
1. INTRODUCTION

The metamorphic grade in the Damara Orogen in-

creases from the north and the south towards the Central 

Zone, where high-grade conditions were reached and 

extensive partial melting occurred (Hoffer, 1978; Ho-

ernes and Hoffer, 1979; Kasch, 1983a). Two distinctly 

different prograde patterns are developed, reflecting a 
gross asymmetry in the regional metamorphism across 

the orogen. Relatively high pressure conditions have 

prevailed in the southern Damara Orogen, whereas the 

pressure was distinctly lower in the central and north-

ern portions. The peak metamorphic temperature was 

more or less constant in most parts of the Khomas Zone 

(Fig. 1), in which the assemblage kyanite + staurolite 

+ garnet + biotite + muscovite + quartz is common. In 

contrast the pressure decreased from 7-10 kb along the 

southern edge of the Khomas Zone to approximately 

4kb near its northern edge (Kasch, 1983a).

Both microtextural evidence and a quantitative re-

construction of the metamorphic history suggest that 

parts of the southern Damara Orogen have experienced 

two regional metamorphic events, which were sepa-

rated by a decrease in temperature (Kasch, 1983b,c). 

This contrasts with the interpretation by Hoffer (1978), 

who has suggested that the Damara Orogen as a whole 

experienced a single prolonged event of regional meta-

morphism.

The upper Black Nossob River area is located in the 

eastern parts of the Damara Orogen of central SWA/

Namibia between Okahandja and Steinhausen (Fig. 1). 

The aim of the present investigation was to map meta-

morphic zones in the upper Black Nossob River area 

and to study the regional variation in temperature and 

pressure by quantitative geothermometry and geobaro-

metry. Furthermore an attempt has been made to com-

pare and contrast the tectonothermal evolution of the 

major tectonic units of this area.

2. GENERAL GEOLOGY

The upper Black Nossob River area has been subdi-

vided into three major tectonostratigraphic units (Kasch, 

1986). The lowermost unit is the Ekuja-Otjihangwe 

Nappe Complex, which underlies the southern, central, 

and eastern portions of the area (Fig. 2). The Onjona-

Eleksie Nappe Complex occurs in the central, northern 

and north-eastern parts, while the uppermost unit, the 

Onyati Mountains Schist Belt, is exposed in the west 

and north-west. Except for the Onyati Mountains Schist 

Belt, outcrops in the mapped area are rather poor.

The Ekuja-Otjihangwe Nappe Complex is essentially 

made up of basement gneiss and a relatively thin cover 

of Damara Sequence metasedimentary and volcanic 

rocks, which has been correlated with the Vaalgras 

Subgroup of the Southern Margin Thrust Belt (Kasch, 

1986). Major thrusting has resulted in a repetition of 

this basement-cover sequence, suggesting that the Eku-

ja-Otjihangwe Nappe Complex is part of the Southern 

Margin Thrust Belt.

The Onjona-Eleksie Nappe Complex and the Onyati 

Mountains Schist Belt are both regarded as part of the 
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Khomas Zone and are separated from the underlying 

Ekuja-Otjihangwe.Nappe Complex by the Hochberg 

Thrust (Fig. 2). Intensely foliated basement gneiss and 

coarse-grained quartzite, marble, calc-silicate rock and 

minor schist make up the Onjona-Eleksie Nappe Com-

plex. The proposed correlation of the glassy quartzite 

with the Nosib Group of the Central Zone (Martin, pers. 

comm., 1985) is uncertain, but the overlying marble 

and calc-silicate rock unit is correlated with the lower 

or middle portions of the Swakop Group. The Onyati 

Mountains Schist Belt consists of a very thick suc-

cession of intensely foliated schists belonging to the 

Kuiseb Formation.

Intense deformation has produced several generations 

of isoclinal folds in all three zones (Kasch, 1986). How-

ever, despite some structural similarities there are also 

important differences. Apart from an early pre-Dama-

ra foliation in the basement of the Ekuja-Otjihangwe 

Nappe Complex, the earliest Damaran structures of this 

unit are probably younger than the D
1
 and D

2
 structures 

of the Khomas Zone. Isoclinal F
1
 and F

2
 folds and the 

penetrative s
1
 and s

2
 foliations of the Khomas Zone have 

been folded by tight and isoclinal F
3
 folds. In the Onyati 

Mountains Schist Belt, progressive deformation during 

D
2
 resulted in the rotation of the F

3
 folds into the direc-

tion of shearing, which is parallel to a prominent west-

north-westward plunging l
2
 mineral lineation. A distinct 

northward plunging stretching lineation is associated 

with the Hochberg Thrust, while the F
2
 and possibly the 

F
3
 folds in the Onjona-Eleksie Nappe Complex have 

been rotated into the direction of overthrusting, indi-

cating that at least the first two phases of deformation 
of the Khomas Zone predate the Hochberg Thrust. The 

west to west-north-westward plunging and southward 

vergent F
3
 folds together with the stretching lineations 

of the Hochberg Thrust indicate that thrusting of the 

Khomas Zone over the Ekuja-Otjihangwe Nappe Com-

plex was from north to south.

