﬂoccura; 'Fu;thermora the long axes of calc-sili- fg“;'
cate aéindlea ﬁke elongated parallel to the D, fold axes (Fig. '
4.12,A and B). an. example of the occurrences, sizes and orienta-
tions of calcwsilzcate spindles in an open asymmetrlc fold on the

faxrm Kaan is shown in Figure 4.14.
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Fig, 4.13: Planar fabrics and folds in domain C.

(A) Photograph showing the strong development of the S, metamor-
phic bhanding cleavage {indicated by arrow) in pelitic litholo-

gies. Note the alignment of staurolite porphyroblasts within the:

cleavage domains and along bedding 8 (indicated by arrows). Lo-
cality is at the northern boundary of the farm Kaan 309.

(B) Anastomosing S, biotite fabric in cale-silicate rich psam-

mite, northern scapOlite schist, farm Keises 312.

(C) Refraction of the S; metamorphic banding cleavage at litho-

‘logical contacts between psammites and calc-silicate layers. Lo-

cality i_wtha centre of the farm Reises 312.

(D) 8, ,ﬁétamorphic banding cleavage superit osed by intense Sq
spaced” Zabric in high-strain zone of the southern scapeolite
schist <4 the farm Dagbreek 365.

(E} Open asymmetric SE verging F, fold in mainly psammitic
litholeogies on the southern, shallow-dipping limb of the Tsawisis
syncline (see Fig. 4.2). S5 is demarcated by dashed line. Hammer
for scale. Domain C, farm Tsawisis 308.

(F} Open F, fold in psammitic schist on the southern margin of
domain C. North is towards the left of the photograph, the height
of the scale ig 1.7 m. Farm Kaan Dam 411.

(G) Metre-~scale isoclinal Fj folde with axial planar 83 penetra-
tive fabric in shear zone at™the southern scapolite schist on the
farm Daghreek 365.
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Fig. 4.14: Diagram showing sketch, photoygrawh and stereoplot of

- an open asymmétric D, fold in the area between the graphite

schist and the southern scapolite schist (Fig. 4.2), The
orientation and shape of cald-silicata layers and spindles
respective to S, and 8, is strongly dependent on their positions
within the fold. Shear processes parallel to Sp are al.)
indicated. See Table 4.3 for explanation of symbols. Farm Raen
309.
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(¢) Minor folds _
F, folds are oben to tight in the northern part of tha domain and
on.tha steep limbs of some major fold gtructures. In contrast a
pronounced. dpen'asymmétric fold style occurs in the centre and
south. Pigures 4.13IIE and F), 4.14 and 4.15 illustrate examples

of open asymmetric folds on the upright limb of a major fold

- structure on the farm Kaan. In contrast, Figure 4.16. shows tight

folding assoclated with the steep limb of the major syncline on
the farm Tsawisis. Axial planes become steeper towards the north
as limbs tighten (Fig. 4.12,A-C). Fold axes plunge at low angles
both towards the north-east and south-wes.t. (05097109 and 230%/
106°), but within zones of high .strain axes pilunge up to 20°
towards 050°. Wavelengths of asymmetric folds are in the order of
2050 m in the shallow limbs and of 5-10 m in the steep limbs of
1ﬁrgek strugtures (Figs. -4.15 and 4.16). There is evidence for a
D, downwsrd-facing fold towards the top of the scapolite schist
sequence on the farm Daghreek. +This is based on the relationship
of graded bedding which provides way-up criteria and the attitude
of the th cleavage (Fig. 4.17,E). The presence of this foid
indicates that folding and overturning of fold limbs has occurred
prior to D,. This may therefore be seeh as evidence for a Dy

rhase of deformation in this part of the Khomas Trough.
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(c) xinor folds
F; folds are open to txght in the northern part of the domain and

on the ateep_limhs of some major fold structures. In_contrast a

pronounced open asyﬁmetric fold style occeurs in_the centre and

south. Figures 4,13 (E and Fj, 4.14 and 4. 15'illnstrate examples

nf open agsymmetric folds on the uprlght 11mb of a majér fold
'-.st:ucture on the farm Kaan. In contrast, Figure 4.16 shoWs tight

=folﬁing'assqciated with the steep llmb of the major syncline on

the farm Tsawiéis, axial planes beconme steepsr towards the north

s 1imbg'ti§h€en (Fig. '4.12,A-C) Fold axes plunge at low angles

‘both ‘towarde the north-east and south-west - (050°/10° and 2309/

L

109), dut w1thiu - zones of high strain axes plunge up to 20°

towards 0509..Wavelengths of asymmetric folds are~in_the order_qf
20-50 m in the shallow limbs and of 5-10 m in the steep limbs of

_1axger'étructures (Pigs. 4.15 and 4.,16) . There is evidence for a

Dy downward-facing fold towards the top of thé scapolite schist

‘Bequence on the farm Dagbreek. This is based on the relatiocnship

of graded bedding which provides way-up criteria and the attitnde

. of the 8; claaﬁage {Fig. 4517,E},'4The presence of this?fold
indicatea-fhat'folding and overturning of fold limbs has occurred

prior to Dy. 'This may therefore be seen as evidence for = Dy

phase of'ﬁagormpxion in this part of the Khomas Trough.
) . ‘i . .’" . _ . - g .

I




./J -
;

G e bt LA S e L T TR T TR T T e T e

R - T

128

| N - % Poles 1o S |
ol . . | v Poles .i’O Ss
£ | Sy 1 'U l _ + Poles 1o Sp axial plane
| 43 . | n \ |jJ] ® Fa fold axis
\X\\’\ / { } \ 'ﬁ ’ ~{ Sedimentary younging
o 0. 20m oo .I

Fig. 4.15: Diagram showing sketch, .-phctqqraph and a-tgj:'aaplof. of
an open asymmetri¢ D, fold in the area betwezen the graphite
schist and the southern scapolite schist (Fig. 4.2). Younging
evidence is based on sedimentary structures. Bedding is demar-
cated by dashed line. Heiy? t of scale (circles) is 1.7 m. Farm

Kaan 309.

Fy folds are developed on a centimetre- to metre-scale in nharrow
high stfain zones (Fig. 4.13,G). Tn these zones Fa,tight to iso-
clinal folds largely overprint earlier structures. Typical fea-
turas_af.*n3 folding and_ovérpriﬁting relatinnships of D; on D,
are well developed in the southern scapolite schist (Fig. 4.12)
and are iilns;raﬁed in Pigure 4.17. The orientations of fold axes
»nd axial ﬁlanés change from south to north within.this domain.
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Coorsening  Coarsening 2008
upwurdl upw?rd
sycle cycle

{ lnvirted {upright

sequence)  sequence)

Fig. 4.16: Diagram showing sketch, photograph and sterecplot of
tight to isoclinal SE verging D, folds on the northern, upright
to overturned limb of the Tsawisis syncline (FPig. 4.2). In order
to compare sketch and photograph reference may be made to the
thrust indicated. Note also sedimentary younging evidencea. See
Table 4.2 for explanation nf symbols. Height of scale (circled)

is 1.8 m. ¥arm Tsawisis 308.

Axial planes of F; folds change from 060Y/50°NW in the sbuth to
0209/30°NW at the scapolite schists and fold axes change from
060°/10° in the south to 036%/10°-20° in the north (Fig. 4.12).
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Pig., 4.17: Structural sketches showinq ; features of the
scuthern scapolite schigt on tha far# gagbre &55_'(see Fig.
i .
r ) ) (.//

of Sz bY 53 . . -.
- .'(B) Intrafolial minor _folds aituated on tha ove: ”“ned iinb
foo of a 1arger iy syncline. v

'(C) Rafolded quartzwvein shawing the developmenf of minor Fp and

{D) Penatzativa 85 alaavage #&nd - pnst~o3 shear undarlzned by
_guartz segregation.

- {B) - Downward—facing Dy fold confirmed by sedimentary younging

- evidence and overprinting relationships of Dy on Dy. The develop-
: ' ment of this fold suggests the presence of a Dy de ormation prior
to D in ihis part of the study traverse. See “Table 4 3 for ex-
planatibn of symbals. h _

(A) Tight P, syncline partly refolded hy Da- Note superimpositlon_ :

- ,“_'\
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(d} Maior folda _ _
Major 'Fp folds have been detected in this domain and they are

&,

indicated by the hqdding - cleavage relationships on minoy struc-

tures. Characteristiaally the major folds are open asymmetric

_ with  shailowly to _modarately._dipping gouthern limbs and steep
_narthetn'limha. 'Thg majof fold structures as shown in Figure 4.2
ave: (1} the'wégwiaiqfsynalind in tha'southri(zj g_zoné'of open, -
asymmétriﬂ fulding'nn the upright limb of a m#jor'synclinal |
atructura in the cantra, - {3) tha nagbraek anticlina bhatveen the
two acapulite achist sequences; and (4) a zone of isoclinal fold=

ing in the northarn part uf the domain. Tha Pfold hingaa of the
major structuresz are mituataﬁ in the nost: psammiﬁic purt of the

_ respacti?a araas. It can be. snan iu Flogure 4.2, hownvaf, tha®
- parts of thh 1imbs of the major folds are missiﬁg due to the
. presenca of struatural discontinuitias which will ba described

i
i

4.2.4 Domain D -
. - Fr.;{

This domain axte#ﬁp from the centre of the farm Keises to the

southern margin oi‘f the Donkerhcek Granite (Fig. 4.18), The estab-

lishment = of tris “donmaln is based on hhe recognition of an 54

crenulation claavag& and a clockwise rotation of fabric elements.

' additionaliy, axial planes of d~formation phases D, to Dy are
| stnaply inclinad to upright and fold axes plundge modurataly in
tha north of the domain. The northern margin of tha Khowas Trough

is definud by the Donkurhcnk Granite in this araa,
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Fig. -4 13: - Map of th& study traverze showing a selection of

stzmctural da.ta for +the south (A) and the narth (B) of domain D.

Sse Table 4.3 for explanata.on of symbols;:
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(a) Planar fabrics | o | _ _
Az in domain C afiginal bedding is confirmed by a variety of sed-
imentazry structures. sz is a wldely spaced biotite fnliation with
silllmanite {fibrolite) knots orientated parallel to and situated

within the mica-rich cleavage domains. The fabric changes orien-

tation £rom wastarly trends in the . south {086°f10°—90°NW) to
east—scuth~eastar1y trends in the north (102°/50%~90°NE) . The S,
fabric is folded by D3'with1n narrow shear zones in a manner sim~
ilar to that deécribgd in domain ¢ (Fig. 4.19,A and B). 83 is a

~ spaced cleavage which is axial planar to Fy folds. This biotite

fabrie is developed throughout the domain but ‘especially in highe
strain zones as in domain C. Orientations are similar to §; and
also trend east-south-easterly in the north. Sillimanite knots
which usually parallel S, have been bent (transposed) partly into
sé erientations. Within highly pelitic 1lithologies a symmetric
crenulation cleavage 1is developed which is here designated 5,
(Fig. 4.19,0).

Generally data plots of fabric elements indicate a more uniform
coaxial distribution in ﬁhe gsouth of the domain but a wide spread
of orientations for respective fabric elements oceurs in the
north (Fig. 4.18).

(b) Linaar elenents _
There ara only occas;onal S¢/57 intarseation lineatlions preserved
which plunge 2809/109-40° in “he north of the domain (Fig. 4.18).
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Fig. 4.19: Plana# fabrics'aﬁd folds in domain D,

() s metaﬁorphic hundingmclqgg%gé folded in narrow shear zona
it whiien davelopad tight Fg'folds-and

ic lithologies by Dy _
an axial planar S; cleavage? northern farm Keises 312.

(B) Suparimpqsition of B, ”by 84 in pelitiu schist on the farm
Kelses 312. - S | |

ped in pelitic litholog as in

'(CJ'Symmetriealu_staapl¥ dipping:’s' crenulation cleavage develo~
ii the nd

rth of domsin D, farm Keises

(D) Downward-facing Dy synformal anticlina'inﬂpeiites} confirmed
by sedimentary younging evidence; bedding is demarcated by dashed
line. Hagmer for scale. Farm Nomatsaus 28, '

{(B) - Minor Fq Fold in pesammitic litholegies, 'demarcatad'by the

ggéc—siliaate]layar within the folded B3, cleavage. Farm Reiles

(F) NE-dipping F, fold with steeply plunging fold axis
- {demarcated by_arnq%) in pelitic achisg.y P 3

A ren is 14 cm long. Nor-
thern domain D, farm Nomatsaus 28. o ) ~e

o
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() Folds

The vergence of minoy fold structures togathar with bedding -
| aleaVage information indiﬁatas ‘that the domain is sltuated on the

overturned limb uf a major D, anticlinal closure located to the

north (¥Fig. _4.23* Cbzerved D, folds aze open to ;ight to isocii~

nal iﬁ'tha south and ﬁttangl? isoclinal in the north with wave-

langths dacreaainq from 10-20 =m to 5 m raspectlvely. Axial planes .

of these flattened concentric Fy folds {(class 1c1 Ramsay, 1967)
'changa-clackwise fram'o74°/40°~50°ﬁw--in the south to 106%/65°NE
in the nérth; fold axes change from aso°*1o° to 1050/30°~40° re~
spectively (Fig. 4. 18). The more ateeply plunging attitude of D,
fold axes in the north of this traverse stands out against the
-uﬁﬁally'hqrizontal to subhorizontal orientations elsewhere along
the traverse. | - -

o _
Tight FS fulds with wavelcngths of up to 5 m have developed in

shear zones (?ig. 4.19, D, E and F) and crientations also rotate
clockwise (Fig. 4.18). Similar to F, fold axes also Fy fold axes
plunge mora sﬁaeply in this domain (Figs. 4.18 and 4.19,F). Fur-
thermore dawnmard-facing F3 folds have been detacted and one of
these structunes is shcwn in Figure 4. 19 D.

Small-scale (tens of centimetres) F4 folda are rslated to tha 5,
cranulation ¢1aavaga and occuyr towards tha northern margin at the
contact with tha Dankerhoek Granita._
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I

A structural’, section from the southern parﬁ'of' this domain is
' presented in Figure 4.20 showing fabric elements, fold styles, I
and ovarprinting relationships of deformation phases Dy, Dy and | '

T
Lo

¥ig. 4.20: Structural pr&:ilc illustrating tight to isoclinal,
queritaly to stgaply dipping D folds with axial planar S, fab-

ric., Superimpossd are the 53 and 8, fabrics in this low-strain
| zone in the southern part of domain D. See Table 4.3 for axﬁlﬁ»'
'natian'at syrbols. Parm Keiges 312.. o
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iJi#:z.s Late fractures

Laté-sg%ge Joints and faults are considered bhere together since
thei:.gharaéteriatias'afa'similar iﬁ all domains. A minor feature
occurring in démain 2 are post~D, 'jaint jsetsjﬁiph_sﬁbvertical
. north-sasterly strikes. The two major'fault-sata'Lﬁcufrihg'in the
Khomss Trough appear prominently on the Landsat image of the Kho-
mas Tfaugh (Fig. 2.4}' Onie set is'orientated subvartically and
‘? trands northwsouth and the second set is also orientated subtsr-
J'ntiaally and trends north—west south-east. A north-south trend-
ing fault is recognizable all alcng the coursa of the Kaan river
‘and displaces thp graphite schist on the farms Kaan and Tsawisis

in the nrd¢r df saveral hundreds of metres. This is accompanlied .

by ﬁracciatiun;_ silicification, quartﬁ'mpbilisation and iron-

SQaining. The north-west strikihg fault set formed the Koam
‘canyon but only wninimal displacement is envisaged since struc-

tural elements and 1itholo§ies_ can be traced across it. Senses

of movement are 1a£ga1y dextral in both sets. The time of forma~

tion 6: huﬁh faﬁlﬁ'aata was after the intrusion of the Donkerhoek
' Granite which has besn partly displaced.

Thal nurthern margin of the Khomas Trough in the study area is
. dutinnd by tha contact with the Dnnkarbaek Granite. Structural

relationships hatw&en this granitn and Eha metasediments with
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regard to the time of granitic emplacement have been discusséd by

many authors (e.g. Rruning, 1923; Gevers, 1963; Martin, 1965;
- Smith, 1965;. Hialbich, 19705 Jacch, 1974; Faupel, 1974; Nieber-
dlng. 1978j. In overview these studies have concluded that th5~:;.
' granlte intruded after daformatxon into the Kuiseb metasediments:
'where 1t caused the forma+1cn of migmatites (Fig. 4.21,a and B}_
With respect to these suggestlans this study contrlbutes the
follow1ng : flndings from _investigationa " on _the st:ucturalj
relatianships between migmatltes, metase&iments,- and qranlticf

_ phases._~.‘

Generaliy;; migmatites ﬁécﬁr- around the Donkgrhoek. Granite in

well-defined zones covering several kw2, The hasterh boundary of

'ona of these zones is shown in Figure 4.18 on the farm Davetsaub

where Investigations have been undertaken. This figure illus-
trates that no migmatites are developed in the Kaan river sec~

tion.

The follow.ng features are inportant with xespect to the northern
margin of the study area: (1) metasediments are coarsely recrys-
tallized only several hundreds of metres to the south of the
granite contact in the Kaan river section; (2) deformational
features in the metasediments inciude a strong 8, crenulation
cleavage, F, and Fy folds with plunging fold axas' and steeply
inclined axial surfaces as well as downward-facing F3' folds; (3)

th- migmatitic areas contain xenoliﬁhs of metasediments and

N T e
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Fig. 4.21: Contact relationships between metasediments, migma-

tites and granitic phases at the northern margin of the Khomas

Trough,

(A} Ruiseb sgchist migmatites showing'palaebsome and neosome,
ptygmatic folding, and granitic apeophyses. Leps zap for scale is

. elycled. Davetsaub river, farm Nomatsaus 28.

(B) Dy synform in Kuiseb schist migmatites. Note boudinage in the
centre of the photograph. Davetsaub river, farm Davaetsaub 29.

(Ci Xenolith of RKuiseb Formation gelitic schigt in Jgranifs com-
prising 8, and 53 cleavages (indicdted by arrows) and ptygmatic
folds. Farm Davetsaub 29. _ : o

(D) - Photagraph showing pegmatite veins of the Donkerhoek Granite
folded by Dy. The 84 crenulation cleavage is demarcated. Pocket
knife for scale is circled. Kaan river, farm Keises 312. g

(E) Photograph showing granitic apophysis in pelitic échistv
folded k> Dy. The orientation of the 5, <¢renulation claa?gagyiav

indicate.. by arrow. Davetsaub river, farm Davetsaub 29.. .~
(F) Photograph showing sharp contact between cross-cutting ge’haw
tite {lower part of the photograph) and Kulseb schist migmatites
égpper part of the photograph). pavetsaub river, farm Davetiaub
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calcesilieatésijFig. 4.21,3)? (4) xencliths of coarse grained
metasediment wf%hin the white two-mica granite:cantain_the Bz, 83
and s4 cleavagaa; as well as ptygmatic folds (Fig. 4.21,C): (5)
thin pegﬁatite veins and granite apophyses are folded by the By

‘crenulation cleavage (Fig. 4.21,D and E); 'and (G)'migmatitic .

areas are clearly cut with sharp contacks ry pegmatite phasea of
tha granita (Fig. 4.21,F)..

In conclusion, field ohservations alonq the northern bounddry of
tha ¥homas Traugh show - that - the maln -granite intrusion has

occurred after the main deformation avents which affected the

. Khomas Trouch. coarser grain sizes of ‘Fuiseb metasedimants in a
small zoh. naunding the granite 1ndlcate & certain tharmal_

) influence of the pluton. In some areas, however, migmatites

extend up to several kilometres south of the granite contact.
Structural relationships which show pegﬁatités Erossﬁcutting the
migmatites with sharp contacts confirm that migmatites have
formed before the emplacement 6f the Donkerhoek Granite. These
findings are intﬁrpratéd to speak in favour of an %in situ®
migmatization by the regional metamorphism which praéeded’the
intrusion. This is prefarred'tb models of the above authors which

explain the migmatization by ‘meltiny and injection during the
intrusion of thﬂ*ﬁonkerbﬂﬁk Granite.
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4.4 The recoani

4.4.) Hetarcgeneous strain

".@;_ The distribution of strain throughout the traverse is distinctly

heterogeneous in the sense ¢f£f Ramsay (1867) . Hﬁltilayered sa-
'quanceé are especially_raceptiva to strain variations in litholo-
gles with different physical properties. Heterogeneity develops
on all scales. On a small scale, it is expressed in the differen-
_tial_devalopmant-cf fab;ica in nore competent quartz-rich (low-
étrain);and more incompetent mica-rich (high-strain) lithologies.
jqn'allarga scale strain variatibna mﬁy_bg_expresaed in particular
ahighwstraih-zonas-whiah alternatq with discrete zones of low
strain, - Suchla"pattarn has'ﬁaén'obssrved?in the study area. Fig-
ure 4. 22 illustrates the above described major fold structures in
tha Khomas Trough devalaped during tha wz phasge of daformation.
‘Maijor structuraL discontinuities auhdivida the Khomas Trough and
dincretnuchangam-ot fold styles ocour ‘across the discontinuities
) indicated in thié figure; The featuies .ﬁhich‘ ﬁatina the
discontinuities are the wltimate expression of heterogensous
deformation within the Kﬁomaslwrough.

4.4.2 Hajor hithgtxain'zanqa

fcharactaristica af the nost impartant af the diaaantinuitias uutm”
linad in Figuxa 4 22 are daacrined ig,tha following from nouth to

Lt
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CENTRAL ZONE KHOMAS TROUGH SOUTHERAN MARGIN |
NW OKAHANDJA . US £ASS SE.
: %WT Domain € Domain (B) 'LINEAMENT
Darioin . Domain
. Cogbrask anticline : E Gr:?!ﬁgemhhi I ®
" 3] scapoite St Teawisis synclis {{ wecieess 3§
) #'Grophitic Schist ond Cants AMPHIROLITE

iy fre.
- o - = : FrL0 3 7] ,r”;/
WA emwetamn” 7 SR g f; o
| il R A L M -
" 55 so tom tioes
71\ Sz axicl plaoe foliation e 10
#” Thruste hms
% High sirain zonws, inferred the'nis
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m— - o _ . L' _ ) VR Wi

¥ig. 4.22: Structural profile across the Xhomas Trough showing
the organizatlion of the sequence into individval thrust slices
_ after the D, phase of deformation. Note the structural steepening
towards the north and the pronounced changes in fold style across
the individual thrusts.

a) Southermmost Kuomas Trough
Thrust faulting is clearly evident at the contact of the XKleine
Ruppe quartzites and schists and the Kuiseb Formation schists
_just north of the confluence between the Koam and Ruiseb rivers
(Fig. 4.3). At this locality a large number of north-east trend-
ing thrust £fanlts dip at shallow to steep angles towards the
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Fig. 4.23: High-strain zones in the southern Khomas Trough.

(A) Small-scale, south-east verging thrust fault within Kleine
Kuppe Furmation pelites and quartzites, about 500 m north of the
confluence of the Koam and Xuiseb rivers on the farm Usambara
304.

 (B) South-east verging thrust faults in Kuiseb Formation pelites,

saveral hundreds of metres north of the confluence of the Koqm
and Fuliseb rivers on the farm Usambara 304. Hammer for scale is
circled.

(¢) Photograph showing shear zone near thrust fault indicated by

sigmoidally shaped quartz segregations within Sy 1 5 a composite
¢leavage in chlorite schist, Farm Usambara 304. '~ '°'

(D} Small~scale shear zone comprising sigmoidally shaped S, fab-
ric and intrafolial D, folds. Pocket kKnife is 8.5 cm long. Farm
Okasume 304.
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north~west. The faults cut-~out lithologiral units and produce
typlcal wedge~shaped outcrop paﬁterhs. They are characterized by
ailie:}fied and brecclated zones and the presence of iron
staining.

T K
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When enclosed by two fault planes, small-scale duplex-type

structures indicate a south-easterly verging shear sense (Fig.

4.23,A and B). The occurrence of drag folds on the upper sheet of

faults also confirm the contractionul style of the faulting. As-
soglated with the faulte are small-scale shear 2ones (comprising
the'compoaite cleavage which is sigmoidally shaped) and some de-
formed cquartz segregations (Fig. 4.23,C and D). These Quaftz seqg-
regations act as small-scale strain markers and confirm the re-

verse attitude of the observed thrust faults.

b} Hatchless.5mphibolite
Heterogeneous strain is particularly developed within the Match-
less Amphibolite which is situated in thick pelitic sequences.
The hetexrogenelty is initially expressed by the alternation of
low-styain zones and high-strain zones on a metre-scale. This is
begt illustrated by tha shape eof pillow structures which range
bétween original spheroidal shapes and extremely elongated struc-~
tures. The main fabric element is the S, cleavage which is axial
planar to isoclinal F, folds. Fold axes of these folds plunge
more steeply (up to 259) towards the north-east if compared with
sequences north and south of the Matchiess Amphibelite (Figs.
4.6 and 4.24), Elongated biotites and hornblendes form a pro-
nounced north-west plunying lineation. Thisz lineation iz strong-
est developed within the Matchless Amphibolite if compared to
elsewhere along the traverse. lLong axes of pillow structures are

also plunging to the north-west. S, is a penetrative biotite fab-
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ric which overprints S, in intercalated biotite schists and tue

S, crenulation cleavage occurs exceptionally strong within this

segquence (Fig. 4.24),

‘Stratigraphic relationships wathin the Matchless Amphibolite are
strongly connected with the development of reverse faults. These
have been observed throughout the sequence but they are much more
pronounced at the basé (Fig. 4.25,A). The main thrusting event
has occurred pre-Dy which is evident from the shearing of the S5,

fabric and the unaffected S5 cleavage (Fig. 4.25,C).

Fig; 4.24: Stereonet'Shqwing structural data from metasediments
and amphibolites within the Matchless Amphib»lite. See Table 4.3

for ekplanation of symbols; key gives number of measurements.

Post-D4 thrusting, “owever, has also been observed. Orientatiéns

of thrust planes are largely parallel to F, axial surfaces at

040°9-055°9/35%-50°NW. Some thrusts are associated with breccia
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Fig. 4.25:'Shearing'and thrusting at the Matchless Amphibelite.

(A) Major thrust fault (décollement) sltuated in 10 m thick
graphita schist at the basze of the Matchless Amphibolite. Thrus-
ting is accompanied by brecciation and silicification. For de-~
tailed profile see Figure 5.5. Amsas river, Farm Kobos 305,

(B) Shear zone of D, age in pelitic schist associated with the
graphite schist thrist zone shown in Figure 4.25,A. Photograph
shows sigmoidally shaped 8, metamorphic banding cleavage in which
84 is strongly transposed (indicated by arrows). Amsas river,
farm Kobos 305. . . :

(C) South-east verginga thrust zone Of post-D, age developed in
type I amphibolites of the Matchless Amphibcli%e. Waterfall pro=-
file (see profile A in Figure 5.1), farm Annelie 412,

(?) Shear Zone in metagabbro of the Matchless Amphiboclite. Koam
river, farm Kobus 305. ° _
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bands, silicification and iron etaining (Fig. 4.25,3). Thrust
faults are generally associated with shear zones in which the S,
fabrig shows a sigmoidal pattern (Fig. 4.25,B). Metagabbros in
the Vicinity of thrusts are alsco strongly sheared (Fig. 4.25,D).
More information on the stratigraphic implications due to thrust-
ing within the Matchless Amphibolite will be given in Chapter 5.
Important to note at this stage, however, is the occurrence of a
15 m thick graphite schist and an overlying, 2 m thick marble
unit at the top of the Matchless Amphibolite (Fig. 4.22).
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¢) Koam canyon section
Geologival features are Jell exposed in this north-west trending,

6 km long canyon on the farm Annelie (Fig. 4.9). Thres phases of

deformation (D, Dy and D3) are recognized in this area. Strain

is also heterogenecus, shown by Sﬁperimposed folding and thrust-
ing. The structural fabrics and folds have been described above
(section 4,2, domain B) and structural data are summarized in
Figure ,4 9. The earliest phase of thrusting is evident in the
southern canyon where tha crossmﬂutting 52 fabric post-dates a

thrust fault (Fig. 4.26).

Fig. 4.26: South-east verging pre-D, thrust fault in psammitic
and pelitic schist in the southern Koam canyon. This thrust zone
is clearly cross-cut by the 8, metamorphic banding cleavage which

suggests' Dy thrusting in this area. Brecclation and silici-

fication occurs. Farm Bergkrans 370.
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F-4 ﬁajgr phase of thrusting occurred after the formation of F,

folds and the 8, cleavage. This is shown by the deveioﬁment of
shear zones which show sigmoidally cﬁrved Sy fab;ic elements and
by sheared-out Dy synclines and antlclines. Figure 4.11 illus~ i
tra.es the shearmng-aut of major limbs of tight to isoclinal P,
folds. A pronouncad Ly biﬂtlte 1. ‘stion plunglng moderately
-towﬁrda tihe north-west on. 82 foliaﬁion surfaces occurs in the
vicinity of the high-stramn zones in the sequence. Within these
zones Dz downward-facing structures have been observed which are

unique in this part of the overall gtudy traverse (figs. 4.9,

4.19, 4.11). Theydownﬁardhfacing-structures have been intérpretad'-
by Kukla at al. (1989) to have originated from early Dy folding o : o
and thrusting which created overturned limbs. This was followed _i' ;f3:_;_i
by Dy folding and rejuvenated thrusting to develop the deﬁnward%'-_._ :-j"” |
facing structures (Fig. 4.27). Centimetre- to metre—scalg_F3_:f_ | f
'mgj - folds are confined to the narrow shear zones whicﬁ developed'in. R ﬁ”ﬁ
- the less competent lithologies (Fig. 4.7,D). A.major structurai‘ _ t?'  .;.1
discnntinuity is indicated tuwards the northern end of the canyan | :
section (Fig. 4.22). This is shown by a change from open asymmet—‘.‘_l E: f.ﬂ}i
rlc folds on the north side of the discontinuity to folds on the ;

south gide in which the bedding/cleavage relationships confirm
= 6: ~ the presence of antifarms in which overturned limbs have been
ff; elfﬁinated. These antlforms pass southward lnto tight to 1socli-;

a. nal overturned folds (Fig. 4.11).
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| _Fig. 4. 27- Schematic diagram of the madel for the devalopmant of
“downWard-faclng strupturas along the Koam canyon saection. (A)
-Early (Dl} folding and thrusting, creating overturned limbs. (B)

Dy -:plding, rejuvenated-thrust1ng and subsequent development-of
aownwardhfacihg ﬁfructuras.“ Note that folds ‘produced in tle
averturned sequence ara aownward-facing. (Frum Knkla et al.,

1989).

d). Graphite schist

Tha gréa of ﬁhé thick graﬁhiﬁa schist on the farm Kaan in the :
.centre of the Khomas Trough (Fig. 4.22) is d further high-straln
zone. A one metre thick tremolite gechist ocenrs at the base of




tha gpproximqtaly 60 metres thick graphite schist. The trgmu;ite'f

'azhist has baen interpreted.previouﬁly to have_ formed from a

Adolomitic pracursdr during matamorphiém

'-(see ﬁhapterzs 5.7). A

thrust fault with an orientation of 075°740°NW has baen observed

at the basa of thu saquance shown by the ahearing-out of an Fy

synclinal fold (Fig. 4.28,A and 3). Thia zona is charauterizad by

: neuring althouqh observations are more limited due to the

_ unifarn lithalogy nt the graphite achist.

sheared 9, _:éliuttan matr%x (Fig.

avar, stronqu

In thin section, how-

uiongatad guartz may be seen within a highly

4.28,0). A further feature is

the isoclinal character Of the F, folds ﬁhich is unusual com-

pared with tha epan rolds north %nd south’ 6f this zone (Figs.

