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Voetspoor is a small, late-tectonic intrusion that cuts through metaturbidite sequences of the Southern Kaoko Zone in the Pan-African
Damara Orogen. Modally, the intrusion is classified as (quartz-) monzonite. However, chemically only the porphyritic margin of the
intrusion has a monzonitic composition whereas the main, equigranular part is designated as syenite. This mildly alkaline, metaluminous
intrusion is cut by dikes of aplitic leuco-syenite. Predominant minerals are alkali feldspar and plagioclase An11-26. Most of the amphiboles
plot in the edenite field, but some straddle the border to the magnesiohastingsite (pargasite) and hastingsite (ferropargasite) fields. They
may contain armoured relics of diopside. The crystallisation age of the Voetspoor Intrusion has been dated by the Pb-Pb single zircon
evaporation technique at 530±3 Ma. Hence, the syenite intruded late-tectonically with respect to the major Pan-African deformation
phase in this area. A second zircon generation was dated with the vapour digestion technique and revealed an age of 456±20 Ma. This
younger age is interpreted as reflecting new zircon growth during a separate hydrothermal event. Isotopic compositions of the syenites
are characterised by moderate initial ?Nd values (-3.9 to -4.9) and relatively low initial 87Sr/86Sr ratios (0.70586 to 0.70610). These signatures, together with trace element and REE characteristics, are interpreted as reflecting the nature of an enriched lithospheric mantle
source rather than significant crustal contamination. The enrichment of this part of the mantle from which the syenitic magma was
derived may be the result of subduction processes which are significantly older than the crystallisation age of the Voetspoor Intrusion.
The ascent of the syenitic magma might be related to deep-reaching fault zones that formed during a late-stage extension in an orogenic
triple junction.

Introduction
Syenites of upper mantle derivation play an important role in the evolution of orogenic belts because
they reveal interesting evidence about the nature of the
lithospheric mantle. Little is known about the composition of the upper mantle underneath the Pan-African
Kaoko and Damara belts since geochemical and isotopic data from mantle-derived, syenitic magmas are still
rare (e.g. Jung et al., 1998a). The Voetspoor Intrusion
investigated in this study is a small late-tectonic syenite that cuts through weakly metamorphosed turbiditic
sediments in the Southern Kaoko Zone (Miller, 1983;
see Fig. 1), West Brandberg area.
In the region of the Voetspoor Intrusion, the Kaoko
Belt merges with the Northern Zone of the Damara Belt
(Damara Inland Branch), forming an orogenic triple
junction (cf. Coward, 1981, 1983). The age relationship
between these two belts is still open to discussion (e.g.
Coward, 1981; Miller, 1983; Hartnady et al., 1985; Stanistreet et al., 1991; Dürr and Dingeldey, 1996), hence,
radiometric dating of late- to post-tectonic intrusions is
a necessary prerequisite to solve this problem.
In this paper, we present new results of Pb-Pb evaporation and U-Pb vapour digestion single-grain dating on
zircons from the Voetspoor Intrusion which yield additional constraints on the timing of deformation and
magmatism in the Pan-African Kaoko and Damara
belts. In addition, geochemical and isotope characteristics of the Voetspoor Intrusion provide evidence on the
nature of the source region of the syenite magma. This
will contribute to a better understanding of the character of the lithospheric mantle during the Pan-African
Orogeny in Namibia.

Figure 1. Geological sketch map of the lower Ugab region;
modified and simplified after Miller and Grote (1988).

