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SERPENTINITES IN CENTRAL SOUTH WEST AFRICA/NAMIBIA 

A RECONNAISSANCE STUDY*

by

Sarah-Jane Barnes, M.Sc.

Abstract

In central South West Africa/Namibia approximately 45 bodies of serpentinite are strung out over a zone extend-
ing for 400 km along the southern margin of the north-east-trending Damara Orogenic Belt.

The Damara Sequence is of late-Precambrian age. Its stratigraphy and deformation in central South West Africa 
fit a classic eugeosynclinal model. Along the southern margin of the orogenic belt the Damara rocks have been 
overthrust on to the pre-Damara basement. Serpentini tes occur both in the eugeosynclinal metasediments and in 
pre-Damara inliers present in the overthrust zone. The long axes of the serpentini te bodies are usually parallel to 
the dominant north-easterly Damara fabric.

The ultramafic bodies consist of olivine serpentinite, hobnail serpentinite, talcose serpentinite, carbonate-am-
phibole serpentinite, talc schist, chlorite schist and amphibole fels. Talc schist forms a rim around the bodies and 
grades into talcose serpentinite which in turn grades into hobnail serpentinite and in some instances into cores of 
olivine serpentinite. Minor lenses of carbonate serpentinite, amphibole serpentinite and amphibole-carbonate rock 
may be found in the talcose serpentinite. Lenses of chlorite schist are scattered throughout the bodies. Amphibolite 
that may represent dykes or xenoliths is also present. Ca-metasomatism has led to the development of epidote in 
plagioclase-bearing country rocks near the serpentinites. Mg-metasomatism has resulted in the development of 
chlorite in biotite- and amphibole-bearing country rocks.

Analyses of the serpentinites show that they have low incompatible-element content, low FeOt, Al2O3, Na2O, 
K2O and CaO contents relative to SiO2 and a high Ni/Co ratio. This suggests derivation from chemically depleted 
material. A principal-component analysis and discriminant analysis of the composition of serpentinite samples of 
known origin, quoted in the literature, serves to classify the Damara serpentinites as depleted Alpine-type mate-
rial.

The field relationships, petrography, chemistry and structural setting of the serpentinite bodies have been investi-
gated and it is concluded that: (a) The serpentinite was probably derived from harzburgite, which contained lenses 
of spinel harzburgite (now chlorite schist) and lenses of 1herzolite (now amphibole- and carbonate-bearing rocks). 
The talc was derived by the reaction of serpentinite with silica-bearing country rocks and possibly by loss of MgO 
from serpentinite. (b) There are four distinct types of field occurrences but all have a common origin. (c) The ser-
pentinites were emplaced during the Damara deformation and a plate-tectonic model provides both the ultramafic 
rocks of suitable composition and a mechanism for serpentinite emplacement.

1

* Based on a thesis submitted in partial fulfilment of the requirements for the degree of Master of Science, in the Faculty of Science, 
University of Cape Town (1979).
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1. INTRODUCTION

In central South West Africa approximately 45 serpenti-
nite bodies are present in a 400-km zone along the southern 
margin of the Damara Orogenic Belt, the axis of which 
trends north-east (Fig. 1.1).

The Damara Sequence is of late-Precambrian age. Its 
stratigraphy (Table 1.1) and deformation in the central part 
of the country fit a classic eugeosynclinal model (Martin 
1965). To the north, the Damara develops into a miogeo-
synclinal sequence (Clifford 1967).

Along the southern margin of the belt, the Damara rocks 
have been overthrust on to the pre-Damara basement (Häl-
bich 1970, Bickle and Coward 1977) and pre-Damara in-
liers are present in the overthrust zone (Fig. 1.2). The pre-
Damara rocks are gneisses, mica schists and amphibolites.

Serpentinites occur both in the eugeosynclinal sediments 
and in the pre-Damara inliers.

An unpublished report (Barnes 1977) contains field and 
petrographic descriptions of 35 of these bodies together 
with an assessment of their economic potential. It is ac-
companied by a map, on scale 1:50 000, showing the out-
lines of the occurrences, and the findings are summarised 
in Appendix I of this memoir.

The present study deals with the petrographic relation-
ships between the various ultramafic rocks and their rela-
tionships with the country rocks. It aims to establish the 
relevance of the serpentinites to the Damara Orogeny and 
makes an assessment of the relationships between the fol-
lowing four types of field occurrences:

(a)	 Round bodies in the pre-Damara rocks. 

(b)	 Lensoid bodies in the pre-Damara rocks.

(c)	 Round bodies in the Damara metasediments.

(d)	 Lensoid bodies in the Damara meta-sediments.

In order to achieve these aims, detailed studies were con-
ducted on selected examples of each of the four types. The 
serpentinite which forms the mountain known as Gauchab 
on the farm Binsenheim, a portion of Rietfontein 85, was 
chosen as an example of type (a). The serpentinite ridge 
on the farm Elisenhöhe 88 was selected to represent type 
(b). For chemical and mineralogical studies the serpenti-
nite on the farm Omieve was chosen to represent type (c), 
but lack of country-rock exposure made a structural inter-
pretation difficult. The occurrence on the farm Otjihaenena 
adequately represents type (d) for chemical investigation 
but it is poorly exposed so the serpentinite on farm Okahau 
was selected for structural investigation of type (d). The 
samples collected from this latter occurrence proved to be 
too weathered for satisfactory chemical investigation.

2. FIELD RELATIONS

2.1 GAUCHAB SERPENTINITE

2.1.1 ROCK TYPES

On the farm Binsenheim, at approximately 
22°50’S:17°23’E, the Gauchab mountain attains a height 
of 300 m above the surrounding plain. It is composed of 
serpentinite and measures 3 km by 2 km (Fig. 2.1). The ex-
posure consists of a large central body surrounded by nu-
merous disconnected satellites of talc and chlorite schists.

The main body has an essentially concentric structure. 
The core consists of four irregular pods of fine-grained, 
granular homogeneous olivine serpentinite, with a tenden-
cy to negative relief, that occupies the hollows and low 
ground between ridges of encompassing and more exten-
sively developed hobnail serpentinite.

Fresh olivine serpentinite is dark green and glassy. On 
weathering it becomes friable, light brown in colour and is 
traversed by veinlets of black magneti te. The term ‘hob-
nail’, used by Keith and Coleman (1971), refers to the ir-
regular light-brown weathered surface of this variety of 
serpentinite. A cut specimen reveals a light-brown rim con-
taining magnetite and carbonate veinlets. The rim merges 
into a discoloured area consisting of light-green friable 
material surrounding dark-green glassy cores. These meas-
ure 10 to 20 mm across and may contain irregular blebs 
of magnetite. Iron-stained veinlets cut the light-green por-
tions. The blotchy discoloured zone grades into uniform 
dark-green, glassy serpentinite with irregular blebs of 
magnetite.

On its southern side the hobnail serpentinite grades into 
talcose serpentinite which contains lenses of talcose actin-
olite serpentinite. In handspecimen the talcose serpentinite 
is essentially similar in appearance to hobnail serpentinite 
but is softer and contains talc flakes 1 to 2 mm in size. The 
talcose actinolite serpentinite is a deeper green and con-
tains yellow patches of carbonate minerals that measure 
0,1 mm across.

Talc schist forms a narrow irregular rim, 1 to 10 m wide, 
around the main central body. It may also occur as lenses 
2 to 3 m long wi thin the main body, up to 300 m from the 
margin. The talc itself varies from large pale-green flakes 
to fine-grained pink material.

Lenses of chlorite schist, usually less than 2 m long, are 
scattered throughout the main body but are generally as-
sociated with hornblendite ‘dykes’. Centrally the fresh sur-
face of the rock is dark green beneath a black weathered 
crust. It is medium grained and displays crenulation. To-
wards the margins of the lenses it becomes more strongly 
schistose and has not developed a weathered crust.

Also present along the edge of the main body are l-m 
pods of actinolite fels. The amphibole needles are 50 to 60 

3



4



m long and have radiating habit. They may lie in a base of 
fine-grained white talc.

The hornblendite dykes or tectonic slices, 2 to 3 m wide, 
transgress the main body striking at 2600 but could not be 
traced back into the surrounding country rocks. The horn-
blendi te is almost black, not foliated and may be porphy-
ritic. Grain size varies greatly, from 0,1 to 20 mm.

The satellite serpentinite bodies contain the same rock 
types as the main body, but on a smaller scale, and exhibit 
a similar concentric zoning.

The country rocks belong to the pre-Damara Hohewarte 
Complex and consist of biotite schist, amphibolite and 
gneiss. The biotite schist is medium grained, strongly 
schistose and is mottled black and white. The amphibo-
lite is a medium-grained black and white rock consisting 
of alternating 3-mm layers of felsic minerals and 5-mm 
layers of mafic material. The gneiss is a pink quartzo
feldspathic rock with a foliation imparted by biotite and 
flattened feldspar porphyroblasts.

These country rocks have been modified in the vicinity 
of the Gauchab serpentinite.

Chlorite and epidote have developed in the mica schist, 
in increasing amount as the contact is approached. The 
amphibolite has been recrystallised with development of 
epidote and chlorite, again in increasing amount closer to 
the contact, so that within 10 m of the contact there are 
hard, fine-grained epidote amphibolites and chlorite am-
phibolites. The former are composed of alternating layers 
of black hornblende and yellow-green epidote each about 
20 mm thick. The chlorite amphibolite is also fine grained 
and yellowish green when fresh but has a black weath-
ered skin. The effect on the gneiss has been the growth of 
some epidote and accentuation of the foliation.

The talcose serpentinite zone on the southern and east-
ern sides of the main body consists of alternating slices 
of talcose serpentini te and country rock. Large quartz 
veins have developed in the country rock to the north-
west, north-east and south-west of Gauchab.

2.1.2	 STRUCTURE

The regional structure is featured in Figure 2.2. 

The nomenclature adopted for fabric elements is that 
of Turner and Weiss (1963), in which So denotes a planar 
penetrative fabric, L denotes a linear penetrative fabric 
and F denotes a folding of the fabric. The suffixes 1, 2, 3 
... define the generation of a particular element. Bedding 
is referred to as S. The description of fold profiles also 

follows that of Turner and Weiss. For geometrical proper-
ties of folded surfaces, such as interlimb angle, attitude 
of hinge line and dip of axial plane, the terms defined by 
Fleuty (1964) are used.

A tentative correlation between the numbering of fab-
ric elements used here and that used by other workers is 
presented in Table 2.1.

The following fabric elements were observed:
S1	 A weak schistosity in the gneiss marked by micas.
S2	 A schistosity in the gneiss marked by biotite orienta-

tion and elongation of quartz and feldspar pods. It 
crenulates S1 in the gneiss. S2 is marked by a fracture 
cleavage in the talc and chlori te schists. S2 is shown 
on Figure 2.1.

S3	 Crenulation cleavages post-dating S1 and S2 in 
chlorite-amphibole schists, chlorite schists and talc 
schists. All crenulations have been called S3, even 
though some crenulations post-date others.

L2	 A lineation resulting from the intersection of S1 and 
S2 in the gneiss. L2 is marked by biotite, quartz and 
feldspar lineation on S2 planes. It is shown on Figure 
2.1.

F2	 Tight rootless similar folds in the gneiss. S2 is axial 
planar to F2. The fold axes generally plunge south
eastwards as are indicated on Figure 2.1.

F3	 Parallel to similar, close to tight mesofolds, in the 
gneiss and schists. F3 folds the S2 schistosity. In the 
neighbourhood of Gauchab, F3 folds are asymmet-
ric, but 500 m from the body F3 folds are weaker and 
symmetric; they are absent beyond 750 m from the 
contact. The hinges and axial planes are shown on 
Figure 2.1.

Quartz veins parallel to S2 are often boudinaged on 
the eastern and western flanks of Gauchab but tend to be 
shortened on the northern and southern margins.

2.1.3 	 SYNTHESIS

Figure 2.1 displays a synthesis of the field relationships 
between the various rock types. Structural data have been 
interpreted as follows:

The country rock was originally deformed, resulting in 
an S1 fabric. This fabric is likely to be of pre-Damara age 
because it is not represented in nearby Damara rocks.

S2 has a regional trend of 0300 which is similar to the 
orientation of the fabric in the Nosib Group at Elisen-
höhe, 5 km east of Gauchab (Section 2.2.2), and is hence 
of Damara age. S2 is thought to be associated with thrust-
ing, since it is axial planar to tight, rootless similar F2 
folds; the intensity of S2 decreases with increasing dis-
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tance from the serpentinite. The schistosity is stronger 
close to the serpentinites. S1 biotites are recrystallised in 
S2 thus indicating that S2 was associated with a metamor-
phic event.

S2 planes, F2 hinges and L2 lineations are deformed by 
the serpentinite, hence all these fabric elements pre-date 
emplacement.

F3 folds vary in intensity and degree of asymmetry, de-
pending on the distance from Gauchab and they have been 
interpreted as drag folds which formed during the emplace
ment of the serpentinite. If this interpretation is correct, the 
asymmetry of the folds implies that Gauchab rose relative 
to the country rock (Fig. 2.3).

Since the axes of F3 folds plunge south-eastwards, 
Gauchab was emplaced from the north-west. The move-
ment of the serpentinite along the S2 thrust plane may have 
been assisted by diapiric action consequent on density con-
trasts between the serpentinite body (2,2 to 2,5 t/m3 and the 
country rock (2,65 t/m3).

The F3 folds and the quartz veins indicate that there has 
been a post-F3 shortening in an east-west direction. This 
may be regional or it may be associated with the emplace-
ment of the body.

The possibility that the distortion in S2 is a wrap-around 
structure, formed after emplacement, is discounted on the 
grounds that:

(a) The bodies in the pre-Damara rocks are usually orien-
tated with their long axes parallel to the dominant Damara 
S2 trend.

(b) The wrap-around hypothesis provides no mechanism 
for the formation of F3 folds and their localisation in the 
neighbourhood of Gauchab.

(c) S2 is much stronger in the vicinity of Gauchab.

(d) The S2 fabric is confined to the marginal rocks of the 
serpentinites despite the fact that rock types capable of 
adopting a foliation (talcose serpentinite) are present.

(e) Slices of country rock containing occur within the mas-
sive serpentinite.

As the talc and chlorite schists contain S2 fabric and S3 
crenulations, but no S1 fabric they must have formed after 
S1 and during or before S2.

The actinolite is relatively undeformed although occa-
sionally it is crenulated by S3 and therefore formed after 
S2.

2.2 ELISENHÖHE SERPENTINITE

2.2.1 ROCK TYPES

A ridge of serpentinite is present on the farm Elisenhöhe 
88, Windhoek district, at approximately 22°48’8:17°26’8 
(Fig. 2.4). The exposures consist of three lensoid bodies 

composed of rock types identical to those at Gauchab. The 
three lenses form an almost continuous strike slightly dis-
placed by faults. Hobnail serpentinite cores are surrounded 
by talcose serpentinite, carbonate serpentinite and talc and 
chlorite schists. The serpentinite thins out towards the south 
so that only chlorite and talc schists are present and farther 
south, only chlorite schist remains.

The carbonate-bearing serpentinite is purplish, fine grained 
and homogeneous. It contains pods of ankerite, equidimen-
sional in plan, and measuring 1 m across.

On the western side of the three bodies the country rocks 
are gneiss, amphibolite and mica schist of pre-Damara age 
and very similar to the country rocks at Gauchab. They have 
undergone the same modifications, adjacent to the serpenti-
nite contact, with resultant coversion to chlorite-amphibole 
schist and epidote amphibolite.

On the eastern side of the body there is a variation. In 
the central portion a conglomerate of the Nosib Group is 
developed. At the contact this conglomerate consists of an 
actinolite-rich matrix containing pebbles of epidote-rich 
mica schist, actinolitechlorite-schist, and slightly epidotised 
gneiss. The concentration of epidote and actinolite decreas-
es away from the contact. About 100 m east of the body, 
a conglomerate free of epidote, chlorite and amphiboles is 
present.

