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The O’okiep Copper Dustrict is underlain by voluminous
1035—1210Ma granite gneiss and granile with remnants of
metamorphosed supracrustal rocks. This assemblage was intruded
by the 1030 Ma copper-bearing Koperberg Suite that includes
Jotunite, anorthosite, biotite diorite and hypersthene-bearing rocks
ranging from leuconorite lo hypersthemite. New sensitie high-
resolution ion microprobe age data demonstrate the presence of
1700-2000 Ma zircon as xenocrysts in all of the intrusie rocks,
and as detrital zircon in the melasediments of the Khurisberg Sub-
group. These data are consistent with published Sm—Nd model ages
ofc. 1700 Ma (T cpyyr) and c. 2000 Ma ('L pyy) of many of the
intrusives that support a major crust-forming event in Eburnian
(Hudsomian) times. In addition, U=Th—Pb analyses of zircons
Jrom all major rock units define two tectono-magmatic episodes of
the Namaquan Orogeny: (1) the O’okiepian Episode (1180—
1210 Ma), represented by regional granite plutonism, notably the
Nababeep and Modderfontein Granite Gneisses and the Concordia
and Kweekfontein Granites that accompanied and outlasted (e.g.
Kuweekfontein Granite) regional tectonism [ ¥o( D )] and granulite-
Jfacies metamorphism (My); (2) the Klondikean Episode (1020—
1040 Ma), which includes the intrusion of the porphyritic Rietberg
Granite and of the Roperberg Suile that are devoid of regional planar
or linear fabrics. Klondikean tectonism (D) is reflected by major
east—west-trending open folds [ ¥5( Ds,)], and by localized east—
west-trending  near-vertical ~ ductile  folds  [‘steep ~ structures’;
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F4(Dsy)] whose formation was broadly coeval with the intrusion
of the Koperberg Suile. A regional, largely thermal, amphibolite- to
granulite-facies metamorphism (M) accompanied D 5. This study
demonstrales, inter alia, that the complete spectrum of rock-types of
the Koperberg Suite, together with the Rietberg Granite, was intruded
mn a short time-interval (<10 Mpyr) at c. 1030 Ma, and that there
were lengthy periods of about 150 Myr of tectonic quiescence within
the Namaquan Orogeny: (1) between the O’okiepian and Rlondi-
kean Episodes; (2) from the end of the latter to the formal end of
Namaguan Orogenesis 800—850 Ma ago.

KEY WORDS: U=Pb, zircon; O’okiep, Namaqualand; granite plutonism;
granulite factes; Roperberg Suite; Namaquan (Grenville) Orogeny

INTRODUCTION

The crystalline rocks of O’okiep Copper District of
Namaqualand (Fig. 1) have been the subject of detailed
field and laboratory investigations over the past 50 years
(Lombaard et al., 1986; Clifford et al., 1995; Marais et al.,
2001). The work was motivated by the fact that the area
contains 1700 small bodies of intrusive intermediate-to-
mafic charnockitic rocks of the Koperberg Suite, of which
30 have been mined for copper since the middle of the
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Fig. 1. Generalized geological map of the O’okiep District (after Lombaard et al., 1986) showing localities of specimens discussed in the text; the
1700 known bodies of the Koperberg Suite are each far too small to be shown at this scale; their distribution is, however, clearly illustrated in Fig. 5 of
Lombaard et al. (1986). The following features are particularly identified: (1) the Skelmfontein Thrust Zone that separates the granulite-facies terrane
to the south from the amphibolite facies to the north (Blignault et al., 1983; Raith & Harley, 1998); (2) the 5 Ratelpoort and Springbok Synforms and
the Springbok and Kaip Antiforms. Inset shows the Kibaran—Namaquan Orogenic Zone (K, Kibara Mountains; Na, Namaqualand; Nt, Natal).
Historical comment: the name O’okiep is said to have two meanings in the local Nama language depending on pronunciation: ‘the place of the big

tree’ or ‘the little fountain’ (Smalberger, 1975).

nineteenth century. These bodies are concentrated in
an area of about 2500 km? (Fig. 1) that is underlain by
granite gneiss and granite with remnants of granulite-
facies metasedimentary and metavolcanic rocks (Benedict
et al., 1964; Clifford et al., 19754, 1981; Raith & Harley,
1998). These crystalline rocks are unconformably over-
lain by the sediments of the Late Neoproterozoic—Early
Palacozic Nama Group (Fig. 1).

