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Zircon and titanite age determinations from igneous rocks in the 
Karibib District, Namibia:  implications for Navachab vein-style 

gold mineralization
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SHRIMP U-Pb dating of single zircon grains from Damaran granitic rocks yielded ages of 550Ma and 540Ma for the Mon Repos 
diorite and Rotekuppe granite plutons respectively. Single titanite grains yielded a 500Ma metamorphic age for metalamprophyre and an 
identical age for quartz/skarn veins from the Navachab open pit. Aplite/pegmatite dykes that cut the mineralization give poor apparent 
ages between 540Ma and 565Ma  with large errors. The timing of mineralization remains equivocal, either intrusive-related (550Ma), 
accepting the pegmatite model age, and subsequently reset by metamorphism, or directly metamorphic (500Ma).

Introduction

Henno Martin was a remarkable man and a most tal-
ented geologist with wide-ranging interests in earth sci-
ence. He recognised that an understanding of mineral 
deposits is of great importance in the broader context 
of geological evolution. Fifteen per cent of his seminal 
book on the Precambrian of Namibia and Namaqualand 
(Martin, 1965) is devoted to mineral deposits. Much 
of Namibia’s mineralization is located in the Damara 
Orogen, most of it related to magmatism and/or meta-
morphism. The Central Zone (Miller, 1983) contains 
significant magmatic and hydrothermal mineralization, 
including Li, Be, Sn in pegmatites, U in leucogranites 
and Au in metasediments. This paper concerns the dat-
ing of rocks in the vicinity of the Navachab Gold Mine, 
11km WSW of Karibib (Fig. 1). The Navachab deposit 
has been described as an example of distal skarn or 
sheeted-vein/skarn mineralization (Pirajno and Jacob, 
1991; Pirajno et al., 1991; Moore and Jacob, 1998). 
The mineralized rocks comprise hydrothermally altered 
metasediments, including schist, calc-silicate rock 
and marble, and quartz veins. Native gold, maldonite, 
scheelite and a variety of sulphides constitute the ore 
minerals. A variety of igneous intrusions, generally of 
granitic composition, are present in the vicinity of the 
deposit and field and geochronological work was un-
dertaken in order to investigate whether there is any 
direct relationship between igneous activity and the 
mineralization.

Analytical Procedures

Zircon separations were carried out at the Hugh 
Allsopp Laboratory, University of the Witwatersrand. 
Handpicking was needed for samples with little, if any, 
zircon yield. The zircons were mounted in epoxy to-
gether with zircon standard AS3 (Duluth Complex gab-
broic anorthosite; Paces and Miller, 1989) and  ANU 
Research School of Earth Sciences standard SL13. The 
grains were sectioned, polished and photographed. All 
zircons were examined by cathodoluminescence (CL) 
imaging, to facilitate the selection of analytical sites 

in the subsequent microprobe sessions. Through CL 
imaging of the zircons, hidden and complex internal 
structures can be more accurately determined and con-
sequently target areas can be more reliably selected for 
analysis.

Reduction of SHRIMP data was conducted as de-
scribed by Compston et al. (1992) and Williams and 
Claesson (1987). U/Pb in the unknowns was normal-
ised to a 206*Pb/238*U value of 0,1859 (equivalent to an 
age of 1099,1 Ma) for AS3. Th and U concentrations 
were determined against the SL13 standard. Radiogenic 
206*Pb/238*U ratios, with correction for common Pb using 
the measured 207Pb/206Pb and 206Pb/238U values following 
Tera and Wasserburg (1972), are used for young zircons 
such as those analysed in this study. Tera-Wasserburg 
concordia plots are considered more appropriate when 
there is no serious discordancy problem or multistage 
history and when reporting ages younger than 1 Ga, 
i.e. when measured 207Pb is too imprecise for calcula-
tion of meaningful 207Pb/206Pb ages. In Tera-Wasserburg 



concordia plots in this paper, the data are uncorrected 
for common Pb. This allows the dispersion of data to 
be shown relative to the common Pb content (the lower 
the common Pb the closer the data points plot to the 
concordia plot).

