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Diamond exploration conducted by Rio Tinto Namibia in the Tsumkwe region of northeast Namibia from 1994 to 1996 produced 
significant enough populations of kimberlitic indicator minerals, particularly G10 garnets, to warrant further study of the poorly exposed 
basement.  Although representing a geochemically diverse population, most of the garnets studied appear to have been derived from a 
mantle with a cratonic geotherm, a diamond window of 900° to 1250°C, and a lithosphere thickness of at least 190 km.  G10 garnets are 
moderately abundant and fall within the diamond window.  Zircons from basement megacrystic granite produced a 206Pb/238U mag-
matic crystallization age of 852 ± 11 Ma, and zircons from fine-grained granitic gneiss produced a crystallization age of 2022 ± 15 Ma 
with lead loss, possibly relating to a metamorphic event, at about 970 Ma.  Combined, these results indicate the presence of a stabilized 
continental segment, established by at least 2.0 Ga, which included mantle with some Archean-like characteristics at the time of kimber-
lite eruption.  This portion of the lithosphere may have been a thinned southern edge of the Congo craton.

Introduction

This study focuses on the eastern part of the Otjo-
zondjupa political region, referred to herein as the 
Tsumkwe region.  Despite being largely covered by 
Kalahari sediments, the area has long been considered 
to be prospective for diamondiferous kimberlites and 
lamproites, occurring as it does across the border from 
significant kimberlite occurrences in Botswana.  The 
discovery of at least three diamonds in soil samples 
(Rio Tinto Namibia, unpub. data, 1995) has further 
created exploration interest in the region.  Reconnais-
sance indicator mineral sampling was conducted by De 
Beers from 1978 to 1984 and targeted a large region in 
northern and eastern Namibia, narrowing down to the 
northeastern area centered on the village of Tsumkwe.  
During the course of that program, De Beers uncov-
ered the four Sikereti kimberlites approximately 60 km 
north of Tsumkwe.  Although barren of diamonds, the 
presence of the Sikereti kimberlite cluster indicated the 
potential for other kimberlites in the region.  Important 
indicator mineral anomalies were also discovered in the 
neighboring Tsumkwe area, however due to political 
and other conditions at the time these anomalies were 
not followed up.

The current project grew out of regional diamond ex-
ploration work conducted by Rio Tinto Namibia, Pty 
Ltd. from 1994 to 1996.  During that time, several hun-
dred loam samples were collected from an area extend-
ing from the Gam region in the south to the Sikereti 
kimberlites in the north, and from the Botswana border 
in the east to some 40 km west of Tsumkwe.  Rio Tinto 
also had most of that area covered with airborne geo-
physics.  In the course of the program, hundreds of man-
tle-derived indicator minerals indicative of the presence 
of kimberlites or lamproites were taken from the loam 
samples.  Approximately 20 percent of these minerals 
were so-called G10 (Cr-rich, subcalcic) garnets that are, 
by analogy to diamond-inclusion garnets, indicative of 

the possible diamond potential of a kimberlite (Gurney 
and Zweistra, 1995).  Work by Rio Tinto and by De 
Beers on surface textures of indicator minerals further 
supported local source regions (3 to 5 km) for the gar-
nets that were studied (De Beers, unpub. data, 1978, 
1984; Rio Tinto, unpub. data, 1994, 1996).    

In this paper, we describe results of geochemical and 
geochronological studies on mantle-derived garnets and 
basement rocks from the Tsumkwe region.  The work, 
which was sponsored by Rio Tinto Namibia, was con-
ducted in order to gain information on the nature and 
age of the lithosphere in the region. The geochemical 
studies of garnets are particularly important in identify-
ing mantle geotherms and the diamond potential of the 
region at the (unknown) time of kimberlite emplace-
ment. The basement ages are significant contributions 
to the small database of this large, sand-covered portion 
of the country.

Geologic framework

Much of the bedrock geology of the Tsumkwe region 
has remained unknown and mostly inferred because 
much of northeast N3Agriculture, Water and Rural De-
velopment (Gam region), and the Geological Survey of 
Botswana (northwest Botswana) have further contrib-
uted to the understanding of major geological belts and 
structures in the area.