'1?iir B

QIS’E ‘and Fa

zone plunge ab. steeper anglas

contrast to %hga§ Dy features,

(209)

Adﬁitianally Fy fald axes. in thia
towards the north-aast, In

Fg fold axes maintain their

“horizontal to sﬁhhorizonﬁai attitude thraughaué domain C. The

R

mlaftnr,

atrang cranulation cleavage in tha graphita achist} indiaates '

togetﬂar with the cxous~autting 83 elaavaga (which ts &

‘that th&\thrusting avent mccurrad pre—nz.

and the southcrn scapclirc schist 1n dcmain ¢ (Fig.

N

W

[

" An inrnrrad thrust zana is nituatad bctwean "the gr&phitu schist"'

£.22). sincn

?0 fauturas of t?dn zZone are sizilar to the scapalitc uahistu fur-

thar ﬁorthuards thuse ars descrtbad thcther in. the fdllcwing./"
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B Hm e ox
M——mNe®

S =
N _Smm . __j  Grophite matrix <~~~

Pig. 4.28¢° Diaé:am showing photoéraph,-éketdh and stereoplof oﬁ
qeoluéiégl‘fqatufes,at the graphite schist in the' centre of the
Khomas deugh;,K&an rivar,.fa:m Kaan 309. {A) Photoqraphléhdwing

pre-Dy thrust fault and sheared-out synform at the base of the
graphité.sqhist.: Thrusf zor~ is bfeqciated'apd i:onwétaiqed. (B{
Stereonet data for the graphite schist sequence, éee Table 4.3
for oxplanation of symbols. (g)-Trécing fFoﬁ thin section showing
elmngated.aﬁd ahearad‘qqartz ip'highly“shearad graphitic matrix,

"
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a) Scapoillte schists.
The two sﬁ%polite schist sequences ocour in the noxthern part of
domain € and they will be considered _ together, because

characteristics are similar (Fig. 4.22). Each of these zones is

' gseveral hundreds of metres wide and they contain OVErwhelmingly

pelltla litholog;es. Dz' and DB structural elements comprising

claavagls and folds have been ancountered. ' Fp folds and the S,

cleavaqénhave, ,howeverﬂ been strongly refoldéd;and overprintad

by"DS"within .prqﬁinent shear zones where s-¢ band shearing

‘_ccdura_'tFig. - 4.29,A). The usually competent calc?silicate

‘ spiﬁdieé' and' layers are extfemgiy folﬁad' and. sheared into

' 1 $éja§eﬁt litholngies.‘.The éhearing and associated thrusting hae

_led to Dz downward-facing structures at the top of the se-
 -quence (Fig. 4.17 E) and to plunglng Fz fold axes (Fig. 4.29,B).

JGenera11Y'tha 83 spaced cleavage is most strongly devaloped

“within fh;a;zbng (Fig,. 4.13,D) where it cross-cuts dislocation

. jéones'whiéh dontain refolded and sheared Dz -sﬁructufﬂé. This
| 'indicates that the main thrustlng event has also cccurred pre-Dy.

' In narts of the sequence plung¢ng Dy fold axes have been observed

and tpis suggeats,'_that syn- to poath3 :aulting has also

_occﬁrred‘if the missing evidence for a strong D; fold phase in

this area is considered. Some strike~parallel fault surfaceé ha#e

‘ haeﬂ_nbserved_ alony wvhich massive scapolitization, brecciation

and  occasionally _ironksulphide minefalization ocours (Fig.
4.28 C). - Bome of the observed features, especially the alter-

nation of high-' arid  low-strain zZones and.the refolding of F,

.folds by D3, may be seen in Figufe 4,30 which iz a structural
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Fig.  4.29: Shearlng and thrusting at the southéhg scapnljte

schist. sequence, farm Dagbreeﬁ 365. (A} Strong s-c band shearlng

of Sé by Di. 52 netamorphic banding clea&age-and ox;&ﬁt&txcn 6f

84 ‘cleavage parallel ta Dy sheax zones are‘lndicated by arrovs.

{B) structaral data for the scapollte schist seguence. See Table

4.3,for explanakion of aymhola, key qlves numher of measurementm._

() Breccla%ed and 5111c1fiad baddzng~parallel~fault ‘belng part
of a Dy thruat zone. Western flank of "Kuduspitza" mountazn, farm

Dagbreak 365.
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. = |
profile across the northern scapolite schist on the farm Keises . 4 |

.

(Figs. 4.18 and 4.22). The abrupt changes from areas with prepon- ;
- derant D, £olding to areas with strong Dy folding are especially é

noteworthy.
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¥ig. 4.30¢ Structur513 profile across the northern scapolite

schiat seguence on the farm Keises 212, Diag&am illustrates over-
. printing relationships of Dy on D, in association with thrust
" faults. Structural data @long the profile are given in stersonet.

See Tablae 4.3 for explanation of sywbols.
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A further impbrtantﬁfaatura towards the intefpretatiﬁn of these

scapolite zones are the ahrupt changes: of fold stylea en . a large

scale on the raspective northern and southern ‘sides. ; ”atha dis~-
continuitias. This is conupicuaus in the 1andscapé'§nﬁ'lt iz i1~
Juatratnd in Figure 4.22 - which shnws that subhorizantal limbs of
open aaymmatric ofolds coeonr on ' the southarn sidas but staep o

. ovérturned 1imbs-af isoclinﬁleo;ds;ocaur in tha narth.
N . . ) !\. ), - . L " : - . :

£) .Morthern Xhomas T "‘rx's{h" B
The central and northern parts of domain D, designated the
Okahandja Linamnt Zone (Miller, 1983b) in Figure 4.22, are

'-;charaatarizmd by. mastly pelxtln sequences. The sé £a$ria=and Dz
‘-:olds have hgen :&folded within shear zones which has led to the
formation of Dy downward-facing folds (Fig. 4.19,D). Parallel-

sided shear zones with o "avaiapment ot F3 folds and a strong
S3 cleavage are illustrated in Figure 4,31. A structural
crosnmsa¢tion shown earlier (Fig. | 4.20) _q$mnnstratna the

'Bhaaring—out of averturnad Fy, 1ljimbs by thrustin&ﬂin the centfai'
 part 'of' the fazm Koaigas, T 1/ Schmidt net in Figura 4f31 B

indicates an unusually wide u%%;ud of puleu to ¢1¢&n;gna as wwll'u
as the steeply inclinad attitude of tha axial planes In this -
area. A post-n4 taaturc in this arga is thn,ﬁlackwinp rotation of
atructnral olnmunta (Fig. 4.18). v S . e “

. at'n Llr . . : . . ) o. . . 0
# - - : .
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Fig. 4.3%: (A} Photograph of parallel-sided D3 shear zone
eontaining_Fs félds and a pervasive S5 spaced cleavage. 84 and S,
are intensely folded. Note parallelism of S5, S and 53 on either
aide'of the shear zone. Northern margin of ‘ae farm Keises 312,

'{é) Sta%eﬂhat'ahowing structural data for the northern part of ?1J'
aamain" D.(sae Fig. 4.18}. Note wide spread of data, clockwise S
rotatiun of structural elements compared with domains A-C, and
'plunging'fold axes. See Table 4.3 for explanétion of sjmhols: kKey

gives mumber of measurements.

4.4.3 Summary and conclusions ' ' : o  }

'gﬁbst of the above described individual high—~strain zones through-
out the study traverse share features which are the ultimate ex-.
pression~of heterogeneous deformation in the Xhomas Trough. The

following chara.teristics are common +to most of the disconti-

“ nuities described.

b
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(1) The discontinuities are zones which are several hundreds of
metres wide and they are situated particularly in the thickest
pelitic successions of the Khomas Trough. Thrust faulting has
been &iredtly observed mainly through the displacement of fold
1imbs which have been sheared-out at the southern margin of the
traverse, the Matchless Amphibolite, the Koam canyon section,
the gkaphite schist on the farm Kaan, and the scapolite schists.
Pronounced mineral lineations down-dip on axial planes are
associated with the south-easterly directed thrusting. Small-
gscale strain markers such as sheared pre-thrusting fabrics,
quartz-layers and calc—silicaﬁe_ spindles confirm the reverse
attitude of the observed discontinuities. .Earliest tnrusting has
occurred daring the Dy phase of deformation but major thfusting
was associated with the D, and Dy phases of deformation which is

evident in all high-strain zones described. Late shearing and

| thrustihg post-dating D, is -indicated in the Matchlass Am-
‘phibolite sedtibns_and the scapolite schists. - The above features

confirn the coﬁteﬁpqranéity of folding, cieavage'formatioﬁ and

thfﬁsting,

(2) The discontinuities are zones of concentrated shear. On a

small scale ductlle shearing is indicated in thin section and in

outcrop by cm- to m~wide zones where pre-shear foliations are

deflected and sigmoidally shaped. In some cases layer-parallel
s~ band-sheaxing is davéloped also indicating the heterogeneity
of strain during fold development. Apart from enhanced retrograde

reactions there is very little evidence for changes in meta-~

- e e e
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morphic conditions within the shear zones since the peak of

| metamorphism outlasted the major deformation phases (Chapter 6).

Strain detexrminations, shear zone geometries and compressional

directions are difficult to evaluate since shear zones are

largely 'parallelwsi&ed within the overall norxrth-east trending

tectonic grain of the orogen. The intense refolding of the S,
natamorphic banding cleavage and the largely unaffected 854 cleav-

age cdnfirﬁ the pre-by; age of major sheariny within the high-

~ strain zones.

(3) With respect to the main fold phase D,, discrete and rather
abrupt changes of ‘féid styles ccour across the discontinuities,
separating isoclinally from openly folded zaﬁes. This may be seen
in the centre and the north of the traverse where shallow and
steep dipping bedding surfaces on the respective northern and
southern'sides of the disconﬁinuities exhibit a distinct ramp and

L4

flat geometry.

(4) Within the high-strain zones there is a remarkable develop-~
melft of ¢ ructures associated with the D; phasé of deformation.

The \ S5 fabric and tight to isoclinal F, folds, only scarcely

' devef@pad in low strain =zonea and restricted to metre-scale

shear.Kgones, 'daminate_within these high-gtrain zones. Original
sadiman%ary features are largely obliterated and D, fold struc-
tures ,and fabric elements are strongly overprinted to become
uneven in geometry and.intenéity. The above is in strong contrast

‘to adjacent low-strain zones where sedimentary structures are

£
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remafkably well preserved and F, folds with the associated
penetrative 8, axial planar foliation_form the main structural
elements. Orientationg of planar and 1linear structural elements

vary considerably within the high-strain 3zones which is

‘aspecialily ~wvident from the plunging attitude of F, £old axes.

This ‘ie unusual if compared to the commonly horilzontal to

suhhorizontal plunges ‘of fold axes in low-strain zones of tk..

Khomas Trough.

(8} Downward-facing D, and h3 structures along the study traverse
] ) '

arq‘exclﬁsively confined to the obgserved high-strain zones, i.e.

the Koam'canyon section, ‘the hangingwall of the southern_scapo-

lite schist, and the northern margin of the Khomas Trough.

(6) In the case of ths two scapolite schists the scapolitization
of the originally plagioclase-bearing wallrock occurred post-Diy.
The massive enrichment along fractures as well as the chlorine-
rich conmpositions 'of the scapolites (Chapter 6.4) indirectly
point to the presence of tectonic weakness zones which hoated

fluid movement.

(7) There are similar ;ithologias indicated in two'?ﬁf the high-
strain zones. These are the marhle and graphite sehist_aésocia—
tion on top of the Matchlesa Amphibolite (Fig. 4.22) aad the
tremolite schist - graphite schist association in the centre of
thé traverse (Fig. 4.22). Also striking 1ithdlcgiaa1 similarities

charactazize the ¢twe scapolite schistes which comprise calc-

'%k_J“
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silicate =rich and , nlivic seguences. These are suggestive of
geological repetition of units which could ideally have been used

as décollement planes within the sequence.

In conclusion these zones are Iinterpreted as major shear and

thrust zones, situated in ' pelitic sequences. The individual

thrust sliﬁes may be traced over more than 150 km along strike

{Pig. 2.4) and they defino together with the northwards
sﬁeepening attitude'_of structures an overall imbricate fan
geometry in the Khomas Trongh (Fig. 4.22). With respect to this
structural setting and thy similar lithologlies occurring in some
of the thrust zoney it .ﬁay ha"t'aculateﬂ that the individual

thrusts are all related to a mujor décollement surface at depth.

The correlation of structural elements along the traverse uses

the §, foliation as a tille datum because thiz fabric is a. recog-
nizable netamorphic banding cleavage and is axial planar to Fp
folds of varying style. The fallawing kinematic intarpretation ‘ie
structured according to the proposed tima sequence .0f events as

evident form several successive stages of cleaxh i ana fold for-

mation. This does, however, not necessarily impay discrete and

independent phasea of deformation through tima.
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Lithological wontacts are interpreted to represent original ked-
ding, which is In any cage evident from original sedimentary
structures preserved througk large parts of the traverse. Struc-
tural elements encountered and their correlation along the study

traverse are represented in Table 4.1.

4.5.1 Dy phage of deformation

“The first phase of deformpation is mostly evident iIn the southern

part of tie Khomas Truagh. D; is represented by a north-easterly
trenﬂiﬁg metamorphic banding cleavage which is defined by an ear-
ly biotite generation of metamorphic origin. 84 has been in-

tansely overprinted and transposed during subsequent deformation

phases. This process would account for the lack of recognition of
Fi folds which even in domain B are of a regional scale. In other

- medium-grade matamarphic terrains, transposition and obscuring of

'Dy fold closures by later phases of deformation has been widely

documentsd (Turner and Weiss, 1963; Hobbs et al., 1976). Lines of

evidence suggesting the development of F, <£fold closures are the

northerly and southerly inclined attitude of 8, and the presence

of Dy downward-facing structures in domain B and the southern
scapelite schist in domain ¢. The latter have formed through the
refolding of overturned F; . limbs during D,. This together with

. silicified and brecciated zones which are cross-cut by 8, demon-

strate -that thrusting had already initiated during D, and that
thesa thrusts were inharited by later deformation phases. Cleav~-
age data oconfiru that - 5y - formed within the overall coaxially

N
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consistent stress regime of the Khomas Trough. The structural

style and the character of the cleavage indicate that it furmed

under an overall compressive regime,
4.5.2 Dy phase of deformation

The second phase of deformation has been labelled D, on the basis
of the 8, fabric which iz always a atroﬁg, penetrative metamor-
phic banding cleavage with quartz-feldspar- and mica-rich domains
and which is axial planar to second generation folds throughout
the area, 8, trends north-east and dips north-west with the ex-
ception of high~strain shear 2zones, where orientations vary.
Calc~silicate gpindles are preferentially orientated parallel or
subparallel to this fabric. Wide spacing of the cleavage in psam-
mites and narrow spacing in pelitesg imdicates a lithological con-

trol of the cleavage formation.

The style ot D, folds varies throughout the Khomas Trough frem
intrafolial to isoélinal ir the south through open in the centre
and to isoclinal in the north. The major foid structuraes which
are indicated in Figure 4.22 are thrust~-bound. Rather abrupt
changes of fold styles occur across the thrust 2zones, The con~
sistent south-easterly vergence, the subhorizontal fold axes and
the corresponding axial planar cleavage indicate that the folds
have formed within a compressive regime. fThe formation of open
asymmetric folds in the low-strain zones in the centre might be

attributed to: (1) an obligque angle between layering and the max-
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imum shortening direction; (2) south-east directed shear, and (3)
south~-gast directed translation during fold develcpment. The
first possibility is ruled out since taere is no evidence for
noncoaxial folding in this area. $hear deformation within the
low-strain zones is only evident on a minor scale. It .is there-~

fore more conceivable that these partiouvlar folds have developed

~during south-eastward directed translation with possibly additio«

nal shear components participating in this process. The extreme
coaxiality of structures confirms the constancy of the principal
axis of shortening throughout the deformational historv of the
Khomas.Trough. The existence of intrafolial D; folds in domain B
occurring in association with isoclinal D, folds confirms that

considerable layer-parallel extension has occurred after layer-

parallel shortening. Distinct mineral elongations of mainly.

biotite and amphiboles occur in domaing A and B. Since the
direction of maximum extension will be close to perpendicular to
the fold axis, the lineations most likely represent extensional
down-dip lineations within 8, planes. The remarkable development
of these lineations at the southern margin of the Khomas Trough,
the Matchless amphilwlite and the scapolite schists in the north
speak in favour of formation parallel to tectonic transport in

thrust zones as described by Hobbs et al. (1976).

A major phase of thrusting ococurred during this stage of the
structural evolution. The thrust zones are high-strain zones and

simple shear deformation plays a major role as evident from non-

£
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coaxial deformation. Observed shear senses are mostly directed

towards the south-east. It is mainly the overprinting relation-

ships of Dy features on D, which indicate that the main thrusting

period occurred late during D,, most probably representing the
culmination of this D, deformation. The lack of mylonites might
indicate that folding and thrusting occurred contemporaneously, a

feature pointed out by lLewis et al. (1988). The orientations of

thrust zones alsc confirm the steepening of structural elements

towards the north to devélop an overall imbricate fan geometry as

indicated in Pigure 4.22.

Finally the coaxial and subhorizontal attitude of structures de~-
veloped in low-strain zones is ryelated to simple shear deforma~-
tion whereas pure shear produced plunging_attitudes of structural
elements in high~strain zones during the subsequent D, deforma-

tion.
4.5.3 Dy phase of deformation

The structural patterns which characterize the third deformation
differ from those of the D, phase. The 83 cleavage and F, folds
have preferentially developed within zones of high strain. The
penetrative S5 biotite fabric is a spaced cleavage and tight to
isoclinai metre~scale F3 folds have only developéd within these
high~strain 2zones. The style and scale of £folding and the
development of plunging F, and Py fold axes indicate that shear

processes have played a major role during and after D4. Downward-
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facing D, folds originated through the refolding of overturned D,
limbs during D;. Sillimanite knots which were formed during D,
hayg_partly beeh reorientated intoc the 84 cléavage. The par-

'*gicipatidn of fluid phases during deformation in high-strain

zones is illustrated by the post-Dy scapelitization of metasedi-
ments in the north. The above aspects indicate that the D3 de-

formation had mainly a conpressicnal character.

The features outlined. for the p,, D, and D3 deformations show
that fold formation, cleavage formation and thrusting occurred
continuously through time, emphasized by the inheritance o6f the
major thrusc from one phase to the next. The structural
evolution of the Khomas Trough is therefore interpreted te be one

of progressive deformation.
4.5.4 Later phases of deformation

54 crenulation cleavages and related small-scale 7, folds are
only developed at the soufhern and northern margin of the study
traverse. The'symmetric and asymmetric fabric only occurs in the
most pélitic lithologies where it overprints earlier planar
fabrics. An early generation of Donkerhoek pegmatites as well as

some granite apophyses are folded by D4;

Agymmetric and monoclinal kink folds, designated as Dy structures
in Table 4.1, with southerly dipping axial surfaces are a partic-

ular feature of the southern part of the traverse up +to the

o e g e
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Matchless Amphibolite. The kink folds clearly post-date the
crenulation cleavage. The development of kink folds has Leen at-
tributed to the principal compressive stress directions being
parallel to the folded surface and cleavage planes (Donath,
1961). It is therefore probable that the kinks deviliped by late-
phase fault movements directed +towards the south-east. The re-
striction of the kink folds to the scuthern part of the traverse
might be a factor of confining pressure with the preferred kink
band formation above 3 kbar as shown by expeériments of Anderson
(1974) . '

4.5.5 8trike-slip displacement along the northern margin of the
Khomas Truugh

The clockwise rotation of structural elements in domain D is the
youngest deformation discernible in this area. This rotation has
been explained to be caused by the intrusion of the Donkerhoek
Granite (Faupel, 1974) or by late right-lateral strike-slip move~-
ment (Gevers, 1%63; Blaine, 1977) in the vicinity of the Oka-
haﬁdja Lineament (Miller, 1979). These findings are in contrast
to a study of '.owning and Coward (1981) who postulate a ginistral

strike-slip movement along the Okahandja Lineament, based on a

south-west -~ north-east orientated extension lineation in the

Central Zcone and the Okahandja Lineament Zone.
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A compilation of data from several studies in the vicinity of the
Donkerhoek Granite (Gevers, 1963; Smith, 1965; Faupel, 1974; Hil-
bich, 1977; Blaine, 1977; Sawyer, 1981; Preussinger, 1.287) has
been undertaken by the present author. This has revealed that
rotation of structural elements is not confined to the respective
outcrep limits of the granite. It i3 therefore concluded that the
clockwise rotation has occurred post~Dy within a right-lateral
transpréaéional strike—aliﬁ regime, according to the mechanism
degeribed by Sanderson and Marchini (1984). Since some granite
apophyses have been folded by D; it is conceivable that strike-~
slip displacement and granlte intrusion were approximately con-

temporaneous.
4.5.6 Agpects of strain determinations

Strain determinations within the Knomas Trough have been under~
taken previously by Balbich (1977) who obtained a total amount
of 67% shortening, studying selected folds and calc-silicate
spindles in the Okahandja - Windhoék profile. Sawyer (1981) has
uged folds, deformed pebbles, variolites and amphibolite pillows
for his strain determinations and presents a rough estimate of
50-80% shortening for +the Khomas Trough. Within the Kuiseb
schists markers to determine strain guantitatively are extremely
rare. Cale-gilicate bodias bf-spindla shape are widespread and it
has been shown previously that their maximum elongation is paral-
lel to the regional fold axes in the Y-direction of the strain

ellipsoid. These bodies do not, however, appear to be suitaw. .

g
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‘The results in Tabla 4.4 indicate that shortening in the 2 direc-

.represented by maximum and minimum values of extension.

ls8

‘\\

for strain analysis since they ‘vepresent orlgiually calocareous
iitholoyies which haVa bean subjeéhod to concretlonary prouvesses
and matamorphA h, as pointed out in Chapter 3. Pillow bodies
within the NMatchless Amphibolita have beén used by Sawyer (1981}
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‘and they are also studled here to give an initial overview on the

types of strain involved during deformation. The prufile frown.
which data wera cbtained is shown in Figure 5.2. The pillows are

considered tvo have had originally ﬁpherical or near?spherical
shape which is confirmed by the X:¥:% data of certain pillows in
zoneé of low strain. In contrast to the calec-silicate spindles
the maximpum direction of extensirn, X, is perpendicular to the
regional strikg. The intermedié?g elongation, Y, parallels the
ragional_fold axes. Strain data ﬁﬁd calculations ars compiied in
Table 4.4 which gives the number of +two- and three-dimensional

B

b:
#
12
Ex

#
P
#
K
x
5
:

readings as well as the maximum, mninimum, and average extension - |

and shortening., The initial size ox the assumed spherical pilloWs
has been calculated from the X:¥:Z ratios, with 2z=1.

tian averages 47%, ranging from 20% to 63%. Extension toﬁafds X
is most pronpunced and the wide rangs of wvalues for both exten-
slon directions Jdemonstrates the variability of imposed strain
rated. High-strain and low-strain zones on a metre-scale within

thé'uatthésa Amphibolite (see Chapter 5.3.2) are respectively
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Table 4.4: strain data fbr deformed yiilow structares,in iocality
A (Pig. 5.1} at ﬁhe Matchless ﬁmpﬁ‘boiite. Givan are averages,
mininmum, and maximum _eﬁtenaion and shortening obtained from
threendimenéianal-(nws) cand two-dimensional (n=23) measurements )
}(formulas after Hobbs et al., 1976: p. 33 ). | |

P x R,
X . lh!‘::,1
pilioss (neé) ' &3 2.9 1 o208
o axtenzion (mean) wx e :
Coax. fulin.) | C123/SRE | C115%/36%)
shortening (mean) “4TX
(max./mfn. (-51%/-35%)
piliows {n=23) 3.3 1
_um{m' {maans a1x
i {onx. /min. } C1T0R/ 22Ky
shortening (nean) ) -45%

U, /min. ) (~63%7-20%3 |

Shoéténing estimates, however, are regarded as minimum values
since competent -pillows within an  incompetent amphibole-
carbonate-plagioclase matrix most probably react to compressive
stress to a certain extent by intcrnal deformation. They might
therefore record different strain from that of the bulk of the
rock, a factor peinted out by Hobbs et al. (1976) as being valid
for most lithological markers. Additionally several successive
stages of shortening which have not been separated are likely to
be recorded within the pillows.
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Three-dimensional " measurements have been plotted on a Flinn
diagram (Flg. 4.32).>The ellipsoids are oblate and in tha field

of apparent fiattaninq,_ The Qdata__cénfixm a 1a£ga fl&ttening

‘strain imposed and k-values from 0 to 1 imply a complex defor-

mation history involving flattening-type deformation with volume

loss and plane strain défarmation in a simple shear envivonment;_
" High- and low-stra’'n domains are additionally confirmad by these

data indicating piagraasiva incremental shortening.

| PROLATE ¢
. 8.0 1 FELD

OBLATE
FIELD

- Fig. £.32: Flinn diagram showing data From strain measurements of

pillow structures within the Matchless Amphibolite. Pillows plot
into the oblate field indicating a flattening-type deformation.




'“__4 5.7 Cﬁnaidaxation of pravious stuﬁiesﬂ a corralatinn af defor-

1y,

. mation events in the Khomas Trough j_

With the increasing numbar of data obgained from studies in vari-

ous parts of the Damara Orogen t is tempting o combine these to

_carralate daformatmon events over largar areas. It has been fre-

. quently shown in other folﬁad tsrrana& that it ia highly tenuou3 

to carrelate structoral elements over auch.larq; areas. In ack~

-nowledging this problem a aorrelatian of atructural alementa is
 nevertheleas proposed in the case of the Khomas Trougha This is”
based on a few. detailed structural studias which have haan _;-‘

undertaken in pzavious yeara. in ardar to imprgve the confidence
level of such a sorrelation the Study’afaaéAof Halbich (1977} in

the east and of Sawyer (1581} and Erauasinger (1987) in the Namib

Desert Frark in the west have baen additional vy studied by the
present author. The co;relatxonfis mninly based or, the aharacter
of foliations, the aséociaﬁicns of mineral assemhlag&s with
particular deformation periods (see dhﬁpter 6.2} and on fold'
styles. The proposed correslation is aummarized in Table 4.5.

A weakly developsd and transposed S; fabric has besn reported by
all authors except Halbich (1977) and its existence is acknow-
ledged in Table 4.5. The D, phase involved the formation of a

penetrative mnetamorphic banding cleavaga,_ tight to isoclinal

folds, thrusts, and an L, dqwnﬁdin nineral'linaation. This phasa
is alszo associatad-with*theﬁgrowtﬁ' of a variaty of metamorphic

_index minerals (Chapter 6.2), all features which are sinilar to
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Table 4.5 Propaaad aurralation of dafogmation phasaa of various

studias in the Khomas Traugh. Hata that Sawyﬁr (1981} auggmsta:

cantamporanaous defarmatiun of tha Centxpl Zone, okahnndJa

" Lineanant Zone and tha xhomaa Trough. - Ahbraviations- cz, central -

Zona, OLZ, Okahandja Linaanmnt Zonc. KT, Khomas Txnugh.,_.

I 1o | L B|7J,l .'Qﬁ_.Df
_:yi_ _c f Dz'. _  }03: .:- Dl ?. . Dz:\g: _-_ _Dg
'_-l . .53  - Bs 1 Da - Dy - D3
e 34 | | s . Da.__ ".’_Dg _ “ " Da

] S

o . ' ' 11"
Hilbich's (ep.cit.) Dy phaze (Table 4.5). structural elements of

__subsaqnqntlﬁtformation phasas seen also canparablg throughout the

Khonas Trnhqh and shaw fcgionni importance ihcluding the D4"phase
whieh iz mastly raprasent-d -~ by crenulation cleavages and
asso¢iat¢d open folds. Sawyer's (19821) Dy and Dg deformations are

ninoxr phases of kink folds comparable_to the 'lata-ph-~§ kinking.
avent described from the prasent study. Finally it is important

to point cut that thers is considersbls disagreement on the
timing of structural elements betwesn tha Central Zone, the

oo -

R T BT AR TR T R R R
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o

Okahandja Lineament Zone, and the Khomas T"uugh.'ﬂhilst Miller

and Hoffmann (1581) postulata two earlier deformation phases in
the Central Zoae, Sawyer {1981) presents evidence that all three

zones experienced the sama deformation episodes, as shown in
 Table 4.5, '

Various authnrs have previouaxy spaculated upon the structural

evolution of the Khey . Trough. Oniy very little research, how-
aver, has been undertaﬁ.¢ to study in detail the deformatlon fou~
tures within the Khumaa_Trough to finally present an eveolutionary
'synthesis. Gevers {1963) charautﬁrizad the "Khomas Highlands" as
a tightly folded synclinorium of schists with largely isocclinal
folds. Hilbich (1977} bosed the timing éf'deformation events "in
the absence of markar_ horizons" on fold styles and subdivides
the area into a northern belt with discernible major fold struc-
tures and a southern belt with a praponderant - schistosity. He
Lafawsﬁtha boundary in the area of the graphite schiat on the farm
Kaan of tﬁis étndy. H&lhich,(op.cif.) further defines on the bha-
sis of aerial photographs two major synclinal ~structures (Berlin
and Gorogoneib aynplinaaj in the northern Khomas Trough. This

cannot be confirmed since the suggested synclinal axes are in

fact geographically situated at the scapolite schist sequences

which have proved to separate openly from iscoclinally Ffolded ar-
eas with a thrust zone situated in the supposed hinge area.