A number of divergent views on the timing and inter-
pretation of the major rock-forming episodes in the
O’ckiep District have been proposed. In particular,
Clifford et al. (1995) suggested that the principal tectono-
thermal activity, accompanied by high-grade meta-
morphic conditions, took place in the interval 1220 Ma
(granite plutonism and alpine-type tectonism) to 1030 Ma
(intrusion of the Koperberg Suite). In contrast, Gibson
et al. (1996) and Robb et al. (1999) have de-emphasized
the tectonothermal significance of events at 1200 Ma and
argued that there was an intimate temporal relationship
between the principal prograde granulite-facies meta-
morphism and the intrusion of (1) the Concordia and
Rietberg Granites (at 1065—1060 Ma) (Figs 1 and 2), and
(2) the Koperberg Suite over a 30Myr period (at
1060—1030 Ma).

In this work we present new U—Th—Pb sensitive high-
resolution ion microprobe (SHRIMP) age data for zircon
populations from 20 rock-types covering the principal
stratigraphic—petrographic units in the O’okiep Copper
District (Fig. 2). These are: (1) cordierite-bearing para-
geneses of the Khurisberg Subgroup; (2) granitic intru-
sives including the syntectonic (Dy) Nababeep Granite
Gneiss and Granite and the Modderfontein Granite
Gneiss, the syn-to-late-Dy Concordia Granite, the
late-Dy Kweekfontein Granite, and the Rietberg Granite;
(3) a range of rock-types grouped with the Koperberg
Suite. We also examine the timing of the intrusion of the
Spektakel syenite, and of two pyroxene-bearing rocks
(previously grouped with the Lammerhoek Subgroup).
A list of the localities, and brief descriptions of the petro-
graphy for each of the rocks are presented in Electronic
Appendix A, which can be viewed online at http://
www.petrology.oupjournals.org.

The new results show: (1) no evidence for any major
rock-forming event at 1065—1060 Ma; (2) that the prin-
cipal regional granite plutonism (including the emplace-
ment of the Concordia Granite) took place at 1200 Ma;
(3) that the Rietberg Granite was intruded at 1035 Ma;
(4) that the complete spectrum of rock-types of the
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Fig. 2. A condensed lithostratigraphic sequence for the O’okiep Dis-
trict [largely after Lombaard et al. (1986)] listing the zircon populations
analysed in this study (e.g. [65]; see Fig. 1). 'These two-pyroxene rocks
have also been regarded as part of the Lammerhoek Subgroup
(Lombaard et al., 1986) or as a part of the Koperberg Suite (Van Zyl,
1975). 2The Nababeep and Modderfontein Granites/Gneisses are
grouped as the Little Namaqualand Suite (Lombaard et al., 1986).
3The Concordia, Kweekfontein and Rietberg Granites have been
grouped as the Spektakel Suite (Lombaard et al., 1986). “U~Pb zircon
age, 1029 + 10 Ma (Clifford et al., 1995). *U=Pb monazite age (Nico-
laysen & Burger, 1965).

Koperberg Suite was intruded in a short time interval
(<10 Myr) at ¢. 1030 Ma.

Country-rock geology

The geology of the O’okiep Copper District has been
summarized by Lombaard et al. (1986) and Marais et al.
(2001). The oldest elements are the Khurisberg Subgroup
of metasediments and the Lammerhoek Subgroup of
metavolcano-sedimentary rocks (Figs 1 and 2). Of these,
the Khurisberg Subgroup includes quartzite, and cor-
dierite parageneses bearing bronzite (or hypersthene) £
gedrite £ sapphirine or garnet—sillimanite—biotite =+
kyanite & microcline (Clifford et al., 19755, 1981). The
Lammerhoek Subgroup includes quartz—feldspar—biotite
granulite, mafic rocks, quartzite and calc-silicate rocks;
horizons of two-pyroxene granulite have been included in
this group by Lombaard et al. (1986).