3. METAMORPHIC ZONES AND TEXTURES

3.1 Metamorphic Zones

Mapping of metamorphic mineral assemblages in pe-

litic rocks of the upper Black Nossob River area has 

revealed significant variations in metamorphic grade. 
In the Onyati Mountains Schist Belt in the west, three 

distinct metamorphic zones which are separated by two 

well-defined isograds, are recognized (Fig. 3). From 
south to north, these are the staurolite-kyanite zone (I), 

the staurolite-sillimanite zone (II), and the biotite-sil-

limanite zone (III), which are separated by the kyanite-

sillimanite and the staurolite-out isograds (Fig. 3). At 

these isograds the univariant reactions in the six com-

ponent pelitic subsystem K
2
O-FeO-MgO-Al

2
O

3
-SiO

2
-

H
2
O (KFMASH of Thompson, 1976a) are

kyanite = sillimanite   (1) and

staurolite + muscovite + quartz = garnet + biotite + sil-

limanite + H
2
O    (2)

A north-south trending staurolite-out isograd in the 
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south-central portions of the area separates the biotite-

kyanite zone (IV) from the staurolite-kyanite zone (I). 

In the central, northern, and eastern parts, outcrops of 

pelitic schists are almost entirely absent and, therefore, 

it was not possible to map metamorphic mineral assem-

blages in the Onjona-Eleksie Nappe Complex and in 

parts of the Ekuja-Otjihangwe Nappe Complex.

Typical assemblages in order of decreasing abun-

dance in each of the three metamorphic zones of the 

Onyati Mountains Schist Belt are:

Zone I

kyanite + staurolite + garnet + biotite + muscovite + 

quartz

staurolite + garnet + biotite + muscovite + quartz 

kyanite + garnet + biotite + muscovite + quartz

Zone II

sillimanite + staurolite + garnet + biotite + muscovite 

+ quartz

kyanite + staurolite + garnet + biotite + muscovite + 

quartz
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sillimanite + kyanite + garnet + biotite + muscovite + 

quartz

sillimanite + kyanite + staurolite + garnet + biotite + 

muscovite + quartz

staurolite + garnet + biotite + muscovite + quartz 

kyanite + garnet + biotite + muscovite + quartz

Zone III

sillimanite + garnet + biotite + muscovite + quartz

sillimanite + biotite + muscovite + quartz

sillimanite + kyanite + garnet + biotite + muscovite +

quartz

kyanite + garnet + biotite + muscovite + quartz

Although kyanite is present everywhere in the upper 

Black Nossob River area, it is metastable in zones II and 

III, where it was produced before the peak of metamor-

phism was reached. However, in these two zones the 

modal content of kyanite in the schists clearly decreases 

while that of sillimanite increases from south to north. 

Plagioclase and retrograde chlorite are usually present 

and accessory minerals are sphene and ilmenite, while 

calcite, rutile and tourmaline are occasionally found.

Typical assemblages in Zone IV are:

kyanite + garnet + biotite + muscovite + quartz 

garnet + biotite + muscovite + quartz

garnet + hornblende + biotite + muscovite + epidote + 

quartz.

Outcrops of kyanite-bearing schists in zone IV are 

restricted to a few localities, one of which occurs along 

the south-eastern slopes of Hochberg hill on the farm 

Hochberg 158. Plagioclase and retrograde chlorite are 

frequently present, and accessory minerals are sphene, 

ilmenite, rutile and calcite.

3.2 Metamorphic Textures 

3.2.1 The Timing of Metamorphism

Textural evidence suggests that most metamorphic min-

erals in the Onyati Mountains Schist Belt grew during 

D
2
 as well as after D

4
.

Staurolite and kyanite frequently define a prominent 
l
2
 mineral lineation (Kasch, 1986), which is often tight-

ly crenulated by F
3
 micro folds, and many bent kyanite 

crystals have been observed in thin section. Many gar-

nets show S-shaped inclusion trails, indicating that they 

are syntectonic (cf. Zwart, 1962; Vernon, 1978). The 

sense of rotation of these garnets is clearly related to the 
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asymmetry of F
2
 microstructures in the schists, suggest-

ing that these are syn-D
2
 garnets. Several garnets have 

straight inclusion trails which are discontinuous with 

the external foliation. These are post-s
2
 but pre-D

3 
gar-

nets. Biotite and muscovite flakes are oriented parallel 
to the s

2
 foliation and deformed by F

3
 micro folds. From 

these textures it is concluded that the Kuiseb schists in 

the upper Black Nossob River area experienced amphi-

bolite facies metamorphism during and just after the 

second phase of deformation.

Many staurolite, kyanite, biotite, and muscovite 

porphyroblasts are randomly oriented and have over-

grown both s
2
 and s

3
 foliations as well as all younger 

crenulations. In contrast, no post-tectonic garnets have 

been identified. Folded sillimanite-rich layers and 
quartz-sillimanite nodules, many of which are elongate 

and aligned parallel to l
2
, were found, suggesting that 

sillimanite growth was syn-D
2
. However, careful thin 

section studies indicate that fibrolite has replaced pre-

viously folded muscovite-rich layers. Many sillimanite 

nodules are pseudomorphs after elongate muscovite 

porphyroblasts (Fig. 4), which were previously aligned 

parallel to l
2
. Within these nodules sillimanite forms ir-

regular clusters of post-tectonic fibrolite. In some in-
stances garnets are pseudomorphed by randomly orient-

ed biotite which in turn shows extensive replacement by 

fibrolite (Fig. 5). Quartz-rich pressure shadows around 
syntectonic garnets are aligned parallel to l

2
. Whenever 

these garnets are completely replaced by fibrolite, the 
pressure shadows are also extensively replaced (Fig. 6), 

again resulting in elongate nodules. Thus, in contrast to 

other mineral phases in the area, all the sillimanite is of 

post-tectonic origin, although it often gives the impres-

sion that it grew during D
2
.