Previous work
So far, the only geochemical and isotopic investigations on Damaran syenites have been undertaken by
Jung et al. (1998a) in the Okahandja Lineament Zone of
the Damara Orogen (zonation after Miller, 1983). These
syenites are interpreted as originating from an extremely enriched, lithospheric mantle-derived source and are
characterised by low initial εNd values of -4.3 to -5.5 and
relatively high Sri ratios of 0.70706 to 0.70769. These
initial values are calculated for an age of 540 Ma, and
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thus are comparable with the results of the present study
(see below).
Recent geochronological work in the Hoanib-Tomakas-Gomatum area (the Purros Terrane of K.-H. Hoffmann, 1987), using conventional U-Pb, Pb-Pb single
zircon and SHRIMP methods, has shown that, in the
Kaoko Belt, two discrete events of widespread granitoid plutonism, at about 650 and between 580 and 552
Ma, can be distinguished (Seth et al., 1998; Seth, 1999).
Franz et al. (1999) interpret these magmatic phases as
being related to the peaks of two different metamorphic
events within the Pan-African Orogeny. For the southern Kaoko Zone, radiometric age dating is still scarce. A
conventional U-Pb zircon age of 577±20 Ma recorded
for a post-tectonic granite, about 16 km north of the
Huab River Mouth (Miller and Burger, 1983) conforms
to the younger phase of plutonic activity in the Kaoko
Belt. A similar age of 573±33 Ma (Rb-Sr whole-rock;
MSWD 2.51) was recorded by Kröner (1982) for the
late- to post-tectonic Voetspoor intrusion. In the Northern Zone (the Outjo Terrane of K.-H. Hoffmann, 1987)
and the northern Central Zone of the Damara Belt, zircons from two coarse-grained, porphyritic granitoids
(‘Salem Granitic Suite’) were dated by conventional
U-Pb methods yielding upper intercept ages of 589±40
Ma for the Omangambo granite (post-D2 in the Northern Zone) and 546±30 Ma for the Otjozondjou quartz
monzonite (pre-D2 in the northern Central Zone, corresponding to post-D2 in the Northern Zone; Miller
and Burger, 1983). Rb-Sr whole-rock dating on these
plutons gave a conformable, although not very reliable
(MSWD 11.5) age of 548±31 Ma (Hawkesworth et al.,
1983). A distinctly younger Rb-Sr whole-rock age of
495±15 Ma (MSWD 4.3) was recorded by the same authors for the post-tectonic, alkaline Sorris-Sorris granite
which intruded the Omangambo pluton.
Field relations and sampling
The Voetspoor Intrusion, situated on the Farm Goedgenoeg ( 525), intruded turbiditic rocks (Swart, 1992) of
the Ugab Terrane (K.-H. Hoffmann, 1987) in the Southern Kaoko Belt (Miller, 1983). The Ugab Terrane underwent three phases of deformation (Coward, 1981):
The first deformation (D1) produced the dominant structures with westward verging folds during E-W directed
compression, whereas the second deformation (D2)
only locally developed crenulations mainly coaxial
with F1 fold hinges. Growth of biotite along S1 cleavage
planes testifies to the peak of metamorphism during this
phase of deformation. During D3, large-scale, crescentshaped F3 interference folds were formed during NNWSSE compression. As shown in Fig. 1, the Voetspoor
Intrusion cuts dicordantly through the interlayered and
interfolded lithostratigraphic units of the Ugab Terrane.
Hence, it post-dates the dominant D1 structures but was
still affected – in parts – by late-stage kinematics (C.
Passchier, pers. comm.). Samples of the Voetspoor In-

trusion were taken along a traverse which started about
1.5 m from the margin of the intrusion and ended in its
central part. The sample localities are listed in Table 1.