The degree of flattening of the pebbles increases markedly 
towards the contact where the length: breadth ratio of the 
pebbles is 11:1. Some 100 m away this ratio has decreased 
to 2:1 (Plate 2.1a and c).

To the north and south of the central lens of serpentinite 
and derivatives, the country rocks are of pre-Damara age.

2.2.2 	 STRUCTURE

The regional structural setting is illustrated by Figure 2.2. 
The fabric elements present are:

S0	 Bedding in the Nosib Group.

S1	 A weak schistosity in the gneiss marked by micas.

S2	 The dominant schistosity in the gneiss, amphibolite, 
talc and chlorite schists. In the gneiss, S2 is represented 
by orientated biotite and flattened quartz and feldspar 
grains. In the schist, S2 is defined by orientation of talc 
and chlorite laths. S2 is visible in the basal Nosib Group 
but becomes less conspicuous away from the contact.

S3	 A crenulation cleavage deforming S2 in the talc and 
chlorite schists.

L2a	 A lineation in the gneiss produced by the intersection of 
S1 and S2 and defined by biotite and flattened quartz and 
feldspar porphyroblasts.
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L2b 	A lineation defined by the elongation of the pebbles in 
the metaconglomerate.

F2	 Rootless, tight similar folds in the gneiss and Nosib 
Group. S2 is axial planar to F2.

F3	 Parallel to similar, close mesofolds in the chlorite 
schists, talc schist and chlorite-amphibole schist. S3 is 
axial planar to F3.

2.2.3 	 SYNTHESIS

Figure 2.4 represents a synthesis of the field relation-
ships of the various rock types.

The following lines of evidence suggest that the contact 
between the Damara and pre-Damara is a thrust zone:

(a)	 The degree of flattening in the pebbles of the con-
glomerate increases towards the contact between the Nosib 
Group and the serpentinite (Plate 2.1).

(b)	 The relationship between S2 and the Damara-serpen-
tinite, the pre-Damara-Damara, and the pre-Damara-ser-
pentinite-pre-Damara contacts are shown schematically in 
Figure 2.5. This relationship suggests that the contact is a 
shear zone with a sinistral shear couple.

(c)	 S2 is axial planar to tight similar rootless folds sug-
gesting that S2 was associated with shearing.

(d)	 L2b changes in the vicinity of the contact such as L2b 
is contained in S2.

The southern end of the exposure consists of a train 
of small sigmoidal fragments of serpentinites separated 
from each other by gneiss. In this area, S2 can be seen to 
be deformed around the serpentinite. S2 is associated with 
thrusting since it shows an imbricate-type relationship 
towards the shear zone. The serpentinite is therefore be-
lieved to have intruded along the thrust zone and deformed 
S2 planes. However, talc and chlorite schist contain the S2 
fabric, hence thrusting and serpentinite emplacement may 
be considered contemporaneous. By this interpretation, the 
body is of Damara age since S2 which formed during em-
placement is present within the Nosib Group. If S2 were 
a wrap-around structure the same problems as outlined in 
Section 2.1.3 would arise.

Actinolite needles are very rarely deformed and actino-
lite hence post-dates deformation.

2.3	 OMIEVE SERPENTINITE

2.3.1	 ROCK TYPES

Rising 200 m out of the plain at 22°03’8:17°54’E, on the 
farm Omieve 179, is Omieve mountain which is a serpen-
tinite body.  The exposure measures 2 km by 3 km (Fig. 
2.6).

The central portion consists of brown, sand-polished ser-

pentinite with a siliceous capping. The material 10 to 20 
mm below the polished surface is medium brown, fine 
grained, and contains oval patches of cream-coloured 
material. Magnetite veinlets cut across both. From 30 to 
40 mm below the surface, a zone of blotchy, light- and 
dark-green material, as described in Section 2.1.1, is de-
veloped. This zone grades into fresh hobnail serpentinite 
in which occasional lenses of talcose serpentinite and car-
bonate serpentinite may be found.

Around the edge of the body an irregular talc-schist 
zone is developed. The talc is usually pink, fine grained 
and may contain 1-mm patches of chlorite and magnetite. 
The width of the zone varies from 10 to 100 m. Talc lens-
es up to 2 m in length also occur within the body. They 
are usually associated with joint zones and may contain 
amphiboles. The talc is frequently crenulated.

Within the talc schist zone, lenses of chlorite schist 1 
to 2 m long are present. The chlorite is dark green with a 
silvery sheen and contains 10-mm magnetite octahedra. 
Within the hobnail serpentinite there are lenses of chlorite 
which are less schistose and darker than those in the talc 
schist rim. This type acquires a black crust on weather-
ing.

There are no exposures of country rock close to the ser-
pentinite body. A borehole 100 m to the south intersected 
biotite schist of the Khomas Subgroup and some 45 auger 
holes, drilled by Johannesburg Consolidated Investments, 
300 m south of the body intersected amphibolite which 
has been tentatively correlated with the Matchless Mem-
ber.

A lens of rodingite (Coleman 1966) measuring 1 by 2 
m was found on the southern side and large quartz veins 
are developed on the northern side of the body but poor 
exposure makes it difficult to estimate their size.

Approximately 2 km south of Omieve on Amerongen 
181, schist of the Khomas Subgroup is present. It con-
tains biotite, plagioclase, quartz, garnet, kyanite, stauro-
lite, chlorite and muscovite.

2.3.2 	 STRUCTURE

The following fabric elements were observed:

S1	 The dominant fabric in the hobnail serpentinite marked 
by varying degrees of weathering. The fabric has no 
general trend (Fig. 2.6) and appears to be chaotic.

S2	 The schistosity in the talc and chlorite schists. S2 and 
the long axis of the body are orientated parallel to the 
dominant dS2 Damara trend of 030°.

S3	 A crenulation cleavage that deforms S2.

F3	 Asymmetric open mesofolds which fold S2 and have 
S3 axial planar. The body is transected by two fault 
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zones. The westerly one strikes at 140° and dips 40° 
west. The other has less topographic expression and 
strikes at approximately 150°.

2.3.3 	 SYNTHESIS

Figure 2.6 shows the field relationships of the various 
rock types.

The lack of country-rock exposure makes structural in-
terpretation difficult. 81 is interpreted as being a pre-em-
placement fabric which has been disrupted during solid 
emplacement of the body. S2 has the same orientation as 
the dominant dS2 Damara fabric. Since the chlorite and talc 
schist contain S2 as a fracture cleavage they are assumed to 
have formed prior to or during the formation of S2.

2.4 	 OTJIHAENENA SERPENTINITE

2.4.1 	ROCK TYPES

At 22°13’8:17°45’E, on the farm Otjihaenena 196, is a 
low hummock consisting of weathered serpentinite. Be-
cause outcrop is poor, detailed mapping was not under-
taken. Figure 2.7 is a sketch map of the body. The extent of 
the outcrop is 500 by 750 m but the body probably actually 
measures 750 by 1 100 m. The long axis is orientated at 
040°, which is approximately the strike of the dominant 
dS2 fabric in the Damara country rock.

The central portion consists of hobnail serpentinite which 
grades into talcose and carbonate serpentinites. These are 
surrounded by a rim of talc schist within which are lenses 
of chlorite schist 1 to 2 m long. All five lithological varie-
ties correspond to those described in Section 2.1.1.

The surrounding country rock is not exposed but five 
boreholes drilled through the body intersected amphibo-
lites and mica schist of the Kuiseb Formation.

The typical sequence in a borehole is shown in Figure 
2.7.

2.5 	 OKAHAU SERPENTINITE

2.5.1	 ROCK TYPES

Due to the absence of country-rock exposure at the Otji-
haenena body the serpentinite on the farm Okahau 185 was 
selected for making a structural interpretation of lensoid 
bodies in Damara country rocks. It consists of two lens-
es located at 22°07’8:17°47’E. The westerly lens is 500 
m long and 200 m wide. The easterly lens measures 200 
by 150 m (Fig. 2.8). The country rock is staurolite-garnet
biotite schist of the Kuiseb Formation. The ultramafics 
consist of hobnail serpentinite, talcose serpentinite, chlo-
rite schist and talc schist identical to those described in 
Section 2.1.1.

2.5.2 	STRUCTURE

The fabric elements present are:

S1	 A strong schistosity in the country rock which dips 
northerly and strikes at 045°. S1 is tentatively correlat-
ed with the S2 fabric of the Damara Orogeny (Hälbich 
1970, Kasch 1978, Hartnady, in press). The talc schist 
and chlorite schist of the lenses contain the same fabric 
which may dip to the north or south.

S2	 A crenulation cleavage in the talc schist, the chlorite 
schist and in the biotite schist. This generally dips 
steeply to the south and strikes east-west.

S3	 A crenulation cleavage in the chlorite and talc schists 
axial planar to folds which deform S1 and S2. S3 dips 
steeply south.

F1	 Minor tight to isoclinal folds which have S1 axial pla-
nar. F1 folds a banding which may be due to original 
layering. The hinge lines of F1 are often non-cylindri-
cal.

F3	 Minor asymmetric broad open folds in the talc and 
chlorite schists (F3) deforming S1 and S2. Along the 
southern flanks of the serpentinite, F3 axial planes dip 
to the south but they dip to the north on the northern 
flanks. In the central portion, F3 axial planes are hori-
zontal. F3 folds are confined to the immediate vicinity 
of the body.

2.5.3 	 SYNTHESIS

S1 is assumed to be a fabric, present in the country rock, 
along which the serpentinite body was emplaced. Since S1 
is present in the talc and chlorite schists as a fracture cleav-
age these rock types must have formed before or during S1 
(dS2, Table 2.1).

Confined to the neighbourhood of the body, the F3 folds 
are assumed to be drag folds resulting from simple shear. 
The sequence of the folds as shown in Figure 2.8b sug-
gests that the country rock was thrust over the body from 
the north-north-west. A fold showing overturn of its closure 
was observed. This may have formed as a result of contin-
ued thrusting after the formation of the folds.

The evidence suggests that thrusting outlasted emplace-
ment and that the thrust plane was later folded on a regional 
scale (Fig. 2.9).

	
3. 	 PETROGRAPHY

3.1 	 DATA (cf. Table 3.1 for abbreviations)

The information obtained from the study of approximate-
ly 300 thin sections is listed in Table 3.2. Mineral identifi-
cations were made on the basis of X-ray diffraction work 
combined with refractive index determinations. Appendix 
II contains descriptions of the many lithological varieties 
present in the areas investigated.

Microscopic examination confirms field observations to the 
effect that the country rocks have been modified adjacent to 
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the ultramafic bodies and the following observations may 
be made:

(a)	 In the quartzo-feldspathic rocks, epidote content is 
roughly proportional to the distance of the sample from 
the serpentinite contact. At the contact it is about 20 per 
cent, falling off to zero at 240-m distance. In the same way 
texture varies from lepido-blastic to granoblastic.

(b)	 The proportion of epidote in amphibolites decreases 
steadily from 40 per cent at the contact to less than 5 per 
cent 300 m distant. There are two generations of amphib-
ole near the contact but only one 300 m away.

(c)	 Chlorite is present in all rocks, closer than 5 m from 
the contact.

(d)	 The serpentine mineral is antigorite. It may be pseu-
domorphic, non-pseudomorphic or vein forming. Mesh-
structured, hourglass and curtain-textured pseudomorphs 
of A-antigorite and C-antigorite are present. The	
non-pseudomorphic material which is both interlocking 
and interpenetrating is A-antigorite. The veins consist of 
non-asbestose C-antigorite.

(e)	 The slides reveal certain structural information, namely 
(i) in the talc schist dS2, as defined in Table 2.1, is a fracture 
cleavage outlined by magnetite, and the talc is crenulated 
by F3, (ii) the same applies to the chlorite in the chlorite 
schists and (iii) actinolite fels is not deformed by dS2.

3.2	 INTERPRETATION OF TEXTURES AND DE-
DUCTIONS OF METAMORPHIC REACTIONS

Barnes and O’Neil (1969) show that two types of wa-
ter flow from serpentinites. From partially serpentinised 
bodies a water enriched in Ca2+ flows, whereas from both 
partially and completely serpentinised bodies the water is 
enriched in Mg2+. They concluded that near-surface ser-
pentinisation takes place at almost constant composition 
except for the loss of Ca2+ and that waters enriched in that 
element may cause Ca2+ metasomatism at depth. The wa-
ters were not enriched in other elements.

Bearing this in mind simple mineral/mineral reactions 
and metasomatic reactions involving the transport of Ca2+ 
and Mg2+ only out of the serpentinites have been used as 
far as possible in developing a petrogenetic model. This is 
in direct contrast to the work of Chidester (1962), Cole-
man (1966, 1967), Jahns (1967), and Williams (1971) who 
invoke transport of Ca2+, Mg2+, Si4+, Al+, Na+, K+ and Fe2+ 
when evolving models for the formation of rock types 
found at the margins of serpentinites.

3.2.1	 OLIVINE SERPENTINITE

The following model explains the textures observed in 
the serpentinites, i.e. pseudomorphs (mesh, hourglass and 
curtain textures), non-pseudomorphic texture and veins.

Wicks et al. (1977) describe three textures which devel-

op when serpentinite replaces olivine, namely: (a) hour-
glass  textures, (b) mesh textures with olivine centres and 
(c) mesh textures with isotropic centres.

	
Only the first two textures were observed in the serpen-

tinite discussed here. Wicks et al. (1977) ascribe these tex-
tures to the development of serpentine normal to all prism 
faces or orthogonally fractured olivine at a uniform rate. 
In (a) development continues until all the olivine is con-
sumed. In (b) the process of serpentinisation ceases before 
all the olivine has been altered. Hourglass serpentine is C-
serpentine.

Bastite pseudomorphs, with curtain textures, may form 
after pyroxene, amphiboles, talc, chlorite or phlogopite. 
Wicks and Whittaker (1977) suggest that A- and C-serpen-
tine bastites form under conditions of falling temperature, 
absence of shearing and no nucleation of antigorite. How-
ever, X-ray diffraction traces of the samples studied indi-
cate that antigorite is the only serpentine present (Table 3.3 
contains a list of d-spacings used for identification). Wicks 
and Whittaker state that bastites usually consist of lizard-
ite. Antigorite bastites are thought to develop when antig-
orite forms pseudomorphs after lizardite during conditions 
of rising temperature.

The presence of the non-pseudomorphic interlocking 
and interpenetrating C-antigorite suggests recrystallisation 
of lizardite or chrysotile to antigorite while the temperature 
rose (Wicks and Whittaker 1977) .

The serpentine in the veins consists of non-asbestose C-
antigorite fibres; it may have a fracture-filling or slip-fibre 
texture (i.e. fibres respectively perpendicular or parallel to 
the walls of the vein). The presence of the slip-fibre mate-
rial implies shearing, whereas the fracture-filling material 
formed under conditions of low stress. The serpentinite in 
handspecimen is massive so the slip fibre is thought to have 
formed by stress being localised in the slip-fibre veins and 
in the schists developed at the margins of the bodies. The 
fracture-filling veins may have formed subsequently. Since 
the veins contain C-antigorite they formed as the tempera-
ture rose (Wicks and Whittaker 1977) .

The three textures therefore suggest a complex history 
consisting of:

(a)	 Low-temperature serpentinisation, without shearing, 
resulting in the formation of lizardite bastites, hourglass- 
and mesh-textured pseudomorphs.

(b)	 Recrystallisation of the lizardite with rising tempera-
ture and pressure to form antigorite, first under conditions 
where shearing took place and, later under conditions 
where no shearing was operative.

Page (1968) demonstrates that there is a chemical differ-
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ence between the three serpentines chrysotile, lizardite and 
antigorite and that the formula Mg3Si2O5(OH)4 is an over-
simplification. Nonetheless, this formula has been used in 
the reactions proposed here, for the sake of simplicity.