Microstructures in the pelitic schists of the Vaalgras 

Subgroup in zone IV are similar to those in the Kuiseb 

schists. Again, syntectonic as well as post-tectonic ky-

anite, biotite, and muscovite are present, while only 

syntectonic garnets have been identified. It is, therefore, 
evident that the upper Black Nossob River area has ex-

perienced middle amphibolite facies conditions during, 

as well as after, the deformation.

3.2.2 Reaction Textures

Reaction textures have also been studied to provide 

some information on the type of mineral reactions that 

were responsible for the prograde assemblages observed 

in the upper Black Nossob River area. Both garnet and 

staurolite have been frequently corroded and replaced 

by other metamorphic minerals. Staurolite in Kuiseb 

Formation schists of zones I and II is often pseudo-

morphed or partly replaced by kyanite (Fig. 7), which 

in the six component pelitic subsystem KFMASH of 

Thompson (1976a), may be accounted for by the dis-

continuous reaction.

staurolite + chlorite + muscovite = biotite + kyanite + 

quartz + H
2
O (3)

No primary chlorite is present, suggesting that chlorite 

was consumed by reaction (3) before all the staurolite 

reacted out. The metamorphic temperature in the up-

per Black Nossob River area is thus likely to have been 

higher than that required for reaction (3), and indeed 

Hoffer (1983) has mapped the corresponding isograd 

well within the Southern Margin Thrust Belt (Fig. 1).

Garnet, in contrast to staurolite, has been replaced by 
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a variety of minerals, and at least two continuous re-

actions have been responsible for the consumption of 

garnet. In zone IV several garnets in the conglomerate 

matrix of the Hochberg Formation in the Ekuja-Otji-

hangwe Nappe Complex are partly replaced by ran-

domly oriented biotite (Fig. 8). The presence of post-

tectonic kyanite which is almost in contact with garnet 

suggests that the continuous reaction 

garnet + muscovite = biotite + kyanite + quartz  (4) 

was responsible for the breakdown of garnet.

In the schists of the Kuiseb Formation in zones I, II 

and III, biotite, muscovite, and quartz have frequently 

grown along cracks in the core of garnets (Fig. 9). Sim-

ilar textures have been described by Yardley (1977a) 

from the Connemara schists in Ireland. The replacement 

of garnet by muscovite in addition to biotite and quartz 

in the Kuiseb schists is a problem, because in reaction 

(4) both garnet and muscovite are consumed. However, 

Carmichael (1969) and Yardley (1977a) have shown 

that, on thin section scale, a particular mineral can be 

produced in one locality and at the same time it can 

be consumed somewhere else. Diffusion allows two or 

more of these subreactions to exchange chemical com-

ponents and together they make up the net metamorphic 

reaction. It is suggested, therefore, that in the Kuiseb 

Formation schists muscovite, biotite, and quartz have 

replaced garnet while elsewhere in the matrix musco-

vite was consumed by kyanite, biotite and quartz. Ne-

glecting Ca, Mn, and details of Fe-Mg cation exchange, 

the subreactions are:

garnet + [Al] + [K] + H
2
O = biotite + muscovite + 

quartz + [Fe, Mg] + [O]

muscovite + [Fe,Mg] + [O] = biotite + kyanite + [Al] 

muscovite + [Al] + [O] = kyanite + quartz + [K] + H
2
O 

Square brackets denote the components which are ex-

changed between the subreactions.

In zone III garnet is progressively replaced by silli-

manite (Fig. 6) with increasing metamorphic grade and 

near the northern edge of the mapped area hardly any 

garnets are found. Very often these garnets are pseu-

domorphed by biotite, which is itself altered exten-

sively to fibrolitic sillimanite (Fig. 5). Yardley (1977a) 
has proposed a system of subreactions within a closed 

ionic reaction cycle to explain similar textures. How-

ever, the presence of metastable kyanite in the Kuiseb 

schists suggests that in this case garnet initially reacted 
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with muscovite to form biotite and kyanite (reaction 4). 

As conditions of sillimanite stability were reached, the 

biotite pseudomorphing garnet was itself replaced by 

sillimanite accompanied by growth of new biotite in 

the matrix. Neglecting Ca, Mn, and details of Fe-Mg 

exchange reactions, the two subreactions within garnet 

are:

garnet + [K] + [Si] + [Al] + H
2
O = biotite + [O] 

biotite + [Al] = sillimanite + [K] + [Si] + [Fe,Mg] + 

H
2
O 

In the matrix biotite and sillimanite formed at the ex-

pense of muscovite:

muscovite + [Fe,Mg] + [O] = biotite + sillimanite + [Al] 

muscovite = sillimanite + quartz + [K] + [Si] + [Al] + 

[O] + H
2
O

The sum of these subreactions is identical to reaction 

(4): garnet + muscovite = biotite + sillimanite + quartz 

(5). In the Kuiseb schists this reaction occurs on the 

high grade side of the staurolite-out isograd and it is not 

operating simultaneously with the breakdown of stau-

rolite as suggested by Yardley (1977a).