Analytical techniques
For mineral analyses a CAMECA SX 50 microprobe
with four independent channels was used. Instrument
conditions are 15 kV acceleration potential and 10 nA
specimen current. Bulk rock analyses were performed
by standard XRF methods using a PHILLIPS PW 1480
spectrometer. FeO was analysed photometrically. The
total amount of volatiles was determined by loss on ignition, correcting for the mass gain due to oxidation of
Fe2+. The bulk rock analyses are listed in Table 7.
Analyses of Y and the REE, listed in Table 9, were
carried out by ICP-AES, at the GeoForschungsZentrum
Potsdam, following the prescriptions of Zuleger and Erzinger (1988). Analytical precision is about 5 % relative
standard deviation for Y and all REE, except for Pr.
Isotopic measurements for whole-rock Sm-Nd and
Rb-Sr (Table 9) were carried out on a Finnigan-MAT
261 mass spectrometer at the Max-Planck-Institut für
Chemie (Abteilung Geochemie) in Mainz. For Rb-Sr
and Sm-Nd isotopic analyses, sample powders were
mixed with a 85Rb/84Sr- and a 149Sm-150Nd-spike and
dissolved, in several steps, in concentrated HF, 6N HCl,
and 7N HNO3. Sr and Rb were separated by standard
cation exchange procedures in columns filled with
DOWEX AG 50WX12® resin, followed by Sm and Nd
separation with HDEHP coated teflon columns. For Rb,
Sm and Nd measurements Re-double filaments were
used, and Sr was loaded with TaF5 on W-single filaments. 87Sr/86Sr fractionation was corrected by normalising the ratios to 86Sr/88Sr = 0.1194 (Steiger and Jäger,
1977). Six runs of the Sr standard NBS 987 yielded a
mean 87Sr/86Sr value of 0.710233±31. The errors for the
87
Rb/86Sr ratios are better than 1%. The 143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.7219. The accuracy of the 143Nd/144Nd ratio was monitored by analyses
of the La Jolla Nd standard, which yielded a value of
0.511852±20 (n=7) during the present study. The uncertainty assigned to the 147Sm/144Nd ratios is better than
0.1%.
Zircons were separated from whole-rock samples,
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weighing about 5 kg each. Isotopic measurements were
carried out on a Finnigan-MAT 261 mass spectrometer
using the secondary electron multiplier in peak jumping
mode at the Max-Planck-Institut für Chemie (Abteilung
Geochemie) in Mainz. The laboratory procedures for
single zircon evaporation follow Kober (1986, 1987)
with slight modifications (Kröner and Todt, 1988;
Kröner et al., 1991). No correction was made for mass
fractionation of Pb which is 0.3‰ per atomic mass unit
(Todt et al., 1996), insignificant for the age range considered in this study. The vapour digestion technique
for single zircons was developed by Krogh (1978) and
Parrish (1987) and modified by Wendt and Todt (1991)
and Wendt (1993). The total Pb laboratory blank was
about 3 pg. All ratios were corrected for fractionation
using the NBS SRM 981 standard as reference (Todt et
al., 1996). These fractionation factors scatter at around
3.0±0.3‰ per AMU during the period of measurement.
All errors are reported at the 2σ level including ratio
reproducibility, correction for non-linearity of the secondary electron multiplier and correction for common
lead. Regression calculation follows York (1969), and
ages and errors are calculated and illustrated in a concordia diagram using the ISOPLOT program of Ludwig (1994). Some initial analyses were highly discordant and the zircons were therefore abraded for several
hours using the air abrasion technique of Krogh (1982)
leading to more concordant results.
Petrography and mineralogy
Modal composition and rock structure
The Voetspoor intrusive rocks are monzonitic to
quartz-monzonitic in modal composition (Table 2).
Chemically, however, most of the Voetspoor rocks
classify as syenites (Fig. 5). The marginal facies of
the Voetspoor Intrusion displays a conspicuous porphyritic texture (sample Go-1). Euhedral to anhedral
phenocrysts of K-feldspar, up to about 30 mm long and
generally 5-10 mm wide, constitute about 10 vol.% of
the rock. They are irregularly distributed in a medium-

grained matrix consisting of subhedral, equant grains
of K-feldspar, plagioclase, quartz, and equal portions
of partly chloritised amphibole and biotite (Table 2).
Subparallel alignment of the phenocrysts parallel to the
margin of the pluton is most probably due to magmatic
flow. The K-feldspar phenocrysts contain numerous inclusions of plagioclase, more rarely of amphibole and
biotite. Therefore, the phenocrysts do not represent an
early crystallisation stage in a complex magmatic history, but are due to a low nucleation rate of K-feldspar
relative to plagioclase (cf. Hibbard, 1995).
Towards the central part of the Voetspoor Intrusion,
K-feldspar phenocrysts gradually become smaller and
vanish, giving rise to a medium-grained, equigranular
texture, formed by K-feldspar, plagioclase, amphibole
and subordinate quartz (Go-2 to -5, Table 2). Small mafic xenoliths of cm-size are locally present (e.g. sample
Go-2).
Aplitic leuco-monzonitic dikes cut the Voetspoor
Intrusion. They reveal a medium-grained, equigranular texture and consist of subhedral, equant grains of
K-feldspar and plagioclase with minor amphibole and
quartz.
Individual minerals
Phenocrystic and matrix K-feldspar encloses all other
minerals, most frequently plagioclase and plagioclasequartz intergrowths. K-feldspar shows recrystallised
margins with formation of bulbous myrmekite (Phillips,
1974). Carlsbad twinning of K-feldspar is widespread.
Tartan twinning typical of microcline was observed
only in the aplite sample Go-6b. All K-feldspars are
perthitic; braid perthite is most common but patch and
vein perthite are also present. Compositional variation
of the K-feldspars is relatively small: Or86-92Ab6-13Ce1.4An<0.2 (Table 3, Fig. 2). K-feldspars of sample Go-5
4.1
contain areas with high amounts of Ba, conforming to
celsian contents of up to 6.4 mol.% (not shown in Table 3). These may be due to local infiltration of Ba-rich
hydrothermal fluids during a late stage of the magmatic
evolution (Mehnert and Büsch, 1981, 1985) or a separate thermal event (see below).
Anhedral to subhedral plagioclase is frequently