From regional geologic mapping and geophysical 
surveys (Eberle et al., 1995; 1:1 000 000 Geological 
Map of Namibia, 1980), a northeast-trending belt of 
pre-Damara basement crosses northeast Namibia  and 
extends through the Tsumkwe region and into Botswa-
na.  Where exposed in the east of the Tsumkwe area, 
these rocks consist of fine-grained granitic gneiss, am-
phibolite, and coarse megacrystic granite.  They have 
been correlated previously with the ca. 1800 m.y. old 
Grootfontein Metamorphic Complex (Balfour et al., 
1985).  Between the villages of Tsumkwe and Gam, 



to the south, the belt appears to be truncated or to flex 
downwards, as its highly magnetic character terminates 
in a series of covered, northeast-trending linear fea-
tures or fault zones (B. Corner, pers. comm. 1995; T. 
Smalley, pers. comm. 1995).  Southeast of this region 
is a magnetically relatively quiet zone considered to 
be composed of Damara-age sediments.  The Damara 
rocks are exposed in the Aha Hills and consist largely 
of sandstones and carbonates correlated with the Nosib 
and Otavi Groups (Balfour et al., 1985).  

Overlying the basement rocks in the Tsumkwe area 
and in blocks and segments farther south are the mag-
netically distinctive Karoo rocks which, although large-
ly unexposed, are presumed to consist of volcanic and 
sedimentary rocks.  Several large, distinctive circular 
structures are prominent in the geophysical pattern 
of the Karoo sequence.  Their origin and significance 
are as yet unknown (Rio Tinto Namibia, unpub. data, 
1995).  The Karoo sequence was apparently deposited 
in the vicinity of a basement high, as it rests directly 
upon the pre-Damara basement.  The broad band of the 
ca. 1500 km-long Okavango dyke swarm, which trends 
southeast across the continent from southern Angola 
to eastern South Africa, signaled late Karoo uplift and 
mantle upwelling reflecting a failed arm to a triple junc-
tion (Uken and Watkeys, 1997).  The Sikereti kimber-
lites occur along the southern edge of the dyke swarm 
and may have been emplaced at that time, as they ap-
pear to contain xenoliths of Karoo rocks.  Alternatively, 
they may have been emplaced in early Kalahari time, 
since they contain xenoliths of sedimentary rocks that 
resemble Kalahari stratigraphy but which may also be 
Karoo rocks (Balfour et al., 1985).  

The Kalahari sequence is locally up to 200 m or more 
thick.  The lower Kalahari units record fluvial drain-
age off basement highs and contain the majority of the 

kimberlite indicator minerals as a secondary source (De 
Beers, unpub. data, 1978, 1984).  Rounding and abra-
sion of some indicator minerals reflect reworking and 
sorting of grains in the extensive panneveld environ-
ment (Rio Tinto Namibia, unpub. data., 1995).  The 
overlying Kalahari units reflect alternating wet and dry 
conditions (Albat, 1978).  The present surface consists 
of wind-blown sand, dunes, and thick layers of calcrete, 
silcrete, and ferricrete in the vicinity of pan areas. 

Geochemistry

Methodology

The garnets used in this study come from the Tsum-
kwe area (Fig. 1B) and represent kimberlite indicator 
minerals collected by Rio Tinto from a wider region 
over the course of exploration (1994 to 1996).  The 
grains chosen for analysis are chemically and geo-
graphically representative of the larger garnet indicator 
mineral population, consisting of a few hundred gar-
nets of which approximately 20 percent are subcalcic 
G10 garnets. The garnets were mounted in epoxy and 
analyzed by electron microprobe for major elements by 
Scientific Services, Cape Town at the Department of 
Geological Sciences, University of Cape Town.  

Garnets on one polished disk were subsequently ana-
lyzed by proton microprobe for trace elements in the 
CSIRO Division of Exploration and Mining, North 
Ryde.  Methods used are described in detail by Griffin 
et al. (1988, 1989) and Ryan et al. (1990a, b).  The pro-

Figure 1A: Map of southern Africa (after Hoal et al., 1995) 
showing major structural boundaries and the Tsumkwe region 
(outlined).  

Figure 1B:  Geologic sketch map of the Tsumkwe area show-
ing the distribution of outcrop and suboutcrop beneath the 
Kalahari cover (blank areas; modified from the Geological 
map of Namibia, 1980). Locations of geochronology samples 
and the Sikereti kimberlites are also shown. Indicator miner-
als were recovered from loam samples taken from the central 
part of the region shown, from west of Nyae-Nyae and north 
of Tsumkwe to the Botswana border (longitude 21E).
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ton microprobe provides a beam of 3 MeV protons that 
is focused onto a sample by an electrostatic lens (Sie 
and Ryan, 1986).  The characteristic X-rays generated 
by the proton bombardment are collected by a Si (Li) 
energy-dispersive detector and displayed as spectra.  
The typical size of the beam spot on the sample is 30 
microns, and beam currents are 10 to 15 nA.  Counting 
times correspond to analysis times of 4 to 6 minutes 
per sample.  Methods for interpreting the trace element 
data, and for deriving TNi, PCr, and depth of lithosphere, 
are described by Griffin and Ryan (1995) and Ryan et 
al. (1996). 