A whole range of garnets exists, from virtually fresh 

ones to those which are almost completely replaced by 

biotite, muscovite, and quartz. In the latter case, the 

randomly oriented biotite and muscovite crystals are 

slightly deformed, indicating that reactions (4) and (5) 

were late syn-tectonic (perhaps syn-D
4
) to post-tecton-

ic. This suggests that a single prolonged metamorphic 

event occurred, which outlasted all four events of de-

formation. In some instances biotite, muscovite, quartz, 

and plagioclase have replaced the core of garnets result-

ing in atoll structures (Fig. 10).

In the Onyati Mountains Schist Belt, early syntecton-

ic kyanite was produced by the discontinuous reaction 

(3) during prograde metamorphism, whereas post-tec-

tonic kyanite was formed by the continuous reaction 

(4) which took place during the peak of metamorphism. 

Several syntectonic kyanites have been partly replaced 

by plagioclase (Fig. 11) which indicates that the con-

tinuous reaction

garnet + kyanite + quartz = plagioclase (6)

has been in progress more or less simultaneously with 

reaction (4). A thin reaction rim of white mica between 

the plagioclase and the kyanite (Fig. 11) suggests that 

some white mica was produced during retrograde meta-

morphism. Elsewhere retrograde chlorite and white 

mica have replaced biotite and kyanite.

The breakdown of staurolite at the staurolite-out iso-

grad (Fig. 3) is associated with the formation of elon-

gate sillimanite nodules which are aligned parallel to l
2
. 

These nodules are pseudomorphs after elongate musco-

vite porhyroblasts (Fig. 4) rather than staurolite. They 

are first observed some 1000 to 1500 m before the final 
disappearance of staurolite indicating that reaction (2) 

proceeded over a relatively broad band and, therefore, 

it is slightly divariant. The staurolite-out isograd in Fig. 

3 marks the final disappearance of staurolite.
In several samples from zones II and III, deformed 

kyanite is extensively resorbed by post-tectonic mus-

covite, while elsewhere muscovite is replaced by silli-

manite (Fig. 4). The net reaction thus appears to be that 

of kyanite reacting to sillimanite via the formation and 

breakdown of muscovite in two separate subreactions 

(Carmichael, 1969). Although this is a discontinuous 

reaction, kyanite is metastable in zones II and III and 

the kyanite-sillimanite isograd in Fig. 3 only marks the 

onset of this reaction. The modal decrease of kyanite 

and the increase of sillimanite from south to north sug-

gest that sillimanite conditions were reached at progres-

sively earlier stages in this direction.

An important consequence of the reaction textures 

described above is that prograde metamorphism was 

associated with decompression, because reactions (4), 

(5) and (6) have low to moderate positive slopes in P-

T space (Thompson, 1976b; Ghent, 1976). This is also 

supported by the progressive replacement of syntecton-

ic kyanite by post-tectonic sillimanite in zones II and 

III. Therefore, Damaran metapelites of the upper Black 

Nossob River area have experienced regional metamor-

phism at relatively high pressures and moderate tem-

peratures during penetrative deformation, followed by 
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metamorphism at lower pressures and increased tem-

peratures after the deformation.

4. MINERAL CHEMISTRY

4.1 Analytical Techniques

Polished thin sections were prepared from eight sam-

ples with representative reaction textures from the four 

metamorphic zones (Fig. 3). Major element analyses 

were carried out on garnet, biotite, muscovite, stauro-

lite, and plagioclase using an automated Camebaxelec-

tron microprobe (15kV acceleration voltage, counting 

time of 10 seconds) in the Department of Geochemistry 

at the University of Cape Town. Natural and synthetic 

mineral standards were used and the data reduced using 

the Bence-Albee correction procedure. Several analy-

ses were carried out on individual mineral grains and 

detailed profiles analysed across garnets. Averages of 
several biotite and plagioclase grains and carefully se-

lected garnet analyses to account for zoning were used 

for geothermometry and geobarometry. Representative 

analyses are listed in Tables 1-4.

4.2 Phase Equilibria

Average mineral analyses of biotite and staurolite as 

well as average garnet rim compositions are shown in 

AFM diagrams (Fig. 12). The composition of garnet and 

biotite in zones I, II, and III is relatively constant and 

only biotite shows a slight Fe-enrichment with increas-

ing metamorphic grade. The staurolite compositions of 

zones I and II fall within the garnet-biotite-sillimanite 

triangle of sample K468 from zone III, suggesting that 

the absence of staurolite in zone III is indeed the result 

of staurolite breakdown by the discontinuous reaction 

(2).

Mineral compositions in the Vaalgras Subgroup of 

the Ekuja-Otjihangwe Nappe Complex (zone IV) are 

extremely variable (Fig. 12d). In sample K35c garnet 

and biotite are so Mg-rich that staurolite compositions 

of zones I and II fall outside the garnet-biotite-kyanite 
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triangle. Hence this sample was too Mg-rich for stauro-

lite to have formed in the lower amphibolite facies. The 

other two samples are more Fe-rich and garnet and bi-

otite compositions in sample K39a from the Hochberg 

Formation are identical to those of the Kuiseb Forma-

tion schists. This suggests that in some schists of zone 

IV staurolite should have been present before the peak 

of metamorphism was reached. As this is still within 

the kyanite stability field, it is concluded that during 
the peak of metamorphism pressure conditions in the 

Ekuja-Otjihangwe Nappe Complex were higher than in 

zones II and III of the Onyati Mountains Schist Belt.