The relict olivine has a composition of FO90. Occasionally 
magnetite can be seen outlining orthopyroxene cleavages in 
the bastites. On the basis of these observations and points 
(a) and (b), the following reactions are postulated for the 
development of the olivine serpentinite:

(i)	 15FO90+90PX+24H2O+0,502=12LZ+MA 
	 15Mg1,8 Fe0,2 SiO4+9MgSiO3+24H2O+0,502= 
	 12Mg3Si2O5(OH)4+Fe3O4

Reaction (i) takes place under low-temperature conditions in 
the absence of substantial shearing.

Rising temperature and pressure favour the development 
of antigorite (Iishi and Saito 1973, Evans et al. 1976) and the 
lizardite recrystallises to form antigorite, occasionally under 
conditions of shearing.

(ii)	 LZ+MA=AG+MA+H2O

Wicks and Whittaker (1977) suggest that magnetite moves 
as the degree of serpentinisation increases. In the early stag-
es it forms discrete grains distributed throughout the ser-
pentine. As serpentinisation proceeds the magnetite forms 
coarser grains and concentrates in mesh centres. In the final 
stages there is migration out of mesh or hourglass textural 
units into cross-cutting lenses and veinlets. This migration is 
due to the lack of a lattice site for Fe in serpentine. All three 
forms of magnetite were observed in the samples studied. 
The origin of the olivine serpentinite is therefore:

	 harzburgite+H2O+O2=olivine serpentinite.

3.2.2 	 HOBNAIL SERPENTINITE

The hobnail serpentinite contains pseudomorphic, non-
pseudomorphic and non-asbestose veins of antigorite. The 
textures are the same as those present in the olivine serpen-
tinite. It is therefore suggested that the same sequence of 
events took place as outlined in Section 3.2.1 but in this case 
reaction (i) went to completion.

The field relationship between these two rock types is 
consistent with this statement, as the olivine serpentinite 
is rimmed by hobnail serpentinite. Presumably insufficient 
water reached the olivine serpentinite to produce a complete 
reaction.

Since the quartz veinlets were only found in weathered 
specimens it is suggested that during weathering, MgO is 
removed and SiO2 is not, resulting in the formation of chal-
cedony veins and the siliceous capping (e.g. Omieve). The 
origin of the hobnail serpentinite is therefore:

	 harzburgite+H2O+O2=hobnail serpentinite.

3.2.3	 TALCOSE SERPENTINITE

The talcose serpentinite contains the same three textural 
elements as the hobnail serpentinite, namely pseudomorphs, 
interlocking and interpenetrating laths, and veins, and hence 
the same initial reactions are suggested for its formation. 
Nesbitt and Bricker (1978) outline how serpentinite is dis-
solved by percolating meteoric waters. Talc is precipitated 
and a Mg-bearing solution is produced:

(iii)	 2AG+6H+aq=TC+3Mg2+ +6H2O 
	 2Mg3Si2O5 (OH)4+6H+ aq=
	 Mg3(Si2O5)2(OH)2+3Mg2++6H2O

This reaction may account for the development of talcose 
serpentinite. An alternative possibility is:

(iv)	 AG+2QZ=TC+H2O
	 Mg3Si2O5(OH)4+2SiO2=Mg3.(Si2O5)2(OH)2 +H2O

Hemley et al. (1977) discuss how antigorite becomes unsta-
ble with respect to talc as silica activity increases. Evans and 
Trommsdorff (1970) have described this reaction in serpen-
tinites from the Central Alps. The source of the silica could 
be the country rock. The talc in the talcose serpentine is not 
orientated along dS2 and may therefore have formed after 
the dS2 deformation.

In those specimens where dolomite or ankerite, which de-
pends on the locality, and actinolite are present the reaction:

(v) AG+ 3DI +2CO2 =AC+AK/DOL + H2O
Mg3Si2O5 (OH)4+3Ca(Mg,Fe)Si2O6+2CO2=
Ca2(Mg,Fe)5Si8O22(OH)2+Ca(Fe,Mg)(CO3)2 +H2O

is suggested to account for the presence of a Ca-bearing 
mineral. Using dolomite and tremolite, Trommsdorff and 
Evans (1977) have described conditions under which this 
reaction takes place and have documented its occurrence in 
the Alps.

The actinolite frequently has a radiating acicular texture 
and is rarely orientated along the main schistosity, dS2. 
Therefore the reaction took place after the deformation 
which produced the schistosity. As the bodies were subject-
ed to rising temperatures after the formation of dS2, reaction 
(v) has been chosen in preference to the hydration reaction:

	 DI+FO+CO2+H2O=AC+AK/DOL

As the XCO2 rises the reaction:

(vi)	 AC+2AG+ 4CO2 = 3TC +2DOL/AK+ 2H2O
Ca2(Mg,Fe)5Si8O22(O11)2+2Mg3Si2O5(OH)4 +4CO2=
3Mg3(Si2O5)2(OH)2 +2Ca(Mg,Fe)(C03)2 +2H2O

may take place to produce a rock containing AC, AG, TC 
and either DOL or AK.

When no CO2 is present, reactions involving clinopyrox-
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ene will produce Ca ions. Reaction (iv) then becomes:

(vii) AG+3DI+H+aq=AC+Ca2++(Fe2+,Mg2+)+3(OH)-

Mg3Si2O5(OH)4+3Ca(Mg,Fe)Si2O6+H+aq= 
Ca2(Mg,Fe)5Si8O22(OH)2+Ca2++(Fe2+,Mg2+)+3(OH)-

All reactions producing actinolite took place after the defor-
mation which produced dS2.

The origin of the talcose serpentinite is either:

	 hobnail serpentinite+H+=
	 talcose serpentinite+Mg2++H2O

or
	 hobnail serpentinite+SiO2 = 
	 talcose serpentinite+H2O.

The origin of the amphibole and carbonate serpentinite is:

	 1herzolite+H2O=hobnail serpentinite+CPX
	
	 hobnail serpentinite+CPX+CO2=
	 amphibole-carbonate serpentinite.

The origin of the talc-amphibole serpentinite might be:

	 Iherzolite+H2O=hobnail serpentinite+CPX

	 hobnail serpentinite+CPX+SiO2=
	 talcose serpentinite+CPX

	 talcose serpentinite+CPX+CO2= 
	 talc-amphibole serpentinite

or
	 amphibole-carbonate serpentinite+CO2= 
	 talc-amphibole serpentinite+H2O.

3.2.4	 CARBONATE SERPENTINITE

The carbonate serpentinite exhibits essentially the same 
three textural elements. as the olivine serpentinite. In addition, 
large grains of magnesite, ankerite or dolomite, depending on 
the locality, are present. The carbonate is filled with minute in-
clusions of magnetite. The presence of the three forms of an-
tigorite suggests that the same sequence of events took place 
as in the formation of olivine serpentinite.

However, if some CO2 and clinopyroxene were present 
in the initial stages the following reaction might have taken 
place:

(viii)	15FO+1,5D1+9CO2+18H2O=1,5AK+9AG+MA+5,502 
	 15(Mgl,8,Fe0,2)SiO4+1,5Ca(Mg,Fe)Si2O6+9CO2+18H2O=
	 1,5Ca(Mg,FeχCO3)2+9Mg3Si2O5(OH)4+Fe3O4+5,5O2

This would account for the development of antigorite  
needles with hourglass texture which penetrate the carbon-
ate. Trommsdorff and Evans (1977) have outlined the same 
reaction in which dolomite is the carbonate.

Where the carbonate is magnesite the reaction:

(ix) 	2FO+2H2O+CO2=MS+AG 
	 2Mg2SiO4+2H2O+CO2= 
	 MgCO3+Mg3Si2O5 (OH)4

may take place. As both these are hydration reactions, they 
probably took place at the same time as reaction (i).

The origin of the carbonate serpentinite is then:

	 harzburgite+H2O+CO2=magnesite serpentinite 
and

	 1herzolite+H2O+CO2=dolomite/ 
	 ankerite serpentinite

3.2.5	 TALC SCHIST

The talc schist is usually located at the margins of the 
bodies. The reaction:

(iv)	 AG+2QZ=TC+H2O

is suggested to account for its formation.

The talc schist is cut by a fracture cleavage, dS2 but some 
grains of talc have their long axes aligned parallel to dS2. 
Talc is crenulated by S3. The talc therefore formed before 
and during the deformation which produced dS2 and is 
thought to have developed by the reaction:

	 hobnail serpentinite+SiO2=talc schist+H2O

3.2.6	 TALC-AMPHIBOLE SCHIST

The talc-amphibole schist may be the end product of re-
action (iv) and (vii):

(iv)	 AG+2QZ-TC+H2O
and

(vii)	AG+3DI+H+aq=AC+Ca2++(Fe2+,Mg2+)+3(OH)-

The talc contains a fracture cleavage dS2 and some talc is 
orientated along dS2. Hence reaction (iv) took place prior to 
and during the deformation which produced dS2. The actino-
lite has a random orientation and hence formed after dS2.

The origin of the talc-amphibole schist is then:

	 1herzolite+H2O=hobnail serpentinite+CPX= 
	 talc-amphibole serpentinite.

3.2.7	 CHLORITE SCHIST

Staudigel and Schreyer (1977) describe three reactions 
whereby chlorite breaks down:

	 clinochlore=cordierite+FO+spinel+H2O 
	
	 Mg-chlorite=EN+FO+spinel+H2O

	 clinochlore=pyrope+FO+spinel+H2O.

The first reaction takes place at low pressures (less than 
3,25 kb), the second is operative at medium and high pres-
sures (less than 20 kb) the third occurs above 20 kb.

The reaction: 

(x)	4EN+2FO+2SN+8H2O=Mg-CHL 
	 4MgSiO3+2Mg2SiO4+2MgAI2O4+8H2O= 
	 (Mg10Al2)(Si6Al2)O20(OH)16
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is proposed as the most probable for production of chlorite 
schist within the bodies. The schist is enclosed in rocks that 
contained olivine and orthopyroxene, hence it represents 
portions of the bodies in which spinel was present in addi-
tion to olivine and orthopyroxene. Since the chlorite schist 
contains dS2 as a fracture cleavage, it formed prior to dS2. As 
reaction (x) is a hydration reaction it is thought to have taken 
place at the same time as reaction (i).

The origin of the chlorite schist is then:

	 spinel harzburgite+H2O=chlorite schist

3.2.8 	ACTINOLITE FELS

Coleman (1966, 1967) and Jahns (1967) describe the de-
velopment of actinolite- or tremolite-rich rocks towards the 
margins of ultramafic bodies. Coleman (1966) outlines the 
development of tremolite where serpentinite is in contact 
with greywacke. He suggests that Mg2+ and Ca2+ are trans-
ported out of the serpentinite to produce actinolite fels. If 
the reaction:

(vii)	 AG+3DI+H+aq=AC+Ca2++(Fe2+,Mg2+)+3(OH)-

took place this would produce actinolite fels. The ions are 
carried away in solution, and the solution containing Ca2+, 
Fe2+ and Mg2+ may cause metasomatism in the country rock 
(Section 3.2.9). The trace-element chemistry is consistent 
with the contention that the protolith of the actinolite fels 
was ultramafic. The actinolite exhibits no preferred orienta-
tion and therefore formed after dS2.

The origin of the actinolite fels is then:

	 1herzolite+H2O=hobnail serpentinite+CPX

	 hobnail serpentinite+CPX=
	 actinolite fels+H2O+(Mg2+, Fe2+)+Ca2+.

3.2.9	 EPIDOTE-PRODUCING REACTIONS

In all the country rocks, 200 m and less from the contact, 
epidote and/or zoisite are developed. Barnes and O’Neil 
(1969) have shown that Ca2+ is found in high concentrations 
in waters flowing from partially serpentinitised bodies and 
Coleman (1967) found exceptionally high Ca2+ concentra-
tions in country rocks in immediate contact with serpen-
tinites.

The source of the Ca2+ may be clinopyroxene in the ultra-
mafics. The Ca2+ would be released during reactions such 
as (vii). Reactions leading to the formation of epidote and 
zoisite are:

(xi)	 2AB66AN33+2Ca2++Fe2++2QZ+5H2O+0,502=
	 2EP+2AB80AN20+8H+aq
	 2(4NaAlSi3O8:2CaAl2Si2O8)+2Ca2++Fe2++2SiO2+5H2O+0,5O2=
	 96% volume		  4% volume
	 2 C a 2 F e A l 2 ( S i O 4 ) 3 O H + 2 ( 4 N a A l S i 3 O 8 :
CaAl2Si2O8)+8H+aq
	 22% volume		 78% volume

The plagioclase composition was chosen on the basis of the 
plagioclase in the country rocks at Gauchab (An30-35).

(xii)	 6AN+2Ca2+ +4(OH)-=4Z0
	 6CaAl2Si2O8+2Ca2++4(OH)-=4Ca2Al3(SiO4) 3OH

(xiii) 	18QZ+CHL+ 8Ca2+ +2(OH)-=
	 2AC+2EP+2H+ aq
	 18SiO2+(Mg,Fe)12(Si6Al2)O20(OH16+8Ca2++2(OH)-=
 	 2Ca2(Fe,Mg)5Si8O22(OH)2+2Ca2(Al,Fe)3(SiO4)3(OH)+2H+ aq

Coleman (1967) pointed out that with increasing Ca2+ ac-
tivity, reaction (xii) will take place. Reaction (xi) is an adap-
tion of reaction (xii). Reaction (xiii) is a modification of the 
reaction:

	 CHL+CC+QZ=Z+AC+CO2+H2O

of Deer et al. (1974) based on observed mineral composi-
tions.

The reactions would appear to be reasonable in terms of 
modal percentage of minerals present. Reaction (xi) implies 
that if a rock containing 30 per cent of plagioclase was meta-
somatised in this fashion it would produce 6 per cent of epi-
dote. This is similar to the modal proportions determined in 
the gneiss and epidotised gneiss (Appendix II). Since reac-
tion (vii) which supplies the Ca2+ ions took place after dS2 
formation, the epidote-producing reactions must have also 
taken place after dS2.

3.2.10 CHLORITE-PRODUCING REACTIONS

Chlorite is found in all the country rocks within 5 m of the 
contact with the ultramafic rocks. Chidester (1962) , Cole-
man (1966, 1967), Jahns (1967) and Williams (1971) have 
described this phenomenon. These authors suggest, on tex-
tural grounds, that chlorite has replaced biotite, plagioclase 
and amphiboles, probably as a result of Mg metasomatism 
caused by the Mg-rich waters issuing from serpentinites 
as described by Barnes and O’Neil (1969) and Nesbitt and 
Bricker (1978).

Chlorite can be seen replacing biotite in some thin sections 
of South West African samples, suggesting the reaction:

(xiv)	 BIO+6Mg2+ +12(OH)-+2K+

	 K2(Mg,Fe)6Si6Al2O20(OH)4+6Mg2++12(OH)-=
	 (Mg,Fe)12Si6Al2O20(OH)16+2K+

The K+ may have been removed in solution to form musco-
vite and K-feldspar porphyroblasts in the quartzo-feldspath-
ic gneiss or schists.

Amphiboles are recrystallised in the vicinity of the ultra-
mafics and in places appear to be replaced by chlorite, sug-
gesting the reaction:

(xv)	Tsehermakite+8SiO2+12Mg2++20H2O=
	 CHL+AC+24H+ aq
	 Ca2(Mg,Fe)3Al2Si6O22(OH)2+8SiO2+12Mg2+  +20H2O=
		  60% volume		  40% volume
	 (Mg,Fe)10Si6Al2O20(OH)16+Ca2(Mg,Fe)5Si8O22(OH)2+24H+aq

Since Mg-enriched waters flow from all serpentinites 
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this reaction may take place at any time.

3.2.11	 HORNBLENDITE ‘DYKES’

The hornblendite ‘dykes’ within the serpentinite bodies 
show no signs of serpentinisation. The only indications of 
alteration are the development of zoisite and epidote, which 
are assumed to have formed by the reactions (xi) and (xii), 
because in some thin sections zoisite can clearly be seen re-
placing plagioclase.

3.2.12	PRE-DAMARA QUARTZO-FELDSPATHIC
	 GNEISS AND EPIDOTISED GNEISS

In the vicinity of the serpentinites, epidote is developed in 
the gneiss and the plagioclase has recrystallised. The epidote 
is believed to form by reaction (xi).

