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ABSTRACT

ABSTRACT

The Late Proterozoic Damara Orogen (750-450 Ma) in Namibia forms part of the Pan-African mobile belt system which
bisects southern Africa. The Khomas Trough in the inland branch of the orogen comprises thick multiply-deformed me-
tagreywackes and metapelites of the Kuiseb Formation. Minor lithologies are graphite schists, calc-silicates and scapolite
schists. The Matchless Amphibolite Member is structurally emplaced within the sequence and contains tholeiitic, mid-ocean
ridge-type metavolcanic rocks, including pillow lavas and breccias, as well as ultramafic lithologies and metagabbroic
lenses. Pelagic graphite schists, pelitic schists and a marble unit are intercalated within the metabasic rocks. Original sedi-
mentary structures, turbidite facies, the vertical facies distribution of progradational and retrogradational cycles, and the
lateral extent of major sedimentary units indicate that psammitic parts of the sedimentary protoliths have been deposited
as turbidites on an elongate submarine fan. Geochemical signatures suggest that an active continental margin source to the
northeast of the present-day Khomas Trough supplied the vast amounts of clastic sediment. The regional structural pattern is
characterized by five phases of deformation with folds verging consistently to the southeast. The structural regime is mark-
edly heterogeneous and is associated with thrusting which developed elongate thrust slices traceable laterally for at least
150 km. Metamorphic index minerals indicate lower to upper amphibolite facies conditions but partial melting occurred in
some areas along the northern margin of the Khomas Trough.

These features are explained in a tectono-sedimentary model which involves the evolution of a Late Proterozoic accre-
tionary prism, here named the Khomas Hochland accretionary prism, within a convergent continental margin setting. Rift
initiation took place along old tectonic weakness zones between the Congo and Kalahari Cratons. This was followed by the
formation of oceanic crust in the Khomas Sea which was an appreciably-

sized oceanic basin with a minimum width of hundreds of kilometres. Subsequent convergence and subduction of oceanic
crust beneath the Congo Craton in a northwesterly direction produced an oceanic trench which contained the westward-pro-
grading elongate submarine fan. Pelagic sedimentation occurred contemporaneously within the basin. Basalts including a
high proportion of pillow lavas and associated massive sulphide ore deposits formed at the mid-ocean ridge. The accretion-
ary prism evolved through the offscraping of the trench sediments together with some pelagics from the oceanic plate and
accretion against the Congo cratonic margin. Early folding and thrusting occurred within the prism during this accretionary
stage. Continental collision of the Congo and Kalahari Cratons resulted in the formation of a northwards-steepening thrust
pile with an overall imbricate fan geometry. Subsequent phases of compressional deformation involved initially thrusting
and folding in a southeasterly direction, which was followed at a late stage by right-lateral strike-slip dislocation along the
Okahandja Lineament. The Matchless Amphibolite was most probably emplaced during the abduction of the accretionary
prism onto the Kalahari Craton. Thermal relaxation subsequent to subduction led to prolonged amphibolite facies regional
metamorphism with the peak occurring late in the deformational history. Heterogeneous geothermal gradients in the Kho-
mas Trough are interpreted to be due to differential uplift. The post-tectonic Donkerhuk Granite intruded along the Oka-
handja Lineament, which is interpreted to represent the former backstop of the accretionary prism.

Lithologies, structural styles, time sequence of events and the size of the Khomas Hochland accretionary prism may be
compared with the Palacozoic Southern Uplands accretionary prism of Scotland, the Cretaceous Chugach terrain in Alaska
and the Shumagin region of the modem Aleutian Trench. Several aspects, such as the inferred width of the Khomas Sea,
the scarcity of arc magmatics to the north, the lack of recognition of fore-arc basin deposits, early compressional stresses,
extensive sediment loading, and the intercalation of metabasalts, turbidites, pelagics and massive 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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1.1 Preamble

1. INTRODUCTION

1.1 Preamble

Geoscientific investigations in Precambrian orogenic belts
are seriously hampered by penetrative deformation, meta-
morphic recrystallization and the lack of biostratigraphic
control. In metasedimentary sequences this may result in
the obliteration of delicate sedimentary structures which
are essential for palaeo-environmental interpretations. Con-
sequently, sedimentary facies analysis, which provides one
of the most important tools in looking into the evolution of
these orogenic belts, together with structure and other geo-
scientific approaches, has not been undertaken in many Pre-
cambrian orogens.

The Damara Orogen is one of the best-preserved Late Pro-
terozoic orogenic belts worldwide and is therefore crucial
for the understanding of later Precambrian tectonics. Nev-
ertheless, palaeo-environmental studies in this belt and es-
pecially in the important southern part have so far mainly
concentrated on stratigraphic aspects. In this respect the
Damara Orogen is no different from other Precambrian
belts. In acknowledging the problem, this study introduces a
sedimentary facies analysis to the area and together with re-
sults obtained from other geoscientific disciplines, attempts
a multidisciplinary approach to provide an insight into the
evolution of the orogen as a whole.

1.2 Location

Rocks assigned to the Late Proterozoic Damara Sequence
in Namibia are exposed within a NNW-trending coastal
branch and a NE-trending inland branch (Fig. 1.1). The
Khomas Trough of the southern inland branch extends from
the Namib desert in the southwest to the Kalahari desert in
the northeast. Figure 1.1 shows important geographical fea-
tures including the Khomas Hochland. The Late Proterozoic
Damaran rocks are well exposed at the western end of the
Khomas Hochland, which represents the immediate interior
of the “Great Escarpment”, originating from erosional proc-
esses (Ward, 1987) associated with the Cretaceous break-up
of Gondwanaland. This area conse-quently provides good
surface exposure, whereas the outcrop situation deteriorates
rapidly towards the east because of the undissected flat ero-
sional topography associated with the Cretaceous Kalahari
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).

1.3 Objectives of study

The Late Proterozoic Khomas Trough comprises metased-
imentary and metabasic rocks of the Kuiseb Formation and
its evolution plays an important role in our understanding
of the Damara orogenic belt as a whole. The present study
attempts to characterize the metasedimentary and metabasic
rocks encountered by means of sedimentological, structural,
petrographic, mineralogical and geochemical methods. This
leads to the modelling of the geotectonic evolution of the
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Fig. 1.1: Location of the study area in the inland branch of the
Damara Orogen in Namibia.

Khomas Trough with particular focus on the sedimentary
palacoenvironments and the structural evolution of this arca
during the Pan-African orogeny in Namibia.

1.4 Previous work

Pioneering publications on the geology of the Khomas
Trough are those of Gevers (1963) and Martin (1965).
Lithostratigraphic aspects of the Kuiseb Formation in the
Khomas Trough have been catalogued by the South African
Committee for Stratigraphy (SACS, 1980), Miller (1983b)
and Hoffmann (1983). Structural studies in parts of the east-
ern Khomas Trough were undertaken by Gevers (1963),
Smith (1965), Hélbich (1970, 1977), Porada and Wittig
(1975), Kasch (1975, 1983¢c) and Blaine (1977). Miller
(1979), Sawyer (1981,1983) and Preussinger (1987,1990)
studied the structural geology of selected areas in the west-
ern Khomas Trough and in the vicinity of the Okahandja
Lineament. No detailed facies analysis of the Kuiseb Forma-
tion has been undertaken in this part of the southern Damara
Orogen prior to this study although preserved sedimentary
features (e.g. graded bedding) have been reported from lim-
ited areas by Miller (1979), Downing (1983) and Preussing-
er et al. (1987). Initial studies on the thermal evolution 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 Preussinger (1990)
studied the metamorphism of certain areas in the western
and eastern Khomas Trough. Geochemical studies of meta-
sediments and amphibolites have been undertaken by Miller
(1983c¢), Miller et al. (1983), Schneider (1983), Schmidt and
Wedepohl (1983), Breitkopf and Maiden (1987) and Phillips
et al. (1989). The nature of the massive sulphide deposits as-
sociated with the Matchless Member of the Kuiseb Forma-
tion has been studied by Killick (1983), Klemd et al. (1987,
1989), Breitkopfand Maiden (1988), Preussinger (1990) and
Klemd and Okrusch (1990). Little geochronological work
has been undertaken and this has mainly concentrated on
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Fig. 1.2: Map of the study traverse showing important marker
units, major ephemeral rivers and farm boundaries.

the post-tectonic Donkerhuk Granite and the Kuiseb Forma-
tion migmatites (Kroner and Hawkesworth, 1977; Blaxland
et al., 1979; Kukla et al., 1990a; Kukla, 1991) as well as
on some metasediments (Hawkesworth ef al., 1983; Haack,
1983; Kukla, 1991). Kroner (1982) obtained a Rb/Sr iso-
chron from rocks associated with the Matchless Member. A
seismic line has been shot and interpreted by Green (1983)
and Baier et al. (1983) in the eastern Khomas Trough.
Geotectonic models for the evolution of the Damara Oro-
gen as a whole, which incorporate the Khomas Trough, have
been proposed by several authors. In summary, the discus-
sion on the geodynamic evolution of the inland branch has

concentrated on whether or not oceanic crust has formed, to
be subsequently subducted during continental convergence.
Aulacogen-related models have been favoured by Martin
and Porada (1977), Porada (1983) and Kroner (1982). Lim-
ited ocean models have been proposed by Miller (1983b)
and Breitkopf (1986) and major ocean models by Blaine
(1977), Hartnady (1978), Kasch (1979, 1983a), Barnes and
Sawyer (1980) and Downing and Coward (1981).

1.5 Methods of investigation

The main study area is an 80 km-long traverse north to
south across the Khomas Hochland west of Windhoek,
along ephemeral river valleys (Kaan, Amsas, Koam and
Davetsaub rivers) (Fig. 1.2). Only the deeply incised
riverbeds associated with the Khomas Hochland Escarp-
ment provide detailed outcrop. Apart from these, exposure
is obscured by weathering and gravel cover. In order to
trace important stratigraphic and structural marker hori-
zons, these have been mapped along strike from the Na-
mib desert in the west 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 areas of
Sawyer (1981) and Preussinger (1987) in the Gorob dis-
trict of the Namib desert, as well as the Okahandja - Wind-
hoek profile of Halbich (1977), have been studied for com-
parison.

In order to unravel the sedimentological and structural
evolution of the Kuiseb Formation, a large number of de-
tailed profiles and sequences were measured along the 80
km-long study traverse. Since no work on the sedimentolo-
gy and the depositional palacoenvironments had previous-
ly been undertaken, lithotypes were mapped and character-
ized, original sedimentary structures were documented and
a detailed facies analysis was carried out.

A large number of structural data were collected. These
were processed together with thin section information m
order to interpret the structural evolution and associated
compressional directions.

A total of 132 samples of metasediments and 14 samples
of amphibolites and metagabbros was analysed by X-ray
fluorescence (XRF) analysis for major and trace elements.
A sample of marble was analysed by X-ray diffraction
(XRD) to identify calcite and dolomite contents.

Mineralogical and petrographic studies were based on
about 200 thin sections. Selected samples from different
metamorphic zones were chosen for microprobe analy-
ses which were carried out during research leave at the
Mineralogy Institute of the University of Wiirzburg,
Germany.

With regard to the origin of the graphite schists and a
marble horizon of the Kuiseb Formation several samples
were analysed for carbon ("*C) and oxygen ('*O) isotope
contents at the Schonland Research Centre for Nuclear
Sciences at the University of the Witwatersrand.




2.1 Pre-Damaran Basement

2. GEOLOGICAL SETTING

The Damara Orogen forms part of the Pan-African mobile
belt system (Clifford, 1967; Shackleton, 1976; Miller, 1983a;
Martin, 1983) which largely surrounds but also bisects the
African continent (Fig. 2.1). Two structural types of Pan-
African belts have been recognized: (1) belts with thermally
and tectonically rejuvenated, older Precambrian basement,
such as suggested for the Zambezi and Mozambique Belts
(Martin, 1983; Muhongo, 1990); and (2) Late Proterozoic
“geosynclines” which have passed through a stage of sub-
sidence and sediment accumulation. The Damara Orogen
belongs to the latter type. It consists of a NNW-trending,
150 km-wide coastal branch and a NE-trending, 400 km-
wide inland branch (Figs 2.1 and 2.2). Most of the geologi-
cal research has concentrated on the more easily accessible
and more completely preserved inland branch.
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Mozambique Belt
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Fig. 2.1: Pan-African orogenic belts and terranes of basement
rejuvenation (modified from Porada, 1983).

Tectono- thermal

basement rejuvenation
0 1000 km

Thermal basement rejuvenation [

The southern extension of the Damara Orogen is formed
by the Gariep Belt and the Malmesbury Belt (Fig. 2.1; Mill-
er, 1983b; Hartnady et al., 1985). Geophysical features sug-
gest that the inland branch extends further to the east into
the Katanga and Zambezi Belts (Reeves, 1978; Hartnady et
al., 1985) to form a triple junction with the Mozambique
Belt in eastern Africa (Fig. 2.1). It has been suggested that
the western limit of the Damara Orogen is represented by
the Ribeira Orogen of Brazil (Porada, 1979) but regional
and geochronological constraints also indicate that the more
southerly Dom Feliciano Belt may be regarded as Damara-
equivalent (Cordani et al., 1990).

The Damara Orogen has been subdivided into several tec-
tono-stratigraphic zones, mainly on the basis of stratigraphy,
structure, metamorphic grade, magmatic rocks and radio-
metric age (Miller, 1983a). These are, from north to south
(Fig. 2.2): the Kaoko Zone (KZ) (in the coastal branch), the
Northern Platform (NP), Northern Zone (NZ), Central Zone
(CZ), Okahandja Lineament Zone (OLZ) , Southern Zone
(SZ), Southern Margin Zone (SMZ) and Southern Foreland
(SF) in the inland branch. The OLZ and SZ are together often
referred to as the Khomas Trough (e.g. Martin, 1965; Mar-
tin and Porada, 1977), a terminology which is also used in
this study. Zone boundaries are in most cases major thrusts,
faults and lineaments as indicated in Figure 2.2.
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oML Omaruru Lineament
oL Okahandja Lineament

uL Us Pass Lineament
(atter Hottmenn, 1983}

8orswana
{

Tectonostratigraphic Zones
KZ Kaoko Zone
NP Northern Platform
Nz Northern Zone
nC2Z Northern Central Zone
scz Southern Central Zone
oLz Okahandja Lineament Zone
sz Southern Zone

|

sMz Southern Margin Zone
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Fig. 2.2: Tectono-stratigraphic zones of the Damara Orogen
(from Miller, 1983b).

2.1 Pre-Damaran Basement

The pre-Damaran basement is largely granitic and is ex-
posed to the north and south of the orogen as well as in sev-
eral inliers in the centre (Fig. 2.2). Radiometric ages are very
variable, however, showing the oldest ages in the order of
2000 Ma in the Central Zone (1955+20 Ma,a U-Pb zircon
date by Briqueu ef al., 1980) and the youngest ages in the
order of 1000 Ma in the southern part of the orogen (961423
Ma, a Rb/Sr whole rock date of Esquevin and Menendez,
1975, in the eastern Khomas Trough; 1049+£28 Ma, a Rb/Sr
whole rock date of Pfurr ef al., 1990, in the Southern Margin
Zone).




2. GEOLOGICAL SETTING

TABLE 2.1: Lithostratigraphy of the Damara Sequence (from Martin, 1983, based on SACS, 1980).

LITHOLOGY LITHOLOGY LITHOLOGY
GRAOUP | SUBGROUP | FORMATION (MAX.THICKNESS) GROUP | SUBGROUP |[FORMATION (MAX.THICKNESS) GROUP SUBGROUP |FORMATION (MAX. THICKNESS)
Shale, marl, sittstone
= OWAMBO {candstone (1000m)
[m
9 KOMBAT |Shale dolomite lenses
3 [ NAMA GROUP PARTIALLY? |
= Quartz, conglomerate,
TSCHUD! |arkose, argilite (3000m)
T T T | 1 T L I 1T T T
l { UNCONFORMITY IN NW n ‘ ‘ |
T T I 1 X 1 T ! I % 1 — — —L
@ i % o Biotite schist, biotite
Dolomite with chert shale, Quartz-biotite schist, biotite- 4 K .
HUTTEN- | estone, stromatoltes garnet-cordierite schist, g;at‘zi::ev lgerarg::‘;(ﬂcafn‘:hrlnsi;olhe
BERG  oolites (800m) KUISER |amphibolite schist, quartzite) KUISEB M; smca o ban P!
marble, calc-silicate rock ((100(:00?115)5 ember)
ELANDS- |Dolomite with chert {3000m)
HOEK romatalfes (120 Quartzite, schist, marble,
TSUMEB Marble, biotite schist, Homas | AuAs amphibolite, itabirite
Dolomite, limestone, KARIBIB |quarnz schist, calc-silicate (1800m)
MAIEBERG | g mo hreccia (950m) rock (700m)
ite, li Pebbies schist, mixtite
Mixtite, dolomite, limestone, e o1, mixtite,
CHUOS  [sandstone, itabirite CHUOS Mixtite, marble, quartzite CHUOS Quartzite, schist, ul§§|nte
(700m) amphibolite, caic-silicate rock
oolite chert (700m) o o (1650m)
> D O S O S O Q ‘O S ) D Q
ff ] LOCAL DISCORDANCE |' I < I LOCAL DISCORDANCE M <
[} b e e e o e e e = L T T 2 BLAy. | Graphite sehist, quarzie,
ite li @ i 0 quartz-mica schist,conglomerate
Dolomite, limestone, Marble, quartzite, quan
AUROS  [mar, shale (450m) conglomerate, biotite schist, KRANS | itabirite (1700m)
stromatolites biotite-hornblende schist,
calc-silicate rock (700m)
Dolomite, limestone, 2 HAKOS | Quartzite schist (2000m)
ABENAB GAUSS  |oolitic chert, sanstone UGAB ROSSING KUDIS
(750}
BERG Dolomite, limestone, Dolomite schist, conglomerate
stromatolites, arkose, CORONA | (400m)
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2.2 Stratigraphy of the Damara Sequence and its
radiometric ages.

2.2.1 Overview of the Damara Stratigraphy

The stratigraphy in the inland branch shows a marked
asymmetrical arrangement of rock types. This is indicated
in Table 2.1 which shows subdivisions and correlations as
suggested by the South African Committee for Stratigraphy
(SACS, 1980). Most important in interpreting the Damara
Sequence is the occurrence of a number of unconformities
which define several unconformity-bound sequences within
the stratigraphic column (Table 2.1).

The earliest sediments and volcanic rocks of the Damara
Sequence belong to the Nosib Group (Table 2.1) which dis-
cordantly overlies pre-Damaran basement. The Nosib Group
comprises a wide spectrum of mainly fluviatile deposits and
alkalic to acid volcanic rocks. Thick and widespread rhyo-
lites of the Naauwpoort Formation in the Northern Zone are
considered to represent a time marker for the early evolu-
tion, i.e. rifting, of the orogen (Miller, 1983b) at 750+65 Ma
(U-Pb zircon ages, Miller and Burger, 1983). The initiation
of rifting is considered by Miller (1983b) to pre-date the
Oas Syenite which intruded Nosib sediments at 840+12 Ma
(Rb-Sr whole rock age, Kroner, 1982). The sequences of the
Nosib Group show rapid changes in rock types and deposi-
tional facies within and across tectono-stratigraphic zones
(Table 2.1).

The Nosib Group is unconformably overlain by the Otavi

Group in the north and the Swakop Group in the centre and
south (Table 2.1). The Abenab, Ugab and Kudis Subgroups
still show a considerable variety of rock types and facies.
Calcareous sequences predominate in the north and more
clastic sequences in the south (Table 2.1). The inconformity
at the base of the Chuos Formation is of regional importance
and this formation is the most important chronostratigraphic
marker within the orogen (Tables 2.1 and 2.2). Above the
Chuos unconformity, sedimentary sequences are much more
coherent and laterally extensive. Thick carbonates are de-
veloped in the north (Tsumeb Subgroup), thinner carbonates
with some amphibolites and clastics in the centre (Khomas
Subgroup of the Central Zone) and mostly clastic sequences
with some amphibolites in the south (Khomas Subgroup of
the Southern and Southern Margin Zones).

The Otavi Group is unconformably overlain on the North-
ern Platform by thick clastic sediments of the Mulden Group
(Miller, 1983b). Carbonate and mixed clastic-carbonate se-
quences of the zones further south are overlain by clastic
sediments of the Khomas Subgroup which represents the
youngest stratigraphic unit (Table 2.1).

There are few geochronological constraints on the depo-
sitional history of the Damara Sequence. Most radiometric
ages have been derived from pre-, syn-, and post-tectonic
magmatic rocks, mostly granite intrusions. Mineral dates
from metasedimentary rocks give a spectrum of “ages” from
about 530 to < 200 Ma, reflecting metamorphic processes
and isotopic re-equilibrations (e.g. Miller, 1983b; Miller and
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Grote, 1988; Haack and Martin, 1983; Kukla, 1991). Dama-
ran sediments have been intruded by post-tectonic granites
and the Rb-Sr whole rock age of 458+8 Ma (Kroner and
Hawkesworth, 1977) of the youngest of these intrusions,
the Rossing alaskite in the Central Zone, is considered to
mark the end of the Pan-African events in Namibia (Miller,
1983b).

TABLE 2.2: Comparison of lithostratigraphic classifications
of the Southern Margin Zone by Hoffmann (1983) and
SACS (1980) (from Hoffmann, 1983).

SACS (1980)

HOFFMANN (1963) SWA GEOLOGICAL MAP (1980)

GROUP | SUBGROUP FORMATION GROUP| SUBGROUP FORMATION
{KHOMAS) KUISEB KUISEB
KLEINE
KUPPE
GOMAB RIVER
KHOMAS AUS
MAHONDA
VAALGRAS
:
£ MELROSE S
H -
CHUOS CHUOS
2
BLAUKRANS
<
o <
§ KUDIS HAKOS
CORONA
@ KAMTSAS @ KAMTSAS
7 and 2 ~ and
§ DURUCHAUS z DURUCHAUS
1: Allochthonous nappes
2:F Samara-Dagl Thrust Zone

2.2.2 Stratigraphy of the Central Zone and the
Southern Margin Zone

The Khomas Trough of the Damara Sequence is bounded
to the north by the Central Zone and to the south by the
Southern Margin Zone (Fig. 2.2; Table 2.2). A rock-relation-
ship diagram illustrates the local stratigraphies within the
tectono-stratigraphic framework of the southern Damara
Orogen (Fig. 2.3). The stratigraphy of the Southern Margin
Zone is based on Hoffmann (1983) who revised the SACS
(1980) stratigraphy subsequent to detailed mapping in this
area (Table 2.2). To underline important stratigraphic chang-
es, time-equivalent sequences across the zones are described
below. The sequences are unconformity-bound and the im-
portant chronostratigraphic marker is the Chuos Formation
of the Swakop Group.

(a) The Nosib Group
In the Central Zone, sediments of the Nosib Group rest
unconformably on Abbabis basement gneisses, schists, am-

phibolites and marbles (Smith, 1965) with an approximate
age of 2000 Ma (Briqueu et al., 1980). Extensive fluvia-
tile deposits of the Etusis Formation are represented by
metamorphosed quartzites, arkoses and conglomerates
(Fig. 2.3) which underlie and interfinger with feldspathic
quartzites and quartz-biotite schists of the Khan Formation
(Smith, 1965; Jacob, 1974).

In the Southern Margin Zone (Fig. 2.3), quartzites, arko-
ses and conglomerates of the Kamtsas Formation were
deposited on about 1050 Ma - old basement gneisses and
amphibolites. The basement close to the boundary with the
Khomas Trough has been structurally emplaced and con-
tains serpentinite bodies (Barnes, 1982).

As a facies of the Kamtsas Formation, the Duruchaus
Formation (Martin, 1965; Hélbich, 1970; Schalk, 1970)
comprises fine-grained psammites, pelites, carbonates,
meta-evaporites and some conglomerates (Loffler and
Porada, 1987; Hoffmann, 1987) and it has been inter-
preted to represent playa-sabkha type, lacustrine (Behr et
al., 1983) as well as fluviatile (Loffler and Porada, 1987)
deposits.

(b) The Swakop Group

This Group has been subdivided into the Ugab and the
Khomas Subgroups in the Central Zone which have been
correlated with the Kudis and the Vaalgras + Khomas Sub-
groups of the Southern Margin Zone, respectively (Hoff-
mann, 1983; Tables 2.1 and 2.2). The only stratigraphic
unit in the Khomas Trough is the Kuiseb Formation of the
Swakop Group (Fig. 2.3).

Both the Ugab and Kudis Subgroups are characterized
by a considerable lithological variability. The former con-
tains dolomite, quartzite, quartz-biotite schist, calc-silicate
rocks, gneisses and amphibolites of the Rossing Formation
in the Central Zone (Fig. 2.3). The time-equivalent Kudis
Subgroup of the Southern Margin Zone comprises mar-
bles (Corona Formation), quartz-mica schists and graphite
schists (Blaukrans Formation), interbedded quartzites and
graphite schists (Hakos Formation), and thick quartzites
with interbedded graphite layers of the Auas Formation.
This succession has been interpreted by Hoffmann (1983)
to have been deposited in progressively deepening marine
environments.

The Khomas Subgroup in the Central Zone comprises
the Chuos, Karibib, Tinkas and Kuiseb Formations (Fig.
2.3). The Chuos Formation has long been recognized and
was interpreted early on as being glacial in origin (Gevers,
1931). It shows a major discordance at its base and Henry
et al. (1986) reported that Chuos metasediments rest in
places on Khan, Etusis and basement rocks. Rock types
developed are mainly glacial diamictites and minor feld-
spathic quartzites, marbles and iron formations (Henry et
al., 1986; Badenhorst, 1987). The overlying shelf sequence
of the Karibib Formation consists predominantly of dolo-
mitic marble; schist and marl are subordinate. Towards
the Khomas Trough the Karibib marbles interfinger with
calc-silicates and fine-grained graphitic schists of the Tin-
kas Formation which outcrops along the Okahandja Line-
ament in the southwestern Central Zone. Porada and Wit-
tig (1983) have interpreted this succession as calcareous,
slope turbidites. An amphibolitic unit has been described




2. GEOLOGICAL SETTING

NW

SE
NCC:)RTHERN SOUTHERN SOUTHERN
ENTRAL CENTRAL KHOMAS TROUGH MARGIN
ZONE ZONE ZONE
SUBGROUP SUBGROUP
TR PELAGICS 1
2 = \ 5
= | Y VVVVVVVVY —)=- b
S - e et A A I AL T 44 g <
x RN Metagraywacke and metopeliteKuiseb Fm "g‘
+ + + + = ol 2
Y- Shelf carbonate[TTKaribib Fm \ 2
:+:+:+:+§ Calcareous slope turbiditesEET=qTinkas Fm \
et § Diomictitegd% Chuos Fm :*:*:*:HH
+:+:*§? Dolomitic marble, schistE=Z]Rossing Fm
:ﬂ S Arkose, conglomerate, quartzite[ss.¢|Etusis + Khan Fm

Quartzite and schistfZZz]Kleine Kuppe Fm
Schist, marble, omphiboliteMelrose, Mahonda, Gomab River Fm
Quartzitef::::;|Hakos + Auas Fm
Arkose, dolomite, meta—evaporite f+;25Duruchaus + Kamtsas Fm
Oceanic crust[Yyvy|
Bosement

Fig. 2.3: Rock-relationship diagram of the Khomas Trough and adjacent areas in the Damara Orogen. Stratigraphic contacts are
emphasized in their palinspastic context. Correlations and terminology of the Southern Margin Zone and the southern and northern
Central Zone are after Hoffmann (1983), Henry et al. (1990) and Badenhorst (1987) respectively.

from stratigraphic positions within the Karibib Formation
(Smith, 1965) and the Tinkas Formation just north of the
Otjimbingwe Granite (De Kock, 1985). The uppermost unit
in the Central Zone is the Kuiseb Formation which com-
prises pelites, metagreywackes and calc-silicates.

The Khomas Subgroup of the Southern Margin Zone has
been subdivided by Hoffmann (1983) into the Vaalgras Sub-
group, comprising the Chuos, Melrose, Mahonda, Gomab
River and Kleine Kuppe Formations, which are structurally
overlain by Khomas Subgroup sediments (Tables 2.1 and
2.2). The Chuos Formation in this zone has been used for
correlation across the Khomas Trough. Hoffmann (1983) re-
ported pebble-bearing, semi-pelitic, light grey mica schists,
pelitic schists, quartzites, metabasic rocks and iron forma-
tions, which conformably overlie rocks of the Kudis Sub-
group. This is in contrast to the inconformity in this position
suggested by SACS (Table 2.2; 1980). The Melrose Forma-
tion consists of green garnet-chlorite schists and subordinate
quartzites, calcareous schists and marbles which occasion-
ally interfinger with quartzites, schists, amphibolites and
marbles of the Mahonda Formation. The Gomab River For-
mation occurs as a thin unit at the northern boundary of the
Southern Margin Zone. It comprises dark amphibole schist,
minor mica schist and marble and the former “Red Band
Quartzite” (De Kock, 1934; Hilbich, 1970) which has been
named “Hartelust Rhyolite Member” by Miller (1983b). The
Kleine Kuppe Formation consists of intercalated, thin-bed-
ded micaceous quartzites and schists as well as occasional
thin amphibolite bands. Hoffmann (1983) interpreted the
Vaalgras Subgroup to represent slope (Chuos Formation)

and ocean-basin (Melrose and Kleine Kuppe Formations)
deposits. Contacts with the overlying Kuiseb Formation
pelites and meta-greywackes are structural.

2.2.3 Stratigraphy of the Khomas Trough

In the study area, the Khomas Trough is bounded to the
north by the post-tectonic Donkerhuk Granite (Fig. 2.4).
Further to the west, however, Porada and Wittig (1983) have
established an interfingering of the Khomas Trough meta-
sediments 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 (Fig.
2.3). Rock types present are mainly metasediments such as
metagreywackes, meta-siltstones, pelites, graphite schists,
scapolite 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,
1983b) of metamorphosed mafic volcanic and intrusive
rocks which are interposed with the metasediments. Also as-
sociated with the Matchless Member are ultramafic rocks
(Barnes, 1982).

Mapping within the Khomas Trough has now shown that
the sequence comprises several stratigraphic and structural
marker horizons (Fig. 2.4). These are: (1) the Matchless
Member, in this study referred to as the Matchless Amphibo-
lite, which is associated with a graphite schist and a marble
unit; (2) a thick pelitic unit north of the Matchless Amphi-
bolite; (3) a graphite schist unit several tens of metres thick
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Fig. 2.4: Landsat image of the central and western Khomas Trough showing lithological and structural marker units. Note their lateral
extent (reproduced with permission of the Satellite Applications Centre of the CSIR).

which is associated with a thin tremolite schist in the centre
of the trough; and (4) two pelitic successions (several hun-
dreds of metres thick) which were scapolitized during late-
stage metamorphism (Fig. 2.4). The marker 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 emphasizes 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
position of thrust-bound sequences.

Radiometric dating of Kuiseb Formation rocks in the
Khomas Trough has mostly produced ambiguous results
which are probably due to isotopic re-equilibration during
regional metamorphism (Hawkesworth et al., 1983) leading
for example to Rb-Sr whole rock ages in the order of 550-
490Ma (Hawkesworth et al., 1983; Kukla, 1991). A Rb/Sr
whole rock date of 765+37 Ma is listed by Hawkesworth et
al. (1981) for the Matchless Amphibolite.

2.3 Deformation, crustal structure and metamorphism
of the Damara Sequence

The Damara Sequence throughout the inland branch has
been subjected to varying degrees of deformation involv-
ing folding, thrusting and faulting. As with the stratigraphic
asymmetries, structural patterns also vary markedly across
the orogen (Coward, 1983; Henry et al., 1990). Generally,
intensity of deformation increases southwards from gently
open, upright folds on the Northern Platform into tight, lo-
cally recumbent, northward-verging folds and thrusts in the
Northern Zone (Frets, 1969; Miller, 1983b). Further south,
complex interference patterns of upright to northerly - and
southerly-inclined, tight and locally recumbent folds occur
in the Central Zone (Smith, 1965; Jacob, 1974; Blaine, 1977,
Sawyer, 1981; Coward, 1983; Miller, 1983b). Folds are tight
to isoclinal and upright close to the Okahandja Lineament,
passing into southeastward-verging, open and isoclinal folds
in the Khomas Trough (Smith, 1965; Hélbich, 1977; Kukla
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et al., 1988). Several phases of deformation, which are asso-
ciated with folding, thrusting, faulting and cleavage forma-
tion, have been discerned within the Khomas Trough. Fold
vergences are consistently to the southeast and axes gener-
ally trend northeast except at the Okahandja Lineament.

The Okahandja Lineament (Fig. 2.2) is a monoclinal
downfold of the Damaran succession along the southern
edge of the Central Zone (Miller, 1983b). It constitutes a
major structural break which shows early and late strike-slip
displacements (Downing and Coward, 1981) and which has
been interpreted by Miller (1979) to represent an early, re-
peatedly rejuvenated, fundamental structure of the orogen.
Thrusting increases southwards and complex thrust and
nappe systems involving pre-Damaran basement and ultra-
mafic bodies occur in the Southern Margin Zone (Hoffmann,
1983). The Schlesien-Amerongen Line (Hartnady, 1978) or
Us Pass Lineament (Hoffmann, 1983) is a prominent zone
along the northern margin of the Southern Margin Zone
(Figs 2.2 and 2.4) which contains nappes of basement and
ultramafic rocks and thrusts, the Hartelust Rhyolite Mem-
ber. It has also been considered to represent a major tec-
tonic boundary which might be connected and traced into
the Mwembeshi shear zone of the Zambezi Belt, as such
representing a transcontinental Pan-African shear zone (Un-
rug, 1990). The northern edge of the Southern Foreland has
been deformed into open- to tight-folds but deformation dies
out further to the south (Ahrendt et al., 1977; Weber et al.,
1983).

Very little geophysical data are available from the Damara
Orogen. Aeromagnetic surveys have confirmed and defined
lineaments and lineament zones (Corner, 1983) that form the
boundaries of the tectono-stratigraphic zones shown in Fig-
ure 2.2. Results support the hypothesis that the lineaments
are associated with downfolding of stratigraphic sequences
(Miller, 1983b). The most severe downfolding may have
occurred along the Okahandja Lineament with the Central
Zone being uplifted relative to the Khomas Trough in the
order of 20 km (Miller, 1983b; Corner, 1983). An acromag-
netic survey of Botswana (Reeves, 1978) clearly shows a

major tectonic belt connecting the inland branch with the
Katanga and Zambezi Belts (Fig. 2.1). Three northeast-
trending seismic profiles in the Central 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 crus-
tal section. The depth of the Moho is interpreted to be be-
tween 36 and 47 km (Green, 1983). The Khomas Trough
profile was set up along strike from the Windhoek area to
the east. It shows a 3 km-thick low-velocity section on top,
followed by denser material down to the 50 km-deep Moho
(Green, 1983). Palacomagnetic data suggest that there was
initially no separation of the Congo and Kalahari Cratons
during the Late Proterozoic (Piper et al., 1973; McWilliams
and Kroner, 1981). The resolution of data, however, allows
a separation of approximately 800 km and there are no data
for the period from 730 to 700 Ma (Miller, 1983b ).

The Damaran rocks have been subjected to low-, medium-
, and high-grade metamorphism. Mapping of regional meta-
morphic 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 high-
est temperatures has occurred. The studies of Sawyer (1981)
and Kasch (1983b) confirmed that metamorphic tempera-
tures increased and pressures decreased inward towards the
Central Zone, with the highest pressures of up to 11 kbar
obtained in the southern Khomas Trough. Metamorphism in
the Khomas Trough reached the upper amphibolite facies
with partial melting occurring along the northern margin.
The migmatites of the Kuiseb Formation in this area have
been reinterpreted to represent “in situ” migmatization dur-
ing regional metamorphism and U-Pb monazite ages of
about 520 Ma are interpreted as dating the peak of meta-
morphism (Kukla ef al., 1990a; Kukla, 1991). No agreement
has yet been reached as to whether metamorphism in the
Damara Orogen was a single prograde event (Jacob, 1974;
Hoffer, 1977) or had several peaks, as suggested by Sawyer
(1981) and Kasch (1983b).
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3. SEDIMENTOLOGY

3.1 Introduction

A large part of the present outcrop surface in the Southern
Damara Orogen comprises rocks of the Kuiseb Formation
within the Khomas Trough. No detailed sedimentological
studies have, however, previously been undertaken because
of the supposed monotony of the sequence and because of
its structural and metamorphic overprint. It is therefore the
aim of this chapter to present data from measured sections
taken across the Khomas Trough and to combine these in a
model of depositional palaco-environments. The most likely
tectonic settings in which the sedimentary precursors of the
Kuiseb metasediments might have accumulated, and suit-
able provenance areas, are also discussed. Since the Kuiseb
schists represent metamorphosed rocks, the present-day
lithotypes will primarily be introduced. For convenience the
interpretation of their probable sedimentary precursor rocks
is added to the headings of section 3.2.

3.2. Description of lithotypes

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

Psammites are most abundant throughout the Khomas
Trough. The light grey to dark grey quartz-plagioclase-mica
schists vary from below 10 cm up to 5 m in thickness and
are mineralogically uniform. The metamorphic texture is

schistose. Quartz forms polygonal grain boundaries indi-
cating recrystallization and the quartz-plagioclase matrix is
fine- to medium-grained (<0.5 mm). Other mineral phases
are largely dependent on the metamorphic grade in various
parts of the traverse and include plagioclase, biotite, mus-
covite, chlorite, scapolite and minor amounts of tourmaline,
epidote, sphene, zircon and apatite.

3.2.2 Mica-quartz-plagioclase schist (pelite and
metasiltstone)/mudstone and siltstone

Pelites are also abundant throughout the Khomas Trough
whilst meta-siltstones only occur in the central part of the
traverse. Both rock types are principally mica (biotite-mus-
covite)-quartz-plagioclase schists with unit thicknesses
ranging from below 10 cm to more than 10 m. Depending on
the metamorphic grade and the bulk-rock geochemistry, the
minerals garnet, staurolite, kyanite, andalusite, sillimanite,
chlorite, scapolite as well as minor amounts of tourmaline,
epidote, sphene, zircon and apatite are also present.