Figure 2. Triangular plot Or - Ab - An [mole.-%] for the analysed K-feldspars and plagioclases.
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twinned after the albite and albite-Carlsbad law, sometimes in combination with the pericline law; patchy
antiperthite is present in places. In general, most plagioclase grains are relatively homogeneous and only
weakly zoned. Many grains, especially those enclosed
in K-feldspar, are surrounded by a thin, clear rim of albite. An contents are mostly in the andesine-oligoclase
range (Table 3, Fig. 2). Compositions are An23-26 in sample Go-1 (unzoned), An11-20 with rims of An3-7 in samples Go-2, -3, -4 and -6b and An19-41 with rims of An13 in
sample Go-5. The Or contents vary between 0.4 and 1.7
mol.%, and the Ce contents are generally at or below
the detection limit.
In nearly all samples investigated, amphibole with nα
(greenish yellow) < nß (bluish to brownish green) ≥ nγ
(lighter bluish to brownish green) is the predominant
mafic phase. The anhedral or subhedral, often twinned
crystals may contain inclusions of clinopyroxene, biotite, accessories, and secondary epidote. The amphibole rims are partly replaced by secondary chlorite.
Most grains display a patchy or zonal colour distribution, where brownish-green tints tend to be in the central parts and bluish-green ones in marginal parts of
the crystal. The composition of the amphiboles is relatively uniform with (Na+K)A 0.56-0.87, Ti 0.07-0.25
per formula unit (p.f.u.), Si 6.40-6.79 p.f.u. and XMg
0.47-0.57 (Table 4). With few exceptions, the Fe3+[VI]
content, estimated by the midpoint method of Papike et
al. (1974), is generally higher than Al[VI]. Most amphiboles plot in the edenite field, but some straddle the
border to the magnesiohastingsite (pargasite) and hastingsite (ferropargasite) fields (Fig. 3).
Biotite with nα (yellow) < nß ≡ nγ (dark greenish
brown) is an important mafic phase only in the porpyritic sample Go-1 (Table 2). The biotite flakes are often

Figure 3. Plot of analysed amphiboles in the diagram Si p.f.u.
vs. Mg/(Mg+Fe2+) after Leake et al. (1997). Symbols as
in Figure 2.

bent and partly replaced by green Fe-Mg pycnochlorite
or invaded, along the (001) cleavage, by calcite veins.
The biotite compositions vary considerably between individual samples (Table 5):
Go-1: XMg (= Mg/(Mg+Fetot) 0.52-0.56, total Al
2.49-2.60 p.f.u., Ti 0.18-0.35 p.f.u.;
Go-3: XMg 0.62-0.63, total Al 2.22-2.26 p.f.u., Ti

Figure 4. Plot of analysed clinopyroxenes in the pyroxene
quadrilateral Di - Hd - En - Fs with demarcation lines after
Morimoto et al. (1988). Symbols as in Figure 2.
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0.15-0.16 p.f.u.
The nearly ideal interlayer occupancy of ≥1.9 indicates that at least portions of the investigated biotites
are relatively unaffected by alteration processes.
In samples Go-4 and -5, diopsidic clinopyroxene
relics are included in, or intergrown with, amphibole.
Clinopyroxene grains display exsolution lamellae, presumably of ortho-pyroxene. The compositions are in
the range Wo43.5-46.6En32.1-35.2Fs9.8-16.2Ac3.8-6.8CafTs1.0-2.5
CaTs0.9-2.0 (Table 6, Fig. 4).
Common accessory minerals are titanite, epidote, ±
allanite, apatite, zircon, monazite, xenotime, and pyrite,

partly replaced by goethite. Titanite, apatite and zircon
occur in the matrix and as inclusions in biotite. Additional secondary alteration products of different silicate
minerals are sericite, chlorite, calcite and part of the
epidote. Radial aggregates of prehnite, intergrown with
calcite, occur in sample Go-6b.
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Whole rock geochemistry
Chemical classification
The Voetspoor intrusives are intermediate rocks with
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silica contents between 55 and 62 wt.% SiO2, the highest
values being recorded for the two aplitic dike samples
Go-6a and b. In the multi-cation R1-R2 diagram of La
Roche et al. (1980), the samples plot between the alkaline and subalkaline trends (Debon and Lemmet, 1999).
In terms of their Shand indices, Al2O3/(Na2O+K2O) vs.
Al2O3/(CaO+Na2O+K2O) [mol.-%] (Maniar and Piccoli, 1989), all Voetspoor samples are metaluminous.
In the TAS diagram (Cox et al., 1979; Wilson, 1989),
most Voetspoor samples, including the aplitic dike, fall
into the syenite field and sample Go-1 into the monzonite (syenodiorite) field (Fig. 5). The obvious discrepancy with the modal classification is due to the