4.3 Garnet Zoning

Representative profiles of zoning in garnet porphy-

roblasts are illustrated in Figs 13-15. All of them show 

typical growth zoning (cf. Tracey et al., 1976; Trzcien-

ski, 1977; Loomis and Nimick, 1982; Dempster, 1985), 

i.e. they display bell-shaped profiles marked by an in-

crease in almandine, pyrope and Mg/(Mg+Fe) and a si-

multaneous decrease in grossular and spessartine from 

core to rim (Fig. 13a). However, some garnets display 

reverse zoning near the rim (Figs 13b and 14), which is 

the result of limited diffusion and re-equilibration of the 

garnet rim with its surroundings during cooling (Tracey 

et al., 1976; Yardley, 1977b; Dempster, 1985). The ef-

fects of reverse zoning in garnet must be accounted for 

in the application of garnet-biotite geothermometry, 

else significant underestimates of metamorphic temper-
atures may be obtained (Hodges and Spear, 1982).

Typical growth zoning without any alteration is illus-

trated in profile A-B (Fig. 13a) of a garnet shown in Fig. 
8. Profile CoD (Fig. 13b) from the same garnet is asym-

metrical, displaying reverse zoning near D but not on 

the opposite side near C. The reason appears to be that 

biotite has partly resorbed the garnet near C (Fig. 8). 

This is problematical, because reaction textures suggest 

that the breakdown of garnet to biotite and kyanite is a 

prograde reaction (see section 3.2.2.), whereas profile 
C-D suggests that biotite has resorbed the garnet after 

retrograde effects have resulted in reverse zoning.

The garnet profile in Fig. 14 shows typical growth 
zoning in the core and significant reversal of zoning 
near the rim. An important feature in this example is 

that reverse zoning of the spessartine component is 

much wider than that of pyrope and Mg/(Mg+Fe). The 

former is clearly related to a sharp decrease in grossular 

component, which is probably related to a significant 
decrease in pressure during metamorphism (cf. Spear 

and Selverstone, 1983, p. 353). Except for an anoma-

lous pattern in the core, the profile in Fig. 15 displays 
exactly the same zoning near the rim as that in Fig. 14, 

suggesting that the sudden drop in grossular content 

and the reversal of spessartine component are region-

ally significant.
The relatively small reversals of pyrope and Mg/

(Mg+Fe) near the garnet rim in Figs 14 and 15 are 

probably the result of retrograde metamorphism. An 

increase in spessartine component towards the garnet 

rim is often interpreted as being the result of resorption 

of garnet by other phases (Yardley, 1977b). However, 

the garnet profile in Fig. 15 shows that the increase in 
spessartine component near the rim is wider at B than 

at A, despite the fact that the garnet has been resorbed 

by biotite at A and not at B (Fig. 9b). Therefore, the 

reverse zoning of spessartine in these garnets is not con-

sidered to be the result of garnet resorption. The fact 

that the region in which the increase in spessartine and 

the decrease in grossular component occurs is much 

wider than the reversals of pyrope and Mg/(Mg+Fe) 

suggests that diffusion was still very limited at these 

metamorphic grades. It is suggested, therefore, that the 

sudden decrease in grossular component and the in-

crease of spessartine near the garnet rim are the result 

of equilibrium growth during prograde metamorphism 

rather than diffusion during cooling. Hoffer (1983) has 

observed similar reversals in the zoning pattern of spes-

sartine and almandine at the staurolite-in isograd to the 

south-west of Windhoek, which he has also interpreted 

as being due to equilibrium growth.

The garnet of Fig. 9b has biotite, quartz and plagi-

oclase partly replacing its core and Fig. 15 clearly dem-

onstrates that this has resulted in another type of diffu-

sion zoning. Significant Ca has been removed from the 
garnet and is obviously taken up by plagioclase. At the 

same time almandine, pyrope, and Mg/(Mg+Fe) show 

a marked increase in the resorbed core. The high gros-

sular component and low Mg/(Mg+Fe) of the original 

garnet core suggests that growth of this core took place 

at significantly lower temperature and higher pressure 
conditions than its breakdown (cf. Spear and Selver-

stone, 1983). In general, therefore, garnet zoning pat-

terns support the textural evidence for prograde decom-

pression in the upper Black Nossob River area.

5. GEOTHERMOMETRY AND 

GEOBAROMETRY

5.1 Garnet-biotite Geothermometry

The garnet-biotite geothermometer is based on the 

cation exchange reaction

pyrope + annite = almandine + phlogopite (7)

Although several calibrations of this geothermometer 

have been proposed, the only experimental calibration 

is that of Ferry and Spear (1978), which gives reason-

able temperature estimates for the lower and the mid-

dle amphibolite facies (Ghent et al., 1979; Hodges and 

Spear, 1982; Kasch, 1983a,b,c). It does not, however, 

account for the effect of significant amounts of grossu-

lar and spessartine in garnet and AlVI and Ti in biotite.