3.2.3 Graphitic mica-quartz-plagioclase
schist/carbonaceous mudstone

Units of graphite schists are developed particularly in
the central and southern part of the traverse. The amount
of graphite ranges between 20% and nearly 100% within
pelitic schists with streaked texture. Additional components

TABLE 3.1: Chemical compositions of psammites and pelites of the Kuiseb Formation along the study traverse in the western
Khomas Trough (samples were reduced in a jaw crusher and tungsten carbide mill, and prepared as pressed pellets and
fused discs in the Department of Geology, University of the Witwatersrand). SD = standard deviation.

Psammites Khomas Trough Pelites Khomas Trough
Element mean min max SD Element mean min max SD
(n=70) n=62)
SiO; (wt %) 72.40 68.12 75.65 1.62 SiO7 (wt %) 57.85 39.93 68.23 5.57
TiO2 .85 49 1.19 15 TiO2 1.01 .78 1.55 15
Al203 11.19 9.35 13.11 74 AlO3 18.06 13.35 25.90 2.73
Fep03* 5.06 3.35 6.34 .59 Fe,03* 8.18 1.42 12.11 1.77
MnO .08 .06 15 .02 MnO .10 .01 .18 .03
MgO 2.03 1.39 348 .36 MgO 424 .67 7.88 1.21
CaO 1.70 71 5.07 73 CaO 1.58 A1 8.86 1.78
NaxO 2.78 1.62 3.94 46 NaO 1.65 .59 431 75
K20 2.16 1.26 3.95 .46 K20 4.51 32 7.87 1.31
P20s .19 .10 27 .04 P20s 21 .07 35 .05
Cr (ppm) 77 60 101 9.55 Cr (ppm) 125 85 187 20.90
Ni 27 14 51 6.49 Ni 49 23 79 12.50
Rb 85 34 127 15.99 Rb 180 14 381 57.65
Sr 146 58 396 69.78 Sr 114 40 388 70.99
Ba 462 185 949 147.89 Ba 752 79 1486 275.76
v 99 70 124 11.19 \" 191 121 304 38.53
Y 33 17 45 4.83 Y 39 26 64 7.36
Zn 71 13 121 17.13 Zn 117 14 212 42.61
Nb 10 4 15 1.96 Nb 14 6 20 2.64
Zr 243 125 384 66.92 Zr 202 152 291 27.33
Co 12 7 18 2.11 Co 18 6 32 4.56
Cu 26 6 142 29.97 Cu 42 6 235 46.82

*total Fe as Fe203
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Fig. 3.1: (A) Geochemical variation diagrams showing major
elements of psammite analyses plotted against an immobile
parameter Zr. Note the good correlations with TiO7 and P20s.
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(B) Geochemical variation diagrams showing minor
elements of psammite analyses plotted against an immobile
parameter Zr. Note the good correlations with Y, V, Nb and

(with decreasing frequency) are biotite, muscovite, quartz,
plagioclase and chlorite as well as andaluslte in the appro-
priate metamorphic zones. The schists contain appreciable
numbers of pyrite grains.

3.2.4 Marble and tremolite schist/carbonate

A marble unit up to 2 m thick in the hanging wall sequence
of the Matchless Amphibolite is composed mainly of fine-
grained dolomite and some calcite as well as minor amounts
of quartz and muscovite. A deeply-weathered layer of rock,
up to 1 m thick, which contains mostly tremolite and some
biotite and quartz «5%) occurs in the centre of the Khomas
Trough.
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Fig. 3.2: Geochemical grid for discriminating clastic sedimentary
protoliths after Wimmenauer (1984), with Kuiseb metagrey-
wackes, pelites, metasiltstones and graphite schists plotted.

3.2.5 Calc-silicate rock/impure carbonate

Calc-silicate rocks occur as a relatively minor component
of the sequence throughout the area. These form bodies with
a large variety of shapes and mineralogical compositions,
e.g. layers, spindles, nodules segregations and veins. Miner-
al components encountered are: quartz, plagioclase, garnet,
hornblende, biotite, muscovite, diopside, zoisite, calcite,
scapolite, epidote, chlorite, sphene, rutile, apatite and tour-
maline within a partly blastomylonitic matrix.

3.3 Geochemical characterization of psammites, pelites and
meta-siltstones

A brief geochemical characterization of the Kuiseb schists
was undertaken in order to support the thin-section and
sedimentological data. This also helps to constrain later
considerations of a suitable source area. Layers of psam-
mites, pelites and meta-siltstones were sampled along the
study traverse and subsequently analysed by XRF whole-
rock analysis for 23 major and trace elements. The data are
presented in Table 3.1 which gives mean, minimum and
maximum element concentrations as well as the standard
deviation of the 132 samples analysed. The full analyses are
given in Appendix 1.
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3.3 Geochemical characterization of psammites, pelites and meta-siltstones

One of the major geochemical problems encountered in
resedimented and metamorphosed terranes is secondary-
element mobilities. Studies in other parts of the Khomas
Trough have indicated certain mobilities of major and minor
elements (Miller, 1983c¢; Phillips et al., 1989). This is also
confirmed by geochemical studies of Haussinger (1990) who
compared unaltered Kuiseb schists from the present study
area with altered Kuiseb schists from the Gorob massive sul-
phide deposit in the Namib desert. Elements plotted against
an “immobile” TiO /Zr ratio (Haussinger and Kukla, 1990)
show mostly good correlations in the case of the Khomas
Trough. In the consideration of possible source areas, the
psammites have been chosen for further investigations. This
is because pelites usually show more significant changes
during metamorphism than the mineralogically and chemi-
cally more uniform psammites. Secondly, it will be shown

later in this chapter that, in contrast to the psammites, the
precursors of the pelites were formed under different depo-
sitional processes.

The element Zr is thought to have been transported mostly
as the heavy mineral zircon with other sand grains and conse-
quently major and minor elements have been plotted against
Zr as the “immobile” parameter in Figure 3.1. Respective
element mobilities are shown in this type of variation dia-
gram and in this case they demonstrate good correlations
and small variations of inter-element ratios of TiO,, PO,
Y, Nb, Cr, and partly Fe, O, 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 been immobile.
Phillips et al. (1989) have shown from investigations in the
Kuiseb schists of the eastern Khomas Trough that most of
the above elements are also reasonably constant if plotted
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Fig. 3.3: Representative measured sections I-V showing range of sedimentary structures preserved,
Bouma sequences and palaeocurrent directions in the Kuiseb Formation. For facies classifi-
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in Figure 3.12.
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against Ti in pelitic rock types.

The geochemical grid of Wimmenauer ( 1984) classi-
fies sedimentary protoliths by means of K ,O/Na,O and
SiO,/ALQ, ratios (Fig. 3.2). Although element mobilities
especially for K and Na may be expected (Fig. 3.1), the
diagram clearly distinguishes geochemically “pelites” and
“greywackes”. Data points in the arkose field are samples
with slightly higher quartz contents due to veining. The
more pelitic character of the siltstones is also indicated in
this diagram.

3.4 Sedimentary structures and palacocurrents

(a) Sedimentary structures

Short sections were measured in detail throughout the
study traverse on a variety of scales from centimetres up-
wards. With the exception of the southern-most part of the
area, sedimentary structures have been detected throughout
the Kuiseb Formation rocks. Sedimentary logs from out-
crops with the best-preserved sedimentary structures are
shown in Figure 3.3. Measured section data showed that
bed thicknesses may be defined according to the scheme
employed by Mutti and Ricci Lucchi (1975) with very
thick beds greater than 100 cm; thick beds, 40-100 cm;
medium beds, 10-40 cm; and thin beds 1-10 cm. In terms
of measured bed thicknesses it is to be expected in a de-
formed terrane that tectonic thinning affects the analysis.
Sedimentary structures do, however, act as strain markers

and may indicate a low degree of internal deformation if
original shapes are largely preserved. Additionally, it will
be shown elsewhere (see Chapter 4) that layer-parallel ex-
tension played a minor role within low-strain zones in the
Khomas Trough.

Initially, the primary nature of the layering in which the
above lithotypes are organized is confirmed by sharp bases
and tops of beds, graded beds and various erosional fea-
tures (Fig. 3.3). Graded beds are more quartz- and feld-
spar-rich at the base and more mica-rich at the top, repre-
senting a metamorphosed compositional grading (Fig. 3.4,
A) reflecting a sand- to mud-rich transition in a normally-
graded unit. Furthermore, structural fabrics mostly cross-
cut and refract at bedding surfaces and bedding - fabric
relationships therefore allow structural way-up control of
both folds and measured sections within the traverse. Sedi-
mentary structures such as graded bedding confirm strati-
graphic “way-up”. This terminology will be employed in
the following sections.

Bedding is generally very uniform laterally although ob-
servations are limited by outcrop size. In the case of the
psammites, internal bed forms present are: (1) massive,
structureless; (2) plane-laminated; and (3) cross-laminat-
ed. Small-scale trough cross-lamination (Fig. 3.4, B and
C) has been recognized in several outcrops and occurs both
within discrete psammitic layers and in graded units which
form part of Bouma sequences.

Load casts are common, with a maximum width of 10 cm

12



3.4 Sedimentary structures and palaeocurrents

Fig. 3.4: (A) Graded layering in medium-bedded facies C2.2 turbidite (facies terminology after Pickering ef al., 1986). Note the
crosscutting relationship between the metamorphic-banding cleavage (oblique) and bedding (horizontal). Lens cap is 4.9 cm in
diameter. Farm Tsawisis 308. (B) Trough cross-lamination in a facies B2.2 turbidite. Coin is 2.5 cm in diameter. Farm Dagbreek
365. (C) Trough cross-lamination and flute casts (above the pocket knife) in facies B turbidites. Pocket knife is 8.5 cm long. Farm
Dagbreek 365. (D) Overturned load <‘uctures in a medium-bedded facies C turbidite. Farm Kaan 309. (E) Metagreywacke layer
showing extreme loading. Farm Dagbreek 365. (F) Flame structures and ball-and-pillow structures in medium-bedded facies C
turbidites. The first major cleavage crosscuts the various structures confirming their sedimentary origin. Lens cap is 4.9 cm in
diameter. Farm Dagbreek 365.
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3. SEDIMENTOLOGY

Fig. 3.5 : (A) Large flute casts at the underside of a facies B (class 1b of this study) turbidite. Palacocurrents indicate current flow
towards the southwest. Khomas Hochland Pass, farm Garums 300. (B) Graphite schist rip-up clasts in a thick-bedded facies C
turbidite. Lens cap is 4.9 cm in diameter. Farm Kaan 309. (C) Metasandstone dykes in a thick, mud-dominated facies C2.4 turbidite.
Farm Kaan 309. :

(Fig.3.4, D). In some cases the loads have became detached
from the original sediment and form load balls or ball-and-
pillow structures in the underlying pelites (Fig. 3.4, E and
F). Loads show internal lamination which is parallel at the
margins but contorted towards the centre. Laminations of
underlying strata are deformed by flame structures which
are associated with the loads (Fig. 3.4, F). Extreme loading
has led in some cases to layers which comprise an accumu-
lation of load balls (Fig. 3.4, E).

A variety of erosional structures is present, namely flute
casts, small-scale scours and channels (Fig. 3.3). Bilaterally
symmetrical flute casts are preserved on the undersides of
massive psammitic layers. The flutes commonly range from
10 cm to 20 cm in length and from 5 cm to 10 cm in width
and depth (Fig 3.4, C). In one particular outcrop at the Kho-
mas Hochland road, however, mega-flutes with a length of
about I m and a width and depth of 20 cm to 50 cm were
found (Fig. 3.5, A). The flutes are excellent way-up indica-
tors and they have also been used to determine palacocurrent
directions.

Scour surfaces and channels are developed throughout the
traverse. These erosional features are evident where mostly
massive psammitic layers truncate earlier bedding surfaces
(Fig. 3.3, IV and V). Only a few channels have, however,
been found with both margins exposed and these show a
maximum depth of about 3 m and a width of 5 m.

Some thick psammitic units, reaching a thickness of
more than 10 m, are subdivided by bedding-parallel joint-
like surfaces which might indicate “amalgamation” (proc-
esses leading to erosional contact surfaces between adjacent
psammitic beds).

In several outcrops, rip-up clasts of pelite and graphite
schist up to a few centimetres in length and width have been
observed within psammitic lithologies. Rip-up clasts of
graphitic schist are incorporated into psammites and meta-
siltstones (Fig. 3.5, B) at the graphite schist sequence on the
farm Kaan, thus confirming the primary sedimentary origin
of this unit.

In the centre of the traverse, “sandstone” (psammite) dykes
are preserved in thick-bedded graded sequences and in the
thick graphite schist on the farm Kaan. One particular out-
crop exhibits exceptionally well-preserved dykes which are
up to 2 m long and 30 cm wide. Dyke walls are both straight
and parallel-sided or irregular and undulating. The dykes
lead from the psammitic base of thick graded units and may
be traced through the silty-pelitic top upwards, where they
link with the 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 structures may
be observed at the graphite schist on the farm Kaan. There,
however, the dykes occur isolated within the graphite schist
and they contain graphitic clasts.
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3.5 Turbiditic and pelagic facies

(b) Palaeocurrents

Palaeocurrent determinations have been made in some
outcrops where three-dimensional orientations of flute
casts and sets of trough cross-laminae could be measured.
The measurement of palacocurrents was facilitated by the
fact that the sedimentary structures are preserved in zones
of low strain. In these zones, sequences are usually up-
ward-facing and the fold axes of the main fold phase are
horizontal with the axial plane dipping northwestwards
(330°/45°).

The second phase of deformation in these zones is rep-
resented only by a reorientation of micas, and small-scale
folds related to this phase also have horizontal fold axes
co-linear with the previous main fold phase. This meant
that the restoration of palacocurrents involved a straight-
forward small-circle rotation on the sterconet. Although
only a few palaeocurrent orientations from flute casts and
trough cross-beds could be obtained, they show a remark-
able uniformity throughout the traverse (Fig. 3.6). Orienta-
tions indicate current flow from the east-northeast to the
west-southwest (230° -250°).

3.5 Turbiditic and pelagic facies

The recognition of sedimentary structures within grad-
ed units in the present study area proves that parts of the
Kuiseb schists are organized in classical Bouma sequences
(Bouma, 1962). These units are therefore hydrodynami-
cally interpreted as having been deposited by turbidity cur-
rents, being one end member of “sediment gravity flows”
as defined by Middleton and Hampton (1973, 1976). The
development of graded bedding has previously been used
in isolation to infer that the sedimentary precursors of the
Kuiseb schists were deposited by turbidity currents (Miller
et al., 1983; Preussinger et al., 1987).

In consequence, sedimentary facies may be defined in
the Kuiseb schists and be compared with current classifica-
tion schemes of marine clastic sediments. The most widely
used classification is the “turbidite facies and facies asso-
ciations” scheme of Mutti and Ricci Lucchi (1972, 1975).
New research data from the past decade have led Picker-
ing et al. (1986) to a reclassification of ancient and recent
deep-water sediments. Figure 3.7 gives an overview of the
turbidite facies classes established in this study and these
are compared with the schemes of Mutti and Ricci Lucchi
(1975) and Pickering et al. (1986). In extending Gressly’s
(1838) original application of facies, Selley (1976) defined
the parameters of facies, namely lithology, sedimentary
structures, palacontology, geometry and palacocurrent pat-
terns. These are only partly applicable, however, to de-
formed and metamorphosed Phanerozoic and Proterozoic
rocks. The major attributes used to define facies in the
Kuiseb schists are lithologies, bedding style, vertical bed
thickness distribution, variations in psammite/pelite ratio
and sedimentary structures. On the basis of these charac-
teristics, the metasediments within the Khomas Trough are
grouped into seven facies classes, representing both tur-
bidite and pelagic facies which are characterized and hy-
drodynamically interpreted below. Additional data have led
to an extension of a facies classification scheme given by
this author in an earlier publication (Kukla ef al., 1988).

Fig, 3.6: Palacocurrent data from various measured sections
throughout the Khomas Trough. Palacocurrent directions
determined from sets of cross-laminae and flute casts (n = 15).
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Fig. 3.7: Summary of the turbidite facies classification of this
study compared with other studies.

3.5.1 Medium- to very thick-bedded psammite facies
(faciesclass 1)

This facies class includes psammitic layers which are not
part of a Bouma sequence. It is subdivided into (a) massive,
structureless psammites; (b) massive, “organized” psam-
mites; (c) parallel-stratified psammites; and (d) cross-strati-
fied psammites.

(a) Massive, structureiess psammites

The structureless psammites have sharp and planar bound-
ing surfaces and range in thickness from 15 cm upwards,
commonly to about 3-5 m (Fig. 3.8, A). Psammitic units
which are 5 m to 15 m thick commonly show signs of amal-
gamation. Graded layering has not been observed. This
facies would best be compared with facies B 1.1 “thick/me-
dium-bedded disorganized sands” of Pickering et al. (1986).
(In the Mutti and Ricci Lucchi (1975) scheme, however,
these psammites could be assigned to both facies A1, which
includes medium- to coarse, often amalgamated sandstones,
and to more “organized facies B 1 sands”. In contrast, facies
A of Pickering et al. (op.cit.) only contains gravels and peb-
bly sands). Interpretation: Depositional processes assigned

15



3. SEDIMENTOLOGY

to this facies are high-density turbulent flows (Mutti and
Ricci Lucchi, 1975; Pickering et al., 1986; Lowe, 1982).
The psammites are similar to mostly structureless facies
S, sands of Lowe (1982), who interpreted deposition from
high-concentration turbidity currents by suspension sedi-
mentation. Some liquefied flow deposits closely resemble
these S, divisions but would contain generally fine-grained
sand and coarse silt (Lowe, 1982). Within this facies the
effect of tractional processes, developed beneath turbidity
currents and typical for “proximal” turbidites and Bouma
T, divisions, must also be considered.

(b) Massive, “organized” psammites

Abundant within the sections measured are psammites
which have a massive texture if compared with other facies
in this facies class (see below) but which contain sedimen-
tary structures (Fig. 3.3). Bed thicknesses range from 10
cm to about 3 m but are mostly in the order of 70 cm.
Most commonly the layers which are up to 70 cm thick
contain trough cross-lamination in the upper 10 cm. Load
casts and flute casts do occur on bases (Fig. 3.4, C). Ero-
sional channels and scours detected within the traverse are
mostly developed within this facies class. Sandstone dykes
and rip-up clasts have also been observed. This facies com-
pares well with Mutti and Ricci Lucchi’s (1975) facies B2
turbidites. Pickering et al. (1986), however, do not address
a facies which includes massive, ungraded psammites con-
taining a variety of sedimentary structures. Interpretation:
This facies might indicate the transition from high-density
suspension flow to residual low-density currents whose
cross-lamination confirms continued rapid fallout from
suspension. This process was suggested by Lowe (1982)
and is manifest in units comprising his S, and T, divisions.

(c) Parallel-stratified psammites

This facies is poorly developed within the area. The beds
are 10-35 cm thick and show flat, planar upper and lower
surfaces. No sedimentary structures have been observed.
This facies is compared with plane-laminated facies B 1
of Mutti and Ricci Lucchi (op.cit) and with facies B2.1
of Pickering et al. (op.cit). Interpretation: Within turbidite
sequences, this facies is interpreted as traction carpet de-
posits, comprising ‘“horizontal” lamination and inverse
grading (Lowe, 1982; Pickering et al., 1986; Hiscott and
Middleton, 1979). The latter feature, however, has not been
observed in the metamorphosed Kuiseb schists.

(d) Cross-stratified psammites

A cross-stratified psammitic layer which is not part of a
Bouma sequence has only been observed in one outcrop
(Fig. 3.4, B). The layer is 20 cm thick, trough cross-lami-
nated and the top and basal contacts are sharply defined.
This facies is the only facies of completely cross-laminated
meta-sandstone layers and compares principally with facies
B2.2 of Pickering et al. (1986). Caution must be applied,
however, in terms of the grain size, since this facies is only
assigned to medium- to granule-grade sands, an evaluation
which cannot strictly be made in metamorphic rocks. /nter-
pretation: It has been pointed out by various authors that

discrete cross-stratified layers might be attributed to trac-
tional processes beneath dilute turbidity currents or bot-
tom currents (Mutti and Ricci Lucchi, 1972; Lowe, 1982;
Pickering et al., 1986).

3.5.2 Very thick- to thin-bedded graded
psammite/pelite facies (facies class 2)

The psammite-pelite couplets of facies class 2 show a
wide range of psammite/pelite ratios from 10:1 to 1:10.
Graded layering generally characterizes this facies and sed-
imentary structures within Bouma sequences are abundant
Four subfacies have been distinguished (Fig. 3.7) based
mainly on bed thickness, which may initially appear to be
an arbitrary criterion. Measurements have shown, howev-
er, that certain sedimentary structures are associated 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 cm to 170 cm (Fig. 3.8, B).
Psammite/pelite ratios in well-developed graded beds vary
between 1: 1 and 10: 1 but commonly are about 4: 1. Sedi-
mentary structures found in this facies are primarily sets
of trough cross-laminae which contribute to partial Bouma
sequences that are mostly T, divisions, although complete
Bouma divisions have also been found (Fig. 3.8, C and D).
Additional structures are rip-up clasts, scour surfaces, load
casts, load balls and flame structures. This facies is com-
pared with facies C2 of Mutti and Ricci Lucchi (1975) and
with facies C2.1 of Pickering et al. (1986).

(b) Medium-bedded graded units are abundant in meas-
ured sections (Fig. 3.3). The beds are 10-25 cm thick and
psammite/pelite ratios range widely between 10: 1 and 1:
10 with an average of 1: 1. Bouma sequences are mainly
T, divisions lacking the lower massive psammite, but T
and T  divisions have also been found. Sedimentary struc-
tures are comparable to those in the previous subfacies.
This facies is compared with facies C2.2 of Pickering ef al.
(op.cit) and facies D, of Mutti and Ricci Lucchi (op. cit).

(c) Thin-bedded graded layers are up to 10 cm thick and
are characterized by a dominant pelitic top (Fig. 3.8, E)
with psammite/pelite ratios usually <<l.  Bouma se-
quences often start with trough cross-laminated T, units
within overall T  sequences. No additional sedimentary
structures have been found. This facies is comparable
with facies C2.3 of Pickering et al. (1986) and facies D1
of Mutti and Ricci Lucchi (1975). Interpretation: Facies
2 very thick- to thin-bedded graded layers represent the
“classic” turbidites described by Walker (1976) and depo-
sitional processes therein have been interpreted by many
workers (Bouma, 1962; Piper, 1978; Walker, 1978; Stow
and Bowen, 1980). High-concentration turbidity currents
with rapid settling seem the predominant depositional
processes within this facies but low-concentration currents
produce thin-bedded units and decreasing psammite/pelite
ratios.

(d) Graded layers which are dominated by pelitic litholo-
gies and which are 50 cm to more than 2 m thick have been
observed in a few outcrops across the traverse. Psammitic
bases are rather irregular and commonly show load struc-
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3.5 Turbiditic and pelagic facies

tures. The pelitic parts of the units are laminated with al-
ternations of pelites and meta-siltstones. On the farm Kaan,
spectacular meta-sandstone (psammite), dykes have devel-
oped from the lower psammitic layer through the pelitic
part, finally to join the psammite of the overlying graded
unit (Fig. 3.5, C). This facies is compared with facies C2.4
of Pickering et al. (1986). Interpretation: Pickering and His-
cott (1985) attributed this unusual facies to large-volume,
high-concentration turbidity currents confined within small
basins. In this model the thick silt-mud layers are formed
by rapid settling of floes within a highly concentrated mud
cloud. Piper (1978) pointed out the occurrence of thick tur-
biditic mud beds overlying sands with partly gradational
contacts in channel to levee environments. He also cited
ponding in basins as a possible mechanism to accumulate
turbiditic thin sand/thick mud couplets.

A
= g
-

3.5.3 Thin-laminated metasiltstone facies
(facies class 3)

This facies is only developed in the central part of the
study traverse. The classification as siltstones seems appro-
priate because of the thin-laminated character of sedimen-
tary layering, and the modal compositions which point to-
wards equal proportions of quartz and mica. The sequences
comprising this facies are all very similar so that only one
facies type, namely graded stratified meta-siltstones, has
been established.

The sedimentary units comprising this facies are typically
20 cm to 350 cm thick. Within these, single metasiltstone
layers are internally well-laminated (i.e. silt and clay lami-
nations) with bed thicknesses ranging from I mm to 2 cm
(Fig. 3.8, F). Only very few sequences comprise up to 7 cm-

Fig. 3.8: (A) Thick-bedded facies B turbidites. Height of scale (circled) is 1.7 m. Farm Usambara 304. (B) Thick-bedded facies C2.1
graded psammite/pelite turbidites. Beds are overturned. Farm Kaan 309. (C) Complete Bouma sequence developed in a facies
C2.1 turbidite underlying a thick-bedded facies B psammite. Farm Dagbreek 365. (D) Complete Bouma sequence developed in a
facies C2.1 turbidite overlying a medium-bedded facies B psammite and underlying a medium-bedded facies C2.2 turbidite

containing flute casts (see arrow). Farm Dagbreek 365.
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3. SEDIMENTOLOGY

Fig. 3.!_!:_ (E) Thin-bedded facies C2.3 turbidite with low psammite/pelite ratios. Note the selective development of sillimanite in the
pelmc.: t.ops; beds are overturned. Pocket knife is 8.5 cm long. Farm Keises 312. (F) Fine-laminated facies D2.1 metasiltstones
containing small load structures (indicated by arrow), Lens cap is 4.9 cm in diameter. Farm Kaan 309.

thick layers. The majority of the beds show normal grading
with psammite/pelite ratios in the order of 3:1-1:2. Bouma
sequences comprise mostly T, divisions. Pelitic tops are in
some cases graphitic. Bases often show micro-loading and
flame structures. Cross-lamination is occasionally devel-
oped in the lower quartz-rich parts of layers, thus constitut-
ing Bouma T turbidites. This facies compares with facies
D, of Mutti and Ricci Lucchi (1975) and with facies D2.1 of
Pickering et al. (1986). Interpretation: Thin-laminated silt-
stones 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
laminated units. Pickering (1984) attributed the thin lamina-
tions to discrete (waning) flow events with an accompany-
ing depositional sorting process as described by 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 thin-bedded petite facies
(facies class 4)

This facies comprises pelitic layers which are not part of
graded psammite/pelite couplets and it is subdivided into (a)
structureless pelites and (b) “organized” pelites. The clas-
sifications of Pickering et al. (op.cit.) and Mutti and Ricci
Lucchi (op.cit.) distinguish a variety of mud subfacies us-
ing additional components such as colour, organic carbon
content, terrigenous input, degree of bioturbation and grain
size. These cannot be evaluated in the pelites of the Kuiseb
schists. A further problem encountered is the preservation
potential of pelitic units which would have been preferen-
tially eroded.

(a) Structureless pelites mostly occur in units where bed-
ding is poorly defined. The thickness varies from about 20
cm to several metres. No sedimentary structures have been
found and the layers are mostly coarsely recrystallized
pelites with biotite and chlorite (depending on metamor-
phic grade and bulk composition) as the main constituents.
This facies may be compared with facies E1.1 “structureless
muds” of Pickering ef al. (op.cit.) and with the E3 division
of Piper (1978). The thin- to medium-bedded pelites of this
facies may be compared with Mutti and Ricci Lucchi’s (op.
cit.) facies D or facies G pelites. These authors have not ac-
counted, however, for pelitic layers thicker than 60 cm.

(b) Pelites which show some degree of internal organiza-
tion are assigned to the second group within this facies. These
rocks may best be described as graded, laminated pelites.
The grading varies from silt to mud with ratios of generally
less than 1:3 but transitions are very often ambiguous. Pelite
layer thicknesses range from below 10 cm to more than 10
m. One unit which is about 30 m thick has been found in the
centre of the traverse but a component of tectonic thicken-
ing through repetition cannot be excluded (Fig.3.9, A). This
facies may also be compared with facies D or G of Mutti
and Ricci Lucchi (op.cit.) and with facies E2 and facies G of
Pickering et al. (op.cit.). Interpretation: Fine-grained sedi-
ment may generally be deposited as turbidites, contourites
and as a result of pelagic-hemipelagic settling. It has been
pointed out by Stow and Piper (1984) that these processes
strongly interact and overlap during both transport and dep-
osition. Structureless muds may be interpreted as resulting
from nepheloid settling through the water column finally to
be reworked by deep-sea bottom currents (Gorsline, 1984).
This facies may also result from ponding of thick, dilute tur-
bidity currents as suggested by Pickering et al. (1986). Piper
(1978) pointed out that the internal organization of muds is
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3.5 Turbiditic and pelagic facies

Fig. 3.9 : (A) Very thick-bedded (10 m) facies E pelites. Farm Keises 312. (B) Calc-silicate layer and spindles (facies class 5) in
thick-bedded facies B turbidite above facies C turbidite. Farm Dagbreek 365. (C) Very thick-bedded pelagic graphite schist facies
(facies class 6).‘Height of outcrop is about 10 m. Farm Kaan 309. (D) Dolomitic marble facies (facies class 7) on top of a graphite
schist in the hangingwall of the Matchless Amphibolite (stratigraphic top towards the left). Hammer for scale. Farm Annelie 412.

largely dependent on the deceleration of the turbidite flow
concerned. Thin facies E2 turbidites may therefore be de-
posited through grain-by-grain settling or aggregate settling
within low-concentration turbidity currents (Pickering et al.,
1986).

3.5.5 Impure metacarbonate facies (facies class 5)

(a) Description

Metacarbonate-rich lithologies occur widely within the
Khomas Trough as calc-silicates and have been described
previously (e.g. Gevers, 1963; Hélbich, 1970; Porada, 1973;
Preussinger, 1987). A large variety of geometries of these
units has been observed in the present study area such as:
(a) well-defined layers up to 40 cm thick that are parallel
to bedding (Fig. 3.9, B); (b) cigar-shaped spindles up to
several metres long and 40 cm thick that are either aligned

along bedding planes or oriented between bedding and the
S, cleavage (Fig. 3.9, B); (c) small nodules up to several
cm long and wide; (d) diffuse concentrations of calcareous
lithologies within cleavage domains; and (e) calc-silicate
veins discordant to bedding. The occurrence of the calc-sili-
cates is almost exclusively restricted to psammitic litholo-
gies and in particular to the basal parts of facies 1 turbidites
and the structureless Bouma T division of facies 2 turbidites.
Furthermore, finely-dispersed calcarcous material is pref-
erentially deposited within the troughs of cross-laminated
psammites. This feature has also been observed in the Ugab
area in northwestern Namibia where much less de-formed
and metamorphosed equivalents of the Kuiseb

schists crop out.

(b) Interpretation
There are several possibilities which would account for

19



3. SEDIMENTOLOGY

the origin of the carbonate leading to the formation of calc-
silicates during regional metamorphism. These are: (1)
carbonate grains derived from adjacent shelves through re-
sedimentation processes (e.g. Stow, 1984); (2) pelagic or-
ganic precipitation by bacterial oxidation of methane (Faure,
1986); (3) inorganic oxidation of methane (Faure, 1986); (4)
carbonate derived from hydro thermal processes (e.g. Mottl
etal., 1983).

TABLE 3.2: Stable isotope data from graphite schists and
dolomitic marble. For sample localities see Figure
3.12. (All samples refer to bulk-rock analyses. Mass-
spectrometric measurements were undertaken with a
VG micromass 602 C. The samples were reacted with
100% H3PO4 at 25°C to liberate COz; analyses were
carried out at the Schonland Research Centre for Nu-
clear Sciences, University of the Witwatersrand).

SAMPLE SAMPLE 13 13
NO. | DESCripTiON |C C(%PDB)|G70 (% FDB)

PK 852 | Graphite schist, -20.4
Kwaggafontein
farm

PK 954 | Graphite schist, -19.6
Annelie farm

PK 825 | Dolomitic -43 -158
marble, Annelie
farm

PK 866 | Dolomitic -9.0 -15.7
marble, Annelie
farm

The wide distribution of calc-silicates in the Khomas
Trough and the striking confinement of these litholo-
gies to psammites, which are part of turbiditic sequences,
imply that calcareous sediment formed part of the resedi-
mentation processes during deposition of the siliciclas-
tics. Therefore possibility (1) is strongly favoured for the
origin of the carbonate. Stow (1984) described decreasing
amounts of carbonate upward from Bouma T, to T, divisions
in cores taken from the Angola basin. The redeposition of
fine-grained carbonate sediment (aragonite and Mg-calcite)
from shelf areas into adjacent ocean basins has frequently
been described; from the Bahama Banks, for example, by
Neumann and Land (1975) and Heath and Mullins (1984).
Transport distances of 200 km or more from the nearest car-
bonate source have been reported (Berner and Honjo, 1981).
Organic or inorganic precipitation of carbonate from sea-
water should have produced a more random distribution of
carbonate within the variety of lithologies in the Khomas
Trough. These processes may, however, not totally be ex-
cluded, since carbonate formed by pelagic precipitation may
also have been involved in resedimentation processes (e.g.
bottom currents) from the site of original deposition. There
is no evidence for hydro thermal processes in large parts of
the Khomas Trough which excludes possibility (4).

Processes leading to the formation of the various ge-
ometries of calc-silicates may comprise diagenesis (includ-

ing concretionary processes), deformation and subsequent
regional metamorphism. Porada (1973) initially proposed
concretionary processes within an originally CaCO,-bear-
ing sediment to account for the formation of the calc-sili-
cates. This interpretation is acceptable for the spindles and
some of the nodules; well-developed carbonate concretions
have also been observed in less-deformed and metamor-
phosed Kuiseb Formation schists in the U gab area.

Calc-silicate layers and calc-silicate lithologies deposit-
ed in troughs of cross-laminated psammites have, however,
not undergone concretionary processes and are interpreted
to represent resedimented deposits. Regional metamor-
phism has formed the various mineral assemblages ob-
served and element mobilization processes may account
for the formation of calc-silicate assemblages along veins
and fractures.

In conclusion, the occurrence of metacarbonate rocks in
the Kuiseb schists implies that sediments comprising mixed
carbonate and siliceous grains have also been deposited by
resedimentation processes. Some of the calcareous litholo-
gies have been subjected to concretionary processes dur-
ing diagenesis. Regional metamorphism has subsequently
formed calc-silicates.

3.5.6 Thin- to very thick-bedded graphite schist facies
(facies class 6)

(a) Description

This facies is closely associated with sequences compris-
ing turbidite facies classes 1 to 4. Graphite schists have
been found mainly in the south and central parts of the
traverse, especially in the vicinity of the Matchless Amphi-
bolite. Units are usually between 1 m and 10 m thick but a
graphite schist with a thickness of about 60 m in outcrop is
developed on the farm Kaan (Fig. 3.9, C). This thick-bed-
ded graphite schist and one unit in the vicinity of the Match-
less Amphibolite have been traced along strike through the
Khomas Hochland into the Namib desert, proving the re-
gional distribution of this facies. The graphite schists show
very little internal organization, except of some of the
graphitic tops in the thin-laminated metasiltstone facies.
On the farm Kaan, psammitic dykes which contain graph-
itic clasts are developed within the thick graphite schist.
Pyrite is abundant within the graphite schists.

(b) Stable isotope analysis

In a first step towards the interpretation of the graphite
schists, stable isotope geochemistry has been applied in or-
der to prove or disprove the organic origin of these rocks.
The thick graphite schist on the farm Kaan and one unit
close to the Matchless Amphibolite have been analysed
and the data, given in Table 3.2, show a very homogeneous
distribution of BC indicating a considerable enrichment of
up to 20%o '>C relative to unaltered marine limestones.

(c) Interpretation and discussion

This graphite schist facies is compared with facies G
(“hemipelagic pelites”) of Mutti and Ricci Lucchi (1975)
and with facies group G (“biogenic oozes, hemipelagites
and chemogenic sediments”) of Pickering ef al. (1986).
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Fig. 3.10: Diagram comparing °C (A) and '®0 (B) data from
graphite schists and marble in the Khomas Trough with
carbon and oxygen isotope distributions of the lithosphere and
hydrosphere (from Hoefs, 1980).

The carbon isotope data obtained for the graphite schists
are in accordance with published data of potentially analo-
gous biogenic precursors of such rocks (Hahn-Weinheimer,
1966; Hoefs, 1980). Analyses of Hahn-Weinheimer (1966)
on Precambrian and Cambrian metamorphosed graphite
schists are divided by her into one group, with a consid-
erable depletion in ’C (average -25%0) being interpreted
as compatible with a biogenic origin of these rocks and a
second group with *C-values of up to -7%o interpreted as
bearing a probable crustal signature. The average *C-value
of about -20%. fits well into data sets for sedimentary or-
ganic material as is shown by Figure 3.10, A. The graphite
might have developed by the progressive loss of hydrogen
from organic compounds, leading to the recrystallization
of the residual carbon as graphite (Faure, 1986). A mecha-
nism involving the (abiogenic) reduction of CO, or of car-
bonates would have produced an enrichment in *C with a
shift towards positive values of the *C/ 12C ratio.

The interpretation of “black shales” preserved in the rock
record is still problematic. Arthur et al. (1984) summarize
the three most frequently used variables which are consid-
ered to be most significant for black shale development: (a)
variations in the supply of marine and terrigenous organic
matter from surface productivity, fluvial discharge, redepo-
sitional processes and settling from nepheloid-layers; (b)
variation in the rate of sedimentation and hence rate of
burial of organic matter; and (c¢) variation in bottom water
oxygenation within an oxygen-minimum zone. Graphitic
schists occur within distinct parts of the study area and are
intercalated with turbidite facies sequences. The sequence
stratigraphically above the graphite schist on the farm

Kaan shows especially-well preserved sedimentary struc-
tures which are part of turbidite facies (Fig. 3.3,1), High
pyrite contents indicate reducing conditions. The most
likely processes which would account for this change in
facies are initial changes in supply of organic matter (e.g.
by increasing plankton productivity) and/or oxygen deple-
tion associated with volcanic activity, e.g. as represented
by the Matchless Amphibolite. Both these processes may
lead to temporary extensions of oxygen-minimum zones
into the deep-sea zone which might even explain the occur-
rence 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 southwest African
coast (Stow and Dean, 1984).