SHRIMP analyses on titanites were carried out on 
a polished thin section of sample 344-34B, and on 
handpicked grains from coarse crushes of NVJ12 and 
344-42B.  Chips of the sphene ion-microprobe stand-
ard (Khan pegmatite, Namibia) were included in the 
mounts and analysed sequentially with the unknowns. 
U/Pb ratios were normalised to a 206*Pb/238U value of 
0,08367 (equivalent to an age of 518 Ma) for the Khan 
sphene. As for the zircons, correction for common Pb 
also is made using the measured 207Pb/206Pb and 206Pb/
238U values following Tera and Wasserburg (1972).

Uncertainties in isotopic ratios and ages are reported 
at the 1σ level in the tables and in the error bars in the 
plotted data, but weighted mean ages calculated from 
pooled data sets are quoted at 95% confidence limits.

Geology and Previous Geochronology

The area investigated is located in the Central Zone 
of the Damara Orogen, characterised by an interfer-
ence pattern of folding and granite intrusion (Smith, 
1965;  Miller, 1983). The rocks have been subjected to 
medium-grade amphibolite facies metamorphism with 
the common development of cordierite in metapelites, 
diopside and hornblende in calc-granofelses, tremolite, 
diopside and/or forsterite in marbles, and plagioclase, 
diopside and hornblende in metabasites.

The stratigraphy of the Karibib area is shown in Table 
1. The oldest rocks are granitic augen ortho-gneisses 
and high-grade metasediments of the Palaeoproterozoic 
Abbabis Complex (about 2 Ga; Jacob et al., 1978; Tack 
and Bowden, 1999). These are overlain by the Neopro-
terozoic Damara Supergroup which comprises Nosib 
and Swakop Groups. The Nosib Group (703 Ma, De 
Kock and Walraven, 1994) overlies the Abbabis Com-
plex and contains a basal unit, the Etusis Formation, 
comprising conglomerate, meta-arkose, feldspathic 

quartzite and psammitic gneiss of highly variable thick-
ness. The Etusis Formation is overlain by thin, locally 
developed glaciomarine meta-diamictite of the Chuos 
Formation (Henry, 1992). The four units of Badenhorst 
(1992) overlying the Chuos Formation, grouped under 
the heading Arandis Formation (Lehtonen et al., 1996),  
comprise a basal interbedded calc-silicate/biotite-schist 
(Spes Bona Member), an interbedded marble/calc-sili-
cate (Okawayo Member), a pelitic schist (Oberwasser 
Member) and some metavolcanic basic rocks (Daheim 
Member). A thick marble unit (Karibib Formation), fol-
lows conformably and is succeeded, through an inter-
bedded marble/calc-silicate/pelitic schist sequence, by 
pelitic schists of the Kuiseb Formation. In the general 
Navachab area, however, the uppermost preserved for-
mation is the Karibib marble sequence.

The Damara Supergroup in the Central Zone has been 
intruded by numerous syn- to post-tectonic igneous 
bodies of broadly granitoid composition (Kröner, 1982; 
Miller, 1983 and Haack et al., 1983). In the general re-
gion around Karibib, the Damara granitoids include the 
Goas diorite suite, the Salem granite suite, a variety of 
red- and leuco-granites, and pegmatites and aplites. The 
intrusive igneous rocks within a 5km radius of the Nav-
achab Au deposit are, in order of emplacement based on 
field relationships, metalamprophyre, diorite-granodi-
orite (Mon Repos body), red monzogranite (Rotekuppe 
body), pegmatite and aplite.

The rocks of the Goas diorite suite (Lehtonen et al., 
1995) comprise several plutons of apparently varying 
ages. Kröner (1982) reported Rb-Sr ages of 750 ± 35 
Ma for the Palmental diorite and 651 ± 20 Ma for the 
younger Palmental granodiorite. De Kock and Wal-
raven (1994) reported a zircon age of 516 ± 6 Ma for 
the Okongava diorite. Allsopp et al. (1983) reported an 
anomalous Rb-Sr age of 720 ± 77 Ma in the contact 
area of the diorite and Salem granite on Goas 79. U-Pb 
zircon dating of Salem granite on Goas produced an age 
of 580 ± 30 Ma (Allsopp et al., 1983). Rb-Sr dating of 
Salem granites elsewhere in the Central Zone indicates 
apparent ages of around 550 Ma (Miller, 1983;  Haack 
et al., 1983).