The chlorite developed in the gneiss within 5 m of the 
contact may have formed by reaction (xiv).

3.2.13	 PRE-DAMARA AMPHIBOLITE, EPIDOTE 
	 AMPHIBOLITE AND CHLORITE AMPHIBO-

LITE

The amphibolite in the vicinity of the ultramafics may 
contain up to 40 per cent of epidote. This may be a result of 
Ca metasomatism by reactions (xii) and (xiii).

In amphibolites, less than 10 m from the contact, chlo-
rite is developed and the amphiboles are recrystallised. This 
could be the product of Mg metasomatism by reaction (xv).

The chlorite and amphibole growth along dS2 planes is 
mimetic and these minerals are not deformed. Hence the 
chlorite and amphibole developed after deformation produc-
ing dS2.

3.2.14	PRE-DAMARA MICA SCHIST

Epidote may have developed in the mica schist by reac-
tion (xi). The chlorite present in samples less than 5 m from 
the contact may have developed by reaction (xiv).

3.2.15	 DAMARA METACONGLOMERATE

Pre-Damara gneiss, amphibolite and mica-schist pebbles 
are present in the Nosib conglomerates. Towards the serpen-
tinite body the same pattern of mineral changes is seen in 
these pebbles as in the pre-Damara country rocks, i.e. the 
formation of a small amount of epidote in the gneiss and 
mica schist and a large percentage of epidote in the amphi-
bolite. Chlorite is developed in all three types of pebbles. 
The reactions producing these minerals are assumed to be 
(xi), (xiii), (xiv) and (xv).

The matrix of the conglomerate away from the body con-
sists largely of quartz and feldspar and a little biotite. At the 
contact the matrix consists of chlorite, actinolite and epi-
dote.

The reactions:

(xiii)	 18QZ+CHL+8Ca2++2(OH)-=2AC+2EP+2H+aq

(xiv)	 BIO+6Mg2+ +12(OH)-=CHL+2K+

may account for these changes in mineralogy.

Since some actinolite is orientated along dS2 while some 
has a radiating acicular growth these reactions occurred dur-
ing and after the formation of dS2.

3.2.16	 DAMARA AMPHIBOLITES

In the Damara amphibolites, epidote has developed after 
plagioclase presumably by the reaction:

(xi)	 2AB66AN33+2Ca2++Fe2++2QZ+5H2O+0,5O2= 	
2EP+2AB80AN20+8H+ aq

3.2.17 	DAMARA MICA SCHIST

In the mica schist of the Damara Sequence, chlorite and 
epidote may be developed in a narrow zone not more than 
150 mm from the contact.

The chlorite appears to have developed from biotite by 
the reaction:

(xiv) BIO+6Mg2++12(OH)-=CHL+2K+

The epidote is thought to have developed from plagioclase 
by the reaction:

(xi)	 AB66AN33+2Ca2++Fe2++2QZ+5H2O+0,5O2=
	 2EP+2AB80AN20+8H+

As the chlorite has not been deformed, reaction (xiii) took 
place after the formation of dS2.

3.2.18	GEOLOGICAL HISTORY DEDUCED FROM 
TEXTURES AND REACTIONS

On the basis of the evidence presented the following se-
quence of events is envisaged:

(a)	 Harzburgite containing lenses of spinel harzburgite and 
1herzolite was hydrated at low temperatures and low XCO2 
without shearing. This resulted in the formation of olivine 
serpentinite, hobnail serpentinite, carbonate serpentinite and 
hobnail serpentinite containing clinopyroxene.

(b) 	The serpentinites were tectonically emplaced, during 
which process they came into contact with siliceous country 
rock, resulting in the formation of talc schist and talcose ser-
pentinite. While the rocks were subjected to shearing, slip-
fibre serpentine formed in the veins.

(c)	 During or after emplacement, the bodies were subjected 
to deformation which resulted in the formation of dS2 planes. 
Structural evidence suggests that emplacement took place 
during the deformation that formed dS2 (Section 2.1.2).
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(d)	After deformation the bodies experienced higher tem-
perature. All serpentine recrystallised to antigorite if it had 
not already done so during emplacement. Under the higher 
temperature conditions the clinopyroxene reacted with an-
tigorite to form actinolitebearing serpentinite and actinolite 
fels. Where CO2 was present, ankerite and talc developed 
in the serpentinite. The alteration of clinopyroxene resulted 
in the release of Ca2+. These ions metasomatised the coun-
try rock resulting in the formation of epidote.

(e)	After metamorphism, circulating meteoric waters dis-
solved magnesium from the ultramafics resulting in the 
formation of talcose serpentinite and causing Mg metaso-
matism and the growth of chlorite in the country rock.

4.	 METAMORPHIC CONDITIONS

4.1	 INTRODUCTION

The ultramafic bodies studied consist solely of serpenti-
nite, talc schist and chlorite schist. There is no evidence to 
suggest that they were part of a differentiated ultramafic to 
mafic sequence, nor are there any signs of thermal aureoles 
or partial melting of contained acidic lenses. Consequently 
they were not derived from olivine or orthopyroxene cu-
mulates by differentiation in situ. On structural grounds 
(Sections 2.1.2, 2.2.2, 2.5.2) it is believed that the serpen-
tinites were emplaced tectonically whilst relatively cold. 
Three metamorphic regimes must therefore be considered, 
namely conditions before, during and after emplacement.

4.2	CONDITIONS BEFORE EMPLACEMENT OF 
THE SERPENTINITES

On the basis of the arguments outlined by wicks and 
Whittaker (1977) the presence of serpentinite pseudo-
morphs suggests that serpentinisation took place in the ab-
sence of substantial shearing and the presence of bastites 
indicates that the original serpentinite was composed of 
lizardite.

Lizardite is thought to be the stable serpentine mineral 
at low temperatures. Coleman (1971), Evans et al. (1976), 
Hemley et al. (1977), Moody (1976) and Wenner and Tay-
lor (1971) all believe that lizardite serpentinisation takes 
place between 85 and 185°C.

Binns et al. (1975) describe how the serpentine mineral 
changed as metamorphic grade increased in the Austral-
ian Yilgarn block. In the prehnite-pumpellyite and lower 
greenschist facies, lizardite is present. In the mid-green-
schist to lower amphibolite facies, antigorite is the stable 
serpentine. In the mid- to high-amphibolite facies, the min-
erals are metamorphic forsterite, talc and calcite.

As carbonates are rare and probably only make up one 
modal per cent of the ultramafics, XCO2 would; be less than 
0,25 since the reaction serpentine+CO2=quartz+magnesite
+H2O has not taken place (Johannes 1969).

Direct estimates of pressure are difficult to make. How-
ever, if the maximum temperature of serpentinisation was 
185°C then, assuming a geothermal gradient of 20°C/km 
(world average - Press and Siever 1974), the maximum 
depth during serpentinisation would be about 9 km. Pres-
sure may be estimated from the equation P=gHAρ in which 
ρ is density, A is area and H is thickness (Means 1976).

Assuming that basaltic terrain has a density of 3 t/m3 and 
granitic terrain a density of 2,65 t/m3 the respective maxi-
mum pressures during serpentinisation would be 2,6 and 
2,3 kb.

4.3	 CONDITIONS DURING EMPLACEMENT OF 
THE SERPENTINITES

Raleigh and Paterson (1965) showed that serpentinite 
is as strong as granite at low temperatures and pressures, 
yielding at a stress difference of 12 kb for antigorite and 8 
kb for chrysotile/lizardite. However, the ultimate strength 
falls abruptly to 0,5 kb at 600 to 700°C for antigorite and 
at 300 to 350°C for lizardite/chrysotile serpentinites. They 
relate this reduction in strength to the dehydration reac-
tions:

(xvi)	 LZ/CHY+BR=2(AG/FO)+H2O

(xvii)	 5AG=6FO+TC+9H2O

They suggest that these reactions facilitate tectonic em-
placement. If so, conditions during emplacement would 
have accorded with curve (XVI) or (XVII) (Fig. 4.1) de-
pending on which serpentine mineral was present.

4.4	 CONDITIONS AFTER EMPLACEMENT, AT 
PEAK OF DAMARA METAMORPHISM

4.4.1 ULTRAMAFIC ROCKS

At this stage antigorite, the serpentine mineral which 
is present at high temperatures and pressures, would be 
present. Wenner and Taylor (1971) suggest that antigor-
ite serpentinisation takes place between 220 and 460°C. 
Trommsdorff and Evans (1974) describe chrysotile, in the 
central Alps, as being the serpentine present below the up-
per limit of pumpellyite, whereas between this limit and 
the upper limit of the oligoclase-kyanitestaurolite assem-
blage, antigorite is present. Forsterite and talc form at high-
er metamorphic grade.

The upper stability limit for antigorite is determined by 
the reaction:

(xvii)	 5AG=6FO+TC+9H2O
	 5Mg3Si2O5(OH)4=
	 6Mg2SiO4+Mg3(Si2O5)2(OH)2+9H2O

A number of authors have investigated this reaction, the 
two most recent being Evans et al. (1976) and Hemley et 
al. (1977). All have produced similar curves (Fig. 4.2). The 
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temperature reliability is ±10°C.

Since antigorite is present, conditions must be to 
the left of curve (a) in the figure, and as reaction (iv) 
AG+2QZ=TC+H2O has taken place conditions lie to the 
right of curve (b). The position of curve (b) is determined 
by the activity of SiO2. Since no estimation of this was pos-
sible a line between the two extremes given by Hemley et 
al. (1977) was chosen.

The carbonate-bearing serpentinites all contain antigor-
ite and some magnetite. Several contain talc and actinolite 
in addition and all have magnesite or dolomite/ankerite.

On the basis of these mineral assemblages conditions 
should lie on the low-temperature side of the invariant 
points in Figure 4.3, which is adapted from Trommsdorff 
and Evans 1977.

(i)	 FO+TR+AG+DOL+TC
(ii)	 FO+TR+AG+DOL+CC and
(iii)	 FO+AG+TC+MS

The isobaric invariant point (i) occurs about 10° above 
(ii) at 2 kb. Trommsdorff and Evans give a PT diagram for 
(ii). Curve (c) in Figure 4.2 was drawn 10° higher than (ii) 
to allow for the temperature difference between (i) and (ii). 
Conditions during metamorphism lay to the left of curve 
(c).

As pressure rises the XCO2 field over which the mineral 
assemblage is stable, as outlined by points (i), (ii) and (iii), 
narrows. Taking 4,5 kb as the minimum pressure during 
metamorphism and extrapolating (iii), the maximum XCO2 
is approximately 0,15 (Fig. 4.4). On the basis of the min-
eral assemblages in the ultramafics the PT conditions dur-
ing peak of metamorphism lay between curves (a), (b) and 
(c) while XCO2 was less than 0,15.

4.4.2	 PRE-DAMARA ROCKS

Immediately adjacent to the serpentinites those country 
rocks which contain quartz, muscovite and K feldspar have 
not undergone melting. Hence PT conditions must lie be-
low curve (d). Curve (d) was obtained from Winkler (1974) 
and is based on Merrill et al. (1977) .

Hoffer (1978) places conditions in the Rietfontein 
Inlier (Fig. 1.1) in the vicinity of the serpentinites be-
tween the staurolite-biotite isograd as defined by (e) 
MUS+CHL=QZ+ST+BIO+H2O and the kyanite-biotite 
isograde as defined by ST+MUS+QZ=KY+BIO+H2O. 
Curve (e) is taken from Hoschek (1969) in which XH2O=1. 
The position of curve (e) is dependent on mineral composi-
tion and as these are not known in the area studied, curve 
(e) only represents a first approximation.

Kyanite related to Damara metamorphism is present 
at Kyanite Kop along the isograd strike from Gauchab. 
Therefore PT conditions in the pre-Damara rocks lie above 
curve (f) (taken from Richardson et al. 1969) and to the 

right of curve (e).

4.4.3	 DAMARA ROCKS

Microprobe work was carried out on three samples from 
the farm Amerongen 181 which contain the assemblage: 
plagioclase-biotitegarnet-staurolite-kyanite-quartz-musco-
viteilmenite (Table 4.1 - OU1, AM105, AM107).

Temperatures were calculated from analyses of the edges 
of biotites and garnets which are in contact and using Ferry 
and Spear‘s (1977) experimental calibration of the reaction:

	 Fe-garnet+Mg-biotite=Mg-garnet+Fe-biotite.

Pressure was determined from analyses of minerals in 
contact using the reaction:

	 almandine+muscovite=annite+2kyanite+quartz

Calibration for this reaction is quoted by Sawyer (1978). 
The activity model used assumes ideal on-site mixing.

Results of calculated equilibria curves are presented in Ta-
ble 4.1. Microprobe analyses are contained in Appendix III. 
The results are shown graphically as curves (g) and (h) re-
spectively on Figure 4.2. The curves intersect at T° = 575°C 
and P=6,3 kb. The experimental errors are also shown on 
the figure.

4.4.4	 CONCLUSIONS

On the basis of the country-rock reactions and the min-
eral assemblages in the ultramafics, PT conditions during 
the Damara metamorphism lay in the area shaded in Figure 
4.2.

The XCO2 in the carbonate serpentinites had a maximum 
value of 0,15 at 4,5 kb and would have decreased slightly 
with increasing pressure (0,13XCO2 kb-1).

5.	 CHEMISTRY

5.1	 DATA

The rock type, mineralogy, locality, country-rock type and 
shape of the serpentinite body for each sample analysed are 
listed in Table 5.1. X-ray fluorescence analyses for major, 
minor and trace elements are presented in Table 5.2. Trace 
elements and Na were determined on 5 g-whole-rock pow-
der briquettes and major elements were determined the fu-
sion techniques of Norrish and Hutton (1969).

5.2	 SYNTHESIS

5.1.1	 RELATIONSHIPS BETWEEN THE ULTRAMA-
FIC ROCK TYPES

The four common rock types and the approximate volume 
percentages of each are: hobnail serpentinite - 85, talc schist 
- 10, chlorite schist - 4 and amphibole fels - 1.
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On the basis of field and petrographic relationships (Sec-
tions 2 and 3) these four rock types are thought to originate 
in the following way:

(i)	 harzburgite+H2O=hobnail serpentinite + magnetite

(iv)	 hobnail serpentinite+quartz=talc schist+H2O

(x)	 spinel harzburgite+H2O=chlorite schist

(vii)	 1herzolite+H2O=CPX-bearing serpentinite=
	 amphibole fels

Reactions (i), (iv) and (ix) are thought to be essentially 
isochemical, whereas reaction (vii) implies removal of ma-
terial from the system.

5.2.1.1	Hobnail serpentinite

The basic premise adopted is that if the hobnail serpen-
tinite is derived by reaction (i) then the immobile element 
concentrations of the serpentinite should reflect that of the 
parent rock.

Table 5.3a lists maximum and minimum values, found 
in the literature, for minor and trace elements for various 
minerals. By taking cognizance of the wide ranges report-
ed and the various rock types involved, the limitations of 
this approach may be appreciated.

If in reaction (i) forsterite makes up 70 per cent by mass 
of reactants and enstatite 30 per cent, then the maximum 
value for an element in olivine is multiplied by 0,7 and the 
maximum value for an element in enstatite is by 0,3. This 
gives a maximum value for the anhydrous daughter prod-
uct, assuming the system to be closed to all constituents 
except H2O and CO2: e.g. the maximum value for TiO2 in 
a rock derived from 70 per cent forsterite and 30 per cent 
enstatite would be:

	 0,7x0,15+0,3x0,06=0,123 per cent

Table 5.3b lists the calculated values for hobnail serpen-
tinite derived by reaction (i) and the actual measured val-
ues recalculated excluding H2O and CO2. The calculated 
and actual values for most elements are in agreement. The 
higher limits for Al2O3, Zr, Cr, Ni and V in the actual sam-
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ples is attributed to the- presence of spinel in the parent 
rock (Section 5.2.1.3). Likewise the slightly higher upper 
limit values for CaO and Sr are ascribed to the presence of 
carbonates in a few samples. If the serpentinite had been 
derived from an olivine cumulate, apart from the elements 
mentioned above, the Ti, Zn, Sc and Ga values would have 
been lower. If clinopyroxene or a Ca amphibole had been 
present in the parent rock then the Al2O3, CaO, Na2O, Zr, 
Y, Ba, Sr, V, Sc and Ga contents of the daughter product 
would be higher.