I by ey e - RPN T pemt g g
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in conclus;an, tha structural investigationa within this study_

have revaaled the fallawing structural patterns. An initial phase
cf deformation (D4) wawﬂ asaociated with tha forma?ion of a
hmatite faliation anﬁ of folds and was accompaniad by thrustlng.

A magor daformation periad, labelled Dz, involved the fnrmatian1_'

of:  {1) penetrativa axial planar cleavaqes, (2) tight to
iauclinal and open a#ymmetric folds, {3} downwara-taﬁing foldg in
previously avsrturnt& atrata; and (4} thrust faults. The cleavage

'-fcrmation pnrallel £ hha xY plane of the finita gtrain ellipsoid

was accompanied withtaha rnrnation af folﬁa of various. styles.
Polding, thxuating and south-easfward directed structural

trﬁnslatibn accurrad zaﬁaemporaneausly. The major compressidn was

dir@ctad towards the naﬁﬁhﬁwast and elongation occurred along Dy

'_axaﬁ *bwarda the nortn—eaﬂt. This najor ragional deformatian wag

followed by the Dy ﬁaformation which was a phase of intensifled
ahaar within high-stra;ﬁ thrust zones. A strnng apacad cleavage

and isoclinal Fy folds wera formed pre’arentially in these zohes.

”'F;uid movement along the Dy thrusts is indicated by tha scapoli-

tization in the northern Khomas Trough. The patterns of the Dy,

D, and Dy phases ‘of deformation show that the atructural

evolution is one of progressive deformaticn¢_ Late phases of

~ deformation include the formation of c:enulatian almavages (Dy)

and the formation of kink folds (Dg) which might indicata layer-
parallel faulting. The emplacement of the Donkerhoek Gtapita took
place during these late deformation eventa and rigﬁtélateral

- strike-slip faulting ocourred along tha_northern _margin of the

Khomag Trough,;ﬁindicating an obligue camprgsaion dirébtion rals-

T AT
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‘tive to the margins of the Central Zone. Prominent north-south
and ncrthwwést trending fault sets'clearly pbstmdate the Donker-

(1983) .

b

"Thé-abuvc teatures show th&t-the Khiomas Trough deformational his-

tory involves seve:al deformation phases which are characterized

' ﬁy contempnraneaus xolding and - thrustxng throughout the struc~
_tural avulution. ‘This has ﬁevalupad laterally extensive, north-

ward ataepaning thrust slices within an.overall imbricate fan
gdonapry with prahabiy rapeatad sedimentary segusnoes. The thrust
zones which ara-nituatad - in pelitic sechists, grapnite schists,

and- amphihalitas have been a locus of both thruating and shearing
'kiﬁhroughout the protractad history of thae Southarn Damars orogen. |
This structural style showa striking similarities to the |
~ imbricate thrust fan and duplex geometries which have been
- reported from mahy compressic: 1l fold-and-thrust belts worldwide

(e.g. Boyar and Elliot, 1982; Park, 1988). Examples of these are,
amongst others, the Caledonides of Britain, the Alps, the
Himalaya(?} the Appalachians agawﬁil.as parts of the Pan-African
of Mozambiqué (Shackleton and Ries, 1984) and Marocco (Saguagque

st al., 198?). Thii . comparison is especially valid when tha
distinct changes of structural stylse across the thrust slices in

the Khomas Trough are considared.

e et 0T
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The Matchless Member (SACS, 1980) of the Ruiseb Formation forms a

linear outcrop which may'bg traced for more ‘than 350 km'albng
strike from the Hamib'ﬁééart in thé south-west'toffhe Steinhausen
area in the north-east (Fig. 2.4)} The Hatchléss-nembe: sequence,
here termed the Hatchlgss Amphibolite, consists of interlayered )
amphibolites (maihly),_ metagabbros and mataeedimants. In othef
areas west and east of the study ‘traverse Alpine~type ultramaflc
bodies ara also associated with the Hatchlass Amphibolita
(Barnes, 1982}, -
\ \

Sevaral ecoﬁpmically important magsive sulphide ore bodies and
prbspects suth as Gorob, Hope, Hatchless, Xupferbery, dtjihaaé
and Ongombo occur within the sequence. studies by Finnemere
{1978), sawyer = (1981}, Barnes (1982),  Killick (1983), Miller
(1983¢), Schmidt and Wedepchl (1983), Breitkopf and Maiden (1987,
1988), Preussinger (1987, 1990) and Klemd et al. (1987, 1889)

- have concentrated mainly on the geochemistry and the ore-forming

processeé within the HétchleSS Amphibolite. The main concern of
this study, however, are aspects of the stratigraphic and struc-
tural relationships of wvarious metabasic:and metasedimentary rock -
types. Unusually well-preserves cutcrops in the study area (Fig.
s;i,A)-have allowed mapping of several correlative river profiles
along strike. | |
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‘The mafic ro¢k types may be distiﬁguishad on the .basis of texe
tures and mineral assemblages intb. type I, massive, epidote~rich

'amphibolite. - type II, banded, carbonate-rich amphibalite. and.
typs III,-'aoarse grained.amphihalite,; i.e. metagabhro. Amphiba-'”

1itic breccias have also been encountarad in thu prnsent study.
The amphibolites are assaciated with chlqrite_ schiats, pelitic
and psammitiq SGhistg, gﬁaphita schistég and a thin marble unit.

mxng__z,gmnhih_ligga are massiva,' épidateériﬁh*ﬁand _;oim units
- which comprlse mostly 2i1low lavas. Modal cbmponitions are ddmi-«f.
.-nated by ‘green and blue-green hornblende, plagioclase And epi=
'-dpta.- Minor constituents are “chlorite, qphena,.clindzﬁisite,~
_bpaque;grains;‘ biotite, dalcité and quartz.'0a§¢ite_ia chh ;ass
coumon than in type II aaphibolites and occurs mostly in small
‘tayers or segregations together with. chlorite ‘and epi&cta. Pillow"'
' struaturea which have also been describe.. from ather parts of tha
"_Matchlass Amphibalita tSawyer, 1981; Killer; 21933u: Braitkopt
land.uaiden, ‘18873 Preusainger, 1987) ara abﬁnaanh in all”maasﬁred

sections. They occur as spheroidal to elongated bodies which are
separatad by seans ~ of = epidote amphibolit@- forming tha
intarupillow fillings (Fig. 5.1,B). '

b
LS

prg_ll;gmnhihgli:ggz are parallel te wavy banided and carbanatsu

rich. The banding ronsists of alternationm of_ light - bande-

comprising plagioclasa-epidotawcalcita#qﬁaftz aséumbiagei and

e

%]
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dark ' bands comprising grean hcrnb1endﬂ~epidote-calcita-quartz~
plagioclase assamblﬁgas with minor hiotite and chlorite (Fig.

5.L,8). Hornblendes within the matrix and opaques define the

pradominhnt;sz strugﬁural :abrip_whnreag.,lax{} hornblende crys-

. tals awﬁrgxaw the 5; crenulation cleavaga.

th

alogiehlly dhifurm, containing mainly porphyroblasta of graen
hornblands, _plagioclasn and calcgfa. Minor gpnstituunts are opi-

- dote, ‘sphens, chiuxité and“upaquéi. Grain sizes are coarse but a

'_diatinct znning towards finer grained narging has algo been ob-
narvad in association with shear zones (Fig. ﬁ 1,D). Hetagabbro 5;
‘1ithologies form lensocid, raund and irragulhr shapaﬂ bodies’ '

within the amphibolites and at_ the contacts to metasediments.

Sizes are variablé from a few.metres to several tens of metres in

_1¢ngth and width. JIn one case a "bleached" margin to the pelitic

‘ - hosi:, tbck ‘has davalopad.-'Tha contact zone is extromely fine
_grainad shqwing the ausamhlaga quartz-plagioclaserharnblende-

chlnritn-hiatite-apidotu. ‘Similar features in ‘other areas along

the. Mﬁtchﬂass Amphibalita have hean interprated an "ahilled“

intrusive . marginn (Prausaingeq,f 1937, Breitkopf =and Maiden,
1987). - ) o

aNnnihglitg__hxgggiga hava basn found in parts of the sequence

. cnntaining suveral tens of cantimé&raa long clastg ov agqragates
_‘compriuinq hornhlandu and “hlorite in a matrix of both type I and

i

;
,‘rf

n'égghh:ggl ara coarse-grainad and miner-'
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- Flg. B.1: Peatures of the Matchless Amphibolite.

(A} Photoyraph = showing the Matchless Amphibolite (indicated by
arrows) as a prominent featurs in the landscape on the farm Anne-

© lie 412 (see profile A in Ffigure 5.2).

(B} Little deformed Eillow structures wrapped arcund by extremely

sheared pillows and inter-pillow fillings in type I amphibolites.

- Farm Annelie 412 (profile A in Figure 5.2); lens cap is 4.9 o in

dianatar.

(C) Carhonataéfiéh, .bandad type IX amphibolite., PFarm Robos 305
(profile B in Figure 5.2)..

(D) - Photograph showing structurally emplaced metagabbro body in

type I {(mphibolite. Note extremely sheared margins, unusrliined by

plagioclase elongation. Amsas river profile, farm Kobos 305.

(E' Photograph showing amphibolitic breccia, consisting of
el.agated, massive, type I amphibolite clasts within type II am~
gh;?ollta matrix. Farm Kobos, Amsas river {profile B in PFigure

(F} Chert nodules developed in type I awphibolite in the footwall
gf the gaf?hleaa seguence on the farm Annelie 412 (aee alsc
gure -2 ] L] : :

(¢) Phetograph showing décollement plane developed in the thick

graphite schist in the structural footwall of the Matchless

sequence. Farm Kobos 305, see Figures 5.2,B and 5.5.

(H) Photograph showing post«D,, north-west dipping thrust planes
developed in type I amphibolite. Farm Annelie 412.
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type II ‘amphibolites (Fig. 5.1,E). gCheris occur as several cm
oo : . long Yelasts" in type I amphibolites in the structural footwall
. of the Matchless Amphibolite on the farm Amnelie (Fig. 5.1,F).

I T Associated with the amphibolites are extremely fine-grained chlo-
. rite schists, chlorite-hornblende schists and bilotite schists.

These comprise mainly chlorite, epidote, biotite, hornblende and

R

apaques. Minor constituents ave plagiocclase, caleite, quartz,

- garnet, sphene and clinozoisite.

Several graphite cchists are associated with the Matchless Amphi-
bolite and a distinct dolomitic marble unit occurs in the hang-

ingwall of the sequence.

SR e S e, P

Field obgervations such as: the conformable intercalation of
netasediments with amphibolites; the lakeral extent of the fine-
o to medium-grained amphibolites; and the recognition of pillew
lavas suggest that the amphibolites were derived from mafic ex-
g Erusive rocks; The interpretation of the metagabbros as metamor-

phosed mafic intrusives is bkased on partly developed bleached

marginal zones with sediments and amphibelites and on coarser

LRy grained cores compared with the rims. The metagabbros, however, :
. . .
i-o’ have mostly been subjected to structural displacement and dismem- i
N berment which will be discussed later. E,
"cy
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5.3.1 stratigraphfl

Three traverses within the Matchless Amphibolite seguence have

been studied in detail and these are shown in. Figure 5.2. The

neasured sections confirm that the overall structural thickness

of the Matchless Amphibolite is in the o: wr of 1500 m in this

area, There are basically three major 'units developed: (1) A
structurally Ilower unit consisting of intercalated graphite
schists, pelitic schists and minor psammitic schists, metagabbros
and amphibdlites; {(2) a middle unit comprising massive and banded
amphibolites as well as some gabbros; and (3) an upper unit with
intarcalated pelitic schists, graphite schists, a marble unit and
amphibolites (Fig. 5.2).

A comparison of thé sections in Figure 5.2 shows that metagabbro
bodies occur preferentially in the lower parts of the seguence
mostly at contacts of amphibolites with sediment. Carbonate-rich
type II amphibolites ocour in the upper parts and piliow lavas
mostly in the massive middle unit together with breccias.
Graphite schists and graphitic pelites up to several metres thick
occcur in the structural footwall of the sequence. A thick graph-
ite schist ﬁnit in this position has alsc been described from the
Gorob area further to the west (Sawyer, 1981:; Preussinger, 1990),.
The metasediments throughout the studied sections are mainly

pelitic with, however, a strong predominance of chlorite schists.
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Fig. 5.2: Map and detailed mneasured sections A - C along the
Matchless Amphibolite. Alsc shown are positions of geochemistry
samples within the Annelie (A) and 2Awsas (B) river profiles and

the locations of Figures 5.4 -~ 5.7,
g
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Bed thicknesses do not exceed 15 cm. Graded layering provides
way-up criteria indicating mostly right waYHup and some inverted
sequences. In the upper part of the Matchless sections, the up to
2 m thick marble unit occurs rather continuously along strike for
more than 10 km (Fig. 5.2). The layer is strongly boudinaged
which most likely sasccounts for the occasional non-recognition of
this unit as in +traverse B (Fig, 5.2). The occurrence and
thickness of graphite layers in the structural hangingwall varies

along strike.
5.3.2 Structure

As with the surrounding Kuiseb schists, the structural geology of
the Matchless Amphibolite is characterized by folding and thrust-
ing. According to the timing of deformational events established
in chapter 4, D, is generally the main folding phase which ac-
counts for the development of strongly isoclinal, metre-scale
folds and a penetrative, north-west dipping S, cleavage (Fig.
5.3). Elongated biotites and hornblendes form a pronounced down-
dip L, 1lineation which shows its strongest development at the
Matchless Amphibolite if compared with other areas of the study
traverse as a whole. Pillow bodies are also strongly elongated
down-dip on S, planes. Other features are the 83 biotite fabric,
which iz recognizable in intercalated biotite schists, and a
strong S, crenulation cleavage. The structural features within
the Matchless Amphibolite show all characteristics of high-strain

‘zones which have been described in the structural context of the

LR ki Rkt B Ed -0 L R L S S e
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Fig. 5.3: Steraonet showing structural data from amphilolites and
metasediments of the Matchless Amphibolite. Note sub-horizontal
to plunging attitude of fold axes. (Symbols: X, poles to Sy!
A ,poles to S55; a,poles to D, axial plane; X,poles to S,; 0,poles
to S, m,poles to D; axial plana;@,l"z feld a:::i..s:@,,-l%I fold axis;
* ,L;Arlineation: for further details see Chapter 4.4.2).

overall study traverse in Chapter 4.4.2.. Oon a small scale, the
alternation of low- and high-strain zones in vertical profiles is
illustrated in Figure 5.4 by the shape of pillow lavas some of
whick have their spheroidal shape preserved whereas others are
extremely elongated. Thrusting is generzlly evident from the dis-
placenment of type I and type II amphibolites, metagabbros and
metasediments as well as the development of shear zones. The pro-
nounced L, lineation has been intarpreted tc have formed parallel

to tectonic transport in Uhrust zones (Chapter a).
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Fig. 5.4: Detailed measured section (profile A in Fig. 5.2) show-
ing the interpogition of amphibolites, metagabbros and metasedi-

ments. Major thrust contacts are indicated and the spheroidal to
elongate shape of pillows lavas (distinguishable by the degree
of curvature of the piliow symbol in the figure, e.g. in the top
part of the left column) is regarded as a measure of the imposed

gtrain (for symbols see Fig. 5.2).
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Ttigh strain zones are associated with thrusting which is
particularly eviden in the lower part of the sgequence, shown in
the B2Annelie section where major thrust contacts ocour (Fig.
5.4). A major horizen of displacement is dev.loped at the
lowermost graphite schist (Fiq; 5.5) with a décollemeht plane
indicated by the disruption of  1ayering' and fabrics, siiicif
tication, quartz segregation and sulphide precipitation (Fig.
5.1,G). Further upwards, displacements and shear zones are mainly
observable at the'contacts_'of' metasediﬁents, metabasalts and
metagahbros'(Fig.ls.é);' - o

Graphite schist
Graphitic pelite
Graphite schist

e I Major décollernent
Graphitic pelite

Fig. %.5: Diagram showing graphite schists daveloped in the Amsas
river section. A major décollemant is developed in the lower part
of the sequence. The location of the profile is indicated in
Figure 5.2,B.

!
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Structural displacement of the metagabbros is postulated on the
basis of contact relationships between amphibolites and metasedi-
ments, Metagabbro always cccurs in bodies which are up to 10 m
thick but which terminate mostly within the lateral extent of the
6&*@:09 (Fig. 5.6). The majority of the ceiiclcts with associated

,1itholbgie§ are sharp and the rims of the metagabbro lenses are

extremely shearsd (Fig.. 5.1,D). Some of the bodies confirm the

aVerall'south—éastward directed vergence and displacements by

theirﬁaveréll shape and by the internal shear fabric (Fig. 5.6).

Fig. 5.6: Sketch showing the structural interposition of sheared
netagabbro bodies with type I and type II amphibolites and with
chlorite’schiaté. Notea sigmoidal internal shear fabric of the
netagabbros., The location and symbols are shown in Figure 5.2,B.
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The main thrusting event has occurred syn- to post-D, (Figs. 5.7
and 5.1,3} which is inferred from the associated shearing of the
85 cleavage and the unaffected 5; fabric. Post-Dy thrusting also

occurs, however, as illustrated by the shearing of D4 structural

elements in parts of the sequence. The Dy crenulation cleavage

post-dates these events.

¥ig. B5.7: sﬁruutural sketch showing post-D, thrusting within a
'pillow lava sequence on the farm Annelie (ses Fig. 5.2,A). Note
the sheared pillow structures. Form lines represent S, structural
fabric. For symbols see Figure 5.2. '

Concluding the above, thrusting and shearing identify the
'Hatchless Anphibolite as  a highly and beterogeneously strained
zone situated within pelites of the Ruiseb Formation. Graded
layaring suggests that +the overall seguence is upward-facing.
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Structural dislocation is especially indicated in the lower parts
) f ' of the sequence with the interposition of thinly layered amphibo-
lites, pelitic schists, graphite schists and metagabbre bodies.

Upper parts of the sequence show a more coherent relationship

4 E .between carbonate-rich amphibolites and units of graphite schist

and marble.

Over and above the study of field relationships, a classification
and chemical characterization of the amphiholites and metagabbros
within the Matchless Amphibolite aimed to determine the nature of

the Matchless metabasgic rocks. Geochemical analyses »f 23 major

._wvw_ _.,__._.._ _
@ ’ : o ) . B .

and minor elements were undertaken by XRF analyéis on 14 amphi-
bolite and metagabbro samples along the Amsas river profile and
the profile on the farm Annelie. Sample locations are indicated

 ﬁ; in Pigure 5.2 and full analyses are presented in Appendix II.

e The geochemistry of the Matchless metabasites has previovily been
investigated in detail in a number of studies (Finnemora, 1978;
Miller, 1983c; Schmidt and Wedepohl, 1983; Breltkopf and Maiden,

- | 1987; Xlemd et al,, 1989). In particular Miller (op.cit.) and
i

; Q% Braitkopf and Maiden (op.cit,) have put emphasis on element

T mobility during hydru*hermal alteration and metamorphism. These

authors show that the high field-strength elements (small size,

sl high charge) such as Zr,. ¥, Nb, Ti, and Al may be considered to

XL*Q: - have behaved in an immobile fashion. Most major elements on the
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other hand have been considerably mobile. These rasults from the
Matchléss Amphibdlite gonfirm the findings of Pearce (1975) and
Garcia (1978) from studies .of véfioua metabasalts elsewhere,
Major element mobility is also indicated by plotting data of this
study in the clasgification diagram éf Cox et'al. (1979) which
shows a wide spread of compositions for the analysed samples
mostly within the bégalt field (¥ig. 5;8). |

. ////- HAWANTE RncHYAMDEsnﬁ_ o
- s w o | @ Type I amphibolites
22 7 . o
; P4 %r g ‘X Type T amphibolites
& _ BASALT‘ \ i O Metagobbros _ o~
Z e | 2 | Z g |
+ ol § B Brecelo
e K 3
- ® B
.. I TR SO TR N VO T TV B Lot a1 L N B | !
s 40 80
- $i0;z (%)
‘; Fig. 35.8: Vvariation dlagram K,0 + Na,0 versus 5i0O, afte; Cox et
o al. (1979) classifying amphibolites and metagabbros of the Match-
=JG less sequence as basalts. ' ' | - '
o
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A distinct tholeiitic trend for thé amphibolites 13  defined by
the Ti0, versus zr diagram of Floyd and Winchester (1975) which -

shows the majarity"of_ the sampleéﬁ exclusively ;in the cceanic
_tholeiite field (Fig. 5.8). fThis is confirmed by the dlagram of

“Eiyashiia and Shido (1975) which ie baaéd-qn absolute conterts of
' Sio; and Cr (Fig. 5,10). Judging from these data the Matchless

aﬁﬁhibolitna-may be classified as theleiitic netabasalts.

. E 2“‘ . /
y W |
A - A QCEANIG THOLEIITE.

Qo 2o 0 4o
-~ Zr (ppm)

Fig. 5.9: variation diagram Ti0, versus Zr after ﬁtbyd and Win~
' chester (1975). The majority of the Matchless mstabasites plot
within the oceanic tholeiite field, Symbols as for Figure 5.8.
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¥Fig. 5.10: Matchless Amphiholite samples plotted dn tha variatian
.:'_-dia.gram 510, wvarsus Cr aftef_l{iyaahiro and Shido (1975). This
shows the tholsiitic character of the Matchless wetabasic rock
types. Synbole as for Figure 5.8. : |

In acknowledging the problem of element mobilities, the discri-
mination giagramﬁ-mont widely used to daduce the tectonic setting
- of basaltic rocks ars “those émpl@ying the above mentioned ele-
mnnﬁs, ﬁhich have proved immebile in nany studies. The diagram dr

Pearcs and ' Cann (1573) uses Ti, 2r and ¥ and th&_xatghltua:'

samples cluster in the ocean floor basalt, within-plate basalt
(i.e. continental and ocean island basalt), and island‘arc fislds

(Fig. 5.11). The Zr/Y varsus .Zr diagram of Pearce and Norry

{1979),  howaver, chnrictarizas all sanplnﬁ, apart from onhe
netagabbro sample, as mid-ocean ridge basalts (MORB; Fig. S5.12}.
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: ?ig. 5.11:_;Hatahlaaa Amphibolite samples plottad on the trian-

gular wariation diagram after Pearce and Cann '(1973). Within-

?1at§ basalts plot in field D,  ocean=floor basalts in field B,
igland -are tholelites in fields A and B and. calc-alkali basalts

in fislde C and B. Symbols as foxr Figure 5.8,

In gonclusion, the Matchless amphibolites raprdaunt patamorphosed
equivalents of ignecys rocks of tholeiitic basaltic composition.
Although some of the analyssd amphibolites plot closs to and into

'the within;plata basalt fie;d, - the majority show geochemical
‘affinities to mid-ocsan ridge basalts. : ' .

[
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10~
WITHIN PLATE
- 'BASALTS
jﬁg MID-OCEAN RIDGE
- BASALTS
F ' " 1000
Zr (ppm ) B

~pig., 5.12: Variation diagram’'2r/Y versus %r after Pearce and
Norry (1979)  showing the mid-ocean ridge basalt {HORB) affinity
of the Matchless metabasites. Symbols as for Figure 5.8.

A conparison of average’geocbamical compositions of the Matchless
amphibolitas with those of within—plata and plata margin basalts
as compiled hy Carmichaal et al, (1974), Pearce (1976) and Condie
(1982) shows that most alpmants, but especially the more immobile
Ti04, ér, ¥, Cao and Cr, compare best with low-K ocean~floor
basalts from divarging plate regimes.

These data confirm the results of Finnemore (1978), Miller

- (2983¢) and Schmidt and Wedepchl (1983) who Zound exclusively
miduncaan ridge typs compositions for the Hatchlesa metabasalts.

This is in contrat with the findings ut Braitrapf and Maiden .
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(1937) who describe within-plate compositions of metabasalts in
the western Khomaz Trough »nd mid-ocean ridge basaltic compositi-
ong to the east of Windhoek.

In summary detailed sections through the Matchlees Amphibolite

show the sedimentological and structural interposition of various
amphibolite#; metagébbrps, amphibolite bredcias, petlitic schists,
some psamnitic schists, graphite schists, and a marbla unit.
Structural emplacement isg indicated especialliy in the lower parts
of the sequence. Serpentinites which are derived from mantle
harzburgites are a structurélly dismembered part of the séquence
as well (Barnes, 1982). Genetically the extrusive origin of the
amphibolites in a submarine enviromment is confirmed by pilliow
lavas and gradational contacts with pelitic and some psammitic
sediments. Graded layering within sequences of amphibolites,
metagabbrogs and various sediments demonstrates the generally
contemporanecus aspect of turbidite and pelaglic sedimentation and
mafic extrusion as wall as intrusive magmatism. Isotope signatu-
reg of graphite schist and marble (see Chapter 3) confirm
additionally contemporanecus biogenic sedimentation anu hydro-
thermal magmatic processes on the sea floor. Geochemical analyses

reveal an oceanic thelelitic character and a close affinity of

the Matchless metabasice rocks to mid-ocean ridge basalts.
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Since more detailad studies have been carried out during tha last
dacadé, the genésis and tectonostratigraphic 'importanca of the
Matchless Amphibolite has been discussed intensively and several
models have been presented. The basic questionIWhich has arisen
is whether or not the metabasalts are of plate margin or of
intraplate origin. Finnemore (1978) {-Sndludas his initial géo~
chemical #tudies, characterizing the amphibolites as having fol-
lowed a thojelitic diffarentiaticn trend but within an ensialic
crust whichaﬁe interpretéd because of a perceived' lack of field
evidence for a collisional orogeny. From geological comparisons
with similar settings, Hartnady (1%78) suggests that the Match-
less massaive sulphide.deposits may have been formed both in Red
Sea type settings and also at mid~ocean ridges. Schmidt and
Wedepohl (1983} found exclusively MORB major and minor element
patterns alonyg the entire Matchless Amphibolite. Furthermore rare
earth elements demonstrate a very £lat element pattern i.e. ﬁ
very small degree of fractionation of the 1light rare earth
against the heavy rare earth elements. Thesé patterns are charac-_
teristic for ocean-ridge tholeiitic basalts -(Menzies, 1976). The
aﬁthorn conclude their étudy with a statement that, judging from
the lack of evidence for ophislitic suites and deep~sea sedi-
ments, the Damara Orogen must have formed on sialic crust
although all ganchemical signatures point towards mid-ocean ridge
basalts and low-K tholelites. ' '
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From ﬁectonostratigraphic consideratiens Kasch (1983a) postulates
that the ¥atchless Amphibolite either represents a fragment of
oceanic crust emplaced in an active subduction complex or that
basaltic magmas intruded inte +trench deposits. Miller (1983c)
also found evidence for tholeiitic trends from geochemical
studies and'envisages the formation of the basalts and massive
sulphida deposits in a Red Sea type situation with volcanics and
intrusives occﬁrﬁing above a buried miﬁ—ocaan ridge with minor
amounts of oceanic crust. Considering the massive sulphide
mineralizations and £heir host rocks, Killick (1983) concludes
that the deposits have most probably formed at a site of sea-

floor spreading'gt a constructive plate margin.

Breitkopf and Maiden (1987) found that the western Matchless
Amphibolite shows a considerable amount of fractiomation which

- they related to the presence of continental crust in this area.

In coentrast to this, samples from the eastern part show little
fractioﬁation and are interpreted by Breitkopf and Maiden (op.
¢it.) +to have developed in small strike-slip related pull-apart
subbasins underlain by oceanic crust.

Klemd et al. (1984, p. 615) conclude their geochemical studies of
the Matchless masgive sulphide ore deposit with a model which
involves "... seafloor precipitation of metal sulphides from con~
vacting hydrothermal fluid generated by reaction of seawater with
subseafloor basalts and clastic sediments®. '
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In view of the massive sulphide mineralization, Rona (&9?8;, in

his compilation of massive sulphide'deposita assoclated wiﬁh cia-
ﬁ“?f   anic ridges Werdwidg,_ gives statiriics concerning the tectonic
;yﬁgﬁ{ : sethings of these deposits. This shows that basalt-hosted massirve
By o sulphides which may have formed in oceanic hydrothermal settings
A constitute about 17% of the 508 deposits considered; sediment-
ﬁoatéd deposits asgociated with Sneanic_volcanic rocks form about
9%. The most humérous Snd largest deposits oc¢ﬁr- in subduction=-
related volcanic suites and island—arc or continental rif%
tectonic ‘settinga which are associated with rhyelites. Rona

~ {op.cit.) further states that all majox massi%éy-ﬂiﬂhidé deposits
associated with basalts in the ancient record' .re related to
oceanic ridges and rifte. '

Thus the sum of sﬁratigraphic,' sedimentological, structural and
geochemical data from the Matchless Amphibolite suggests an
{nteraction of contemporanecus . pelagic sedimentation, turbiditic
_sediméntation-and formation of massive sulphiae;-ﬂeposits in an
“oceanic setting. This allows a comparison ﬁiﬁﬁﬂmréanic ridge
settinga cleose to sdjacent continents ﬁuch as in the eastemn7-.
Pacifir. There sadimnnt—hosthd nmassive sulphlde deposits aral
aasociatad with volcanics of MORB composition such ‘a8 ‘in fhe?
Escabana Troughaor the aautharn}aorﬂa ridge (Horton et al,, 1987)'
and in the Hi&dlﬂ Vallay (Endsavour segmant) of the Juan de Fuca
_ridga’ (Davia at al., . {%93?). Similar assceiationu cﬂ . Mata-
greywackes and palagics with only minor amounts of ocaanic piliow -

0' ‘basalts, cherts anu saij ultramnfics (without sheeted dykaz} in
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ancient terrains are known from parts of the Cordillera Belt such
SR Cas ﬁhe 41ide Mountain and Quesnal terrainsg (Coney, "7989) and
o | ' from the Central Appalachians (Lash, 1986). Judging from theée
':Qz - data the Matchless Amphibolite is here interpreted to represent

I’_”_f a ‘the upper part of an occanic crustal sequencé.
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6. METAMORPHISH

§.1 Introduction

Studies on the metamorphic evolution of the Xhomas Trough were
undertaken by Hoffer (1977) as ﬁart'of a large .scala investiga~
tion on the thermal evolution of the Damara Orogen. Hetamoiphism
of the eastefn Khomas Trough has beeén studieq by Kasch (1983b,
19587); whereas Sgayer (1981) and Preussinger (1987, 1990) studied

the metamorphism of the western Rhomas Trough.