    Results

Results for 49 mantle garnets are presented in Table 
1.  As a consequence of their representing a fairly wide-
ly distributed loam sample population, the garnets show 
some anticipated spread in their trace element composi-
tions.  This spread is illustrated in the distribution of the 
garnets on a PCr versus TNi diagram (Fig. 2), which also 
shows a range of model conductive geotherms (Pol-
lack and Chapman, 1977).  In this plot, the geotherm 
is defined by the envelope of maximum PCr at each TNi 
(Ryan et al., 1996).  Most of the garnets are consistent 
with derivation from a mantle with a geotherm close 
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to the model corresponding to a surface heat flow of 
40 mW/m2, which is typical of cratonic mantle, while 
some garnets indicate derivation from a mantle with 
a cooler geotherm of approximately 35 to 38 mW/m2.  
Thus, a range in possible mantle conditions is repre-
sented by the regionally sampled garnets, in keeping 
with the wide distribution of the sample sites. The esti-
mated thickness of the lithosphere is derived from the 
highest temperature at which depleted (Y-poor) garnets 
occur (1250°C).  In this sample set, such garnets occur 
up to the highest temperatures found (1250°C), indicat-
ing a lithosphere at least 190 km thick. The diamond 
window, or range of temperatures compatible with dia-
mond formation for this sample population, is defined 
by the temperature interval from the intersection of the 
geotherm with the diamond-graphite curve to the base 
of the sampled lithosphere (from 900° to 1250°C; Fig. 
2).  The peak in the number of garnets analyzed falls 
within this diamond window (Fig. 3).

In this representative sample population, there are 
five G10 (Cr-rich, subcalcic) garnets.  By analogy with 

diamond-inclusion garnets, these garnets are presuma-
bly derived from depleted harzburgitic mantle (Gurney 
and Zweistra, 1995).  The G10 garnets plot within the 
diamond window for northeast Namibia (Fig. 3), indi-
cating the presence of potentially diamondiferous, de-
pleted mantle beneath that region at the time of entrain-
ment to the surface.  These garnets also have depleted 
compositions with respect to trace elements (notably 
Zr, Y and Ti), indicating that diamond-destructive melt 
metasomatism (Griffin and Ryan, 1995) did not affect 
this segment of the mantle.  Phlogopite-related metaso-
matism, which is characteristic of xenoliths from much 
of the Kaapvaal craton, dominates the metasomatic 
style of the remainder of the garnets and is represented 
by relatively high Zr/Y and low Y/Ga values (Fig. 4).  
Higher Y/Ga in some garnets may reflect derivation 
from relatively fertile garnet lherozolites more typical 
of Proterozoic mantle (Griffin et al., 1998).  These ob-
servations underscore the probability that the spread of 
trace element compositions represented by the sample 
population (Fig. 4) reflects the range of possible mantle 
sources for the group as a whole.  
     

Geochronology

Methodology

Samples of basement megacrystic granite and fine-
grained granitic gneiss were collected from the eastern 
part of the Tsumkwe area, in the vicinity of the Ju/”hoansi 
settlement at Makuri Vlei, where the Kalahari cover is 

Figure 2:  Plot of PCr (kb) versus TNi°C for indicator mineral 
garnets from the Tsumkwe region, illustrating a garnet ge-
otherm close to 40 mW/m2, a diamond window between 
900° and 1250°C, and an implied lithosphere thickness of 
approximately 190 km.

Figure 4:  Plot of Zr/Y versus Y/Ga in indicator mineral gar-
nets from the Tsumkwe region, illustrating the range in 
metasomatic mantle garnet compositions represented by 
the sample population.

Figure 3:  Histogram showing temperatures (TNi°C) deter-
mined for indicator mineral garnets from the Tsumkwe 
region.  The stippled pattern represents garnets in the dia-
mond window, and the hatchured pattern represents the 
five G10 garnets in the representative sample population.   
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thin to nonexistent (Fig. 1B).  The gneissic sample is 
considered to represent the major geologic map unit 
(Mgr) as identified on the 1:1 000 000 Geological Map 
of Namibia (1980).  Likewise, the megacrystic granite 
appears to be widespread and similar rocks exposed on 
the Botswana side of the border (J. Green, pers. comm., 
1995) may be part of the same complex. After cleaning 
and chipping, approximately 2 kg of each rock type were 
then crushed and zircons were removed using standard 
heavy liquid and magnetic techniques.  Representative 
zircons from each sample were mounted in epoxy with 
standard zircon SL13, sectioned, and polished.  They 
were analyzed by ion microprobe on SHRIMP 1 at the 
Australian National University.  The SL13 standard was 
analyzed 13 times in the session.