5.2.1.2	 Talc schist

If reaction (iv) operated the SiO2 content would be an 
index of how far the reaction has proceeded. Therefore 
plots of the various elements versus SiO2 were drawn. If 
only SiO2 were added to the serpentine the concentration 
of other elements should be diluted. Plots using anhydrous 
values of MnO, Co, Ni and Sc versus SiO2 show a negative 
correlation between SiO2 and these elements Figs 5.1 and 
5.2). Regression lines were calculated using the slope for-
mula = σy/σx and intercept = y - bx for the reduced major 
axis line (Till 1974).

There is no apparent correlation of Zn, Cu and Ga with 
SiO2 but this may be due to great variation in concentra-
tion of these elements in the antigorite, which could be a 
result of the lack of a suitable lattice site for Zn, Cu and Ga 
in antigorite. No conclusions can be drawn on the basis of 
these elements.

Since only SiO2 is presumed to be added by reaction (iv) 
there should be no correlation between inter-element ratios 
and SiO2; this is shown by plots of the ratios of oxides and 
elements versus silica, given in Figure 5.3.

The concentrations of the incompatible elements Zr, Nb, 
Y, Rb, Ba and Sr in both the serpentinite and talc schist are 
below or near the detection limit. A talc-producing reaction 
involving Ca amphibole, for example:

(vi)	 AC+2AG+4CO2=3TC+2DOL/AK+2H2O

would be expected to introduce incompatible elements 
such as Zr, Y, Rb, and Ba.

Using the procedure outlined in Section 5.2.1.1, the 
trace-element concentrations of a talc schist derived from 
hobnail serpentinite by reaction (iv) were calculated (Table 
5.3c). These were compared with actual values for the talc 
schist and are found to be in close agreement.

5.2.1.3	 Chlorite schist

As outlined in Section 4, the chlorite schist is believed 
to be derived from a spinel harzburgite. The presence of 
spinel should result in higher concentrations of TiO2, FeO, 
Al2O3, MnO, V, Sc, Ga, Zr, Nb and Y in the spinel harzbur-
gite than in the harzburgite. Hence the hydrated product of 

spinel harzburgite (chlorite schist) should contain higher 
concentrations of these elements than the hydrated product 
of harzburgite (serpentinite). The increase in Zr, Nb and 
Y values may be observed by reference to Table 5.2. The 
increase in TiO2, FeO, A12O3, MnO, V, Sc and Ga values is 
indicated on histograms in Figure 5.4 on which anhydrous 
values are plotted.

Similarly the MgO, SiO2, Cr and Ni contents in the harz-
burgite would be greater than that in spinel harzburgite and 
hence greater in the serpentinite than in the chlorite schist 
(Fig. 5.5).

The presence of spinel would not effect Rb, Ba and  
Sr concentrations. These are similar in both the serpen-
tinite and chlorite schist, i.e. below or near detection 
limit. If more than trace amounts of mica or feldspar had  
been involved in this reaction the Rb, Ba and Sr contents 
should be greater in the chlorite schists than in the serpen-
tinite.

Making use of the reaction (x) and the method outlined 
in Section 5.2.1.1, the trace-element concentrations for 
a chlorite schist derived by this reaction were calculated 
(Table 5.3d) and the values are in reasonable agreement 
except for TiO2, Zr and Y. The values for Zr and Y are ap-
preciably higher in some chlorite schists than expected and 
this may possibly be due to the presence of clinopyroxene 
in the parent rock of some samples.

5.2.1.4	 Actinolite fels and amphibolites

The actinolite fels samples GB68, GB122 and GB189 
have extremely low values for Zr, Nb, Y, Sr, Cu and Ga and 
extremely high values for Co, Cr and Ni when compared 
with normal amphibolites or the hornblendite ‘dykes’ GB24 
and GB244. This suggests that the source rock was ultra-
mafic. The low Rb and Sr values indicate that feldspars and 
micas were not involved in the formation of this rock type. 
The high CaO, V and Na2O content of the samples is not 
consistent with orthopyroxene reacting with antigorite to 
produce amphibole fels.

Clinopyroxene has a trace-element concentration con-
sistent with it being involved in reaction (vii) to produce 
actinolite fels.

(vii)	 AG+3D1+H+aq=AC+Ca2++(Fe2+,Mg2+)+3(OH)-

Using the methods outlined in Section 5.2.1.1 the range 
of trace-element concentrations were calculated for an ac-
tinolite fels produced by reaction (vii) from a 1herzolite 
(Table 5.3e). Reasonable agreement was achieved between 
the actual and calculated values, except for Zr and Ga. 
This is ascribed to violation of the basic assumption be-
hind the calculation, i.e. reaction (vii) does not take place 
in a closed system.

On the assumption that GB24 and GB244 are ortho-am-
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phibolites, Ti, Zr and Y values were plotted on the diagrams 
used by Pearce and Cann (1973) (see Figs 5.6 and 5.7). The 
samples fall within the oceanic-basalt field.

Sample OT1 has a trace-element chemistry similar to the 
amphibolites rather than to the actinolite fels. It resembles 
country-rock amphibolite which has undergone Mg-meta-
somatism to produce a chlorite amphibolite by the reac-
tion:

(xv)	 Tschermakite+12Mg2++8SiO2+20H2O=CHL+AC+24H+ aq

The trace-element chemistry appears to be consistent 
with this view but as only one analysis of this rock type 
was carried out the suggestion is purely tentative.

5.2.2	 RELATIONSHIPS BETWEEN THE FOUR TYPES 
OF ULTRAMAFIC OCCURRENCES

The four types of field occurrences are circular and 
lensoid bodies in both pre-Damara and Damara country 
rocks. As simple bivariate plots proved unsuccessful in 
separating them (Figs 5.8 to 5.11) statistical tests were 

tried, namely t-tests, principal-component analysis, clus-
ter analysis and multiple-discriminant analysis (Davies 
1973).

The t-tests, using computer programme BMDP3D 
(Dixon 1975), were carried out on the anhydrous analy-
ses, where all iron was treated as FeO, to discriminate 
between samples from serpentinites within pre-Damara 
country rock and those from Damara terrain. At the 99-
per cent confidence level there is no significant difference 
between the two groups in the concentrations of 15 of 
the 16 elements investigated. The exception is zinc (Table 
5.4).

In order to justify using chemical analyses to discrimi-
nate between serpentinites of different origins, multivari-
ate tests were carried out on analyses of samples, quoted 
in the literature, where the nature of the rock from which 
the serpentinite was derived is thought to be known. These 
tests proved effective in separating serpentinites derived 
from rocks formed in different environments (Section 
5.2.3) and were consequently used on the South West Af-
rican samples. The effectiveness of the multivariate tests 
justifies the underlying assumption, in the following dis-
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cussion, that serpentinisation has not radically altered the 
chemistry of the rocks. Hence the present composition 
of the rock is thought to reflect that of the parent rock if 
allowances is made for the introduction of H2O by recalcu-
lating the composition on an anhydrous basis.

A principal-component analysis considers the position 
of the samples in n-dimensional space (the number of di-
mensions depends on the number of variables used). In 
this case all iron was treated as FeO and the analyses were 
recalculated excluding H2O and CO2, so that 18 variables 
were used. The vectors along which maximum scatter of 
samples is achieved are computed and then the vectors or 
principal components along which most scatter is obtained 
are plotted against one another (Davies 1973). The compu-
ter programme BMDP4M (Dixon 1975) was used to work 
out the principal components for the South West African 
serpentinites.

Once the principal components have been calculated, the 
position of a sample along the factor/principal component j 
may be calculated from the formula:

xj	 is the value of the sample along factor j

γji	 is the factor score coefficient for the element i, on fac-
tor j

ўi	 is the mean concentration for element i

yi	 is the concentration for element i in sample DC

si	 is the standard deviation for element i

The factor scores as computed by BMDP4M are listed in 
Table 5.5. Figures 5.11, 5.12 and 5.13 show factor 2 versus 
factor 1, factor 3 versus factor 1 and factor 3 versus factor 
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2. From these diagrams it is evident that it is not possible  
to separate the four groups by principal-component analy-
sis.

A cluster analysis using BMDP2M (Dixon 1975) was 
also carried out. The clusters produced bear no relation to 
the four types of field occurrences (Fig. 5.14). The essence 
of the dendogram is that some samples from the different 
types of field occurrence are more chemically alike than 
samples from the same type of field occurrence.

The similarity of samples from different groups is fur-
ther emphasised by examining the F values for analysis of 
variance where these are proportional to the ratio between 

group variance and within group variance (Till 1974). 
The larger the F values the greater the difference between 
groups. The results of the analysis of variance are shown in 
Table 5.6. Only the F, values for Zn reveal a significant dif-
ference between serpentinites with pre-Damara and those 
with Damara country rock.

As the analysis of variance, cluster analysis and princi-
pal-component analysis proved unsuccessful in separating 
the four groups, a discriminant analysis was not justified 
because the underlying assumption of a discriminant anal-
ysis is that definable groups do exist.

On the basis of the t-tests, principal-component analy-
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sis and the cluster analysis, samples from the four differ-
ent types of serpentinite field occurrences cannot be dis-
tinguished on chemical grounds, and as will be shown in 
Section 5.2.3, the nature of the parent rock was probably 
similar in all four cases.

5.2.3	 CLASSIFICATION OF THE ULTRAMAFIC 
ROCKS AND RELATIONSHIP TO THE DAMA-
RA OROGENY

In order to investigate the nature and origin of the bod-
ies the relationship between the ultramafic rocks and the 
Damara Orogeny were considered.

5.2.3.1	 Principal-component analysis (PCA)

At least 30 samples from a population are needed to estab-
lish a parameter which is statistically significant (Davies 
1973). Therefore, as insufficient serpentinite analyses with 
trace-element data for each of the groups were available, 
the statistical tests were confined to data for the major ele-
ments plus Cr and Ni. The analyses were recalculated on 
an anhydrous basis and all iron was treated as FeO (Table 
5.7). In order to ensure that serpentinite analyses only were 
used, only those containing less than 50 per cent SiO2, 5 
per cent A12O3 and 3 per cent CaO were included.

A principal-component analysis was carried out using 
computer programme BMDP4M (Dixon 1975). The fac-
tor-score coefficients of the first five factors are shown in 
Table 5.8. The principal-component analysis is completely 

objective. A subjective element comes into the calculation 
when a classification scheme is decided upon and the sam-
ples are allocated to various groups. If all the samples group 
together when the principal-component scores are plotted 
against each other, then they are chemically homogeneous. 
If the samples are scattered on a principal-component dia-
gram but the fields, as outlined by representative samples 
from each group in the classification scheme, overlap er-
ratically the scheme should be reconsidered. In view of the 
importance of classification, the scheme adopted to distin-
guish between serpentinites from different tectonic settings 
is given in detail below.

Moores (1973) lists five groups of ultramafic rocks based 
on tectonic considerations:

(a) Layered complexes, layered-gabbro-norite-peridotite 
masses, e.g . Bushveld, Skaergaard and Stillwater.

(b)	 Concentrically zoned ultramafic complexes such as 
those in Alaska and Siberia, e.g. Duke Island.

(c)	 Ultramafic lavas and associated intrusions of Archaean 
age, e.g. Barberton, Yilgarn Block and Munro Township.

(d)	 Alpine bodies in linear Phanerozoic belts and late-Pre-
cambrian deformed belts. Mg/(Mg+Fe) for olivine and or-
thopyroxene should be greater than 0,9. The body should 
have a tectonic fabric and be emplaced in the axial regions 
of mountain systems during initial deformation, e.g. the 
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bodies along the west coast of the U.S.A. or those in the 
Mediterranean area.

(e)	 Ultramafic nodules associated with alkaline centres, 
e.g. kimberlites and alkali basalts.

The concentrically zoned complexes are thought to be 
layered complexes that have undergone contemporaneous 
differentiation and deformation (Irvine 1974 and Findley 
1969) and are hence a subdivision of layered complexes.

Alpine-type bodies are regarded by Avé Lallemant 
(1969), Bonatti (1976), Coleman (1971, 1971a), Coleman 
and Keith (1971), Loubet et al. (1975), Menzies (1975, 
1976), Menzies et al. (1977), Montigny (1973), Moores 
and McGregor (1972) and Naldrett (1973) as being man-
tle-derived material brought to the surface either in ocean-
ridge systems or as a consequence of plate collision along 
subduction zones. Ultramafic nodules and fragments in 
kimberlites are usually thought of as mantle-derived frag-
ments (O’Hara et al. 1975). Contemporary views on the 
mantle suggest that it is heterogeneous and O’Hara et al. 
and Irving (1977) suggest that at least three types of man-
tle material exist:

(a)	 Fertile mantle; supposedly garnet 1herzolite.

(b)	 Differentiated mantle formed by partial melting of 
(a); wherholite, primary partial melt and various cumu-
lates.

(c)	 Depleted mantle; various harzburgites.

On the basis of this heterogeneity and the hypothesised 
equivalence of mantle and Alpine material (Menzies et 
al. 1977, Bonatti et al. 1971), the Alpine field was fur-
ther subdivided into fertile, depleted and differentiated 
mantle. This is an oversimplification since the mantle 
has a long history. Firstly, differentiation has taken place 
by dissimilar degrees of partial melting and subsequent 
crystal fractionation resulting in a gradation between the 
three fields. Secondly, a single body may contain all three 
types; a piece of fertile mantle may be brought quickly 
to the surface and in the process undergo partial melting 
resulting in the formation of dykes of liquid composition, 
cumulates and depleted and fertile material. Menzies 
(1975, 1976) and Menzies et al. (1977) suggest that this 
process has taken place in the case of the Mediterranean 
peridotites. These considerations led to the following 
classification scheme being used in this study of serpen-
tinites:

(a) 	 Layered complexes
(i)	 Horizontal bodies, e.g. Bushveld. 
(ii)	 Concentrically zoned bodies, e.g. Duke Island.

(b)	 Archaean material, e.g. Barberton, Yilgarn Block.

(c)	 Mantle-derived material
(i)	 Fertile mantle, e.g. sheared garnet-1herzolite nod-

ules and Alpine garnet 1herzolite.
(ii)	 Differentiated mantle, e.g. olivine-websterite nod-
ules and differentiated ultramafic-mafic Alpine complex-
es. 
(iii)	 Depleted mantle, e.g. unsheared harzburgite nod-
ules and Alpine harzburgite.

As very few analyses of serpentinised nodules are 
available the characteristics of mantle-derived material 
were largely defined by Alpine-type material.

Figures 5.15 and 5.16 indicate the fields outlined by 
the groups defined in the classification scheme when a 
PCA was conducted on the 308 serpentinite analyses 
taken from the literature. The analysis differentiates two 
primary fields, namely the layered complexes field and 
the Alpine/mantle field. The layered complexes field 
contains the Archaean and zoned complexes fields. The 
Alpine/mantle group is subdivided as outlined in the clas-
sification.

The factor scores (Table 5.8 and Figs 5.15 and 5.16) 
indicate a variation in elements from group to group as 
shown below in Table 5.9.

The results of the PCA are remarkably consistent with 
theoretical predictions, namely that presumed primary 
partial melts (Archaean) are enriched in A12O3, CaO, 
FeOt, MnO, TiO2 while the residual material (depleted 
Alpine) is depleted in these elements and enriched in re-
fractory elements (MgO). This indicates that a PCA ap-
proach is valid.

The South West African samples plot in the Alpine field 
except for G2/l and GB146 (Figs 5.15 and 5.16). Having 
a high total-iron content, both of these samples plot in  
the layered complex field. The remaining samples plot in 
the depleted Alpine field except for B2, GB62, GB225, 
OT6 and OT25 which lie in the differentiated Alpine 
field.