Taking the case of the Angola basin, Stow and Dean
(1984) pointed out that oxygen concentrations change pe-
riodically in sediment and bottom waters. This leads to an-
oxic conditions both in the basin and on the continental
margin. Analyses of black shale sequences in the Atlantic
ocean have shown that both turbiditic and pelagic proc-
esses operate 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 in association
with the Matchless Amphibolite (marble) and stratigraphi-
cally below the graphite schist on the farm Kaan (tremolite
schist). The marble horizon is up to 2 m thick and is devel-
oped on top of a 10 m-thick graphite schist and has been
traced laterally over several kilometres (Fig. 3.9, D). The
marble is internally massive, the matrix consisting mainly
of finely-recrystallized dolomite and some calcite. The
tremolite schist is about 1 m thick and is extremely weath-
ered. It has been included with this facies because meta-
morphic assemblages indicate that it formed from dolomite
during prograde metamorphism (Winkler, 1979).

(b) Stable isotope analysis

Stable isotope techniques have been used to elucidate
the primary (organic pelagic) or secondary (chemogenic,
hydro thermal) origin of the marble layer at the Matchless
Amphibolite. Oxygen data (Table 3.2, Fig. 3.11, B) give
constant '80-values around -16%o. This represents an en-
richment in 'O compared with average ocean water (Fig.
3.10, B) but a marked depletion if compared with data for
Upper Proterozoic marine carbonates (Veizer and Hoefs,
1976). The BC-values for carbon isotopes range between
-4%0 and -9%o (Table 3.2, Fig. 3. 11 ,A) which represent a
depletion in BC compared with marine carbonates (Hoefs,
1980).

(c) Interpretation and discussion

In comparison with the graphite schists, the interpreta-
tion of the carbon and oxygen data of the dolomitic marble
horizon poses more of a problem. Land (1980) concluded
that the marked depletion in 'O of ancient dolomites com-
pared with recent dolomites has either developed by pri-
mary precipitation (which is rather rare) or by replacement,
either at elevated temperatures or from fluids depleted in
130 relative to SMOW. Oxygen isotopic compositions may
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change during subsequent processes, such as hydro ther-
mal alteration, and under the influence of meteoric waters
(Cocker et al., 1982; Fig. 3.11, B). On the other hand, Valley
(1984) reported that during metamorphism, volatilization
and fluid exchange tend to decrease '*O but only on a scale
of 1-3%o0 between lower-greenschist and granulite facies.
Carbon isotopic compositions are more difficult to alter due
to the higher insolubility of CO, (Land, 1980). Since a fresh-
water origin as well as the participation of terrestrial organic
carbon towards formation of the marble, seem unlikely in
terms of the deep marine sedimentary facies encountered
in the Khomas Trough, a mechanism to deplete '*C to the
values observed was probably involved. This decrease in
BC towards values characteristic for “juvenile carbon” in
carbonatites and diamonds (Fig. 3.10, A) might be a result
of diagenetic processes (Mattes and Mountjoy, 1980; Land,
1980) or due to hydro thermal alteration, which includes the
possibility of fumarolic activity (Faure, 1986).

In conclusion, both data sets may be regarded from two
points of view: if compared with recent and ancient “organ-
ic” limestones, both heavy isotopes are depleted, but com-
pared to ocean seawater as well as meteoric, connate and
formation waters, 'O is enriched and *C is enriched with
regard to sedimentary organic carbon. Possible explanations
for the origin of the marble horizon are: (1) resedimentation
processes involving shelf carbonates; and (2) precipitation
and/or replacement of carbonate, involving marine organic
CO, or CO, from hydro thermal/fumarolic activity. Possibil-
ity (1) may be excluded due to the pelagic sedimentary facies

(B) data from the dolomitic marble at the Matchless
(from Mattes and Mountjoy, 1980).

surrounding the marble. Therefore “in sifu” precipitation
of carbonate from seawater, probably in the vicinity of the
Matchless Amphibolite shortly after its extrusion, is consid-
ered better to explain the isotope signatures obtained.

3.6 Vertical facies sequences and sedimentary cycles

(a) Vertical facies sequences

The facies described above occur within characteristic
facies sequences throughout the Khomas Trough. Since the
comparison with the turbidite facies classes of Pickering et
al.. (1986) has been drawn in section 3.5, their facies will
be referred to for convenience in the following section. A
representative sample of measured sections is presented in
Figures 3.12 and 3.13. This shows that vertical facies se-
quences mostly involve very thick -bedded (north) to thin-
bedded (south) facies B layers which are associated: with
facies C and E at the northern margin of the Khomas Trough
(Figs 3.12, 3.13, 3.14, A and B); with facies C, D and partly
E in the centre (Figs 3.9, B, 3.12, 3.13, 3.14, C); 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 C is associated with
facies D. In the south and centre of the trough, pelagic facies
G graphite schists are intercalated within turbiditic facies B
and C (Fig. 3.3,1). The turbiditic carbonate facies is distrib-
uted throughout the traverse and is preferentially associated
with facies Band C psammites.

The development of bed thicknesses of psammites and
pelites shows similar trends for both rock types in the north
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Fig. 3.12: Representative selection of measured sections along the study traverse
showing facies distribution. Note the increase of pelagic facies southwards.
Pelites shaded black; Psammites blank. Also indicated are positions of
measured sections in Figures 3.3 (roman letters) and 3.13 (circled letters).

and centre of the Khomas Trough, but different trends in the
south. This is expressed by a decrease in psammite layer
thickness to a maximum of about 20 em in the south, whilst
pelitic units increase in thickness to several metres (Fig.
3.12). An exception is found in a limited area on the farm
Okasume where thicker beds are developed (Figs 3.12 and
3.13, H). It is due to the greater differential weathering of the
pelitic units that measured sections have a recording bias.
They preferentially contain information from the psammitic
parts of each sequence and therefore do not reflect psam-
mite/pelite percentages on a larger scale along the traverse.
Figure 3.12, however, indicates the increase of pelitic per-
centage in the southern part of the Khomas Trough.

In addition to the change in bed thickness it is important
to note that there is a pronounced change in sedimentary
features occurring in the centre of the traverse. Sedimentary
structures are commonly developed in sequences north of the
upper Koam canyon (Figs 3.12, G and 3.13). To the south,
however, only graded layering appears to be preserved.

(b) Sedimentary cycles

Further analyses of measured sections have shown that
facies sequences are organized into sedimentary cycles
which are developed on all scales. Cyclicity on a kilometre
scale is already conspicuous in the landscape which exhib-
its a regular alternation of zones with smooth topography
and scarce outcrop which contrast with rough, steep topog-
raphies with abundant outcrop. Mapping along the traverse

and along some sections west towards the Namib desert
has revealed that these topographical changes are related to
sedimentary facies changes from major pelite-dominated to
psammite-dominated successions, respectively. The major
cyclic sequences are also visible on the Landsat image of the
area (Fig. 2.4) and they may be traced laterally for at least
100 km. Their distribution along the study traverse is shown
in Figure 3.15. Medium-scale cycles have proven to be dif-
ficult to evaluate in measured sections due to outcrop pres-
ervation, but could be mapped in the landscape where they
are well shown (Fig. 3.16, A-D). The medium-scale cycles
are between 200 m and 500 m thick and the measured cycles
have been incorporated into the large cycles in Figure 3.15.

Small-scale cycles vary in thickness from 2 m to 30 m and
are nested within the medium-scale cycles. Bed thickness
plots of some selected outcrops are given in Figure 3.13.
These confirm that the northern part of the Khomas Trough
comprises two major thinning-upward sequences (Figs 3.15,
3.16, E), the southern one of which, however, includes mi-
nor thickening-upward cycles (Fig. 3.15).

Towards the south a wide zone of nested thickening-up-
ward cycles follows (Figs 3.13, 3.15, 3.16, F and G), to be
succeeded by non-cyclic successions in the south (Figs 3.12,
3.15). A small zone containing thickening-upward cycles is
incorporated within the latter zone (Figs 3.15, 3.16, D).

Since the Kuiseb schists are strongly deformed and meta-
morphosed, a considerable amount of internal folding is de-
veloped within the sedimentary cycles. Notwithstanding this
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Fig. 3.13: (continued)

strong but widely coaxial deformation, sequential lithofacies
changes have been shown to occur on all scales. Therefore,
the major large-scale cycles are regarded as coherent strati-
graphic units which extend for more than 100 km laterally.

3.7. Facies models

Most of the seven facies described above may be inter-
preted in terms of facies models for turbidites and pelagic
sediments. The turbidites in the Khomas Trough are largely
accommodated within the medium-grained turbidite model
(terminology of Stow, 1986 and Pickering et al., 1986). This
involves the classical Bouma (1962) sequence and repre-

sents the depositional model for most of facies C and partly
facies B and D (Fig. 3.7). The well-known five Bouma di-
visions are T to T . It seems, however, that incomplete se-
quences (top-absent, mid-absent, base-absent etc.) are the
rule. This also formed the basis of the facies subdivisions
into immature facies (B1, C1) and mature facies (B2, C2)
by Pickering et al. (1986). Most of the sand-rich turbidites
(facies C) are deposits of high-concentration turbidity cur-
rents in contrast to low-concentration currents of facies D.
Tractional processes playa role where flows are underladen
(Pickering et al., 1986).

The fine-grained turbidite model (Stow and Piper, 1984)
represents much of facies D and E (Fig. 3.7). In this model
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Fig. 3.14 : (A) Thick-bedded facies B turbidite underlying facies E turbidite, northern Khomas Trough, farm Keises 312. (B) Facies
B, C and E turbidites in the northern Khomas Trough, farm Keises 312. (C) Facies B, C and E turbidites in the central Khomas
Trough, farm Dagbreek 365. (D) Thin-bedded facies E turbidites below the Matchless Amphibolite in the southern Khomas Trough.

Height of scale is 1.8 m. Farm Kobos 305.

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, complete sequences are the exception
and top-, mid-, and base-absent units occur. Waning current
velocities account for the grading, and the alternation of silt
and mud laminae originated from depositional sorting of silt
grains from clay flocs due to shear in the bottom boundary
layer (Stow and Bowen, 1980).

Resedimented carbonates have become incorporated
with the clastic depositional system in the Khomas Trough.
Whilst fine-grained carbonate material would have tended to
disperse in the water column and settle out with the pelagic
background sediments (Stow, 1986), the sand- and silt-grade
carbonates have been deposited with the turbidity currents,
to produce a mix which was metamorphosed to calc-silicate
rocks.

Pelitic successions more than 100 m thick in the south-
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ern part of the traverse are considered largely to represent
pelagic and hemipelagic deposits. Pelagic and hemipelagic
facies models are very similar to bottom-current (contourite)
facies models and impose a recognition problem in the pre-
Palacozoic rock record (Gorsline, 1984). All these deposits
occur mainly in facies E and G and lack direct evidence for

current flow. Since muds up to several metres thick have
been reported from turbidite basins (“unifites” of Stanley,
1981) it is extremely difficult to distinguish structureless
pelitic turbidites, pelagic/hemipelagic pelites and pelitic
bottom-current deposits, especially in the metamorphosed
sequences described here.
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Fig. 3.15: Map of the study traverse showing the position of major sedimentary cycles and
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units. Note the decrease of bed thicknesses from

Fig. 3.16: (A) Several thickening-upward cycles, approx. 50 m thick, etched in the landscape. Farm Dagbreek 365. (B) Thickening-
upward cycles, approx. 200 m thick. Farm Kaan 309.
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3.7. Facies models

Fig. 3.16: (C) Thickening-upward cycles, approx. 100 m thick. Farm Tsawisis 308. (D) Thickening-upward cycles, intercalated with
thick non-cyclic basin-plain sequences of the southern Khomas Trough (compare with Fig. 3.13). Farm Okasume 304. (E)
Small-scale thinning-upward cycles. Psammitic lithologies are light coloured, pelites are dark. Beds thin towards the stratigraphic
top (top of the photograph). Farm Dagbreek 365. (F) Small-scale thickening-upward cycle (3.5 m). See bed thickness plot in Figure
3.13,D which also contains this cycle. Individual beds are demarcated by bars. Hammer for scale. Farm Tsawisis 308. (G) Thick-
ening-upward cycle (approx. 15 m thick) within lobe sequence of the southern Khomas Trough. Sledge hammer for scale (circled)
is 59 cm long. Farm Okasume 304.

Further facies models encountered in the literature are
slides and slumps (Woodcock, 1976), debrites (Thornton,
1984) and coarse-grained turbidites (Lowe, 1982). There is
no evidence for slides, slumps or debris-flow deposits in the
Khomas Trough to date. Although the sediments have been
considerably recrystallized during metamorphism, it may be
postulated that original grain sizes have not exceeded sand

size. It is rather unlikely that a conglomeratic precursor re-
crystallized during metamorphism to produce the fine and
medium “grain sizes” encountered in the study area. The
relative uniformity of grain size is a regional feature. Some
authors have, however, suggested that some of the carbon-
ate-bearing nodules and spindles described above under the
metacarbonate facies represent original sedimentary clasts
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3. SEDIMENTOLOGY

TABLE 3.3: Chemical composition of greywackes from various geotectonic settings (Bhatia, 1983; Bhatia and Crook, 1986
and Pettijohn, 1963) in comparison with average Kuiseb metagreywackes (this study; Schneider, 1983; Phillips e al.,

1989).
A B C D E F G H
Si0; (wt %) 72.40 58.83 70.69 73.86 81.95 71.79 70.54 66.70
TiO2 85 1.06 64 46 49 93 78 60
ALO3 11.19 17.11 14.04 12.89 8.41 11.71 12.10 13.50
FeO nd 5.52 3.05 1.58 1.76 5.03 3.19 3.50
FexO3* 5.06 1.95 1.43 1.30 1.32 nd 1.63 1.60
MnO .08 15 .10 10 .05 .08 10 10
MgO 2.03 3.65 1.97 123 1.39 2.23 224 2.10
Ca0 1.70 5.83 2.68 2.48 1.89 1.58 2.73 2.50
NazO 2.78 4.10 3.12 297 1.07 2.28 2.84 2.90
K20 2.16 1.60 1.89 2.90 171 2.17 1.76 2.00
P20s .19 26 16 09 12 18 18 20
Cr (ppm) 77 37 51 26 39 76
Ni 27 11 13 10 8 24
Rb 85 18 67 115 61 88
Sr 146 637 250 141 66 114
Ba 462 370 444 522 253 389
v 99 131 89 48 31 96
Y 33 20 24 25 27 40
Zn 71 89 74 52 26 67
Nb 10 2 9 11 8 11
Zr 243 9% 229 179 298 238

*total Fe as Fe203 in Kuiseb schists

A - Kuiseb metagreywacke (this study; quartz-plagioclase-biotite schist) (n=70)

B - oceanic island-arc greywacke (n=82)

C - continental island-arc greywacke (n=257)

D - active continental-margin greywacke (n=212)
E - passive continental-margin greywacke (n=123)
F - Kuiseb “gneiss” (Phillips et al., 1989; n=17)
G - Kuiseb greywacke (Schneider, 1983; n=57)

H - average greywacke (Pettijohn, 1963; n=61)

(De Waal, 1966; Preussinger et al., 1987).

3.8 Depositional setting of the Khomas Trough
3.8.1 Previous sedimentation models

For the Khomas Trough, interpretations of the sedimen-
tation patterns have only been speculative in the past. Mar-
tin (1965) characterized the Kuiseb schists as a “typical
eugeosynclinal assemblage”. Miller (1979) initially dem-
onstrated graded bedding and he concluded that the “fly-
sch sediments” were deposited by turbidity currents. This
has subsequently been confirmed by several authors (e.g.
Downing, 1983; Preussinger et al., 1987). Without present-
ing data, Downing (1983) speculated upon a submarine fan
environment for the Kuiseb schists.

3.8.2 Geochemical constraints on the source area of
Kuiseb metagreywackes

With regard to a possible source area, chemical composi-
tions of the Kuiseb metagreywackes of this study (see sec-
tion 3.3) of Schneider (1983) and of Phillips et al. (1989),
are compared in Table 3.3 with greywackes from differ-

ent geotectonic settings on the basis of data compiled by
Bhatia (1983) and Bhatia and Crook (1986). Also given
are “average” greywacke analyses from Pettijohn (1963).
The table demonstrates unusually high average contents of
TiO,, Cr and Ni in the Kuiseb metagreywackes which are
confirmed by the data of Phillips et al. (1989) who studied
an outcrop near Windhoek in detail. The overall compo-
sitions show striking similarities to continental island-arc
and active continental-margin greywackes which is con-
firmed particularly by the immobile elements.

Within Crook’s (1974) classification, based on SiO, and
Na,O/K,O contents, the Kuiseb metagreywackes classify
as quartz-intermediate Andean-margin greywackes. Roser
and Korsch (1986) have also analysed greywackes from
different tectonic settings and have tried to characterize
these by means of major element ratios. The Kuiseb data
have been plotted into one of their diagrams and this con-
firms an active continental-margin source for the precur-
sor (Fig. 3.17). Although major elements have been modi-
fied during metamorphism, the variation diagrams (Fig.
3.1) show that K O, Na,O and SiO, have been enriched.
Pettijohn (1975) pointed out that K,O and Na,O increase
with increased maturity of the terrigenoclastic sedimentary
rock. It may therefore be expected that K O/Na,O ratios
were originally lower, a fact which emphasizes even more,
considering Figure 3.17, the probable active-margin deri-
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Fig. 3.17: Major element plot distinguishing tectonic settings of
sandstone-mudstone suites (after Roser and Korsch, 1986).

vation of the Kuiseb metagreywackes.

These results, suggesting that an active continental mar-
gin with both volcanic and plutonic magmatic suites con-
tributed considerably towards the precursor of the Kuiseb
metagreywackes in the Khomas Trough, are not in accord-
ance with the findings of Miller et al. (1983) who studied the
geochemistry of the Kuiseb schists along a traverse between
Okahandja and Windhoek. Based on the geochemical ma-
turity index of Pettijohn (1975) the authors concluded that
a southern and central group in the Khomas Trough are re-
lated 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 submarine-fan and basin
plain depositional environments

By the very nature of the metamorphosed Kuiseb Forma-
tion metasediments, comparison must be made between the
sedimentary features recognized and those facies associa-
tions already described from more recent turbidite sequenc-
es. Within marine environments, three fundamental “facies
associations” (Nelson and Nilsen, 1984) or “environments”
(Stow, 1986) have been identified: slope aprons, submarine
fans and basin plains. The facies and facies models which
have been documented and summarized above are inter-
preted to indicate submarine-fan environments and basin-
plain environments. The lateral extent of marker horizons,
the consistent palaecocurrents from the northeast parallel
with the tectonic strike, the size of sedimentary cycles and
the uniformity in lithologies and grain sizes strongly suggest
a mixed-sediment elongate fan system (Nelson and Nilsen,
1984).

Interpreting submarine-fan facies associations from
“proximal” to “distal” has limitations. Various authors have
put emphasis on the problems arising from the comparison
of modern fan settings with those of ancient fans (Normark
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Fig. 3.18: (A) Map of depositional palacoenvironments inter-
preted for the Khomas Trough. Middle fan and outer fan
deposits of an elongate submarine fan system as well as
basin-plain deposits are developed in the north, centre and
southrespectively. (B) Schematic profile through the southern
inland branch of the Damara Orogen showing palaeoenviron-
mental setting and facies associations in the present-day
Khomas Trough and in adjacent areas. Note the position of
the Matchless Amphibolite.

et al., 1983/84; Shanmugam et al., 1988). This is initially
a problem of study approaches, since modern fan research
deals mainly with morphologic aspects and shallow drill
cores. Subsequently the turbidite facies scheme of Mutti
and Ricci Lucchi (1972), developed on an ancient mixed-
sediment fan (Nelson and Nilsen, 1984), has been applied
to modern fan settings. Ancient fans, on the other hand,
are interpreted from vertical facies sequences which are
dependent on outcrop preservation. Large-scale morpholog-
ic features which help to confirm a fan shape are extremely
difficult to evaluate. In the rock record it is difficult to rec-
ognize channels on a smaller scale, although they are such
an important feature of fan settings, as has been pointed
out by Normark et al. (1983/84) and Shanmugam et al.
(1988).

Interpretation of sedimentary sequences in the Khomas
Trough is made with the background that the succession
is subdivided into individual thrust-bound sequences (this
will be shown in Chapter 4). However, having taken internal
folding into account during the taking of measurements in
the field, it is implicit that facies relationships are largely in-
tact within the individual slabs. The fold style and southeast-
directed vergences have produced thick, upright fold limbs
with upward-facing sequences and only very narrow over-
turned limbs. Stratigraphic relations between adjacent slabs,
however, are unknown and considerable parts of the fan sys-
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3. SEDIMENTOLOGY

tem might be missing but are more probably repeated.

The distribution and organization of facies and vertical
facies sequences, together with cyclic patterns as shown in
Figures 3.12, 3.13 and 3.15, are interpreted to document
middle-fan and outer-fan depositional environments of
an elongate submarine fan in the north and centre of the
Khomas Trough. Basin-plain deposits are developed in the
south (Fig. 3.18). Since there is no evidence for coarse-
grained, conglomerate facies A (Pickering et al., 1986;
Mutti and Ricci Lucchi, 1975) on a larger scale as well
as for facies F “chaotic deposits” (Pickering ef al., 1986;
Mutti and Ricci Lucchi, 1975), it is inferred that inner-fan
environments and slump and slide deposits have not been
developed on the line of this traverse or have not been pre-
served. Inner-fan depositional environments are typically
small and closely situated to the feeding source of elongate
fans (e.g. Nelson, 1983/84) and may therefore easily be
obliterated or developed laterally in ancient orogenic set-
tings.

In the northern part of the Khomas Trough, middle-fan
depositional environments of an idealized fan system (Nel-
son and Nilsen, 1984) are indicated by the dominance of
thick-bedded over thin-bedded turbidites within an overall
thinning-upward trend. Irregular alternations of thinning
- and thickening-upward cycles, together with small chan-
nels and incomplete Bouma sequences suggest, however,
the widespread occurrence of interchannel deposits (Nel-
son and Nilsen, 1974; Stow, 1986).

Facies features from the centre of the trough, outlined
above, are consistent with outer-fan lobe (in the sense of
Mutti and Ricci Lucchi, 1972) and fan-fringe facies asso-
ciations (summaries in Nelson and Nilsen, 1984 and Shan-
mugam and Moiola, 1988). The small-scale thickening-
upward cycles (up to 5 m thick) most probably represent
compensation cycles as described by Mutti and Sonnino
(1981). Regarding cyclicity, Stow (1986) has pointed out
that proximal sandy lobes tend to show thickening-upward
sequences in contrast to distal sandy and muddy lobes
which show more symmetrical sequences.

Sedimentary sequences in the southern part of the Kho-
mas Trough, from several kilometres north of the Match-
less Amphibolite to the Southern Margin Zone, document
the transition from outer-fan lobes to fan-fringe and ba-
sin-plain successions (Fig. 3.18). In favour of this inter-
pretation are: (1) thin-bedded turbidites intercalated with
pelagic deposits; (2) the overall decreasing bed thickness
of turbidites towards the southern margin of the Khomas
Trough; and simultaneously, (3) the increasing thickness
of large-scale pelagic successions (pelites and graphite
schists) to a scale of up to a hundred metres towards the
south, reflecting the preponderance of hemipelagic and
pelagic sedimentation over turbiditic processes. The nar-
row zone which comprises thick psammitic beds organ-
ized within thickening-upward cycles intercalated within
the basin-plain succession (Figs 3.12 and 3.18) might be
explained either by structural interposition or by an epi-
sode of outbuilding of a lobe sequence into the distal envi-
ronments. This would be similar to one of the basin-plain
lobes described by Pickering (1981) from the Late Protero-
zoic Kongsfjord turbidite system and by Ricci Lucchi and
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Fig. 3.19: Palacoenvironmental model of the Khomas Trough.
The elongate Khomas Fan is fed primarily from a mixed
volcanic-plutonic active continental-margin source which is
situated to the northeast of the present Khomas Trough.
Pelagic and hemipelagic sedimentation dominates the basin
plain towards the south. Continental platform and slope se-
dimentation, partly in submarine fans, occurs on the Congo
and Kalahari Cratons on either side of the Khomas Sea.

MODERN FANS
[=5] AcTvE MARGIN
=] passve maRGIN
ANCIENT FANS
ACTVE MARGIN

I KHOMAS FAN

Fig. 3.20: Comparison of the size and shape of the present-day
outcrop of the Khomas Fan with other ancient and modemn
fan systems (modified after Barnes and Normark, 1983/84).

Valmori (1980) from the Italian Apennines.

There are most probably levee, interchannel and contourite
environments intercalated in various parts of the succession.
Facies D deposits in the centre of the Khomas Trough are
especially likely candidates for interchannel deposits in the
outer fan. Levees, interchannels and thin-bedded basin-plain
turbidites are, however, very similar in depositional patterns
(Nelson and Nilsen, 1984) and therefore great uncertainties
accompany interpretations in an ancient terrain.

Comparing the assignment of cyclicity to various subma-
rine fan facies associations on modem and ancient fans in
various studies shows that there are considerable dissimi-
larities. There seems to be only partial consensus in recog-
nizing the larger-scale thinning-upward trends as inner- and
middle-fan environments as opposed to thickening-upward
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3.8 Depositional setting of the Khomas Trough

TABLE 3.4: Comparison of tectonic settings, sizes, thicknesses and shapes of modern (above the double line) and ancient
(below the double line) fans (from Barnes and Normark, 1983/84). Note that ancient fans are almost exclusively situated
at active continental margins as pointed out by Bouma er al. (1985).

BASIN SETTING LENGHT, MAX.
NAME type of margin, WIDTH THICKNESS SHAPE REFERENCE
type of crust [RADIUS] (km) (m)
1. Amazon P,O 700 min, 250-700 4200 elongated partial cone  |Normark et al., 1983/84
2. Astoria A, O 250 min, 130 2200 trapezoidal Normark et al., 1983/84
3. Bengal P,O 2800, 1100 >5000 elongated Normark et al., 1983/84
4. Cap Ferret P,C [75] 1800 elongated dissymmetric | Coumes et al., 1983
5. Crati A,C 16,4-5 30 elongated Normark et al., 1983/84
6. Delgada T,0 [>3501 3000 elongated bi-lobed Normark et al., 1983/84
7. Ebro P,C 100, 50 370 oval Normark ez al., 1983/84
8. Indus P,O 1500, 960 max >3000 fan Normark et al., 1983/84
9. LalJolla T.C 40, 50 1600 pear shaped Graham & Bachman, 1983
10. Laurentian P,O 500 min - 1500 max, 2000 elongated, lobate Normark et al., 1983/84
200-400
11. Magdalena A0 [230] 3000 trapezoidal fan Normark et al., 1983/84
12. Mississippi P,C/O 540, 570 4000 conical Normark et al., 1983/84
13. Monterey T,O 400, 250 2000 quarter cone Normark ez al., 1983/84
14. Navy T,C [40] 900 elongate basins Normark & Piper, 1972
15. Nicobar AT, O [22001 3000 triangular Bowles et al., 1978
16. Nile P,.C 280, 500 >3000 fan Maldonado & Stanley, 1978
17. Nitinat A0 260, 80 1000 triangular Stokke et al., 1983/84
18. Rhone T, C/O 440,210 1500 elongated Normark et al., 1983/84
19. San Lucas P,O [60] 1000 rectangular Normark, 1970
20. Blanca T,C 215,30 1000 elongated Normark et al., 1983/84
21. Brae P,C overlapping fans 600 slope-apron Normark et al., 1983/84
each [5-10] elongated
22. Butano S,C 80, 40 3000 clongated ellipsoidal Normark et al., 1983/84
23. Cengio AC 6.4,4.8 170 arcuate Normark et al., 1983/84
24. Chugach S,0 2000, 100 10000 NarTow prism Normark et al., 1983/84
25. Ferrelo A0 340, 65 1800 elongated Normark et al., 1983/84
26. Gottero A0 [30, 50] 1500 semicircle Normark et al., 1983/84
27. Hecho A C - 175, 40-50 3500 elongated Normark et al., 1983/84
28. Marnos- AC Major-25-50, 6-15 1000 elongated Normark et al., 1983/84
Arenacea Minor-20-25, 4-10
29. Khomas AO 425, 100 2(>5000) elongated this study

abbreviations: (a) type of margin: A-accretionary; P-passive; T-transform; S-subduction.

(b) type of crust: C-continental; O-oceanic.

trends of outer-fan environments. In view of the widespread
symmetrical sequences occurring in the Khomas Trough,
the compilation of “typical” vertical sequences of turbidites
and associated sequences by Stow (1985) shows that regular
cyclicity, which occurs preferentially in proximal environ-
ments, is rather the exception. In outer-fan and distal envi-
ronments, symmetrical sequences or non-cyclic sequences
are widespread features (Stow, 1985).

3.8.4 Discussion of other possible depositional
environments

The basic turbidite sedimentation systems within the ma-
rine realm are slope aprons, radial fans, elongate fans in
trenches and open basins, and extended deep-sea channel
systems. Slope aprons, as well as radial fan systems (sum-
maries e.g. in Nelson and Nilsen, 1984 and Stow, 1986), can

be ruled out for the Khomas Trough based on the following
reasons: (1) the lateral extent and the consistency of major
sedimentation units; (2) the overall vertical facies distribu-
tion with uniform (metamorphic) psammite grain sizes prob-
ably reflecting original sedimentary grain sizes, and mostly
regular bedding surfaces; (3) the lack of proximal slope and
inner-fan deposits; (4) the uniform longitudinal palacocur-
rent distribution; and (5) the present-day size of the Khomas
Trough which is larger than most radial fans described in the
literature.

Stow et al. (1983/84) have pointed out that fans with elon-
gate shapes also develop in trench floor settings (compared
to elongate open-basin fans) due to structural confinement
and if a large sediment source exists. An ancient example is
the Cretaceous Chugach terrane in Alaska (Nilsen and Zuf-
fa, 1982). Underwood and Bachmann (1982) have shown
that trenches may contain debris aprons, elongate fans, axial
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channel deposits and unchannelized turbidite sheet flows.
It has furthermore been emphasized by Nelson and Nilsen
(1984) that there are also striking similarities in source de-
bris and depositional patterns amongst elongate trench fans,
clongate open-basin fans and deep-sea channel turbidites.
The authors further emphasize that source muds for these
trench fans may be high in organic content due to deposi-
tion at depths coincident with oxygen minimum layers in
the ocean.

3.9. Palaeo-environmental synthesis

A palaco-environmental interpretation of the Khomas
Trough has to take the following regional aspects into ac-
count (Fig. 2.3): Towards the south of the Khomas Trough,
continental margin sediments of the Upper Damara Sequence
of the Kalahari Craton have been interpreted to partly repre-
sent slope to deep-water turbidites deposited on small fans
(Porada and Wittig, 1983; Hoffmann, 1983). On the Congo
Craton in the north, calcareous platform sediments are over-
lain by younger clastic sequences. Along the cratonic margin
calcareous turbidites form slope facies associations which
have been deposited within radial submarine fan systems,
according to Porada and Wittig (1983). Margins both north
and south of the Khomas Trough have thus been interpreted
as platform and slope settings which contain partly turbiditic
deep-water sediments (Fig. 2.3).

This study proposes the following palaco-environmental
setting for the Khomas Trough (Fig. 3.19): Clastic sedimen-
tation probably commenced during divergent plate move-
ments in the Southern Damara Orogen (e.g. Miller, 1983b;
Henry et al., 1990). The lithofacies and facies associations
described in the previous sections indicate that turbidity
currents within a submarine fan, here named Khomas Fan,
were the main depositional processes within the Khomas
Sea which separated the Congo and Kalahari Cratons. The
turbidites carried a preponderately clastic load but some cal-
careous material, which was most probably derived from the
adjacent shelf to the north, was included in the flows. The
sediment load was effectively transported laterally, parallel
to the basin margins, from the northeast to the southwest.
This type of longitudinal, long-distance sediment transport
is best interpreted by deposition within an elongate subma-
rine fan as shown in Figure 3.19. “Proximal” to “distal”
relationships occur from north to south confirming the de-
velopment and preservation of middle-fan, outer-fan and
basin-plain depositional environments through time. The
mass-flow processes were accompanied by contemporane-
ous pelagic and hemipelagic settling but part of the pelagic
and hemipelagic sediment has also been involved in resedi-
mentation processes during progressive development of the
basin. Various graphite schists intercalated with turbiditic
as well as pelagic facies probably originated from both pe-
lagic settling and transport of organic carbon-rich detritus by
turbidity currents into oxygen-deficient, anoxic parts of the
Khomas Sea where they were deposited as black shales.

Palacocurrent data confirm that the main source for the
clastic sediment was situated towards the northeastern end
of the present Khomas Trough (Fig. 3.19).

Geochemical patterns show a volcanic source influence
and point towards continental island-arc and/or active conti-
nental margin derivation of the precursor greywackes. Judg-
ing from these data the most probable provenance areas are
either the Proterozoic mobile belts in the east (Lufilian Arc,
Zambezi Belt), or, alternatively, a volcanic arc feeding in
from the Central Zone (Fig. 3.19).

The width and depth of the initial Khomas Sea has repeat-
edly been a controversial issue and speculations have been
based on overall geotectonic models of the Damara Orogen.
The sedimentological data presented here suggest that the
basin was wide enough to accommodate thick submarine-
fan and basin-plain sequences. Furthermore two contrasting
depositional environments, clastic and calcareous, were op-
erating on opposite margins of the basin. No evidence for
deposition above wave base, such as symmetric-asymmetric
ripples or hummocky cross-stratification, is present. Facies
C turbidites with base-truncated Bouma T,  divisions, con-
firm the basinal nature of deposition, as does the lack of
sedimentary structures together with thin-bedded turbidites
and thick pelagic pelites in the southern Khomas Trough.
Carbonates indicate deposition above carbonate compensa-
tion depth (CCD) but judging from present-day CCD levels
between 4000 m and 5500 m water depth, as well as from the
interpreted slope successions at adjacent margins, the water
depth of the original depository was well in excess of 1500
m (average base of continental slope; Cook et al., 1982).
This estimate is in accordance with data obtained from mod-
ern elongate fans on passive and active continental margins
(Nelson and Nilsen, 1984).

A comparison with modern and ancient elongate fans
shows the considerable size and the shape of the proposed
Khomas Fan (Fig. 3.20; Table 3.4). It is interesting in terms
of possible tectonic settings that modern studies describe
both passive margin fans (e.g. Bengal, Indus, Amazon; Fig.
3.20) and active margin fans (e.g. Astoria, Crati, Magdalena,
Zodiac). In strong contrast to this most of the ancient fans
(Mamoso-Arenacea, Gottero, Ferrelo, Chugach, Butano,
Jackford Formation/Pennsylvanian, Torlesse Terrane, East-
ern Alps; Table 3.4) are interpreted as situated at proposed
active margins (Bouma et al., 1985). Many of these active
margin fans are furthermore elongate in shape and are inter-
preted to have developed in oceanic trenches. Exceptions
are the slope-apron system of the Brae Oil field in the North
Sea (Stow, 1985) and possibly the Late Proterozoic Kongsf-
jord submarine fan-slope delta system (Pickering, 1985).

In conclusion, the above shows that the facies and the
facies associations in the Khomas Trough compare well
with published elongate submarine-fan settings. The ver-
tical and lateral facies distribution, the high percentage of
metasediments which indicates a large sediment supply and
the inferred shape of the Khomas Fan are similar to elongate
trench fans developed at active continental margins. Ancient
examples are the Cretaceous Chugach terrain in Alaska
(Nilsen and Zuffa, 1982), the Middle Phanerozoic Torlesse
terrain in New Zealand (MacKinnon and Howell, 1983/84),
the Early Palacozoic of the Central Appalachians (Lash,
1986) and the Cretaceous Shimanto Belt in Japan (Taira et
al., 1982).
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4.1 Introduction

4. STRUCTURAL GEOLOGY OF THE KHOMAS TROUGH

4.1 Introduction

Structural studies along the study traverse examined the
overall deformation pattern in order to help constrain the tec-
tonic setting of the Khomas Trough. The studies benefited
from the fact that almost continuous exposure exists along
the river sections. Detailed structural analyses in the Khomas
Trough were first undertaken by Gevers (1963) and Smith
(1965) in the vicinity of the Donkerhuk Granite southwest of
Okahandja, followed by Halbich (1970,1977), Blaine (1977)
and Sawyer (1981). Hélbich (1977) studied the Khomas
Trough between Okahandja and Windhoek, 100 km to the
east of the present study traverse. A reconnaissance study by
Halbich (op.cit.) in the western Khomas Trough was largely
based on aerial photographs. Kasch (1975, 1983c) studied
the Kuiseb Formation east of Windhoek in the Omitara area,
whilst Sawyer (1981) and Preussinger (1987, 1990) con-
centrated on the structural style of the Gorob mining area
in the Namib desert, 150km southwest of the present study
traverse.

In the study area, five phases of deformation have been
discerned, four of which are associated with cleavage devel-
opment. Changes in fabric development which sometimes
coincide with changes in fold morphology allow subdivision
into four structural domains, labelled A, B, C, and D. “Do-
main” here is used in the grammatical and physical sense of
a region which has been affected by a unitary influence. The
characteristics of domains, i.e. fabric elements and folds, will
be described in section 4.2, and the contact of the Kuiseb
metasediments with the Donkerhuk Granite in section 4.3.
Structural discontinuities play an important role in the de-
formation history and these will be discussed separately in
section 4.4. The gross structural style and the timing of de-
formational events (section 4.5) are interpreted in a unitary
structural model for the Khomas Trough in section 4.6.

Since there is no general classification scheme on the ter-
minology of fabric elements, “foliation” is used in the current
text to describe generally planar surfaces of structural ori-
gin. Following the subdivision of cleavage types by Hobbs
et al. (1976), axial-planar foliations are represented in the
study area by metamorphic banding cleavages and crenula-
tion cleavages. Transposed foliations in the southern part of
the traverse represent the second major group. Penetrative
cleavage is a more general term used for fabrics which are
characterized by the preferred alignment (newly crystallized
and/or re-oriented) of a particular mineral species. The no-
menclature of Fleuty (1964) is used for fold shapes (i.e. open,
close, tight). Where more accurate measurements were taken,
Ramsay’s (1967) fold classification is employed.