Taking the approach and the findlugs of tha latter studles into

-'--aunt_it is the aim of this chapter to present an overviaw of

the c:itidal mineral assémblages and toxtures of pelites and cal-
careous rocks encountered along the study traverse and to place
crystallization events within ‘the framework of the structural
development of the Khomas Trough. The palites of the Kuilseb For-
mation are most suitable for studies of the stability conditions
during metamorphism. Mineral compositions of pelites from crucial
areas have been determined by micruprobe.analyais. Thesze together

with data derived f£rom mineral assemblages lead to qualitative

and some guantitative pressure - temperature (P-T) estimates,

Textural relationships of mineral assemblages indicate their rel-

ative time of Tormation during consecutive deformation phases.

:
e
AP




Lot

S A i 3kt e Sl e et A

201

The study of mineral - fabric relationships is facilitated by the
fact that original sedimentary layering is largely preserved in
the metasediments. Figure €.1,A Bhaws a graded turbidite layer
with psammitic compositions at thé base consisting mainly of
gquartz, plaQioalase and biotite. Tha thin pelitic top, however,
shows stauroiite strdngly aligned with the bedding plane within a

matrix of mainly biotite with minor quartz and plagioclase. This

ls an excellent demonstration that the development of specific

mineral phases and assemblages depended largely on the respective

small-scale bulk rock compositions.

Modal compositions of pelites which have alsec been analysed chenm-
ically (see 6.4) are shown in Table 6.1, Sample 86/76 is a chlo-
rite schist and sample 306 contains scapolite as a major constit-
uent. The composition of an average psammite is shown for
conparison (sample 816 in Table 6.1). The relative timing of de-
formation phases Dy to Dy, which have proved to be asscviated
with cleavage development (Chapter 4), and related crystalliza-
tion events is presented in Table 6.2,

6.2.1 Palites

Quartz is a major constituent of - the groundmass of pelites and
occurs as recrystallized grains of variable sizes. In the south-

arnmost part of the traverse, aiase to the contact with the




'@

T A S T O G ST I 0

202

Southern Margin Zone, as well as in shear and thrust zones
throughout the traverse, quartz is highly strained, as indicated

by undulous extinction and subgrain development.

Flagioclase is a common constituent of mineral assemblages in all
rock types along the study <traverse. The crystals are usually
very small, xenomorphic and occur in' clusters together with
guartz. Sericitization is common, only very few twinned plagi-

oclases have been found.

Table 6.1: Modal compositions of selected pelites, scapolite
schists and psammites of the Khomas Troag: (sample localities are

shown in Figure .6.2) .

SAMPLE 146 86/76 274 306 308 109 816
quartz 22 5 26 22 16 22 61
plagioclass 7 [ 2 | 16 4 14
biotite 36 36 27 3| 35 33 24
miscovite 33 8 a7 <1 7 28 < 1
garnet 2 1 <1 5

staurolite - 3

sndalugite 4 .

sillimanite 19 2
scapolite 39 5

chlorite &4 13 <1 1 <1

green amphibole : é

calcite <1

opaque ore < 1 2 | <1 <1
tourmaline <1 <1 <1 < 1 %1 <1
sphene <1

rircon <1 <1 < 1 <1 <} <1 <1
apatite <1 <1 <1 < <1 < § < 1
clino-zoigite <1

Ty
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K-feldspar occours in coarsely recrystallized pelites as micro-
cline at the northernmost margin of the study traverse in the
Kaan river up to several hundreds of metres south of the contact

with the Donkerhoek Granite.

Biotites are subidioblastic to xenoblastic red-brown to green-
brown crystals. Generally blotite has crystallized syn- and post-
kinematically during various deformation phases (Table 6.2). This
is inferred from the alignment of the biotite generations within
respective cleavage domains as well as from overprinting rela«
tionships of varioug biotite fabrics. Syn-kinematic biotites oc~
cur as small thin tablets and define the c¢omposite cleavage in
the south, the $;, S; and 83 penetrative cleavages further north
as weli as the distinct L,; mineral lineation. The first biotite
fabric formed during the D, deformation and has subsequently been
wrapped-around and enclosed by biotites formed during the main
deformation D (Fig. 4.10), A third biotite fabric has formed
during D and clearly overprints earlier biotite generations
(Fig. 4.10). Post~kinematic biotites occur throughout the
traverse. The crystals are unorientated, up to several milli-
metres long and overgrow the penetrative cleavages as well as the
Dy, crenulation cleavages. Biotites have also formed as reaction
products around and within garnets. Frequent inclusions in
biotites .are gquartz, zircon (with abundant pleochroic halos),

. muscovite, apatite and rutile.
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E-feldspar occurs in coarsely recrystallized pelités as micro-
cline at the northernmost margin of the study traverse in the
Kaan river up to saveral hundreds of metres south of the contact

with the Donkerhoek Granite.

Biotites are subidicblastic to xenobléétiﬁ red-brown to dreen-
brown crystals. Genarally hiatite.has crystallized syn~ and post-
kinematically during various dgformatian phases (Table 6.2). This
is inferred from the alignment of the biotite ganerations within
respectlve cleavage domains as well as from overprinting rela-
tinnships of various biotite fabrics. Syn—kinematic biotites oc-
6ur as small thin tablets and define the composite cleévaqe in
the'south, the 84, S5 and 8, pénetrative cleavages further north
as well as the distinoct Lyps mineral lineation. The first bioctite
fabric formed during the D, deformation and has subsequently been
wWwrapped-arcund and snclosed by biotites formed during the main
deformation Dy (Fig. 4.10). A third biotite fabric has formed
during Dy and clearly overprints earxlier biotite generations
(Fig. 4.30). Post~kinematic biotites occur throughout the
traverse. The crystals are unorientated, up to several milli-
metres long and overgrow the penetrative cleavages as well as the
Dy crehulatioh cleavages. Biotites have also formed as reaction
products around and within garnets. Frequent inclusions in
biotites are guarts, zircon (with abundant pleochroic halos),

'.muscbvite, apatite and rutile.

¥
.
H

¥




- _g.._anw“.w.,;wmv_._..‘._..__.. s e e

204

Table 6.2: Relative timing of deformation phases and metamorphic

crystallization in the western Khomas Trough.

D D2 D3 Dy
Biotita
Muscovite ' . [T
Chlorite - 11 L1 1
Stourclite | _ ' : _
Kyanite
Andalusite - _ - n_.l::
Sillimanite | R T
Scapolite | | . :=:|—
O i ctes | '
Matehiess " —a——

Crystallization _.E—:—l]’o mcognizable response
—=Daformation

Crystallization uncertain

Muscovites occur basically in two different modes. The first type
ig that of matrix muscovites which were orientated in the compos-
ite cleavage in the southern Khomas Trough and within the s,
cleavage in the north. These muscovites were daformed within late
. crenulation cleavage domains (Table 6.2). The second type of mus-
covite has grown after the D, phase of deformation and occurs as
small grains within the matrix but also as large porphyroblastic
crystals which are up to several millimetres long. Crystallii-

i
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- zation urder stress-free conditions (post-D,) is indicated by
radial muscovite bundles, A striking and widely distributed fea-
ture of the central and northerh Khomas Trough is the musco-~
vitization of alumo-silicates such as andalusite and sillimanite

as well as of staurolite (Fig. 6.1,B).

Chlexite <formation during prograde metamorphism in the southern
part of the traverse is related +to the D, deformation which is
evident from assemblages containing chlorite, syn«D, garnet and
biotite. CcChlorite forms the matrix of rocks with suitable bulk
compositions. Retrograde chloritization of biotite, garnet and
staurolite occurs especially in the high-strain zones throughout

the traverse.

Garnet occurs in three different generations. Garnet I is anhe-
dral and peikiloblastic and is elongated within the composite
fabric of the southern Khomas Trough with lengths/widths ratios
of up to >10:1. The time of crystallization of this generation is
somewhat uncertain but a pre-D, age is judged from textural rela-
tienships with syn-D, minerals and from subsequent garnet genera-
tions. Garnet ITI is subhedral to euhedral and shows internally
snowball inclusion tralls of opagque phases within the 80,1,2,3
composite fakric (Fig. 6.1,C) and the S, biotite fabric thus
indicating synkinematic crystallization during D,. Garnet IiI is
also subhedral to euhedral and overgrows the 8, cleavage but
pre-dates the 8, crenulation cleavage. Sizes of garnet porphyro-

blasts increase northwards,

A =g
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Staurolite I crystallization prior to D, might be indicated in
the southern FKhomas Tr-ugh where staurolite porphyroblasts are
wrapped-around by the composite cleavage (Fig. 6.1,D). Steuroclite
I7 porvhyroblasts are anhedral, poikiloblastic and have formed
syn-D, being associated with garnet II. In the north, staurolite
III has crystallized post-D; shown by the overgrowth on the S
cleavage (Fig. 6.1,E}. |

Kyanite is only developed in the most Al-rich pelites in the
southern Khoma: Trough and occurs as xenomorphic grains which are
gtrongly elongated in the composite cleavage. Contact relation-
ships show that this kyanite generation pre-dates garnet II. Ry-
anite has also been observed together with cquartz and chlorite in
segregational spaces. Time constraints are lacking for this ky-

anite generation.

Andalusite occurs within a confined, aboul 3 km wide area in the

centre of the Khomas Trough. Most of the andalusite has been re~
placed by muscovite and forms elongate aggregates of up to 10 cm
length. The age of crystallization of the andalusite is uncertain
since both orientation within S, cleavage domains and unorien-
tated overgrowth on the S, fabric has been observed. Garnet III,
howaver, occurs in an assemblage with the andalusite thus possi-

bly constraining a syn- to post-Dy growth of the andalusite.

-,
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&illimenite occurs as fibrolite which is frequently intergrown
with biotite. The fibrolite knots are elongated with their long
axes parallel to both the S; and the 55 biotite fabric. Although
sillimanite is known to grow epitactic on earlier biotites which
could be mistakenly interpreted as synkinematic growth, it has
béen observed that 85, biotites are wrapped-around the fibrolite
knots. Fibrolite is, however, mostly orientated within the S,
cléavage. Further crystallization constraints come from contact
relationships with post-D; staurolite III and garnet III indicat-
ing a post-D3 growth of the sillimanite together with these nin-
erals. Fibrolite bundles are deformed within the D, crenulation

cleavage.

§dggglite is the major constituent of scapolitized psammites and
pelites in the northern shomas Trough. The scapolite forms a
large proportion of the total rock voliume in these areas and oc-
curs most massively along veins and fractures thus proving dis-~"
'cardant relationships (Fig. 6.1,F). The scapolite poikiloblasts

are up to 1 cm across and enclose the S, and S, biotite fabrics

™y

which indicates poét-D3 crystalljization (Fig. 6.1,G). The poiki-

loblasts enclose guartz, biotite, calcite and minor amounts of

;o tourmaline and'sphene. Plagioclase hss not been cbserved in mest
; 1} massively scapolitized rocks but occurs in increasing amounts
{ away from the scapolitized areas.

| {1
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Fig. 6.1:  Lithologies, mineral <textures and deformational
features.

(A) Photograph of graded turbidite bed showing the preferred
crystallization of staurolite porphyroblasts inm the pelitic top
along the bedding plane (8;) and within 85 cleavage domains
(indicated by arrows). The psSammite at the base and the gverlying
psammite contain stauroslite only scarcely. Locality is at the
norchern boundary of the farm Kaan 309.

(B) Photograph illustrating the pseudomorphism of muscovite after
post-Dy staurolite in the northern Khomas Trough. Locality is at
the northern boundary of the farm Kaan 309.

(C} Photomicrograph (plane light) showing "snowball" garnet IT
within the Sy .41 5,3 composite cleavage in <the southern Khomas
Trough in a pelite’0of assemblage zone 1 -(farm Usambara 304). The
metamorphic mineral assemblage is garnet + biotite + plagioclase
+ guartz (specimen PK 855). _

(D) Photonmicrograph (plane 1light) showing early, possibly
pre-D,, stauroclite I wrapped around by the S5 q 5 composite
cleavage in a pelite of the southern Khomas Trough.'’ e metamor-
phic mineral assemblage is staurolite + biotite + plagioclase +
quartz, the staurolite is muscovitized (specimen PK 855, farm
Usambara 304).

(E) Photomicrograph (plane 1light), illustrating the cxystal-
lization of staurolite IXII after the formation ¢f the 83 biotite
fabric (indicated by arrow) in a pelite of assemblagé zone 2
{specimen PX 838, farm Kaan 309).

iF) Photograph showing massive scapolitization along a fracture

n psammitic schist (indicated by arrow). The amount of scapolite

decreases away from thie vein. Locality is at the southern scapo-

iite schist on the farm Dagbhreek 365. Pocket knife is 8.5 om
ong. _

(&) Photograph illustrating the post-D, crystallization of
scapolite. The prnikiloblasts enclose both %he S, and 83 biotite
gggrlcs (indicated by arrows); pen is 14 com lofig. Farm Dagbreek

(H) Calc-silicata concretion in psammitic schist illustrating the

crystallization of first generation amphiboles parallel to the

S, fabric (parallel to long edge of photograph). The second

almphibole generation overgrows fabrics discordantly (basal part

of the concretion) constraining the syn-D, to post~D; growth of

gmphigolessggring formation of +tha cal&-silicate lithologies,
arm Kaan .
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Graphite: is .a major constituent of the graphite schists which
) ocour mostly iy thin units (<10 m) at various points through the
traverse. 1 hd?ﬁt of graphite ranges from about 20% to 80% of
the totalzfock:vciﬁme.

o Accessory minerals in all pelitic rocks are tourmaline, zircon,
NF apatite and opaques.
o
f 6.2.2 Caicareous lithologies
b o
L_fﬁ ; The constituents of the pale-silicates throughout the Lraverse
£ are gquartz, plagioclase, calcite, common and green amphibola,

biotite, muscovite, chloxite, garnet, scapolite,'epidote, clino-
zoisite and sphene. Minor amounts of diopside, apatiﬁe, tourma-
line, rutile and opaques are also present. The calce-silicate lay~
ers and spindles (Chapter 3.5.5) are frequently zoned witﬁhlight'
: cores contalning mainly quartz, plagioclase, calclte, garnet and
‘ scapolite and with dark rivs consisting of amphibolgs and epidote

; but scapolite sometimes oceurs at the rims as well.

The timing of calc-sillcate formation is best constrained by the

_ aaphiboles. The Ffirst amphibole generation is strongly aligned
- 01 parallel to the S, cleavage but has also been bent along the
' spindle walls. This indicates that amphibole growth started syn~
kinematically and lasted until post-D,. The second amphibole gen-

O
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eration is poikiloblastic and overgrows the original spindle out-
line as well as the S, fabric thus indicating post-D; crystalli-
zation (Fig. 6.1,H; Table 5.2).

On the farm Kaan 309 a 1 m thick, heavily weathered tremolite
aschist has been found below the thick graphite schist (Fig. 6.2).
The layer consists nearly exclusively of tremolite with only

minor amounts (<5%) of quartz and biotite being present.

The 2 m thick marble horizon overlying the Matchless Amphibolite
segquence comprises a recrystallized matrix of dolomitic carbonate
ﬁhich is confirmed by x~£ay diffraction analysis and sﬁaininq
techniques. Only minor amounts of quartz are present as well as

traces of white mica.

6.3 Mineral assemblages

The mineral assemblages encountered along the study traverse are
diagnostic for medium~-grade metamorphic terrains as classified by
Winkler (1979). Assemblage zones have been defined on the basis

'[cf Al-silicate phase changes and reactlon-isograds. The assen-

blage zones together with the yespective assemblages (a) _ﬁo'(i)
are shown in Figurs 6.2. Furthermore, nineral assemblages are
illustrated in AFM diagrawms and their approximate position in the
-Al-silicate system as delineated by various experimentally deter-

mined reaction c-zves is shown in Pigure 6.3.
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{a) Assamblage zone 1
_ Hoffsr (1977) has pointed cut that a large part of tha southern
Khomas Traugh is. charactarizad by assemblagas compriaing kyanite,
staurolite, biotite and chlorlta. The sautharn boundary of the
1_study traveraa, at the confluence of the Ruiseb and Koam rivers,
1s situated close to Hoffer's (op.ait ) isograd (3) wnich demayr-
cates the "kyanite-in® reaation. Tha diaqheatia mineral species
in assemblage zone 1 of this atudf.ara garﬁat, kyaﬁite, stauro-
lite, mﬁaqavita; blotite, chlorite, plaqipclaée and quartz in the
 pelitic rocks. From south to north the following mineral assem~
blagas are developed in this zoné:“ '

{a) kyanita + garnet + bictite + plagiuclasa + guartz, (Figm
6311, Fig.sq.m, '

”(h) chlorite + ’garne+ + biotite’ + muscovite + plagjoclasa +
quartz, {F:Lg. 6“3,1? Fig. 6.4 B), a.nn

{c) stauro*ita + garnet + bidtite + plagioalasn + quartz (Fig.
’ 6.3, II)» _ h _ ’a :

Lial
a

;sinac'asﬁnmblages are largaly dhpondint' on tﬁo raspectivé bulk
rock compositions uharp boundaxiau may not be drawn. Primary ma-
trix chlorita, hawavar, does net ocgur north of a 1inn indicatad
in Pigure 6.2, & gangrgphiaal position which hns also been sug-

"
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gested by'Hoffef {1977). The presance of assamhlagé'(b) and the
absance of chloritoid both indicate that chlorite may have formed

iacaording to the reaction - o - o

-(1}' chloritoid "+ biotlta A quartz “4 Hza = garnat + chlorita +

muacavite,

given by Spaar and chaney (1939} fThe fotmation'of:Staurolite-in
_the abaanue of ahlaritaid has hean attributed by Hoffer (1977} to

5]

the reaction

&)

o

(2) chlarite + nuscovite = stauralita + biottta + quartz + Hzo

(_‘_‘\

which ha¥ bsen determined Q Hoschek {1368). It is further nota~

ble tﬁaﬁ kyanite has only been observed iii the southern part of
this assemblags 'zone. "Hotfer {(1977) has suggested that kyanite

formed accordiné to the raaction )
o . - R .
(33 staurolits + chlorita +. mnnaavita * ﬁwuartz - kyanita &

biotite + B30, FON _ 4

b

d‘t‘rmin?d‘b? Thompson hnd-ﬁoiggn (1968). . . °
. it ’ p - - . EhY

bt

.@r. n

4
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800
Temperature (‘C)

Fig. 6.3: P-T diagxam showing the stability fields and
assemblages for the asaemblage zones 1 to 4. Upper stability
limits of chloritoid + hiotite + quartz + Hzo (1) after Spaar and
uuheney (1989),_ of chlorite + muscovite (2) after Hoschek (1969),

of garnet + muscovite + chlorite {4) after Thompson (1976), of
i:stauralita + muscovite + quartz () atter Hoschek (1969} ; and of

muscovite + quartz (9) after chattarjee and Johannea (1874) .

meltinq curve (s) ia based on experimental data fram the Khamas

Trough after Haffmann (1976) and Winkler (1933}. Stability field .
- of Alnsilicatea arter Hmldaway (1971).b

i
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o

The final decomposition &f prograde chlorite in the centre of the
traverse might indicate that conditions were appropriate for the
raaction

(4) garnet + muscovite 4+ chlorite = ataurolite '+'biotite,

determined by Thompson (1976).

(b) Assemblage zone 2

__This zone has been subdivided into two subzones based on the oc~

_dq;xénca of andalusite. Pelites include andalusite from the im-

nadiate footwall of the graphite schist on the farm Kaan 309 to-

wards ths\\9rtn but anly for about 3 km across strike in subzone -
2a (Fig. €.2). The critical assemblage found in subzone 24 is

{d) Uanda;usité + garnet + biotite + mnmuscovite + plagiociaSa +

qua:tz (Flg. 6.4,C).

Hoffar (1977) has argued that andalusite might have formad ac~

cording to reactiqn (3), substituting kyanite, but under reduced

prassurea. Since staurclite decomposition (accarding to reaction

(S)L haa only heen okasrved more than 20 km north of the andalu-

”ﬁita zana. the teaction

L (B) 'Hg*chlmritg + -muscoviteu+' guartz = Al,Si0g + biotite + ﬁ2Q

Q
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after Carmichael (1970) is suggested for the formation of anda-

lusite in the presence of staurolite.

Within subzone 2B no Alésilicaté haé been found and the charac-

‘terxstlc assenblage ocourring for about 10 km across ‘strike up to

assemblage zone 3 is

(e) staurolite + garnet + biotite + musgovite + plagioclase +

rarts (?ig. 6.4,D).

{c) Assemblage zone 3

This zone is about 20 km wide and its southern bcﬁndary delinits

the first occurrence of sillimanite. Assemblages include

(£) iimanite + staurolite + garnet + muscovite + biotite +
. plagiodlaae + guartz (Fig. 6.3,IV; 6.4,E), and

(g) sillimamite + staurolite + biotite + plagioclase + quartz
(Pig. 6.3,1V) . -

Also the assemblage (c) ococurs within this zone.

Towards the north, staurolite decrsases in abundance whilst sil-
limanite increases. Hoffer (1977) ascribed the sillimanite-for-

mation to the reaction
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{6) staurolite + muscovite + quartz = sillimanite + biotite + H,0

experimentally determined by Hoschek {1969). Staurolite decompo-

sition, however, bhas only been observed further north in assem-

" Liage zone 4. S8ince garnet occurs in assemblage with sillimanitg

and staurolite, also the reaction

{(7) staurolite + muscovite + quartz = Al,Si0; + almandine +

biotite + H20 .

-_aftar Guidotti-(lS?O) might have formed. The occcurrence of stau-

rolite + sillimahite_+ bicotite together over this wide zone is
explained by Hoffer (1977) . as being due to changing Fe and Mg
contents of the pelitps with 1ncrea51ng metamorphic grade.

(d) Assemblage zone 4
The last occurrence of staurolite is about 5 km south of the

Donquhoek-sranite and the pelites show the assemblage
(h) sillimanite + biotite + muscovite + plagioclase + guartz

in this area (Fig. 6.3,V; Fig. 6.4,F). Textures show an inter-
growth of fibrolite with biotite which confirms that ideal condi-
tions were reached for the formation of t™e critical assemblage
sillimanite + biotite according to reaction (6) in this area.




Fig. 6.4: Mineral assemblages. . ]
(A} Photomicrograph [glana light) showing mineral assemblage (a)

kyanite + garnet + bilotite + plagioclase + guartz of thez south-
ggn?nst Kbhomas Trough  (pelite specimen PK #6/86, farm Usambara
304) . o A & - :

{B) Photomicfagraph {plane light) showing'minéral aaaemblagef{h)

%

garnet IIX + chlorite (matrix) + biotite + plagloclase 4 guartz
in

394j_assemb1§ge zone 1 (pelite specimen PK 36/%5, farm Usanmbara

{cy Photomicrogragh'(cross polars) shdwing-mineréiﬁagsémblage d)
garnet + andalusite (strongly muscovitized) + bidtite + plagio~

‘clase + dquartz in pelitic schist in assemblage zone 23 (pelite

specimen PK'278, farm Kaan 309). - :
(D) Photomicrograph (plane light] showing mineral assemblage (i;
2.

. stanrolite + garnet + bilotite + plagioclase + ‘quar

assemblage zone 2B (pelite specimen PK 293, farm Kaan 309).

(E)  Fhotomicrograph iplana? 1ight) showing mineral assemblage

sillimanite + gtaurolite + garnet in assenblage zone 3 (pelite
specimen PK 308, farm Dagbreek 365). ' _

(F} ' Photasicrograph (plane light) showing fibrolite knot within
the 85 biotite fabric in association with biotite, plagioclase
and quartz in the northern Khomas Trough (mineral assemblage (h),
assemblage zone 4, pelite spacimen PK 815, farm Keises 312).

{6) Xuiseb Formation migmatites at the northern wargin of the
study traverse. Hammer for scale (circled), Davetsaub river, farm
Davetsaub 29. % ' ' o '

(B) Photomicrograph (crose polars) of pelite in the immediate
vicinity of the Donkerhoek Granite in the Xaan yriver showing
nineral assemblage (i) muscovite + biotite + microcline + plagio-
glase zglquartz n agsenpblage zone 4 (specimen PX 344, farm Noma-
saus . T _ _ P “
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The highest metamorphic conditions are evident at the northern
! | _ margin of the XKhomas Trough where partial migmatization occurred
. (Fig. 6.4,G). Palites in this area contain the assem. *ge
2 Q (1) muscovite + biotite + K~feldspar (microcline) + plagioclase + a

guartz

“f{ (Plate 6.4,H) which indicates the formation of melt according to SR

the reaction

5 | - S
N (8) muscovite + K-feldspar + albite + quartz + Hy0 = melt; e

E determined by Thompson and Algor (1977). E  ?{¢ }
| A

‘ﬁé In conclusion, the microscopic investigation confirms, to a large o

R extent, the position of the metamorphic isograds proposed by Hof~ o
L fer (1977) for the Khomas Trough., Proncunced features of the cen- }_y;: i
E : tral and northern part of the traverse are characteristic changes a 3
R from a narrow andalusite zone to a wide #111i,anite zone, the de- f
E compositien of staurealite and finally partial melting. In the f
H,QQ south, however, mineral phase changes are much more indistinct é
;o with specific mineral assemblages occurring over wide areas. ;
i . |
Lo |
: i
1.
| Within the framework of this study, mineral analyses were under- i
Liof taken to confirm and support indirect P-T estimates which have ;
_ 1
5&“% |
| |
y

’“?“TCF“““*T?*?ﬂﬁ*TET%#fG]:F,ﬂﬁﬁ;sﬁ~"---»




- AT i,

i

/A 1 R T R S e T
. 3 R - TR .

220

b. an derived from mineral assemblages. Of additional interest was
the chemical composition of the scapolites in the northern part
of the traverse. With regard to these aims six pelites from dif-
ferent ”éssemblage - zones were chosen. Sample_number;. nmark the
locationa'shown'in Figure 6.2, modal compositions are listed in
Table 6.1 and analytical conditions and data may be found in
Appendix IIIX.

s

Elggigglggg_ _ire nostly serizitized and untwinned. Four samplés
have been meﬁsured which did not show any significan* degree of
ZGnatiun. Thé'plagioclaSEs are generally oligoclases with Ansg to

Pﬂ24 (hppe\!."jix i FII,AZ) L

The chemical analyses of white wmicas confirm that the bulk is
close to erd member muscovites "sensu stricto? (Appendix IIIX,B).
This is shown by Si cation values of close to 6.00 and by low
ootahedral cation values in excess of Al. Moderate phengitic
white mica is indicated in sample 86/76 (~hlorite-garnet schist)
which migh%t be due to the pfesence of chlorite as pointed out by
Hoffer (1977). The analyses of diffefent miscovite generations

such as matrix muscovite (samples 146, 86/76), porphyroblastic

muscovites (samples 146, 274, 109) and late muscovites which re-

place Al-silicates (sample i . zad staurclite have shown no sig-

nificant differences in chemidal compositions.

Um0 -

\f... L
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Biotite analyses of all six samples also show no signifieant var-
iatione in compositions between both fabric biotites and late
porphyroblastic biotites. Thié is demonstrated in Appenﬂix IIT,C
with sample 146-1 representing matrix biotites and with sample
146-2 in which porphyroblagtic biotites have been analysed. There
is also no gystematic change of Mg-contents of biotit.  with in-
creasing metamorphic gradeltowards the north as has been okserved
by Hoffer (1977). MHowever, Ti and Mn increase slightly towards
the north. Saﬁple 306 is from the scapclite schist sequence on
tL; farm Dagbresk and shows a very different compositicn of bio-
tites conpared'with other sample=. 7 ese biotites aye enclosed

within the scapolite poikiloblasts.

Garnet ITT has been analysed from assemblage zones 1, 2 and 3

(Appendix IIX,D) and garnet II additionally in assemblage zone 1

(sample 146). Calculations based on 24 coxygeis show good results

of 6:+/ 1:6. 1In all samples almandine garnet forms the most
Ereyuent end member of the garnet series with more than 60 mol-%.
It is followel by spessartine and pyrope. Groséular antd andradite
Qomponents vary considerably. With the exception of sample 274
all garnetg are.distinctly moned with Ca~ and K. A4ch cores and
Fa- aﬁd.HgFrich rims, zonationsg which are common in pelites of

many wnetamorphic terrains.
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Prograde chlorite has been analysed in a garnet-chlorite schist
(sample 86/76; Appendix III,E).

the Ays of 0.58 i=s below the value of 0.63 which Hoffer (1977}

The chlorites are S5i0, poor and

congidered to be the lower limit within his "medium-grade® assem-

blage zone 3.

In view of indirect P~T estiwates gtaurcglite has been analysad in
sample 308 +to compare the composition with gtaurolites used for
exparimeatal studies by Hoschek (1969). The staurclite in this
sample ..cours in contact paragenesis with garnet and gillimanite
Ratlios of Mg/Mg+Fe

are 0,17 {(Appendix III,E) which is identical to those staurolites

and does ..ot show any muscovite replacement.
used by Hoschek (1969).