The PCA indicates that:

(a)	 The nature of the parent rock of serpentinite can be 
determined on the basis of its chemistry.

(b)	 The South West African samples are largely Alpine 
(93 per cent) and usually depleted (83 per cent).

(c)	 The samples from bodies in pre-Damara country 
rock have a wider spread of values than those occurring 
in Damara country rock.

5.2.3.2	 Analysis of variance

The groups in the classification scheme were subjected 
to an analysis of variance tests. Using the three groups 
represented by layered complexes, Archaean complexes 
and Alpine/mantle material, a significant difference for 
10 of the 12 elements investigated became apparent (Ta-
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ble 5.6). Using the complete scheme there was a signifi-
cant difference for 9 of the 12 elements.

5.2.3.3	 Discriminant analysis

Since the PCA and the F-tests indicated that the groups 
in the classification scheme can be distinguished on the 
basis of major-element chemistry, a stepwise discriminant 
analysis using computer programme BMDP7M (Dixon 
1975) was used. In this process a classification scheme is 
adopted and samples are allocated to each group. Vectors 
(canonical variables) are then chosen such that there is a 
maximum dispersion of groups and a minimum dispersion 
of samples within the group. Only those elements which 
emphasise differences between groups are considered. The 
mean position for each group is calculated and the position 
of each sample compared with it. The sample is classified 
with the group whose mean is closest. The canonical varia-
ble scores for a sample may be calculated by the formula:

Where	γji =	 coefficient of canonical variables for ele-
ment i on canonical variable j

	 yi =	 concentration of element i in sample y
	 ўi =	 mean concentration of element i 
	 si = 	 standard deviation

To determine the success of the classification reference 
should be made to the percentage of correctly classified 
samples. If a number of assumptions are made, the signifi-

cance of the difference between groups may be evaluated 
using F-tests. The assumptions are:

(a)	 The observations from each group are randomly chosen.

(b)	 The variables are normally distributed.

(c)	 A sample has an equal chance of belonging to anyone 
group.

(d) None of the samples used to calculate the means for each 
group is misclassified.

It is evident that discriminant analysis is an extremely 
subjective process heavily dependent on the classification 
scheme used. The PCA indicated that three groups - the 
layered (horizontal and concentric), Archaean and Alpine 
(mantle) - are chemically distinct. These groups were used 
for the first discriminant analysis (Table 5.10). The South 
West African samples plot in the Alpine field, except GB146 
and G2/1. The classification was 81 per cent successful (Fig. 
5.17).

The concentrically zoned complexes were treated as a 
group in their own right. Only nine analyses of serpentinites 
from these were found. The results are shown in Table 5.10. 
The discriminant analysis classified olivine cumulates from 
all groups in the zoned complex field. The analysis was 75 
per cent successful. The South West African samples were 
classified with the Alpine material except GB225, G2/1 and 
GB146. Sample G2/1 was classified as layered complex ma-
terial and GB146 and GB225 as zoned complex material.

Because Irvine (1974) suggests that zoned complexes 
are a type of layered complex and because the F-value was 
lowest between horizontally layered complexes and zoned 

64



65



66



complexes, the zoned complexes were subsequently treat-
ed as a subdivision of layered complexes. As stated pre-
viously the Alpine or mantle field can be subdivided into 
fertile mantle, differentiated mantle and depleted mantle. 
The third classification attempted was: layered complexes 
(horizontal and layered), fertile mantle, depleted mantle 
and differentiated mantle. The Archaean group was ex-
cluded since the South West African serpentinites occur 
in Proterozoic rocks. Table 5.10 lists the results. The av-
erage percentage of correctly classified samples was 60. 
The lower percentage of correctly classified samples is at-
tributed to the similarity of the various Alpine types. This 
is emphasised by the fact that it was only possible to use 
four variables to distinguish the groups as against seven 
in the earlier groupings. Furthermore, the posterior prob-
ability was smaller. GB146 and G2/1 were classified as 
layered-complex material. E5, GB62, OT6 and OT25 were 
classified as differentiated Alpine (mantle) material. The 
remaining 24 samples were classified as depleted Alpine 
(mantle) material (Fig. 5.18).

5.2.3.4	 Trace elements

The major-element chemistry of the South West Afri-

can serpentinites implies derivation from Alpine material 
(probably depleted mantle). The A12O3 and FeOt contents 
are too low to represent material derived from fertile man-
tle or a partial melt. The A12O3, FeOt, K2O, Na2O, MnO 
and TiO2 contents are also too low, relative to the silica 
concentration, for the bodies to represent cumulates. Fur-
thermore, as can be seen from Figures 5.8 to 5.10, the sam-
ples exhibit no clear fractionation trends.

If the bodies are depleted mantle material, this should be 
reflected in the trace-element chemistry. Those elements 
for which there is no lattice site in the presumed residue of 
olivine and orthopyroxene, e.g. the incompatible elements 
Zr, Nb, Y, Ba, Rb, Sr and Ga, should be largely removed 
in any partial melt whereas elements such as Ni, for which 
there is a site, should be somewhat enriched in the residue. 
Table 5.11 lists concentrations of these elements in fertile 
mantle, depleted mantle, assumed direct partial melt and 
cumulates. The low concentrations of the incompatible ele-
ments and enriched concentrations of compatible elements 
are consistent with the hypothesis that the South West Af-
rican serpentinites represent depleted mantle composed of 
an olivine-orthopyroxene residue.
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Kogarko (1973) assumed a Ni/Co ratio of 10 to 15 for 
primary mantle and then calculated Ni/Co for derived 
magmas. He concluded that all primitive partial melts pro-
duced, i.e. those not affected by fractional crystallisation, 
should have a Ni/Co ratio of 3,4 to 7,6. Inspection of val-
ues given by Page (1976) and Yefimov and Ivanova (1963) 
indicates that the Ni/Co ratio generally remains below 15 
for cumulates from layered complexes unless sulphides 
crystallise. A Ni/Co ratio in the range 15 to 30 appears to 
relate to depleted material. This is because Co enters the 
silicate liquid more rapidly than Ni when fertile mantle is 
melted. The bulk partition coefficient of Co is likely to be 
smaller (2) than that of Ni (7)*.

However, when a sulphide phase is present during partial 
melting and fractional crystallisation, Ni sulphides crystal-
lise and the Ni/Co ratio rises dramatically in the fraction-
ated product as outlined by Maclean and Simazaki (1976). 
The Ni/Co ratios for South West African samples lie in the 
range 15 to 30 except for samples B4, B8, G2/l and G8/8 
in which the ratio is less than 15.

5.3	 CONCLUSIONS

With reference to the three points under investigation it can 
be stated that:

(a)	 The four major rock types, that have been studied, may 
be derived from mantle material by the reactions:

	 Harzburgite+H2O=hobnail serpentinite 

	 Spinel harzburgite+H2O=chlorite schist

	 Hobnail serpentinite+SiO2=talc schist+H2O

	 Serpentinised 1herzolite=amphibole
	 fels+OH-+Ca2++(Mg2+,Fe2+).

(b)	 The serpentinite samples from the four different types 
of field occurrences are chemically indistinguishable. How-
ever, as the tests were statistical and the number of samples 
in each group was less than 30 this conclusion should be 
treated with caution.

(c)	 On the basis of PCA and discriminant analysis the ser-
pentinites were found to be of Alpine type. Furthermore, 
the discriminant analysis indicates that 80 per cent of the 
samples are of a depleted nature. This classification is con-
firmed by the low A12O3, NaO, K2O and FeOt contents of 
the samples relative to SiO. The Ni/Co ratios for 80 per 
cent of the samples and the low incompatible element 
concentrations are consistent with depleted Alpine origin. 
However, the samples from bodies in pre-Damara terrain 
show a wider scatter of values. Some have concentrations 
of incompatible elements slightly greater than the detec-
tion limit.

The discriminant analysis showed that four of the sam-
ples can not be classified as depleted mantle. All these fac-
tors indicate that some bodies contain material exhibiting 
various degrees of depletion. The higher percentage of 
amphibole and carbonate-bearing rocks and wider epidote 
rims at Gauchab than at Omieve may point to it being less 

depleted.

These considerations suggest that the South West Afri-
can serpentinites consist of Alpine-type material which has 
been chemically depleted to varying degrees.

6.	 OVERALL CONCLUSIONS

6.1	 INTRODUCTION

The investigation set out to establish the relationships 
between the several different types of ultramafic rocks and 
to determine whether or not different assemblages of these 
rocks characterise the four types of field settings in which 
they occur. Furthermore, these factors have been examined 
in relationship to the Damara Orogeny.

6.1.1	 RELATIONSHIPS BETWEEN THE ULTRAMA-
FIC ROCK TYPES

On the basis of field observations, petrographic work 
and chemistry, the principal rock types are thought to have 
formed in the following manner:

(a)	 Under low-temperature conditions harzburgite con-
taining lenses of spinel harzburgite and 1herzolite under-
went hydration in accordance with the equations:

	 Harzburgite+H2O (limited)=olivine 
	 serpentinite (LZ)

	 Harzburgite+H2O (in excess)=hobnail 
	 serpentinite (LZ)

	 Harzburgite+H2O+CO2=magnesite-bearing 
	 serpentinite

	 Spinel harzburgite+H2O=chlorite schist

	 1herzolite+H2O=CPX-bearing hobnail 
	 serpentinite.

(b)	 Under rising temperature the following hydration re-
actions are envisaged:

	 Lizardite-olivine serpentinite=olivine 
	 serpentinite (AG)+H2O 

	 Lizardite hobnail serpentinite=hobnail 
	 serpentinite (AG)+H2O 

	 CPX-bearing serpentinite+CO2=Ca 
	 amphibole+CC serpentinite+H2O 

	 Amphibole-CAR serpentinite+CO2= 
	 TC+Ca amphibole+CC serpentinite+H2O 

	 CPX-bearing serpentinite=Ca-amphibole 
	 serpentinite+Ca2++(Mg2++Fe2+)+H2O.

When sufficient clinopyroxene is present all the serpenti-
nite is used in the last reaction.
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	 CPX-bearing serpentinite=amphibole 
	 fels+Ca2++(Mg2++Fe2+)+H2O 

	 Hobnail serpentinite+SiO2 (limited)= 
	 talcose serpentinite+H2O 

	 Hobnail serpentinite+(OH)-=TC 
	 serpentinite+Mg2+.

Fluids containing Ca2+ and Fe2+, produced by the hydra-
tion of clinopyroxene, react with the country rocks to form 
epidote and amphiboles. Fluids containing Mg2+ react with 
the country rock to produce chlorite.

6.1.2	 RELATIONSHIPS BETWEEN THE FOUR TYPES 
OF FIELD OCCURRENCES

The similarity in field setting and petrography suggest a 
similar history and the chemistry suggests a similar origin 
for bodies from all four types of field occurrences.

In terms of field setting and petrography the same rock 
types, namely olivine serpentinite, hobnail serpentinite, 
talcose serpentinite, talc schist, chlorite schist, amphibole 
fels and epidote-rich rocks occur in bodies within both pre-
Damara and Damara country rocks. Secondly, a similar zo-
nation and association of rock types are found in all bodies. 
Talc schist forms the rims around the bodies and grades into 
talcose serpentinite which in turn grades into hobnail ser-
pentinite. Minor lenses of amphibole- and carbonate-bearing 
serpentinites may be found in the talcose serpentinite. Lens-
es of chlorite schist are sparsely scattered throughout the 
bodies. In the cores, olivine serpentinite may be developed. 
There are amphibolite dykes or xenoliths in both Damara 
and pre-Damara terrain and near the contact with the serpen-
tinites, epidote has developed in plagioclase-bearing rocks, 
whereas chlorite has grown locally in biotite-bearing rocks 
and amphibolites.

The chemistry of the samples suggests a common origin. 
It has proved impossible to distinguish serpentinites from 
the four types of field occurrence on the basis of simple bi-
variate element plots, t-tests, cluster analysis or principal-
component analysis. Analytical data taken from the litera-
ture, pertaining to serpentinites for which the origin of the 
parent rock is known, were subjected to multivariate tests 
and these showed that the chemistry of the serpentinites is 
dependent on their origin.

Using the chemical classification outlined in Section 5,93 
per cent of the samples were classified by the multivariate 
tests as being of Alpine type and 83 per cent were chemical-
ly depleted. The depleted nature of the samples is confirmed 
by their low A12O3, Na2O and K2O contents relative to SiO2, 
the high Ni/Co ratios and the low concentrations of incom-
patible elements relative to presumed fertile mantle.

6.1.3	 RELATIONSHIPS TO THE DAMARA OROG-
ENY

The structural evidence suggests that the bodies were tec-
tonically emplaced along thrust planes parallel to dS2 or dS1 

during the Damara Orogeny.

	 Three stages can be outlined in the history of the 
serpentinite bodies.

(a)	 Serpentinisation of the parent rock at low temperatures 
and without shearing.

(b)	 Emplacement under unknown conditions but a low geo-
thermal gradient was probably operative.

(c)	 Higher temperature conditions causing dehydration af-
ter Damara dS2 deformation.

6.2	 MODELS

6.2.1	 INTRODUCTION

Two models are currently in vogue to explain the forma-
tion of the Damara Mobile Belt. These are the aulacogen 
model, as advanced by Martin and Porada (1977), and the 
plate tectonic model, as advanced by Blaine (1977), Hart-
nady (in press) and Sawyer (1978) .

Three models for the relationship between the serpen-
tinites and the Damara are considered here:

(a)	The bodies are of Damara age and the Damara Mobile 
Belt is a modified aulacogen.

(b)	The bodies are of Damara age and the Damara Mobile 
Belt formed in a plate-tectonic environment.

(c)	The bodies originated during the pre-Damara and were 
emplaced in their present position during the Damara defor-
mation.

6.2.2	 AULACOGEN MODEL

6.2.2.1	 Aulacogen model applied to the Damara Orogen

Hoffman (1974) describes the development of an aulaco-
gen as having an initial graben stage which occurs when a 
rising mantle diapir heats the underlying crust enabling it to 
neck and rift through tensional stresses away from the site 
of the diapir.

An asthenolithic cushion is then intruded into the transi-
tional zone between the sialic crust and mantle under the rift 
site. Alkaline magmatism generally, but not always, takes 
place in the rifted zones along fault lines. Several kilome-
tres of clastic sediments grading upwards into lutites derived 
from the adjacent area are then deposited into the graben.

In the Damaran context Martin and Porada (1977) equate 
the graben phase with the Nosib Naauwpoort volcanism and 
clastic sedimentation. They invoke three grabens to explain 
the present distribution of the Nosib Group (Fig. 6.1). The 
three rifts which formed during Nosib deposition then sub-
sided and coalesced as the Khomas and Kudis Subgroup 
were deposited in rifts on adjacent horsts.
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In Hoffman’s model (1974) the graben stage is followed 
by a downwarping phase in which the graben subsides be-
cause the whole structure moves away from the heat anom-
aly in the mantle. The margins of the graben are covered 
with sediments. The wider basin is filled with quartzites, 
mudstones and turbidites which pass into stromatolitic car-
bonate rocks. A molasse phase consisting of mudstones, 
siltstones and sandstones may develop. The mass is intrud-
ed by granodiorite and quartz diorite. The downwarping 
phase is followed by a lateral compressional stage in which 
the middle block of the graben subsides. At the same time 
the crust undergoes partial melting and metamorphism.

Martin and Porada’s model differs from Hoffman’s aula-
cogen model from this point onwards. The cushion of as-
thenolithic material intruded during the graben phase has 
cooled sufficiently to be denser than the surrounding rock 
and it sinks. A new batch of asthenolithic material replaces 
the sinking cold asthenolith. The crust undergoes renewed 
partial melting, metamorphism and deformation. The ma-
jor dS2 fabric of the Damara forms at this stage.

6.2.2.2	 Aulacogens and ultramafics

The presence of ultramafic rocks aulacogens has rarely 
been recorded.

Nwachukwu (1972) argues that the absence of ultramafic 
rocks in the Benue Trough of Nigeria favours an aulacogen 
model for the trough.