These supracrustal sequences supposedly pre-dated the
mtrusion of ¢. 1820 Ma old granitic rocks of the Gladkop
Suite (Barton, 1983; Robb ez al., 1999) that occur exten-
sively to the north of, and locally within, the Ratelpoort
Synform (Botha et al., 1980; Lombaard et al., 1986; Fig. 1).
However, if those (as yet undated) granitic rocks in the

CRUSTAL EVENTS IN O’OKIEP DISTRICT

castern part of that synform are not part of the Gladkop
Suite, then the Khurisberg Subgroup of metasediments
may well be correlative with the ¢. 1650 Ma Bushmanland
Group in the Aggeneys region (100 km ENE of O’okiep)
(Reid et al., 1987, 1997) as has been suggested by Clifford
et al. (1981) and Joubert (1986).

Both the supracrustal sequences and the Gladkop
intrusives were post-dated by large volumes of granite
gneiss of the Little Namaqualand Suite that occur to the
south of the Ratelpoort Synform (Fig. 1), and that include
the Nababeep Granite Gneiss and Granite together with
the intrusive Modderfontein Granite Gneiss. Younger
granites include the sheet-like Concordia Granite
(1500 m thick and lineated towards the base), the gener-
ally poorly foliated sill- and dyke-like bodies of the
fine-grained Kweekfontein Granite, and the porphyritic
Rietberg Granite, which is devoid of a regional tectonic
fabric. Traditionally, the Concordia, Kweekfontein and
Rietberg Granites have been grouped under the name
‘Spektakel Suite’ (Marais & Joubert, 1980; Lombaard
et al., 1986).

Koperberg Suite

The cupriferous Koperberg Suite, intrusive into the coun-
try rocks, 1s composed largely of andesine anorthosite and
biotite diorite [plagioclase cumulates of Van Zyl (1975)],
and hypersthene-bearing rocks [hypersthene cumulates
of Van Zyl (1975)] that include leuconorite (hypersthene
diorite), norite, melanorite, hypersthenite and magnetite—
hypersthene rock (Strauss, 1941). Glimmerite (phlogopite—
apatite rock) is a minor but important component of this
suite, and it has been argued that it may be the only rock-
type in the Koperberg Suite to represent a liquid compo-
sition (Mclver et al., 1983). Rare syenite and diopside- and
hornblende-bearing rock have also been included in the
suite (Lombaard et al., 1986).

The Koperberg Suite occurs as dykes up to 100m in
width and generally less than 1km in length, or as irre-
gular pipes that rarely exceed 200 m in diameter, often
associated with Fy steep structures. In addition, these
rocks occur as small intrusive bodies within breccia
pipes, where they are accompanied by the local develop-
ment of anatectic melt referred to as ‘breccia granite’

(Lombaard & Schreuder, 1978).

Structure

In the O’okiep District the principal regional tectonism,
metamorphism and plutonism (including emplacement
of the Koperberg Suite) took place at ¢. 1200—1000 Ma
(Nicolaysen & Burger, 1965; Clifford et al., 1975a; Barton,
1983; Joubert, 1986). This area represents the southern
(Namaqualand) extension of the zone of Kibaran Orogeny
of Central Africa [Fig. 1 (inset); see Holmes, 1951; Cahen
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& Snelling, 1966; Clifford, 1970; Cahen et al., 1984; Pohl,
1994; Thomas et al., 1994]. In Namaqualand, the term
Namaqua Orogeny has been used as a synonym for the
Kibaran Orogeny (Blignault et al,, 1983). This is now
invalidated by the fact that the timing of the Kibaran
Orogeny sensu stricto in the Burundian segment of the
type Kibaran Orogenic Zone of Central Africa has
recently been constrained between 1370 Ma (extensive
synorogenic magmatism) and 1205Ma (limited post-
orogenic magmatism) (Tack e al., 1994, 2002). In terms
of this redefinition there is as yet no evidence of the
influence of the Kibaran Orogeny in the O’okiep District.