 The data were reduced in a manner similar to that of 
Compston et al. (1992) and the analyses consisted of 
six scans through the mass range.  The Pb/U ratio was 
normalized to a value of 0.0928 for the 206Pb/238U ratio 

for this standard, i.e., equivalent to an age of 672 Ma.  
For the megacrystic granite, the correction for com-
mon lead was made using the measured 207Pb/206Pb and 
238U/206Pb ratios following Tera and Wasserburg (1972) 
as described in Compston et al. (1992).  For the granitic 
gneiss, the common lead corrections were made using 
the directly measured abundances of 204Pb and the ap-
propriate compositions according to the Cumming and 
Richards (1975) model.  Uncertainties in the isotopic 
ratios and ages in the data tables (and in the error bars 
in the plotted data) are reported at the 1 sigma level, 
but final ages on pooled data are reported as weighted 
means with 95% confidence limits.  All age calculations 
and statistical assessments of the data have been done 
utilizing the geochronological statistical software pack-
age Isoplot/Ex (version 2.00) of Ludwig (1999).   

Results

Zircons in the megacrystic granite are well preserved 
despite the weathered nature of the sample.  They com-
prise a single population of euhedral, clear magmatic 
grains ranging from colorless to a light ginger color.  
Subtle magmatic zoning is discernible in some grains 
in thin section.  The chemistry of the zircons is also 
uniform, with little variation in Th/U ratios although the 
concentrations of both U and Th vary significantly from 
grain to grain.  Thirteen analyses were carried out on 13 
grains (Table 2).  All of the data points plot in a linear 
array in the Tera-Wasserburg plot of uncorrected (for 
common Pb) data (Fig. 5).  Statistically, all 13 analyses 
are of the same age, with the weighted mean 206Pb/238U 
age calculated at 852 ± 11 Ma (MSWD = 0.46; prob-
ability = 0.94; uncertainty quoted at the 95% confidence 
level from sobs).

Zircons from the fine-grained granitic gneiss show an 
almost complete lack of idiomorphism.  They are gen-
erally dark brown to reddish brown and appear to have 

Figure 5:  Tera-Wasserburg plot of U-Pb SHRIMP data for 
megacrystic granite from the Tsumkwe region.  Error bars 
represent one sigma uncertainty.  The Concordia curve is 
calibrated in Ma.

Table 2: Summary of SHRIMP U-Th-Pb zircon results for the megacrystic granite
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suffered some radiation damage.  Some grains are small 
aggregates of crystals, possibly resulting from instabil-
ity and resorption during a metamorphic event.  Other 
grains retain original igneous textures such as compo-
sitional zoning.  Eighteen analyses on 16 zircon grains 
(Table 3) produced some scatter and complexity of data 
(Fig. 6).  Most analyses are highly discordant, falling 
in a broad band with a trend that suggests significant 
nonzero-age lead loss.  This complicates establishment 
of an age, the best estimate for which comes from the 
two concordant analyses 7.1 and 15.1 (Table 3).  The 
weighted mean 207Pb/206Pb age for these two points is 
2022 ± 15 Ma.  A single analysis (14.1, Table 3) plots 
close to the concordia at about 970 Ma and may reflect 
Pb loss or metamorphism at this time.  Support for a 
metamorphic origin may be indicated by the relatively 
low Th and Th/U of this grain. 

Discussion

The emplacement age of 852 ±11 Ma for the meg-
acrystic granite in the study area is relatively old com-
pared to the 756 ± 2 Ma Oas quartz syenite complex that 
represents the approximate beginning of Pan-African 
sedimentation in northwest Namibia (Hoffman et al., 
1996).  However, the temporal coincidence between the 
852 Ma date obtained and 880 to 820 Ma zircon ages 
reported for basal metarhyolite and syntectonic granite 
in the Zambezi belt in Zambia (Hanson et al., 1994) 
suggest contemporaneous magmatic activity.  The meg-
acrystic granite in the Tsumkwe region could be associ-
ated with closure of the Zambezi belt, thus predating 
the earliest stage of continental breakup on the north 
side of the Khomas ocean at ca. 757 Ma (Hoffman et 
al., 1996).