The Great Slave Lake aulacogen as described by Hoff-
man (1974) and Olade and Morton (1972) contains alkali 
basalts and rhyolites but no ultramafics.

Ham and Wilson (1967), in their description of the Okla-
homa aulacogen, do not mention the occurrence of ultra-
mafics.

The Dnieper-Donets aulacogen (Chekunov 1967, Leb-
edinskiy 1967, Dolenko 1970 and Lyashkevich 1974) 
contains four groups of volcanics and intrusives. These 
range in composition from olivine basalt to quartz porphy-
ries and from lamprophyres to syenite. The most mafic of 
these contains 16 per cent of MgO and hence can hardly 
be equated with the South West African ultramafics which 
contain 30 to 40 per cent of MgO.

All these examples serve to militate against the aulaco-
gen model, in that it fails to provide a suitable source for 
the depleted Alpine material.

6.2.2.3	The Martin-and-Porada aulacogen model and the 
South West African serpentinites

It is conceivable that ultramafic rocks could have been 
found or emplaced in the graben, downwarping or com-
pressional stage of the aulacogen model.

Igneous rocks produced during the graben phase should 

be alkaline (Bailey 1974) and contain more than normal 
amounts of K2O and Na2O. The South West African ser-
pentinites contain on average 0,05 per cent Na2O and 
0,01 per cent K2O, compared with 0,18 and 0,05 per cent 
respectively, which are the averages for 308 serpentinite 
analyses contained in the literature, and are therefore not 
alkaline.

The location of the rifts as chosen by Martin and Po-
rada (1977) does not coincide with the location of the ul-
tramafics (Figs 1.1 and 6.1). In order to produce the ultra-
mafics in the graben stage they would have to be partial 
melts of mantle and their chemistry should reflect a liquid 
composition. As described in Section 5, the low A12O3, 
Na2O and K2O contents, the high Ni/Co ratio and low 
incompatible-element content of the South West African 
samples are inconsistent with them representing frozen 
liquids or cumulates.

The model predicts that the mantle will be cool during 
the downwarping stage, so partial melting resulting in the 
intrusion of ultramafics is unlikely.

The serpentinites could be viewed as cumulates at the 
base of lavas and sills which may be represented by rocks 
such as the amphibolites of the Matchless Member. Iso-
lated occurrences of talc and chlorite schists are present 
at the base of the Matchless Member (Table 1.1). Howev-
er, these ultramafics do not have the chemistry suitable to 
continental cumulates, since the FeOt, MnO and Cr con-
tents are too low relative to the SiO2 content. In addition, 
some liquid would be trapped in a cumulate resulting in 
some incompatible elements being present.

If the bodies had intruded during the compressional 
stage then they would originally have been partial melts 
of mantle material because the mechanical problems of 
moving a solid peridotite with a density of 3 t/m3 through 
20 km of continental material with a density of 2,6 to 2,8 
t/m3 in a compressional environment are considerable and 
furthermore, the model requires the mantle to be hot and 
undergoing partial melting at this stage.

Additionally the bodies could not have reached their 
present position as ultramafic melts since they appear  
to have been tectonically emplaced (Section 2) and they 
have not induced thermal metamorphism, nor have con-
tained slices of acidic country rock undergone partial 
melting.

Hence the melts would have had to pause and cool be-
fore being emplaced in their present position. The bodies 
could not have been serpentinised at such a stage because 
the original serpentinisation took place at between 85 and 
185°C (Section 4) and the crust is supposed to be un-
dergoing partial melting during the compressional phase 
(even antigorite serpentinisation only takes place below 
400°C). Furthermore, the present stratigraphic position of 
the bodies in the aulacogen model implies that there were 
at least 20 km of sediments above them. An average crus-
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tal geothermal gradient of 25°C/km (Miyashiro 1973)  
results in the temperature at 20 km being 500°C. There-
fore, serpentinisation would have had to take place  
after emplacement and after metamorphism as the tem-
peratures during Damara metamorphism were too high 
for lizardite or antigorite serpentinisation. This raises 
three problems:

(a)	 The solid block of peridotite (3,00 t/m3) would be 
denser than the country rock (2,6 to 2,8 t/m3), so upward 
movement of the peridotite seems unlikely.

(b)	 In this model the formation of talc and chlorite schists 
should post-date deformation, but the talc and chlorite 
schists contain the dS2 fabric.

(c) 	The serpentinites do not have a suitable chemistry to 
represent partial-melt material.

On the basis of all these considerations, it seems un-
likely that serpentinites were formed in an aulacogen 
environment, albeit modified as proposed by Martin and 
Porada.

6.2.3	PLATE-TECTONIC MODEL

The plate tectonic model visualises an ocean trend-
ing north-east in the area now occupied by the Khomas 
Subgroup (Khomas Trough), (Blaine 1977, Hartnady in 
press; Sawyer 1978). The width of the ocean depends on 
how the palaeomagnetic data are interpreted. The sedi-
ments known as the Nosib Group are thought to have 
been deposited in the continental areas during rifting or 
during the early stage of ocean spreading.

After a period of spreading, closure of the basin may 
have begun with the initiation of a north-westerly-dip-
ping subduction zone beneath the central zone (Sawyer 
1978). The thick sediments of the Kudis and Khomas 
Subgroups were deposited on the margins of the ocean 
basin before and possibly during closure. The Damara S 
surfaces (Table 2.1) may reflect the deformation resulting 
from ocean closure with considerable thrusting along the 
southern margin (Bickle and Coward 1977). After clo-
sure, metamorphism took place in the orogen.

In contrast to an aulacogen environment, ultramafic 
rocks are common in orogenic belts which are believed 
to have formed by plate-tectonic processes (Dewey and 
Bird 1971). This is because in the oceanic phase of the 
plate-tectonic model, mantle material is exposed.

Bonatti et al. (1971) outline two types of ultramafics 
observed along the equatorial Mid-Atlantic Ridge. In one 
type, the ultramafics formed as cumulates in ultramafic
mafic complexes in the lower oceanic crust and in the 
other, serpentinites formed as isolated bodies on the ba-
saltic sea floor.

Some ophiolite sequences which contain these two types 

of ultramafic rocks (Rod 1974) are interpreted as slices of 
oceanic crust abducted onto continental margins.

A second source of ultramafic material, during con-
tinent collisions, is slivers of continental mantle which 
may be thrust into suture zones, resulting in transport of 
fertile mantle material to near the surface (Dewey 1977). 
If this rise is rapid, fertile mantle may undergo melting, 
and when the body reaches surface it consists of fertile 
material containing dykes of primary partial melt and 
perhaps cumulates and lenses of residual composition.

Assuming the serpentinites to be of Damara age, the 
following sequence of events may have taken place:

Stage l - Serpentinisation (De Wit et al. 1977)

Transverse zones of tectonic weakness dominate the 
basement morphology of large areas of oceanic crust.  
Water percolates along the fractures and hydrates the 
mantle peridotite (Fig. 6.2). In this case the reactions 
would be:

(i)	 15FO90+90PX+24H2O+0,502=12LZ+MA

(x)	 4EN+2FO+2Mg-SN+8H2O=CH1

At this stage, hourglass pseudomorphs and bastites de-
velop under low-temperature serpentinisation. The upper 
mantle in the oceanic areas is thought to consist of deplet-
ed material (Ringwood 1977). The depleted nature of 80 
per cent of serpentinites is consistent with their derivation 
from oceanic upper mantle.

Stage 2 - First emplacement (Bonatti 1976)

The process of serpentinisation of a peridotite involves 
a volume increase of about 30 per cent. As serpentinisa-
tion proceeds the density of peridotite decreases dramati-
cally from 3 t/m3 to 2,2 to 2,5 t/m3. Raleigh and Paterson 
(1965) show that the strength of crysotile-lizardite ser-
pentinite decreases markedly at pressures greater than 1 
kb (Fig. 4.1).

The combination of volume increases, density contrast 
and decrease in strength may enable the serpentinised 
peridotites to rise diapirically into the ocean crust. If the 
South West African serpentinites originated in this way, 
the hornblendite ‘dykes’ (which plot in the ocean-floor 
basalt field, Figs 5.6 and 5.7) may have been intruded 
while the serpentinites formed part of the ocean floor or 
they may be tectonically included fragments.

Stage 3 - Second emplacement

During ocean closure the serpentinites would be sub-
ducted and subjected to increased stress. Owing to the 
weakness of serpentine minerals under stress and the den-
sity contrast between them and ocean- floor basalt, the 
serpentinites would tend to “migrate into the lower stress 
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environment of the overlying trench sediments. Vetter 
and Meissner (1977) show that stress rises in the subduc-
tion zone by a factor greater than ten relative to the sur-
rounding rocks.

Two deformational events are thought to have occurred 
in the Damara Trough during the final stages of ocean-
floor closure, while thrusting took place along the southern 
margin of the Khomas Trough. The deformation may have 
provided the impetus for emplacement of serpentinites into 
the overlying Damara sediments and on to the pre-Damara 
inlier (Fig. 6.2c) along planes parallel to the present dS2 
planes.

As the bodies were emplaced, the serpentine at the margins 
would come into contact with quartz-bearing rocks and the 
reaction:

	 AG+2QZ=TC+H2O

could proceed. During emplacement, the lizardite may 
have recrystallised partially to antigorite since this is the 
stable serpentine mineral at higher pressures and tempera-
tures (Evans et al. 1976). The lizardite would then recrys-
tallise to produce largely non-pseudomorphic textures with 
only a few pseudomorphs remaining.

Stage 4 - Metamorphism

After emplacement and deformation the bodies were sub-
jected to amphibolite-facies metamorphism as described in 
Section 4. If any serpentine remained as lizardite it would 
have recrystallised to antigorite under the ruling PT condi-
tions.

During metamorphism relict clinopyroxene in the peri-
dotite may have reacted with antigorite to form amphibole- 
and carbonatebearing rocks. The solutions containing Ca, 
Fe and Mg ions, produced by the clinopyroxene reaction, 
may have interacted with the country rock to form epidote 
and chlorite. The metamorphism is later than the deforma-
tion which produced dS2 since the amphiboles are not ori-
entated in this foliation.

Dewey (1977) states that as plates containing continents, 
island arcs, etc. are subducted, collisional strain occurs be-
cause they are not subducted smoothly on account of their 
buoyancy or topography. The result of the collisional strain 
is welding or suturing of the masses against the subduc-
tion zone with which they collide. Sutures therefore mark 
the zones along which oceanic lithosphere has been totally 
subducted. Martin and Porada (1977) point to the lack of 
a suture zone in the Damara Orogen as a major deficiency 
in the plate-tectonic model. This apparent absence may be 
understood when the full complexities of subduction are 
taken into account. As pointed out by Dewey there may 
be a great variety of high-strain zones associated with 
wide zones of basement reactivation. This makes it diffi-
cult, particularly at a deep structural level in eroded older 
orogenic systems, to recognise a line along which suturing 

took place.

The simplest kind of suture is a high-strain zone con-
taining disrupted ophiolite remnants and occasionally a 
blueschist melange. The zone should separate two areas 
with dissimilar pre-collisional strain histories. Porada and 
Wittig (1975) have identified ten zones of different struc-
tural history along the southern margin of the Damara, but 
only five are laterally continuous. Hartnady (in press) rec-
ognises four different laterally continuous structural zones 
in this area.

In the models of Dewey (1977) and Moores and Mc-
Gregor (1972), suture-zone fragments of oceanic crust are 
thrust/abducted on to continental plates resulting in ophi-
olitic nappes. Ophiolites have been described by Moores 
and Vine (1971) and early European workers as a gross 
sequence passing from variably serpentinised dunite and 
peridotite through gabbros into pillow lavas capped by 
sediments.

There is no suggestion that the serpentinites in central 
South West Africa represent an ophiolite suite, as serpen-
tinites alone are present. However, as has been shown, 
serpentinites may move more readily than the other ocean-
floor material and become detached from the rest of the 
suite. The apparent lack of a complete ophiolite suite could 
be related to the spreading rate of the oceanic ridge. Bar-
rett and Spooner (1977) suggest that ophiolites that form 
at smooth, non-rifted, fast-spreading ridges will be less in-
tensively fractured than those that form at rifted slow-mov-
ing ridges. The greater cohesion and lateral continuity of 
a smooth, ridge-generated crust during later tectonic em-
placement results in preferential preservation of this type 
as opposed to the rifted ridge-type crust. Only occasionally 
would rifted ophiolite suites be emplaced on the continent 
and then only as disconnected fragments.

The ultramafic bodies usually lie close to the boundary 
between Hartnady’s zones II and III which are the Red 
Band in the west and Auas quartzite in the east.

Following on these lines of argument it is suggested that 
the ultramafics in central South West Africa mark the su-
ture zone or zones in a plate-tectonic model of the Damara 
Mobile Belt. They meet two of the requirements outlined, 
namely they separate zones of different structural history 
and they possibly represent the dismembered ultramafic 
portions of an ophiolitic sequence. The absence of a blues-
chist melange may be due to its subsequent metamorphism 
or slow rate of uplift.

The approximate linear distribution of the ultramafic 
bodies also suggests that they may lie along a suture zone.

6.2.4	 PRE-DAMARA MODEL

This model examines the possibility of the serpentinites 
having formed during the pre-Damara and being subse-
quently re-emplaced during Damara deformation.
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It has been shown that the chemically depleted nature of 
the serpentinites and the low temperature of original ser-
pentinisation are best explained by a plate-tectonic model. 
Therefore, evidence of a set of events similar to those out-
lined, namely hydration of depleted mantle near a spread-
ing ridge, emplacement of serpentinites into oceanic crust 
and subduction of sea floor resulting in emplacement of 
serpentinites along a pre-Damara suture zone, warrants ex-
amination.

In both plate-tectonic and aulacogen models for the 
Damara, the initial stages involve rifting of the pre-Damara 
crust. In the aulacogen model the serpentinites remain pas-
sive from the graben to the compressional phase. During 
the compressional phase the serpentinites might be em-
placed along planes parallel to dS2.

In the plate-tectonic model the serpentinites remain pas-
sive in the southern continental block until this is subducted 
during closure of the Damara ocean. Then the serpentinites 
move, for reasons given in Section 6.2.3, and are re-em-
placed along planes parallel to dS2.

As is explained in Sections 3 and 4 the earliest fabric 
contained by the talc and chlorite schists is of Damara age 
and can therefore not represent a pre-Damara deformation-
al event. It is noted that pre-Damara country rocks adjacent 
to serpentinites do contain pre-Damara fabrics. The talc is 
believed to have formed by the reaction:

	 AG+2QZ=TC+H2O

Consequently conditions during the pre-Damara cannot 
have exceeded curve (b) in Figure 4.2. The amphiboles de-
veloped after Damara deformation so conditions can also 
not have exceeded curve (c) in the figure. As both the plate-
tectonic and aulacogen models invoke rifting prior to the 
Damara, the maintenance of PT conditions below curve (b) 
seems unlikely. During rifting, heat flow and hence the ge-
othermal gradient rise as a result of heat transfer, first due 
to degaussing and later due to movement of melts (Bailey 
1974). Estimates of the geothermal gradient in rifted ar-
eas vary from 30°C/km (Holmes 1965) to 40°C/km (Von 
Henzer, quoted by Bailey 1974). Hence, the serpentinites 

must have been within 9 km of the surface during rifting, 
otherwise talc would have developed.

While the possibility exists that the serpentinites were 
present in the pre-Damara basement and were then re-em-
placed during the Damara deformation in a plate-tectonic 
or aulacogen model, this sequence of events requires the 
following remarkable number of coincidences:

(a)	 An ocean formed exactly in the same place as the pro-
posed Damara ocean.

(b)	 Continental collision took place north of the later 
Damara-Rietfontein rift (Fig. 6.1).

(c) 	 The serpentinites escaped any obvious pre-Damara 
metamorphism or deformation.

(d) 	 The pre-Damara subducting plate dipped northwards.