The dominant tectono-thermal events in the interval
1210—800 Ma that are recorded in the O’okiep District
of Namaqualand are herewith referred to as the
Namaquan Orogeny; this extends the definition of
‘Namaquan’ proposed by Thomas et al. (2004) for events
in the age range 1250-950 Ma. The Namaquan Oro-
geny is also well documented in the Natal segment of
the Namaquan—Kibaran Orogenic Zone [Fig. 1 (inset)],
where it is represented by two tectonic events: Dy, at
¢. 1200—1140Ma, characterized by recumbent folding
and thrusting, and Dy, at ¢. 1080—1030 Ma, reflected by
major shear zones (Eglington et al., 1986, 2003; Thomas
et al., 1993a, 1996, 1999; Jacobs et al., 1997). The mini-
mum age for the deformation in Natal is provided by a
U—Pb age of 1026 £ 3 Ma for zircon from a post-tectonic
microgranite dyke (Thomas et al., 19935).

The structure of the O’okiep region has been described
in terms of intrafolial folds (#}), regional recumbent fold-
ing (Fy) (Vellet, 1958; Clifford et al., 19754), open folding
(F3), and localized, mainly antiformal steep structures (Fy)
(Benedict et al., 1964; Lombaard et al., 1986; Kisters et al.,
1996). Of these, the area is dominated by the F5(Dy)
recumbent folding of the Nababeep Nappe with an
amplitude of >25km (Clifford et al, 1975a). This is
reflected by an accompanying shallow-dipping regional
S foliation that is particularly characteristic of the granite
gneisses, and by an east—west-trending L lineation that is
typical of the lower part of the Concordia Granite sheet.

The most obvious regional structures of the O’okiep
Copper District are the east—west-trending F3 open
folds such as the Springbok and Kaip Antiforms and the
Ratelpoort and Springbok Synforms (Fig. 1). Younger
structural features (F}y) are narrow, east—west-trending,
generally anticlinal, linear zones known as steep struc-
tures (Lombaard & Schreuder, 1978; Marais ¢t al., 2001,
p- 30). These folds vary in length from 30 m to 7 km with
widths ranging from 3m to 500m and have a marked
discrepancy (up to 10:1) between fold amplitude and
wavelength; locally, an axial planar fabric accompanies
this folding (Kisters ez al., 1996). Pipes of megabreccia that
occur along F, steep structures are collapse-structures
containing exotic blocks of the country-rock sequence
(Lombaard & Schreuder, 1978).

VOLUME 45 NUMBER 4 APRIL 2004

The Skelmfontein Thrust Zone (Fig. 1) forms the north-
ern structural boundary of the O’okiep granulite-facies
terrane. The thrusting is reflected by penetrative shear
fabrics, most notably in the Concordia, Kweekfontein
and Rietberg Granites, and it has been argued that this
shearing took place at high temperatures (Martens, 1979;
Blignault ef al., 1983; Raith & Harley, 1998).

Metamorphism

In the O’okiep District Fy deformation was accompanied
and outlasted by the Ay regional metamorphism for
which the peak P—T conditions were estimated as follows:
P = 6-7kbar and 7 = 800-870°C determined for
garnet—cordierite; and P = 5-9—6-1 kbar for 7= 800°C
for a garnet—plagioclase paragenesis (Clifford et al., 1981).
Recently, 7= 750-820°C and P = 5—6 kbar have been
determined for garnet—cordierite parageneses for that
metamorphism that has been designated My, by Raith
& Harley (1998). Rb—Sr whole-rock ages of 1179 +
28 Ma (Barton, 1983) and 1223 4 48 Ma (Clifford ez al.,
1995) for the Nababeep Granite Gneiss are believed to
reflect the age of the high-grade (Ay) metamorphism. In
contrast, Waters (1989) speculated that the ¢. 1200 Ma
granite ages reflect amphibolite-facies conditions, and
that peak granulite-facies metamorphic conditions out-
lasted the emplacement of later granites such as the
Concordia Granite. Raith & Harley (1998) suggested
that the upper-amphibolite- to granulite-facies was also
reached during M3 metamorphism synchronous with the
emplacement of the Koperberg Suite at 1029 + 10 Ma
(Clifford et al., 1995).