A variety of red granites, commonly intrusive into 
the Abbabis basement or lower parts of the Damara se-
quence, occurs in the Central Zone. These, like the Sa-
lem granites, show a range of ages (Haack et al., 1983;  
Miller, 1983) but little systematic dating has been done 
and relatively few reliable ages are available. Downing 
and Coward (1981) provide a Rb-Sr age of 633 ± 39 
Ma and unpublished data suggest ages around 550 Ma, 
similar to that of the Salem granite. Red and white post-
tectonic leucogranites commonly occur as cross-cutting, 
non-foliated intrusions in the Central Zone. They are 
younger than the foliated Salem and red granite types, 
and have Rb-Sr ages that range between 530 and 460 
Ma (Haack and Gohn, 1983;  Miller, 1983;  Marlow, 
1983). Steven et al. (1993) report Rb-Sr ages for leu-
cogranites and pegmatites between 512 and 468 Ma for 
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the region around Omaruru and Karibib. The major leu-
cogranitic Donkerhuk Granite batholith, which occurs 
along the boundary between the Central and Southern 
zones, has been dated by Rb-Sr techniques at 523 ± 8 
Ma (Blaxland et al., 1979), and Rb-Sr data on Donker-
huk pegmatites are similar (Haack and Gohn, 1988).

Many of the Rb-Sr and Pb-Pb whole rock and model 
ages are poorly constrained and lack the resolution nec-
essary to decipher short-lived events or to see through 
metamorphism.  By making use of the unique proper-
ties of the U-Pb system and the high spatial resolution 
of the SHRIMP this study aimed to decipher the em-
placement/metamorphism and mineralization history of 
this small area by concentrating on dating zircon and 
titanite.

Sample Descriptions and Geochronological Data

Samples were collected from the Mon Repos dior-
ite/granodiorite, the Rotekuppe monzogranite, meta-
lamprophyre, aplite/pegmatite and quartz/skarn veins. 
Brief descriptions of the various samples follow.

Mon Repos diorite-granodiorite

This pluton is situated on the farm Navachab 58, 
about 5 km from the Navachab deposit, and is part of 
the Goas diorite suite (Lehtonen et al., 1995). Its out-
crop measures at least 10 km x 3 km. It is a zoned body 
and comprises diorite/quartz diorite that grades inwards 
to granodiorite. In places it is cut by aplite dykes. Con-
tacts with the surrounding Karibib marbles are sharp and 
only  minor contact metasomatic effects are recorded. 
The exact contact between the Mon Repos diorite and 
Rotekuppe granite is not clearly exposed but numerous 
Rotekuppe pegmatites and aplites cut the diorite near 
the contact, and it is evident that the diorite is older than 
the granite. Two samples, NVJ18 and NVJ20, were col-
lected from the quartz diorite body, some 400 metres 
apart (Fig.1).  Petrographically the rocks are similar. 
They are medium grained and exhibit igneous textures 
with seriate granularity and an oriented magmatic fab-
ric in thin section. Plagioclase and hornblende are the 
main minerals, the former showing zoning with partly 
saussuritized cores, and the latter showing strongly 
poikilitic texture. Quartz and microcline each make up 
less than 10% of the rock. Small amounts of myrmekite 
are developed along plagioclase-microcline boundaries. 
Brown biotite is present as subhedral grains, generally 
surrounding hornblende grains. The accessory minerals 
include ilmenite, commonly with titanite rims, separate 
anhedral titanite grains, stubby apatite and zircon.

Zircons from NVJ18 are light pink in colour, clear, 
transparent and show euhedral facets, with no evidence 
of overgrowth on older cores. They form a good popu-
lation for dating. Cathodoluminescence imaging reveals 
broad areas of uniform composition as well as composi-
tional and sector zoning (Fig. 2). Twelve zircon grains 

were analysed by SHRIMP for their U-Th-Pb isotopic 
compositions and concentrations. The data are present-
ed in Table 2 and plotted on a Tera-Wasserburg concor-
dia diagram in Figure 3. With one exception (grain 8.1), 
all of the analyses cluster as a group near concordia, 
signifying low common Pb contents. The data for this 
group yield a weighted mean 206Pb/238U age of 546 ± 6 
Ma. The single analysis which has been excluded from 
this calculation on statistical grounds has clearly lost 
Pb.