The earliest planar element developed in most parts of the
traverse is original sedimentary bedding, defined by graded
and non-graded units, as well as plane bedding and a vari-
ety of other sedimentary structures documented in Chapter
3. Sedimentary bedding is referred to as So. As far as other
structural elements are concerned the terminology of Turner
and Weiss (1963) is used where S_characterizes planar, pen-

etrative fabrics, L_ linear penetrative fabrics and F, folding
of fabrics. The age order of consecutive fabric generations
is denoted by suffixes 1,2,3,4. The deformations identified
are labelled D, to D, and they are characterized and defined
by the following structural elements: (1) D, by an S, cleav-
age and F, folds; (2) D, by an S, cleavage, an L, lineation
and F, folds; (3) D, by an S, cleavage and F, folds; (4) D,
by an S, cleavage and F, folds; and (5) D, by F, folds. It is
important to note that D, structural elements in the southern
part of the traverse could not conclusively be established
for the northern part. There is evidence, however, that the
structural elements which are associated with D, are devel-
oped throughout the traverse and this therefore serves as a
structural datum or benchmark. These relationships, nomen-
clatures and the occurrences of planar elements and folds
within the particular domains are summarized in Table 4.1.

TABLE 4.1: Summary of planar fabrics and folds encountered
in domains A-D along the study traverse.

Planar elements Folds
Domain A So,123 S4 Fs | Fs
DomainB| S; | S2 [ S3 | S4 | F1 | Fo | F3 | Fs
Domain C S2 | S3 ? 1P| P
Domain D S2|S3| Sa F> | F3 | Fs

4.2 Structural characteristics of domains

The problems of correlating structures, microstructures
and metamorphic assemblages in multiply-deformed ter-
ranes has repeatedly been pointed out (e.g. Spry, 1963; Wil-
liams, 1985). To obtain a relative timing of events in an area,
as many “positive” relationships as possible have to be taken
into consideration. In this study area, the following lines of
evidence have been used to distinguish consecutive phases
of cleavage development and fold formation:

(1) preferred orientation and character of planar and linear
fabric elements;

(2) overprinting of planar and linear fabrics of earlier
folds;

(3) crystallization and recrystallization of metamorphic
minerals and theirrelationships to the foliations present (see
Chapter 6);

(4) styles of meso scopic and macroscopic folds;

The first two of the above criteria define the four domains
which are shown in Figure 4.1. In comparison with an ear-
lier publication of Kukla et al. (1988), it is apparent that on
the basis of additional data a new subdivision of the traverse
has been made (Table 4.2). The structural profile along the
study traverse (Fig. 4.2) indicates that on the basis of fold
style a further subdivision is possible. This has been omit-
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Fig. 4.1: Map of the study traverse showing geographical loca-
tions of structural domains A-D.

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. (1988).

Domain E | D C B | A Kukla et
al., 1988
Domain | D C B | A | Kukla,
this study

ted because fabric elements in this area represent a more
reliable “first order” structural marker. The fold geometry
is much more dependent on the mechanical and rheological
state of the rocks during the folding process (Ramsay and
Huber, 1987).

The symbols used for various structural elements are sum-
marized in Table 4.3. Generally, orientations of axial planes
give strike, angle of dip and dip direction (i.e. 030°/40°NW).
Orientations of linear elements are recorded by azimuth and
angle of plunge (i.e. 060°/11°). All structural data are pre-
sented on a Schmidt lower-hemisphere stereographic net.

4.2.1 Domain A
This domain covers approximately the area between the

confluence of the Koam and Kuiseb fivers at the southern
margin of the Khomas Trough and the Us Pass road in the

north (Fig. 4.3).

(a) Planar fabrics

The southern most part of the traverse is characterized by
a distinct subparallel orientation of planar fabric elements.
Judging from other parts of the traverse where original
bedding is evident, it is inferred that lithological contacts
between metagreywackes and pelites in this do-main also
represent original sedimentary layering. Since there is evi-
dence for three penetrative fabrics in the adjacent domain
B (Fig. 4.1), subparallel planar elements in this domain are
inferred to constitute an S, composite cleavage. The
mean orientation of this fabric is 052°/36°NW. It is mainly
defined by the parallel to subparallel alignment of chlorite,
muscovite and biotite which encloses staurolite, kyanite
and garnet (Fig. 4.4, A). Within the composite cleavage do-
mains, symmetrical boudinage occurs, which is associated
with quartz-chlorite-ankerite segregations within the ex-
tensional spaces. The composite cleavage is overprinted by
a weak S, crenulation cleavage in pelitic lithologies (Fig.
4.4, B). The crenulation fabric dips moderately to steeply
northeast (133°/84°NE).

(b) Linear elements

Throughout the domain, a prominent L,, mineral line-
ation comprising elongate biotite aggregates, is devel-
oped on composite cleavage surfaces. Although data show
considerable scatter, there is a major cluster with a mean
orientation of 336°/40°. A partial girdle representing an
anticlockwise shift of orientations from north-northwest
towards west-northwest appears to occur 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 biotite lineation comparable in
characteristic and orientation with the west-northwesterly
trends just described. The possibility can therefore not be
excluded that in fact two different generations have been
measured. Left -lateral shearing along the southern margin
of the Khomas Trough may, on the other hand, also account
for this observed shift of linear element orientations.

A second type of linear element is represented by de-
formed quartz-chlorite-carbonate concretions which are
up to several tens of centimetres long set mostly in pelitic
lithologies. The long axes of these concretions are parallel
to the fold axes in this area which are oriented 057°/5°.

(c) Folds

No major folds have been observed within this domain.
Fold structures occurring are D5 asymmetric and mono-
clinal kink folds, as defined by Ramsay and Huber (1987).
The composite cleavage is deflected from its original ori-
entation within kink bands which are 10-100 cm wide. Ax-
ial surfaces (kink planes) dip 20°-60° towards 156° which
is opposite to the northwest-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 occurred
subsequent to faulting events which displaced the S, cleav-
age.
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TABLE 4.3: Summary of the symbols used for various struc-
tural elements.

PLANAR ELEMENTS

Sedimentary layering, strike and dip

Metamorphic foliation

Metamorphic foliation

D2 axial plane

Metamorphic foliation

D3 axial plane

Crenulation cleavage

D4 axial plane

Ds axial plane (Kink folds, only axial plane readings)
Antiform axial surface trace (north dipping)

Synform axial surface trace (north dipping)

Exposed normal fault (with dip tick)

Exposed reverse or thrust fault (triangle on upper sheet)
Inferred reverse or thrust fault (triangle on upper sheet)
Thrust zone (triangle on upper sheet)

So
S2
S3

S4

Ty

S
S
b

v
*
X

LINEAR ELEMENTS

D2 fold hinge line (with azimuth and angle of plunge)

D3 fold hinge line (with azimuth and angle of plunge)

D4 fold hinge line (with azimuth and angle of plunge)

Ds kink fold hinge line (with azimuth and angle of plunge)
D2 mineral lineation

Intersection line Sg/So

Long axes of calc-silicate spindles

WA

Laa
Lo

OB RPOBP®

4.2.2 Domain B

Various generations of fabric elements and folds are dis-
cernible within this domain and in domains C and D towards
the north. Five planar elements and several linear elements
can be distinguished, including bedding. The domain covers
an area from the Us Pass road in the south to the northern
part of the farm Kaan Dam (Fig. 4.6). The Matchless Am-
phibolite is situated in the centre of this domain.

(a) Planar fabrics
Bedding S can readily be defined from original layering.

This is evident in parts of the sequence where graded bedding
occurs. Graded layers which provide younging evidence are
more quartz- and feldspar-rich at the base and more mica-
rich at the top, representing a metamorphosed compositional
grading. The orientation of bedding is variable but generally
trends northeast and dips moderately towards the northwest
(054°/40°NW). In contrast to bedding S , the earliest struc-
tural fabric is an S I compositional banding with alternating
quartz-rich and mica-rich layers oriented obliquely to bed-
ding (Fig. 4.7, A).

Because of later refolding (Fig. 4.7, B) there is no consist-
ency in the orientation of S, which is strongly transposed
within S, cleavage domains to be preferentially preserved
as a crenulation in F, fold hinges (Fig. 4.8). The fabric dips
both towards the southeast (050°/30°SE) and the northwest
(060°/30°NW; Fig. 4.6). The S, fabric is characterized by
an early generation of biotites which may be enclosed and
wrapped around by later biotites developed in S,. Further
evidence for S, comes from early quartz veins (Fig. 4.7, C)
and calc-silicate layers which parallel S and which are fold-
ed by D, and subsequently by D, (Fig. 4.7, B).

The second recognizable structural fabric (S,) is a strong,
penetrative cleavage throughout the domain and a meta-
morphic banding cleavage in which 50 and 5 I are partly
transposed by D, (Fig. 4.7 ,A) in the centre and north. The
S, fabric dips moderately (30°-40°) to the northwest (060°)
and occurs axial-planar to F, folds. Fanning of the cleavage
and refraction at psammite - pelite contacts is common. The
character of the S, fabric changes with the lithology, shown
by the widths of the quartz-feldspar-rich and the mica-rich
bands which vary from less than one millimetre to about
one centimetre. S, is defined by the preferred alignment of
biotite and chlorite constituting either a penetrative foliation
or a wavy to anastomosing network (Fig. 4.8). Calc-silicate
spindles from several centimetres to several tens of centime-
tres in size, are mostly oriented with their long axes parallel
to S,.

S, is a rather unevenly distributed fabric, especially in the
southern part of this domain. The mean orientation in the
centre and north is 050°/30°NW (Fig. 4.6). The fabric is best
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Fig. 4.3: Map of the study traverse showing a selection of structural data for domain A. See Table
4.3 for explanation of symbols; key gives number of measurements.

Chl-musc-matrix

Fig. 4.4: Microtextures in domain A. Tracings from thin sections
showing: (A) So,1,2,3 composite cleavage illustrating the par-
allel to subparallel alignment of biotite within a chlorite-mus-
covite matrix enclosing garnet I (specimen PK 855, farm
Usambara 304, south of Us Pass road); (B) Chlorite-biotite
schist showing S4 crenulation cleavage developed within the
So,1,2,3 composite cleavage. Note microfaults at hinge lines
(specimen PK 140, farm Usambara 304, south of Us Pass
road).

Fig. 4.5: Small-scale (Ds) kink band in domain A, showing
quartz-filled dilation space parallel to the Sp,12,3 composite
cleavage. Lens cap for scale is circled. Farm Usambara 304,
south of Us Pass road.

developed in narrow shear zones where folding of S, by D,
occurs (Fig. 4.7, D and E). Notably, in the hinges of F, folds,
S, constitutes a penetrative biotite fabric which encloses the
S, fabric.

An S, crenulation cleavage occurs in the highly pelitic
lithologies (Fig. 4.7, C and E). The orientation of this fab-
ric is variable (Fig. 4.6) and it describes a clockwise rota-
tion from orientations of 010°/40°-60°NW in the south to
060°/60°-80°NW close to the Matchless Amphibolite where
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the fabric is exceptionally strongly developed (Fig. 4.6, A
and B).

(b) Linear elements

There are several linear elements present in this domain.
The most distinct is a mineral lineation which plunges 20°-
40° towards 320° on S, planes and which is therefore desig-
nated L,,. Minerals defining L,, are mainly biotite but also
plagioclase and amphiboles at the Matchless Amphibolite.
A second lineation, L, is the S /S, intersection with an ori-
entation of 060°/0°. In the south and centre of the domain,
the long axes of small calc-silicate spindles constitute a line-
ation which plunges at 30°-50° towards 315° down-dip on
S, planes (Fig. 4.6, A). At the Matchless Amphibolite the
long axes of pillow structures plunge 330°/35° forming a
down-dip lineation on S, planes, together with the elongated
plagioclase porphyroblasts they contain. In the southern
part of the domain on the farm Usambara, the long axes of
quartz-chlorite-carbonate concretions are oriented 250°/10°
(Fig. 4.6, A).

(c) Folds

D, structures represent the major fold phase in this do-
main. Folds are developed on all scales varying from em-
scale intrafolial folds to isoclinal folds with wavelengths
of up to 250 m. Quartz veins and calc-silicate layers which
parallel So are folded by D, to form intrafolial folds within
S, cleavage domains (Fig. 4.7, B and C). Folds with wave-
lengths of several metres are isoclinal with axial planes dip-
ping mostly northwest (050°/20°-60°NW), although some
folds with northeast-dipping axial planes with a consider-
able spread of orientations occur in the southern-most part
of the domain (Fig. 4.6, A and B). The majority of the fold
axes plunge subhorizontally towards the northeast and the
southwest but steeply-plunging axes also occur (Fig. 4.6, A
and B). Intrafolial D, folds and isoclinal folds with wave-
lengths of up to 5 m are particularly well developed within
metasedimentary sequences intercalated with the Matchless
Amphibolite. D, folds with wavelengths of 15-20 m and am-
plitudes of tens of metres are spectacularly developed and
well exposed in a canyon section of the upper course of the
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Fig. 4.7: (A) Transposition of S and refraction of S at lithological contacts Sg (indicated by arrows). Sedimentary younging indicated
by graded layering is towards the bottom of the photograph. Locality Koam canyon, farm Annelie 412. (B) Calc-silicate layer
folded within pelitic lithologies, representing intrafolial D2 fold within Sz cleavage domains. Folded and transposed S fabric also
indicated by arrow. Farm Usambara 304, north of Us Pass road. (C) Photograph showing intrafolial D> folds within the S2 cleavage
and an overprinting S4 crenulation cleavage in pelitic schist. Farm Usambara 304, north of Us Pass road. (D) Narrow shear zone
in psammitic lithologies showing small-scale F3 fold. The biotite fabric constituting the Sz cleavage is deformed about the fold and
the penetrative S3 cleavage is developed in the fold hinge. Koam canyon, farm Annelie 412. (E) Photograph showing overprinting
relationships of deformations D2-D4 in narrow shear zone in pelitic lithologies. Sz is folded by D3 which developed small-scale F3
folds and a penetrative S3 cleavage; these are overprinted by the S4 crenulation cleavage. All planar fabrics are indicated by arrows.
Matchless Amphibolite sequence, farm Annelie 412. (F) Flattened, concentric D2 folds (class 1C; Ramsay, 1967) in the Koam
canyon section. Height of scale (circled) is 1.7 m. Farm Annelie 412.
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Fig. 4.8: Tracing from thin section showing hinge area of minor
F, fold developed in pelitic lithologies. The Si fabric is
transposed and crenulated within Sz domains. S constitutes
an anastamosing network within psammitic lithologies (spe-
cimen PK 86/57, farm Kaan Dam 411, near Khomas Hoch-
land road).

Koam river (Figs. 4.9 and 4.10). These folds are flattened
concentric folds (class 1C; Ramsey, 1967) which are tight
to isoclinal, inclined, and horizontally to shallowly plunging
in attitude (Fig. 4.7, F; Fig. 4.9). Axial planes are oriented
040°/40° -60°NW and fold axes plunge at low angles both
towards 235° and 050° -060° (Fig. 4.6, C). Way-up criteria
to determine major D, fold closures are provided by bedding
- cleavage relationships. Detailed mapping of the canyon
section has shown that the wavelengths of the major folds
are in the order of 5 km. Overturned limbs, however, are
very narrow confirming that mainly right-way-up sequences
are developed within this part of the Khomas Trough.

Downward-facing D, folds have been detected at three
localities (Figs. 4.9 and 4.10) of the Koam canyon section
(Kukla et al., 1989). It is essential for the recognition of
downward-facing direction that sedimentary structures, pro-
viding way-up criteria, are combined with fabric elements.
Two lines of evidence were used to define downward-fac-
ing: (i) sedimentary younging indicated by graded bedding
and (ii) bedding - cleavage relationships with respect to D,
folds. Figures 4.7, F and 4.11 demonstrate the structural
style of part of the canyon section where downward-facing
has been detected. The S, cleavage has been refolded and
strongly transposed into S, (Figs. 4.7, A and 4.10) so that F,
fold closures have been largely obscured.

Orientations of S, in the canyon section consequently
have variable dip directions both to the northwest and the
southeast (Fig. 4.9).

F, folds are cm- to m-scale, tight to isoclinal, asymmetric
folds which are developed in narrow shear zones (Fig. 4.7,
D and E). They have gently- to moderately-plunging fold
axes (250°/14°-40°) and axial planes which dip moderately
to steeply towards the northwest (059°/43°-63°NW) and
the southeast (059°/25°SE; Fig. 4.6).

Axial planes of cm-scale, close-tight crenulation folds
(Fig. 4.7, C and E) dip moderately towards both the north-
west and the southeast with axes plunging subhorizontally
towards the northeast and the southwest (Fig. 4.6, B).

Kink bands of monoclinal kink folds are up to two me-
tres wide and are occasionally brecciated. Axial planes dip
both towards the southeast and the northeast (Fig. 4.6, A).

4.2.3 Domain C

This domain covers a wide area between the Upper
Koam river canyon on the farm Annelie up to the central
part of the farm Keises (Fig. 4.12). In this domain only D,
and D, structural elements are evident according to the no-
menclature of previous domains (Table 4.1). However, one
downward-facing D, fold has been detected in the centre of
this domain which might suggest the presence of an earlier
D, phase of folding.

(a) Planar fabrics

Bedding is evident throughout the domain and a variety
of sedimentary structures has been described (Chapter 3).
So strikes uniformly towards the northeast and dips both
towards the northwest and the southeast (Fig. 4.12).

The first recognizable fabric element is the S, cleavage
which is similar in character to that described in domain
B. S, is a strong, pervasive, narrow to widely spaced and
wavy to anastomosing metamorphic banding with quartz-
feldspar-rich and mica-rich (biotite and muscovite) cleav-
age domains (Fig. 4.13, A and B). Fanning of the cleavage
and refraction at psammite - pelite contacts are common
(Fig. 4.13, C). The S, fabric is axial-planar to the domi-
nant F, folds in this domain and it varies according to the
orientation of the folds, but generally trends towards the
northeast (Fig. 4.12).

S, occurs within the southern part of the domain in nar-
row shear zones but is more strongly developed towards the
north where it is dominant in major high-strain zones. The
fabric is penetrative (Fig. 4.13, D) and is characterized by a
newly-formed biotite generation which encloses the S, fab-
ric. In units of low competence such as the graphite schist
on the farm Kaan, however, S, is rather a strong crenula-
tion cleavage. Orientation data for S, indicate a shift from
northeasterly trends (050°/30°-50°NW) to north-northeast-
erly trends (030°/30°NW) towards the north of the domain,
demonstrated by the stereoplots in Figure 4.12.

(b) Linear elements
Within shear zones, mineral lineations of elongate biotite
and garnet are occasionally developed, showing a wide
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Fig. 4.9: Map of the Koam canyon section on the farm Annelie 412 showing localities with Dy
downward-facing structures and stereonet data. Major sedimentary cycles are also indicated.

spread of orientations (Fig. 4.12, C). A northeast-trending
S,/S, intersection lineation also occurs. Furthermore, the
long axes of calc-silicate spindles are elongated parallel to
the D, fold axes (Fig. 4.12, A and B). An example of the
occurrences, sizes and orientations of calc-silicate spindles
in an open asymmetric fold on the farm Kaan is shown in
Figure 4.14.

(c) Minor folds

F, folds are open to tight in the northern part of the domain
and on the steep limbs of some major fold structures. In con-
trast, a pronounced open asymmetric fold style occurs in the
centre and south. Figures 4.13 (E and F), 4.14 and 4.15 illus-
trate examples of open asymmetric folds on the upright limb
of a major fold structure on the farm Kaan. In contrast, Fig-
ure 4.16 shows tight folding associated 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
northeast and southwest (050°110° and 230°/10°) but within

zones of high strain, axes plunge up to 20° towards 050°.
Wavelengths of asymmetric folds are in the order of 20-50
m in the shallow limbs and of 5-10 m in the steep limbs of
larger structures (Figs. 4.15 and 4.16). There is evidence for
a D, downward-facing fold towards the top of the scapolite
schist sequence on the farm Dagbreek. This is based on the
relationship of graded bedding which provides way-up cri-
teria and the attitude of the S, cleavage (Fig. 4.17, E). The
presence of this fold indicates that folding and overturning
of fold limbs occurred prior to D,. This may therefore be
seen as evidence for a D, phase of deformation in this part
of the Khomas Trough.

F, folds are developed on a centimetre- to metre-scale in
narrow high-strain zones (Fig. 4.13, G). In these zones, tight
to isoclinal F, folds largely overprint earlier structures. Typi-
cal features of D, folding and overprinting relationships of
D, on D, are well developed in the southern scapolite schist
(Fig. 4.12) and are illustrated in Figure 4.17. The orienta-
tions of fold axes and axial planes change from south to
north within this domain.
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Fig. 4.11: Structural sketch illustrating the style of D2 folding in the Koam canyon section. So and
S2 form lines are indicated. Note sedimentary younging evidence. Farm Annelie 412.

Axial planes of F, folds change from 060°/50°NW in the
south to 030°/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).

(d) Major folds

Major F, folds have been detected in this domain and
they are indicated by the bedding - cleavage relationships
on minor structures. Characteristically the major folds are
open and asymmetric with shallowly- to moderately-dipping
southern limbs and steep northern limbs. The major fold
structures as shown in Figure 4.2 are: (1) the Tsawisis syn-
cline in the south; (2) a zone of open, asymmetric folding on
the upright limb of a major synclinal structure in the centre;
(3) the Dagbreek anticline between the two scapolite schist

sequences; and (4) a zone of isoclinal folding in the northern
part of the domain. The fold hinges of the major structures
are situated in the most psammitic part of the respective ar-
eas. It can be seen in Figure 4.2, however, that parts of the
limbs of the major folds are missing due to the presence of
structural discontinuities which will be described separately
below.

4.2.4 Domain D

This domain extends from the centre of the farm Keises to
the southern margin of the Donkerhuk Granite (Fig. 4.18).
The establishment of this domain is based on the recogni-
tion of an S, crenulation cleavage and a clockwise rotation
of fabric elements. Additionally, axial planes of deformation
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Fig. 4.12: Map of the study traverse showing a selection of structural data for
domain C from south (A) to north (D). See Table 4.3 for explanation of
symbols; key gives number of measurements.

phases D, to D, are steeply inclined to upright and fold axes
plunge moderately in the north of the domain. The northern
margin of the Khomas Trough is defined by the Donkerhuk
Granite in this area.

(a) Planar fabrics

As in domain C, original bedding is confirmed by a vari-
ety of sedimentary structures. S, is a widely spaced biotite
foliation with sillimanite (fibrolite) knots oriented parallel
to and situated within the mica-rich cleavage domains. The
fabric changes orientation from westerly trends in the south
(086°/10°-90°NW) to east-southeasterly trends in the north
(102°/50°-90°NE). The S, fabric is folded by D, within nar-
row shear zones in a manner similar to that described in do-
main C (Fig. 4.19, A and B). S, is a spaced cleavage which
is axial-planar to F, folds. This biotite fabric is developed
throughout the domain but especially in high-strain zones
as in domain C. Orientations are similar to S, and also trend

cast-southeasterly in the north. Sillimanite knots, which usu-
ally parallel S,, have been bent (transposed) partly into S,
orientations. Within highly pelitic lithologies a symmetric
crenulation cleavage is developed which here is designated
S, (Fig. 4.19, O).

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

(b) Linear elements

There are only occasional S /S, intersection lineations
preserved which plunge 280°/10°-40° in the north of the do-
main (Fig. 4.18).

(c) Folds
The vergence of minor fold structures together with bed-
ding - cleavage information indicates that the domain is situ-
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ated on the overturned limb of a major D, anticlinal closure  north, with wavelengths decreasing from 10-20 m to 5 m re-
located to the north. (Fig. 4.2). Observed D, folds are open  spectively. Axial planes of these flattened concentric F, folds
to tight to isoclinal in the south and strongly isoclinal in the (class 1 C; Ramsay, 1967) change clockwise from 074°/40°-

A

Fig. 4.13: (A) Photograph showing the strong development of the Sz metamorphic banding cleavage (indicated by arrow) in pelitic
lithologies. Note the alignment of staurolite porphyroblasts within the cleavage domains and along bedding So (indicated by arrows).
Locality is at the northern boundary of the farm Kaan 309. (B) Anastomosing S biotite fabric in calc-silicate rich psammite,
northern scapolite schist, farm Keises 312. (C) Refraction of the $2 metamorphic banding cleavage at lithological contacts between
psammites and calc-silicate layers. Locality in the centre of the farm Keises 312. (D) Sz metamorphic-banding cleavage
superimposed by intense S3 spaced fabric in high-strain zone of the southern scapolite schist on the farm Dagbreek 365. (E) Open
asymmetric SE-verging F2 fold in mainly psammitic lithologies on the southern, shallow-dipping limb of the Tsawisis syncline
(see Fig. 4.2). 8¢ is demarcated by dashed line. Hammer for scale. Domain C, farm Tsawisis 308.
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Fig. 4.13: (F) Open F2 fold in psammitic schist on the southern margin of domain C. North is towards the left of the photograph, the
height of the scale is 1.7 m. Farm Kaan Dam 411. (G) Metre-scale isoclinal F3 folds with axial-planar Sz penetrative fabric in shear
zone in the southern scapolite schist on the farm Dagbreek 365.

NW

Fig. 4.14: Diagram showing sketch, photograph and stereoplot of
an open asymmetric D2 fold in the area between the graphite
schist and the southern scapolite schist (Fig. 4.2). The orien-
tation and shape of cale-silicate layers and spindles respective
to Sp and S is strongly dependent on their positions within
the fold. Shear processes parallel to Sg are also indicated. See
Table 4.3 for explanation of symbols. Farm Kaan 309.

50°NW in the south to 106°/65°NE in the north; fold axes
change from 080°/10° to 106°/30°-40° respectively (Fig.
4.18). The more steeply-plunging attitude of D, fold axes in

20m

the northern part of this traverse stands out against the usu-
ally horizontal to subhorizontal orientations elsewhere along
the traverse.

Tight F, folds with wavelengths of up to 5 m have devel-
oped in shear zones (Fig. 4.19, D, E and F) and orientations
also rotate clockwise (Fig. 4.18). F, fold axes also plunge
more steeply in this domain (Figs. 4.18 and 4.19, F). Fur-
thermore, downward-facing F, folds have been detected and
one of these structures is shown in Figure 4.19, D.

Small-scale (tens of centimetres) F, folds are related to
the S, crenulation cleavage and occur towards the northern
margin at the contact with the Donkerhuk Granite.

A structural section from the southern part of this domain
is presented in Figure 4.20 showing fabric elements, fold
styles, and overprinting relationships of deformation phases
D,,D,and D,.

4.2.5 Latefractures

Late-stage joints and faults are considered together here
since their characteristics are similar in all domains. A mi-
nor feature occurring in domain A is post-D, joint sets with
subvertical northeasterly strikes. The two major fault sets
occurring in the Khomas Trough appear prominently on the
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—~ Sedimentary younging

Fig. 4.15: Diagram showing sketch, photograph and stereoplot of
an open asymmetric D2 fold in the area between the graphite
schist and the southern scapolite schist (Fig. 4.2). Younging
evidence is based on sedimentary structures. Bedding is de-
marcated by dashed line. Height of scale (circled) is 1.7 m.
Farm Kaan 309.

Landsat image of the Khomas Trough (Fig. 2.4). One set is
oriented subvertically and trends north-south and the sec-
ond set is also orientated subvertically and trends north-
west-southeast. A north-south trending fault is recogniz-
able all along the course of the Kaan river and displaces the
graphite schist on the farms Kaan and Tsawisis by several

hundreds of metres. This is accompanied by brecciation,
silicification, quartz mobilization and iron-staining. The
northwest striking fault set formed the Koam canyon but
only minimal displacement is evident since structural el-
ements and lithologies can be traced across it. Senses of
movement are largely dextral in both sets. The time of
formation of both fault sets was after the intrusion of the
Donkerhuk Granite which has been partly displaced by the
faulting.

4.3 Contact relationships of metasediments and
migmatites with the Donkerhuk Granite

The northern margin of the Khomas Trough in the study
area is defined by the contact with the Donkerhuk Granite.
Structural relationships between this granite and the meta-
sediments with regard to the time of granitic emplacement
have been discussed by many authors (e.g. Reuning, 1923;
Gevers, 1963; Martin, 1965; Smith, 1965; Halbich, 1970;
Jacob, 1974; Faupel, 1974; Nieberding, 1976). These stud-
ies have concluded that the granite intruded after defor-
mation into the Kuiseb metasediments where it caused the
formation of migmatites (Fig. 4.21, A and B). In this study,
the structural relationships between migmatites, metasedi-
ments, and granitic phases have been investigated.

Generally, migmatites occur around the Donkerhuk
Granite in well defined zones covering several km?. The
western boundary of one of these zones is shown in Fig-
ure 4.18 on the farm Davetsaub where investigations have
been undertaken. This figure illustrates that no migmatites
are developed in the Kaan river section.

The following features are important with respect to the
northern margin of the study area: (1) metasediments are
coarsely recrystallized only several hundreds of metres to
the south of the granite contact in the Kaan river section;
(2) deformational features in the metasediments include a
strong S, crenulation cleavage, F, and F, folds with plung-
ing fold axes and steeply-inclined axial surfaces as well as
downward-facing F, folds; (3) the migmatitic areas con-
tain xenoliths of metasediments and calc-silicates (Fig.
4.21 ,B); (4) xenoliths of coarse-grained metasediment
within the white, two-mica granite contain the S, S, and
S, cleavages as well as ptygmatic folds (Fig. 4.21, C); (5)
thin pegmatite veins and granite apophyses are folded by
the S, crenulation cleavage (Fig. 4.21, D and E); and (6)
migmatitic areas contain pegmatite phases of the granite
with sharp crosscutting contacts (Fig. 4.21, F).

In conclusion, field observations along the northern
boundary of the Khomas Trough show that the main gran-
ite intrusion occurred after the main deformation events
which affected the Khomas Trough. Coarser grain sizes
of Kuiseb metasediments in a narrow zone bounding the
granite indicate a certain thermal influence of the pluton.
In some areas, however, migmatites extend up to several
kilometres south of the granite contact. Structural relation-
ships which show pegmatites crosscutting the migmatites
with sharp contacts confirm that migmatites formed before
the emplacement of the Donkerhuk Granite. These findings
are interpreted to favour an “in situ” migmatization by the
regional metamorphism which preceded the intrusion. This
is preferred to models of the above authors which explain
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Such a pattern has been observed in the study area. Figure
4.22 illustrates the above-described major fold structures in
the Khomas Trough developed during the D2 phase of
deformation. Major structural discontinuities subdivide the
Khomas Trough and discrete changes of fold styles occur
across the discontinuities as indicated in this figure. The
features which define the discontinuities are the ultimate
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cycle cycle

(inverted {upright
sequence) sequence)

Fig. 4.16: Diagram showing sketch, photograph and stereoplot of tight to isoclinal SE-verging D> folds on the northern, upright to
overturned limb of the Tsawisis syncline (Fig. 4.2). In order to compare sketch and photograph, reference may be made to the thrust
indicated. Note also sedimentary younging evidence. See Table 4.3 for explanation of symbols. Height of scale (circled) is 1.8 m.

Farm Tsawisis 308.

the migmatization by melting and injection during the intru-
sion of the Donkerhuk Granite.

4.4 The recognition of heterogeneous strain and
thrusting

4.4.1 Heterogeneous strain

The distribution of strain throughout the traverse is dis-
tinctly heterogeneous in the sense of Ramsay (1967).
Multi-layered sequences are especially receptive to strain
variations in lithologies with different physical properties.
Heterogeneity is developed on all scales. On a small scale,
it is expressed in the differential development of fabrics in
more competent quartz-rich (low-strain) and more incom-
petent mica-rich (high-strain) lithologies. On a large scale,
strain variations may be expressed in particular high-strain
zones which alternate with discrete zones of low strain.

expression of heterogeneous deformation within the Kho-
mas Trough.

4.4.2 Major high-strain zones

Characteristics of the most important of the discontinui-
ties outlined in Figure 4.22 are described below from south
to north.

a) Southern-most Khomas Trough

Thrust faulting is clearly evident at the contact between
the Kleine Kuppe quartzites and schists and the Kuiseb For-
mation schists just north of the confluence of the Koam and
Kuiseb rivers (Fig. 4.3). At this locality a large number of
northeast-trending thrust faults dip at shallow to steep an-
gles towards the northwest. The faults cut out lithological
units and produce typical wedge-shaped outcrop patterns.
They are characterized by silicified and brecciated zones
and the presence of iron-staining. When enclosed by two
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NW
intrafolial F folds
folded by D3

Fig. 4.17: Structural sketches showing D2 and D3 features of the
southern scapolite schist on the farm Dagbreek 365 (see Fig.
42). (A) Tight F2 syncline partly refolded by D3. Note
superimposition of Sz by S3. (B) Intrafolial minor F; folds
situated on the overturned limb of a larger D3 syncline. (C)
Refolded quartz vein showing the development of minor F2
and F3 folds. (D) Penetrative S3 cleavage and post-D3 shear
underlined by quartz segregation. (E) Downward-facing D>
fold confirmed by sedimentary younging evidence and over-
printing relationships of D3 on Da2. The development of this
fold suggests the presence of a D1 deformation prior to D2 in
this part of the study traverse. See Table 4.3 for explanation
of symbols.

fault planes, small-scale duplex-type structures indicate a
southeasterly-verging shear sense (Fig. 4.23, A and B). The
occurrence of drag folds on the upper sheet of faults also
confirms the contractional style of the faulting. Associated
with the faults are small-scale shear zones (comprising the
composite cleavage which is sigmoidally shaped) and some
deformed quartz segregations (Fig. 4.23, C and D). These
quartz segregations act as small-scale strain markers and
confirm the reverse attitude of the observed thrust faults.

b) Matchless Amphibolite

Heterogeneous strain is particularly well developed
within the Matchless Amphibolite, which is situated in
thick pelitic sequences. The heterogeneity is initially ex-
pressed by the alternation of low-strain zones and high-
strain zones on a metre-scale. This is best illustrated by the
shapes of pillow structures which range between original
spheroidal and extremely elongated structures. 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 25°) towards the northeast if compared with
sequences north and south of the Matchless Amphibolite
(Figs. 4.6 and 4.24). Elongated biotites and hornblendes
form a pronounced northwest-plunging lineation. This lin-
eation is best developed within the Matchless Amphibolite

if compared to elsewhere along the traverse. Long axes of
pillow structures also plunge to the northwest. S, is a pen-
etrative biotite fabric which overprints S, in intercalated
biotite schists. The S, crenulation cleavage is exceptionally
well developed within this sequence (Fig. 4.24).

Stratigraphic relationships within the Matchless Am-
phibolite are strongly connected with the development of
reverse faults. These have been observed throughout the
sequence but they are much more pronounced at the base
(Fig. 4.25, A). The main thrusting event occurred prior to
D,, which is evident from the shearing of the S, fabric and
the unaffected S, cleavage (Fig. 4.25, C).

Post-D, thrusting, however, has also been observed. Ori-
entations of thrust planes are largely parallel to F, axial
surfaces at 040°-055°/35°-50°NW. Some thrusts are asso-
ciated with breccia bands, silicification and iron-staining
(Fig. 4.25, A). Thrust faults are generally associated with
shear zones in which the S, fabric shows a sigmoidal pat-
tern (Fig. 4.25, B). Metagabbros in the vicinity of thrusts
are also strongly sheared (Fig. 4.25, D). More information
on the stratigraphic implications within the Matchless Am-
phibolite due to thrusting will be given in Chapter 5. Im-
portant 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).

¢) Koam canyon section

Geological features are well exposed in this northwest-
trending, 6 km-long canyon on the farm Annelie (Fig. 4.9).
Three phases of deformation (D,, D, and D,) are recog-
nized in this area. Strain is also heterogeneous, shown by
superimposed folding and thrusting. 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 the crosscutting S, fabric post-dates a thrust fault
(Fig. 4.26).

A major phase of thrusting occurred after the formation
of F, folds and the S, cleavage. This is shown by the de-
velopment of shear zones which show sigmoidally curved
S, fabric elements and by sheared-out D, synclines and an-
ticlines. Figure 4.11 illustrates the shearing-out of major
limbs of tight to isoclinal F, folds. A pronounced L, biotite
lineation plunging moderately towards the northwest on S,
foliation surfaces occurs in the vicinity of the high-strain
zones in the sequence. Within these zones, D, downward-
facing structures which are unique in this part of the overall
study traverse have been observed (Figs. 4.9, 4.10, 4.11).
The downward-facing structures have been interpreted by
Kukla et al. (1989) to have originated from early D 1 fold-
ing and thrusting which created overturned limbs. This was
followed by D, folding and rejuvenated thrusting to devel-
op the downward-facing structures (Fig. 4.27). Centime-
tre- to metre-scale F, folds are confined to the narrow shear
zones which developed in the less competent lithologies
(Fig. 4.7, D). A major structural discontinuity is indicated
towards the northern end of the canyon section (Fig. 4.22).
This is shown by a change from open asymmetric folds
on the north side of the discontinuity to folds on the south
side in which the bedding/cleavage relationships confirm
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Fig. 4.18: Map of the study traverse showing a selection of structural data for the
south (A) and the north (B) of domain D. See Table 4.3 for explanation of
symbols; key gives number of measurements.

the presence of antiforms in which overturned limbs have
been eliminated. These antiforms pass southward into tight
to isoclinal overturned folds (Fig. 4.11).

d) Graphite schist

The area of the thick graphite schist on the farm Kaan
in the centre of the Khomas Trough (Fig. 4.22) is a further
high-strain zone. A one metre-thick tremolite schist occurs
at the base of the approximately 60 m-thick graphite schist.
The tremolite schist has been interpreted previously to have
formed from a dolomitic precursor during metamorphism
(see Chapter 3.5.7). A thrust fault with an orientation of
075°/40°NW has been observed at the base of the sequence
and is shown by the shearing-out of an F, synclinal fold
(Fig. 4.28, A and B). This zone is characterized by shearing
although observations are more limited due to the uniform
lithology of the graphite schist. In thin section, however,
strongly elongated quartz may be seen within a highly-
sheared S, foliation matrix (Fig. 4.28, C). A further feature
is the isoclinal character of the F, folds which is unusual
compared with the open folds north and south of this zone
(Figs. 4.12; 4.13, E and F; 4.28, C). Additionally, F, fold
axes in this zone plunge at steeper angles (20°) towards the
northeast. In contrast to these D, features, F, fold axes main-
tain their horizontal to subhorizontal attitude throughout do-
main C. The latter, together with the crosscutting S, cleav-
age (which is a strong crenulation cleavage in the graphite
schist) indicates that the thrusting event occurred pre-D,.