SHRIMP METHODOLOGY

The SHRIMP II analyses were conducted at the
J. C. Roddick Laboratory at the Geological Survey of
Canada, Ottawa. They were carried out in three periods
during 1996, 1998 and 2000, following the analytical
techniques described in detail by Stern (1997), with
recent modifications by Stern (2001) and Stern & Amelin
(2003). Five mounts (IP26, IP27, IP85, IP86, IP141) were
prepared; the first four containing fragments of the stan-
dard Kipawa zircon (993 Ma) and the fifth the 6266
zircon (559 Ma). The internal structure of the zircon
grains was characterized using a scanning electron micro-
scope to detect cathodoluminescence and backscattered
electron contrast. Sputtering of the zircon targets was
carried out using 15, 20 or 30 pm diameter primary
spots of uniform beam intensity (1-5nA Oy, 4—10nA
O7). Calibration of 2"Pb/?*¥U ratios was accomplished
using linear calibrations of 2*[UO] " /28U ™ vs 26Ph*/
28U or 2Pt /279[UO,] ™ for the appropriate stan-
dard zircon. The standard deviation of the discrimination
curves (1-0%) has been propagated along with counting
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Table 1: Summary of new SHRIMP ages for zircon_from cordierite-bearing metasediments of the Khurisberg

Subgroup, O’okiep Copper District

Sample Mineral paragenesis Inheritance M 78 Text Electronic  Electronic
number To (Ma) 7, (Ma) Ty (Ma) figure Appendix Appendix
table figure
45 cordierite—hypersthene 1173 +£20 1034 +£10 4 B1 (a) B1
46 cordierite—garnet—sillimanite 2046 + 170 1182 1022 + 12 B1 (b) B2
47(2) cordierite—garnet—kyanite 1510 1057 + 10 B1 (c) B3
1028 + 14
40b cordierite—hypersthene—magnetite—sulphide 2043 + 97 1018 + 7 B2 (a) B4
40c cordierite—hypersthene—magnetite—sulphide—anthophyllite—talc 1003 + 22 B2 (b) B5
32 cordierite—bronzite—sapphirine 1887 + 260 1021 + 13 B3 (a) B6
43 cordierite—bronzite—gedrite 2044 + 64 1197 £96 1024 +14 5 B3 (b) B7

errors in estimating the errors in the final 2°°Ph/2%U
ratios of the unknowns. The 2°’Pb/2°Pb are reported
without correction for mass fractionation, but these and
the 2Ph/?3U are corrected for common Pb at the
Pb—Pb age using the measured 2**Pb content and the
Cumming & Richards (1975) terrestrial Pb. Errors in
the data tables are at 68% confidence level, with final
weighted mean ages in the text at 95% confidence level.
Decay constants used are 1-55125 x 107 1°(?3¥U) and
9:8485 x 1071°(%U). Statistical analysis and U—Pb
concordia diagrams were generated using Isoplot
(Version 2.49) (Ludwig, 2001). The SHRIMP analytical
data and the complete set of concordia plots for the 20
analysed zircon populations are presented in Electronic
Appendix B, which can be viewed online at http://
www.petrology.oupjournals.org.

U-Pb ZIRCON GEOCHRONOLOGY

The results of some 500 new SHRIMP analyses of zircon
from 20 representative O’okiep crystalline rocks are dis-
cussed below under two headings.

(1) Supracrustal rocks are represented by seven
cordierite-bearing parageneses from the Khurisberg Sub-
group (see Fig. 2). U=Pb isotope data for these zircons are
listed in Electronic Appendix Tables B1-B3, and are
illustrated in Electronic Appendix Figs B1-B7.