Sgapolites have been énalySad from tle southerm scapelite-schist
saquence on the farm Dagbreek (Appendix III,E). Compositions are
uniformly mizzonitic with a mejonite percentage of about 64% and
(Fig., 6.5:; Appendix II1,E,.
Chlorin. aontents of about 0.61 wt% are characteristic for scapo-

equivalent anorthite of about 59

lites of mizzonitic compositions (Fig. 6.5

1960) .

Evans et al., 1969;
Shaw, Employing the stoichiowetry scheme of Evans et al,
{1969) a general formula of Naj gCas gAly gSiyp 4024Clp,2(C03)g.8
{Na includes K, Ca includes Sr, and CO5 includes 504) is sugges-

ted by the analytical results.
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MAR Al,Slg AlgSly AlgSlq

SCAPOLITE COMPOSITIONS

solid lne = subsi'iution soneme
proposed by Evang -~ elf."58)

ha

Ci atoms per unlt cell

[ = I8

0 20 30 40 80 60yz70 80 S0 MEl

EgAn —P
Fig. 6.5: Compositions of scapolite from the southern scapolite
echist sequence on the farm Dagbreek 365 (samﬁle 306, Fig. 6.2).

' The so0lid line represents the solid solution between marialite

(MAR) and mizzonlte (MIZZ} as suggested by Evans et al. (1969).
Cl-atoms par unit cell are 12 function of %Eqan for natural
scapolites; (MEIsmeijonite).

6.5.1 Qualitative escimation of P-T conditions

Mine_aral assmnblagea and reaction-isograds allow some P-T estima-
tions using expefimantally determined reaction curves which are
compiled in Figure 6.3. Judging from these reactions (and pro-
vided Pyyp=Piotr) the relevant P~T f£ialds for the four assemblage
zones are shown in this figure. The Al-silicats triple pbint of
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Holdaway (1271) has been employed because it fits best the evi-
dence obtained from petrographic data and mineral analyses (see

below).

The P~T field of a=semblages in the southern Khomas Trough are
framed by the eqailibrium curve (1), by curve (2) which was ex-
perimentally determined at 540+/-15°9C at 4 kbar and 565+/-159C at
7 kbar water vapor pressure by Hoschek (1969), and by curve (4)
determined by Thompson (1976) at 5809-590° at 3~6 kbar. The last
occurrence of primary chlorite several kilometres south of the
andalusite zone indicates that P-T conditions in this area are
close to reaction curve (4). The resultihg P-T conditions for the
south, as determined by assemblages and the latter equilibrium
curves within the kyanite field, are a temperature range of about

540-5209C at water vapor pressures from 4.5 to about 9 kbars.

Conditions in the andalusite field are determined by: (i) reac-
tion (4): (ii) the andalusite-sillimanite equilibrium curve; and
(iii) reaction (6). Equilibrium curve (6) has been experimentally
determined by Hoschek (1969) at 575+/-15°C at 2 kbar and
675+/-159C at 5.5 kbar water vapor pressure {(using a biotite with
Mg/Mg+Fe = 0.48 and a staurolite with Mg/Mg+Fe = 0.17). A poss-
ible temperature range of 500~590°C is given by curves (4) and
(6), and ry the intersection of curve (6) with the andalusite -

sillimanite equilibrium curve. A pressure range of <1-2.8 kbar is

i
H
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provided by the lower pressure limits of curves {(4) and (6} and
by the intersection of curve of (4) with the andalusite - silli-

manite equilibrium curve (Fig. 6.3).

Assemblage zone 3 shows the widest possible P-T range with 550-
650°C given by the intersection of curve (4) with the andalusite-
sillimanite equilibrium curve, and of curve (6) with the granite
solidus. A pressure range of about 2.4«~6 kbar is given by the
intersections of curve (6) with +the andalusite - sillimanite
equilibrium curve, and of the g¢granite zolidus with the kyanite-

sillimanite © .ilibrium curve.

Further evidence for temperature conditions close to the southern
boundary of zone 3 comes from scapolite stabllities (Flg. 6.6).
The mi-onitic composition of the scapolite indicates a minimum
formation temperature of about 470°C and a maximum of about 650°C
according to studies of Oterdoom and Wenk (1983). In comparison
with cogenetic silicate phases it is more likely, however, that
the scapolite formed above the minimum temperature of 550°C for

COg-scapelite as indicated in Figure 6.6.

Constraints on the P-T conditions of assemblage zone 4 are provi-

ded from reaction curve (6) and from reaction
(9) muscovite + quartz = K-feldspar + Al-silicate + H50,

determined by Chatterjee and Johannes (1974).

o




T a—y—

L §

N

226

200
Goldsmith & Newton 1977) — ME{CD} _
_ . 3AmnCo
T Ells 11978} / /
800
W/ L IvEiso)
5 . .
@ 700- %%:::—;:;:;;—-:-I-:&:;:S:—- _, o 1.
2 = - Stable L g = o
[ o soapolite S ""30*03 g = &
g PlegeCa (T e 2 g |3
2 800~ Ttyiyty @
A SEnanrs B \
B850 . ...y t:-,:-r:a-;_-v_a—._-?_n_ Vs g PR “ B
T 500 E:-_ """""
2 Tt pLrityL
S.e oEs
E.%.- 5 E =7 Plag+«Ca
528 s00- ¢
g3 e
O a 5
2 0 05 067 1

X CaANa, S|, —

Fig. 6.6 Diagram showing isobaric temperaturé - composition
relations between scapolite, plagioclase and calcite as well as
stability conditions for stable CO;~ and Cl,CO;—scapolite (after
Oterdoom and Wenk, 1983). The possible temperature range for the
formation of wmizzonitic scapolite in the Khomas Trough according
to this diagram is demarcated by hatched and solid black areas.
The most likely temperature range for the investigated saiaples is

shown in solid black (for details zee text).

Furthermore, wmelting experiments in Kuiseb schists, migmatitas
and granites in the vicinity of the study area were undertaken by

Hoffmann (1976) and Winkler (1983). The experiments show initial

e e e e
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melting of Kuiseb pelites at 660-670°C at 4 kbar, of migmatites
at 667°C-683°C at 4 kbar and of .granite at 6639C at 4 kbar.
Winkler (1983) obtained a granite solidus at 640-646°C at 5 kbar.
These results are manifest in the solidus curve S in Figure 5.3
which demarcates a similar slope but at about 25%C higher to the
solidus curve of Thompson and Algor (1?77}. The P~T conditions of
the worthern traverse are well constrained with experimental data
providing a temperature range of 590-6769C and a pressure range
of 2-4.5 kbar (Fig. 6.3). Further evidence for the pressure
conditidns at the northern margin comes from primary muscovite in
the Donkerhoek Granite which indicates a lower pressure limit of
about 3.5 kbar {experimentally determined by Storre and Karotks,
1971) for the crystallization of the granite.

- An outatanding feature of the central and northern Kijomas Trough

is the muscovitization of stauroclite, andalusite and sillimanite
(Fig. 6.1,B). Carmichael (1969) and Eugster (1970) have ascribed
this phenomenon to retrograde alteration dependent on fp,,, PH,
Kt concentrations, and total pressure and temperature of the

metamorphic fluids. These authors have formulated the reaction
(10) 2 muscovite + 2 HT = 3 AlySiog + 3 510, + 2 K + 3 Hy0
to account for the muscovitization. Dependent on the above fac—

tors this process may be initiated from above 600°9C during the
cooling history of the terrain (Eugster, 1970).
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6.5.2 Geothermometry and gecbarometry

for a direct P+ estimation four samples were chosen from assem-

blage zones 1, 2 and 3 (sample localities are shown in Figure
6.2) which allow the application of gainét-biotite— and garnet-
chlorite geothermometers as well as of a garnet-biotite-muscovite
-plagiocvlase geocbarometer, A;l phases used ior thermobarometry
are in contact paragenesis and garnets belong mostly to the late

garnet IIT generation. An exception is sample 146 where also a

spiral-shaped garnet II has been measured.

Garnet-biotite geothermometers used are thoée of Ferry and Spear
(1378), Hodges and Spear (1982), Perchuk and Lavrent'Eva .(1983),
Indares and Martignole (1985), and Hoinkes (1986), taking into
account that some of these have been calibrated for specitic
pressures. The garnet-chlorite yeothermometer of Dickenseon and
Hewitt (1986) has been used for sawple 86/76. Pressure estima-
tions for samples 146 and 308 are basad on the garnet-biotite-

muscovite~plagioclase geobarometer of Ghent and Stout (1981).

The results of the initial »-T estimationé are shown in Yable
6.3. Temperature ranges 7result from the analysis of different
minerals of the same generation. Figure-6.7 illustrates the in-
ferred P-T conditions comprising reaction curves, mineral analy-
ses of critical assemblages in AFM diagrams as well as Xppy isop-
leths of garnet-biotite bearing pelites after Spear and Cheney
(1989) . | | |
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The géneral lack of agreement between the different garnet-hio-
tite gecthermometers proposed is confizmed by the ata shown in
Table 6.3. The experimental calibration of Ferry and Spear's
{1978) thermometer is based on pure Fe-Mg solid scolutions using
Fe/Fet+¥Mg systems of about 0;9. The éalibration of Hodges and
Spear . (1982) accounts for non-ldeal garnet solid solutien but
only the gressular-pyrope cryatalline solution was assumed to
behave non-ideally. Perchuk and Iavrent'Eva's (1983) experimental
calibration uses ¥e/Fei+Myg systems of about 0.6. Indares and Mar-
tignole (1985) have combined data of Ferry and Spear (1978) and
natural biotiteﬂgafnet tccurrences to derive an empirical ther-
nometer which accounts for diluents such as Ti, Al, Ca and Mn.
Hoinkes (1986) has found non-ideal mixing of grossular with

almandine-pyrope solid solution in an empirical study.

For %je southern Khomas Trough both garnet II and III (sample
146) are zoned and show a range of Xp7, £rom 0.90 (centre) to
0.85 (rim). According to the Xp;, isopleths given by Spear and
Cheney (1989) this indicates a tepperature range of about
550-570°C at pressures of 5-7.6 kbar. Mineral thermometry gave
large errors with temperatures of 490-626°C at 6 kbar for garnet
II-biotite pairs and of 442-533%C at 6 kbar for garnet ITII~bio-~
tite pairs (Table 6.3). The gecbarometer of Ghent and Stout
(1981) gives a range of 3.98-6.94 kbar at 550°C for garnet YI.
Garnet IIT shows 3.82~6.72 kbar at 550°c. N
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Table 6.3: Geoth. metric and geobarometric data. Sample locali- oo
ties within the respective assemblage zones are shown in Figure
B 6.2. Modal compositions are given in Table 6.1. J-'
] o ?
. ‘;‘-..:
- SAWPLE 146 B6/76 27 308
T | Gh&st (550°C): Ga 11 3.98-6.94 (kb) _ W
' - ga 111 3.27-5.72 ' '
ahést ¢520%): _ 2.22-4.24 (kb)
ERS (5 kby: Ga IT  490-51% ¢°cy ,
Ga 11 442-451 : (2 kbyz 531-550 (°C) (4 kb): 601-805 (%) _
H (6 kb): Ga 1] 588-624 , . _ N
fa 111 522-533 2 kby: 579-599 ¢h kb): 637-6u6 i
,. 1% (6 ®b):  Ga 11 525-550 : - . _ : -
o Ga 111 470-495 (@ kb)z 560-580 % Kb)i 610-627 ;
l Lo PEL (6 kb)s  Ga Il  533-550 '
' v ta I11  503-508
HES (6 Kb):  Ga 11  49U-519 o _ _ b
: Ga [T 442451 t4 Kby: 601-605 2
' i . A
| DEH ¢6 kb)s 485-512 (%) .
l a L EE N P Y drApsmsandsEmakana L Y T LRI EEE )
ll ¢ Kp= (Fe/Madg,/CFe/Madg, 0.17 0.16 © 0,18
:r e - Abbreviations: Ghist, chent & Stour (1981); FES, Ferry and Spear {1978); H, Meinkes (1586);
s 184, Indaces & Martignole (1985); PAL, Perchuk & Lavrent*Eve (1983); HES, Hodges & Spear (1982);
) S pak, Dickenson & Hewitt {19886).
4 ) x - . a ! /{j
i The distribution coefficient (Kp) value of 0.17 and the high X, _ - /,
,"’“’i value of 0.12 of sample 146 compares best with the grossuldr-rich R
“ samples used by Holinkes (1986). The presence of staurolite in
P G _ ) \ .
i ' this area and its commonly accepted formation temperature of at b
least 540°C at 4 kbar (Hoschek, 1969) from chlorite + muscovite
{Fig. 6.3) further suggest that the data obtained from Hoinkes
;' 'S (1986) record the most accurate estimate of temperatures in this
% : area.
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The abkove thermometric data togethef with suitable reaction
curves for this area suggest a P-T vange from about 520° to 570°C
at 4-7 kbar (Fig. 6.7).

Sample 86/76 rePresents a garnet«dhlorite schist from an area in
assemblage zone 1 where no staurolite bas been observed. Geother-
mometers for this zone give a narrow temperature range of 485~

512°C at 6 kKbar ﬁressure (Table 6.3).

The thérmometric analyses from assemblage zone 2 Jjust south of

the first occurrence of sillimanite show a temperature of about
530-6009C at 2 kbar pressure which is support for the employment
of the Holdaway A1,8i05 triple point. The eguilibrium curve anda-
lusite - sillimanite is intersected at these temperatures at rea-
sonable pressures, a result which is in contrast to the phase
diagrams of ZXichardson et al. (196%) and Althaus (1969) which
would hardly allow the formation of sillimanite at these tem-
peratures. The lower Ca contents and the Xy values of garnet in
fhis area compared with samples use& by the above authors for
thermometric ocalibrations suggest that the geothermometer of
Indares and Martignole ' (1985) shows the most reliable results
with 560-580°C at 2 kbar in this area (Table 6.3).

Thermometric data caloulated for aﬁsémblage zone 3 garnet-biotite
pairs give a narrow range of 600-630°C at 4 kbar, with the excep~
tion of Hoinkes' (1986) thermometer, It is conceivable that the
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Fig. - 5.7t Petrogenetic grid for the KFMASH system (modified from
Spear and Cheney, 1989). Dashed lines repiJsent contours of Xarm

in garnet in assamblageé which contain garnet + biotite. Reaction

curves arg'idantical to those given in Figure 6.3 Bars indicaté
P-T range as derived from gebthermqmetric and geobarametxic_calf
culations of samples from the respective assemblage zones (sce
Table 6.3). P-~T conditigns for_aasamblaga zones 1'(ha;bhed_sym_

e

bol), 2_,(dots) and 3 (circles) result from combined- . vthermo-

barometriq data and gualitative agtim#tgs.
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Ca~poor composition (Xpa=0.03) of the garnets accourits now for

. the higher reliability of -athex_thermnmaﬁers' dompazeﬁ to the
calibration o2 Hoinkes (ap$ait.) who used garnets With-xb& 0.1,
Pressure estimates for this arvea gave 2.22-4.24 kbar at 620°c.
. Values of .84 for xklm confzrm a P~T  range ‘of 590*630°c at"
'3.8-5:8 kbar raspactivexy (Fig. 6.7). o

N

6.5.3 Bumary of the P—’.‘b\m\ﬁﬁ:.tim in the Khomas 7rough

e

oE

Praviously Hof.far {m*f*- I has interpreted a continuous development

of the Alwpolymorphs w;g ia tha Khomas Trough from south to north

'showlnq decreasing prassure and increasing temperature conditi~ .

ons.  This was 1argely an effect of the phase diagram of Althaus
(1969) which pnrqita a continuous B-T path from high-P/lova to
low-P/high~T along.afkinp&e prograde path. . Additionally, the an~
daluaite and sillimanite’ uisograda are interpretpd by Hoffer .

{1977) to be influenced by the‘gonkerhoek Granite.

frn&ind thg tipdings of Hoffar (197?," 1983) inta accnunt, Behr et

al. (1983} 1nﬁarpret from :1uid inclusion data that the aoutﬁern
Khonas Trotgh hasmexpnriancad 629 kbar at 480-580°¢ whereas the

" northern part only hae been subjected to 4.5 Xbar at 650°C. Esﬁa .

consaqﬁhnce of this, the " latter authors show two distinct PJT
S

"paths for these aress and explain the differsnce- by a rapid down-

warping of the ‘southern Khomas Trough in contrast to the north,
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_ Sawyer (1981) and Preueeinger (1990} have studied the metamorphic
T vonditions of Ruiseb schists at the western end of the Khomas
o | B ‘Frough in the Gorob mzning area which is situated close to the

Matchless Amphibelite. Sawyer iop,cit.) has estimated about 600°C

P .': _ at 6~9 kbar for the peak ‘metamorphism in this area and Preu~
E | eeiuger (op.cit.) hae eetebliehed 580-630°c at 5.5-6. 5 kbar from
sillimanite~ and kyanite—bearing aeeemhlaqee. Kasch (1983b) has
estimated P-T conditions at the southern margin of the Fhomas
Trough, - east of the sisdy traverse. He Jbtained about §00°C at 9
kbar for a first '#etambrphic even™ (M1) and about 600°C at
7+8 kbar for a second event M2.

~ An interesting issue is the discuseiﬁn of the peak conditions of
regional or thermal metamorphigm in the Khomas Trough. The migma-
tites which ﬁartia;l&fzeeur close to tha Donkerheek Granite as
well as the eillimanite.end andalusite isograds have been intex-
R preted by several authors to represent a thermal aureole of the
granite (e. g«.uleberding, 1976; Jacob, 1974, Hoffer, 1977). szth; '
{1965) and Faupal (19?4) present argumente distavauriqg & 1arée _
‘thermal aureole on the basis of eimiler eolldu tempereturee'for*
; schiete end granite, | |

= -
g

]
The principal calculations of Jaeger (1957} on oﬁher graﬁitie
" bodies have, however, ehewn.the'unlikbliheed of a vast medium~ to
.highwgrade thermal aurecle around & granitic pluton of 700 °C
which intrﬁdee Yy ceuntry rock of about the same temperstire at a
| depth cerre5peﬁﬁihg to 4 kbar. This etudy .has preeented struc-

3
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tural evidence indicating that the migmatites ocourring in the

Davetsaub river profile are crosscut by granite apophyses (see
Chaptexr 4). Furéharmora,.coarsely recrystallized grain sizeg only
opcur up to about 1 km south of the granite and K-feldspar has
formed in the schists only at the immediate contact in the Kaan
river section. Higmatites.oﬁ the other hand oacuf in well defined
zoneq\.extanding'far:several'kilometres south of the granite -
Bchist contact. Partly bent fibrolite knots within the 8,

- cleavage domains ana'fha possible formation of -fibrolite cyn- to -

post~D; according to reaction (6) also indicate that Al-silicates
have formed priof to the intrusion.

In conclusion, the patrogxﬁphic data and miheral analyses presén-
d in this study in&icate that the Kuiseb schists exposed along
tha atudy traverse do not show a coherant 1sograd pattern from
1aWngade in the south to ﬁighwgrade in the north as postulated
by Hoffer (1977). The metamnrph1~ history of the Khomas Trough
is therafore not easily axp*ained wy a single, prograde P~T avo-

:Iution which was influenced in the centre and nnrth by & past—

tectanic gra(*#a intrusinn.

The mineral analyaas, ovtainad from . widespread post-D, mineral

phasas, raveal u tamparatura variation of about 500~660°¢C fram

south to nurth bu+ pressures vary: considerably in ‘the respective

assenblage zones. Haximum conditions of 7 kbar at 570°C are indi-

cataﬁ in ﬁ%semblage rone 1 Which is in good agraamtnt with the
stadiun c;ted above. In_contrast to this only about 2 kbar at

.rf
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570°C are recorded in the andalusite zone and, further north,
pressures reach about 4 kbar at a maximum tamperature of 6609C 1n
the sillimanite zone. These pressures and temperatures correspnnd-
to geotherma® gradients of about 20°km, 80%%km and 45%/km res-
pectively (taking Pysq = Plithastaticr“and a mean rock dansity o£
2.80 g/cm). An  earlier syﬁ-nz phase of mineral graﬁth which is
evident from some preserved garnmets and staurolites suggests
slightly elevated temperatureslfor garnet IT comparéd with garnet
1II at about the same pressures.  Peak mataﬁorphic conditions in
ths northern Khomas Txough have led partiaily te the fd:m%hion
of migmatites which were subsaquentiy intrudéd by the Donkerﬁoek

' Granitea. Throughout the Khomas Trough late muscovites, biotites

and apphiboles are. evidence for elevated ' temperatures in a

_1arge1y stress-free anv;ranment after the D, defarmatian and

after the peak of matamorphism. Also at this late stage

nuscovitization of Alesilicates and staurolite occurred.
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7. ~TECTONICS AND SEDIMENTATION OF A IATE PROTEROZOIC CQNVEBGENT
CONTINENTAL MARGIN

Previous discuaaiahs on the geodynamic evolution of the inland

branch of the Damara Orogen have concentrated mainly on whether
or nat.océanic-crust had formed prior to subseguent subducticn
during cdntinantal_ convergence. Marktin and Porada (1977) and
later Porada f1983) propose an aulacogen model which initiates
the deﬁelapment ¢of the Damera Orogen with three symmetrical rift
grabéns 'iﬁduced by the cooling of an asthenolith. They suggest
that this was fbllaﬁed by a downwarping stage and a final post-

_ geosynclinal_atage. The delamination model of Krdner (1982) is

'similax to the latter involviny initial crustal stretching over a

mantle plume situated underneath the Khomas Trough and leading
to the extrusion of the Matchless Amphibolit-. Further processes
in. this wmodel involve lithospheric delamination, cont.nental
subduatioh, crustal underthrusting and high-level thrusting.

kn ocean floor subduction model on the other hand, involving the
subduction of a several thousand kilometres wide ocean, was con-
structed by Hartnady (1978), Xasch (1875} and Barnes and Sawyer
tlSBO).. The subduction of a narrow, Red Sea type ccean has been
suggested by Miller (1983b) who interprets the Matchless
Amphibolite as a remnant of a spreading centrs which was covered
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by clastic sediments. A small ocean basin model associated with
strike-slip shear movements was proposed by Downing and Coward
(1981) and Coward (19835. This involves the - formation of pull-
apart basins which are partly f£loored by oceanic crust in the
inland branch, the obligue subduction of these basins and the
late~stage movement of the cOhgo Craton towards the south-east.
Breitkopf and Maiden (1987) have proposed a limited ocean basin

model involving the fault-related development of subbasins in the

. Khomas Trough on hoﬁh__continental and oceanic crust. Blaine

(1977) summarizes his structural investigations in the eastern
Khomas Trough suggesting a possible f;fe-aré basin on the basis
of contrasting teutonic styles with the Central Zone. This was
partly supported by Miller ét al, (1983), who argued on the basis
of a geochemical maturity index that the Khomas Trough north of
the Matchless Amphibolite co@tains fore-arc basin deposit= and
clder spreading-phase depoéits tbwards the souti:., Downing and
Coward (1981) and Hoffmann (19383) speculated upon an accrstionary

prism setting for the Khomas Trough.

The pronounced sedimentalogical and structural asymmetries within
the inland branch of the orogen have ﬁecently led Henfy et al.
(1990) to'ralate.the early rifting phase to the &evelopment of
two low-angle detachment systems. This ultimateiy'resulted in *he
avolution of the Khomas Sea between the Kalahari and Congo

Cratens.,

.,.
it
§ it e i -

‘;E‘j. @ﬁ i
DS

2
W l"l




oA

g

o

239

7.2 X

The Damara Orogsn is part of the Pan-African mobile belt systen
and connects with the Zambezi and Mozambigue Belts in Central
Africa. Irrespective of which of the above geotectonic medels is
applied, the RKhomas Trough vrepresents a crucial area in inter-
preting the tectonics of the late Proterozoic in Namibia. In pre-
vious ohaptors this thesis hashinvestigated the structural, sedi=-
mentological, and metamorphic evolution as well as geochemical
aspects of the Kuiseb Formation in the Xhomas Trough. The syn-
thesis of conclusions drawn from each of these aspects helps to
dizcriminate between the various interpretations given above for
the evolution of the inland branch of the Damara Orogen. Conse~
guently the information gathered.in this study is combined in a
model which involves the convergence and collision of the
Kalahari and Congo Cratons followinrg a rifting and spreading
phase. The model proposes that an accretionary prism, here named
Khomas Hochland accretionary priom, of late Proterozoic age
developed in the Khomas Trough.

7.2.1 Rifting and spreading phase

The evolution of the Khomas Trough commenced with an initial rift
system (Mililer, 13983b) which probably developed from a north~wegt

dipping detachment fault as suggested by Henry et al, (1590).

Thick volcanic sequences of the Naauwpoort Formation in the nor=
thern Damara Orogen have been interpreted by Miller (1983b) to
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represent the initiation ©of large-scale rifting in the inland

~ branch at about 750+/-65 Ma (U/Pb zircon dat s). There is no di-

i

_spraading.

rect record of rift-related volcanic rocks or sediments in the
Khomas Trough. Miller (1983b) however has reported very minor
acld volcanic rocks of Nosib Group age occurring along the Oka-

handja Lineament. Advanced rifting led to crustal thinning and

the development of an oceanic spreading centre in the Khomas Sea.

This generation of oceanie crust is confirmed by tholeiitic, mid-

cecean ridge type metabasalts and pillow lavas of the Matchless
Amphibolite, Breccias, metagabbras and ultramafic 1itho1oqies
also occur within the oceanic sequence. The metabasic roéks are
associaf”*} with pelagic and hemi-pelagic deep-sea lithologies
such asxbéiitia achists and draphite schists but also with turbi-~
ditic greywackes. Massive sulphide ore deposits in the vicinity
of the Matchless Amphibolite have formed as part of the hydro-

thermal system during spreading (Killick, 1983). A notable mar-

“ble unit is likely to have originated by carbonate precipitation,
. probably induced by the hydrothermal convection cells along the
" spreading ridga. Stable isotope signatures of associated graphite

'schista} howaver, confirm tliat these are organic pelagic sedi-

ménta. The intercalation of spreading ridge basalts and ore de-

'J:posits with turbiditic and pe;agia sediwents has implications for

the size ‘of the Khomas Sea and the position of the mid-oceén

_iidga relative ta thé_caﬁtinanta1 margin (see below). The amount

of tectonic shortening calculated indicates that the’ basin has

had a wiﬁth"of hundreds of kilometres minimum at the climax of

)




.t’.

S

Bt T PO SOV A o puts S

240

represent the initiation of large-scale rifting in the inland
branch at about 750+/-65 Ma (U/Pb zircon dates). There is no di-~
rect record of rift-related volcanic rocks or sediments in the
Khomas Trough. Miller (1983b) however has reported very minor

acid volcanic rocks of Nosib Group age occurring along the Oka-

handja Lineament. Advanced rifting led to crustal thinning and

the development of an oceanic spreading centre in the Khomas Sea.
This generation of oceanic crust is confirmed by tholelitie, mid-
ocean ridge type metabasalts and pillow lavas of the Matchless
Amphibolite, Breccias, metaqabbrés and ultramafic lithologies
also occur within the oceanic¢ sedquence. The metabasic rocks are
agsociated with pelagic and hemi-pelagic deep-sea lithologies
such as pelitic schists and graphite schists but alsao with turbi-
ditic greywackes. .Massive_sulphide ore depositi in the vicinity
of the Matchless Amphibolite have fofmed as part. of the hydro-
thermal system during spreading (Killick, 1983). A notable mar-
ble unit ig likely to have originated by carbonate precipitation,
probably induced by the hydrothermal convection c¢ells along the
spreading ridge. Stable isctope signatures of associated graphite
schists, however, confirm that these are organic pelagic sedi-
ments. The intercalation of spreading ridge basalts and ore de-
posits with turbiditic and pelagic sediments has implications for
the size of the Khomas Sea and the position of the mid-ocean
ridge relative to the continental margin (see below). The amocunt
of tectonic shortening calculated indicates that the basin has
had a width of hundreds of kilometres minimun at the climax of

spreading.
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7.2.,2 Barly subduction phase

The next phase in ﬁhe evolution was characterized by convergence
and subduction of Khomas Sea oceanic crust beneath the Congo Cra-
ton. The palaescenvironmental setting during the early stage of
convergence is shown in Figure 7.1. Early structural vergences to

the south-east confirm that subduction of the ocean and movement

‘of the Ralahari Craton was down to the north-weet. Subduction was

probably initiated by extensive sediment loading along the Congo
cratonic margin  in a manner similar to that described by Cloe-
tingh et al. (1982) for small ocean basins. The Kuiseb schists
which are partly intercalated with Tinkas-Formation carbonate
turbidites in the vicinity of the Okahandja Lineament (Porada and
Wittig, 1983} may be regarded as remnants of these early clastic
sediments entering the northern KXhomas Sea. An oceanic trench

developed consequently along the southern margin of the Congo

Craton. Original sedimentary structures, turbidite facies, cyclic

sedimentation and lateral extent of sedimentary marker units
within the Khomas fTrough indicate that the sedimentary precur-
sors of the Kuiseb schists accumulated as turbidites on an elon-
gate submarine fan. Palaeocurrents and lateral correlation sug-
gest <that it developed ag a south-westward prograding elongate
trench fan which incorporated large amounts of clastic sedinents
(Fig. 7.1). This indicates together with the relative uniformity
of grain sizes (i.e. no conglomeratic material) that the main
source area was situated a considerable distance to the north-
east of the aréa of deposition. It is also conceivable that a

volcanic arc north of the subduction zone has additionally con-
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tributed towards the trench fill (Fig. 7.1). In any case geochem- '
ical signatures such as high contents of certain  immcbile ele-

! ments suggest an active continental margin source for the
precursor of the Kuiseb schists. Some of the metamorphosed
carbonate-rich rocks (calc-silicates) in the Khomas Trough are

Ve associated  with terrigenoclastic turbidites and have also been

deposited by mass~flow processes.
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o Fig., 7.1: Depositional palaecenvironments in the southern Damara
T
; Orogen during eavrly continental convergence. The elongate trench

fan transports large amounts of clastic gediment from a
north-easterly source area along the trench axis. Pelagic and ;
henipelagic sedimentation dominates the basin plain. Ceasing

carbonate sedimentation (platform ocarbonates and carbonate

turbidites) characterizes the northern shelf and slope. Clastic .

deposition ococurs on the southern cratonic shelf.
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In large parts of the basin pelagic sediments accumulated and the
intercalation of submarine fan 1lithologies and pelagic and
hemi-pelagic sediments in the Khomas Trough confirms that tuese

depositional processes were contemporaneous within the basin.