An inferred thrust zone is situated between the graphite
schist and the southern scapolite schist in domain C (Fig.

4.22). Since features of this zone are similar to those in the
scapolite schists further north, they will be covered with the
following description of the scapolite schist.

e) Scapolite schists

The two scapolite schist sequences occur in the northern
part of domain C and they will be considered together, be-
cause charactelistics are similar (Fig. 4.22). Each of these
zones is several hundred metres wide and contains over-
whelmingly pelitic lithologies. D, and D, structural elements
comprising cleavages and folds have been encountered. F,
folds and the S, cleavage have, however, been strongly re-
folded and overprinted by D, within prominent shear zones
where s-c band shearing occurs (Fig. 4.29, A). The usually
competent calc-silicate spindles and layers are extremely
folded and sheared into adjacent lithologies. The shearing
and associated thrusting has led to D, downward-facing
structures at the top of the sequence (Fig. 4.17, E) and to
plunging F, fold axes (Fig. 4.29, B). Generally, the S, spaced
cleavage is most strongly developed within this zone (Fig.
4.13, D) where it crosscuts dislocation zones which contain
refolded and sheared D, structures. This indicates that the
main thrusting event also occurred pre-D,. In parts of the se-
quence, plunging D, fold axes have been observed and this
suggests that syn- to post-, faulting has also occurred if the
lack of evidence for a strong D, fold phase in this area is
considered. Some bedding-parallel fault surfaces have been
observed along which massive scapolitization, brecciation
and occasionally iron-sulphide mineralization occur (Fig.
4.29, C). Some of the observed features, especially the al-
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Fig. 4.21: (A) Kuiseb schist migmatites showing palacosome and neosome, ptygmatic folding, and granitic apophyses. Lens cap for
scale is circled. Davetsaub river, farm Nomatsaus 28. (B) D2 synform in Kuiseb schist migmatites. Note boudinage in the centre
of the photograph. Davetsaub river, farm Davetsaub 29. (C) Xenolith of Kuiseb Formation pelitic schist in granite comprising Sz
and S3 cleavages (indicated by arrows) and ptygmatic folds. Farm Davetsaub 29. (D) Photograph showing pegmatite veins of the
Donkerhuk Granite folded by Da. The S4 crenulation cleavage is demarcated. Pocket knife for scale (8.5 cm long) is circled. Kaan
river, farm Keises 312. (E) Photograph showing granitic apophysis in pelitic schist folded by D4. The orientation of the S4
crenulation cleavage is indicated by arrow. Davetsaub river, farm Davetsaub 29. (F) Photograph showing sharp contact between
crosscutting pegmatite (lower part of the photograph) and Kuiseb schist migmatites (upper part of the photograph). Davetsaub
river, farm Davetsaub 29,

49



4. STRUCTURAL GEOLOGY OF THE KHOMAS TROUGH

BO/4SNW

\NW

Sheared out synclinorium

97/40NE

X

T
60

40

X

AR

Fig. 4.20: Structural profile illustrating tight to isoclinal, moderately- to steeply-dipping D> folds
with axial-planar Sy fabric. Superimposed are the S3 and S4 fabrics in this low-strain zone in
the southern part of domain D. See Table 4.3 for explanation of symbols. Farm Keises 312.

ternation of high- and low-strain zones and the refolding
of F, folds by D,, may be seen in Figure 4.30, which is
a structural profile across the northern scapolite schist on
the farm Keises (Figs. 4.18 and 4.22). The abrupt chang-
es from areas with preponderant D, folding to areas with
strong D, folding are especially note-worthy. A further im-
portant feature contributing towards the interpretation of
these scapolite zones is the abrupt change of fold styles on
a large scale on both the northern and southern sides of the
discontinuities. This is conspicuous in the landscape and is
illustrated in Figure 4.22, which shows that subhorizontal
limbs of open asymmetric folds occur on the southern sides
but steep to overturned limbs of isoclinal folds occur in the
north.

f) Northern Khomas Trough

The central and northern parts of domain D, designated
the Okahandja Lineament Zone (Miller, 1983b) in Figure
4.22, are characterized by mostly pelitic sequences. The S,
fabric and D, folds have been refolded within shear zones
which has led to the formation of D, downward-facing
folds (Fig. 4.19, D). Parallel-sided shear zones with the de-
velopment of F, folds and a strong S, cleavage are illustrat-
ed in Figure 4.31. A structural cross-section shown earlier
(Fig. 4.20) demonstrates the shearing-out of overturned F,
limbs by thrusting in the central part of the farm Keises.
The Schmidt net in Figure 4.31, B indicates an unusually
wide spread of poles to cleavages as well as the steeply-
inclined attitude of the axial planes in this area. A post - D,
feature in this area is the clockwise rotation of structural
elements (Fig. 4.18).

4.4.3 Summary and conclusions

Most of the above-described individual high-strain zones
throughout the study traverse share features which are the
ultimate expression of heterogeneous deformation in the
Khomas Trough. The following characteristics are com-
mon to most of the discontinuities described.

(1) The discontinuities are zones which are several hun-
dreds of metres wide and they are situated particularly

in the thickest pelitic successions of the Khomas Trough.
Thrust faulting has been directly observed mainly through
the displacement of fold limbs which have been sheared-
out at the southern margin of the traverse, the Matchless
Amphibolite, the Koam canyon section, the graphite schist
on the farm Kaan, and the scapolite schists. Pronounced
mineral lineations down-dip on axial-planar foliation
surfaces are associated with the southeasterly-directed
thrusting. Small-scale strain markers such as sheared pre-
thrusting fabrics, quartz layers and calc-silicate spindles,
confirm the reverse attitude of the observed discontinui-
ties. The earliest thrusting occurred during the D, phase of
deformation but major thrusting was associated with the
D, and D, phases of deformation which are evident in all
high-strain zones described. Late shearing and thrusting
post-dating D, is indicated in the Matchless Amphibolite
sections and the scapolite schists. The above features con-
firm the contemporaneity of folding, cleavage formation
and thrusting.

(2) The discontinuities are zones of concentrated shear.
On a small scale, ductile 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-c band shearing is developed which
also indicates the heterogeneity of strain during fold devel-
opment. Apart from enhanced retrograde reactions there is
very little evidence for changes in metamorphic conditions
within the shear zones, since the peak of metamorphism
outlasted the major deformation phases (Chapter 6). Strain
determinations, shear zone geometries and compressional
directions are difficult to evaluate since shear zones are
largely parallel-sided within the overall northeast-trending
tectonic grain of the orogen. The intense refolding of the S,
metamorphic banding cleavage and the largely unaffected
S, cleavage confirm the pre-D, age of major shearing with-
in the high-strain zones.

(3) With respect to the main fold phase D,, discrete and
rather abrupt changes of fold styles occur across the discon-
tinuities, separating isoclinally from openly folded zones.
This may be seen in the centre and the northern part of
the traverse, where shallow- and steep-dipping bedding sur
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Fig. 4.21: (A) Kuiseb schist migmatites showing palacosome and neosome, ptygmatic folding, and granitic apophyses. Lens cap for
scale is circled. Davetsaub river, farm Nomatsaus 28. (B) D2 synform in Kuiseb schist migmatites. Note boudinage in the centre
of the photograph. Davetsaub river, farm Davetsaub 29. (C) Xenolith of Kuiseb Formation pelitic schist in granite comprising Sz
and S3 cleavages (indicated by arrows) and ptygmatic folds. Farm Davetsaub 29. (D) Photograph showing pegmatite veins of the
Donkerhuk Granite folded by D4. The S4 crenulation cleavage is demarcated. Pocket knife for scale (8.5 cm long) is circled. Kaan
river, farm Keises 312. (E) Photograph showing granitic apophysis in pelitic schist folded by D4. The orientation of the S4
crenulation cleavage is indicated by arrow. Davetsaub river, farm Davetsaub 29. (F) Photograph showing sharp contact between
crosscutting pegmatite (lower part of the photograph) and Kuiseb schist migmatites (upper part of the photograph). Davetsaub
river, farm Davetsaub 29.
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Fig. 4.22: Structural profile across the Khomas Trough showing the organization of the sequence
into individual thrust slices after the D7 phase of deformation. Note the structural steepening
towards the north and the pronounced changes in fold style across the individual thrusts.

Fig. 4.23: (A) Small-scale, southeast-verging thrust fault within Kleine Kuppe Formation pelites and quartzites, about 500 m north of
the confluence of the Koam and Kuiseb rivers on the farm Usambara 304. (B) Southeast-verging thrust faults in Kuiseb Formation
pelites, several hundreds of metres north of the confluence of the Koam and Kuiseb rivers on the farm Usambara 304. Hammer for
scale is circled. (C) Photograph showing shear zone near thrust fault indicated by sigmoidally shaped quartz segregations within
S0.12,3 composite cleavage in chlorite schist. Farm Usambara 304, (D) Small-scale shear zone comprising sigmoidally shaped S»
fabric and intrafolial D7 folds. Pocket knife is 8.5 cm long. Farm Okasume 304.
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4.4 The recognition of heterogeneous strain and thrusting

Fig. 4.24: Stereonet showing structural data from metasediments
and amphibolites within the Matchless Amphibolite. See
Table 4.3 for explanation of symbols; key gives number of
measurements.

faces on the respective northern and southern sides of the
discontinuities, exhibit a distinct ramp and flat geometry.

(4) Within the high-strain zones there is a remarkable
development of structures associated with the D, phase of
deformation. The S, fabric and tight to isoclinal F, folds,
only scarcely developed in low-strain zones and restricted to
metre-scale shear zones, dominate within these high-strain
zones. Original sedimentary features are largely obliterat-
ed and D, fold structures and fabric elements are strongly
overprinted to become uneven in geometry and intensity.
The above is in strong contrast to adjacent low-strain zones
where sedimentary structures are remarkably well preserved
and F, folds with the associated penetrative S, axial-planar
foliation form the main structural elements. Orientations of
planar and linear structural elements vary considerably with-
in the high-strain zones which is especially evident from the
plunging attitude of F, fold axes. This is unusual if com-
pared to the commonly horizontal to subhorizontal plunges
of fold axes in low-strain zones of the Khomas Trough.

(5) Downward-facing D, and D, structures along the study

Fig. 4.25: (A) Major thrust fault (décollement) situated in 10 m-thick graphite schist at the base of the Matchless Amphibolite. Thrusting
is accompanied by brecciation and silicification. For detailed profile see Figure 5.5. Amsas river, Farm Kobos 305. (B) Shear zone
of D7 age in pelitic schist associated with the graphite schist thrust zone shown in Figure 4.25,A. Photograph shows sigmoidally
shaped S» metamorphic banding cleavage in which S is strongly transposed (indicated by arrows). Amsas river, farm Kobos 305.
(C) Southeast-verging thrust zone of post-D2 age developed in type I amphibolites of the Matchless Amphibolite. Waterfall profile
(see profile A in Figure 5.1), farm Annelie 412. Scale bar is 0.5 m. (D) Shear zone in metagabbro of the Matchless Amphibolite.
Koam river, farm Kobos 305.
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4. STRUCTURAL GEOLOGY OF THE KHOMAS TROUGH

Fig. 4.26: Southeast -verging pre-D2 thrust fault in psammitic and
pelitic schist in the southern Koam canyon. This thrust zone
is clearly crosscut by the S metamorphic banding cleavage
which suggests D thrusting in this area. Brecciation and
silicification occur. Farm Bergkrans 370. '

traverse are exclusively confined to the observed high-strain
zones, i.e. the Koam canyon section, the hanging wall of
the southern scapolite schist, and the northern margin of the
Khomas Trough.

(6) In the case of the two scapolite schists, the scapolitiza-
tion of the originally plagioclase-bearing wallrock occurred
post-D,. The massive enrichment along fractures as well as
the chlorine-rich compositions of the scapolites (Chapter
6.4) indirectly point to the presence of tectonic weakness
zones which hosted fluid movement.

(7) There are similar lithologies present in two of the high-
strain zones. These are the marble and graphite schist asso-
ciation on top of the Matchless Amphibolite (Fig. 4.22) and
the tremolite schist - graphite schist association in the centre
of the traverse (Fig. 4.22). Striking lithological similarities
also characterize the two scapolite schists which comprise
calc-silicate rich and pelitic sequences. These are suggestive
of geological repetition of units which could ideally have
been used as décollement planes within the sequence.

In conclusion, these high-strain zones are interpreted as
major shear and thrust zones, situated in pelitic sequences.
The individual thrust slices may be traced over more than
150 km along strike (Fig. 2.4) and they define, together with
the northwards-steepening attitude of structures, an overall
imbricate fan geometry in the Khomas Trough (Fig. 4.22).
With respect to this structural setting and the similar litholo-
gies occurring in some of the thrust zones, it may be spec-
ulated that the individual thrusts are all related to a major
décollement surface at depth.
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Fig. 4.27: Schematic diagram of the model for the development
of downward-facing structures along the Koam canyon sec-
tion. (A) Early (D1) folding and thrusting, creating overturned
limbs. (B) Dy folding, rejuvenated thrusting and subsequent
development of downward-facing structures. Note that folds
produced in the overturned sequence are downward-facing.
(From Kukla et al., 1989).
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4.5 Kinematic interpretation and time sequence of
deformational events

The correlation of structural elements along the traverse
uses the S, foliation as a time datum because this fabric is
a recognizable metamorphic banding cleavage and is axial-
planar to F, folds of varying style. The following kinematic
interpretation is structured according to the proposed time
sequence of events as evident from several successive stag-
es of cleavage and fold formation. This does, however, not
necessarily imply discrete and independent phases of defor-
mation through time. Lithological contacts are interpreted
to represent original bedding, which is in any case evident
from original sedimentary structures preserved through
large parts of the traverse. Structural elements encountered
and their correlation along the study traverse are represented
in Table 4.1.
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Fig. 4.28: Diagram showing photograph, sketch and stereoplot of structural features in the graphite schist in the centre of the Khomas
Trough. Kaan river, farm Kaan 309. (a) Photograph showing pre-Dj thrust fault and sheared-out synform at the base of the graphite
schist. Thrust zone is brecciated and iron-stained. (b) Stereonet data for the graphite schist sequence. See Table 4.3 for explanation
o1 symbols. (c) iTacing from thin section showing elongated and sheared quartz in highly sheared graphitic matrix.

4.5.1 D, phase of deformation

The first phase of deformation is mostly evident in the
southern part of the Khomas Trough. D, is represented by a
northeasterly-trending metamorphic banding cleavage which
is defined by an early biotite generation of metamorphic ori-
gin. S, has been intensely overprinted and transposed during
subsequent deformation phases. This process would account
for the lack of recognition of F, folds which even in domain
B are of a regional scale. In other medium-grade metamor-
phic terrains, transposition and obscuring of D, fold closures
by later phases of deformation has been widely documented
(Turner and Weiss, 1963; Hobbs et al., 1976). Lines of evi-
dence suggesting the development of F, fold closures are
the northerly- and southerly-inclined attitude of S, and the
presence of D, downward-facing structures in domain B and
the southern scapolite schist in domain C. The latter have
formed through the refolding of overturned F, limbs during
D,. This, together with silicified and brecciated zones which
are crosscut by S,, demonstrates that thrusting had already
been initiated during D, and that these thrusts were inherited
by later deformation phases. Cleavage data confirm that S,
formed within the overall coaxially consistent stress regime
of the Khomas Trough. The structural style and the charac-
ter of the cleavage indicate that it formed under an overall

compressive regime.
4.5.2 D, phase of deformation

The second phase of deformation has been labelled D, on
the basis of the S, fabric which is always a strong, penetra-
tive metamorphic banding cleavage, with quartz-feldspar
and mica-rich domains and which is axial-planar to second
generation folds throughout the area. S, trends northeast and
dips northwest with the exception of high-strain shear zones
where orientations vary. Calc-silicate spindles are prefer-
entially oriented parallel or subparallel to this fabric. Wide
spacing of the cleavage in psammites and narrow spacing in
pelites indicates a lithological control of the cleavage forma-
tion.

The style of D, folds varies throughout the Khomas Trough
from intrafolial to isoclinal in the south through open in the
centre to isoclinal in the north. The major fold structures
which are indicated in Figure 4.22 are thrust bounded. Rather
abrupt changes of fold styles occur across the thrust zones.
The consistent southeasterly vergence, the subhorizontal fold
axes and the corresponding axial-planar cleavage indicate
that the folds have formed within a compressive regime. The
formation of open, asymmetric folds in the low-strain zones
in the centre might be attributed to: (1) an oblique angle be-
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4. STRUCTURAL GEOLOGY OF THE KHOMAS TROUGH

Fig. 4.29: Shearing and thrusting in the southern scapolite schist
sequence, farm Dagbreek 365. (A) Strong s-c band shearing
of S2 by D3. S metamorphic banding cleavage and orienta-
tion of S3 cleavage parallel to D3 shear zones are indicated by
arrows. (B) Structural data for the scapolite schist sequence,
See Table 4.3 for explanation of symbols; key gives number
of measurements. (C) Brecciated and silicified bedding-par-
allel fault which is part of a D thrust zone. Western flank of
“Kuduspitze™ mountain, farm Dagbreek 365.

tween layering and the maximum shortening direction; (2)
southeast-directed shear, and (3) southeast-directed transla-
tion during fold development. The first possibility is ruled
out since there is no evidence for non-coaxial folding in this
area. Shear deformation within the low-strain zones is only
evident on a minor scale. It is therefore more conceivable
that these particular folds developed during southeastward-
directed translation with possibly additional shear compo-
nents participating in this process. The extreme coaxiality

e w Br > x
N
ecmo 0N

of structures confirms the constancy of the principal axis of
shortening throughout the deformational history of the Kho-
mas 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 af-
ter layer-parallel shortening. Distinct mineral elongations of
mainly biotite and amphiboles occur in domains A and B.
Since the direction of maximum extension will be close to
perpendicular to the fold axis, the lineations most likely rep-
resent extensional down-dip lineations within S, planes. The
remarkable development of these lineations at the southern
margin of the Khomas Trough, the Matchless Amphibolite
and the scapolite schists in the north, speak in favour of for-
mation parallel to the direction of tectonic transport in thrust
zones as described by Hobbs et al. (1976).

A major phase of thrusting occurred during this stage of the
structural evolution. The thrust zones are high-strain zones
and simple shear deformation plays a major role as is evi-
dent from non-coaxial deformation. Observed shear senses
are mostly directed towards the southeast. It is mainly the
overprinting relationships of D, features on D, which indi-
cate that the main thrusting period occurred late during D,,
most probably representing the culmination of this D, de-
formation. The lack of mylonites might indicate that folding
and thrusting occurred contemporaneously, a feature pointed
out by Lewis ef al. (1988). The orientations of thrust zones
also confirm the steepening of structural elements towards
the north to develop an overall imbricate fan geometry as
indicated in Figure 4.22.

Finally the coaxial and subhorizontal attitude of structures
developed in low-strain zones is related to simple shear de-
formation, whereas pure shear produced plunging attitudes
of structural elements in high-strain zones during the subse-
quent D, deformation.

4.5.3 D, phase of deformation

The structural patterns which characterize the third de-
formation differ from those of the D, phase. The S, cleav-
age and F, folds have developed preferentially within zones
of high strain. The penetrative S, biotite fabric is a spaced
cleavage and tight to isoclinal metre-scale F, folds have only
developed within these high-strain zones. The style and scale
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Fig, 4.30: Structural profile across the northem scapolite schist sequence on the farm Keises 312. Diagram
illustrates overprinting relationships of D3 on D in association with thrust faults. Structural data along
the profile are given in stereonet. See Table 4.3 for explanation of symbols.
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Fig. 4.31: (A) Photograph of parallel-sided D3 shear zone containing F3 folds and a pervasive S3 spaced cleavage. So and Sz are
intensely folded. Note parallelism of So, S2 and S3 on either side of the shear zone. Northern margin of the farm Keises 312. (bB
Stereonet showing structural data for the northern part of domain D (see Fig. 4.18). Note wide spread of data, clockwise rotation
of structural elements compared with domains A-C, and plunging fold axes. See Table 4.3 for explanation of symbols; key gives
number of measurements.

of folding and the development of plunging F, and F, fold ented into the S, cleavage. The participation of fluid phases
axes indicate that shear processes played a major role during  during deformation in high-strain zones is illustrated by the
and after D,. Downward-facing D, folds originated through  post-D, scapolitization of metasediments in the north. The
the refolding of overturned D, limbs during D,. Sillimanite —above aspects indicate that the D, deformation had a mainly
knots which were formed during D, have been partly re-ori-  compressional character.
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4. STRUCTURAL GEOLOGY OF THE KHOMAS TROUGH

The features outlined for the D,, D, and D, deformations
show that fold formation, cleavage formation and thrusting
occurred continuously through time, emphasized by the in-
heritance of the major thrusts from one phase to the next.
The structural evolution of the Khomas Trough is therefore
interpreted to be one of progressive deformation.

4.5.4 Later phases of deformation

S, crenulation cleavages and related small-scale F, folds
are only developed at the southern and northern margin of
the study traverse. The symmetric and asymmetric fabric
only occurs in the most pelitic lithologies, where it over-
prints earlier planar fabrics. An early generation of Donk-
erhuk pegmatites as well as some granite apophyses are
folded D,.

Asymmetric and monoclinal kink folds, designated as D,
structures in Table 4.1, with southerly-dipping axial sur-
faces are a particular feature of the southern part of the
traverse up to the Matchless Amphibolite. The kink folds
clearly post-date the crenulation cleavage. The develop-
ment of kink folds has been attributed to the principal
compressive stress directions being parallel to the folded
surface and cleavage planes (Donath, 1961). It is there-
fore probable that the kinks developed by late-phase fault
movements directed towards the southeast. The restriction
of the kink folds to the southern part of the traverse may
have been pressure controlled such that kink band forma-
tion only occurred at pressures above 3 kbar as shown by
experiments of Anderson (1974).

4.5.5 Strike-slip displacement along the northern
margin of the Khomas Trough

The clockwise rotation of structural elements in domain
D is the youngest deformation discernible in this area.
This rotation has been explained as having been caused by
the intrusion of the Donkerhuk Granite (Faupel, 1974) or
by late right-lateral strike slip movement (Gevers, 1963;
Blaine, 1977) in the vicinity of the Okahandja Lineament
(Miller, 1979). These findings are in contrast to a study by
Downing and Coward (1981) in which they postulated a
sinistral strike-slip movement along the Okahandja Linea-
ment, based on a southwest - northeast oriented extension
lineation in the Central Zone and the Okahandja Lineament
Zone.

A compilation of data from several studies in the vicin-
ity of the Donkerhuk Granite (Gevers, 1963; Smith, 1965;
Faupel, 1974; Hélbich, 1977; Blaine, 1977; Sawyer, 1981;
Preussinger, 1987) has been undertaken by the writer. This
has revealed that rotation of structural elements is not con-
fined to the respective outcrop limits of the granite. It is
therefore concluded that the clockwise rotation occurred
post-D, within a right-lateral transpressional strike-slip
regime, according to the mechanism described by Sand-
erson and Marchini (1984). Since some granite apophyses
have been folded by D, it is conceivable that strike-slip
displacement and granite intrusion were approximately
contemporaneous.

4.5.6 Aspects of strain determinations

Strain determinations within the Khomas Trough have
been undertaken previously by Hélbich (1977) who ob-
tained a total amount of 67% shortening, studying selected
folds and calc-silicate spindles in the Okahandja - Wind-
hoek profile. Sawyer (1981) used folds, deformed pebbles,
vari—olites and amphibolite pillows for his strain determina-
tions and presented a rough estimate of 50-80% shortening
for the Khomas Trough. Within the Kuiseb schists, markers
to determine strain quantitatively are extremely rare. Calc-
silicate bodies of spindle shape are widespread and it has
previously been shown that their maximum elongation is
parallel to the regional fold axes in the Y-direction of the
strain ellipsoid. These bodies do not, however, appear to be
suitable for strain analysis since they represent originally
calcareous lithologies which have been subjected to con-
cretionary processes and metamorphism, as pointed out in
Chapter 3. Pillow bodies within the Matchless Amphibolite
were used by Sawyer (1981) and they are also studied here
to give an initial overview of the types of strain involved
during deformation. The profile from which data were ob-
tained is shown in Figure 5.2. The pillows are considered to
have had originally spherical or near-spherical shape which
is confirmed by the X:Y:Z data of certain pillows in zones of
low strain. In contrast to the calc-silicate spindles, the maxi-
mum direction of extension, X, of the pillows, is perpendic-
ular to the regional strike. The intermediate elongation, Y,
parallels the regional fold axes. Strain data and calculations
are compiled in Table 4.4 which gives the number of two-
and three-dimensional readings as well as the maximum,
minimum, and average extension and shortening. The initial
size of the assumed spherical pillows has been calculated
from the X:Y:Z ratios, with Z=1.

The results in Table 4.4 indicate that shortening in the Z di-
rection averages 47%, ranging from 20% to 63%. Extension
towards X is most pronounced and the wide range of values
for both extension directions demonstrates the variability of
imposed strain rates. High-strain and low-strain zones on a
metre-scale within the Matchless Amphibolite (see Chapter
5.3.2) are respectively represented by maximum and mini-
mum values of extension. Shortening 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 internal deformation. They might therefore record
different strain from that of the bulk of the rock, a factor
pointed out by Hobbs ef 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. Three-dimensional measure-
ments have been plotted on a Flinn diagram (Fig. 4.32). The
ellipsoids are oblate and in the field of apparent flattening.
The data confirm a large flattening strain imposed and k-val-
ues from 0 to 1 imply a complex deformation history involv-
ing flattening-type deformation with volume loss and plane-
strain deformation in a simple shear environment High- and
low-strain domains are additionally confirmed by these data
indicating progressive incremental shortening.
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4.5 Kinematic interpretation and time sequence of deformational events

TABLE 4.4:; Strain data for deformed pillow structures in locality A (Fig. 5.1) at the Matchless
Amphibolite. Values given are averages, minima and maxima for extension and
shortening obtained from three-dimensional (n=6) and two-dimensional (n=23)
measurements (formulas after Hobbs ez al., 1976: p. 33).

R -1
- - - e Xy
y y z Ryl
pillows (n=6) 43 29 1 0.02-1.05
extention (mean) 107% 70%
(max./min.) (13%/58%) (116%/36%)
shortening (mean) -47%
(max./min.) (-61%/-35%)
pillows (n=23) 33 1
extension (mean) 81%
(max./min.) (170%/22%)
shortening (mean) -45%
(max./min.) (-63%/-20%)
i is highly tenuous to correlate structural elements over such
PROLATE 1 large areas. In acknqwledglng this problem, a.correlatlon of
5.0 FIELD structural elements is nevertheless proposed in the case of
the Khomas Trough. This is based on a few detailed structur-
al studies which have been undertaken in previous years. In
> order to improve the confidence level of such a correlation,
0’:‘ OBLATE the study areas of Hélbich (1977) in the east and of Sawyer
i FIELD (1981) and Preussinger (1987) in the Namib Desert Park in
the west have additionally been studied by the writer. The
correlation is based mainly on the character of foliations,
— o0 the associations of mineral assemblages with particular de-
. ° formation periods (see Chapter 6.2) and on fold styles. The
L ® proposed correlation is summarized in Table 4.5.
Vo L | ] 5I o A weakly-developed and transposed S, fabric has been re-

Ryz

Fig. 4.32: Flinn diagram showing data from strain measurements
of pillow structures within the Matchless Amphibolite. Pil-
lows plot into the oblate field indicating a flattening-type
deformation.

4.5.7 Consideration of previous studies: a correlation
of deformation events in the Khomas Trough

With the increasing number of data obtained from studies
in various parts of the Damara Orogen it is tempting to com-
bine these to correlate deformation events over larger areas.
It has frequently been shown in other folded terranes that it

ported by all authors except Hélbich (1977) and its existence
is acknowledged in Table 4.5. The D, phase involved the
formation of a penetrative metamorphic banding cleavage,
tight to isoclinal folds, thrusts, and an L, down-dip mineral
lineation. This phase is also associated with the growth of a
variety of metamorphic index minerals (Chapter 6.2), all fea-
tures which are similar to Hélbich’s (op.cit.) D, phase (Table
4.5). Structural elements of subsequent deformation phases
also seem to be comparable throughout the Khomas Trough
and show regional importance, including the D, phase which
is mostly represented by crenulation cleavages and associ-
ated open folds. Sawyer’s (1981) D, and D, deformations
are minor phases of kink folds comparable to the late-phase
kinking event described from the present study. Finally, it
is important to point out that there is considerable disagree-
ment on the timing of structural elements between the Cen-
tral Zone, the Okahandja Lineament Zone, and the Khomas
Trough. Whilst Miller and Hoffmann (1981) postulated two
earlier deformation phases in the Central Zone, Sawyer
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TABLE 4.5: Proposed correlation of deformation phases of various studies in the Khomas Trough. Note that Sawyer (1981)

suggests contemperaneous deformation of the Central
Abbreviations: CZ, Central Zone; OLZ, Okahandja Lin

Zone, Okahandja Lineament Zone and the Khomas Trough.
eament Zone; KT, Khomas Trough.

. . Okahandja-Windhoek | Upper Black Nossob Khomas Hochland
Namib desert / Gorob mine Section River area Escarpment
Sawyer 1981 Preussinger 1987 Hélbich 1977 Kasch 1986,1987 Kukla 1991 (this study)
CZ-OLZ-KT KT OLZ-KT Eastern KT Western KT
D4 D4 D1 Dy
Do Do D, Do Do
l D3 Dj D D3 Dj
D, Dy D3 Dy Dy
s
= Ds Ds
D

(1981) presented evidence that all three zones experienced
the same deformation episodes, as shown in Table 4.5.

4.6 Structural evolution of the Khomas Trough
fold-and-thrust belt

Various authors have previously speculated upon the
structural evolution of the Khomas Trough. Only very little
research, however, has been undertaken to study in detail the
deformation features within the Khomas Trough to finally
present an evolutionary synthesis. Gevers (1963) character-
ized the “Khomas Highlands” as a tightly folded synclino-
rium of schists with largely isoclinal folds. Halbich (1977)
based the timing of deformation events “in the absence of
marker horizons” on fold styles and subdivided the area into
a northern belt with discernible major fold structures and a
southern belt with a preponderant schistosity. He drew the
boundary in the area of the graphite schist on the farm Kaan
of this study. Hélbich (op.cit.) further defined two major syn-
clinal structures (Berlin and Gorogoneib synclines) in the
northern Khomas Trough on the basis of photographic in-
terpretation. These cannot be confirmed since the suggested
synclinal axes are in fact geographically located within the
scapolite schist zones which have proved to separate openly
from isoclinally folded areas, with a thrust zone situated in
the supposed hinge area.

In conclusion, the structural investigations within this
study have revealed the following structural patterns. An
initial phase of deformation (D,) was associated with the
formation of folds and a biotite foliation and was accom-
panied by thrusting. A major deformation period, labelled
D,, involved the formation of: (1) penetrative axial-planar
cleavages; (2) tight to isoclinal and open asymmetric folds;
(3) downward-facing folds in previously overturned strata;
and (4) thrust faults. The cleavage formation parallel to the
XY plane of the finite strain ellipsoid was accompanied by

the formation of folds of various styles. Folding, thrusting
and southeastward-directed structural translation occurred
contemporaneously. The major compression was directed
towards the northwest and elongation occurred along D,
axes towards the northeast. This major regional deformation
was followed by the D, deformation, which was a phase of
intensified shear within high-strain zones. A strong spaced
cleavage and isoclinal F, folds were formed preferentially in
these zones. Fluid movement along the D, thrusts is indicated
by the scapolitization in the northern Khomas Trough. The
patterns of the D,, D, and D, phases of deformation show
that the structural evolution is one of progressive deforma-
tion. Late phases of deformation include the formation of
crenulation cleavages (D,) and the formation of kink-folds
(D) which might indicate layer-parallel faulting. The em-
placement of the Donkerhuk Granite took place during these
late deformation events and right-lateral strike-slip faulting
occurred along the northern margin of the Khomas Trough,
indicating an oblique compression direction relative to the
margins of the Central Zone. Prominent north south- and
northwest-trending fault sets clearly post-date the Donker-
huk Granite and have been attributed a Karoo age by Behr
et al. (1983).

The above features show that the Khomas Trough defor-
mational history involves several deformation phases which
are characterized by contemporaneous folding and thrusting
throughout the structural evolution. This has developed lat-
erally extensive, northward-steepening thrust slices within
an overall imbricate fan geometry with probably repeated
sedimentary sequences. The thrust zones, which are situated
in pelitic schists, graphite schists, and amphibolites, have
been a locus of both thrusting and shearing throughout the
protracted history of the Southern Damara Orogen. This
structural style shows striking similarities to the imbricate
thrust fan and duplex geometries which have been reported
from many compressional fold-and-thrust belts worldwide
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(e.g. Boyer and Elliot, 1982; Park, 1988). Examples of these
are, amongst others, the Caledonides of Britain, the Alps, the
Himalayas, the Appalachians as well as parts of the Pan-Af-
rican of Mozambique (Shackleton and Ries, 1984) and Ma-

rocco (Saquaque et al., 1989). This comparison is especially
valid when the distinct changes of structural styles across
the thrust slices in the Khomas Trough are considered.
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S. THE MATCHLESS AMPHIBOLITE

5.1 General setting of the Matchless Amphibolite

The Matchless Member (SACS, 1980) of the Kuiseb
Formation forms a linear outcrop which may be traced for
more than 350 km along strike from the Namib desert in the
southwest to the Steinhausen area in the northeast (Fig. 2.4).
The Matchless Member sequence, here termed the Match-
less Amphibolite, consists of interlayered amphibolites
(mainly), metagabbros and metasediments. In other areas
west and east of the study traverse, Alpine-type ultramafic
bodies are also associated with the Matchless Amphibolite
(Barnes, 1982).

Several economically important massive sulphide ore
bodies and prospects such as Gorob, Hope, Matchless, Kup-
ferberg, Otjihase and Ongombo occur within the sequence.
Studies by Finnemore (1978), Sawyer (1981), Barnes
(1982), Killick (1983), Miller (1983c), Schmidt and Wede-
pohl (1983), Breitkopf and Maiden (1987, 1988), Preuss-
inger (1987, 1990) and Klemd et al. (1987, 1989) have con-
centrated mainly on the geochemistry and the ore-forming
processes within the Matchless Amphibolite. The main con-
cerns of this study, however, are aspects of the stratigraphic
and structural relationships of various metabasic and meta-
sedimentary rock types. Unusually well-preserved outcrops
in the study area (Fig. 5.1 ,A) have allowed mapping of sev-
eral correlative river profiles along strike.

5.2 Lithologies, mineral assemblages and textures

The mafic rock types may be distinguished on the basis
of textures and mineral assemblages into: type I, massive,
epidote-rich amphibolite; type II, banded, carbonate-rich
amphibolite; and type III, coarse-grained amphibolite, i.e.
metagabbro. Amphibolitic breccias have also been encoun-
tered in the present study. The amphibolites are associated
with chlorite schists, pelitic and psammitic schists, graphite
schists, and a thin marble unit.

Type I amphibolites are massive, epidote-rich and form
units which comprise mostly pillow lavas. Modal compo-
sitions are dominated by green and blue-green hornblende,
plagioclase and epidote. Minor constituents are chlorite,
sphene, clinozoisite, opaque grains, biotite, calcite and
quartz. Calcite is much less common than in type I amphi-
bolites and occurs mostly in small layers or segregations,
together with chlorite and epidote. Pillow structures which
have also been described from other parts of the Matchless
Amphibolite (Sawyer, 1981; Miller, 1983c; Breitkopf and
Maiden, 1987; Preussinger, 1987) are abundant in all meas-
ured sections. They occur as spheroidal to elongated bodies
which are separated by seams of epidote amphibolite form-
ing the inter-pillow fillings (Fig. 5.1 ,B).

Type Il amphibolites are parallel- to wavy-banded and
carbonate-rich. The banding consists of alternations of light
bands comprising plagioclase-epidote-calcite-quartz assem-
blages and dark bands comprising green hornblende-epi-
dote-calcite-quartz-plagioclase assemblages with minor bi-
otite and chlorite (Fig. 5.1, C). Hornblende within the matrix

and opaque minerals define the predominant S, structural
fabric, whereas large hornblende crystals overgrow the S,
crenulation cleavage.

Type III amphibolites (metagabbros) are coarse-grained
and mineralogically uniform, containing mainly porphyro-
blasts of green hornblende, plagioclase and calcite. Minor
constituents are epidote, sphene, chlorite and opaque min-
erals. Grain sizes are coarse, but a distinct zoning towards
finer-grained margins has been observed in association with
shear zones (Fig. 5.1, D). Metagabbro lithologies form len-
soid, round and irregularly shaped bodies within the amphi-
bolites and at the contacts to metasediments. Sizes are vari-
able from a few metres to several tens of metres in length
and width. In one case, a “bleached” margin to the pelitic
host rock has developed. The contact zone is extremely fine-
grained showing the assemblage quartz-plagioclase-horn-
blende-chlorite-biotite-epidote. Similar features in other ar-
eas along the Matchless Amphibolite have been interpreted
as “chilled” intrusive margins (Preussinger, 1987; Breitkopf
and Maiden, 1987).

Amphibolite breccias have been found in parts of the se-
quence containing clasts several tens of centimetres long or
aggregates comprising hornblende and chlorite in a matrix
of both type: I and type Il amphibolites (Fig. 5.1, E). Cherts
occur as several-cm-long “clasts” in type I amphibolites in
the structural footwall of the Matchless Amphibolite on the
farm Annelie (Fig. 5.1, F).

Associated with the amphibolites are extremely fine-grained
chlorite schists, chlorite-hornblende schists and biotite schists.
These comprise mainly chlorite, epidote, biotite, hornblende
and opaque minerals. Minor constituents are plagioclase, cal-
cite, quartz, garnet, sphene and clinozoisite.

Several graphite schists are associated with the Matchless
Amphibolite and a distinct dolomitic marble unit occurs in
the hanging wall of the sequence.