Figure 5. TAS diagram after Cox et al. (1979) modified for
plutonic rocks after Wilson (1989).

relatively low An content of plagioclase. However, in
this study the chemical classification is preferred.
Calculation of the CIPW norm (Table 7) yields up to
6.5 wt.% quartz (sample Go-1); sample Go-5 is slightly
undersaturated with 2.0 wt.% normative olivine. The
aplite samples contain only 0.6-0.7 wt.% normative
quartz, which corresponds to the low modal values. The
total normative feldspar contents are in the range of
72.3-76.4 wt.% for the syenite samples and 92.9-95.8
wt.% for the aplitic dike samples.
Interelement relationships
Judging from calculated correlation coefficients of
>|0.80|, Si and Al display negative correlations with
Fe, Mg, Ca, Ti, P, V, Zn, Y, Zr and/or Nb, most of the
REE and, less distinctly, with Ni. Conversely, Si and Al
show a good positive correlation with Na, but not with
K. There are negative correlations between Ca and Sr,
poor correlations of K vs. Ba and K vs. Rb, and no correlation between Rb and Sr. Na, Sr and Ba show clear
negative correlations with Fe, Mn, Mg, Ca, P, Ti, V, Cr,
Zn, Y, Zr, Nb, and the REE. The correlation between
Cr and Ni is poor. Some of these interelement relationships are plotted in Harker diagrams (Fig. 6) which display linear correlation trends for the analysed syenites.
The aplite samples, however, seem to bend this trend
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Figure 6. Harker diagrams of wt. % SiO2 vs. a) CaO, b) MgO,
c) Fe2O3tot, d) TiO2, e) P2O5, f) Na2O+K2O. Symbols as in
Figure 5.

ble 8). The chondrite-normalised distribution patterns
are characterised by significant enrichment of the LREE
over HREE (Fig. 7), with LaN/YbN ratios ranging from
35.8 to 59.6. Hence, the distinctive LREE enrichment
is responsible for the crystallisation of a considerable
amount of LREE-enriched phases like monazite, allanite and apatite. The LREE themselves show a relatively
steep slope, with LaN/SmN values of 5.0 to 5.9. The
fractionation of the HREE, as expressed by the GdN/
YbN ratio, is slightly smaller (3.7 to 4.8) than the LREE
fractionation.
The samples Go-1 to -5 show a slight Eu depletion
relative to Sm and Gd with Eu/Eu* values of 0.81 to
0.89. For comparison, Eu/Eu* values for the upper

towards lower values of the plotted oxides with increasing SiO2.
REE geochemistry
The total REE contents range between 704 and 904
ppm for the main intrusion (Go-1 to -5) and between
234 and 276 ppm for the aplitic dike (Go-6a and b; Ta-

Figure 7. REE patterns of the syenite samples Go-1 to -5 (grey
field) and of the aplitic syenite dike samples Go-6a and 6b; chrondrite-normalised after Evensen et al. (1978).
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main intrusion, the aplitic dike is characterised by distinctly lower contents of Nb, La, Ce, Nd, P, Sm, Ti, Tb,
Y, Tm and Yb, and higher contents of Sr and Ba.
Nd- and Sr-isotope geochemical results

crust are around 0.65 (Taylor and McLennan, 1981).
Although the syenite samples contain high amounts of
K-feldspar and plagioclase which usually have positive Eu-anomalies (Taylor and McLennan, 1985), these
might be compensated for by relatively high contents of
minerals with negative Eu-anomalies, like amphibole.
In contrast, the aplitic dike samples Go-6a and b have
positive Eu-anomalies with Eu/Eu* of 1.30 to 1.63,
which can be ascribed to their lower content of accessory phases, higher feldspar/amphibole ratios and, thus,
lower contents of LREE.
The chemical differences between the main intrusion and the aplitic dike are also demonstrated by the
chondrite-normalised patterns of some REE and other
incompatible trace elements (Fig. 8). Compared to the

Figure 8. Trace element patterns of the Voetspoor Intrusion
samples Go-1 to -5 (grey lines) and the aplitic dike samples Go-6a and -6b; chrondrite-normalisation values after
Thompson (1982).