Adjacent to the FKhomas Sea in +the north at this early stage of
subduction platform carbonates were still developed (Karibib For-
mation) as shown by the calcareous slope turbidites which were
sedimented (Tinkas Formation; Fig. 7.1). These deposits were,
however, soon to be totally replaced by immature c.errigenous sed-
iments of the Kuiseb Formation in the Central Zone. At the sane
time clastic terrigenous platform sediments were deposited on

the scuthern passive continental margin of the Kalahari Craton.
7.2.3 Accretion phase

The further geotectonic development of the active continental
margin is explained by accretion of the +trench sediments against
the Congo cratonic¢ margin, This model is represented in Figure
7.2 which shows the Khomas Hochland accretionary prism evolving
through the offscraping of submarine fan lithologies from the
descending oceanic slab. The dominance of metasediments compared
with basalts within the present-day Khomas Trough also confirms
high sediment input into the oceanic trench. Clastic sedimen:s
were therefore preferentially accreted whereas oceanic basalts
and pelagics were mostly subducted, similar to the mechanism

suggested by Thornburg and Kulm (1987) from the Peru - Chile
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Trench. It is thought that a continued high sediment input into
the trench caused and maintained a shallow slab inclination as
dascribed by Karig et al, (1976) from recent subduction zones.
This setting may have also included a narrow arc - trench gap and
it may have inhibited the formation of a major fore-arc basin as
described by Dickinson and Seely (1979) and Cross and Pilger
(1282) from the Peru - Chile Trench. '

ACCRETION PHASE : ANDEAN-TYPE MARGIN

Location of ACCRETIONARY
NW PRISM SE

v KALAHARL"*:
et CRATON oot

> ;
- -
I N

e CONGO

APPROX HORIZONTAL SCALE

Fig. 7.2: Tectonic setting of the southern Damara Orogen during
late convergence of the Congo and Kalahari Cratons. The oceanic
trench contains the elongate;submarine fan and the accretionary
prism evolves through the offscraping of sediment from the des-
cending slab. Early (Dq) folding and thrusting occurs within the

prism.
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On= possible explanation for the emplacement of the oceanic se-
quence represented by the Matchless Amphibolite is that it has
been incorporated into the prism during the late stages of the
accretionary processes by offscraping from an oceanic crustal ?;
high such as the mid-ocean ridge, an aseismic ridge or an oceanic P-

plateau.

During accretion, early isoclinal folding, associated with clea-
vage formation and thrusting, occurred within the accretionary
p?ism, These features are represented by the relict structures
preserved from the Dy phase of deformation in the Khomas Trough.
Such early cdmpressional stresses are also characteristic for
low=-angle subduction zones associated with younyg, buoyant oceanic
lithosphere (Cross and Pilger, 1982; Park, 198§). Similarly early
deformations involving thrusting and folding have been reported
from modern accretionary prisms at the Aleutian Trench (Lewis et
al., 1988) and at the Mariana and Yap Trenches off Japan {Kimura

et al., 1989).

The backstop of the accretionary prism was located at the
southern wargin of the Congo Craton and it is suggested that this
structure was the initial expression of the ¢(kahandja Lineament e

(Fig. 7.2).

It has been objected previously that no obvious magmatic arc was

associated with the proposed subduction zone. Miller (19%3b) and

Brandt (1987), however, record small amounts of pre-, syn-, and
post~tectonic alkaline and calc-alkaline granites, diorites and

metagabbxos. The pre~ and syn—tectonic'magmatic rocks especially

b |
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have I-type character, shown by low initial 87sr/8%gr ratios and
by the presence of hornblende and sphene. The majority of these
intrusions occurs in the gouthern Central Zone within 320 km of

the Okahandja Lineament (Miller, 1983b).

The palaecenvironmental sétting during the later stages of
subduction is  :lustrated in Figure 7.3. To the north of the
Khomas $ea, a magmatic arc is shown situated close to the trench.
The shelf area on the Congo Craton became unstable during con-
tinued accretion and the carkonates were superseded by clastic
terrigenous sediments (Kuiseb Formation; Badenhorst, 1987). It
may therefore be speculated that the Central Zone developed as a
back-arc basin at this stage (Fig. 7.3)- The southern terrigenous
platform of +the Kalahari Craton maintainasd its stability with

local fan sedimentation occurring (Porada and Wittig, 1983}.

One aspect which has repeatedly bheen addressed with regard to the
Khomas Trough is the questiua of preservation of both spreading-
and subduction-phase sedimenis, their distribution and the nature
of their contact (Miller, 1983a). Judging from the data presented
in this study, the southern Khomas Trough may be regarded as the
most likely position in which spreading-~phase sediments may have
bean preserved. Largely basin plain and minor submarine fan
associations may be found in the Matchless Amphibolite oceanic
sequence and south thereof (Fig. 3.18). These deposits contrast
with the thick trench fan associations in the central and north-
ern FKhomas Trough, With regard to the deformational patterns
described previocusly a possible contact between these different

depositional systems is most likely of tectonic origin.
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Fig. 7.3: Palaecocenvironmental setting during late continental
convergence. High sediment input inte the trench maintain..
shallow subduction and a narrow arc - trench gap. Terrigeno-
clastic sedimentation occurs on both adjacent shelves at this

stage.

7.2.4 Collision phase

Post~Dy deformation patterns in the Khomas Trough give evidence
of the onset of major compressive stresses in the lithosphere.
This is attributed to the next step in the geotectonic evolution
which saw collisional processes between +the twoe cratons (Fig.

7.4).
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Fig. 7.4: Collision betweeh the Congo and Kalahari Cratons. This
was accompanied by strong socuth-east vergent folding and thrus-
ting, late-tectonic metamorphism, and emplacement of the accre-
tionary prism including the Matchless Amphibolite onto the
Kalahari Cratonic Foreland. The post-tectonic Donkerhoek Granite
intruded partially along the Okahandja Lineament.

Until this stage the accreticnary prism had developed to
congiderable size. Initial collision led to the regional D,
deformation in the Khomas Trough producing metre-~ to kilometre-
scale isoclinal to open folds and a penetrative, ~axial planar
metamorphic banding cleavage. Fold axes trend horizontally to

subhorizontally to the north-east and stiuctural vergences are
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consistenﬁly to the south-east, indicating tectonic transport in
this directi&h. Folds of the by phase'were refolded to develop D,

dovnward-£facing folds in restricted parts of the sequence. Also
| associﬁted with thie deformation was a major phase of thrusting.

The cohtinu&tian _of collision resulted in the D, deformatiun.

mhié was characterized by a spaced tleavage and tight to iso-

clinal meti&-aeale.Fa fc;ds.ﬁoth_ of which have preferentially
developed in. high-mtrain shear and thrust 2zones. The style and
scale anf"fﬁlding and the subhorizontal to moderataly plunging
attitude of fold. axes confirm the major role of simple shear -
processes during this deformation. In two of the thrust zones in fi'
the northern Khomas Trough late-tectonic scapclitization occur- |
red, probably indicating the preaehbe and the migration of ua1

and Cl-rich fluids. This might confirm results from modern

accretionary prisms which show that fluilds participate actively
during the development of shear zones (Peacock, 1987). The fluids
are channelized and preserved in wajor pelagic horizons in the
prism over a considerable time span (Moore, 1989). At this stage
of the geotectonic eveclution the structures within the accretio- ’
nary prism manifested a northward steepening thrust pile with an
overall imbricate fan geometry. The observed development from
metamorphic banding cleavages (S1 and 8,) which prokably origi-
nated from pressure solution during dewatering processes (Behr et
al., 1983) to a shear cleavage (S3) conforms with thaoretical
considerat:ons on the dynamics of thick 6rbgenic wadges by Platt
(1986) . | |
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The second possibility to explain the positisn of the Matchless
! - Amphibolite occurred at this stage by structural emplacement
during cbduction of - the accretionary prism onto the Kalahari

Craton. This explanation is favoured and strengthened by the

f' _ ; emplacement of Alpine-type ultramafic bodies close to and south _
" of ‘the Matchless Amphibolite (Fig. 7.4) and by tectonic inter~ 3
| o leaving of basement slices and ultramafic rocks in the Southern jf}
. .f Margin Zene (Barnes, 1982). The latter oécur together with a f%g
! prominent rhyolite unit c¢lose to the Schlesien-Amerongen Line: J%’
”E - (Hartnady, 1978) or Us Pass Lineament (Hoffmann, 1983) along the ;g%
? northern margin of the Southern Margin Zone (Fig. 7.4). This 2§  .
.. Lineament has been interpreted to represent the continental igg .
s i suture zone (Hartnady, Hoffmann, op.cit.) which cah prokably be fﬁ%
"rgﬁ traced into the Mwemkeshi shear zone of the Zawmbezi Belt (Unrug, :?i
o 1990) .

The continental collision and subduction of the Kalahari Craton
bengath the Congo Craton resultad in crusta)l thickening and ther-

o mal relaxation. The processes associated with a collision-

o : related, late-tectonic regional metamorphism are reflected in the
| metasediments and metabasic rocks of the Khomas Trough. Growth OE_
";{ﬁﬁl | critical metamorphic minerals such as kyanite, sillimanite,
E t}{ andalusite, staurolite, garnet and amphibole started mostly
?5'5 during D, and lasted until post-Dy. Scapolite in the northern
Ny i Khomas Trough has grown post-Dy =~ There are. indications, however,
: that biotite, garnet, kyanite and staurolite have also grown
o i pre-D,. Geothermcbarometric calculations on post-D; and some Dy

N
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mineral asseablages show that P-T conditions within the amphibo-
lite facies rocke vary considerably with about 7 kbar/570°C
reached in the southern Khomas Trough, about 2 kbar/570°C in the
centre énd about 4 kbar/660°C in the north, Partial melting of

the metasediments during regional metamorphism at about 660°C has ;;%
occurred at the northern margin, U/Pb analyses on monazites indi-~ '
cate an age of about 525 Ma for this event which is also inter-

pfeted to répreeent the peak of metamorphism (Xukla, Kramm et

al., 1990). The above pressures and temperatures correspond to
geothermal gradients of about 20°C/km, 80°C/km, and 45°C/km from
south to north and it is gonceivahle that these heterogeneous
gradients are due to post-Dy differential uplift of the Khomas
Trough. '

Late stages in the structural evelution comprise the formation of éfj
crenulation cleavages as well as kink folds in the southern |
Khomas Trough, Along +the Okahandja Lineament, late dextral

strike-slip movements produced a clockwise rotation of D; to Dy

structural elements. It is suggested that this opewnzd a path for

e EF e,
P SR SR S S

the ascent of the post-tectonic Donkerhoek Granite at about 505

o

Ma (U/Pb monazite ages; Kukla, Kramm et al., 1990). The retro-
grade path of netamorphism involved the growth of muscovite,
chlorite and amphibole and textures suggest that this took place
in a laryely stress~free environment after the Dy deformation.
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The end of the main orogenic wovements has been interpreted to be

represented by the cooling of biotites below 300°C at about 485

Ma (Rb/8r and K/Ar whole rock ages; 3aack, 1983) . Certainly an
exception are late alaskite intrusions in the Central Zone with. a
Rb/Sr whole rock age of 458+/-8 Ma, obtained by Kréner and
Hawkesworth (1977).

7.2.5 Ancient and modern analogues

Lithologies, structural styles, sedimentation patterns, time
aequencé of events and the size of +the Khomas Hochland
accretionary prism are most reminiscent of the Lower Palaeozoic
Southern Upland accretionary priém (e.g. Leggett et al., 1979;
Kemp, 1987) in view of: (1) series of imbriéate thrust slices
steepening towards the backstop (Southern Uplands Fault here
compared with <the oOkahandja Lineament); (ii) extreme lateral
persistence (>150 km)} of siratigraphic marker horizons and thrust
slices; (iii) the predominance of lateral trench-fill turbidite
sedimentation; (iv) no mélange deposits are recognized; (v) the
scarcity of arc-related magmatic rocks, and (vi) the low to

medium pressure metamorphism.

The Chugach terrain in Alaska has been explained as a Cretaceous
trench-fill deposit (Nilsen and Zuffa, 1982; Sample and Moore,
1987). Broad similarities with the Khomas Trough exist in terms
of: (i) linear extent (2000 km long, 100 km wide); (ii) contained

lithologies such as sandstones, siltstonses, shales, limestones,
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basalts, and ultramafics; (iii) late-phase granite intrusions
towards +the continental margins and {iv} structural style
comprising coaxial deformation T"seawards® and noncoaxial

deformation with rotation and strike-slip faulting "landwards".

The time sequence of events during deformation af'.the-shnmagin
region of the mpdern Alentian Trench (Lewis et al., 1988) can be
compared with tﬁé ﬁhpmas Trough involving suacessively: (i) early
folding *and:thrust‘ffauiting: (ii) thrust faulting:- and (iii)
gtrike~slip faulting. ' |

The inferred tectonic setting of the Khomas Sea during subduction
is compared with +the present sgituation of +the southern Peru -
Chile Trench (Cross and'Pilger, 1982} . There, the Chile Rise
spreading centre passes obliguely into the trench vhich causes
an intercalation of turbldite trench sediments with oceanic
crust, pelagic sediments and 'spreading centre hydrothermal
depoaits, similar to that cbserved at the Matchless Amphibolite.

The subduction of young, hot and buoyant oceanic crust causes

shallow slab angles, an effect which is enhanced by high sediment

input into the trench. This leads consequently to a narrow arc -
trench gap with no major fore-arc basin developed and finally

results in a complete cessation of arc magmatism because young |
- lithosphere may be absorbed into the asthenosphere before

low~density mﬁgma'ié produced {(Cross and Pilger, _1982}. This is

the 'case on the South American Piata where arc. magmatism has
ceased in the area of the subducted Chile Rise (south of 4398),
e . . £
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~ These mechanisms would explain the ecarcity of arc related
'magmatism in the Central z_cu:ia of the Damara Orogen (see Fig. 7.3}
_as well as the inferred lack of fore-arc basin deposits.

&

oy
7

PN




8. REFERENCES =

Aurendt, H., Hunziker, J.C. & Weber, K. (1977}. Age and dagree

' -of metamorphism and time of nappe emplacement along the
southern margin of the Damara Orogen/Namibia (SW-Africa).
Gﬂvoln Rdﬁch-, 67; T19-~742. ' o

' Althaus, E. {1969). Das System A1,0,-Si0,-H,0. Experimentslle
L. Untersuchungen und Folgerungan'%ﬁr dia etroganese der
metamorphen Gesteine, N. Jb. Miner. Abh., 111, 74-161.

Anderson, T.B. (1974). The relationship between kink bands and -
. shear Yractures in the expérimental deformation of slate. J.

Arthur, M.A,, Dean, W.E. & Stow, D.A.V. (1984). Models for the

' deposition of Mesozoic-Cenozoic fine-grained organic-carbon-
rich sediment in the deep sea. In: Stow, D.A.V. & Piper,
D.J.W., Bds., Fine-grained sediments: deep-water processes
and Ffacies. Spec. Publ. geul. Soc. Lond., 15, 527-560.

‘Badenhorst, ¥.P. (1987). Lithostratigraphy of the Damara Sequence
~ in the Omaruru area of the northern Central Zone of the

Dapara Orogen and a proposed correlation across the Omaruru

Lineanment. Communs geol. Surv. S.W.Afr./Namibia, 3, 3-8,

Bajier, B., Berckhemer, H., Gajewski, D., Green, R.W., Grimgel,
Ch., Prodehl, C. & Vaees, R. (1983). Deep seismic sounding  in
the area of the Damara Orogen, Namibia, South West Africa,
885-900, In: Martin, H. & E¢ x, F.W., Ede., Intracontinental
Fold Relts - Case sStudies in the Variscan Belt of ¥urope and
the Damara Balt in Namikia. Springer~Verlag, Bexlin, 945pp.

Barnes, N.?. & Normark, W.R. (1983/84). Diagnostic parameters for
comparing moedern submarine fans and ancient turbidite
systens, Geo~Marine Lett., 3, Map.

Barnes, S.~J. (1982). Serpentinites in central South West Africa/
Namibia ~ a reconnaissance study. Mem. geol. Surv. S.W.Afr./
Nﬁmj.bla., 8' gopp# : :

Barnes, 8.-J. & Sawyer, E.W. (1980). An alternative model for the
Damara Mobile Belt. Ocean c¢rust subduction and continental
convergence. Precambrian Res., 13, 297-336.

Behr, H.-J., Horn, E.E. & Porada, H. (1983). Fluid Inclusions and

- Genetic Aspects of the Damara Orogen, 611-654. In: Martin, H.
& Eder, F.W., BEds., Intracontinental Fold Belts - Case

Studies in the Variscan Belt of Eurcpe and thu Damara Belt in

Namibia. Springer-verlag, Berlin, 945pp.

Berner, R.A. & Honjo, s.”(lsalg. Pelagic sedimentation'of'arago-
~ nite: its geochemical significance. Science, 211, 540-942.




o

256

Bhatia, M.R, (1983). Plate tectonics and geochemical composition
- of sandstones. J. Geol., 9}; 611-627. :

Bhatia, M.R. & Crook, K.A}W.-{iﬁsﬁ). Trace element character-
. imtice of graywackes and Lectonic setting dimcrimination of
|  sedimentary basins. Coptr. Miner. Petrol., 32, 181-193.

Blaine, J,L. (19?7}"ﬁnctanic evolution of the Waldau Ridge

. structure and the Ckahandja Lineament in part of the Central
pamara Orogen, west of Okahandja, South West Africa. Bull. -

Precambrian Res. Unit, Univ. Cape Town, 21, 99pp.

Blaxland, A., Gohn, E., Haack, U. & Hoffer, E. (1979). Rb/Sr ages
' of_latewtectonic granites in the Damara Orogen, Southwest
africa/Namibia. N. Jb. Miner. Mh., 131, 498-508.

Bouma, A.H. (1962). saaiﬁentolugz of some flysch deposits: a-
graphic approach to facies interpretation. Elsevier,

Bouma, A.H,, Normark, W.R, & Barnes, N.E., Eds., (1585). .
Submarine fang and related turbidite systems. Springer=-‘
Veriag, New York, 351pp. : e

Bowlesn, F.A.,, Ruddiman, w.r.'& Jahn, W;H. (1978). Acoustic
stratigraphy, structure and depesitional history of the
Nécabar fan, eastern Indian ocean. Marine Geoloygy, 26,
269-288. _ . : :

Boyer, S.E. & Elliot, D. (1982). Thrust systems. Bull. Amer.
As80C. Petrﬂl. Geol. ¥ 663 1196-~1230." . ) : .

Brandt, R. (1987). Evolution of the Pan-African granitic rocks of
the Damara Orogen, Namibia, 121-125. In: Matheis, G. &
Schandelmeier, H.S., Eds., Current research in African
earthsciences. Balkema, Rotterdam.

Breitkopf, J.H. (1986). Iron formations and associated
amphirolites in the southern part of the Damara Qrogen of
Sﬂuth W&Et ﬁfric&fﬂ&mibiﬁ- Ph- ﬂ- theBiS {unpubl.) ’ UnJ.V.
Witwatersrand, Johannesburg, 350pp.

Breitkopf, J.H. & Maiden, X.J. (1987). Geochemical patterns of
" metabasites in the southern part of the Damara Orogen,
SWA/Namibia: applicability to the recognition of tectinic
environment. In: Pharach, T.C., Beckinsale, R.D., & Rickard,
D., Eds., Geochemlstyry and Mineralization of Proterozoic
Suites, Spec., Publ,. gsol. Soc. Lond., 33, 355-361.

Breitkopf, J.H., & Maiden, K.J. (1988). Tectonic setting of the
: _gzgc?%gsa_pyritic copper deposits, Namibia. Bcon. Geol., 83,




Brigqueu, L., lancelot, J.¥., Valois, J.P. & Walgenwitz, F.
- {1980) . Géochronologie U~Fb et genése d'un type de
: minéralisation uranifére: les alaskites de Goanikontes
(Namibie) et leur encaissant. Bull. Cent. Réch. Explor.,-
Prod., Elf-Aguitaine, 4, 759-811.

Carmiéhael,.bjx. {1969}, On the asnhaﬁiam of prograde metamorphic
reactions in guartz-bearing pelitic rocks. Contr. Miner.
is in the Whetstone

‘Carmichael, D.M. {1970). Intersecting isog:
Lake area, Ontario, Patrology, 11,'147-a81.

Carmichael, I., Turner, ¥. & varhao%aﬁ, J. (1974). Igneous
Petrology. McGraw Hill, New York, 739pp. o

Chatterjees, N.D. & Johannes, W. (1974). Thermal étabili,"y and
! standard Thersodynamics Preparties of synthetic 2M,.. :
wrggsguvite; KAy (AL81404(0H) 41, Conmtyr. Miner. Petrdl., 48,
-114,. - _ o : : :

CIiffbra, T.N. (196?);'The Damara episodé in thh.ﬂppér Protero-
' zoic ~ Lowar Paleczoic structural history of southern Africa.
. & Spac. Pap. geol, So¢. Amar., 92, 100pp. :

Gretsos

| cldatin? , 8.A.P.L., Wortel, M.J.R. & Vlaar, N.J. (1982). |
Evolution of passive continantal margins and initiation of
subduction zores. Rature, 297, 135-142. o

‘Cacker, J.D., Griffin, B.J. & Muehlenbachs, ¥, {(1%82). Oxygen and
carbon isotope evidence for sea-water-hydrothermal alteration
gg t?:iugcguaria Island ophiolite. Barth Planet, Sci. Lett.,

r L~ 2 . ! ) . .

-¢ondid, K.C, (lQSZ): Plate tactonic§ and crustal evolution. 2nd N
' @d., Parggmon, New Yoxk, 31i0pp. - _ :

Coriey, P.J. (1989%. Structural aspects of suspect terranes and
. aceretionary tectonics in western North Amarica. J. -Struct.
- Geol., 11, 107~125. o - ‘

. . A . . .
Cook, H.E., Field, N.B, & Gardner, J.V, (1982). Characteristics
of sedinmsnts on modern and ancient continental slopes. In:
Scholle, P.A. & Spsaring, D., Eds., Sandstona depositlonal
snvironsents. Mem. Aner. Assoc. Petrol. Geol., 31, 329-364.

Cordanl, U.6G., Figueiredo, M.C.H., Teixe.rs, W., Basel, M.A.S.
& Soliani ir., E. {1990). Geotactonic-evolution of the Dom
- Paljcimno Belt in South America. Abstr. Geocongress 50,
Gecl. Soc. 8. Afr., 111, o : .o : '

G e

e

L4

Lh .

W




R R e KA 1 Dl e S I

258

Corner, B. (1983). An interpretation of aeromagnetic data
covering the western portion of the Damara Orogen in South -
West Africe/Namibia. Spec. Publ. geol. Soc. 8, Afr., 11,

- 339-354. '

Coumes, I'., Delteil, G.H., Ravenne, C. & Cremer, M. (1983). Cap

Terret Deep~Sea Fan. In: Watkins, J.S. & Drake, C.L., Eds.,
studies in continental margin geology. Mem. Amer. Asusoc.
Petrol. Ceol., 34, 583-592.

Coward, M.P. (1983). The tectonic history of the Damara Belt.
Spec. Puhl. geol. Soc. 8. Afr., 11, 409-421.

Cﬁx; Rthr”3311; J'Dl & P&nkhurst, R.&. t19792- The'intEr-
pretation of ignegus rocks. Allan and Unwin, London, 450pp.

Crovk, K,A.W. {1974). Lithogenesis and geotectonlces: the

: significance of compositional variations in flysch arenites
{greywackes}. In: Dott, R.H. & Shaver, R.H., Eds., Modern and
Ancient Geosynclinal sedimentation. Spec. Publ. Soc. Eecon.

Cross, T.A. & Pilger,'R.H.-Jr. (1982). Controls on subhduction
geometry, location of magmatic arcs; and tectonics of arc and
back-arc regicns. Bull. geol. Sec. Amer., 93, 545-562.

Davis, E.E., Goodfellow, W.D., Bornholdg'B-D., Adshead, J.,
Blaise, B., Villinger, H. & Le Cheminant, G.M. (1987).
Magsive sulfides in a medimented rift valley, nerthern Juan
de Fuca ridge. Earth Planet. Sci. Lett., 82, 49-6l.

De Kock, G.S. (1985); Die geologie van'n gebied suldoos van
Karibib, Suidwes-Afrika/Namibie. Communs geol. Surv, S.W.
. Afr./Namibia, 1, 45-55,

De Kock, W.P, (1934). The Geology of the Western Reacboth, an
_;giglanatxon ¢f sheet F33~W3. Mem. Dept. Mines, S.W.aAfr., 1,
-48pPPp . -

De Waal, S5.A. (1966). The Alberta Complex, a metamorphosed
layered intrusion north of Nauchas, South West Africa, the
surrounding granites and repeated folding in the yvounger
Damara System. D.Sc. thesis (unpubl,)}, Univ. Pretoria, 207pp.

Dickenson, M.P. & Hewitt, D.A. (1986). A garnet-chlorite

gggthermameter. Geol. Soc. Amer, Abstracts with Programs, 18,

Dickingon, W.R. & séely, D.R. (1979%). Structure and stratigraphy

gfaforearc reglons. Bull, Amer. Pssoc. Petrol. Geol,, 53,

Donath, F.A. {1961}, Ekperimeniﬁl study of shear fajilure in
gn sotropic rogcks.  Bull, g3°1- Soc, Amﬂrf, 2. 985?9909

[l




3 g

259

e - Downing, K.N. (1983). The stratigraphy and‘palaeoenvironment of
R the Damara Sequence in the Okahandja Lineament area. Spec¢. -
E’llbl. 9801- SOC‘-. SI ﬁfrc, 11' 37-41.

(AVW{. Downing; K.N, & Coward, M.P. (1981). The <huhandja Lineament and
R ' its significance for Damaran tectonics in Namibia. ceol.

o Ellis, D.E. (1978). Stability and phase equilibria of chloride
= and carbonate bearing scapolites at 7509C at 4.000 bar. :
Geochim, Cosmochim. Acta, 42, 1271-1281.

Esquevin, J. & Menendez, R. (1375). Radiodatation sur roches du
permis Diana. 8.H.P.A Rep. for Elf Aquitaine S8.W.Afr.,
Mineral Exploration (unpubl.), 1Zpp.

Eugster; H.P. {1970). Thermal and ionic equilibria among
mascovite, K-feldspar and alumosilicate assemblages.

Fortschr. Miner., 47, 106-123. S _

i Evans, B.W., Shaw, D.M. & Haughton, D.R. (1989). Scar . 'te
stolchiometry. Contr. Winer. Petrol., 24, 293-30!. -

o Faupel, J. (1974). Geolegis~h-minsralogische Untersuchungen
T am Donkerhoek-Granit (Xaribib-Distrikt, Stdwestafrika).
L : Gottinger Arb. Geol. Palaeont., 15, 95pp.

Faure, &. (lo8&). Principleﬁ.of‘isotopé geology. J. Wiiey'& Sans,'
New York, 58Y9pp. ' ' '

Ferry, J.M. & Spear, F.S. (1978). Experimental.calibration of the
S partitioning of Fe and Mg between biotite and garnet. Contr.
t .

Finnemore, S.H., (1978). The geochemistry and origis of the
T Matchless amphibolite belt, Windhcek district, Soith West
o -Africa. Spec. Publ. geol. Soc. 8. Afr., 4, 433=-477.

Ca Fl.uty, M.J. (1964). The description of folds. Proc. Geol. Assoc.

.. metting diserimination using immobile elements. Earth Planst.
-551. Iﬂttor 27; 211_2180

Frets, D.C. (1969). Cenlogy and structure of the Huab-Welwitschia
area, South West Africa. Bull. Precambrian Res. Unit, Univ.
Cape Town, 5, 235pp.

Gardia; M.0. (1973]. Criterie Jpr the identification of ancient
volcanic rocks. Earth-Eci. Rev., 14, 147-168.

Gevers, T.W. (1931). An ancirbt tillite in South West Africa.

! ~ Fioyd, P.A. & Winchestef, J.A. {1975). Magma type and tectonic
?“N\ .
[
&
£
0 TranB- geol- SOG- S; Afr.( 34, 1"'17.

O i i e

R I A P PR -, s g i e : - LECFE TR L e T



260

ey e
I .

Gevers, T.W. (1963&i Geology along the northwestern margin 4 _J_

of the Khomas Highlands between Otjimbingwe-Karibib and N
Okahandja, South West Africa. Trans. and Proceed. geol. -
Sogp., 8. Afr., 66, 199-~258. L

" Ghent, BE.D. & Stout n;z. (1981) . Geobarometry and geothermometry QE-
of plagioclase-~biotite-garnet-muscovite assemblages. Cont. J 3
Miner. petrolo, ?6, 92-97¢ iif

Goldsmith, J.R & Newton, R.C. (1977). Scapoiite-plagioclasa
stability relations at high pressures and temperatures in the
gysten N§A181308—Cahlzsigoa-CaC03-Caso4. Amer. Miner., €2,
1063-1081.

Gorsline, D.S. (1984). A review »f fine-grained sediment origins,
transport and deposition. Ir: Stow, D.A.V., & Piper, D.J.W., .
¥ds., Fine-grained sediments: deep-water processes and : R
facies, Spec. Publ. geol. Soc. Lond., 15, 17-34. S

Graham, S.A., & Bachman, 8.B. (1983). Structural controls on
submarine-fan geometry and iaternal architecture: upper La
Jella fan system, offshore Southern California. Bull. Amer,
Assoc. Petrol. Geol., 67, 83~95,

Green, R.W.E. (1983). Seismic refraction observations in the
bamara Orogen and flanking eraton end their bearing on deep
seated processes in the orogen: Spec. Publ. gecl. Sod. S.
Afr., 11; 355”367‘

Gressly, A. (1828). Observations géslogigue sur le Jura Soleur-
0is. Neuve Denkschr. Allg. Schweiz., Ges. Naturwiss., 2, 1-112.