Sample NVJ 20 yielded abundant euhedral to subhe-
dral zircons and fragments from large zircons, probably 
>500 μm in length. The zircons vary in colour and trans-
parency and some have dark areas of radiation damage 
where high U and/or Th concentrations occur. These 
areas are generally very dark under cathodolumines-
cence, but other grains show the development of both 
sector and compositional zoning. Although U and Th 
concentrations show variation (U content: 209 to 2320 
ppm), the SHRIMP U/Pb analyses show very good co-
herence and all 15 analyses agree within error to yield a 
206Pb/238U age of 563 ± 4 Ma. The data are presented in 
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Table 2 and are plotted on a Tera-Wasserburg concordia 
plot in Figure 4.

Rotekuppe monzogranite

This granite is situated southwest of Karibib, and 
<4 km ast of Navachab Mine. It is largely covered by 
younger sand and calcrete but forms the prominent 
“Rotekuppe” hill south of Karibib. The rock is medium 
grained and contains pegmatitic lenses and segregations 
and aplite dykes. The rock is a leucocratic monzogran-
ite and exhibits a typical hypidiomorphic-granular tex-
ture with no visible directional fabric. It is younger than 
the Mon Repos diorite since Rotekuppe dykes cut the 
diorite. Typical Rotekuppe granite has a granitic/mon-
zogranitic composition and consists of anhedral quartz, 
subhedral microcline with patch-perthitic texture, and 

subhedral zoned plagioclase displaying myrmekitic 
texture and albite rims. Biotite occurs in minor amounts 
and is slightly altered along cleavage traces to chlorite. 
Accessory minerals include muscovite, Fe-oxide, apa-
tite and zircon.

The two Rotekuppe monzogranite samples (NVJ16 
and NVJ17) selected for analysis were collected a few 
tens of metres apart from fresh outcrops 3,8 km from 
Navachab Mine. NVJ16 yielded abundant zircons of 
good quality which are lightly coloured and generally 
euhedral, with long prism and stubby pyramidal faces. 
Cathodoluminescence imaging shows well-developed 
compositional zoning (Fig. 5). A few rounded grains 
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were noted, raising the possibility of some inheritance 
in this population. The results of 28 U-Th-Pb analyses 
on 27 different zircons are listed in Table 3 and the 
SHRIMP analyses are plotted on a Tera-Wasserburg U-
Pb concordia diagram in Figure 6. The data are plotted 
uncorrected for common Pb. The common Pb correc-
tion points in the direction of the vector shown. The 
majority of the data from this sample plot on or near 
the concordia curve as a well-defined group showing 
little Pb loss and minimal common Pb. After correc-

tion for this minor common Pb component, the data 
combine to form a single-age population from which a 
weighted mean 206Pb/238U age of 543 ± 5 Ma (2σ) can 
be calculated. A number of analyses plot well above 
this group, and are off-scale  on the concordia plot at 
the scale shown. These zircons have relatively higher 
common Pb contents and have also suffered significant 
radiogenic Pb loss. Both effects are probably related to 
the higher U concentrations measured within these zir-
cons.   These analyses are not included in the reported 
age calculation.

One analysis (26.1) of a core (identified through 
cathodoluminescence imaging, Fig. 7) shows the pres-
ence of a substantially older component. A 207Pb/206Pb 
age of 2164 ± 6 Ma shows that this is an inherited core, 
and this age probably reflects the age of the protolith 
for this granite.

Zircons separated from NVJ17 are generally rather 
elongate, are light yellow to brown in colour, and show 
strong compositional zoning. Some zones have high 
U and Th contents and have suffered advanced radia-
tion damage. Twenty-nine SHRIMP U-Th-U analyses 
were performed and the data are plotted in Figure 8 and 
listed in Table 4. It is apparent that the granite contains 
a heterogenous population of zircons showing inherit-
ance from older basement. Some of these exotic zircons 
are discrete grains but they are also found as cores sur-
rounded by zircon which crystallised during magma-
tism. Excluding these obviously anomalous analyses, 
the data set is further complicated by the dual effects of 
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radiogenic Pb loss and very high common Pb contents, 
probably both a consequence of deep weathering. Plagi-
oclase in NVJ17 is more extensively saussuritised than 
that in NVJ16. Elimination of data indicating severe Pb 

loss and those with very high common Pb contents, re-
sults in a combined mean 206Pb/238U age of 539 ± 6 Ma, 
the interpreted crystallization age of the granite.