(2) Intrusive rocks are represented by samples from the
regional granite gneisses and granites, and the Koperberg
Suite (see Fig. 2). U-Pb isotope data are presented for
zircons from these rocks as follows: granite gneiss and
granite (and syenite), Electronic Appendix Tables B4—B6
and Figs B8—B15; jotunite, biotite diorite and magnetite—
hypersthene rock of the Koperberg Suite (and the breccia
granite), Electronic Appendix Tables B7 and B8 and
Figs B16—B20.

Supracrustal rocks

The localities of cordierite-bearing parageneses of the
Khurisberg Subgroup studied here are Komaggas [45,
46, 47(2)], Nababeep Mine [40b, 40c], Nababeep Kloof
[32] and Smorgen Schaduwe [43]. The U—Pb ages
obtained for zircons from these rocks are summarized
in Table 1.

Komaggas

The cordierite—hypersthene [45], cordierite—garnet—
sillimanite [46] and cordierite—garnet—kyanite [47(2)]
rocks from this locality are part of a horizon 15m thick
and 650 m 1n strike length (Fig. 1). Of these, parageneses
45 and 46 reflect granulite facies whereas sample 47(2) is
an amphibolite-facies metamorphic paragenesis showing
the retrograde formation of kyanite from cordierite and
sillimanite. The zircon populations from all of these sam-
ples are anhedral, translucent, almost colourless and
devoid of inclusions.

The CL images for sample 45 show distinct cores that
occasionally exhibit remnant euhedral shapes and zoning
(Fig. 3a), but that are more generally completely spheri-
cal; well-developed radial fractures occur emanating
from anhedral cores. The rims are largely homogeneous
but indistinct banding is sometimes present, and the
core—rim boundaries are diffuse. U=Pb zircon data for
sample 45 record two age groups as follows: four core
analyses give a weighted mean 2%’ Pb/?Ph age of 1173 +
20 Ma whereas analyses on five rims and six cores are
within error and indicate a mean 2’Ph/?%Pb age of
1034 £ 10 Ma (Iig. 4).

The zircons from sample 46 are uniformly anhedral,
and devoid of inclusions and radial fractures. All are very
small (c. 90 pm) but show distinct, but complex, euhedral
to anhedral cores that preserve remnant zoning, whereas
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Fig. 3. CL images for zircons, illustrating SHRIMP 297Ph/2%6Ph ages
and U concentrations for analysed data points, as follows: (a) grain 55,
cordierite—hypersthene rock [45], Khurisberg Subgroup, Komaggas; (b)
grain 25, Nababeep Granite Gneiss [102], Carolusberg West Mine; (c)
grain 2B-12, Concordia Granite [105], No-name 1; (d) grain 1-20,
Kweekfontein Granite [106], Farm Kweekfontein (Fig. 1). Analytical
data are as follows: grain 55, Appendix Table Bl(a); grain 25, Appendix
Table B4(a); grain 2B-12, Appendix Table B5(a); grain 1-20, Appendix
Table B5(b). Bar scales represent 100 pm; white circles indicate loca-
tions of the analysed 20—30 pum target areas.

the zircon rims are <40 pm in width and are homoge-
neous. Of these, eight U-Pb analyses of zircon cores
reflect inheritance (Table 1), and the data are distributed
along a linear array with an upper intercept age of 2046 £+
170 Ma and a lower intercept suggesting a Pb-loss event
at 1200—1000 Ma. One core with an age of 1182 Ma is
within error of the 1173 Ma group found in sample 45,
whereas analyses on five zircon rims and one zircon core
in sample 46 indicate a mean 2*’Pb/?*Pb age of 1022 +
12 Ma (Table 1), within error of the youngest population
in sample 45.

The CL images for zircons from the kyanite-bearing
rock [47(2)] show oscillatory-zoned cores and featureless
rims. The core—rim contacts are sharp, with the latter

VOLUME 45 NUMBER 4 APRIL 2004

truncating the former. Some domains within the cores,
especially where they show oscillatory zoning, comprise
highly altered zircon. One discordant analysis on a zircon
core indicates a minimum 2*’Pb/2%°Ph age of 1510 Ma.
The remaining 22 U-Pb zircon analyses fall into two
groups (Table 1): 14 analyses on cores yield a weighted
mean 2"Ph/?%Pb age of 1057 4= 10 Ma, whereas eight
analyses on featureless rims yield a mean 2 Ph/2%Pb age
of 1028 £ 14 Ma.