Tera i 0w

Fne e T
;‘i"f. L

Guidotti, C.V. {1970). The mineraloygy and petrology of the
transition from the lower to upper sillimanite zone in the _
Oquossoc Area, Maine. J. Petrol, 11, 277~336. A

Haack, U. (1983). Reconstruction of the cooling history of the %
Damara Orogen by correlation of radiometric ages with i
geography and altitude, 873-884. In: Martin, H. & Eder, F.W., i
Eds., Intracontinental Fold Belts - Case Stdies in the _
Variscan Belt of Eurcope and the Damara Belt in Namibia. By
Spronger<VYarlag, Berlin, 945pp. : '

Haack, U. & Martin, H. (1983). Geochronology of the Damara-
Orogen - A Review, 839-846. In: Martin, H, & Eder, F.W.,
Bds., Intracontinental Fold Belts ~ Case Studies in the
Variscan Belt of Europe and the Damara Belt in Namibia.
Springer Verlag, Berlin, 945pp. :

Hdlbich, X.W. (1970). The geol of the western Windhoek and
Rehoboth Districts, a stratigraphic-~structural analysis of
the Damara System. D.Sc. thesis (unpubl.), Univ. Stellen-
bosch, 199pp. C _ :

B




T ——

e

g T P T T T,
Bt A PRI Ay

261

Halbich, I.W. {1977). Structure and tectcnics along the southern
margin of the Damara mobile belt, South HWest Africa. Annale

Haussinger, H. (1ﬁ prey.). Geochemische und petrologische Unter~

suchungen an metag dimentiren Nebengesteinen und asscoziierten
Matabasiten der Sulfiderzvorkommen von Gorodb, Damara Orogen,
Namibia. Ph.D. thesis (unpubl.), Univ. Wirzburg.

'HiuSEinger, H. & Kukla, P.A. (199015 The interpretation of

gecchemical data from metaturbidites using the Tio,/Zr ratio.
Eurep. J. Miner., 2, Beih. 1, 87. . _

Hahn-Weinheimer, P. (1966). Die isctopische Verteilung von
Kohlenstoff und Schwefel in Marmoxr nnd anderen Metamorphiten.
Gaol. Rdsch., 55, 197-209. e

Hartmann, 0., Hoffer, E. & Hastk, U. (1983). Regional
metamorphiem in the Dawaya Orogen: interaction of crustal
?gtig§3agglhaat\transfer: Spec. Publ. geol. Soc. 8, Afr.,
ey £ Rad - } . ) '

Hartnady, C.J. (1978).'ih¢ stratigraphy and structure of thg
Naukluft nappe complex. 14th and 1l5th av. Rep. Precambrian
Res. Unit, Univ. Cape Town, 163-170.

Hartnady, €. . 4., JOubert, P. & Stowe, C. (1985)., Proterozoic
o gggﬁ?:i evolution in scuthwestern Africa. Episocdes, 8,

Havkesworth, C.J,, Kramers, K.D. & Miller, R. McG. (1951). old
gggegaga ages in Namibian Pan-African rocks. Nature, 289,

Hawkasworth, ¢.J., Gledhill, A.R., Roddick, J.C., R. McG. Miller,
' & Kroner, A. {1983). Rb/Sy and Ar/Ar Studies bearing on
Models for the Thermal Evolution of thé Damara Belt, Namibia,
. Sper. Publ. geol. Soc, 5. Afr., 11, 3553-339.

‘Heath, K.C. & Mullins; H.T. (1984). Open-ocean, off-bank

Lransport of fine—grained carbonate mediment in the Northern
Bahamag. In: Stow, D.A.V. & Piper, D.J.W., Eds., Fine-grained
sediments: deep-water procssses and facies. Spec. Publ, geol,
Sﬂc- mnd-g 15; 199-208, o " :

Herry, G., Stanistrest, I.G. & Majden, K.J. (1986). Preliminary
rasults of a sedimentplogical study of the Chuos Formation in
the Celtitral Zone of the Damara Orogsn:i svidence for mass flow

- processss and glacial activity. Communs geol. Surv. B.W.Afr./

Namibi&, 2, 75"‘92 .

B
2

Ry

B AR Sl
X

,
AR

::g;; e = _-‘_.'.;. :




262

Henry, €., Clendenin, C.W., Stanistreet, I.G. & Maiden, K.J.
(1990). A multiple detachment model for the early rifting
stage of the Late Proterozoic Damara Orocgen in Namibia.
Geology, 18, 67-71.

Hiscott, R.N. & Middleton, G.V. (1979). Depositional mechanics of
thick-bedded sandstones at the base of a subparine slope,
Tourelle Formation (Lower Ordovician), Quebec, Canada. Spec.
Publ, Soc. Econ. Paleont. Miner., 27, 307-326.

Robbs, B.E., Heans, W.D. & Williame, P.F. (1976). An outline of
structural geology. John Wiley, New York, 571pp.

Hodges, X.V. & Spear, F;S. {1982). Geothermometry, gecbarometry lﬁ
and the Al,810; tripple point at Mt. Moosilauke, New e
Hampghire. Ame¥. Miner., 67, 1118-1134, o

Hoefs, J. (1980). Stable isotope geochemistry. Springer-vVerlag,

Hoffer, B. {(1977). Petrologische Untersuchungen zur Reglonalmeta-
morphose Al-reicher Metapslite inm stdlichen Damara-OQOrogan
{Sidwest-Afrika). Habilitationsschrift {(unpubl.), Univ.
Géttingen, 150pp.

Hoffer, E. (1983). Compositional Variatione of Minerals Involved
in Iow to Medium Grade Isograd Reactions in the Southern
Damara Orogen, Namibia, Seuth West Africa, 745-767. In: o
Martin, H. & Eder, F.W., Eds., Intracontinental Fold Belts - e
Case Studieées inh the Variscan SBelt of Burope and the Damara o
Belt in Nawmibia, Springer Verlag, Berlin, 945pp.

Hoffmann, C. (1976). Granites and migmatites of the Damara Belt, s
South West Africa. Petrography and melting experiments. Geol. - ;
Rdsch., 65, 939-966. i ;

Hoffmann, K.H. (1983). Lithostratigraphy and facies of the
Swakop Group of the Southern Damara Belt, SWA/Namibia. L
Sp&c. Publi ge°1- SOC- SI Afr-' 11; 43-630 \ L oac

Hoffmann, K.H. (1987). Stratigraphic subdivision and sedimentary o T
facies of the Duruchaus Formation in the Geelkop Dome and N L
- Naunaspoort-Wortelpoort area north of Rehoboth, scuthern '

Hoinkes, G. (1986). Effect of grossular-content in garnet on the
partitioning of Fe and Mg hetween garnet and biotite.
Contr. Miner. Petrol., 92, 393-399,

Holdaway, H.H.'(19711. Etability of andaiusite and the aluminium
silicate phase diagram. Amer. J. Sci., 271, $7-131.

a . ’




S AR

o e R T T kel e Y S

263

Hoschek, G. (1969). The stability of staurclite and chloritoid
and their significance in metamorphism of pelitic rocks.
Contr. Miner. Petrol., 22, 208-232, o

Indares, A. & Martignole, J. (1385). Biotite-garnet .
geotherpometry in the granulite facies: the influence of Ti
and Al in biotite. Amer. Miner., 70, 272-278.

Jacob, R.E. (1874). Geology and metamorphic petrology of part of
the Pamara Orogen along the loweyr Swakop river, South West
Africa. Bull. Precambrian Res. Unit, Univ. Cape Town, 17,
185pp.

Jaeger, J.C. (19571.'The temperature in the neighbourhood of a
cooling intrasive sheet. Amer. J. sci., 255, 306-318.

Karig, D.E., Caldwell, J.G. & Parmentier, E.M. (1976). Effects
of acoretion on the geometry of the descending lithosphere.
J. geophys. Res., 81, 6281~6291. _

Kasch, K.W, (19?51. A preliminary report on the geoloyy of the
southern margin of the Damara Orogen around Omitara, South
West Africa. 13th an. Rep. Precimbrian Res. Unit, Tniv,
Cape Town, 102-138,

Kasch, K.W. (1979). A continental collision model for the
tectono~thermal evolution of the (southern) Damara belt.
1g§hlgn. Rep. Precanbrian Res. Unit, Univ. Cape Town,
101-107.

Kasch, K.W. (1983a). Continental Collision, Suture Progra-
dation and Thermal Relaxation: A Plate Tecteonlic Model for
the Damaxra QOrogen in Central Namibia. Spec. Pukl. geol.
SOC. S. Afr-' 11; 423""429.

Kasch, K.W. (1983b). Regional P~T variations in the Damara Orogen
with particular reference to early high~pressure metamorphism
iiong4§h§550uthern margin, Spec. Publ. geol. Soc. §. Afy.,
11, -253,

Kasch, K.W. (1983¢c). Folding nnd thrust tectonics in the
south-eastern portion of the Damara Orogen around Omitara,
Wamibia. Spec. Publ, geol. Soc. 8. Afr., 11, 175-184.

Rasch, K.W. (1988). Tectonic subdivision, lithostratigraphy and
structural geoclogy of the Upper Black Nossob River area.
Comnuns geol. Surv. S.W.Afr,/Namibia, 2, 117-129.

Rasch, R.W. £1987}. Metamorphism of pelites in the Upper Black
Nossob River area of the Damara Orogen. Communs geol. Surv.
S -W.Afr./ﬂam.ibi&, 3 r 63"81.

e —r | e b it e, AR e . o, it




.

o

264

Remp, A.E.S. {(1987). Tectonic development of the Southern elt of
the Southern Uplande accretionary complex. J. geol. Soc.
Lund., 144; 827"838.

Killick, A.M. (1983). Sulphide mineralization at Gorob and its
genetic relationship to the Matchless Member, Damara
Seguence, SWA/Namibia. Spec. Publ. geol. Soc¢. S. Afr., 11,
381-384.

Kimura, G., Koga, K. & Fujioka, K. (198%). Deformed soft
gediments at the junction between the Mariana and Yap
Prenches. J. Struct. Geol., 11, 463-472.

Klemd, R. & Okrusch, M., (1990). Phase relationships and
fluid-inclusion characteristics of the metamorphosed,
strat%formgsulfide deposit Matchless, Namibia. Geol. Rdsch.,
?9' 4 3-44 -

Klemd, R., Maiden K.J. & Okrusch, M. (1987}. The Matchless
copper deposit SWA/Namibia: A deformed and metamorphosed
magsive sulfide deposit. Econ. Geol., 82, 163~171.

Klemd, R., Maiden K.J., Okrusch, M. & Richter, P. (1989).
Geochemistry of the metamorphosed massive sulphide deposit
Matchless, South West Africa/Namibia: wallrock alteration
during submarine ore-forming processes. Econ. Geol., 84,
603-617.

Krdner, A. (1982). Rb-Sr Gedchronology and Tectonic Evolution
of the Pan~African Damara Belt of Namibia, Southwestern

Kréner, A. & Hawkesworth, €. (1277). Late Pan-African emplacement
ages for Réssing alaskitic granite (Damara Belt) and Rooi
Lepel bostonite (Gariep Belt) in Namibia and their signifi-
cance for the timing of metamorphic events. 20th an. Rep.
Res. Inst. Afr. Geol., Univ. Leeds, 14-17.

Kukla, C. {in prep.). Geochronological and isotope geochemical
studies on the Kuiseb Formation metasediments in the southern
Damara Orogen, Central Namibia. Ph.D. thesis (unpubl.),
Univ. Wirzburg.

Kukla, C., Kramm, U.,, Okrusch, M. & Grauert, B. (1990). Isotope
studies and their imglication_for the metamorphic processes
in the Kuiseb Formation of the southern Damara Orogen,
Nagibia: Ext. Abstract, Geocongress '90, Geol. Soc. 8. Afr.,
305-308,

Kukla, P.A., Opitz, €., Stanistreet, I.G6. & Charlesworth, E.G.
(1.988) . New aspects of the pedimentology and structure of the
Kuiseb Formation in the western Xhomas Trough, Damara Orogen,

ivia, 4, 33-42.

SWA/Namibia. Communs geol. Surv. S.W.Afr./Nam

e ——




T et

g —

Lowe, D. R. (1982). Sediment gravity flows: II. Depositional

d2f vMQh;;d;;;:”

-
£
jr

IEEY £00 Ao g s gt R e

265 ;

Kukla, P.A., Charlesworth, E.G., Stanistreet, I.G. & Rukla, C.
(1989) . Downward~facing structures in the Khomas Trough of
the Damara Orogen, Namibia. Communs geol. Surv. Namibia, 5,

53«57,

Kukla, P.A., Rukla, €., Stanistreet, I.G. & Okrusch, M. (1990},
Unusual preservation of sedimentary structures in eilli-
manite-bearing metatuxrbidites of the Damara Orogen, Namibia.
J- GEO}.., 98, 91""99&

Land, L.S. (1980). The isotopic and trace element ge&chemistry of
dolomite: the state of the art. Spec. Publ. Soc. Econ.
Paleont. Miner., 28, 87-110.

lLash, G.G. (1986). Bedimentology of channelized turbidite
deposits in an ancient (early Palaeozoic) subduction complex,
central Appalachians. Bull. geol. So¢. Amer., 97, 703~710.

Leggett, J.X., McKerrow, W.S. & Eales, M.H. (1279). The Sou?hern
Uplands of Scotland; a Lower Palaeozoic accretionary prism.
Ji g‘eDl. SOG. Iﬂnd-; 136‘- 755"'770.

lewis, 8.D.,, Ladd, J.W. & Bruns T.R. (1988). Structural
development. of an accretionary prism by thrust and
strike-glip faulting: Shumagin region, Aleutian Trench,
Bull. geol. Soc, Amer., 100, 767-782.

Léffler, T. & Porada, H. (1987). Fazielle Untersﬁchungen an ' i,

Metapsammiten der Duruchaus Formation (Geelkop-Aufwdlbung, o

siidliches Damara Orogen, Namibia/Stdwestafrika). Communs
geol. Surv. S.W.Afr./Namibia, 3, 119-127.

models with special references to the deposits of high
density turbidity currents. J. sedim. Petrol., 52, 279~297.

MacKinnon, T.C. & Howell, D.G. (1983/84). Turbidite facies in an
ancient subduction complex: Torlesse Terrane, New Zealand.
Geo~Marine Lett., 3, 211-216.

Maldonado, A. & Stanley, D.J. (1978). Nile Cone depositional
processes and patterns in the Late Quaternary, 239-~257. Int .
Stanley, D.J. & Relling, G., Eds., Sedimentation in submarine i
canyong, fans, and trenches. Dowden, Hutchinson and Ross,
Strouwdsburg, Pennsylvania., 395pp.

Martin, H. (1965). The Precambrian Geology of South West

Africa and Namagualand. Precambrian Res. Unit, Univ. Cape L

Town, 159pp.




C

266

Martin, H. (1983). Overview of the Geosynclinal, Structural and
Metamorphic Development of the Intracontinental Branch of the
Damara Orogen, 473-502. In: Martin, H. & Eder, ¥.W., Eds.,
Intracontinental Fold Belts - Case Studies in the Variscan
Belt of Europe and the Damara Belt in Namibia. Springer

Verlay, Berlin, 945pp.

Martin, H. & Porada, H. (1977). The intracratonic branch of the
Damara Oroger in South West Africa. I. Discussion of the
gecdyrianic models., II. Discussion of relationships with the
Pan-African Mobile Belt system. Precambrian Res., 5, 311-357.

Mattes, B.W. & Mountjoy, E.W. (1980). Burial dolomitization ef
the Upper Devonian Miette Buildup, Jasper National Park,
Alberta. Spec. Publ. Soc, Econ. Paleont. Miner., 28, 259-2987.

McWilliams, M.0. & Kréner, A, (1981). Paleomagnetism and tgctonic
avolution of the Pan-African Damara belt, southern Africa.
J. geophys. Res., 86, 5147-5162. :

Menzies, M, (1976). Rare~earth geochemistry of fused ophiolitic
and alpine lhexzolites, 1. Othris, Lanzo and Troodos.
Geochim. Cosmochim. Acta, 40, 645-656.

Middleton, G.V¥. & Hampton, M.A. (1973). Sediment gravity
flows: mechanics of flow and deposition. In: Middleton, G.V.
& Bouma, A.H., Eds., Turbidites and deep water Sedimentation:
Soc. Econ. Paleont. Miner., Pacific sect., Short course,
Anaheim, California, 1-38.

Widdleton, G.V. & Hampton, M.A. (1976). Subagqueous sediment
transport and deposition by sediment gravity flows, 197-217.
In: Stanley, D.G. & Swift, D.J., Eds., Marine sediment
Eg;nsport and environmental management. John Wiley, New York,
Pp. : ' '

Miller, R.McG. (1979). The Okahandja Lineament, a fundamental
tectonic boundary in the Damara Or>gen of South West
Africa/Namibjia. Trans. geol. Soc. S. Afr., 82, 349-361.

Miller, R.McG., Ed., (1983a). Evolution of the Damara Orogen of
igutglge?t Africa/Namibia. Spec. Publ. geol. Soc. S. Afr.,
' PE.

Millex, R.McG. (1983 b). The Pan-African Damara Orogen of
South West Africa/Namibia. Spec. Publ. gecl. SBoc. S.
Afl’-‘. r 11; 431-515. .

Miller, R.McG, (1983 ¢). Tectonic Implications of the
Contragting Geochemistry of Damaran Mafic Volcanic Rocks,
South West Africa/Namibia. Spec¢. Publ. gecl. Soc. S,
Afr., 11, 115-139.

g TR R e D g DR e R MR R B R e .

é
I .
i
b
¥

1

SR




-

o

2867

Miller, R.McG. & Hoffmann, K.H. (1981). Geology of the Damara
Belt. Excursion Guide, Geocongress '8l1, Geol. Soc. 5. Afr.,
11.5pp.

Miiler, R.McG. & Burger, A.J. (1983). U-~Pb zircon age of the
early Damaran Naauwpoort Formation. Spec. Publ. geol. Soc. S.
Afr,, 11, 267-272. .

Miller, R.McG. & Grote, W. (1989). Geclogical Map of the Damara
Orogen 1: 500 000. Geol. Soc. S§. Afr,, Johannesbury.

Miller, R.McG., Barnes, S.-J., & Balkwill, 6. (1983). Possible
Active Margin Deposits within the Southern Damara Orogen: The
Kuiseb Formation between Okahandja and Windhoek. Spec. Publ.
geol. Soc. S, Afr., 11, 73-88.

. Miyashiro, A. & Shido, F. (1975). Tholeiiti¢ and calc-alkalic

geries in relation to the behavionrs of titanium, vanadium,
chromium and nickel. Amer. J. Sci., 275, 265-277.

Moore, J.C. (1989). Tectonice and hydrogeoloygy of accretionary
prism:: role of the décollement zone. J. Struct. Geol., 11,
- 98-106,

Morten, J.L., Holmes, M.L. & Koski, R.A. (1987). Volcaniesm and
massive sulfide formation at a sedimented spreading centre,
Escabana Trough, offshore northern California, E0S, Trans.
Amer. geophys. Union, 67, 769-772.

Mottl, M.J., Lawrence, J.R. & Keigwin, L.D. (1983). Elemental
and stable-isotope composition of pore waters and carbonate
sediments from deep-sea drilling project sites 501/504 and

Muhongo, S, (1990). Late Proterozoic collision tectonice in the
Mozambique Belt of Bast Africa. Abstr. 15th Colloguium on
. African Geology, Nancy, 276.

Mutti, E. & Sonnino, ¥. (1981). Compensation ¢ycles: A diagnostic
feature of turbidite sandstone lobes, Abstr. 2nd European
Regional Meeting of IAS, Bologna, 120-123.

Mutti, E. & Ricel Imcechi, ¥. (1972). Le torbiditi dell' Appenino
settentrionale: introduzione all' analisi di facies. Men.
Boc. geol. Jtal., 11, 161-199.

Mutti, E. & Ricel ILucchi, F. (1975). Turbidite facies and facies
agsociations. In: Mutti, E. et al., Eds., Examples of
turbidite faclies and associations from selected formations of
the Northern Apennines. Field Trip Guidebook A~-11, 9th
IAS Congress, Nice, 2i-36.

Nelson, C.H. (1983/84), The Astoria Fan: An Elongate Type Fan.
Geo-Marine Lett., 3, 65-70.

|

R



"

268

Nelson, C.H. & Nilsen, 7. (1974). Depositional trends of
medern and ancient deep~sea fans. In: Dott, R.H. & Shaver,
R.H., Eds., Modern and Ancient Geosynclinal Sedimentation.
Spec. Publ. Soc. Econ. Paleont. “finer., 19, 54-76.

Nelson, C.H, & Nilsen, T. (1984). Modern and ancient deep—sea fan
sedimentation. Soc. Econ. Paleont. Miner. Short course, 14,

~ Neumann, A.C. & Land, L.S. (197%). Lime mud deposition and
calcareous algae in the Bight of Abaco, Bahamas. J, sedim.
Petrol., &), 999-1013. :

Nieberding, F. (1876). Die Grenze der Granitzone sidwestlich
Ootjimbingwe (Karibib-District, Stdwestafrika): Intrusions-
verband, Tektonik, Petrographie. Géttinger Arb. Geol.
Palaeont., 19, 78pp.

Hilsen, T.H. & Zuffa, G.G. (1982). The Chugach Terrane, a
Cretaceous trench-f£ill deposit, southern Alaska. In: leggett,
J.K., Ed,, Trench-Forearc Geology. Spec. Publ. Gecl. Soc.
Lond., 10, 213-227, .

Normark, W.R. (1970). Growth patterns of deep-sea fans. Bull.
Amer. Asso¢. Petrol. Gesl., 54, 2170-2185, '

Normark, W.R. & Piper, D.J.W. {(1972). Sediments and growth .
pattern of Navy deep-séa fan, 3an Clemente Basin, California
Borderland. J. Geol., 80, 192-223,

Normark, W.R., Mutti, E. & Bouma, A.H., Eds., (1983/84).
Geo-Marine Lett., 3. Springer-Verlag, New York, 224pp.

Orville, P.M. (1975). Stability of scapolite in the system
Ab-An-NaCl-CaCO4 at 4 kb and 7509C. Ceochim. Cosmochim. Acta,
39, 1091~-1105,

Oterdoom, W.H & Wenk, H.-R. (1983). Ordering and composition of
scapolite: Field observations and structural interpretations.
Contr. Miner. Petrol., 83, 330-341.

o~ Park, R.G. {1988), Geolodgical structures and moving plates.,
cN Blakie & Sons, Glasgow and London, 337pp.

i .

i Peacock, S.M. (1987). Thexmal effects of metamorphic fluids in

e subduction zones. Geology, 15, 1057-1060.
Pearce, J.A. (1875). Basalt geochemistry used to investigate post

! tectonic environment on Cyprus. Tectonophysics, 25, 41-67.
Pearce, J.A. 11976). Statistical analysis of majoxr element

patterns in basalts. J. Petrol, 17, 15-43.
¢ '
N
N,

!
!
P
]




269

Pearce, J.A. & Cann, J.R. (1973). Tectonic setting of basic
volcanic rocks determined using trace element analyses.

Pearce, J.A. & Norry, M.J. {(1979). Petrogenetic implicat’ouns of
Ti, 2r, ¥ and Nb variations in volecanic rocks. Contr. Miner. ;

Perchuk, L.L. & Lavrent'Eva IV (1983). Experimental investigation
of exchange equilibria in the system cordierite-garnet-
biotite, 199-239. In: Saxena, S.K., Ed., Kinetics and
equilibrium in mineral reactions. Springer-Verlag,
Berlin-Heidelberg-New York, 273pp. -

Pettijohn, F.J. (1963). Chemical composition of sandstones -
excluding carbonate and volcanic sands. Geol. Surv. Prof.
Pap., 440-8, 1-21.

Pettijohn, F.J. (19753). Sedimentary rocks. Harper and Row, New
York, &28pp. '

Pfurr, N., Ahrendt, H. & Weber, K. (1990). U/Pb and Rb/Sr
isotopic study of red granitic gneisses and associated
metavolcanics in the area of the Rostock Massifs, Southern
Margin Zone of the Damara Orogen, Namibia and thelr
implications for the Lithostratigraphy of this crugtal
segment. Abstr. 15th Colloquium on African Geology,

Nancy, 185.

Phillips, G.N., Groves, D.I. & Reed, .. (1989). Geochemical
evolution of the Kuiseb schists, #indhoek, Namibia. Communs
geol. Surv. Namibia, 5, 19-30,.

Pickering, K.T. (1981). Two types of outer fan lobe seguence
from the Late Precambrian Kongsfjord Formation submarine fan,
Finmmark, North Norway. J. sedim. Petrol., 367, 77-104.

Pickering, K.T. (1984). Facies, facies associatione and sediment
transport/deposition processes in a late precambrian upper
basin-slope/pro-delta, Finnmark, N.Norway. In: Stow, D.A.V.
& Piper, D.J.W., BEds., Fine-grained sediments: deep-water
gfgcegges and facies. Spec. Publ, geol. Soc. Lond., 15,

-3 » )

Pickering, K.T. (1985). Kongsfjord turbidite spystem, Norway,
237+244, In: Bouma, A.H., Normark, W.R. & Barnes, N.E., Eds.,
Submarine fans and related turbidite systems. Springer-
Verlag, New York, 351pp.

Pickering, K.T. & Hiscotl, R.N. {(1985). Contained (reflected)
turbidity currents from the Middle Ordovician Cloridorme
Formation, Quebec, Canada: an alternative to the antidune
hypothesis. Sedimentology, 3., 373~3%4.




‘l T T g e U e e T T g s it Sty ST iR, ¢

270

Pickering, K.T., Stow, D.A.V., Watson, M.P. & Hiscott, R.N.,
{1988) . Deep~water faciesr processes and models: a review and
clagsification scheme for modern and ancient sediments.
Earth~Sci. Rev., 23, 75-174. _

Piper, D.J.W. (1978). Turbidite muds and siits on deep-sea fans
and abyssal plains, 163-176. In: Stanley, D.J. & Kelling, G.,
Eds., Sedimentation in submarine canyons, fans, and trenches.
Dowden, Hutchinson and Ross, Stroudsburg, Pennsylvania.

Piper, J.D.A.,'Briden, J.¢. & Lomax, K. (1973). Precambrian
Africa and South America as a single continent. Nature,
245, 244-248.

Platt, J.P. (1986). Dynamics of orogenic wedges and the uplift
of high-pressure metamorphic rocks. Bull. gecl. Soc. 2mer.,
97, 1037-1053.

Porada, H. {1973). Tektonisches Verhalten und geologische
Bedeutung von Kalksilikatfels-Lagen und Spindeln im Damara-
Orogan Studwest-aAfrikas. Geol. Rdscn., 62, 918-938.

Porada, H. (1979). The Damara-Rikeira orogen of the Pan-African
Brasiliano cycle in Namibia (South-West Africa) and Brazil as
interpreted in terms of continental collision. Tectono-
physics, 57, 237-265.

Porada, H. (1983). Geodynanic Model for the Geosynclinal
Development of the DPamara Orogen, Namibia, South West Africa,
503-541. In: Martin, H. & Eder, F.W., Edsz., Intracontinental
Fold Belts -~ Casme Studies in the Variscan Belt of Europe and
the Damara Belt in Namibia, Springer-Verlag, Berlin, 945pp.

Porada, H. & Wittig, R. (1975). Zur Tektonik des sGdlichen
Damara-Belts. Ber. Sond. Forsch. Bers. 48 (unpubl.), Univ.
Géttingen, 51-70. S

Porada, H. & Wittig, R. (1983). Turbidites in the Damara
Orogen, 543-576. In: Martin, H. & EGer, F.w.. Hds.,
Intracontinental Fold Belts -~ Case Studies in the Variscan
Belt of Euroge and the Danara Belt in Namibia, Springer-
Verlag, Berlin, S45pp.

Preussinger, H. (1987). Die geclogische Situation der Erzlinse
Vendome im Gorob-Bezirk, SWA/Namibia. Diploma thesis
{unpubl.), Univ. wirzburyg, 137pp.

Preussinger, H. (1990). Host-rock geoclogy of the metamorphosed
massive sulfide deposite at Gorob in the Pan-African Damara
Orogen, Namibia. Afr. J. Eaxrth Sci., 10, 717-732.

e
ty

b

" \‘;ﬁi,,f\mnfe.& m&ﬁﬁ—ﬂg . _*-- ﬁ;« . ol e

.
:
¥
4
:
5




T

o

Fale C - A R BT T e e ey o R

271

Preussinger, H., Maiden, K. & Okrusch, M. (1987). Contrasting
styles of sedimentation in metasediments of the Kuiseb
Formation near Gorob, SWA/Namibia. Communs geol. Burv.
8.W.Afr./Namibia, 3, 105-109.

Ranmsay, I.G. (1967). Folding and Fracturing of Rocks. Mc
Graw-Hill, Rew York, 568pp. ,

Ramsay, I.G. & Huber M.J. {1987). The¢ techniques of modern
structural geology. Vol. 2Z: folds and fractures. Academic
press, London, 391pp.

Reeves, C.V. (1978). Interpreﬁation of the reconnaissance
aeromagnetic survey of Botswana. Rep. geol. Surv. Botswana,
199pp.

Reuning, E. (1923). Degmatit und Pegymatitmineralien in
~ Budwestafrika. Zeitschr. Kristall., 58, 448~-459,

Ricei Lucchi, F. & Vaimori, E. (1980). Basin-wide turbidites in
a Miocene, over-supplied deep-sea plain: a geometrical
aralysis. Sedimentology, 27, 241~270.

Richardson, S.W., Gilbert, M.C. & Bell, P.M, (1969). Experimental
determination of kyanite-andalusite and andalusite-~
sillimanite equilibria: The aluminium silicate triple point.
Amer. J. Sci., 267, 259-272.