The initial εNd values of the Voetspoor syenites, including the aplitic dike, range between -3.9 and -4.9 (at 530
Ma, see below). The mean crustal residence ages (after
the definition of Arndt and Goldstein, 1987), expressed
as TDM (Michard et al., 1985), range between 1.2 and
1.3 Ga. The 147Sm/144Nd ratios of all samples are low
(0.085-0.092). The low initial 87Sr/86Sr values of 0.7059
to 0.7061 are higher than the depleted mantle value of
~ 0.7038 at ~ 530 Ma, calculated using uniform-reservoir values of DePaolo and Wasserburg (1976) and
Faure (1986). All samples have low 87Rb/86Sr ratios between 0.127 and 0.221. It should be noted that there is
no difference in the Sr and Nd isotope characteristics of
the main intrusion and the aplitic dike.
Geochronology
The samples Go-5 and Go-1 were selected for age
determination. The zircons from sample Go-5 are clear

Figure 9. Histograms showing radiogenic Pb isotope ratios
derived from evaporation (a) of three grains from sample
Go-5 and (b) of five grains from sample Go-1; the spectra
have been integrated from 261 and 443 ratios, respectively
(see also Table 10).
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to pinkish, euhedral and long-prismatic (up to 380 µm).
Three grains were evaporated individually and yielded
almost identical 207Pb/206Pb ratios that combine to a
mean age of 530.2±3.2 Ma (Fig. 9a, Table 10). A fourth
grain of sample Go-5 produced a 207Pb/206Pb evaporation age of 541.3±7.0 Ma (Table 10) probably indicating some xenocrystic core material in this zircon.
Sample Go-1 contains zircons of two discrete types
distinctive in size, colour and morphology. The first
type comprises large (250-400 µm), clear to light yellow or pinkish, euhedral and long-prismatic grains
which resemble the zircons of sample Go-5, whereas
the second type is represented by smaller (< 120 µm),
very clear, euhedral and isometric zircon grains. Five
grains of the first, larger zircon type were evaporated
individually and yielded a combined mean 207Pb/206Pb
age of 530.0±3.2 Ma (Fig. 9b) corresponding exactly to
the evaporation age of sample Go-5 (Table 10). Unfortunately, the smaller zircons of the second type did not
yield reliable results with the single-zircon evaporation
technique, because they are too low in radiogenic Pb.
Therefore, two single-grain U-Pb analyses of the
second zircon type in sample Go-1 were carried out by
vapour digestion (Table 11). The results are almost concordant but reveal relatively large error ellipses (Fig.
10). However, if the lower intercept is forced through
zero, these points define a discordia with high probability (MSWD = 0.00072) and an upper intercept age of
456±20 Ma.
The age of 530±3 Ma is interpreted as the crystallisation age of the Voetspoor Intrusion since the corresponding zircon grains show morphologies typical for

magmatic growth. We regard this date as more reliable
than the Rb-Sr whole-rock isochron age of 573±33 Ma
(MSWD = 2.51) determined by Kröner (1982). The
younger age of 456±20 Ma was obtained from a different type of zircon that still displays an igneous morphology. Since the data points are almost concordant,
we interpret this zircon type as belonging to a second
zircon generation. The growth of this later generation