Field observations, such as the conformable intercalation
of metasediments with amphibolites, the lateral extent of the
fine- to medium-grained amphibolites and the recognition
of pillow lavas, suggest that the amphibolites were derived
from mafic extrusive rocks. The interpretation of the me-
tagabbros as metamorphosed mafic intrusives is based on
partly-developed bleached marginal zones with sediments
and amphibolites, and on coarser-grained cores compared
with the rims. The metagabbros, however, have mostly been
subjected to structural displacement and dismemberment
which will be discussed later.

5.3 Stratigraphic and structural relationships
5.3.1 Stratigraphy

Three traverses within the Matchless Amphibolite se-
quence have been studied in detail and these are shown in
Figure 5.2. The measured sections confirm that the overall
structural thickness of the Matchless Amphibolite is in the
order of 1500 m in this area. There are basically three major
units developed: (1) a structurally lower unit consisting of
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5.3 Stratigraphic and structural relationships

Fig. 5.1: (A) Photograph showing the Matchless Amphibolite (indicated by arrows) as a prominent feature in the landscape on the
farm Annelie 412 (see profile A in Figure 5.2). (B) Slightly deformed pillow structures wrapped around 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 cm in diameter.
(C) Carbonate-rich, banded type I amphibolite. Farm Kobos 303 (profile B in Figure 5.2). (D) Photograph showing structurally
emplaced metagabbro body in type I amphibolite. Note extremely sheared margins, emphasized by plagioclase elongation. Amsas
river profile, farm Kobos 305. (E) Photograph showing amphibolitic breccia, consisting of elongated, massive, type I amphibolite
clasts within type Il amphibolite matrix. Farm Kobos, Amsas river (profile B in Figure 5.2). (F) Chert nodules developed in type
T'amphibolite in the footwall of the Matchless sequence on the farm Annelie 412 (see Figure 5.4).
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5. THE MATCHLESS AMPHIBOLITE

G

Fig. 5.1: (G) Photograph 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-Da, northwest-dipping thrust planes
developed in type I amphibolite. Farm Annelie 412. Scale bar is 0.5 m.
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Fig. 5.2: Map and detailed measured sections A - C along the Matchless Amphi-
bolite. Also shown are positions of geochemistry samples within the Annelie
(A) and Amsas (B) river profiles and locations of Figures 5.4 - 5.7.

intercalated graphite schists, pelitic schists and minor psam-
mitic schists, metagabbros and amphibolites; (2) a middle
unit comprising massive and banded amphibolites as well as
some metagabbros; and (3) an upper unit with intercalated
pelitic schists, graphite schists, a marble unit and amphibo-

lites (Fig. 5.2).

A comparison of the sections in Figure 5.2 shows that me-
tagabbro bodies occur preferentially in the lower parts of the
sequence, mostly at contacts of amphibolites with sediment.
Carbonate-rich type I amphibolites occur in the upper parts
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and pillow lavas mostly in the massive middle unit together
with breccias. Graphite schists and graphitic pelites up to
several metres thick occur in the structural footwall of the
sequence. A thick graphite schist unit in this position has
also been described from the Gorob area further to the west
(Sawyer, 1981; Preussinger, 1990). The meta-sediments
throughout the studied sections are mainly pelitic with, how-
ever, a strong predominance of chlorite schists.

Bed thicknesses do not exceed 15 cm. Graded layering
provides way-up criteria indicating mostly right-way-up and
some inverted sequences. In the upper part of the Matchless
sections, the marble unit is up to 2 m thick and occurs rather
continuously along strike for more than 10 km (Fig. 5.2).
The layer is strongly boudinaged which most likely accounts
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 hanging wall varies along strike.

Fig. 5.3: Stereonet showing structural data from amphibolites
and metasediments of the Matchless Amphibolite. Note sub-
horizontal to plunging attitude of fold axes. For explanation
of symbols see Table 4.3.

5.3.2 Structure

As with the surrounding Kuiseb schists, the structural
geology of the Matchless Amphibolite is characterized by
folding and thrusting. According to the timing of deforma-
tional events established in Chapter 4, D, is generally the
main folding phase, which accounts for the development
of strongly isoclinal, metre-scale folds and a penetrative,
northwest-dipping S, cleavage (Fig. 5.3). Elongated biotites
and hornblendes form a pronounced down-dip L, linea-
tion which shows its strongest development in the Match-
less Amphibolite zone relative to other areas of the study
traverse as a whole. Pillow bodies are also strongly elongat-
ed down-dip on S, planes. Other features are the S, biotite
fabric, which is 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 structur-

al context of the overall study traverse in Chapter 4.4.2. On
a small scale, the alternation of low- and high-strain zones
in vertical profiles is illustrated in Figure 5.4 by the shape
of pillows, some of which have their spheroidal shape pre-
served, whereas others are extremely elongated. Thrusting is
generally evident from the displacement of type I and type
IT amphibolites, metagabbros and metasediments as well as
from the development of shear zones. The pronounced L,
lineation has been interpreted to have formed parallel to tec-
tonic transport direction in thrust zones (Chapter 4).
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Fig. 5.4: Detailed measured section (profile A in Fig. 5.2) show-
ing the interposition of amphibolites, metagabbros and meta-
sediments. Major thrust contacts are indicated and the
spheroidal to elongate shape of pillows (distinguishable by
the degree of curvature of the pillow symbol in the figure, e.g.
in the top part of the left column) is regarded as a measure of
the imposed strain (for symbols see Fig. 5.2).

High-strain zones are associated with thrusting which is
particularly evident in the lower part of the sequence in the
Annelie section where major thrust contacts occur (Fig. 5.4).
A major horizon of displacement is developed at the base of
the lower most graphite schist (Fig. 5.5) with a décollement
plane indicated by the disruption of layering and fabrics,
silicification, quartz-segregation and sulphide precipitation
(Fig. 5.1, G). Further upwards, displacements and shear
zones are mainly observable at the contacts of metasedi-
ments, metabasalts and metagabbros (Fig. 5.4).

Structural displacement of the metagabbros is postulated
on the basis of contact relationships between amphibolites
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Pelite

Graphite schist

Graphitic pelite

Grophite schist

Major décollement
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Fig. 5.5: Diagram showing graphite schists developed in the
Amsas river section. A major décollement is developed in the
lower part of the sequence. The location of the profile is
indicated in Figure 5.2,B.

5.1, D). Some of the bodies confirm the overall southeast-
ward-directed vergence and displacements by their overall
shape and by the internal shear fabric (Fig. 5.6).

The main thrusting event has occurred syn- to post-D,
(Figs 5.7 and 5.1, H) which is inferred from the associated
shearing of the S, cleavage and the unaffected S, fabric.
Post-D, thrusting also occurs, however, as illustrated by the
shearing of D, structural elements in parts of the sequence.
The D, crenulation cleavage post-dates these events.

Concluding the above, thrusting and shearing identify the
Matchless Amphibolite as a highly and heterogeneously
strained zone situated within pelites of the Kuiseb Forma-
tion. Graded layering suggests that the overall sequence is
upward-facing. Structural dislocation is especially indicated
in the lower parts of the sequence with the interposition of
thinly layered amphibolites, pelitic schists, graphite schists
and metagabbro bodies. Upper parts of the sequence show
a more coherent relationship between carbonate-rich amphi-
bolites and units of graphite schist and marble.

10
L

metres

Fig. 5.6: Sketch showing the structural interposition of sheared metagabbro bodies with type I
and type II amphibolites and with chlorite schists. Note sigmoidal internal shear fabric of the
metagabbros. The location and symbols are shown in Figure 5.2,B.
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Fig. 5.7: Structural sketch showing post-D thrusting within a pillow lava sequence on the farm
Annelie (see Fig. 5.2,A). Note the sheared pillow structures. Form lines represent S; structural
fabric. For symbols see Figure 5.2.

and metasediments. Metagabbro always occurs in bodies
which are up to 10 m thick but which terminate mostly with-
in the lateral extent of the outcrop (Fig. 5.6). The majority
of the contacts with associated lithologies are sharp and the
rims of the metagabbro lenses are extremely sheared (Fig.

5.4 Classification of metabasic rocks

Over and above the study of field relationships, a clas-
sification and chemical characterization of the amphibolites
and metagabbros within the Matchless Amphibolite was
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5.4 Classification of metabasic rocks

aimed at determining the nature of the Matchless metaba-
sic rocks. Geochemical analyses of 23 major and minor ele-
ments were undertaken by XRF analysis on 14 amphibolite
and metagabbro samples from along the Amsas river profile
and the profile on the farm Annelie. Sample locations are
indicated in Figure 5.2 and full analyses are presented in
Appendix I1.

The geochemistry of the Matchless metabasites has pre-
viously been investigated in detail in a number of studies
(Finnemore, 1978; Miller, 1983¢c; Schmidt and Wedepohl,
1983; Breitkopf and Maiden, 1987; Klemd ef al., 1989). In
particular Miller (op.cit.) and Breitkopf and Maiden (op.cit.)
put emphasis on element mobility during hydro thermal al-
teration and metamorphism. These authors showed that the
high field-strength elements (small size, high charge) such
as Zr, Y, Nb, Ti, and Al may be considered to have behaved
in an immobile fashion. Most major elements, on the other
hand, have been considerably mobile. These results from
the Matchless Amphibolite confirm the findings of Pearce
(1975) and Garcia (1978) from studies of various metaba-
salts elsewhere. Major element mobility is also indicated by
plotting data of this study in the classification diagram of
Cox et al. (1979) which shows a wide spread of composi-
tions for the analysed samples mostly within the basalt field
(Fig. 5.8).
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Fig, 5.8: Variation diagram K20 + NayO versus SiO; after Cox
et al. (1979) classifying amphibolites and metagabbros of the
Matchless sequence as basalts.

A distinct tholeiitic trend for the amphibolites is defined by
the TiO, versus Zr diagram of Floyd and Winchester (1975)
which shows the majority of the samples exclusively in the
oceanic tholeiite field (Fig. 5.9). This is confirmed by the
diagram of Miyashiro and Shido (1975) which is based on
absolute contents of SiO, and Cr (Fig. 5.10). Judging from
these data the Matchless amphibolites may be classified as
tholeiitic metabasalts.

In acknowledging the problem of element mobilities, the
discrimination diagrams most widely used to deduce the tec-
tonic setting of basaltic rocks are those employing the above
mentioned elements which have proved immobile in many
studies. The diagram of Pearce and Cann (1973) uses Ti, Zr
and Y and the Matchless samples cluster in the ocean-floor
basalt, within-plate basalt (i.e. continental and ocean-island
basalt), and island-arc fields (Fig. 5.11). The Zr/Y versus Zr
diagram of Pearce and Norry (1979), however, character-
izes all samples, apart from one metagabbro sample, as mid-

ocean ridge basalts (MORB; Fig. 5.12).

In conclusion, the Matchless amphibolites represent meta-
morphosed equivalents of igneous rocks of tholeiitic basaltic
composition. Although some of the analysed amphibolites
plot close to and in the within-plate basalt field, the majority
show geochemical affinities to mid-ocean ridge basalts.

A comparison of average geochemical compositions of
the Matchless amphibolites with those of within-plate and
plate-margin basalts, as compiled by Carmichael et al.
(1974), Pearce (1976) and Condie (1982), shows that most
elements, but especially the more immobile TiO,, Zr, Y, Co
and Cr, compare best with low-K ocean-floor basalts from
diverging plate regimes.

TiO2 (%)

S P
T

OCEANIC THOLEIITE
FIELD

T T
200 300

Zr (ppm)

Fig. 5.9: Variation diagram TiO; versus Zr after Floyd and
Winchester (1975). The majority of the Matchless metabasites
plot within the oceanic tholeiite field. Symbols as for Figure
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Fig. 5.10: Matchless Amphibolite samples plotted on the vari-
ation diagram SiOz versus Cr after Miyashiro and Shido
(1975). The tholeiitic character of the Matchless metabasic
rock types is evident. Symbols as for Figure 5.8.

These data confirm the results of Finnemore (1978), Mill-
er (1983c) and Schmidt and Wedepohl (1983) who found
exclusively mid-ocean ridge-type compositions for the
Matchless metabasalts. This is in contrast with the findings
of Breitkopf and Maiden (1987) who described within-plate
compositions of metabasalts in the western Khomas Trough
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Fig,. 5.11: Matchless Amphibolite samples plotted on the triangu-
lar variation diagram after Pearce and Cann (1973). Within-
plate basalts plot in field D, ocean-floor basalts in field B,
island-island arc tholeiites in fields A and B and calc-alkali
basalts in fields C and B. Symbols as for Figure 5.8.
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Fig. 5.12: Variation diagram Zr/Y versus Zr after Pearce and
Norry (1979) showing the mid-ocean ridge basalt (MORB)
affinity of the Matchless metabasites. Symbols as for Figure
5.8. :

and mid-ocean ridge basaltic compositions to the east of
Windhoek.

5.5 Tectonic setting of the Matchless Amphibolite with
special regard to the development of the Khomas
Trough

In summary, detailed sections through the Matchless
Amphibolite show the sedimentological and structural
interposition of various amphibolites, metagabbros, am-
phibolite breccias, pelitic schists, some psammitic schists,
graphite schists and a marble unit. Structural emplacement
is indicated especially in the lower parts of the sequence.
Serpentinites which are derived from mantle harzburgites
are a structurally dismembered part of the sequence as well
(Barnes, 1982). Genetically, the extrusive origin of the am-
phibolites in a submarine environment is confirmed by pil-

low lavas and gradational contacts with pelitic and some
psammitic sediments. Graded layering within sequences of
amphibolites, metagabbros and various sediments demon-
strates the generally contemporaneous aspect of turbidite
and pelagic sedimentation and mafic extrusion and intru-
sion. Isotope signatures of graphite schist and marble (see
Chapter 3) confirm, in addition, contemporaneous biogenic
sedimentation and hydro thermal magmatic activity on the
sea floor. Geochemical analyses reveal an oceanic tholeiit-
ic character and a close affinity of the Matchless metabasic
rocks to mid-ocean ridge basalts.

Since more detailed studies have been carried out during
the last decade, the genesis and tectonostratigraphic im-
portance of the Matchless Amphibolite has been discussed
intensively and several models have been presented. The
basic question which has arisen is whether or not the meta-
basalts are of plate-margin or intraplate origin. Finnemore
(1978) concluded his initial geochemical studies, charac-
terizing the amphibolites as having followed a tholeiitic
differentiation trend but within an ensialic crust, which he
interpreted because of a perceived lack of field evidence
for a collisional orogeny. From geological comparisons
with similar settings, Hartnady (1978) suggested that
the Matchless massive 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 along the entire
Matchless Amphibolite. Furthermore, rare earth elements
demonstrate a very flat element pattern i.e. a very small
degree of fractionation of the light rare earth against the
heavy rare earth elements. These patterns are characteristic
for ocean-ridge tholeiitic basalts (Menzies, 1976). The au-
thors concluded their study with a statement that, judging
from the lack of evidence for ophiolitic suites and deep-sea
sediments, the Damara Orogen must have formed on sialic
crust although all geochemical signatures point towards
mid-ocean ridge basalts and low-K tholeiites.

From tectonostratigraphic considerations Kasch (1983a)
postulated that the Matchless Amphibolite either represents
a fragment of oceanic crust emplaced in an active subduc-
tion complex or that basaltic magmas intruded into trench
deposits. Miller (1983c¢) also found evidence for tholeiitic
trends from geochemical studies and envisages the forma-
tion of the basalts and massive sulphide deposits in a Red
Sea-type situation with volcanics and intrusives occurring
above a buried mid-ocean ridge with minor amounts of
oceanic crust. Considering the massive sulphide minerali-
zation and their host rocks, Killick (1983) concluded that
the deposits were most probably formed at a site of sea-
floor spreading at a constructive plate margin.

Breitkopf and Maiden (1987) found that the western
Matchless Amphibolite shows a considerable amount of
fractionation which they related to the presence of conti-
nental crust in this area. In contrast to this, samples from
the eastern part show little fractionation and were interpret-
ed by Breitkopf and Maiden (op. cit.) to have developed in
small strike-slip related pull-apart sub-basins underlain by
oceanic crust.

Klemd et al. (1989, p. 615) concluded their geochemical
studies of the Matchless massive sulphide ore deposit with
a model which involves “... seafloor precipitation of metal
sulphides from convecting hydro thermal fluid generated
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by reaction of seawater with sub-seafloor basalts and clastic
sediments”.

In view of the massive sulphide mineralization, Rona
(1988), in his compilation of massive sulphide deposits
associated with oceanic ridges worldwide, gives statistics
concerning the tectonic settings of these deposits. These
show that basalt-hosted massive sulphides, which may have
formed in oceanic hydrothermal settings, constitute about
17% of the 508 deposits considered; sediment-hosted depos-
its associated with oceanic volcanic rocks form about 9%.
The most numerous and largest deposits occur in subduc-
tion-related volcanic suites and island-arc or continental-rift
tectonic settings which are associated with rhyolites. Rona
(op.cit.) further states that all major massive sulphide depos-
its associated with basalts in the ancient record are related to
oceanic ridges and rifts.

Thus, the sum of stratigraphic, sedimentological, struc-
tural and geochemical data from the Matchless Amphibolite

suggests an interaction of contemporanecous pelagic sedi-
mentation, turbiditic sedimentation and formation of mas-
sive sulphide deposits in an oceanic setting. This allows a
comparison with oceanic ridge settings close to adjacent
continents, such as in the eastern Pacific. There sediment-
hosted massive sulphide deposits are associated with vol-
canics of MORB composition, such as in the Escabana
Trough of the southern Gordaridge (Morton et al., 1987)
and in the Middle Valley (Endeavour segment) of the Juan
de Fuca ridge (Davis et al., 1987). Similar associations of
meta-greywackes and pelagics with only minor amounts of
oceanic pillow basalts, cherts and some ultramafics (without
sheeted dykes) in ancient terrains are known from parts of
the Cordillera Belt, such as the Slide Mountain and Quesnel
terrains (Coney, 1989) and from the Central Appalachians
(Lash, 1986). Judging from these data the Matchless Am-
phibolite is interpreted here to represent the upper part of an
oceanic crustal sequence.
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6. METAMORPHISM

6.1 Introduction

Studies on the metamorphic evolution of the Khomas
Trough were undertaken by Hoffer (1977) as part of a large-
scale investigation on the thermal evolution of the Damara
Orogen. Metamorphism of the eastern Khomas Trough has
been studied by Kasch (1983b, 1987); whereas Sawyer
(1981) and Preussinger (1987, 1990) studied the metamor-
phism of the western Khomas Trough.

Taking the approach and the findings of the latter stud-
ies into account, it is the aim of this chapter to present an
overview of the critical mineral assemblages and textures
of pelites and calcareous rocks encountered along the study
traverse and to place crystallization events within the frame-
work of the structural development of the Khomas Trough.
The pelites of the Kuiseb Formation are most suitable for
studies of the stability conditions during metamorphism.
Mineral compositions of pelites from crucial areas have
been determined by microprobe analysis. These, together
with data derived from mineral assemblages, lead to quali-
tative and some quantitative pressure - temperature (P-T)
estimates.

6.2 Mineral textures and relationships to structural
elements

Textural relationships of mineral assemblages indicate
their relative time of formation during consecutive defor-
mation phases. The study of mineral - fabric relationships
is facilitated by the fact that original sedimentary layering
is largely preserved in the metasediments. Figure 6.1, A
shows a graded turbidite layer with psammitic compositions
at the base consisting mainly of quartz, plagioclase and bi-
otite. The thin pelitic top, however, shows staurolite strongly
aligned with the bedding plane within a matrix of mainly
biotite, with minor quartz and plagioclase. This is an excel-
lent 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 also been ana-
lysed chemically (see 6.4), are shown in Table 6.1. Sample
86176 is a chlorite schist and sample 306 contains scapolite as
a major constituent. The composition of an average psammite
is shown for comparison (sample 816 in Table 6.1). The rela-
tive timing of deformation phases D, to D,, which has proved
to be associated with cleavage development (Chapter 4) and
related crystallization events, is presented in Table 6.2.

6.2.1 Pelites

Quartz is a major constituent of the groundmass of pelites
and occurs as recrystallized grains of variable sizes. In the
southern-most part of the traverse, close to the contact with
the 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 develop-
ment.

Plagioclase is a common constituent in all rock types
along the study traverse. The crystals are usually very small,
xenomorphic and occur in clusters together with quartz.
Sericitization is common and only very few twinned grains
have been found.

K-feldspar occurs in coarsely recrystallized pelites as mi-
crocline, at the northernmost margin of the study traverse in
the Kaan river up to several hundreds of metres south of the
contact with the Donkerhuk Granite.

TABLE 6.1: Modal compositions of selected pelites (146,
86/76, 274, 109), scapolite schists (306, 308) and a
psammite (816) of the Khomas Trough (sample lo-
calities are shown in Figure 6.2).

SAMPLE 146 | 86/76 | 274 | 306 | 308 | 109 | 816
quartz 22 5 26| 22| 16| 22| 61
plagioclase 7 4 2|<1| 16| 14| 14
biotite 36| 36 27| 31| 35| 33| 24
muscovite 33 8 27 |< 1 7 28 <1
garnet 2 1 |<1 5
staurolite 3
andalusite 4
sillimanite 10 2
scapolite 39 5
chlorite 44 13 [<1 1<1
green amphibole 6
calcite <1
opaque ore <1 2 1 1< <1
tourmaline <l|<1l |<1 <1l|<l1li<1
sphene <1
zircon <l]<1l [<lf<li<ll<ll<1
apatite <l|<1l |<l|<li<l|<l]<1
clino-zoisite <1

Biotites are subidioblastic to xenoblastic red-brown to
green-brown crystals. Generally, biotite 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 relationships of various biotite fabrics.
Syn-kinematic biotites occur as small thin tablets and define
the composite cleavage in the south, the S, S, and S, pen-
etrative cleavages further north, as well 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 deforma-
tion D, (Fig. 4.10). A third biotite fabric formed during D,
and clearly overprints earlier biotite generations (Fig. 4.10).
Post-kinematic biotites occur throughout the traverse. These
crystals are unoriented, up to several millimetres long and
overgrow the penetrative cleavages as well as the D, crenu-
lation cleavage. Biotites have also formed as reaction prod-
ucts around and within garnets. Frequent inclusions in bi-
otites are quartz, zircon (with pleochroic haloes), muscovite,
apatite and rutile.

Muscovites occur basically in two different modes. The
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TABLE 6.2: Relative timing of deformation phases and metamorphic crystallization in the western Khomas

Trough.

1 D2

D,

Biotite

Muscovite

Chlorite

Garnet
Staurolite
Kyanite
Andalusite
Sillimanite

Scapolite

Amphiboles
Calc-silicates
Amphiboles
Matchless

B

— Deformation
Crystallization uncertain

Crystallization

first type is that of matrix muscovites which were oriented
in the composite cleavage in the southern Khomas Trough
and within the S, cleavage in the north. These muscovites
were deformed within late crenulation cleavage domains
(Table 6.2). The second type of muscovite has grown af-
ter 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. Crystallization
under stress-free conditions (post-D,) is indicated by radial
muscovite bundles. A striking and widely distributed feature
of the central and northern Khomas Trough is the alteration
of alumo-silicates such as andalusite and sillimanite, as well
as of staurolite to muscovite.

Chlorite formation during prograde metamorphism in the
southern part of the traverse is related to the D, deforma-
tion which is evident from assemblages containing chlorite,
syn-D, garnet and biotite. Chlorite 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
anhedral and poikiloblastic and is elongated within the com-
posite fabric of the southern Khomas Trough with length/
width 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 relationships with syn-D, minerals and
from subsequent garnet generations. Garnet II is subhedral

[TT1 [T1]

[1T]

0 recognizable response

to euhedral and shows internal snowball inclusion trails of
opaque phases within the S, , composite fabric (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 S, cleavage, but pre-dates the
S, crenulation cleavage. Sizes of garnet porphyroblasts in-
crease northwards.

Staurolite I crystallization prior to D, might be indicated
in the southern Khomas Trough where staurolite porphyro-
blasts are wrapped around by the composite cleavage (Fig.
6.1, D). Staurolite II porphyroblasts are anhedral, poikilob-
lastic and have formed syn-D, in association with garnet
II. In the north, staurolite III has crystallized post-D, as is
shown by the overgrowths on the S, cleavage (Fig. 6.1, E).

Kyanite is only developed in the most Al-rich pelites in
the southern Khomas Trough and occurs as xenomorphic
grains which are strongly elongated in the composite cleav-
age. Contact relationships show that this kyanite generation
pre-dates garnet 1. Kyanite has also been observed together
with quartz and chlorite in segregational spaces. Time con-
straints are lacking for this kyanite generation.

Andalusite occurs within a confined area about 3 km wide
in the centre of the Khomas Trough. Most of the andalusite
has been replaced by muscovite and forms elongate aggre-
gates up to 10 cm in length. The age of crystallization of
the andalusite is uncertain since both orientation within S,
cleavage domains and unoriented overgrowth on the S, fab-
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ric have been observed. Garnet III, however, occurs in an
assemblage with the andalusite, possibly indicating a syn-
to post-D, growth of the andalusite.

Sillimanite occurs as fibrolite which is frequently inter-
grown with biotite. The fibrolite knots are elongated with
their long axes parallel to both the S, and the S, biotite
fabric. Although sillimanite is known to grow epitactic
on earlier biotites, which could mistakenly be interpreted
as synkinematic growth, it has been observed that S bi-
otites are wrapped around the fibrolite knots. Fibrolite is,
however, mostly oriented within the S, cleavage. Further
crystallization constraints come from contact relationships
with post-D;, staurolite III and garnet III, indicating a post-
D, growth of the sillimanite together with these minerals.
Fibrolite bundles are deformed within the D, crenulation
cleavage.

Scapolite is the major constituent of scapolitized psam-
mites and pelites in the northern Khomas Trough. The
scapolite forms a large proportion of the total rock vol-
ume in these areas and occurs most massively along veins
and fractures, thus proving discordant relationships (Fig.
6.1 ,p). The scapolite poikiloblasts are up to 1 cm across
and enclose the S, and S, biotite fabrics which indicates
post-D crystallization (Fig. 6.1, G). The poikiloblasts en-
close quartz, biotite, calcite and minor amounts of tour-
maline and sphene. Plagioclase has not been observed in
most massively scapolitized rocks but occurs in increasing
amounts away from the scapolitized areas.

Graphite is a major constituent of the graphite schists
which occur mostly in thin units «10 m) at various points
through the traverse. The amount of graphite ranges from
about 20% to 80% of the total rock volume.

Accessory minerals in all pelitic rocks are tourmaline,
zircon, apatite and opaques.

6.2.2 Calcareous lithologies

The constituents of the calc-silicates throughout the
traverse are quartz, plagioclase, calcite, amphiboles (com-
mon and green hornblende), biotite, muscovite, chlorite,
garnet, scapolite, epidote, clinozoisite and sphene. Minor
amounts of diopside, apatite, tourmaline, rutile and opaque
minerals are also present. The calc-silicate layers and
spindles (Chapter 3.5.5) are frequently zoned, with light
cores containing mainly quartz, plagioclase, calcite, garnet
and scapolite and dark rims consisting of amphiboles and
epi-dote, but scapolite sometimes occurs at the rims as
well.

The timing of calc-silicate formation is best constrained
by the amphiboles. The first amphibole generation is
strongly aligned parallel to the S, cleavage but has also
been bent along the spindle walls. This indicates that am-
phibole growth started syn-kinematically and lasted until
post-D,. The second amphibole generation is poikiloblastic
and overgrows the original spindle outline as well as the S,
fabric thus indicating post-D, crystallization (Fig. 6.1, H;
Table 6.2).

On the farm Kaan 309, aim-thick, strongly weathered
tremolite schist has been found below the thick graphite
schist (Fig. 6.2). The layer consists almost exclusively of
tremolite with only minor amounts «5%) of quartz and bi-

otite being present.

The 2 m-thick marble horizon overlying the Matchless
Amphibolite sequence comprises a recrystallized matrix
of dolomitic carbonate, which was confirmed by X-ray
diffraction analysis and staining. 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 of Al-silicate phase changes
and reaction-isograds. The assemblage zones together with
the respective assemblages (a) to (i) are shown in Figure
6.2. Furthermore, mineral assemblages are illustrated in
AFM diagrams and their approximate position in the Al-
silicate system, as delineated by various experimentally
determined reaction curves, is shown in Figure 6.3.

(a) Assemblage zone 1

Hoffer (1977) pointed out that a large part of the southern
Khomas Trough is characterized by assemblages compris-
ing kyanite, staurolite, biotite and chlorite. The southern
boundary of the study traverse, at the confluence of the
Kuiseb and Koam rivers, is situated close to Hoffer’s (op.
cit.) isograd (3) which demarcates the “kyanite-in” reac-
tion. The diagnostic mineral species in assemblage zone
1 of this study are garnet, kyanite, staurolite, muscovite,
biotite, chlorite, plagioclase and quartz in the pelitic rocks.
From south to north the following mineral assemblages are
developed in this zone:

(a) kyanite + garnet + biotite + plagioclase + quartz, (Fig.
6.3,11; Fig. 6.4, A),

(b) chlorite + garnet + biotite + muscovite + plagioclase
+ quartz, (Fig. 6.3,1; Fig. 6.4,B), and

(c) staurolite + garnet + biotite + plagioclase + quartz
(Fig. 6.3,11).

Since assemblages are largely dependent on the respec-
tive bulk rock compositions, sharp boundaries may not be
drawn. Primary matrix chlorite, however, does not occur
north of a line indicated in Figure 6.2, a geographical posi-
tion which was also suggested by Hoffer (1977). The pres-
ence of assemblage (b) and the absence of chloritoid both
indicate that chlorite may have formed according to the
reaction

(1) chloritoid + biotite + quartz + H,O = garnet + chlo-
rite + muscovite, given by Spear and Cheney (1989). The
formation of staurolite in the absence of chloritoid was at-
tributed by Hoffer (1977) to the reaction

(2) chlorite + muscovite = staurolite + biotite + quartz +
H,O which was determined by Hoschek (1969). It is further
notable that kyanite has only been observed in the southern
part of this assemblage zone. Hoffer (1977) suggested that
kyanite formed according to the reaction

(3) staurolite + chlorite + muscovite + quartz = kyanite
+ biotite + H,O, determined by Thompson and Norton
(1968).

The final decomposition of prograde chlorite in the cen-
tre of the traverse might indicate that conditions were ap-
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Fig. 6.1: (A) Photograph of graded turbidite bed showing the preferred crystallization of staurolite porphyroblasts in the pelitic tor
along the bedding plane (So) and within S> cleavage domains (indicated by arrows). The psammite at the base and the overlyin,
psammite contains only rare staurolite. Locality is at the northern boundary of the farm Kaan 309. (B) Photograph illustrating th
pseudomorphism of muscovite after post-Ds3 staurolite in the northern Khomas Trough. Locality is at the northern boundary of th
farm Kaan 309. (C) Photomicrograph (plane light) showing deformed garnet 11 within the Sp.1 2,3 composite cleavage in the souther
Khomas Trough in a pelite of assemblage zone 1 (farm Usambara 304). The metamorphic mineral assemblage is gamnet + biotit.
+plagioclase + quartz (specimen PK 855). Scale baris 0.2 mm. (D) Photomicrograph (plane light) showing early, possibly pre-Da,
staurolite [ wrapped around by the S 1.2,3 composite cleavage in a pelite of the southern Khomas Trough. The metamorphic mineral
assemblage is staurolite + biotite + plagioclase + quartz; the staurolite is altered to muscovite along its margins (specimen PK 855,
farm Usambara 304). Scale bar is 0.2 mm. (E) Photomicrograph (plane light) illustrating the crystallization of staurolite III after
the formation of the S3 biotite fabric (indicated by arrow) in a pelite of assemblage zone 2 (specimen PK 838, farm Kaan 309).
Scale bar is 0.2 mm. (F) Photograph showing psammitic schist speckled by scapolite and massive scapolitization along a fracture
(indicated by arrow). The amount of scapolite decreases away from this vein. Locality is at the southern scapolite schist on the farm
Dagbreek 365. Pocket knife is 8.5 cm long.
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Fig. 6.1: (G) Photograph illustrating the post-D3 crystallization of scapolite. The poikiloblasts enclose both the S and S3 biotite fabrics
(indicated by arrows); pen is 14 cm long. Farm Dagbreek 365. (H) Calc-silicate concretion in psammitic schist illustrating the
crystallization of first generation amphiboles parallel to the Sy fabric. The second amphibole generation overgrows fabrics
discordantly (basal part of the concretion) constraining the syn-D2 to post-D3 growth of amphiboles during formation of the

calc-silicate lithologies. Farm Kaan 309.

propriate for the reaction
(4) garnet + muscovite + chlorite = staurolite + biotite,
determined by Thompson (1976).

(b) Assemblage zone 2

This zone has been subdivided into two subzones based
on the occurrence of andalusite. Pelites include andalusite
from the immediate footwall of the graphite schist on the
farm Kaan 309 towards the north, but only for about 3 km
across strike in subzone 2A (Fig. 6.2); The critical assem-
blage found in subzone 2A is

(d) andalusite + garnet + biotite + muscovite + plagi-
oclase + quartz (Fig. 6.4, C).

Hoffer (1977) argued that andalusite might have formed
according to reaction (3), substituting kyanite, but under
reduced pressures. Since staurolite decomposition (accord-
ing to reaction (6)) has only been observed more than 20
km north of the andalusite zone, the reaction

(5) Mg-chlorite + muscovite + quartz = Al,SiO, + biotite
+H,0

after Carmichael (1970) is suggested for the formation of
andalusite in the presence of staurolite.

Within subzone 2B no Al-silicate has been found and the
characteristic assemblage occurring for about 10 km across
strike up to assemblage zone 3 is

(e) staurolite + garnet + biotite + muscovite + plagioclase
+ quartz (Fig. 6.4, D).

(c) Assemblage zone 3

This zone is about 20 km wide and its southern boundary
delimits the first occurrence of sillimanite. Assemblages
include

(f) sillimanite + staurolite + garnet + muscovite + biotite
+ plagioclase + quartz (Fig. 6.3, IV; 6.4, E), and

(g) sillimanite + sulurolite + biotite + plagioclase +
quartz (Fig. 6.3, IV).

The assemblage (c) also occurs within this zone.

Towards the north, staurolite decreases in abundance
whilst sillimanite increases. Hoffer (1977) ascribed the sil-
limanite formation to the reaction

(6) staurolite + muscovite + quartz = sillimanite + biotite
+H,0

experimentally determined by Hoschek (1969). Stauro-
lite decomposition, however, has only been observed fur-
ther north in assemblage zone 4. Since garnet occurs in
association with sillimanite and staurolite, the reaction

(7) staurolite + muscovite + quartz = AL,SiO; + almand-
ine + biotite + H,0

after Guidotti (1970) might have taken place. The occur-
rence of staurolite + sillimanite + biotite together over this
wide zone was explained by Hoffer (1977) as being due to
changing Fe and Mg contents of the pelites with increasing
metamorphic grade.

(d) Assemblage zone 4

The last occurrence of staurolite is about 5 km south of
the Donkerhuk Granite and the pelites show the assem-
blage

(h) sillimanite + biotite + muscovite + plagioclase +
quartz in this area (Fig. 6.3, V; Fig. 6.4, F). Textures show
an intergrowth of fibrolite with biotite which confirms that
ideal conditions were reached for the formation of the criti-
cal assemblage sillimanite + biotite according to reaction
(6) in this area.

The highest-temperature metamorphic conditions are ev-
ident at the northern margin of the Khomas Trough where
partial migmatization occurred (Fig. 6.4, G). Pelites in this
area contain the assemblage

(i) muscovite + biotite + K-feldspar (microcline) + pla-
gioclase + quartz

(Fig. 6.4,H) which indicates the formation of melt ac-
cording to the reaction

(8) muscovite + K-feldspar + albite + quartz + H,O =
melt,

determined by Thompson and Algor (1977).

In conclusion, the microscopic investigation confirms, to
a large extent, the position of the metamorphic isograds
proposed by Hoffer (1977) for the Khomas Trough. Pro-
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Fig. 6.2: Map of the study area showing distribution of assemblage zones with respective mineral
assemblages (a) to (i), and sample localities.

nounced features of the central and northern part of the
traverse are characteristic changes from a narrow anda-
lusite zone to a wide sillimanite zone, the decomposition of
staurolite and, finally, partial melting. In the south, however,
mineral phase changes are much more indistinct with spe-
cific mineral assemblages occurring over wide areas.

6.4 Mineral compositions
Within the framework of this study, mineral analyses were

undertaken to confirm and support indirect P-T estimates
which were derived from mineral assemblages. Of addition-

al interest was the chemical composition of the scapolites in
the northern part of the traverse. With regard to these aims,
six pelites from different assemblage zones were chosen.
Sample numbers mark the locations shown in Figure 6.2,
modal compositions are listed in Table 6.1 and analytical
conditions and data may be found in Appendix III.

Plagioclases are mostly sericitized and untwinned. Four
samples have been measured which did not show any sig-
nificant degree of zonation. The plagioclases are generally
oligoclases with An _ to An,, (Appendix III, A2).

The chemical analyses of white micas confirm that most
are close to end-member muscovites (sensu stricto) (Appen-

75



6. METAMORPHISM

10

»

Pressure (kbar)
~

Temperature (*C)

Fig. 6.3: P-T diagram showing the stability fields and assemblages for the assemblage zones 1 to
4. Upper stability limits of chloritoid + biotite + quartz + H2O (1) after Spear and Cheney
(1989); of chlorite + muscovite (2} after Hoschek (1969); of gamet + muscovite + chlorite (4)
after Thompson (1976); of staurolite + muscovite + quartz (6) after Hoschek (1969); and of
muscovite + quartz (9) after Chatierjee and Johannes (1974). The melting curve (S) is based
on experimental data from the Khomas Trough after Hoffmann (1976) and Winkler (1983).
Stability field of Al-silicates after Holdaway (1971).

dix III, B). This is shown by Si cation values of close to
6.00 and by low octahedral cation values in excess of Al
Moderate phengitic white mica is indicated in sample 86/76
(chlorite-garnet schist) which might be due to the presence
of chlorite, as pointed out by Hoffer (1977). The analyses
of different muscovite generations such as matrix mus-
covite (samples 146,86/76), porphyroblastic muscovites
(samples 146, 274, 109) and late muscovites which replace
Al-silicates (sample 308) and staurolite, have shown no
significant differences in chemical compositions.