Rona, P.A. (1988). Hydrothermal mineralization at oceanic riages.
Can. Miner., 26, 431-465.

Roser, B.P. & Rorsch, R.J. {1986). Determination of tectonic
setting of sandstone-mudstone suites using Si0, content and
KzO/Nazo rﬂ.tiO- I Geol. r - 9“; 635_5501, T .

Sample, J.C, & Moore, J.C. (1987}. ftructural style and
Kinematics of an underplated slate belt, Kodial and adjacent
islands, Alaska. Bull. geol. Soc. Amer., 99, 7-20.

Sanderson, D.J. & Marchini, W.R.D. (1584). Transpression. J.

Sacguague, A,, Admou,.ﬁ., Karson, J., Hefferan, K. & keuber, I.
(1989). Precambrian accretionary tectonics in the Bou
?igngEi Graara region, Anti-Atlas, Morocde. Geclogy, 17,

=-1110.

Sawye - E.W. (1981). Damaran structural and metamorphic
geology of an area goutheast of Walvis Bay, SWA/Namibia.
Mem. geol. Surv. 8.W.Afr./Namibia, 7, 94pp.

Sawyer, E.W. (1983). Structures in the contact strain aurecle of
the Donkarhoek Granite, Gross Barmen area, South West
Africa/Namibia. Spec. Publ. geol. Soc. S. Afr., 11, 209-217,

e LT G

Fi R




272 fr

o e d 2 e g i Y e

" .._'.._ :

=

g
X

Ny
£

o

h

.,
L
WJ'.

Schalk, XK. (1970). Some late Pracambrian formationse in central
South West Africa. Annhale geol., Surv. S. Afr., 8, 29-47.

Schmidt, A. & Wedepohl, ¥ ~ (1983). Chemical composition and
genetic relatione of . Hatcvhless Amphibolite (Damara
Orogenir Belt). Spe Ml. geol. Scc, S. Afr., 11, 139-145.

Schneider, A. (1983). The chemical composition of the common
' metamorphic sediments of the Damara Orogen, 6€55-677. In:
Martin, H. & Eder, F.W., Eds., Intracontinental Fold Belts -
case Studies in the Variscan Belt of Europe and the Damara
Balt in Namibia. Springex-Verlag, Berlin, 945pp.

lsélley, R.C¢ {1976). Subsurface envitonmental analysis of North

- Sea sediments. Bull. Amer. Assoc¢. Petrol. Geol., &6,
1489-1498, o o

- Shacklétoﬁ,un;n.'{ISTE). Pan-African structures. Phil. Trans.

_3._8np.-Lond;,'A 280; 491-497,

Shackieton, R.M. & Ries, A.C. (1984). The relation between

regionally consistent stretching lineations and plate
motions. J. Struct. Geol., 6, 111~117.

Shanmugam, G. &'Haiola, R.J. (1988), Submarine fans:
Characteristics, rodels, clasgification, and reservoir
potential. Barth-sSci. Rev., 2, 383~423.

Shanmugam, G., Moiola, R.J., McPherson, J.G. & O'Comnnell, S.
(1988) . Comparison of turbidite facies associations in modern
passive-margin Mississippi fan with ancient active-~margin
fanS. Sedim. 'Geolop 58, 63-77.

Shawzgénésélsso). The geochemistry of scapmlite. J. Petrol., 1,

Smith, D.A.M. (1965). The geology of the area around the Khan and
Swakop rivers in South West Africa. Mem. geol. Surv. 8. Afr.,
S-WoAfr- SErO r 3'- 11-3Pp.

South African Committee for Stratigraphy (SACS), (1980).
Stratigraphy of South Africa. Part 1 (Comp. L.E. Kent).
Lithostratigraphy of the Repblic of South Africa, South West
Africa/Namibia and the Republics of Bophuthatswana, Transkei
and Venda. Handb, ¢eol. Surv. 8. Afr., 8, 690pp.

Spear, F.S, & Cheney, J.T. (1989). A petrogenetic grid for
pelitic schists in the system 8i0,-Al,04~FeO~MgO-K,0~Hy0.

Spry, A. (1963). The chronolegical analysis of crystallization
and deformation of some Tasmanian Precambrirw roc¢cks. J. geol.
Soc. Australia, 10, 193-209.

P D

8




273

Stanley, D.J. (1981). Unifites - structureless muds of gravity
;%cg origin in Mediterranean basins. Geo-Marine Lett., 1,
-83, o

Stokke, P., Carson, B. & Baker, E. {1977). Comparison of the
hottom nepheloid laver and Late Holocene deposition of
Nitinat fan: Implications for lutite dispersal and
dEPOﬁitiDn- Bull- gEOl. So¢. Anaru' 88' 1586“1592-

Storra! B. & Karotke, £. (1871). Experimentelle Anatexis von
gllmmnrschiefern in Modellsystemen. Fortachr. Miner., 49,
6=54 ) _

g8tow, D.A.V. (1984). Turbidite facies, associations, and
sequences in the southeastern Angola Basin. In: Hay, W.W.,
sibuet, J.-C., et al., BEds,, Init. Repts. DSDP, 75, 785-799.

stow, D.A.V. (1985). Deep~sea clastics: where are we and where
are we go;ng?.ﬂ1n= Brenchley, P.J. & Williams, B.P.J., Eds.,
Sedimentology! Recent developments and applied aspects. Spec.
PUhl« geoln So0. Lﬂnd-, 18, 67-930

Stﬂw, DIAOV. (19861- DEQP ﬁlastic BEAS, 399_444: In: Rﬁading,
H.G., Ed., Sedimentary environments and facies. Blackwell,
London, 615pp. .

Stew, D.A.V. & Bowen, A.J. (1978). Origin of lamination in
deep-sea fine-grained sediments. Nature, 274, 324-328.

Stow, D.A.V. & Bowen, A.J. (1980). A physical mcdel for the
transport. and sorting of fine-~grained sediment by turbidity
currente. Sedimentology, 27, 31-46.

stow, D.A.V. & Dean, W.E. (1984). Middle Cretaceous black shales
at site 530 in the southeastern Angola Basin., In: Hay, W.W.,
Sibuet, J.~C. et al., BE&s., Init, Repts. DSDP, 75, 809-817.

Stow, D.A.V. & Piper, D.J.W. (1984}. Deep-water fine-grained
sediments: facles models. In: Stow, D,A.V. & Piper, D.J.W.,
Eds,, Fine~grained sediments: deep-water processes and
facjes. Spec., Publ. geocl. Soc. Lond,, 1%, 611-646.

Stow, D.A.V. & Shanmugam, G. (1980). Seguence of structures in
fine~grained turbidites: Comparison of recent and ancient
flysch sediments. Sedim. Geol., 2, 23-42, .

stow, D.A.V., Howell, D.G. & Nelson, C.H. (1983/84) . Sedimentary,
tectonic, and sea Jevel controls on submarine fan and
siope-apron turbidite systens., Geo-Marine lett,, 3, 57-64.

Tulra, A., Okada, H., Whitaker, J.H.McD, & Smith, A.J. (1982).
The Shimanto Belt of Japan: Cretaceocus-lower Miocene active
margin sedimentation. In: Leggett, J.K., ud., Trench-Forearc
Golagy. Spec. Publ. geol, Soc, Lond., 1w, B37-550,

s




-

Thampson, AR, {(1978) . Mineral reactions in pelitiﬁ rocks: II.
Calculations of some P~T-X (Fe~Mg) phase relations. Amer. J.
-Sﬁi.; 276' 401-454-

Thompson, 3.B. & Algor, J.R. (1977). Model eystems for anatexis
of pelitic rocks. I. Theory of melting reactions in the
system KAlO, ~ NaAlo, - Al,O05 - 8i0, = F0. Contr. Miner.
Patrﬁl.; 63; 247h2690 f . . ’

Thompson, A.B. & Norton, S8.A. {(1968). Paleozoic regional -
metamorphism in New England and adjacent avreas, 319-327. In:
Zen E-an, White, W.S, Hadley, J.B., & Thompson, J.B, Jr, Eds.,
Studies of the Appalachian geology, northern and marilime.
Wiley, New York. _ , '

Thornburg, T.M. & Xulm, L.D. (19371. Sedimentation in the Chile
trench: sitional morphologier, lithofacies, and
stratigraphy. Bull. gecl. Boe. Aner., 98, 33-52,

Thorrton, 8.E. 11984). Bazin model for hemipelagic sedimentation
in a tectonically active continental margin: Santa Barbara
Bagin, California Continental Borderland. In: Stow, D.A.V,

& Piper, D.J.W., Eds., Fine~grained sediments: deep~water
pg?cegzes and facies., Spsc. Publ. geol. Soc. Lond., 15,
A7I=394.

_ ;

Tiszot, B , Demaison, G., Masson, P., Delteil, J.R. & Campif, .
(1980) . Palecenvironment and petroleun potential of miadle
Crataceous black shales in Atlantis basins. Bull, Ama%. Ass,
Petrﬂlg Geal., 64; 2051~-2063. ) i

Turner, F.J. & Welss, L.E. (1963). Structural analysis of
watamorphic tectonites. MceGraw-Hill, Rew York, 543pp.

Underwood, M.B. & Bachwman, S.B. (1982}. Sedimentary faciles
associations within subduction complexes. In: Leggett, J.K.,
E%.,sggagggurorearc Geology. Spec. Publ. geol. Soc. Lond.,

] - .

Unrug, R. 11990)_ . The Transcontinental Schlesien-Mwembeshi-
Chimaliro Dislocation Zone of South-Central Africa. Abstr.
15th Colloquium on African Geology, Nancy, 175.

Valley, J.W. {1984). Fluid heterogeneity during granulite facies
metamorphism in the Adirondacks: stable isotope evidence.
Contr- Miner. Petral-, 85; 158"1730

Veizer, ¥. & Hoefs, J. (1976). The nature of 018/p16 gecular
trends in sedimentary carbonate r ks, Geochim. Cosmochim.
Acta, 40, 1387-1395, :

Walker, R.G. (1976). Facies models, 2, Turbidites and associated
coarse ¢l;stic deposits. Geosci. Can., 3, 25-36.




o

'Walkar, R.G. (1978). ‘g—watar sandstone faclep and aqﬁiant
: submarine fans; models for exploration for siratigraphic
traps. Bull Amar. As$oc. Petrol. Gaol., 62, 932-9 6.

Ward, ¥.D. (1987). The Cenczoic succession in the B?%seh vallay,
gggtral Ramib Desert. Mem. geol. Surv.- .K,Afr amihia, 9, -
PP

‘Weber, X., Ahrandt, H. & Eunziker, I.c. (1983} qud Yiamic
aspects of structural and radiometric invsati at nna on the
northern and southern margims of the Damara O South
g:gtﬁggricajnamibia. Spac. Publ. geol. Soc. s. Afr., 11,

Williams, v, F. (1935) Hurtiply deforned tarrainp«prbblann of
: carrelattun‘ J. 8truckt, Gaol., . 7, 269=-280. :

=fWimmnnauar, W. (1984). Dms privarigkischa Kxiatallin im
Sahwarzwald. Fortschr. Miner., Beih,, 62,_69—86._

Winklur, H.G.F., {1879). ?a*raqenesis of nntamnrphic TOrks.
Springar-Verlasg, Barlin, zdspp.

winklhr, H.G.¥, {1983). A survey of granitic rocks af thn Damaf&
rzcn and considerations op thelir origin, 817-837. Ings-
in, H. & Eder, ¥Y.W. Edp., Intracontinental Fold Belts ~
Ca-n Studiss in the Variseal Belt of Burope and the Damara
- Balt in Namibia. springnr Verlag, Berlin, B45pp.

. Woodcock, ' N.H. (1976)$ Tudlow series slumps and turbidites and

the .form of the M goms Tnouqh Powys, Wales, Proa. a0l,,
Kssoc., 87, 169*193 ry 87 b ' 9

i
Kl




R |  APPENDIX X,A
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Appendix I,B: Table of XRF-andlyses of psammites {trace elemeniis)

APPENDIX I,B

along the study traverse, {(samples are arranged from north to

south; "nd = not determined; bd = below detection 1limit).
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APPENDIX X,C
P :
B Appendix I,C: Table of RRF-ana].{ses (major elements) of pelites
o along the study traverse, (samples are arranged from north to
: south; nd = not determined). :
.m T N3G T ENCER T I I et T LSRR I AT
RANPLE N0 810, TI0, AlDp Fa0y FaD WO KO  Ca0 Na0 K5 PO Nn0 Lof  TOTAL Farwname
: PK 349 GB.23 1.2 1535 4.5 nd L9 556 WA W80 343 .22 nd 159 99.31 domtsms
. 8s2 632 9% W7 0.0 wd L2 &3 LT 1B A58 .22 nd LTRZ 99.09 Kelses
N PE/BIS 56,05 1.43 19.81 9.5 nd 11 &5 51 LS 534 2% nd RT2 100496
: T PR 57120 9% 1996 P82 nd P B 3T .59 6,25 L6 nd 246 10L7S
3678 6028 .93 17.60 7.2 nd 0B 575 06 1.99 435 .23 nd 2,47 100.07
PR 327 50,26 .86 1648 755 pd 15 450 528 1.5 329 .2t nd WBE 9OLSH
PR32 6192 97 1765 155 nd 0P 383 .87 142 408 2 nd Z19 0.0
PR78AD 3484 108 2085 951 nd L0 A5 L6k 1T K86 28 g Z49 10032
PK324  S4.76 .86 20.835 &M md 0% 477 .66 95 669 .99 nd 2,50 100,89
- o Wm ga-"’ 1.1‘ 21171 9.“ M 01‘ ‘-95 -69 1.‘1 6-“ -:o M 2-“ 193.1‘ mk
o PK/881 50,02 116 23.08 8,58 nd .07 447 43 50 T.B7 21 od 239 99.37
o PR/ME 460k 4,24 25,30 671 DS 5,60 1.67 A93 7.26 .25 nd  RS56 100.00
P31 6075 .88 {755 8.28 nd .08 3,73 .55 1.07 5.18 7 nd  2.06 100.11
BE/1B Eehh DG 1935 B0 B3 L0 406 .78 181 583 2% nd 275 9864
S PR IST 51,97 407 20.06 931 nd .12 431 136 2,60 B4t .28 nd A28 100,18
2 Co '“ 355 55.66 .37 1‘&07 7.62 l'ld .“ 6.0‘! 1.“ 6-3’ 3-33 -22 I'ﬂ 1-3‘ 1“-15
L PK 358 5347 .83 14.78 7.56 nd 08 7,31 5,21 1,26 k.65 .20 nd 157 9089
MBS0 4540 15 2398 990 nd 07 679 S50 1.45 5.0 L2 nd 1,20 100.38
M/ 053 T BT T nd L0 452 537 .48 355 .19 nd 116 99.70 Kaan
B35 57,08 93 17.66 3.82 nd 07 3.82 98 138 3.49 .22 nd 1.5 98.58
BK/B0L G764 51 W45 550 nd W09 353 1,35 2.9 255 .20 nd .02 100,08 .
PK299 59,56 .91 IB.08 8,23 nd 05 B4 .95 1.38 5.67 1B nd 177 0041
PK/B3D  60.26 .92 11,68 301 nd .09 3.62 .59 1.90 4.1 .16 pd 2,40 100.19
; PRAAT?  60Y 93 17,21 BX2 nd OB 3.4B L35 B4 4.87 W3 md 208 D07
; PKITT  B651 91 17.80 8.22 nd .05 407 Z.05 2,53 4.97 .25 o 3.27 100.43
8538 62,49 88 TP 250 nd 81 L2 .95 .42 5.6 Y md 711 9743
; M/BOT  SP92 .89 1837 B.01 nd W00 382 L85 95 407 L6 nd 272 99.5%
. PK/B08 3894 LW 1800 7.98 nd DB N2 .82 W6 5.99 .19 nd 253 100,05
Ny PK/E3S 48,82 1,93 2212 10.87 nd .15 5.27 75 157 5.7 .26 nd 573 100412 teevists
; PX/RYG  BR.67 93 AT.B2 V.88 nd .12 368 140 2.02 5.98 17 nd 235 100,03
: B&/A7  B8.35 95 17.80 774 od .12 3.50 1.38 195 N7 .20 nd 255 9859
a PRASZ. 65.19 94 5.81 142 02 L7 AT 59 5.03 W00 nd 9.30° 99.25 Kweygefontein
| PR/8I3 5856 .86 18,20 8.96 nd .08 BS8 B8 .29 508 13 nd 2,80 100,00 Kean Dam
O PE/BTE 86,03 .95 1932 9.16 nd L0 4346 W42 14 5.27 L7 nd  B.65 100,55
i B5/ST  6D.IT 97 SR8 TS nd .30 336 .90 1.9 3.9 L3 nd 285 0.0
¥ FK 268 49,22 1.19 2275 10.20 nd .11 5,51 sz 1.3 520 25 nd 4,63 101,39 Anelie
o PK 248 5143 .92 1908 8,19 nd .09 501 .45 W92 456 .18 nod  B.68 100.48
- PR/870 3577 1,08 E0.35 B.36 nd P 407 L6 1.5 G0 20 nd 234 100,51 Bergkrans
o PE/BES  57.64 1.00 18,05 7.65 nd 09 4.00 2,08 259 448 21 nd 195 $9.50 Kobos
PR/9SA 43,76 91 1644 478 nd 0B 3,62 49 7B 358 .07 nd 457 100.45 Aallw
N PK 215 56.76 1.06 17.9% 8.0 od ,13 &4.57 238 1.55 5,52 .21 nd 3,97 100.38 Kobos
1. PK 208 49.45 1.3 2043 10,70 nd .15 4.5 1.70 .38 440 .26 nd 388 9.9
PR PK 131 5.9 B2 1349 608 nd .08 2.05 B85 3.10 .52 .96 nd  1.08 900.76
. PRS0 5557 1,04 1885 997 nd W1 ASE AT W87 447 .25 nd 350 100.43
R & PK158  5R.11 1,03 17,47 910 md 10 4250 LIS 1.14 4,88 3¢ and 271 100,10
d . PR 210 5908 1,03 16.75 8,86 nd .09 4.5 .85 1.7 301 .25 nd 251 9.7
] : PK 195 62,25 .96 1409 7.29 nd .11 3,75 203 235 3.0 .20 nd 1,79 99,92 Okusume
i K190 57.69 .99 1832 A.60 nd 0B 4,50 .91 L3P 5,22 .24 nd 254 100.48
. L 1'} ﬂom 1.1? 17-13 7!99 d .ﬁﬂ 3-77 151 1-“ 6.59 -8 M 2.68 150-14 Usasbara
. P 876 B9.93 185 25901291 nd L5 638 1 .9 670 .26 nd 455 99,04
B % PR/BSZ 56,87 1,16 19.33 8.46 ¢ .10 438 .51 148 A4 26 nd 330 o848
‘{ ". . : Fg!m “.83 a% 13.“ 6.83 M .U? 302? -92 '.“ 3-‘? .20 m 1:71 99-93
AL 3 PK/B6G  66.58 .94 1339 6.62 it .f2 347 tA7 390 2.9 .1 nd 102 00
g I E PR/BST  A7.81 1,20 21.B510.64 nod 18 578 155 3.07 4.78 .25 nd S.78 100,00
i _ BE/7P G535 7B 1597 841 nd .08 59 91 125 5.05 .31 nd 206 99.43
. PE/BSB  SA.63 1016 1961 937 i .15 485 73 101 5.0 .25 nd  2.95 100.05
- B&/B3  A3.20 104 15.27 17 nd L7 592 137 205 535 .25 pd  fukd 99,17
: PR 153 65,21 .31 15.22 8.08 nd .12 329 158 220 337 .26 nd W09 100,53
i B6/87 58,40 135 1573 795 nd 1B 413 403 2000 225 L2 nd 95 988
= PK/BS  54.50 1.05 19,15 9.5 nd .1t 5.4 0P 2.5 497 W nd 2,51 100.42
PRABSE  A95A 1,17 21391096 nd 15 5.4 69 TH 637 L0 nd 24 99.91
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APPENDIX I,D

Appendix I,D: Tsble of m—analyses (trace elements) of palites
along the atudy traverse, (samples are arranged from north to

south; nd = not

determined: bd = below detection limit).
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. made with the Cameca

ALK Py, Anatvtical conditions

Analyses were mada on a CAMECA SX 50 elactron”micrnprnba'at the
Mineralogiocal Inatitute of the University of Wirzburg/FRG. Acce-

- deration potantial used was 15" kV and a sample current of 10 na, .

Counting time for each minersl was 10s per spot (number of spots
are ven with anbdlyses in Appendices III, A~F). Natural
wryatalline and synthetic standards, - feldsparglasses, and metals
ware used  Tor calibration. Only minerals were analysed which
are in dirsct contact paragendses but avoiding edge effacts. H,0
in biotite,  muscovite, chlorite, and staurolite has beén
calculated from stolchiopsatry. Calculations and correctlons were
z’Gﬂﬁa goftware (based on PAF). :

Appendix III,A2. Table of aﬁeragg plagipdlasn analyses
SAMPLE 146 B86/76 308 109

24.07 22.81 . 23.97 22.47
. <02 9 0 +01
4,63 3.70 4,97 3.04
+02 .02 0 : «01
llz -16 ’ hlz I16
- <086 «OL. .02 <04
8,78 9.45¢ . 8.68 9.63
.28 ) 07 « 14 ’ 13-3

- Total 99,03 = 99.05 99,34 99,04

Atomic proportidns based on 8 <0> -
51 2.74 - 2.81 2.74 2.83
Al J ' 1.27 . %.20 1.26 1.18

ﬁ.Ol' 4.00 4.0 4.01

Mo 0. 0 nd +]
©a | 22 ! .18 .24 .15
Mn - o 0 nd 0
Ba | ¢ 0 o 0
Na ) -77 «82 75 .83
K 02 0 «01

1.01 1.01 1.01
Total  5.02  S.01  5.00
an o 22 8 24
grains/points  3/10 378 2/7
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Appmdix m B.

APPENDIX rIi,s

'J.’a‘nle of avaraga mnscov:.te analyma N

_ 99‘}8‘3.____ B

SAMPIE o '146 85}76" 274= 308 109

Sioz 44.59 45.81 = 45.15 44.47 45.16
al,8, 36.24  35.55  37.33  37.04  36.19
: 8 . 74 1.24 + B4 BB - .67

- Coal - .01 o «03 0L . =« 0L
Mno .03 Q =05 01 .01
Baﬁ Q21 -23 ;10 040 -21
Na +98 w86 1.37 1.27 .80

Kza 9,88 9.84 -~ 9.46 9,39 \9.98
Aiih.—
Total -9 .56 99, 45 29, 60 a98.78
e -
Atomic proportions bamed on 22 0> .

- 81 - 86.00 6.17 5.99 5.57 - 8.05
Ti «05 +06 . 02 « 04 .05
Al 5.75 . 5,33 5.84 5.86 8.7
Mg .15 L -1l a1 13
Ca B -0 0 o [+
Mn . 4] .0 0 ] 0
Fa - #312 '« 34 . «10 «10 Cwd3
Ba » 01 01 0 « 02 « 01
Na : 26 23 - «38 «33 «21
K  1.69 1.69 ©1.80 1.61 1.71
Tetr. Z 8 8 B 8 8
oct. ¥ 4.08  4.15  4.06 4.07° 4.07
Interl. X 1.96 1.93 1.95 1.96 1.94
Total ,&4,93 14.08 i4.01 14.03 14.01
grains/ : . _ i
points 4/11 1/2 1/3 2/8 /11
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Appendix III,C. Table of average biotite analyses

mwwmmmmmmm

SAMPLE © 1461 146~2 86/76 274 396 308 109
D 80, 34.69  34.28  35.05  34.33  37.07  35.01  34.00
S 1,8, .~ aBI§9  18.66  18.10  15.28 = 16.73  15.68  19.73
ugs 10.34 19,39 11.59 °  10.34 1%.48 10.93 9.13
_ <an .03 L0 «01 L1 .02 0 .01
o Mno 10 .DB <13 . L1z <14 +17 .20
e !"aﬁ 19.88 19.66 18.36  19.50 13.85 18.26 20.14
E R ’ ."BD P22 -1 ] ’ +18 ) .08 09 . « 24 i
5 - el $.33 9.12  §.28  9.32 9,25  5.00 |
-m:. ' $R.A8 . 98.34 98,17 938,47 98 .64 98.89 ©  S8.31
Atomic praportiona baud on 22 <0> ' -
8i %,28 8,36 5.26 5.51 5.30 8,52
k- .33 RS- & L .23 «23 .13 21 28
My o . %38 2.39 2.64 2.36 3.43 BT 2.09
ca p\ : 0 o 0 6 - . B g
Yo - 2.5 254 234 250 192 ai3x  2.89
Ba e 01 g A S : j
”ﬂ . . - ‘05 . .35 -07“,] ) .DS s 503 . sl}'i ¢°7 .
X - 1.80 1.84 1.78 . 1.79 %.78 179 1.76
Tatr. 2 - 8 8 - 8 B 3 8
octt Y ’ 5.84 ‘5.84 R.BS 518‘ 5.86 . 5.82 V‘T_I 5.78

Total - TTIRID . 18.78 1% T3 15.85 . AB.67  18.G4 18,62
graink/ S . ‘
points 377 36 378 3/6 /6 . 3767 4711

146-1 = matrix biotites ' _ o _
146-2 = latm, pnrphyroblutic hiotim

£
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APPENDIX IXI,D

- Appendix I:tJ:;D. Table of aversge garnet analyses

SAMPLE

85776 Ga I1I . 2

144 Ga il 146 Ge III 308 6a 111

rim  centre rim centra rim  centre Ga Il . rim  centre

8104 35.77 3607 3573 35.8 35.1%  36.10 35.42 36,29 36,61
Tigy O 05 06 L1 03 .06 .07 0 07
A0y 21.51 21,70 2076 21.59 21.1F 21.18 21.58 . 2186 217
Cry0s 1} o 0 0 8 0 2 0 0
Fe By 237 LT LT 137 157 31 1.09 27 . 58
Ko 5.1 2.7 305  1.83 2.60 262 2.64 3.38  2.89
ta0 4,70 - 551 426 485 .72 2R 1.85 .99 4.7
wo §0. 2,17 137 5.87 8.19  9.90 7.08 6.2  9.05
Feo 32.26 3L92  3238 2889 2.2 26.9 29.77 30,28 28,28
- 1 o etk - . SRR N omatm e ma s ——

“total . 100,63 101,83 10037 100.18 106,40  100.23 99,50 L9470

_Atewic proportions based on. 24 <0> _
i 5.736  5.748% 5T 5720 5.836 5.2 5.777 5.876 5.858
T 001, (006 % 007 013 004 007 .009 0 008 .
M. 7 &85 AUM &12T A9 4,027 RO 4,749 4.130  4.108
e G § .0 0 . 0 g 0
Fe3+ 28 210 215 LT 194 160 ‘o3 033 089
My 3 A483 T30 k2 S22 632 842 816 689
£n L0 L94 LTRZ 881 208 U348 323 206 L300
W AR LB 188 805 1.121 1,357 578 881 1,227
Fads 4326 4269 4351 3.912 3.955  3.546 4.060 4,100  3.785
KFex .85 S0 86 50 .86 B85 .86 3 .85
RHaz S2 08 04 .16 .20 24 17 A5 =)
- il - -  w . TP e e AL R
e, 2 ; 8 8 6 6 ) 3 6 é
Get. ¥ 409 408 408 4,07 £.05 4,05 4.07. 4.06  4.04
X &0 600 600 .00 8.00  6.08 6.00 6.00  6.00
LM 1609 1608 1608 1607 16.05 1605 IA.0T 1406 16.0k
©» 7.18 541 5.5 4.52 4.86 418 3.57 A 1%
R YT 6.28 16,32 .48 951 A1 18 1.82 2.6 3.06
AL 72,0 T4 7250 45.20 85.89 8074 67.63 68.30  63.07
s 206 490 311 1342 18.68 22,61 16,29 14,67 20,44
Py 1239 8.2 2.7 7.3% 10.47  10.53 10.69 13.59 1,49
VT 218 314 3114

B e I
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APPENDTX III,E
' gp “ & ITI,E. Table of average staurolite, scapolite and
orite analyees.
. - ) D "
ETAUROLITE SCAPOLITE CHLORITE
SAMPLE 308 SAMPLE 306 SAMPLE 86/76
810, ' 26.39 sin C47.37 8105 23.88
'r:l.o w48 3 26.51 Ti0 .08
1.5, 55.43 218, .22 Al,8, 22.61
Mga : 1.36 Fao .06 ugé 17.32
«52 Mgq0 0 cao .02
R Feo 11.98 Mo .03 Mno +39
§ Zno 1.23 ¢ao 15.76 Fao 22.25
‘ Ho0 - 2.13 m 4.71 . Na.0 <902
_ el .02 ci .61 H30 11.36
o o . R
. _ Total 99,83 803 21 Total 97.97
Atonic proportions Total 9E.71 Atonic proportions
baged on 24 <0,0H,F, c:L> based on 36 <0,0H>
si 3.15 Atomic - yoporxtions si 5.04
: Al _ %, 11 baged on 12 <Si+Al> 'I*i 02
Ti .05 8i 7.23 Al 5.63
o C Yo +28 Al 4.77 Mg 5.45
S - 06 . oa o .
. Fa 1.40 12.00 ¥n .07
_ ; Zn .13 s : Fe 3.93
S : Ti 0 Na 0
s 'rotal 14.71 Fa .01 R .01
A Mg 0 -
- _. m/:.m-re 17 M 4] rr:tal 20.18
o Ca 2,58 .
L grains'/ Na 1.39 xn .58
S points 1/10 K .08 =g _
o - cl +12 grains/ ,
; P 0 poaints 1/17 -
v s .04
S cat? - 4.07
% Me3P  63.75
Ny EqQAn® 59.05
S g::ains/ : o
go:m : 1/8
: o p = (PliFeiMgiMntca l-ua+x)
\ = Shaw (1960)
I © = 100(A-3)/3 Orville (1975)
3]
o
W/ |
5..-_ - - -.j.n.- o L_.__....».. bt e S _..;‘,....-....._..ﬁ. o .“,,...,_._...‘
f o Cooa < 3 v

kL, ﬂ.

R
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