Nababeep Mine

About a dozen occurrences of cordierite—hypersthene—
magnetite—sulphide rock ranging in thickness from
2-5cm to 30 cm have been recognized on the ‘546-foot’
level in the Nababeep Mine (Fig. 1; Benedict et al., 1964;
Clifford et al., 1981). Of the two samples, 40b is largely
unaltered whereas sample 40c is characterized by perva-
sive retrogression that resulted in the complete hydration
of hypersthene to anthophyllite + talc.

Both samples (40b, 40c) contain about 4% of zircon
with a gem-quality appearance. The grains (200—350 pm)
are anhedral to rounded—subhedral, and are pale hya-
cinth in colour. In sample 40b the CL images show
distinct core regions (<150 um) that exhibit remnant
euhedral shapes with diffuse zoning. The cores are
mantled by featureless zircon rims. In contrast, the
cathodoluminescence (CL) images for sample 40c show
that the zircon grains are entirely featureless. Fifteen
analyses on uniform zircon rims from 40b are concordant
and indicate a well-constrained weighted mean age of
1018 + 7Ma (Table 1), whereas seven analyses of cores
are distributed in a linear array consistent with a primary
age of about 2000 Ma and episodic Pb loss at about
1000 Ma. The interior regions in sample 40c give a
weighted mean 2Y7Pb/?%Pb age of 1003 4+ 22Ma
(Table 1).

Nababeep Kloof and Smorgen Schaduwe

These two parageneses occur as concordant lenses within
quartzite and schist successions. The petrology and
petrogenesis of the cordierite—bronzite—sapphirine rock
[32] from Nababeep Kloof and of the cordierite—
bronzite—gedrite paragenesis [43] from Smorgen
Schaduwe have been discussed by Clifford et al. (19758,
1981).

Previous U—Pb studies of zircons from sample 32
showed apparent ages of up to 1700 Ma interpreted as
inheritance, and zircon overgrowths with ages of
¢. 1200Ma (Clifford et al., 1981). The zircons are
100—150 pm 1n size, and are mainly anhedral, and pink
to pale hyacinth in colour. The CL images show distinct
cores (80—100 pm) that are euhedral with well-developed

zoning. The surrounding rim regions are homogeneous
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Fig. 4. U-Pb concordia diagram for zircons from cordierite—hypersthene rock [45] of the Khurisberg Subgroup, Komaggas (Fig. 1). [See

Appendix Table Bl(a) for analytical data.]

and rounded in outline. The zircons in sample 43 are also
rounded, but all are small (<90 um) and show narrow
(20—50 pm) rims. As in sample 32, the CL images show
distinct cores (<70pum) that are variably euhedral or
anhedral and are either homogeneous or show remnant
zoning.

In sample 32 there are major chemical differences
between the zircon cores (mean U 209 ppm; mean Th
127 ppm) and zircon rims (mean U 409 ppm; mean Th
11 ppm); the very low mean Th/U of 0-02 in the latter
[Electronic Appendix Table B3(a)] clearly reflects a loss
of Th during M3 metamorphism (Table 1). These growth
events are recorded in the zircon geochronology as fol-
lows: (1) five cores show variable degrees of discordance
consistent with Pb loss from a primary 1887 + 260 Ma
zircon population; (2) 10 zircon rims yield a weighted
mean 2’Pb/?%Pb age of 1021 + 13Ma (Table 1).
U—Pb analyses of zircon from sample 43 indicate a simi-
lar history as follows (Fig. 5): seven core analyses are
consistent with an episodic Pb-loss model with upper
and lower intercept ages of 2044 £ 64 Ma and 1197 £
96 Ma, respectively, whereas four rims have a weighted
mean 297Pb/?Pb age of 1024 £ 14 Ma.