Hodges and Spear (1982) have proposed an empirical 

correction for the non-ideal behaviour of garnet solid 

solutions based on samples from an area near the Al-

2
SiO

5
 invariant point. However, their definition of the 

79



80



distribution coefficient, K
D
, differs from the original 

one by Ferry and Spear (1978) and if applied to the up-

per Black Nossob River area, it yields underestimates 

of metamorphic temperatures of the order of several 

hundred degrees. An attempt has been made to apply 

this correction to sample K39a from the Hochberg 

Formation, but using a K
D
 similar to that originally de-

fined by Ferry and Spear (1978). This method yields 
a slightly higher estimate than the original Ferry and 

Spear geothermometer, the difference being 27°C for 

sample K39a (compare curves labelled ‘a’ and ‘c’ for 

K39a in Fig. 16). A similar correction has not yet been 

attempted for the other samples. The experimental un-

certainty of the garnet-biotite geothermometer is ±50°C 

(Ferry and Spear, 1978).

5.2 Garnet-plagioclase-Al
2
SiO

5
-quartz 

Geobarometry

Ghent (1976) has applied the reaction

grossular + 2 Al
2
SiO

5
 + quartz = 3 anorthite (8)

as a geobarometer using available thermochemical data. 

Schmidt and Wood (1976) have used additional con-

straints to calibrate this reaction for sillimanite-bearing 

samples and Waters (in Kasch, 1983b,c) has followed a 

similar procedure for the kyanite reaction. Using more 

recent experimental data, Newton and Haselton (1981) 

have proposed a new calibration for reaction (8), and 

Hodges and Spear (1982) have presented an empirical 

correction for non-ideal solid solution in garnet and 

plagioclase. In order to be consistent with previous ap-

plications of the garnet-plagioclase geobarometer in the 

Damara Orogen, the calibrations of Schmidt and Wood 

(1976) and Waters (in Kasch, 1983b,c) are used here. 

However, the correction of Hodges and Spear (1982) 

for the non.ideal behaviour of natural phases has been 

applied, and this appears to give reasonable pressure 

estimates. Furthermore, pressures were also calculated 

for the sillimanite-bearing samples using the calibration 

of Newton and Haselton (1981) and the correction pro-

cedure of Hodges and Spear (1982). This method yield-

ed pressure estimates which are approximately O.5kb 

lower than the method of Waters (in Kasch, 1983b,c) 

for sample K518b and K468.

The kyanite equilibrium for reaction (8) was used 

to calculate pressures for those samples containing 

kyanite only (K23a, K31a of zone I and K35c, K39a, 

K45b of zone IV). For samples containing both kyanite 

and sillimanite (K320c from zone II and K518b from 

the staurolite-out isograd) the kyanite equilibrium was 

used to calculate the pressure for garnet-plagioclase 

in contact with or close to kyanite, and the sillimanite 

equilibrium was used to calculate the pressure for gar-

net-plagioclase in contact with sillimanite. For sample 

K468 (zone III) in which much sillimanite and only one 

relic of kyanite is present, the pressure was calculated 

using the sillimanite equilibrium only.

The experimental uncertainties for the garnet-pla-

gioclase geobarometer are ± 1.2kb (Waters, 1979, in 

Kasch, 1983b,c). However, if uncertainties in analytical 

errors and activity-composition relationships are add-

ed, the overall error is probably of the order of 1.5kb 

(Hodges and Spear, 1982).

5.3 Regional P-T Variations

Due to reverse zoning near garnet rims it is expected 

that calculations which employ rim compositions will 

not give peak metamorphic temperatures (Tracey et al., 

1976). Average garnet compositions were, therefore, 

first computed using analyses at various distances away 
from the rim. These were then used together with av-

eraged compositions of biotite in contact with garnet 

to calculate temperatures. It was found that analyses 

between 30 and 40µ away from the rim give the high-

est and most reasonable temperature estimates for most 

samples. The results are illustrated in P-T diagrams in 

Fig. 16. In general garnet rims which show resorption 

by biotite (curves labeled ‘a’), give slightly higher tem-

peratures than those which show no reaction (curves 

labeled ‘b’). This accords with the fact that resorbed 

garnets are the result of the prograde decompression 

reaction (4) and, therefore, reflect peak metamorphic 
conditions.

Calculated garnet-plagioclase pressures are illustrat-

ed in Fig. 16. No clearly defined retrograde effects have 
been observed in the grossular profiles of the garnets 
(Figs 13-15) and, therefore, pressures were calculated 

from average rim compositions in contact with plagi-

oclase. However, reaction textures as well as garnet 

zoning suggest that there was a late to post-tectonic 

decrease in metamorphic pressure and there is no rea-

son to believe why pressure should have increased after 

the peak of metamorphism. In fact an increase in pres-

sure during retrograde metamorphism would show up 

as an increase in grossular component near the garnet 

rim, which is not observed in the garnet profiles. Con-

versely a decrease in pressure would result in a decrease 

in grossular component near garnet rims, which cannot 

be distinguished from the general decrease in grossular 

component from core to rim (Figs 13-15). Consequently 

the pressures obtained in Fig. 16 should be regarded as 

minimum pressures, because the garnet rims may have 

re-equilibrated slightly during cooling. Unfortunately 

the extent of a possible re-equilibration is unknown and 

it may even vary from one sample to another.

In a few samples from the Kuiseb Formation it was 

possible to distinguish between plagioclase in contact 

with resorbed garnet (curves labelled ‘1’) and plagi-

oclase in contact with unresorbed garnet (curves la-

belled ‘2’). For K31a and K320c the unresorbed por-

tions of garnets yielded pressure estimates only slightly 

higher than those for the resorbed portions (see Fig. 16). 