The inheritance pattern is also complicated by severe 
Pb loss, but discordant analyses of this older component 
yield minimum Early Proterozoic 207Pb/206Pb ages (Ta-
ble 4) consistent with data obtained from other samples 
in this study. These exotic grains do, however, show a 
wide variation in geochemistry - specifically the U and 
Th concentrations and Th/U ratios, suggesting diverse 
sources.

Metalamprophyre

Metalamprophyre is exposed in the main Navach-
ab open pit, where it occurs as semi-concordant sills 
along layering of  marbles in the Okawayo Member. 
The metalamprophyre forms a single (8 m thick) sill in 
the southern part of the open pit but splits into 3 thin-
ner sills in the northern part. It is a fine grained, mas-
sive, melanocratic rock displaying sharp contacts with 
the intruded marble, and it is cut by mineralized quartz 
veins containing sulphides. Near the contacts it exhibits 
a globular (amygdaloidal?) texture of carbonate blebs.

In thin section the metalamprophyre exhibits a meta-
morphic texture, similar to hornfels. It consists of small 
phenocrysts of hornblende (1-2 mm) and lesser poiki-
litic clinopyroxene in an aphanitic biotite-rich matrix. 
Minor plagioclase and calcite are also present in the 
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matrix, together with accessory apatite, titanite and il-
menite, the latter generally with rims of titanite. No zir-
con was observed. Sample NVJ12 yielded small clear, 
anhedral titanite grains. Five U-Pb SHRIMP analyses 
were performed on four titanite grains. The data are 
plotted in Figure 9 and listed in Table 5. The computed 
weighted mean 206Pb/238U age is 496 ± 12 Ma (MSWD 
= 1.05).

Aplite/Pegmatite

Aplite and pegmatite are observed in the Navachab 
open pit as thin, vertical dykes trending WNW. They 
generally lie parallel to the  J3 joint set of the Navachab 
pit, locally are slightly boudinaged, and in places they 
either occupy fault planes or are offset by small faults. 
They represent the only granitic rocks that intersect the 
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mineralization. The dykes are mainly aplitic in char-
acter with pegmatitic segregations in places. They are 
younger than, and cut across the lamprophyre. Most 
aplites cut the mineralised quartz veins, and therefore 
post-date the mineralization, whereas a few are cut by 
quartz veins, and are therefore older.

Sample NVJ1 is an aplite from the open pit, and 
NVJ37 is a finer grained part of a pegmatite from a 
borehole (N240) drilled just north of the open pit. The 
main minerals are quartz, perthitic microcline and al-
bite, commonly in the form of oriented laths. Also 
present are muscovite, apatite, topaz, blue tourmaline 
and calcite in late veinlets. In places graphite is present. 
These rocks provided very poor material for dating and 
contain extremely rare zircons of very poor quality. A 
few zircons from sample NVJ1 show variable morphol-
ogy from totally opaque and metamict to some small 
slightly rounded grains and fragments.

U-Pb SHRIMP analyses of 7 zircons from NVJ1 show 
an extreme range in U concentrations (170 to 39000 
ppm) and considerable variation in Th/U. No conclu-
sive geochronological constraints can be placed on the 
emplacement age. There is clearly an older Palaeopro-
terozoic inherited zircon component (Table 6) and also 
Pb loss. Perhaps the best estimate is the 207Pb/206Pb age 
of 564 ± 30 Ma (2σ) for one of the analyses (3.1). This 
age, however, is considered unreliable as the Pb/U cali-
bration for a zircon with almost 4% U is not robust. 
Apart from the fact that this particular zircon must also 
be inherited, there is a systematic bias in ion microprobe 
analyses towards higher apparent Pb/U ages in zircons 
with such extreme compositions (Williams and Hergt, 
2000) and it is probable that this analysis is highly dis-
cordant. Furthermore, the indicated age would make 
this aplite the oldest of all the igneous rocks sampled, 
when the cross-cutting field relationships demonstrate 
that it is actually the youngest.