Figure 10. Concordia diagram showing U-Pb isotopic results
for vapour digestion analysis of single zircons from syenite sample Go-1 from the Voetspoor Intrusion (for analytical data see Table 11); error ellipses for each analysis are
based on 2σ errors.
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is interpreted as reflecting a separate thermal event during which the Voetspoor Intrusion, or a part of it, was
penetrated by hydrothermal fluids.
Discussion and conclusions
Age constraints
The crystallisation age of 530±3 Ma of the Voetspoor
Intrusion is distinctly younger than the second phase
of syn- to late-tectonic granitoid intrusions from the
western Hoanib River area in the central segment of
the Kaoko Belt (Seth et al., 1998; Seth, 1999) as well
as a post-tectonic granite in the southern Kaoko Zone
(Miller and Burger, 1983). According to the geochronological results of Hawkesworth et al. (1983) and Miller
and Burger (1983), the late- to post-tectonic granitoids
in the Northern Zone of the Damara Belt are somewhat
older than the Voetspoor Intrusion. Field observations
have shown that the Voetspoor Intrusion crosscuts the
major foliation of the metasedimentary host-rock but
was still affected by late-stage deformation (C. Passchier, pers. comm.). Consequently, the emplacement of
the Voetspoor syenite was a late event in the kinematic
history of the Kaoko Belt and the Northern Zone of
the Damara Belt with respect to the main deformation
phase and regional metamorphism.
Judging from the U-Pb data, a last significant thermal overprint of the Voetspoor Intrusion took place
about 456±20 Ma ago. During this event, an influx of
hydrothermal fluids led to the growth of a second zircon generation. We assume that the formation of Barich patches in alkali-feldspars, the chloritisation of
biotite and amphibole, the sericitisation of plagioclase
and alkali-feldspar, the breakdown of titanite, and the
infiltration of calcite veins are at least partly due to this
hydrothermal activity.
Petrogenesis of the syenitic magma
The Voetspoor syenite is an alkali-rich, metaluminous
and silica-saturated intrusion. REE patterns with high
total REE contents and LREE > HREE indicate that the
syenite crystallised from a melt with a high solubility of
REE-bearing minerals. Hence, the syenite is rich in accessory phases like allanite, apatite and monazite containing high amounts of REE. The enrichment in LREE

may be explained by a low degree of partial melting of
an alkali-enriched source rock. The geochemical and
isotopic composition of the Voetspoor syenites suggest
that fractionation processes in the magma chamber were
not extensive and that crustal contamination played
only a minor role. Consequently, it is suggested that the
compositional characteristics reflect largely the nature
of the source area in the upper lithospheric mantle.
Fractional crystallisation
Compositional variations between the main syenite
intrusion and the aplitic dike reflect the degree of postmelting fractionation processes. Compared to the main
intrusion, the dike is characterised by distinctly lower
contents of Nb, La, Ce, Nd, P, Sm, Ti, Tb, Y, Tm and
Yb (Fig. 8), matching its lower content of mafic phases,
mainly amphibole, and accessory minerals. By contrast,
there is a relative enrichment of Sr and Ba in the dike
samples which might be explained by feldspar accumulation mainly as a consequence of crystal fractional
crystallisation. As a result, the aplitic dike has higher
plagioclase contents than the main syenite intrusion
(Table 2). However, the slightly negative or lacking
Eu anomalies in the main syenite imply that feldspar
fractionation is limited. Since there is no correlation between Cr and SiO2, the fractionation of clinopyroxene
(diopside) plays no significant role. The TiO2 content
decreases with increasing SiO2 content (Fig. 6) reflecting fractionation of amphibole and titanite. The correlation of P2O5 and SiO2 (Fig. 6) implies significant
fractionation of apatite since this is the major phosphorus-bearing phase in the rocks.
The role of crustal contamination
The original compositions of many syenitic magmas
emplaced into the continental crust have been modified
by reaction with crustal rocks during ascent through,
and stagnation within, the crust (e.g. Fowler, 1988).
Previous studies on syenites from the Damara belt have
suggested that in these rocks crustal contamination is
limited (e.g. Jung et al., 1998a). The extreme Sr enrichment of many syenitic rocks makes crustal contamination difficult to verify. However, for the Voetspoor
syenite a small amount of crustal contamination might
be indicated by the weak positive and negative correla-
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tions of the initial Sr isotope ratios with MgO and SiO2,
respectively (Fig. 11a, b), implying a contaminant significantly richer in MgO and poorer in SiO2 than the syenite magma. Turbiditic country rocks and underlying
basement gneisses are the most likely contaminants in
this area, but are too low in MgO and too high in SiO2.
It is therefore more likely that these signatures reflect
variations in the composition of the source area of the
magma. No visible correlation exists between these oxides and the initial εNd values indicating that the source
was heterogeneous with respect to the Rb/Sr ratios but
rather homogeneous with respect to Sm/Nd ratios.
The syenitic magma was not strongly evolved with
respect to the Sr isotope system with 87Sr/86Sri around
0.706 which is slightly lower than in syenites from the
Okahandja Lineament Zone (e.g. Jung et al., 1998a).
Moreover, generally higher Sri values were recorded for
Pan-African granitic rocks (87Sr/86Sr(530) 0.706 to 0.713)
and pre-Pan-African basement gneisses (87Sr/86Sr(530)
0.710 to 0.739) from the Kaoko Belt (Fig. 12; Seth,
1999). The initial εNd values of the Voetspoor syenites
(-3.9 to -4.9) are much higher than those of nearby Palaeoproterozoic basement gneisses (-20 to -30 at ~ 530
Ma; Seth, 1999; Fig. 13). These isotopic features preclude significant assimilation of older crustal material.
Studies on mantle-derived syenites that have undergone
crustal contamination show disturbed Sr and Nd isotop-

Figure 11. SiO2 (a) and MgO (b) contents vs. initial 87Sr/86Sr
ratios for the syenite samples of the Voetspoor Intrusion.
Symbols as in Figure 5.