Biotite analyses of all six samples also show no signifi-
cant variations in composition between both fabric biotites
and late porphyroblastic biotites. This is demonstrated in
Appendix III, C with sample 146-1 representing matrix
biotites and with sample 146-2 in which porphyroblastic
biotites have been analysed. There is also no systematic
change of Mg-content of biotites with increasing metamor-
phic grade towards the north as has been observed by Hof-
fer (1977). However, Ti and Mn increase slightly towards
the north. Sample 306 is from the scapolite schist sequence
on the farm Dagbreck and shows a very different compo-
sition of biotites compared with other samples. These bi-
otites are enclosed within the scapolite poikiloblasts.

Garnet I1I has been analysed from assemblage zones 1,
2 and 3 (Appendix III, D) and garnet II additionally in as-
semblage zone 1 (sample 146). Calculations based on 24
oxygens show good results of 6: + 4:6. In all samples al-
mandine garnet forms the most frequent end member of

the garnet series constituting more than 60 mol-%. It is
followed by spessartine and pyrope. Grossular and andra-
dite components vary considerably. With the exception of
sample 274 all garnets are distinctly zoned with Ca- and
Mn-rich cores and Fe- and Mg-rich rims, zonations which
are common in pelites of many metamorphic terrains.

Prograde chlorite has been analysed in a garnet-chlorite
schist (sample 86/76; Appendix III, E). The chlorites are
Si0, poor and the X, of 0.58 is below the value of 0.63
which Hoffer (1977) considered to be the lower limit with-
in his “medium-grade” assemblage zone 3.

In view of indirect P-T estimates, staurolite has been ana-
lysed in sample 308 to compare the composition with stau-
rolites used for experimental studies by Hoschek (1969).
The staurolite in this sample occurs in contact with garnet
and sillimanite and does not show any muscovite replace-
ment. The ratio of Mg/Mg+Fe is 0.17 (Appendix III, E)
which is identical to that in staurolites used by Hoschek
(1969).

Scapolites have been analysed from the southern scapo-
lite schist sequence on the farm Dagbreek (Appendix III,
E). Compositions are uniformly mizzonitic with a mei-
jonite percentage of about 64% and equivalent anorthite
of about 59 (Fig. 6.5; Appendix III, E). Chlorine contents
of about 0.61 wt% are characteristic for scapolites of miz-
zonitic compositions (Fig. 6.5; Evans et al., 1969; Shaw,
1960). Employing the stoichiometry scheme of Evans et al.
(1969) a general formula of Na, Ca, Al, Si. ,0,,Cl (CO,

74724
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Fig. 6.4: (A) Photomicrograph (plane light) showing mineral assemblage (a) kyanite + garnet IT + biotite + plagioclase + quartz of the
southernmost Khomas Trough (pelite specimen PK 86/86, farm Usambara 304). Scale bar is 0.2 mm. (B) Photomicrograph (plane
light) showing mineral assemblage (b) garnet III + chlorite (matrix) + biotite + plagioclase + quartz in assemblage zone 1 (pelite
specimen PK 86/76, farm Usambara 304). Scale bar is 0.2 mm. (C) Photomicrograph (cross polars) showing mineral assemblage
(d) garnet + andalusite (strongly altered to muscovite) + biotite + plagioclase + quartz in pelitic schist in assemblage zone 2 A (pelite
specimen PK 278, farm Kaan 309). Scale bar is 0.2 mm. (D) Photomicrograph (plane light) showing mineral assemblage (e)
staurolite + garnet + biotite + plagioclase + quartz in assemblage zone 2B (pelite specimen PK 293, farm Kaan 309). Scale bar is
0.2 mm. (E) Photomicrograph (plane light) showing mineral assemblage sillimanite + staurolite + garnet in assemblage zone 3
(pelite specimen PK 308, farm Dagbreek 365). Scale bar is 0.2 mm. (F) Photomicrograph (plane light) showing fibrolite knot
within the S3 biotite fabric in association with biotite, plagioclase and quartz in the northern Khomas Trough (mineral assemblage
(h), assemblage zone 4, pelite specimen PK 815, farm Keises 312). Scale bar is 0.2 mm.
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Fig. 6.4: (G) Kuiseb Formation migmatites at the northern margin of the study traverse, Hammer for scale (circled), Davetsaub river,
farm Davetsaub 29. (H) Photomicrograph (cross polars) of pelite in the immediate vicinity of the Donkerhuk Granite in the Kaan
river showing mineral assemblage (i) muscovite + biotite + microcline + plagioclase + quartz in assemblage zone 4 (specimen PK
344, farm Nomatsaus 28). Scale bar is 0.2 mm.
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Fig. 6.5: Compositions of scapolite from the southern scapolite
schist sequence on the farm Dagbreek 365 (sample 306, Fig.
6.2). The solid line represents the solid solution between
marialite (MAR) and mizzonite (MIZ) as suggested by Evans
etal. (1969). Cl-atoms per unit cell are a function of %EqAn
for natural scapolites; (MEI=meijonite).

), (Na includes K, Ca includes Sr, and CO, includes SO,) is
suggested by the analytical results.

6.5 The P-T evolution of metamorphism
6.5.1 Qualitative estimates of P-T conditions

Mineral assemblages and reaction-isograds allow some
P-T estimates using experimentally determined reaction
curves which are compiled in Figure 6.3. Judging from these
reactions (and provided P, =P, ) the relevant P-T fields for
the four assemblage zones are shown in this figure. The Al-
silicate triple point of Holdaway (1971) has been employed
because it best fits the evidence obtained from petrographic
data and mineral analyses (see below).

The P-T field of assemblages in the southern Khomas
Trough is framed by the equilibrium curve (1), by curve (2)
which was experimentally determined at 540 = 15°C at 4
kbar and 565 + 5°C at 7 kbar water vapour pressure by Ho-

schek (1969), and by curve (4) determined by Thompson
(1976) at 580°-590°C 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 resulting P-T conditions for the
south, as determined by assemblages and the latter equilib-
rium curves within the kyanite field, are a temperature range
of about 540-590°C at water vapour pressures from 4.5 to
about 9 kbars.

Conditions in the andalusite field are determined by: (i) re-
action (4); (ii) the andalusite - sillimanite equilibrium curve;
and (iii) reaction (6). Equilibrium curve (6) has been experi-
mentally determined by Hoschek (1969) at 575 + 15°C at 2
kbar and 675 £ 5°C at 5.5 kbar water vapour pressure (using
a biotite with Mg/Mg+Fe = 0.48 and a staurolite with Mg/
Mg+Fe =0.17). A possible temperature range of 500-590°C
is given by curves (4) and (6), and by the intersection of
curve (6) with the andalusite - sillimanite equilibrium curve.
A pressure range of <1-2.8 kbar is provided by the lower
pressure limits of curves (4) and (6) and by the intersection
of curve of (4) with the andalusite-sillimanite 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 an-
dalusite - sillimanite equilibrium curve, and of the granite
solidus with the kyanite - sillimanite equilibrium curve.

Further evidence for temperature conditions close to the
southern boundary of zone 3 comes from scapolite stabili-
ties (Fig. 6.6). The mizzonitic composition of the scapolite
indicates a minimum formation temperature of about 470°C
and a maximum of about 650°C according to studies of Ot-
erdoom and Wenk (1983). In comparison with co-genetic
silicate phases it is more likely, however, that the scapolite
formed above the minimum temperature of 550°C for CO,-
scapolite as indicated in Figure 6.6.

Constraints on the P-T conditions of assemblage zone 4
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Fig. 6.6: Diagram showing isobaric temperature - composition
relations between scapolite, plagioclase and calcite as well as
stability conditions for stable CO3- and C1,CO3-scapolite
(after Oterdoom and Wenk, 1983). The possible temperature
range for the formation of mizzonitic 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 samples is shown in solid black (for details
see text).

are provided by reaction curve (6) and by reaction

(9) muscovite + quartz = K-feldspar + Al-silicate + H,0

determined by Chatterjee and Johannes (1974).

Furthermore, melting experiments in Kuiseb schists,
migmatites and granites in the vicinity of the study area
were undertaken by Hoffmann (1976) and Winkler (1983).
The experiments show initial melting of Kuiseb pelites at
660-670°C at 4 kbar, of migmatites at 667-683°C at 4 kbar
and of granite at 663°C 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 6.3 which demar-
cates a similar slope but at about 25°C higher than the solid-
us curve of Thompson and Algor (1977). The P-T conditions
in the northern part of the traverse are well constrained by
experimental data indicating a temperature range of 590-
670°C and a pressure range of 2-4.5 kbar (Fig. 6.3). Further
evidence for the pressure conditions at the northern margin
comes from primary muscovite in the Donkerhuk Granite
which indicates a lower pressure limit of about 3.5 kbar (ex-
perimentally determined by Storre and Karotke, 1971) for
the crystallization of the granite.

An outstanding feature of the central and northern Kho-
mas Trough is the alteration of staurolite, andalusite and
sillimanite to muscovite (Fig. 6.1, B). Carmichael (1969)
and Eugster (1970) ascribed this phenomenon to retrograde
alteration which is dependent on fH,O, pH, K+ concentra-
tions, total pressure and temperature of the metamorphic flu-
ids. These authors have formulated the reaction

(10) 2 muscovite + 2 H" = 3 ALSiO, + 3 SiO, + 2 K+ 3
H,0

to account for the formation of muscovite. This process
may be initiated above 600°C during regional cooling (Eug-
ster, 1970),

6.5.2 Geothermometry and geobarometry

For a direct P-T estimate, four samples were chosen from
assemblage zones 1, 2 and 3 (sample localities are shown
in Figure 6.2) which allow the application of garnet-bi-
otite- and garnet-chlorite geothermometers as well as of
a garnet-biotite-muscovite-plagioclase geobarometer. All
phases used for thermobarometry are in contact with each
other and garnets belong mostly to the late garnet III gen-
eration. An exception is sample 146 where a spiral-shaped
garnet Il has also been measured.

Garnet-biotite geothermometers used are those of Ferry
and Spear (1978), 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 specific pressures. The garnet-chlorite
geothermometer of Dickenson and Hewitt (1986) has been
used for sample 86/76. Pressure estimates for samples 146
and 308 are based on the garnet-biotite-muscovite-plagi-
oclase geobarometer of Ghent and Stout (1981).

The results of the initial P-T estimates are shown in Table
6.3. Temperature ranges result from the analysis of differ-
ent minerals of the same generation. Figure 6.7 illustrates
the inferred P-T conditions derived from reaction curves,
mineral analyses of critical assemblages in AFM diagrams
as well as X, isopleths of garnet-biotite bearing pelites
after Spear and Cheney (1989). The general lack of agree-
ment between the different garnet-biotite geothermometers
proposed is confirmed by the data shown in Table 6.3. The
experimental calibration of Ferry and Spear’s (1978) ther-
mometer is based on pure Fe-Mg solid solutions using Fe/
Fe+Mg systems of about 0.9. The calibration of Hodges
and Spear (1982) accounts for non-ideal garnet solid solu-
tion, but only the grossular-pyrope crystalline solution was
assumed to behave non-ideally. Perchuk and Lavrent’Eva’s
(1983) experimental calibration uses Fe/Fe+Mg systems of
about 0.6. Indares and Martignole (1985) have combined
data of Ferry and Spear (1978) and natural biotite-garnet
occurrences to derive an empirical thermometer which ac-
counts for dilutents such as Ti, Al, Ca and Mn. Hoinkes
(1986) has found non- ideal mixing of grossular with al-
mandine-pyrope solid solution in an empirical study.

For the southern Khomas Trough, both garnet II and 111
(sample 146) are zoned and show arange of X, from 0.90
(centre) to 0.85 (rim). According to the X, isopleths giv-
en by Spear and Cheney (1989) this indicates a tempera-
ture 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 I11-biotite pairs (Table 6.3).
The geobarometer of Ghent and Stout (1981) gives a range
of 3.98-6.94 kbar at 550°C for garnet II. Garnet III shows
3.82-6.72 kbar at 550°C.

The distribution coefficient (KD) value of 0.17 and the
high X . value of 0.12 of sample 146 compare best with the
grossular-rich samples used by Hoinkes (1986). The pres-
ence of staurolite in this area and its commonly accepted
formation temperature of at least 540°C at 4 kbar (Hoschek,
1969) from chlorite + muscovite (Fig. 6.3) further suggest
that the data obtained from Hoinkes (1986) record the most
accurate estimate of temperatures in this area. The above
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TABLE 6.3: Geothermometric and geobarometric data. Sample localities within the respective assemblr.ge
zones are shown in Figure 6.2. Modal compositions are given in Table 6.1.

SAMPLE 146 86/76 274 308
Gh&St (550°C): Ga Il 3.98-6.94 (kb)
Galll 3.82-6.72

Gh&St (620°C): 2.22-4.24 (kb)
F&S (6Kb): Gall 490-519 (°C)

Ga IIl 442-451 (2 kb): 531-550 (°C) |(4 kb): 601-605 (EC)
H(@6kb):  Gall 588-626

GaIll 522-533 (2 kb): 579-599 (4 kb): 637-646
I&M (6kb): Gall 525-550

Ga Il 470-495 (2 kb): 560-580 (4 kb): 610-627
P&L (6kb): Gall 533-550

Galll 503-508
H&S (6 kb): Gall 490-519

Ga Il 442-451 (4 kb): 601-605
D&H (6 kb): 485-512 (EC)
Kp= (Fe/Mg)pi/(Fe/Mg)Ga 0.17 0.16 0.18

Abbreviations: Ghé&St, Ghent & Stout (1981); F&S, Ferry and Spear (1978); H, Hoinkes (1986);
1&M, Indares & Martignole (1985); P&L, Perchuk & Lavrent’Eva (1983); H&S, Hodges & Spear (1982);

D&H, Dickenson & Hewitt (1986).

thermometric data together with suitable reaction curves
for this area suggest a P-T range from about 520° to 570°C
at 4-7 kbar (Fig. 6.7).

Sample 86/76 represents a garnet-chlorite schist from an
area in assemblage zone 1 where no staurolite has been
observed. Geothermometers for this zone give a narrow
temperature range of 485-512°C at 6 kbar pressure (Table
6.3).

The thermometric analyses from assemblage zone 2, just
south of the first occurrence of sillimanite, show a tempera-
ture of about 530-600°C at 2 kbar pressure which supports
the use of the Holdaway Al SiO; triple point. The equilib-
rium curve andalusite - sillimanite is intersected at these
temperatures at reasonable pressures, a result which is in
contrast to the phase diagrams of Richardson et al. (1969)
and Althaus (1969) which would hardly allow the forma-
tion of sillimanite at these temperatures. The lower Ca con-
tents and the KD values of garnet in this area compared
with samples used by the above authors for thermometric
cali-brations, suggest that the geothermometer of Indares
and Martignole (1985) shows the most reliable results of
560-580°C at 2 kbar in this area (Table 6.3).

Thermometric data calculated for assemblage zone 3
garnet-biotite pairs give a narrow range of 600-630°C at 4
kbar, with the exception of Hoinkes’ (1986) thermometer.
It is conceivable that the Ca-poor composition (X =0.03)
of the garnets accounts for the higher reliability of other
thermometers compared to the calibration of Hoinkes (op.
cit.) who used garnets with X, 0.1. Pressure estimates for
this area gave 2.22-4.24 kbar at 620°C. Values of 0.84 for
X,, indicate a P-T range of 590-630°C at 3.8-5.8 kbar

Alm

(Fig. 6.7).

6.5.3 Summary of the P-T conditions in the Khomas
Trough

Previously Hoffer (1977) interpreted a continuous devel-
opment of the Al-polymorphs within the Khomas Trough
from south to north showing decreasing pressure and in-
creasing temperature conditions. This was largely an ef-
fect of the phase diagram of Althaus (1969) which permits
a continuous P-T path from high-P/low-T to low-P/high-T
along a simple prograde path. In addition, the andalusite and
sillimanite isograds were interpreted by Hoffer (1977) to be
influenced by the Donkerhuk Granite.

Using fluid inclusion data and taking the findings of Hof-
fer (1977,1983) into account, Behr ez al. (1983) calculated
that the southern Khomas Trough experienced pressures of
6-9 kbar at temperatures of 480-580°C, whereas the north-
ern part was subjected to pressures of 4.5 kbar at tempera-
tures of 650°C. As a consequence of this the latter authors
showed two distinct P-T paths for these areas and explained
the difference by a rapid downwarping of the southern Kho-
mas Trough in contrast to the north.

Sawyer (1981) and Preussinger (1990) studied the meta-
morphic conditions of Kuiseb schists at the western end of
the Khomas Trough in the Gorob mining area which is situ-
ated close to the Matchless Amphibolite. Sawyer (op.cit.)
estimated about 600°C at 6-9 kbar for the peak of metamor-
phism in this area and Preussinger (op.cit.) established 580-
630°C at 5.5-6.5 kbar from sillimanite- and kyanite-bearing
assemblages. Kasch (1983b) estimated P-T conditions at the
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Fig. 6.7: Petrogenetic grid for the KFMASH system (modified from Spear and Cheney, 1989). Dashed lines represent contours of X Aim
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rometric data and qualitative estimates.

southern margin of the Khomas Trough, 200 km east of the
study traverse. He obtained about 600°C at 9 kbar for a first
metamorphic event (M1) and about 600°C at 7-8 kbar for
a second event (M2).

An interesting issue is the discussion of the peak condi-
tions of regional or thermal metamorphism in the Khomas
Trough. The migmatites, which partially occur close to the
Donkerhuk Granite, as well as the sillimanite and anda-
lusite isograds, have been interpreted by several authors to
represent a thermal aureole of the granite (e.g. Nieberding,
1976; Jacob, 1974; Hoffer, 1977). Smith (1965) and Fau-
pel (1974) presented arguments to discount a large thermal
aureole on the basis of similar solidus temperatures for
schists and granite.

The principal calculations of Jaeger (1957) on other gra-
nitic bodies have, however, shown that a large medium-
to high-grade thermal aureole around a granitic pluton of
700°C which intrudes a country rock of about the same
temperature at a depth corresponding to 4 kbar is unlikely.
This study has presented structural evidence indicating that
the migmatites occurring in the Davetsaub river profile are
crosscut by granite apophyses (see Chapter 4). Furthermore,
coarsely recrystallized grain sizes only occur 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 sec-

tion. Migmatites, on the other hand, occur in well-defined
zones ex tending for several kilometres south of the granite
- schist contact. Partly-bent fibrolite knots within the S,
cleavage domains and the possible formation of fibrolite
syn- to post-D, according to reaction (6) also indicate that
Al-silicates have formed prior to the intrusion.

In conclusion, the petrographic data and mineral analy-
ses presented in this study indicate that the Kuiseb schists
exposed along the study traverse do not show a coherent
isograd pattern from low-grade in the south to high-grade
in the north, as postulated by Hoffer (1977). The metamor-
phic history of the Khomas Trough is therefore not easily
explained by a single, prograde P-T evolution which was
influenced in the centre and north by a post-tectonic granite
intrusion.

The mineral analyses, obtained from widespread post-D,
mineral phases, reveal a temperature variation from about
500 to 660°C from south to north but pressures vary con-
siderably in the respective assemblage zones. Maximum
conditions of 7 kbar at 570°C are indicated in assemblage
zone 1 which is in good agreement with the studies cited
above. In contrast to this, only about 2 kbar at 570°C are re-
corded in the andalusite zone and, further north, pressures
reached about 4 kbar at a maximum temperature of 660°C
in the sillimanite zone. These pressures and temperatures
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correspond to geothermal gradients of about 20° /km, 80°/
km and 45°/km respectively (taking P, .= P, . and a
mean rock density of 2.80 g/cm). An earlier syn-D, phase of
mineral growth which is evident from some preserved gar-
nets and staurolites suggests slightly higher temperatures for
garnet II than for garnet I1I at about the same pressures. Peak

metamorphic conditions in the northern Khomas Trough

have partially led to the formation of migmatites which were
subsequently intruded by the Donkerhuk Granite. Through-
out the Khomas Trough, late muscovites, biotites and am-
phiboles are evidence for elevated temperatures in a largely
stress-free environment after the D, deformation and after
the peak of metamorphism. Also at this late stage, alteration
of Al-silicates and staurolite to muscovite occurred.
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7.1 Previous geodynamic models for the evolution of the inland branch of the Damara Orogen

7. TECTONICS AND SEDIMENTATION OF A LATE PROTEROZOIC
CONVERGENT CONTINENTAL MARGIN

7.1 Previous geodynamic models for the evolution of
the inland branch of the Damara Orogen

Previous discussions on the geodynamic evolution of
the inland branch of the Damara Orogen have concentrat-
ed mainly on whether or not oceanic crust formed during
spreading and prior to subduction and continental conver-
gence. Martin and Porada (1977) and later Porada (1983)
proposed an aulacogen model which initiates the develop-
ment of the Damara Orogen with three symmetrical rift
grabens induced by the cooling of an asthenolith. They sug-
gested that this was followed by a downwarping stage and
a final post-geosynclinal stage. The delamination model of
Kroner (1982) is similar to the latter, involving initial crus-
tal stretching over a mantle plume situated underneath the
Khomas Trough and leading to the extrusion of the Match-
less Amphibolite. Further processes in this model involve
lithospheric delamination, continental subduction, crustal
underthrusting and high-level thrusting.

An ocean-floor subduction model on the other hand, in-
volving the subduction of a several thousand kilometres
wide ocean, was favoured by Hartnady (1978), Kasch (1979)
and Barnes and Sawyer (1980). The subduction of a nar-
row, Red Sea-type ocean was suggested by Miller (1983b)
who interprets the Matchless Amphibolite as a remnant of a
spreading centre which was covered by clastic sediments.
A small ocean-basin model associated with strike-slip shear
movements was proposed by Downing and Coward (1981)
and Coward (1983). This involves the formation of pull-
apart basins which are partly floored by oceanic crust in the
inland branch, the oblique subduction of these basins and
the late-stage movement of the Congo Craton towards the
southeast. Breitkopf and Maiden (1987) proposed a limited
ocean-basin model involving the fault-related development
of sub-basins in the Khomas Trough on both continental and
oceanic crust. Blaine (1977) summarized his structural in-
vestigations in the eastern Khomas Trough suggesting a pos-
sible fore-arc basin on the basis of contrasting tectonic styles
with the Central Zone. This was partly supported by Miller
et al. (1983), who argued, on the basis of a geochemical ma-
turity index, that the Khomas Trough north of the Match-
less Amphibolite contains fore-arc basin deposits and older
spreading-phase deposits towards the south. Downing and
Coward (1981) and Hoffmann (1983) speculated upon an
accretionary prism setting for the Khomas Trough.

The pronounced sedimentological and structural asym-
metries within the inland branch of the orogen recently led
Henry et al. (1990) to relate the early rifting phase to the de-
velopment of two low-angle detachment systems. This ulti-
mately resulted in the evolution of the Khomas Sea between
the Kalahari and Congo Cratons.

7.2 The tectono-sedimentary evolution of the Khomas
Trough

The Damara Orogen is part of the Pan-African mobile belt

system and connects with the Zambezi and Mozambique
Belts in Central Africa. Irrespective of which of the above
geotectonic models is applied, the Khomas Trough repre-
sents a crucial area in interpreting the tectonics of the Late
Proterozoic in Namibia. In previous chapters this thesis has
investigated the structural, sedimentological, and metamor-
phic evolution as well as geochemical aspects of the Kuiseb
Formation in the Khomas Trough. The synthesis of conclu-
sions drawn from each of these aspects helps to discriminate
between the various interpretations given above for the evo-
lution of the inland branch of the Damara Orogen. Conse-
quently, the information gathered in this study is combined
in a model which involves the convergence and collision
of the Kalahari and Congo Cratons following a rifting and
spreading phase. The model proposes that an accretionary
prism, here named Khomas Hochland accretionary prism, 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 (Miller, 1983b) which probably developed
from a northwest-dipping detachment fault as suggested by
Henry et al. (1990). Thick volcanic sequences of the Naau-
wpoort Formation in the northern Damara Orogen have
been interpreted by Miller (1983b) to represent the initiation
of large-scale rifting in the inland branch at about 750+ 65
Ma (U/Pb zircon dates). There is no evidence 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 Okahandja
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 tho-
leiitic, mid-ocean ridge-type metabasalts and pillow lavas
of the Matchless Amphibolite. Breccias, meta-gabbros and
ultramafic lithologies also occur within the oceanic se-
quence. The metabasic rocks are associated with pelagic and
hemipelagic deep-sea lithologies such as pelitic schists and
graphite schists, but also with turbiditic grey-wackes. Mas-
sive sulphide ore deposits in the vicinity of the Matchless
Amphibolite formed as part of the hydro thermal system dur-
ing spreading (Killick, 1983). A notable marble unit is most
likely to have originated by carbonate precipitation, prob-
ably induced by the hydro thermal convection cells along
the spreading ridge. Stable isotope signatures of associated
graphite schists, however, confirm that these are organic pe-
lagic sediments. The intercalation of spreading-ridge basalts
and ore deposits 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 amount of tectonic shortening calculated
indicates that the basin had a minimum width of hundreds of
kilometres once spreading ceased.
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Fig.7.1: Depositional palaeoenvironments in the southern Damara Orogen during early continental convergence. The elongate trench

fan .transports large amounts of clastic sediment from a northeasterly source area along the trench axis. Pelagic and hemipelagic
sedlmentfmon dominates the basin plain. Decreasing carbonate sedimentation (platform carbonates and carbonate turbidites)
characterizes the northern shelf and slope. Clastic deposition occurs on the southern cratonic shelf,

7.2.2 Early subduction phase

The next phase in the evolution was characterized by con-
vergence and subduction of Khomas Sea oceanic crust be-
neath the Congo Craton. The palaeco-environmental setting
during the early stage of convergence is shown in Figure
7.1. Early structural vergences to the southeast confirm that
subduction of the ocean and movement of the Kalahari Cra-
ton was down to the northwest. Subduction was probably
initiated by extensive sediment loading along the Congo
cratonic margin in a manner similar to that described by
Cloetingh 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 Line-
ament (Porada and Wittig, 1983), may be regarded as rem-
nants of these early clastic sediments entering the northern
Khomas Sea. An oceanic trench developed consequently
along the southern margin of the Congo Craton. Original
sedimentary structures, turbidite facies, cyclic sedimentation
and the lateral extent of sedimentary marker units within the
Khomas Trough indicate that the sedimentary precursors of
the Kuiseb schists accumulated as turbidites on an elongate
submarine fan. Palacocurrents and lateral correlation sug-
gest that it developed as a southwestward prograding elon-
gate trench fan which incorporated large amounts of clastic
sediments (Fig. 7.1). This, together with the relative uni-
formity of grain sizes (i.e. no conglomeratic material), indi-
cates that the main source area was situated a considerable
distance to the northeast of the area of deposition. It is also
conceivable that a volcanic arc north of the subduction zone
additionally contributed towards the trench fill (Fig. 7.1).
In any case, geochemical signatures such as high contents
of certain immobile elements 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 associated with terrigenoclastic
turbidites and have also been deposited by mass-flow proc-
esses.

In large parts of the basin, pelagic sediments accumu-
lated and the intercalation of submarine fan lithologies and
pelagic and hemipelagic sediments in the Khomas Trough
confirms that these depositional processes were contempo-
raneous within the basin.

Adjacent to the Khomas Sea in the north at this early stage
of subduction, platform carbonates were still being depos-
ited (Karibib Formation) as indicated by the calcareous
slope turbidites which were accumulating (Tinkas Forma-
tion; Fig. 7.1). These platform deposits were, however, soon
to be totally replaced by immature terrigenous sediments of
the Kuiseb Formation in the Central Zone. At the same time
clastic terrigenous platform sediments were deposited on the
southern passive continental margin of the Kalahari Craton.

7.2.3 Accretion phase

The further geotectonic development of the active conti-
nental margin is explained by accretion of the trench sedi-
ments against the Congo cratonic margin. This model is
represented in Figure 7.2 which shows the Khomas Hoch-
land accretionary prism evolving through the off-scraping of
submarine fan lithologies from the descending oceanic slab.
The dominance of metasediments relative to basalts within
the present-day Khomas Trough also confirms high sedi-
ment input into the oceanic trench. Clastic sediments were
therefore preferentially accreted whereas oceanic basalts
and pelagics were mostly subducted, similar to the mecha-
nism suggested by Thornburg and Kulm (1987) from the
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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 off-scraping of sediment from the descending slab.
Early (D1) folding and thrusting occurs within the prism.

Peru - Chile Trench. It is thought that a continued high sedi-
ment input into the trench caused and maintained a shallow
slab inclination as described by Karig et al. (1976) from re-
cent subduction zones. This setting may have also included
a narrow arc - trench gap and it may have inhibited the for-
mation of a major fore-arc basin as described by Dickinson
and Seely (1979) and Cross and Pilger (1982) for the Peru
- Chile Trench.

One possible explanation for the emplacement of the oce-
anic sequence represented by the Matchless Amphibolite is
that it was incorporated into the prism during the late stages
of the accretionary processes by off-scraping from an oce-
anic crustal high such as the mid-ocean ridge, an aseismic
ridge or an oceanic plateau.

During accretion, early isoclinal folding, associated with
cleavage formation and thrusting, occurred within the ac-
cretionary prism. These features are represented by the relict
structures preserved from the D, phase of deformation in
the Khomas Trough. Such early compressional stresses are
also characteristic of low-angle subduction zones associated
with young, buoyant oceanic lithosphere (Cross and ‘Pilger,
1982; Park, 1988). Similarly, early deformation involving
thrusting and folding has been reported from modem accre-
tionary prisms in the Aleutian Trench (Lewis ef al., 1988)
and in the Mariana and Yap Trenches off Japan (Kimura et
al., 1989).

The backstop of the accretionary prism was located at the
southern margin of the Congo Craton and it is suggested that
this structure was the initial expression of the Okahandja
Lineament (Fig. 7.2).

It has previously been pointed out that no obvious mag-
matic arc was associated with the proposed subduction zone.
Miller (1983b) and Brandt (1987), however, recorded small
amounts of pre-, syn-, and post-tectonic alkaline and calc-
alkaline granites, diorites and metagabbros. The pre- and
syn-tectonic magmatic rocks especially have I-type charac-
ter, shown by low initial ’St/*Sr ratios and by the presence
of hornblende and sphene. The majority of these intrusions
occur in the southern Central Zone within 30 km of the Oka-
handja Lineament (Miller, 1983b).

The palaco-environmental setting during the later stages
of subduction is illustrated in Figure 7.3. To the north of the

Khomas Sea, a magmatic arc is shown situated close to the
trench. The shelf area on the Congo Craton became unsta-
ble during continued accretion and the carbonates were fol-
lowed 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 maintained its stability with local fan sedimentation
occurring (Porada and Wittig, 1983).

One aspect which has repeatedly been addressed with re-
gard to the Khomas Trough is the question of preservation
of both spreading- and subduction-phase sediments, 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 been pre-
served. Mainly basin-plain with minor submarine-fan asso-
ciations may be found in the Matchless Amphibolite oceanic
sequence and southwards of it (Fig. 3.18). These deposits
contrast with the thick trench-fan associations in the central
and northern Khomas Trough. With regard to the deforma-
tional patterns described previously, a possible contact be-
tween these different depositional systems is most likely to
be of tectonic origin.

7.2.4 Collision phase

Post-D, deformation patterns in the Khomas Trough give
evidence for the onset of major compressive stresses in the
lithosphere. This is attributed to the next step in the geotec-
tonic evolution involving collision between the two cratons
(Fig. 7.4).

By this stage, the accretionary prism had reached a consid-
erable size. Initial collision led to the regional D, deforma-
tion 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 northeast and structural vergences
are consistently to the southeast, indicating tectonic trans-
port in this direction. Folds of the D, phase were refolded
to develop D, downward-facing folds in restricted parts of
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Fig. 7.3: Palacoenvironmental setting during late continental convergence. High sediment input into the trench maintains shallow
subduction and a narrow arc - trench gap. Terrigenoclastic sedimentation occurs on both adjacent shelves at this stage.

the sequence. Also associated with this deformation was a
major phase of thrusting.

The continuation of collision resulted in the D, defor-
mation. This was characterized by a spaced cleavage and
tight to isoclinal metre-scale F, folds which developed
preferentially in high-strain shear and thrust zones. The
style and scale of folding and the subhorizontal to moder-
ately-plunging attitude of fold axes confirm the major role
of simple shear processes during this deformation. In two
of the thrust zones in the northern Khomas Trough, late-
tectonic scapolitization occurred, probably indicating the
presence and the migration of Na- and Cl-rich fluids. This
might confirm results from modem accretionary prisms
which show that fluids participate actively during the de-
velopment of shear zones (Peacock, 1987). The fluids are
channelized and preserved in major pelagic horizons in the
prism over a considerable time-span (Moore, 1989). At this
stage of the geotectonic evolution, the structures within the
accretionary prism defined a northward-steepening thrust
pile with an overall imbricate fan geometry. The observed
development from metamorphic banding cleavages (S, and
S,), which probably originated from pressure solution dur-
ing dewatering processes (Behr et al., 1983), to a shear
cleavage (S,) conforms with theoretical considerations on
the dynamics of thick orogenic wedges by Platt (1986). A
second possible emplacement mechanism for the Matchless
Amphibolite is that it may have been structurally emplaced
at this stage during abduction of the accretionary prism
onto the Kalahari Craton. This explanation is fa-voured and
strengthened by the emplacement of Alpine-type ultrama-
fic bodies close to and south of the Matchless Amphibolite
(Fig. 7.4) and by tectonic interleaving of basement slices
and ultramafic rocks in the Southern Margin Zone (Barnes,
1982). The latter occur together with a prominent rhyo-
lite unit close to the Schlesien-Amerongen Line (Hartnady,

1978) or Us Pass Lineament (Hoffmann, 1983) along the
northern margin of the Southern Margin Zone (Fig. 7.4).
This Lineament has been interpreted to represent the con-
tinental suture zone (Hartnady, Hoffmann, op.cit.) which
can probably be traced into the Mwembeshi shear zone of
the Zambezi Belt (Unrug, 1990).

The continental collision and subduction of the Kalahari
Craton beneath the Congo Craton resulted in crustal thick-
ening and thermal relaxation. The processes associated
with a collision-related, late-tectonic regional metamor-
phism are reflected in the metasediments and metabasic
rocks of the Khomas Trough. Growth of critical meta-
morphic minerals such as kyanite, sillimanite, andalusite,
staurolite, garnet and amphibole started mostly during D,
and lasted until after D,. Scapolite in the northern Khomas
Trough post-dates the D, deformation. There are indica-
tions, however, that biotite, garnet, kyanite and staurolite
also grew prior to D,. Geothermo-barometric calculations
on post-D, and on some D, mineral assemblages show that
P-T conditions within the amphibolite facies rocks var-
ied considerably. Values of about 7 kbar and 570°C have
been calculated for the southern Khomas Trough, about 2
kbar and 570°C for the centre and about 4 kbar and 660°C
for the north. Partial melting of the metasediments during
regional metamorphism at about 660°C occurred at the
northern margin. U/Pb analyses on monazites indicate an
age of about 525 Ma for this event which is also inter-
preted to represent the peak of metamorphism (Kukla ez
al., 1990a). The above pressures and temperatures corre-
spond to geothermal gradients of about 20°C/km, 80°C/km
and 45°C/km from south to north and it is conceivable that
these heterogeneous gradients are due to post-D, differen-
tial uplift of the Khomas Trough.

Late stages in the structural evolution comprise the for-
mation of crenulation cleavages as well as kink folds in the
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Fig.7.4: Collision between the Congo and Kalahari Cratons. This was accompanied by strong southeast-vergent folding and thrusting,
late-tectonic metamorphism, and emplacement of the accretionary prism including the Matchless Amphibolite onto the Kalahari
Cratonic Foreland. The post-tectonic Donkerhuk Granite intruded partly along the Okahandja Lineament.

southern Khomas Trough. Along the Okahandja Lineament,
late dextral strike-slip movements produced a clockwise rota-
tion of D, to D, structural elements. It is suggested that this
opened a path for the ascent of the post-tectonic Donkerhuk
Granite at about 505 Ma (U/Pb monazite ages; Kukla ef al.,
1990a). The retrograde path of metamorphism involved the
growth of muscovite, chlorite and amphibole and textures
suggest that this took place in a largely stress-free environ-
ment after the D, deformation.

The end of the main orogenic movements has been in-
terpreted to be represented by the cooling of biotites below
300°C at about 485 Ma (Rb/Sr and K/Ar whole rock ages;
Haack, 1983). Certainly an exception are late alaskite intru-
sions in the Central Zone with a Rb/Sr whole rock age of
458+ 8 Ma, obtained by Kroner and Hawkesworth (1977).

7.2.5 Ancient and modern analogues

Lithologies, structural styles, sedimentation patterns, time-
sequence of events and the size of the Khomas Hochland ac-
cretionary prism are most reminiscent of the Lower Palaeozoic
Southern Upland accretionary prism (e.g. Leggett et al., 1979;
Kemp, 1987) in view of: (i) series of imbricate thrust slices
steepening towards the backstop (Southern Uplands Fault
here compared with the Okahandja Lineament); (ii) extreme
lateral persistence (150 km) of stratigraphic marker horizons
and thrust slices; (iii) the predominance of lateral trench-fill
turbidite sedimentation; (iv) non-recognition of melange de-
posits; (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 Creta-
ceous 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, siltstones,
shales, limestones, basalts, and ultra-mafics; (iii) late-phase
granite intrusions towards the continental margin and (iv)
structural style comprising coaxial deformation “seawards”
and non-coaxial deformation with rotation and strike-slip
faulting “landwards”.

The time-sequence of events during deformation of the
Shumagin region of the modem Aleutian Trench (Lewis et al.,
1988) can be compared with the Khomas Trough, involving
successively: (i) early folding and thrust faulting; (ii) thrust
faulting; and (iii) strike-slip faulting.

The inferred tectonic setting of the Khomas Sea during sub-
duction is compared with the present situation of the south-
ern Peru - Chile Trench (Cross and Pilger, 1982). There, the
Chile Rise spreading centre passes obliquely into the trench,
which causes an intercalation of turbidite trench sediments
with oceanic crust, pelagic sediments and spreading centre
hydro thermal deposits, similar to that observed at the Match-
less 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 cessa-
tion of arc magmatism because young lithosphere may be
absorbed into the asthenosphere before low-density magma
is produced (Cross and Pilger, 1982). This is the case on the
South American Plate where arc magmatism has ceased in the
area of the subducted Chile Rise (south of 43°S). These mech-
anisms would explain the scarcity of arc-related magmatism
in the Central Zone of the Damara Orogen (see Fig. 7.3) as
well as the inferred lack of fore-arc basin deposits.
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APPENDIX

APPENDIX LA: Table of XRF-analyses (major elements) of psammites along the study traverse,
(samples are arranged from north to south, nd = not determined).