Sample NVJ37 yielded a few squat, euhedral zircons 
which are grey to milky, and opaque, indicating high ra-
dioactive-element concentrations and metamictization. 
Only four analyses were obtained from this population 

(Table 6). Analysis showed very high to extreme U con-
centrations, although Th concentrations and Th/U ratios 
are low. Regression of the data (corrected for common 
Pb using measured 208Pb) gives an upper intercept age 
of 544 ± 39 Ma (MSWD = 0,42) and a lower intercept 
of 36 ± 44 Ma. This age is again anomalous in terms 
of the observed field relationships, and considering the 
paucity of zircons and data, the question of inheritance, 
and the extreme alteration of the few zircons present, no 
great significance must be attached to this age.

Mineralized quartz veins

The Navachab ore deposit, a sheeted quartz vein-dis-
tal skarn type deposit, is described elsewhere (Pirajno 
and Jacob, 1991; Moore and Jacob, 1998) and only the 
geochronological aspects are considered here. The veins 
consist largely of quartz. Besides sulphides (pyrite, pyr-
rhotite) and gold, they also contain minor carbonate, 
clinopyroxene, biotite and sphene. They are younger 
than the metalamprophyre sill and cut through it but, 
generally, are older than the aplite/pegmatite dyke set.

Two vein samples containing euhedral titanite were 
selected for analysis from borehole N344 (samples 
344-42B and 344-34B). Eleven different titanites were 
analysed from sample 344-42B. The data are shown in 
Table 5 and all but one of the analyses combine to give 
a weighted mean 206Pb/238U age of 494 ± 8 Ma (MSWD 
= 0.72). The data for this sample and for NVJ12 are 
plotted in Figure 9 as measured ratios, and fall along 
a well-constrained mixing line between the radiogen-
ic end-member composition (on the concordia) and a 
common Pb composition. All analyses show significant 
common Pb contents.

In sample 344-34B, coarse-grained titanite contain-
ing numerous inclusions has grown in the margins of 
the vein. Fourteen points were analysed. The U-Pb 
SHRIMP analyses (Table 5) are plotted on a Tera-
Wasserburg U-Pb concordia diagram  in Figure 9. A 
weighted mean 206Pb/238U age of 500 ± 10 Ma (MSWD 
= 0.63) is calculated for all 14 data points.
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Calc-silicate country rock

One sample (NVJ21) of calc-silicate country rock 
was collected from the Spes Bona Member well away 
from the site of mineralization, 2 km to the south of the 
open pit. The rock is aphanitic and banded, with horn-
blende poikiloblasts in a matrix comprising plagioclase 
and biotite. Accessory quartz, titanite, opaque miner-
als and zircon are present. Only a few zircons were 
extracted from this rock and from their rounded and 
pitted appearance, they are detrital in origin. Only four 
analyses were obtained on three suitable zircon grains 
from this rock (Table 7). All the data are discordant and 
two of the analyses yield minimum 207Pb/206Pb ages of 
approximately 2400 Ma. Of interest are two analyses 
on a grain whose cathodoluminescence image shows an 
older core and younger overgrowth. The core yields a 
late Archaean 207Pb/206Pb age of 2872 ± 4 Ma and the 
overgrowth an Early Proterozoic age of 1962 ± 10 Ma. 
The youngest detrital zircon (1962 ± 10 Ma) gives an 
approximation of the minimum age for the source rock 
of the zircon. The Archaean age is of interest because 
recently Seth et al. (1998) have reported Archaean ages 
from pre-Damara basement granitic gneisses in the Ka-
oko belt, NW Namibia, in the range 2645 to 2585 Ma.

Discussion and Conclusions

Episodes of granitoid intrusion, metamorphism and 
tectonic activity took place over an extended period 
from about 650 Ma to 460 Ma in the Damaran Orogen. 
Early syntectonic granitoids associated with D1/D2 de-
formational events, record ages between 650 Ma and 
590 Ma (Miller, 1983), largely from the northern mar-
gin of the orogen. The major period of intrusion of syn- 
to late-tectonic granites in the Central Zone was around 
550 Ma (Miller, 1983; Steven et al., 1993). Regional 
metamorphism accompanied and outlasted both de-
formation and granite intrusion. There is disagreement 
on the precise timing of the peak of regional metamor-
phism in the Central Zone, with estimates ranging from 
540 Ma to 520 Ma (Kröner, 1982; Haack and Martin, 
1983; Steven 1993).