Figure 12. Initial (530 Ma) εNd vs. 87Sr/86Sri diagram showing
the plots from the Voetspoor syenite samples (black) in
comparison to other Pan-African syenites from the Okahandja Lineament Zone (light grey; data from Jung et al.,
1998a), to Pan-African granitic rocks from the Kaoko
Belt (hatched; data from Seth, 1999) and to pre-Pan-African gneisses from the Kaoko Belt (cross-hatched; data
from Seth, 1999).

ic systems (e.g. Fowler, 1988, 1992). Consequently, the
geochemical and isotopic features of the Voetspoor syenite are interpreted as reflecting the nature of the mantle source rather than crustal contamination.

Figure 13. Nd evolution diagram showing fields of initial εNd
values from the Voetspoor syenite samples obtained in this
study (black) in comparison to other Pan-African granitoids from the Kaoko Belt (hatched; data from Seth, 1999)
and from the Damara Belt (dotted; data from Jung et al.,
1998b) and to pre-Pan-African gneisses from basement
inliers in the Kaoko Belt (cross-hatched; data from Seth,
1999); isotopic evolution line for depleted mantle is based
on the model proposed by Goldstein et al. (1984).
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Nature of the lithospheric mantle source
The geochemical features of the Voetspoor Intrusion
such as high Ba and Sr contents, negative Nb, P and
Ti anomalies (Fig. 8), moderately negative initial εNd
values and relatively low initial 87Sr/86Sr ratios are significantly different from rift- or hotspot-related syenites
(e.g. Baker, 1987; Harris and Grantham, 1993). Most
of these features are rather consistent with a subduction zone component. Moreover, the Voetspoor syenite is enriched in terms of incompatible elements like
Rb, K, Th and the LREE. The Rb-K relationships of
the Voetspoor syenites (Fig. 14) suggest the presence
of phlogopite rather than amphibole in the source area
conformable with an enriched lithospheric mantle (e.g.
Foley, 1992). We conclude that the elemental and isotopic enrichment of the syenites reflects the composition of a phlogopite-bearing upper lithospheric mantle
source, from which the magma was extracted about
530 Ma ago. Based on similar isotopic results, Jung et
al. (1998a) came to the conclusion that the Pan-African syenites in the Okahandja Lineament Zone were
derived from a phlogopite-bearing lithospheric mantle
source that was enriched by fluids from a subduction
zone. By implication, a subduction process also affected the lithospheric mantle beneath the Southern Kaoko
Zone, providing the conditions for the formation of the
Voetspoor syenite magma. The age of these subduction
processes is uncertain, but the syenitic magma evolved
from a lithospheric mantle that has been enriched much
earlier, most probably in Proterozoic times, since the Nd
model ages indicate the involvement of old, enriched
components in the source of the syenites. Low 147Sm/
144
Nd ratios may be a consequence of small degrees of
partial melting but may further indicate enriched upper
mantle sources.

Ascent of the syenitic magma in the geotectonic
framework
The late-tectonic Voetspoor syenite is situated within
an orogenic triple junction (Coward, 1981, 1983) that
is characterised by a W-E directed compressional stress
field (P.F. Hoffman et al., 1994) during the major deformation phase of the Damara Orogeny. We assume
that the emplacement of the syenite took place in an
extensional regime that follows shortly after this major
compression. These extensional processes, inducing the
orogenic collapse, might be responsible for the activation of deep-reaching fault zones which would allow
the ascent of magmas from the lithospheric mantle.
The Damaran syenites described by Jung et al. (1998a)
intruded along the Okahandja Lineament, a prominent
ENE-striking shear zone, and the authors assume that
a change in the stress field which renewed transcurrent
movements along lithospheric mega-shear zones was
responsible for the intrusion of the Damaran syenites.
This might also be true for the Voetspoor Intrusion, and
the ascent of the syenitic magma might correspond to
deep-reaching fault zones in a late-tectonic extensional
regime within the orogenic triple junction.
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