In sample K518b, however, plagioclase in contact with 

garnet and kyanite yields a pressure estimate which is 

1.5kb higher than plagioclase in contact with garnet 
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and sillimanite. Garnets in contact with plagioclase and 

sillimanite are resorbed extensively by biotite and sil-

limanite. For sample K320c as well as K518b the ky-

anite equilibrium relationship for reaction (8) was used 

to calculate curve 2, while the sillimanite equilibrium 

relationship was used to calculate curve 1.

Two samples from the Vaalgras Subgroup which con-

tain plagioclase (K35c and K45b) were used to obtain 

pressure estimates for the Ekuja-Otjihangwe Nappe 

Complex (Fig. 16). In addition, the garnet-plagioclase 

curves for these samples intersect the garnet-biotite 

curve of K39a at 7.1 and 7.7kb respectively and at ap-

proximately 622°C.

P-T estimates which reflect peak metamorphic condi-
tions in various parts of the upper Black Nossob River 

area are summarized in Fig. 17. From this P-T diagram 

the following points are evident:

(a)  There is a distinct decrease in pressure across the 

kyanite-sillimanite isograd from zone I in the south 

to zones II and III in the northern part of the Onyati 

Mountains Schist Belt.

(b)  Temperatures obtained for zones I and II are more 

or less identical, but significantly higher tempera-

tures were recorded for zone III. This is supported 

by the staurolite-out isograd separating zone II 

from zone III.

(c)  During the peak of metamorphism the highest pres-

sures prevailed in the Ekuja-Otjihangwe Nappe 

Complex. Therefore, there is also a distinct de-

crease in pressure from east to west in the upper 

Black Nossob River area.

(d)  The highest garnet-biotite temperatures were ob-

tained for samples from the Ekuja-Otjihangwe 

Nappe Complex and zone III of the Onyati Moun-

tains Schist Belt, which is in accordance with the 

absence of staurolite in these two areas.

(e)  The pressure estimates are in excellent agreement 

with the kyanite and sillimanite stability fields of 
Holdaway (1971).

5.4 Tectonothermal Evolution

In addition to garnet rim compositions, average core 

compositions were used together with plagioclase inclu-

sions and matrix plagioclase to obtain early metamor-

phic pressure estimates. For most plagioclase inclusions 

pressure estimates are very similar to those of matrix 

plagioclase in contact with garnet rim. However, the 

plagioclase inclusions show strong compositional vari-

ations and many of them are extremely rich in anorthite 

component (Figure 18). These compositions are unusual 

for pelitic schists metamorphosed under greenschist to 

amphibolite facies conditions. It is suggested, therefore, 

that during the peak of metamorphism most plagioclase 

inclusions have re-equilibrated with the relatively high 

grossular component of the garnet core regions.

One exception to this strong compositional variation 

of plagioclase inclusions is sample K468 from zone 

III, in which they are only slightly enriched in anorth-

ite component as compared with matrix plagioclase. 

However, in this sample matrix plagioclase is more 

calcic than in all the other samples (Figure 18). Two 

inclusions in K468 are much more sodic than matrix 

plagioclase, and it is suggested that these are least re-

equilibrated. Using these two plagioclase inclusions 

together with the average core composition of garnet a 

much higher pressure estimate is obtained (curve 3 for 

K468 in Fig. 16).

For most other samples the early metamorphic pres-

sure was calculated using average garnet core compo-

sitions in conjunction with the average composition 

of matrix plagioclase (curves labelled ‘3’ in Fig. 16). 

In sample K518b the larger matrix plagioclase grains 

are zoned with anorthite content increasing from core 

to rim. Obviously only the core of these plagioclases 

could have been in equilibrium with the garnet core 

during the early stages of metamorphism and, there-

fore, plagioclase core compositions were used to calcu-

late the early metamorphic pressure for this sample. For 

sample K35c (zone IV) the early metamorphic pressure 

was calculated from the average core compositions of a 
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large syntectonic garnet and a large syntectonic plagi-

oclase. The plagioclase porphyroblast is approximately 

23mm long and 5 mm wide and almost unzoned. Nev-

ertheless, the average core composition was used for 

the calculation of the garnet-plagioclase curve.

Without exception the garnet-plagioclase equilibrium 

curves for garnet core compositions are at higher pres-

sures than those for garnet rim compositions. In the ab-

sence of original biotite inclusions in garnet it is impos-

sible to estimate the temperatures at which the garnets 

started to grow. However, a biotite inclusion was found 

in the central parts of the large plagioclase porphyrob-

last in sample K35c, and it is assumed that biotite of 

similar composition was in equilibrium with the garnet 

core. Using this biotite in conjunction with the average 

garnet core composition, a garnet-biotite equilibrium 

curve was calculated which intersects the garnet-plagi-

oclase curve for the core of the same syntectonic gar-

net and the large plagioclase porhyroblast at 507°C and 

6.7kb (curves labelled ‘c’ and ‘3’ in Fig. 16). If this P-T 

estimate is correct, then it is obvious that at least the 

western portions of the Ekuja-Otjihangwe Nappe Com-

plex experienced more or less isobaric heating during 

prograde metamorphism.