Tectonic activity and granite intrusion continued in 
the Southern Zone, terminating there at around 525 Ma 
with the intrusion of the Donkerhuk Granite (Miller, 
1983). However, high-temperature conditions, par-

ticularly in the Central Zone, apparently persisted until 
about 460 Ma, associated with the emplacement of late 
leucogranite, alaskite (Rössing Mine) and pegmatite 
(Miller, 1983; Steven et al., 1993). Steven (1993) has 
pointed out that metamorphism in the Central Zone, 
comprising both regional and contact metamorphism, 
was diachronous, that it is difficult to set an exact date 
for the peak of regional metamorphism, and that the 
heat supplied by the regional metamorphism and in-
trusive granites resulted in the prolonged period over 
which temperatures remained elevated.

In the Navachab area, the present study has revealed 
two distinct age clusters around 550 Ma and 500 Ma. 
The former represents the age of granitoid intrusion, 
and the latter some subsequent metamorphic age. The 
Mon Repos diorite, emplaced around 550 Ma, and the 
Rotekuppe granite, at about 540 Ma, are identified as 
typical examples of D3-related syntectonic granitoids 
of the Central Zone.

Titanite grains in the metalamprophyric sill in the Na-
vachab pit have formed as metamorphic overgrowths on 
ilmenite grains. Titanite is known to be reactive during 
metamorphism and the U/Pb ages of 496 Ma may record 
new growth during metamorphism or a fluid-related re-
action associated with the mineralization. This age is 
indistinguishable from those for titanite in mineralized 
quartz/skarn veins in the Navachab deposit, at 494 Ma 
to 500 Ma (Fig. 9). The timing of mineralization may be 
interpreted from this evidence in two ways. Either 500 
Ma represents the age of mineralization during which 
hydrothermal titanite crystallised, or the mineralization 
occurred at an earlier date, and the age represents meta-
morphic recrystallisation of titanite. The latter option 
appears to be the most logical, particularly given the de-
formed nature of the quartz veins (boudinaged, folded, 
rotated garnets in wallrock skarn).

Pegmatite and aplite veins in the Spes Bona Member 
in the Navachab pit and in the Etusis Formation on the 
ridge to the east, are observed to cut the mineralized 
vein system. Poorly constrained apparent ages of be-
tween 544 Ma and 564 Ma obtained for these rocks on 
highly altered zircons have large uncertainties between 
30 – 40 Ma. Given these large errors, possible analytical 
problems with the Pb/U calibration and even the possi-
bility that these zircons could be xenocrystic, it is dif-
ficult to deduce from these data whether the pegmatites 
are related to the intrusion of the granitic rocks, or to 
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subsequent partial melting at a later metamorphic peak. 
It is conceivable that the zircon ages constrain the age 
of granite intrusion, mineralization and pegmatite/aplite 
formation to around 550 Ma, and that the titanite ages 
represent metamorphism of the area through the new 
growth of titanite some 50 Ma later at 500 Ma.

An alternative interpretation is that growth of titanite 
occurred essentially during prograde regional metamor-
phism. Under these conditions, peak regional metamor-
phism would have occurred at 500 Ma, significantly 
post-dating the major granite intrusion (and heat-gen-
erating) event. Mineralization at Navachab would be 
directly related to the metamorphic episode, and also 
much younger than the intrusive granitoids. It would 
also require total rejection of the pegmatite/aplite age 
data. A very late, post-tectonic age for the regional 
metamorphic peak would appear to contradict the ob-
servation that geothermal gradients (e.g. andalusite-sil-
limanite) are readily observed around intrusive granites 
(Steven, 1993).

Given that many relatively young ages (515 Ma to 
458 Ma) for pegmatite and alaskite mineralization in 
the Central Zone of the Damaran Orogen were obtained 
by whole-rock and mineral Rb-Sr methods (see summa-
ry in Steven et al., 1993, and Tack and Bowden, 1999), 
the ages should be interpreted with caution as they too 
may represent later tectono-metamorphic events (see 
Clark, 1982). These young ages imply that the pegma-
tites and alaskites significantly postdate the main struc-
tural and intrusive events in the Central Zone by up to 
90 Ma, whereas field observations frequently indicate 
otherwise. The truth, in this instance, would appear to 
lie in the field - a paradigm that was close to the heart 
of Henno Martin.
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