If the plate had dipped southwards the serpentinites in 
the pre-Damara would have been tectonically emplaced 
along southward-dipping thrust planes. Then had these 
been subducted during the Damara the likelihood of south-
ward-dipping serpentinites being intersected and brought 
up along northward-dipping thrusts seems remote. What 
little evidence there is for a pre-Damara plate-tectonic 
model, namely the calc-alkali volcanism and the Gamsberg 
Granite (Watters 1974), suggests that the plate would have 
subducted southwards.

6.3	 SUMMARY

With reference to the three major points under consid-
eration, it is concluded that the serpentinites as well as the 
talc schists, chlorite schists and the amphibole- or carbon-
ate-bearing serpentinites were derived from harzburgite 
containing lenses of spinel harzburgite and 1herzolite; 
that serpentinites from all four types of field occurrences 
were derived from Alpine material which was depleted to 
varying degrees and that the serpentinites were emplaced 
during Damara deformation. Furthermore their chemically 
depleted nature and the low temperature of original ser-
pentinisation favour a plate-tectonic model for the Damara 
Mobile Belt.
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APPENDIX II - PETROGRAPHIC DESCRIPTIONS

1. PRE-DAMARA COUNTRY ROCKS

1.1 GNEISS AND EPIDOTISED GNEISS

The descriptions are based on slides made from rocks taken on a traverse across the country rocks to the contact with 
the serpentinite at Gauchab. Numbers in brackets represent percentages of the component minerals.

GB 78-240 m from the contact the minerals are: plagioclase of composition An35 (40), quartz (30), K feldspar (20), 
biotite (5), muscovite (4) and spinel (1). The texture is granoblastic polygonal. The felsic minerals are equigranular.

GB 90-180 m from the contact a stronger fabric is developed in the gneiss. The minerals are: quartz (40), An30 (30), 
muscovite (10), microcline (10), biotite (7), magnetite (2) and zoisite (1). The texture is poorly lepidoblastic as outlined 
by biotite. The muscovite is intergrown with the biotite. The felsic material appears to be granoblastic.

GB 91-60 m from the contact, the gneiss is practically a schist, comprising perthite (25), quartz (20), muscovite (20), 
microcline (14), biotite (13), epidote (5) and magnetite (3). The texture is lepidoblastic, outlined by biotite, mineral layer-
ing and the long axes of feldspar porphyroblasts.

GB 93-10 m from the contact, chlorite and amphiboles have developed in the rock which consists of quartz (20), biotite 
(20), plagioclase (20), epidote (15), hornblende (10), garnet (8), chlorite (5), magnetite (1) and apatite (1). The texture is 
lepidoblastic as outlined by biotite, mineral layering and the long axes of the feldspar porphyroblasts. This rock type has 
been named epidotised gneiss.

1.2 AMPHIBOLITE, EPIDOTE AMPHIBOLITE AND CHLORITE AMPHIBOLITE

300 m from the contact, the country rock is an amphibolite composed of actinolite, oligoclase, quartz and chlorite. The 
fabric is poorly lepidoblastic and is outlined by the long axes of actinolite and by mineral layering.

10 m from the main body of serpentinite, amphibolite containing epidote is present. It consists of hornblende, actino-
lite, epidote, oligoclase and magnetite. The fabric is poorly lepidoblastic, outlined by alternating layers of amphibole and 
epidote plus oligoclase.

5 m from the contact between the chlorite schist of the ultramafic body and the country rock, epidote amphibolite 
consisting of hornblende, epidote, labradorite, sphene and chlorite is developed. The texture is poorly lepidoblastic and 
is outlined by mineral layering. Epidote makes up 40 per cent of the rock.

At the edge of the Gauchab and Elisenhöhe serpentini tes, chlorite amphibolite is present. This rock type is believed to 
be an altered amphibolite.

1.3 MICA SCHIST, EPIDOTE-MICA SCHIST AND CHLORITE-MICA SCHIST

240 m from the contacts at Gauchab and Elisenhöhe, mica schist composed of biotite (30), andesine (25), muscovite 
(20), quartz (19), opaques (5) and apatite is developed. The texture is poorly lepidoblastic, outlined by mineral layering. 
The biotite forms 4-mm poikiloblasts enclosing quartz, plagioclase, apatite and opaque minerals. The biotite has straight 
grain boundaries with muscovite and opaques but with quartz and plagioclase the margins are cuspate. Muscovite also 
forms 4-mm poikiloblasts and is usually closely associated with biotite. Opaques are present within the poikiloblasts. The 
muscovite has straight grain boundaries with the other minerals. The andesine is poikiloblastic, containing muscovite and 
biotite. The andesine, partly altered to sericite, has straight grain boundaries with all minerals. Closely associated with 
the andesine is xenoblastic quartz which may contain apatite.

50 m from the contact, epidote is developed and the rock contains biotite (30), quartz (20), muscovite (20), oligoclase 
(20), epidote (5) and opaques (5). The texture is strongly lepidoblastic.

At the contact, chlorite is developed in the mica schist which consists of chlorite (40), quartz (20), oligoclase (15), 
biotite (10), muscovite (5), epidote (5) and opaques (5).

2. 	 DAMARA COUNTRY ROCKS

2.1 	METACONGWMERATE AND EPIDOTISED METACONGLOMERATE

The Nosib conglomerate on the farm Elisenhöhe appears to have been modified in the vicinity of the serpentinite. Some 100 
m east of the body it has an arkosic matrix and contains subangular pebbles of gneiss, mica schist and minor amphibolite. 
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Thin sections reveal the matrix minerals to be quartz, orthoclase, microcline, perthite, muscovite, biotite and opaques. 
Lithic fragments may also be present. The texture is granoblastic. The quartz grains measure 0,15 mm and have straight 
boundaries. The orthoclase and microcline form xenoblastic grains 0,2 mm in size with lobate boundaries. Perthite forms 
xenoblastic grains 0,3 mm in size with lobate grain boundaries and contains numerous inclusions, with high relief, that 
are too small to identify. Biotite and muscovite laths are 0,07 mm long. Opaques occur scattered through the slide as 
xenoblastic grains with straight boundaries.

At 10 m from the contact, the conglomerate matrix is dark green and contains pebbles of epidotised gneiss, epidote 
amphibolite and chlorite-amphibole schist. The matrix is composed of actinolite, epidote, plagioclase, orthoclase, quartz, 
opaques and sphene.

The texture is nematoblastic and is outlined by actinolite needles 2 mm long in between remnants of pebbles. Actino-
lite also occurs in clusters, approximately 5 mm in size, in which the crystals have a different optical orientation to the 
needles in the matrix. Epidote forms small xenoblastic grains which occur as veins in the gneiss pebbles and throughout 
the chlorite-amphibole schist pebbles. Epidote forms lobate grain boundaries. Oligoclase forms 2-mm xenoblastic grains. 
The grain boundaries are sutured, suggesting recrystallisation. The twin lamellae are deformed and the oligoclase has 
undulose extinction. Exsolution of new untwinned plagioclase associated with epidote is apparent. Orthoclase occurs in 
pebble fragments of the gneiss and quartz occurs as small xenoblastic grains with epidote. Opaques and sphene are inter-
grown and are usually associated with actinolite. They form xenoblastic grains with lobate boundaries.

2.2 BIOTITE SCHIST, EPIDOTISED BIOTITE SCHIST AND CHLORITE-BIOTITE SCHIST

10 m from the serpentinite-country rock contact at Okahau, the biotite schist consists of quartz (28), biotite (20), mus-
covite (20), An45 (10), orthoclase (10), garnet (5), kyanite (2), opaques (3), spinel (1) and staurolite (1).

The lepidoblastic texture is outlined by muscovite which is crenulated by S3. Biotite grows mimetically as laths on dS2 
planes. Quartz and feldspar form a granoblastic polygonal texture except where quartz has formed porphyroblasts. The 
garnet is idioblastic and poikiloblastic and contains muscovite, quartz and feldspar. Kyanite forms laths in the muscovite. 
Opaque grow along dS2 planes and are lath shaped. Spinel forms idioblastic grains throughout. Staurolite forms small 
subidioblastic grains intergrown with quartz and muscovite.

In slides from rock collected along the contact, the mineralogy and mineral relationships remain the same except that 
up to 5 per cent of epidote is present and chlorite replaces biotite. The epidote forms small round grains in association 
with plagioclase.

2.3 AMPHIBOLITE AND EPIDOTE AMPHIBOLITE

At Otjihaenena and Talana, amphibolite is present in the mica schist. The amphibolite 3 m from the contact consists of 
hornblende, plagioclase, opaques, garnet, chlorite and epidote. Epidote makes up less than 5 per cent of the rock.

The felsic material is granoblastic polygonal. The feldspars are 0,07 mm in size. The hornblende forms laths 0,17 
mm long. The opaques are poikiloblastic and contain feldspar. The poikiloblasts are 0,5 mm in size with straight grain 
boundaries. Garnet occurs as subidioblastic poikiloblasts partly altered to chlorite. Epidote occurs as small round grains 
throughout the rock.

The amphibolite 1 m from the contact consists of epidote, oligoclase, biotite, hornblende and opaques. The mineral 
relationships remain the same as those described. Epidote can clearly be seen replacing plagioclase.

3.  ULTRAMAFIC ROCKS

3.1 OLIVINE SERPENTINITE

The terminology used to describe textures here is after Wicks and Whittaker (1977).

The rock consists of a non-pseudomorphic fine-grained groundmass containing antigorite laths, antigorite pseudo-
morphs and forsterite (Fogo). The non-pseudomorphic fine-grained groundrnass of antigorite contains dust-like magnet-
ite particles. The texture is interlocking. Around the edge of forsterite a mesh-textured C-antigorite is developed. In the 
fine-grained material there are laths 0,7 mm long with an hourglass texture. The antigorite pseudomorphs contain opti-
cally aligned grains which produce a curtain texture. The pseudomorphs contain both C- and A-antigorite. Antigorite may 
form veinlets in which the small laths have grown both parallel and perpendicular to the walls. Forsterite forms polygonal 
grains, 0,06 mm in diameter, some of which are in optical continuity. Opaques occur as xenoblasts 0,35 mm in size and 
as a fine dust in the pseudomorphic material. 
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3.2 HOBNAIL SERPENTINITE

The hobnail serpentinite consists essentially of antigorite and magnetite although chlorite, carbonate and quartz are present in 
a few specimens. It has a fine-grained non-pseudomorphic matrix with interpenetrating and interlocking grains. Pseudomorphs 2 
mm in size consist of Aand C-antigorite, magnetite and occasionally carbonates. The veinlets, containing non-asbestose A-antig-
orite laths 0,125 mm in size, cut across the matrix.

The three different forms produce the hobnail weathering surface. The pseudomorphs weather light brown and more rapidly than 
the matrix, hence forming a negative surface. The matrix weathers a deep brown and more rapidly than the veins thus forming a 
neutral surface. The veins form pale-brown ridges.

The antigorite in the veins has a comb structure with sutured grain boundaries and undulose extinction. The texture in the pseu-
domorphs varies considerably. There may be an inner core of curtain-textured A- and C-antigorite surrounded by a coarse-grained 
mesh-structured antigorite. In some cases only the core or rim of the pseudomorphs is developed. Occasionally, the magnetite dust 
appears to follow pyroxene cleavages in the pseudomorphs. In rare instances clay is developed in the pseudomorphs. Magnetite 
occurs as a fine dust along lines in the curtain-textured pseudomorphs and as large xenoblastic grains in the antigorite mesh.

In weathered specimens, veinlets of chalcedony and quartz or carbonate are present. The quartz in these veinlets exhibits growth 
lines.

3.3 TALCOSE SERPENTINITE

This rock consists of talc, antigorite and magnetite. Ankerite and actinolite are present in some specimens. A- and C-antigorite 
pseudomorphs are surrounded by a matrix of non-pseudomorphic C-antigorite, talc and magnetite. veinlets of non-asbestose C-
antigorite traverse the matrix.

Magnetite occurs as a fine dust surrounding pseudomorphs and along cleavage traces. The grains are subidioblastic and have 
straight boundaries. Magnetite also occurs as idioblastic cubes 0,1 mm in size in the pseudomorphs. Talc occurs as laths and xe-
noblastic grains in the matrix. Normally grain boundaries are straight, however, in some thin sections the talc exhibits a decussate 
growth with cuspate grain boundaries. Ankerite forms 0,5-mm subidioblastic grains and contains numerous inclusions of talc, 
magnetite and antigorite. The ankerite is rimmed by iron staining. Actinolite forms subidioblastic needles 0,1 mm in size. Occa-
sionally it is pseudomorphous after pyroxene.

3.4 CARBONATE SERPENTINITE

Carbonate serpentinite consists of either ankerite or dolomite plus antigorite and magnetite. The texture is made up of A- and 
C-antigorite pseudomorphs with curtain textures surrounded by a non-pseudomorphic matrix of C-antigorite with interlocking and 
interpenetrating textures. Long needles of antigorite with hourglass texture are also present. These needles penetrate large xeno-
blastic grains of carbonate which are filled with minute inclusions. Magnetite forms subidioblastic grains in the matrix or small 
cubes associated with ankerite.

3.5 TALC SCHIST

The talc schist consists of talc and magnetite, together with chlorite and carbonate in some specimens. Its lepidoblastic texture 
is outlined by the long axes of pod-shaped talc aggregates and by iron staining. The long axes of the talc laths within the pods 
commonly make an angle of 30° with the main schistosity. Magnetite forms dust-like particles along the main schistosity and also 
occurs as I-mm cubes growing across it. Small grains of chlorite and carbonate may be present in the pod-shaped aggregates.

3.6 TALC-AMPHIBOLE SCHIST

The talc-amphibole schist consists of talc, either actinolite or anthophyllite, and magnetite. Chlorite is present in some speci-
mens.

The texture is lepidoblastic, outlined by the long axes of pod-shaped talc aggregates. The talc forms either as subidioblastic laths 
in the pods or large xenoblastic flakes in a matrix around the pods. The actinolite needles in the pods appear to have been altered 
to talc and chlorite. There are aggregates of authophyllite needles in the talc matrix.

Chlorite which forms as large flakes in the matrix is not found in contact with the amphibole. Idioblastic magnetite cubes disrupt 
the schistosity.

3.7 CHLORITE SCHISTS

In hand specimen the schist is usually dark green with a silvery sheen on foliation surfaces. It is strongly schistose and consists 
almost solely of clinochlore and magnetite, although idocrase may be a minor component. The texture is poorly lepidoblastic. 
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Along cleavage planes there is iron staining. The texture resembles that of the hobnail serpentinite, suggesting that the parent 
rock was similar in both cases or that the chlorite has replaced the serpentinite. The chlorite forms a matrix of interlocking 
laths with sutured and straight boundaries, in which are pseudomorphs of chlorite with curtain texture. Magnetite forms 
dust-like particles along the main schistosity and occurs as small cubes with a random distribution. These cubes may coa-
lesce to form large aggregates.

3.8 ACTINOLITE FELS

The actinolite fels consists of actinolite, talc and chlorite with quartz as a minor component. Needles of actinolite, as 
much as 30 mm long, with a radiating acicular structure lie in a groundmass of talc and chlorite. There are subidioblastic 
laths of talc in the groundmass and also penetrating into cracks in the actinolite. The chlorite forms as large xenoblastic 
grains in the groundmass and the quartz occurs as polygonal grains in the talc.

3.9 HORNBLENDITE DYKES

The hornblendite ‘dykes’ consist of hornblende, epidote, sphene and magnetite with minor amounts of plagioclase, 
chlorite, augite and quartz. The texture is blastophitic, outlined by hornblende and epidote. Hornblende occurs as subidi-
oblastic poikiloblasts which contain all the other minerals. Epidote forms a fine-grained groundmass with a granoblastic 
polygonal texture. Sphene occurs as a fine-grained aggregate within the hornblende or at the margins of the hornblende 
crystals. Magnetite forms cubes which coalesce into xenoblastic aggregates containing epidote and hornblende. Plagi-
oclase is intergrown with epidote, as is the quartz. Chlorite appears to be replacing the hornblende. 
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