The 2022 ± 15 Ma age obtained for basement rocks 
in the Tsumkwe region is similar to ages that are typi-
cal of the Kheis-Magondi belt, which wraps around the 
Kaapvaal craton.  Correspondingly, it is surmised that 
the basement complex in the study area forms part of a 
belt of Proterozoic age that encompasses the Congo cra-
ton.  The single near-concordant analysis of about 970 
Ma for the gneiss may reflect metamorphism approxi-
mately contemporaneous with the broad thermal event 
that occurred in the Namaqua orogeny after the peak of 
granulite metamorphism.  This event could therefore be 
associated with the northeast-trending Kibaran (1.3-1.0 
Ga) Namaqua-Irumide belt that extends into Zambia.

It has been postulated that the southern Congo craton 
is defined by ca. 2.7 Ga Archean gneisses that extend 
southward into Namibia from Angola (Carvalho and 

Figure 6:  U-Pb Concordia diagram for SHRIMP data for gra-
nitic gneiss from the Tsumkwe region.
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Alves, 1993).  The age of the craton in northwest Na-
mibia is supported by recent U-Pb zircon analyses that 
yielded ages of 2645 ± 6 Ma (Seth et al., 1997, 1998) and 
ca. 2620 Ma (Franz et al., 1999) for gneissic basement 
in the Kaoko belt.  Sm-Nd isotope data indicate that 
even older crustal material was involved in the forma-
tion of these gneisses (Seth et al., 1998).  This Archean 
basement was intruded by 1961 ± 4 Ma granodiorite 
(U-Pb single zircon; Seth et al., 1997, 1998), an age that 
is broadly similar to the 2022 ± 15 Ma emplacement age 
obtained for the fine-grained gneiss in the Tsumkwe re-
gion.  Both ages are significantly older than the inferred 
1800 Ma for the Grootfontein complex, to which the 
Tsumkwe unit has been assigned previously (Balfour et 
al., 1985).  Attempts at directly correlating pre-Damara 
basement complexes that underlie the Kaoko belt and 
the Tsumkwe region are difficult in view of the inter-
vening thick cover of Kalahari sediments.  However, a 
comparison may be made between this mid-Proterozoic 
circum-Congo belt and the equivalent Kheis-Magondi 
belt around the Kaapvaal craton.  There, Nd model ages 
of ca. 2.5 to 3.0 Ga (Harris et al., 1987) indicate the 
presence of an ancient crustal component occurring in 
a circumcratonic belt.  Despite the garnet geochemical 
evidence cited above for Archean-like depleted mantle 
beneath the Tsumkwe area, to date no evidence of an 
Archean component has been produced from apparent 
zircon cores analyzed from the 2022 Ma gneiss.  Fur-
ther work is needed to resolve this question.

The results of this study indicate the presence of a 
continental segment in the region of northeast Namibia 
that was established by at least 2.02 Ga. Subcalcic gar-
nets are relatively rare in terranes with juvenile Prot-
erozoic crust, compared to Archean crust, but they are 
found where Archean crust has been reworked during 
the Proterozoic (Griffin et al., 1998). For the Tsumkwe 
area, the occurrence of mantle garnets with geochemical 
signatures indicating derivation from a thick, depleted 
lherzolite-harzburgite lithosphere with a significant dia-
mond window suggests a component of Archean-like 
cratonic mantle lithosphere at depth.  However, many 
garnets analyzed also indicate derivation from rela-
tively fertile lithospheric mantle.  This combination of 
geochemical styles is similar to that observed for man-
tle-derived xenoliths and garnets from the Gibeon area 
(Hoal et al., 1995).  There, garnets with cratonic meta-
somatic signatures and xenoliths with compositions 
intermediate between cratonic and oceanic lithosphere 
reflect the transitional nature of the lithosphere beneath 
the Kheis-Magondi and related Proterozoic belts around 
the Kaapvaal craton.  The intermediate-composition 
lithosphere has been interpreted to contain remnants of 
reworked Archean lithosphere combined with basaltic 
underplating, supported by the extensional nature of the 
western margin of the Kaapvaal craton derived from 
seismic profiles (Hoal et al., 1995). Some Botswana 
kimberlites occur in a tectonic setting similar to the 
Gibeon region in that they occur in a hybrid zone of 

Archean and Proterozoic crustal components marginal 
to the Archean Zimbabwe craton (Fig. 1A).  By analogy 
to the Gibeon area (Kaapvaal craton edge) and to the 
Botswana kimberlites (Zimbabwe craton edge), the cra-
tonic segment underlying the Tsumkwe area may have 
been a thinned lithospheric edge of the Congo craton. 
The phenomenon of retention of cratonic lithosphere in 
circumcratonic belts may therefore be more widespread 
than previously recognized.
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