SAMPLE NO SIOZ ‘HOZ Al203 79203 Fe0 MnO Mgo Ca0 lllzo KZO PZOS HZO Lof TOTAL Farmname
PK 348 73.29 1.03 10.564 5.52 nd .08 1.87 1.38 2.11 2,68 .19 nd 1.21 99.90 Nomatsaus
86/1 72.65 J7 1148 534 nd 07 2,02 1.51 2.80 2.16 .17 nd .46 99.22 Keises
86/4 73.76 .96 10.27 5.30 nd 09 1,95 1.58 2.45 1.9 .12 nd .60 99.00

PK/814 76.20 71 1091 533 nd .12 2,02 1.7 2,59 2.04 .17 nd .51 100.30

PX/816 74.02 76 1077 S.07 nod .06 1.81 1,48 2.56 1.97 .16 nd .86 99.31

86/5 74.32 70 10.75 433 nd .09 1,73 2,57 1.97 166 .16 nd .69 98.96

K 114 72.88 J7 12.05 4.838 nd .07 2.03 T3 273 340 .18 nd .92 100.54

86/6 70.33  1.13 1144 6.11 nd .06 2.09 1.06 2.05 3.95 .26 nd .58 99.03

86/7 70.80 1.09 11.55 S.76 nd .09 1.97 1.47 2.63 2.27 .25 nd .51 98.38

86/16 73.07 .96 1101 5.08 nd .09 1.82 1.47 3.18 1.89 .26 nd .52 99.32 Dagbreek
86715 73.06 .95 1095 5.13 nd .07 1.99 .03 2.37 257 .19 nd .84 99.13

86/16 71.09 1,01 11.03 5.58 nd .09 2.03 1.52 2.85 2.1 .26 nd .79 98.37

PK 312 76.14 T4 1121 456 nd W11 2.06 261 2.50 1.65 .21 ond .85 100.62

86/19 71.80 58 11,35 5.07 nd W06 2.20 J4 336 2,19 19 nd .90 9853

PK 356 73.17 B84 11,51 487 nd 08 1.75 1.21 3.01 2833 .23 nd .59 100.09

P 354 73.61 24 1062 469 nd 09 1.7 159 3.00 2.06 .17 nd .52 98.80

PX 364 72.34 ST 12,19 5.31 nd .08 2,45 1,59 2,93 2.10 .21 nd .72 100.83 Kaan
PK/803 71.17 1,02 11,70 5.90 nd .09 3.48 .90 1,62 2.42 .20 nd 1.07 99.57

PK/805 71.38 .82 11,90 4.94 nd .14 3.08 1.57 2.8 2.19 .19 nd 469 973

PX/806 70.35 1.03 12.34 5.35 nd .10 2.99 153 2.88 2.19 .22 nd .88 99.55

86/26 73.90 86 10.86 480 nd .09 1.81 2,06 2.19 1.76 .23 nd 47T 99.02

86/25 71.65 J6 1131 4.8 nod .06 1.82 97 2,05 2.85 .21 nd 2.92 99.46

86/26 72.27 T N8 475 nd 06 1.98 1,12 241 2.83 .17 nd .81 98.88

86/27 70.07 95 1235 567 nd 07 2.11 105 3.50 2.5 .23 nd .83 99.29

86/29 72.55 .85 10.88 5.07 nd .07 1.66 1.11 2,52 2.50 .21 nd .73 98.15

86/30 70.62 .68 12,20 5.10 nd’ .08 2.29 2.00 3.43 2.04 .16 nd .55 99.15

86/31 73.48 A7 1051 4.23 nd .08 1.77 t.83 3.03 153 .19 nd .58 98.09

86/34 72.25 85 1136 5.00 nd .06 1.69 J1 2,85 255 .19 nd .98 98.50

86/37 71.89 1.00 1131 4.81 nd 06 1.9 1,17 2,39 2.51 .26 nd 1.49 98.81

86/39 73.16 1 1096 499 nd .08 2,20 1446 3.72 1.78 .15 nod 55 W74

86/40 68.53 72 13.11 5.66 nd 09 2,47 7Y 323 225 .7 nd 71 9872

86/41 70.12 96 12.27 5.4 nd .08 2,26 157 3.94 2.20 .3 nd .83 99.88

86/42 75.65 49 933 335 nd W14 1,39 285 259 131 .14 nd 155 98.83 Tsawisis
86/44 73.47 79 1047 440 nd .07 164 1.00 3.34 1.87 .18 nd .62 97.855

86/645 71.40 76 12.05 5.1 nd .08 1.81 75 252 28 .23 nd .96 98,58

86/48 76.65 47 11,20 451 nd .08 1.86 2.02 3.56 1.60 .17 nd 1.48 101.80

86/50 73.31 79 10.94 470 nd .07 1.54 1.57 3.33 2.56 .20 nd 1.17 100.17

86/51 73.59 83 1102 479 nd 07 170 1,10 2,89 2.81 .21 nd .87 99.67 Kean Dam
86/52 72.91 1.13 11,10 4.63 nd .07 1.86 1.48 3.06 222 .23 nd .68 99.37

86/53 7% 99 10.82 4.77 nd .07 1.83 86 237 242 27 nd 97 937

86/54 70.17 69 1191 580 nd .07 2.45 1.75 3.0t 2.08 .15 nd .73 98.80

PK/871 72.31 .81 12.10 5.6 nd .08 2.09 1.09 2.6 2.36 .17 nd 1.67 100.50

86/55 70.13 71 1251 5,93 nd 07 231 172 2,72 245 .18 nd .90 99.62

86/59 71.07 1,19 1117 6.08 nd .06 1.94 98 2,46 2.66 .20 nd .96 98.76

86/60 69.53 88 12.49 5.86 nd .09 2.40 96 3.15 1,95 .22 nd 1.44 98.92 Annelie
86/62 72.97 .96 10.90 5.00 nd .08 1.73 1.84 3.27 148 .20 nd .50 99.13

86/65 68.12 B89 12,63 634 nd 15 263 2.95 2.8 1.90 .27 nd .60 99.16

PX 209 72.71 1.16 1093 586 nd .07 2.05 1.99 2.18 2.64 .19 nd 1.40 101.18 Kobos
PK 199 71.67 1.02 1179 5.51 nd .06 2.20 2.48 3.28 1.72 .21 nod .77 100.71

PX 955 71.56 49 1116 3.85 nd .15 2.78 1,26 3.46 1.26 .10 nd 4.21 100.48

PK/824 72.85 .98 10,00 4.65 nd .11 1.98 5.07 2.11 141 .22 nd 1.31 100.50 Annelie
P 196 73.98 3 1123 389 nd 09 2.07 179 3.12 1.77 .16 nd .92 99.75 Okasume
PK 197 74.48 86 10.67 4.85 nd .09 2.15 1.83 3.19 1.85 .19 nd 1.15 101.31

86/71 .97 72 1153 4.20 nd .10 2,19 147 233 248 .17 nd 1.19 98.34

PK 193 72.18 1.03 10.32 5.76 nd .11 2,26 1.79 2.66 1.97 .20 nd 1.28 99.55

PX/821 75.42 74 9.95 4.55 nd .08 1.48 1.8 2.48 1.90 .14 nd 1.42 100.00

Px/822 72.52 N 9.96 4,16 nd .12 151 297 3.4 163 .13 nd 2.96 9.7

86/72 72.64 9 10,95 4.90 nd .08 1.98 1,58 3.03 1.97 .18 nd .75 98.833

PK 189 75.43 .94 935 440 nd 09 1.80 2.06 2.5 1.51 .14 nd .98 99.24

86/73 69.46 .92 10.71 5.26 nd .12 2,14 3.26 2.73 1.83 .19 nd 2.74 99.31 Usambara
86/74 .37 .80 10.62 4.81 nd .07 1.71 1.67 2.9 2.18 .17 nd 1.52 98.85

PK 182 73.39 .76 10.83 4,27 nd .08 1.75 2.05 3.00 2.26 .15 nd 2.00 100.56

86/75 73.14 .80 1160 5.09 nd .08 1.8 1.96 3.54 2.02 .18 nd 1.49 101.76

86/80 70.94 .68 10.78 4.55 nd .11 1.80 3.56 2.52 1.834 .15 nd 2.57 99.50

86/81 70.36 1.14 10.99 5.92 nd .10 2.17 2.52 2.62 1.87 .21 nd 1.06 98.94

85/84 73.80 J7 10.99 4.94 nd .06 1.82 1.3 2.77 2.11 .15 nd .76 99.78

86/85 T2.65 1.02 10.77 5.46 nd .07 1.95 1.58 2.8 2.07 .19 nd .56 9.1

PK/856 74.78 69 1065 4.78 nd .06 2.00 1.80 2.23 1.99 .14 nd .34 9.9

PK 152 T2.49 93 1126 566 nd .08 196 2.20 2.55 2.4 .16 nd 1.02 100.43

PK 149 749 1.0 11,27 587 nd .06 2.18 2.07 2.33 2.22 .19 nd 1.04 100.82




APPENDIX

APPENDIX LB: Table of XRF-analyses (trace elements) of psammites along the study traverse,
(samples are arranged from north to south, nd = not determined; bd = below detection limit).

SAMPLE NO Rb Sr Y 2r Nb  Ba v Cr Co Nf Cu 24 Farmname

PX 348 119 121 42 355 16 498 105 78 10 23 34 65 Nomatsaus

86/1 81 131 28 181 9 463 106 76 11 27 bd 71 Keises
86/4 75109 32 2R 9 457 102 80 9 26 12 69

PK/814 88 19 36 193 10 272 82 66 11 26 53 74

PX/816 83 114 32 217 11 33 8 71 11 26 30 70

86/5 66 118 27 187 9 401 85 65 T 25 36 &2

PK 114 119 109 31 229 12 949 92 69 12 28 6 s

86/6 112 118 35 347 9 731 119 91 10 28 btd 3

86/7 8 135 37 332 12 610 108 9 11 30 bd 75

86/14 7% 17 33 289 11 37 97 8 12 26 9 69 Dagbreek
86/15 83 101 3% 23 1 559 87 8 18 26 37 62

86/16 7S 13 35 317 10 351 93 87 11 29 &d £

PK 312 8 141 37 222 12 252 85 68 12 28 9 66

86719 81 82 26 169 8 34 87 69 14 46 6 114

PX 356 127 14 37 273 13 704 101 78 18 25 19 68

PK 354 95 133 37 256 12 428 87 &7 12 23 7 66

PX 364 89 339 36 306 12 607 111 82 14 26 25 71 Kaan
PX/803 105 260 34 351 14 653 98 90 13 35 21 98

PX/805 99 382 3 235 12 505 107 80 15 33 S3 a3

PK/806 100 396 37 350 13 648 126 95 12 33 142 ”

85/26 75 100 29 255 9 39 9 8 10 2 & 77

86725 91 106 31 198 10 624 101 75 18 51 bd 115

86726 96 106 26 180 9 655 9% 71 13 27 bd 7%

86/27 111 162 33 257 11 505 117 8 18 43 bd 119

86/29 97 112 32 244 9 565 96 77 18 47 bd ”

86/30 82 136 29 172 8 28 103 70 11 4% 11 97

86/31 65 116 32 187 8 242 7 68 12 35 n

86/34 82 729 243 9 546 98 7™ 13 23 10 7

86/37 82 N9 34 301 10 432 98 8 12 26 bd 2

86/39 67 126 29 178 9 395 88 69 13 2% 8 70

86/40 87 155 26 140 9 582 106 8 11 28 bd 86

86/41 75 136 33 26 11 S38 105 87 13 30 42 61

86742 564 338 17 125 4 Lz T2 60 10 2 bd 60 Tsawisis
86744 70 119 31 227 9 30 9% 79 15 14 16 13

86/45 100 236 29 207 10 717 115 7S ? 2% 9 g

86748 65 132 22 163 7 403 9 70 12 31 bd 8

86/50 91 223 28 213 8 829 92 7 10 24 bd &7

86/51 96 140 29 224 10 484 9% 81 13 27 9 62 Kaan Dam
86/52 83 131 40 373 12 465 106 93 11 27 bd 74

86/53 86 77 31 303 11 4S54 9% 8 16 42 21 121

86/54 81 146 27 156 9 443 8 77 9 B bd 69

PK/871 87 121 33 212 10 513 104 81 12 26 17 37

86/55 88 146 30 155 9 419 108 70 10 23 bd 59

86/59 93 82 37 36 12 55 112 101 11 26 8 n

86/60 48 88 31 200 11 331 113 8 12 25 bd 66 Annelie
86/62 75 146 32 255 10 353 97 89 15 31 bd 52

86/65 34 75 36 187 1t 307 118 8 13 31 bd 60

PX 209 107 58 .45 374 15 502 121 92 11 27 bd 67 Kobos
PK 199 95 238 38 319 11 423 110 83 12 27 16 I

PK 955 95 157 31 174 11 185 95 65 11 23 132 87

PK/824 34 346 38 300 13 775 70 75 9 28 26 81 Annelie
PK 196 8 151 33 213 10 302 95 63 10 2 27 71 Okasume
PK 197 81 115 36 267 12 316 106 72 10 22 6 70

86/71 92 87 29 179 9 39 18 70 15 29 bd a3

PK 193 93 126 41 38 13 303 101 9 12 21 bd 80

PK/821 82 119 29 218 10 343 a8 & 1 22 9 57

PK/822 65 138 29 190 11 298 89 6 10 20 :d 56

86/72 7% 107 30 196 10 397 111 80 12 25 117 68

PKX 189 64 126 38 290 12 283 92 70 10 20 20 65

86/73 66 116 31 253 11 284 108 79 15 29 18 85 Usanbara
86/74 83 124 29 199 9 S06 103 72 11 2% bd 66

PX 182 101 170 34 221 11 Ss28 99 69 9 21 62

86/75 76 122 30 175 8 426 106 75 10 24 bd 65

86/80 123 27 159 8 399 9 68 11 26 td 67

86/81 76 165 38 297 11 49 116 89 13 28 bd 82

846/84 7% 117 30 184 8 487 100 66 12 26 bd 67

86/85 7 90 35 291 11 37 100 93 11 27 ©d 78

PK/856 98 192 28 178 9 49 85 62 12 27 bd 40

PK 152 106 139 40 269 13 S31 108 73 11 27 bod 3

PK 149 110 158 41 381 15 463 110 8 12 27 &6 46

I



APPENDIX

APPENDIX L,C: Table of XRF-analyses (major elements) of pelites along the study traverse,

SAMPLE NO SiOz

PK 349
86/2
PK/815
PX 109
86/8
PK 327
PK 328
PK/849
PK 324
PK/383
PK/881
PK/843
PX 315
86/18
PK 357
PX 355
PX 358
PK 359
PK 360
86/22
86/23
PK/804
PK 299
PKX/880
PK/879
PK 277
86/38
PK/807
Px/808
PK/835
PK/874
86747
PK 852
PK/873
PK/872
86/57
PX 248
PK 246
PK/870
PK/869
PK/954
PK 215
PX 208
PK 131
PK 130
PX 198
PX 210
PK 195
PK 150
PK 183
86/76
PK/862
PK/863
PK/864
PK/861
86/79
PX/858
86/83
PK 153
86/87
PK/855
PK/854

68.23
56.32
56.05
57.12
60.88
59.26
61.92
54.84
56.74
50.49
50.02
46.44
60.76
54.44
51.97
58.66
53.47
52.00
45.44
60.53
57.98
67.64
59.56
60.26
60.11
56.51
62.49
57.92
58.98
48.82
59.67
58.35
65.19
58.56
56.03
- 60.37
49.22
57.43
55.77
57.64
63.76
56.76
49.45
63.94
55.57
58.11
59.08
62.25
57.469
60.70
39.93

54.87°

66.88
66.58
47.81
65.35
54.63
63.20
65.21
58.40
54.50
49.54

TiOz

1.02
.96
1.13
.93
.93
.86
.97
1.08
.86
1.18
1.16

126

.88
1.04
1.07

.87

.83

.82
1.15

.78

(samples are arranged from north to south; nd = not determined).

Al0s

13.35
18.07
19.81
19.96
17.60
16.48
17.65
20.83
20.63
21.7
23.08
25.30
17.55
19.25
21.04
18.07
16.76
15.80
23.16
15.71
17.66
14.45
18.08
17.68
17.21
17.80
17.69
18.37
18.09
22.12
17.82
17.80
15.81
18.20
19.32
17.08
22.75
19.03
20.33
18.03
16.44
17.94
20.43
13.49
18.85
17.67
16.75
16.09
18.32
17.13
" 25.90

19.23

13.96

13.39

21.88

13.77

19.61

15.27

15.22

15.73

19.15

21.39

F
VP
g

6.54
9.23
9.25
9.82
7.72
7.55
7.55
9.51
8.85
9.83
8.58
6.71
8.28
8.90
9.31
7.62
7.54
7.37
9.90
7.16
8.82
5.59
8.3
8.01
8.32
8.22
2.50
8.01
7.98
10.87

7.88 -

7.76
1.42
8.96

9.16

7.73
10.20
8.19
8.36
7.65
4.78
8.69
10.70
6.86
9.97
9.10
8.84
7.29
8.60
7.99
12.11
8.46
6.83
6.62
10.64
8.1
9.37
7.17
8.08
7.96
9.55
11.96

‘23’333233223333ad3zzazd’dzzdzadz’dddda’da’rd’z’d’dzid’zzardzdaid’za’dddzidald

MnO

.09
.12
-1
.09
.08
.15
.09
.10
.05

.05

.15

1

.15
A7
.12
.18
.1
.15

Mgo

3.34
4.32
4.15
3.89
3.75
4.59
3.83
4.75
.77
4.95
4.67
5.60
3.73
4.04
4.81
4.01
7.31
7.88
6.79
4.52
3.62
3.58
3.64
3.62
3.48
4.07
1.5
3.82
.nr
5.27
3.68
3.60
57
3.68
4.34
3.36
5.51
5.01
4.07
4.00
3.62
4.97
6.55
2.05
4.98
4.39
4.86
3.76
4.50
3.77
6.38
4.38
3.27
3.17
5.78
3.89
4.85
3.92
3.29
4.13
5.14
5.44

Ca0

.70
1.33
.51
31
.88
5.28
.87
-
.56
.59
43
1.67
.35
.78
1.34
1.64
5.21
1.76
5.90
5.37
96
1.35

1.37
1.88
4.03
1.09

Nazo

.80
1.81
1.25

.59
1.19
1.05
1.42
1.17

95
1.41

.90
2.93
1.07
1.81
2.60
4.31
1.26
1.30
1.43

.68
1.38
2.69
1.38
1.90
2.04
2.33

.52

.93

.96
1.57
2.02
1.96

.59
1.29
1.14
1.91
1.39

.92
1.15
2.59
1.78
1.55
1.38
3.10

.87
1.16
1.57
2.35
1.39
1.24

.91
1.49
1.68
3.30
3.07
1.25
1.01
2.05
2.20
2.70
2.15

.78

KZO

3.43
4.98
5.34
6.23
4.36
3.29
4.08
466
6.69
6.66
7.87
7.26
5.18
5.83
5.41
3.33
4.66
3.46
5.10
3.55
5.49
2.55
5.67
4.1
4.87
4.97
5.18
6.07
5.99
5.47
3.98
3.97
5.03
5.08
5.27
3.69
5.39
4.56
5.70
441
3.95
3.52
4.40
.32
4.47
4.88
3.1
3.09
5.22
4.59
6.70
4.74
3.47
2.79
3.78
3.03
5.40
3.35
3.37
2.26
4.97
6.37

P2%

.22
.22
.25
.16

.19
24
17
.20
.09
.13
A7

aa2a8333333333333333323333233dR8ARA3AR33A3A22233RA33333333333343333

hf
o

Loi

3.34
1.95
4.57
3.17
3.8
1.08
3.50
2.1
2.51
1.79
2.54
2.68
4.55
3.30
1.71
1.02
3.78
2.06
2.93
1.41
.09
.95
2.51
2.26

TOTAL

99.31
99.09
108.16
101.76
100.07
99.58
100.79
100.32
100.89
100.14
99.37
100.00
100.11
98.64
100.18
100.15
98.89
98.27
100.38
99.70
98.98
100.06
100.41
100.10
100.07
100.43
97.93
99.84
100.05
100.12
100.03
98.59
99.26
100.00
100.55
98.99
101.39
100.46
100.51
99.59
100.45
100.38
99.99
100.76
100.41
100.10
99.70
99.92
100.48
100.14
99.06
98.48
99.93
100
100.00
99.43
100.06
99.17
100.53
97.88
100.42
99.91

Farmname

Nomatsaus
Keises

Dagbreek

Kaan

Tsauisis

Kwaggafontein
Xaan Dam
Annelie
Bergkrans
Kobos

Annelie
Kobos

Okasume

Usambara

I
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SAMPLE NO

PK

APPENDIX LD: Table of XRF-analyses (trace elements) of pelites along the study traverse,
(samples are arranged from north to south; nd = not determined; bd = below detection limit).

349

8672
PX/815

PX

109

86/8

PK

327

PK 328
PX/849
PX 324
PK/883
PX/881
PX/8463

PK

315

86718

PK

357

PK/355

PX
PK
PK

358
359
360

86722
86/23
PK/804

44

299

PK/880
PX/879

PK

277

86/38
PX/807
PK/808
PK/835
PK/874
86/47

PK

852

PX/873
PX/872
86/57

PK
PK

248
246

PX/870
PX/569
PK/954

PX
PK
PK
PK
PK
PK
P
PX
PX

215
208
131
130
198
210
195
190
183

86/76
PK/862
PX/863
PK/864
PX/861
8&/79
PX/858
86/83

PK

153

86/87
PK/855
PK/854

Rb

137
180
203
258
144
169
160
185
279
226
381
324
218
185
220
164
264
208
215
175
208
108
253
175
218
269
149
205
222
199
161
136
136
214
201
112
175
176
186
192
154
125
147

14
174
202
104
133
205
192
184
146
128
128
133
103
181
122
148

70
188
228

Sr

61
97
80
60
S
206
63
50
93
3
40
184
47
82
179
228
160
162
297
151
215
388
228

91
188
9%

119
104
116

81

85

67
65
170
109
56

338
44
41

119
80

3a&A

m
138

80

63
126
126
118

55

47
37

36
33

40
43

52
39
47
34
38
43
38
34
36
26
36
33

40

34
42
3
30
31

30 -

31
26
32
32
31

s3
39
43
42
34
39
43
38
45
36
53
42
47

3
42
32
k)|
58
33
43
34
38
42
40

Zr

29
170
216
208
179
208
221
217
160
225
238
260
191
198
233
185
171
182
210
152
169
208
196
192
196
196
169
173
183
215
190
178
190
166
182
183
221
194
199
207
201
209
220
175
214
215
228
214
188
270
238
215
189
178
269
161
215
191
17
213
195
214

Nb

15
1
17
15
10
15
16
16
17
18
17
11
15
13
18
15
15
15
20
10

13
16
13
15
10

14
12
13
13

14
12
13
11
n
13
18
15
14
14
14
14
16
14
17
15
16
17
11
14
12
12
15

16
10
1
1
13
16

726
732
849
769
647
394
557
682
765
1255
1148
1436

1023
1169
478
491
550
1187
254
787
742
599
562
590
812
924
1167
843
1152
67

7S5
842
m
1152
674
1153
761
499
619
950

563
796
642 -
493

869
1427
911
563
425
745
505
782
533
438
279
593
856

131
204
202
197
196
147
177
221
199
244

262
165
237
270
204
17
137
21
136
222
139
180
170
160
199
165
189
185
195
181
191
156
186
194
154
240

229
175
140
205
240
140
21
214
164
173
200
182
304
219
121
136
194
127
228
183
162
137
217
269

cr

89
125
140
138
127

9N
121
150
13
149
152
166
m
131
151
126
108
109
160

120

130
120
114
126
127
125
126
142
123
130
120
128
137
110
157
144
145
125
102
129
146

9
130
126
109
110
123
113
187
142

92
117
85
144
116
97
108
136
144

Co

16
19
20
21
10
16
19
21
21
20
20
11
19
12
2
17
17
13
18
10
10
17
20
18
17
16
11
17
17
26
13
1

20
20
12
19
19
11
16
17
21
27
13

20
19
19
17
20
32
18
17
17
26
20
22
19
18
16

24

4age

Ni

36
51
61

26
50
50
59

46

50
49
45
53
24

43
56
49

54
29

51
59
43

52
51
24
58

47

35
56
69

60
56
54
45
56
52
79
53
38
36
70
45
60
46
49
41

74

Cu

NG &

14
27
43
131
1
14
3

21
34
36
121
20
52

18
119
22
15
43
19
16

Zn

97
144
150
165

n
122
130
159
163
183

51

48
119

v
154

90

I

&3
169

67

sl
104
129
137
134

42

103

59
102
121

14
150

9

69
158
152
114

69

89
143
m

59
159
143
127
120
141
127
194
141
108
107
193
130
153
116

98
151
212

Farmname

Nomatsaus
Keises

Dagbreek

Kaan

Tsawisis

Kwaggafontein

Kaan Dam

Annelie
Bergkrans
Kobos

Annelie
Kobos

Okasume

Usambara

v
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APPENDIX II: Table of XRF-analyses of amphibolites and metagabbros from the Matchless Amphibolite
sequenee. Sample localities are indicated in Figure 5.2; (nd = not determined).

SAMPLE NO

Sioz
Tloz
Al203
Fe203
FeQ

MNO
Mg0
Ca0Q
Nazo
xzo
ons
H2?
Loi

TOTAL

Rb
sr
Y

2r
Nb
Ba
v

Cr
Co
Ni
Cu
Zn

amphibolite
type

SAMPLE NO

SiOz
Ti

Al0y
F‘2°3
FeQ
MnO
MgO
Ca0
“ﬂzo
Kzo
PZOS
n29
Loi

TQTAL

Rb
Sr
Y

r
Nb
Ba
v

cr
Co
Ni
Cu
n

amphibolite
type

867

51.37
1.46
13.39
10.65
nd
.22
5.18
10.74
3.16
.16
.13
nd
3.43

99.88
-

156
34
88

2

7%
313
239

39

as

91
108

13

86/66

46.31

1.64
14.98
11.19

.15
7.21
12.35
2.35
.19
.20

3.15
99.71
183
24
105
13

315
290

19
32

gabbro

230

41.47
2.37
14.97
13.54
nd
.22
6.93
13.99
2.14
3
.30
nd
5.00

101.16

10
239
42
165
28
61
341
215
42
134
7
110

type |

84/68

50.25
1.67
15.10
12.06
nd
.19
7.61
10.16
3.14
.26
.16
nd
1.05

101.62

5
162
31
98

2%
334
204

13

28

4

It

gabbro

228

44.51
1.90
14.65
11.68
nd
.17
4.23
18.50
79
.07
.25
nd
5.44

102.19

é
334
35
134
26
37
376
150
20
80
1n
&2

type 1

201

50.62
1.86
13.27
13.23
nd
27
7.63
8.84
1.45
.19
.19
rd
3.62

101.17

8
Nn
42

121

9

45
350
270

38
102

1
175

gabbro

221

46.21
1.52
13.24
9.62

.16
6.84
12.35
2.27
.25
A7

7.41
100.04

12
192
3
104
14
52
310
198
29
e

61

type II

895

50.45

1.7
13.32
11.97

21
8.8
9.20
2.87

.22

.14

1.35

100.29

168
33
96

58
340
240

36
112

36

a8

gabbro

222

46.47
1.95
13.78
11.91
nd
.20
6.28
10.89
2.43
.28
.22
nd
6.49

100.90

8
142
37
139
15
48
312
131
3
61
5
64

type 11

219

52.87
1.85
15.03
12.20
nd
.18
6.21
7.81
2.58
22
.19
nd
2.05

101.19

-]
107
39
123
8
26
386
199
32
61
H
84

type |

220

50.81

1.90
13.99
11.81

.15
5.63
10.04
3.28
.26
.20

1.67
99.74

10
175
34
130
9
46
339
147

39
70
3
87

type Il breccia

217

49.32
1.68
13.35
11.20
nd
.19
8.27
10.82
.86
.15
.21
nd
4.85

100.90

5
59

214

43.43
1.43
11.95
1.1
nd
.21
7.9
14.94
1.80
.21
.12
nd
7.40

100.51

7
145
33
”
&
42
299
222
37
a2
56
9

type Il

213

48.19
1.59
14.97
11.76
nd
.18
7.55
13.13
3.15
A7
.18

type |




APPENDIX

APPENDIX IILA1: Analytical conditions for microprobe analyses. Analyses were made on a CAMECA XS 50
electron microprobe at the Mineralogical Institute of the University of Wiirzburg/FRG. Acceleration potential used
was 15 kV and a sample current of 10 nA. Counting time for each mineral was 10s per spot (number of spots are
given with analyses in Appendices III,A-E). Natural crystalline and synthetic standards, feldspar-glasses, and metals
were used for calibration. Only minerals were analysed which are in direct contact parageneses but avoiding edge
effects. H2O in biotite,' muscovite, chlorite, and staurolite has been calculated from stoichiometry. Calculations and
corrections were made with the Cameca "Geo" software (based on PAP).

SAMPLE 146 86/76 308 109
Si02 61.09 62.83 61.53 63.55
AL O3 24.07 2281 23.97 22.47
MgO 02 0 0 01
Ca0 4.63 3.70 497 3.04
MnO 02 02 0 01
FeO 12 16 12 16
BaO 06 01 02 04
Nax0 8.76 9.45 8.68 9.63
K20 28 0.07 , 14 13
Total 99.03 99.05 99.44 99.04

Atomic porportions based on 8 <0>

Si 2.74 2.81 2.74 2.83
Al 1.27 1.20 1.26 1.18
4.01 4.00 4.01 4.01
Mg 0 0 nd 0
Ca 2 18 24 15
Mn 0 0 nd 0
FeZ* 0 01 01 01
Ba 0 - 0 0 0
Na 77 82 75 83
K 02 0 01 01
1.01 1.01 1.01 99
Total 5.02 5.01 501 5.00
An 22 18 24 15

grains/points 3/10 3/8 247 1/4

VI
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APPENDIX ITL,B: Table of average muscovite analyses.

SAMPLE 146 86/76 274 308 109
SiO2 44.59 45.81 45.15 44.47 45.16
TiO2 44 44 .19 33 41
ALO3 36.24 33.55 37.33 37.04 36.19
MgO 74 1.24 54 .55 .67
CaO 01 0 .03 01 .01
MnO 03 0 05 .01 .01
FeO 1.03 3.03 87 .85 1.11
BaO 21 23 .10 40 21
NaO 98 .86 1.37 1.27 .80
K20 9.84 9.84 9.46 9.39 9.98
HO 4.45 445 451 447 447
Total 3.56 99.45 99.60 98.78 99.02
Atomic porportions based on 22 <0>
Si 6.00 6.17 5.99 5.97 6.05
Ti .05 .06 02 .04 .05
Al 5.75 5.33 5.84 5.86 5.71
Mg 15 25 A1 A1 13
Ca 0 0 0 0 0
Mn 0 0 0 0 0
Fe A2 34 10 .10 13
Ba 01 01 0 .02 .01
Na .26 23 .35 33 21
K 1.69 1.69 1.60 1.61 1.71
Tetr. Z 8.00 8.00 8.00 8.00 8.00
Oct. Y 4.08 4.15 4.06 4.07 4.07
Interl. X 1.96 1.93 1.95 1.96 1.94
Total 14.03 14.08 14.01 14.03 14.01
grains/points 4/11 1/2 1/3 2/5 4/11

VII
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APPENDIX IIL,C: Table of average biotite analyses.

SAMPLE 146-1 146-2 86/87 274 306 308 109
§i02 34.69 34.28 - 35.05 34.33 37.07 35.01 34.00
TiOs 1.59 1.56 1.61 1.60 1.82 1.48 1.96
ALO3 18.69 18.66 18.10 19.28 16.73 19.68 19.73
MgO 10.34 10.39 11.59 10.34 15.48 10.93 9.13
Ca0 .03 .01 .01 .01 .02 0 01
MnO .10 .08 13 A2 .14 17 .20
FeO 19.88 19.66 18.36 19.50 13.85 18.26 20.14
BaO .06 .09 .05 .03 .04 07 01
NaO .20 22 24 .18 .09 .09 .24
K>0 9.22 9.33 9.12 9.18 9.38 9.25 9.00
HO 3.90 3.87 3.92 3.90 4.02 3.95 3.89
Total 98.68 98.14 98.17 98.47 98.64 98.89 98.31
Atomic porportions based on 22 <0>

Si 5.31 5.28 5.36 5.26 5.51 5.30 522
Ti .23 23 23 23 25 21 .28
Al 338 3.40 3.26 3.48 293 3.51 3.57
Mg 2.36 2.39 2.64 2.36 3.43 247 2.09
Ca 0 0 0 0 0 0 0
Mn 01 .01 .02 .02 .02 02 03
Fe 2.55 2.54 2.34 2.50 1.72 231 2.59
Ba 0 01 0 0 0 0 0
Na .06 .06 .07 .05 .03 .03 .07
K 1.80 1.84 1.78 1.79 1.78 1.79 1.76
Tetr. Z 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Oct. Y 5.84 5.84 5.84 5.84 5.86 5.82 5.78
Interl. X 1.87 1.91 1.85 1.85 1.81 1.82 1.84
Total 15.70 15.75 15.70 15.69 15.67 15.64 15.62
grains/points | 3/7 3/6 3/8 2/6 2/6 2/6 4/11

146-1 = matrix biotites
146-2 = Late, porphyroblastic biotites

VI
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APPENDIX IILD: Table of average garnet analyses.

SAMPLE 146 Gall 146 Ga III 86/87 GaIll 274 308 Ga Il
rim centre rim centre rim centre Galll rim centre

SiO2 35.77 36.07 35.73 35.66 36.11 36.10 3542 36.29 36.61
TiO2 .01 .05 .06 a1 .03 .06 .07 0 07
AlLO3 21.51 21.70 21.76 21.59 21.11 21.18 21.58 21.64 21.78
Cr203 0 0 0 0 0 0 0 0 0
Fe203 237 1.75 1.77 1.37 1.57 1.31 1.09 27 .58
MgO 3.11 2.07 3.05 1.83 2.61 2.62 2.64 3.38 2.89
CaO 4.70 5.51 426 4.85 1.72 2.12 1.85 1.19 1.75
MnO .90 217 1.37 5.87 8.19 9.90 7.08 6.42 9.05
FeO 32.26 31.92 32.38 28.89 29.26 26.94 29.77 30.28 28.28
Total 100.63 101.23 100.39 100.18 100.60 100.23 99.50 99.47 101.01
Atomic proportions based on 24 <0>
Si 5.736 5.768 5.741 5.772 5.836 5.842 5777 5.876 5.858
Ti .001 .006 007 .013 .004 .007 .009 0 .008
Al 4.065 4.090 4.121 4.119 4.021 4.040 4.149 4.130 4.108
Cr 0 0 0 0 0 0 0 0 0
Fe’* .286 210 215 .167 191 .160 134 033 .069
Mg 743 493 730 442 629 632 .642 816 .689
Ca .808 .944 733 841 .298 368 323 206 .300
Mn 122 294 .186 .805 1.121 1.357 978 881 1.227
Fe* 4.326 4.269 4.351 3.912 3.955 3.646 4.060 4.100 3.785
XFe' .85 .90 .86 .90 .86 .85 .86 .83 .85
XMn’ 02 .06 .04 16 .20 24 17 15 22
Tetr.Z 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Oct.Y 4.09 4.08 4.08 4.07 4.05 4.05 4.07 4.04 4.04
X 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Total 16.09 16.08 16.08 16.07 16.05 16.05 16.07 16.04 16.04
AD 7.18 5.41 5.545 452 4.86 4.18 3.57 .83 1.94
GR 6.28 10.32 6.68 9.51 11 1.95 1.82 2.61 3.06
AL 72.11 71.14 72.50 65.20 65.89 60.74 67.63 68.30 63.07
SP 2.04 4.90 3.11 13.42 18.68 22.61 16.29 14.67 20.44
PY 12.39 8.22 12.17 7.32 10.47 10.53 10.69 13.59 11.49
grains/points 1/10 177 2/16 3/14 3/14

IX
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APPENDIX IILE: Table of average staurolite, scapolite and chlorite analyses.

STAUROLITE SCAPOLITE CHLORITE
SAMPLE 308 SAMPLE 306 SAMPLE 86/87
SiO2 26.39 SiO, 47.37 SiO; 23.88
TiO2 46 AlLO3 26.51 TiO2 .08
AlO3 55.43 TiO2 .02 AlLO3 22.61
MgO 1.36 FeO .06 MgO 17.32
MnO .52 MgO 0 CaO .02
FeO 11.96 MnO .03 MnO 39
ZnO 1.23 CaO 15.76 FeO 22.25
HO 2.13 Na0 471 Na20 .02
F .03 K20 41 K20 .04
Cl .02 Cl .61 H2O 11.36
F .01
SO3 21
Total 99.53 Total 95.71 Total 97.97
Atomic proportions based on Atomic proportions based on Atomic proporticns based on 36
24 <0, OH, F, C> 12 <Si+Al> <0, OH>
Si 3.68 Si 7.23 Si 5.04
Al 9.11 Al 4,77 Ti .02
Ti .05 Al 5.63
Mg 28 Mg 5.45
Mn .06 Ca 0
Fe 1.40 Mn .07
Zn 13 Fe 3.93
Na 0
K 01
Total 14.71 12.00 Total 20.15
Mg/Mg+Fe 17 Ti 0 Mg 58
Fe .01
Mg 0
Mn 0
Ca 2.58
Na 1.39
K .08
Cl 13
F 0
S .04
grains/points 1/10 cat® 4.07 grains/points 1/17
% Mej® 63.75
EqAn® 59.05
grains/points 178
2 = (Ti+Fe+Mg+Mn+Ca+Na+K)
® = Shaw (1960)
© =100 (Al-3)/3 Orville (1975)