Oxygen isotope temperatures for the garnet isograd in 

the Southern Margin Thrust Belt range between 483°C 

and 540°C (Hoernes and Hoffer, 1979), which is in 

good agreement with the temperature estimate for the 

garnet core of sample K35c. Therefore, it is assumed 

that during initiation of garnet growth in the schists of 

the Onyati Mountains Schist Belt the temperature was 

also of the order of 500°C. The curves labelled ‘3’ in 

Fig. 16 thus indicate that during the initial stages of 

garnet growth in the Onyati Mountains Schist Belt the 

pressure was distinctly higher than during the peak of 

metamorphism. This decompression during prograde 

metamorphism is best recorded in sample K518b, for 

which the following P-T estimates were obtained (the 

uncertainties being ± 1.5kb and ±50°C respectively):

(a)  7.2kb at 500°C during the initial stages of garnet 

growth.

(b)  5.7kb at 583°C during the final stages of garnet 
growth (in the kyanite stability field).

(c)  4.2kb at 597°C during the peak of metamorphism 

(garnet breakdown in the sillimanite stability 

field).
It should be pointed out that kyanite may not have 

been present during the early stages of garnet growth 

and, therefore, the equilibrium relationship for reaction 

(8) would no longer be applicable. This would mean 

that the results can only be regarded as maximum pres-

sures. However, the quantitative P-T estimates for all 

the samples from the Onyati Mountains Schist Belt sug-

gest that prograde metamorphism of the Kuiseb schists 

was associated with a regional decompression. This is 

in good agreement with the observed reaction textures 

as well as garnet zoning profiles.

6. DISCUSSION AND CONCLUSIONS

Results from this study have provided new insights 

into the regional metamorphism and the tectonothermal 

evolution of the southern Damara Orogen.

Three metamorphic zones are distinguished in the 

Onyati Mountains Schist Belt, which are separated by 

the kyanite-sillimanite and the staurolite-out isograd re-

spectively (Fig. 3). Phase equilibria suggest that there 

is an increase in metamorphic grade and a decrease in 

pressure from zone I in the south to zone III in the north. 

Furthermore, the absence of staurolite in garnet-biotite-

kyanite schists in zone IV indicates that the temperature 

in this area was similar to that of zone III, but the pres-

sure was distinctly higher.

These observations are supported by garnet-biotite 

geothermometry and garnet-plagioclase geobarometry. 

Temperature estimates are the same for zones I and II 

and only show an increase across the staurolite-out iso-

grad from zone II into zone III (Fig. 17). On the other 

hand pressure estimates for zones II and III are simi-

lar while distinctly higher pressures were recorded for 

zone I. Therefore, the kyanite-sillimanite isograd is due 

to a decrease in pressure and not an increase in tem-

perature, while the staurolite-out isograd between zones 

II and III indicates an increase in temperature at con-

stant pressure (Fig. 17). Furthermore, during the peak 

of metamorphism the highest pressures prevailed in the 

Ekuja-Otjihangwe Nappe Complex, which has also ex-

perienced slightly higher temperatures than zone I and 

zone II of the Onyati Mountains Schist Belt.

The general increase in temperature and decrease in 

pressure from south to north in the Onyati Mountains 

Schist Belt is consistent with the change in P-T condi-

tions across the Khomas Zone (cf. Hoffer, 1978; Saw-

yer, 1981; Kasch, 1983a). The fact that the highest peak 

metamorphic pressure estimates were obtained for the 

Ekuja-Otjihangwe Nappe Complex suggests that this 

represents the lowest structural unit in the upper Black 

Nossob River area. This is in agreement with structur-

al and lithostratigraphic observations made by Kasch 

(1986).

Metamorphic reaction textures and garnet zoning pro-

files suggest that the Onyati Mountains Schist Belt has 
experienced decompression during the final stages of 
prograde metamorphism. The nature of the kyanite-sil-

limanite isograd and the persistence of metastable ky-

anite in zones II and III of the Onyati Mountains Schist 

Belt support these findings. An attempt was made to 
obtain early syntectonic P-T estimates, but various as-

sumptions had to be made. Nevertheless, the quantita-

tive P-T estimates for all the samples from the Onyati 

Mountains Schist Belt suggest that prograde metamor-

phism of the Kuiseb schists was associated with exten-

sive regional decompression. In contrast, results from 

the Vaalgras Subgroup suggest that the Ekuja-Otjihang-

we Nappe Complex experienced more or less isobaric 

heating during garnet growth. However, reaction tex-
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tures suggest that during the peak of metamorphism the 

Ekuja-Otjihangwe Nappe Complex also experienced 

some decompression.

If the assumptions made are correct, then the early 

metamorphic history of the Ekuja-Otjihangwe Nappe 

Complex differs from that of the Onyati Mountains 

Schist Belt. These results are in agreement with struc-

tural observations that the Hochberg Thrust is a major 

tectonic boundary which separates the Ekuja-Otjihang-

we Nappe Complex from overlying units of the Kho-

mas Zone.

In the Omitara area to the south-east of the upper 

Black Nossob River area, garnet, staurolite, kyanite, 

biotite and muscovite grew during an early syntecton-

ic event as well as after the deformation. In addition, 

microtextural evidence suggests that the metamorphic 

grade decreased considerably between the two phases 

of mineral growth, which is confirmed by a quantita-

tive reconstruction of the metamorphic history (Kasch, 

1983b,c). However, in the upper Black Nossob River 

area no evidence has been found for a decrease in tem-

perature between the two phases of mineral growth. It 

has to be accepted, therefore, that this area has been 

affected by a single, prolonged event of prograde 

metamorphism, as suggested by Hoffer (1978) for the 

Damara Orogen as a whole.
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