Discussion

Three distinct events at 2000 Ma, 1175 £ 23 Ma and
1020—1035 Ma are recognized in the zircon populations

from the Khurisberg metapelites in the O’okiep District
(Table 1). Of these, the 2000 Ma populations record the
age of detritus from an Eburnian source (see Clifford ez al.,
1995) preserved in all samples except 40c and 45.

It has been argued that the Khurisberg Subgroup
either (1) pre-dated the Gladkop Suite of granitic intru-
sives (Lombaard et al., 1986, p. 1424) that have yielded
an emplacement age of 1820 Ma (Barton, 1983; Robb
et al., 1999) or (2) is correlative with the ¢. 1650 Ma
Bushmanland Group (Joubert, 1986; Reid et al., 1987).
Whichever of these alternatives is selected it is clear that
the event at 1175 £ 23Ma that is documented from
zircon cores in sample 45 (Fig. 4) records a subsequent
metamorphic event that is consistent with M, granulite-
facies metamorphism (Table 1) that accompanied
¢. 1200Ma regional granite plutonism in the O’okiep
District (Clifford et al,, 1981, 1995). The concordia
lower intercept age of 1197 & 96 Ma for zircon cores
from sample 43 (Fig. 5) may also record this event.

Ages in the 1020—1035 Ma range are given by feature-
less zircon in all metapelite samples (Table 1), and record
the age of Mj; upper-amphibolite- to granulite-facies
metamorphism (see Raith & Harley, 1998). The 1057 £
10 Ma age recorded by oscillatory-zoned cores of zircons
in sample 47(2) (Electronic Appendix Fig. B3) is proble-
matical, as there is no independent confirmation of an
event of that age in this study. It is noteworthy, however,
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Fig. 5. U-Pb concordia diagram for zircons from cordierite—bronzite—gedrite rock [43] of the Khurisberg Subgroup, Smorgen Schaduwe (Fig. 1).

[See Appendix Table B3(b) for analytical data.]

that zoned cores of zircons in two other metapelite sam-
ples [45, 46] from Komaggas record ages of ¢. 1200 Ma
(Fig. 3a; Table 1). It is suggested, therefore, that the
intermediate 1057 Ma age reflects incomplete Pb loss
from 1200 Ma zircon at ¢. 1030 Ma.

Intrusive rocks

The geology of the O’okiep District is dominated by
granitic plutonic rocks, notably the Nababeep Granite
Gneiss and Granite, the Modderfontein Granite Gneiss,
and the Concordia, Kweekfontein and Rietberg Granites
(Figs 1 and 2). These rocks were post-dated by the intru-
sion of the Koperberg Suite (and the breccia granite) that
includes, wnter alia, jotunite, biotite diorite and magnetite—
hypersthene rock. New U—Pb ages obtained for zircons
from each of these rock-types and for syenite are sum-
marized in Table 2.

Nababeep Granite Gneiss and Granite

Previously published age data for the Nababeep granitic
rocks include Rb—Sr whole-rock isochron ages of 1179 £
28 Ma (Barton, 1983) and 1223 £ 48 Ma (Clifford et al.,
1995), and a U-=Pb SHRIMP zircon age of 1212 4+ 11 Ma
(Robb et al., 1999). In this study, samples were collected
from a typical example of well-foliated biotite-bearing

Nababeep Granite Gneiss [102] from Carolusberg
West, and from coarse-grained hypersthene-bearing
Nababeep Granite [101] from Eendoorn (Fig. 1).

The zircons in the Nababeep Granite Gneiss [102] are
large hyacinth-coloured crystals. The CL images show
well-zoned subhedral to euhedral cores with magmatic
crystallization features; these cores are overgrown by
narrow carapace-like rims, which in many cases have
been broken away (Fig. 3b). Thirteen out of 18 U-Pb
analyses of the zircon cores yield a weighted mean 20’ Pb/
206Ph age of 1192 + 9 Ma (Fig. 6), interpreted to reflect
the crystallization age of the magmatic precursor of the
Nababeep Granite Gneiss. Three rim analyses (6.1, 23.2,
25.3) are within error of the core age. Six of seven rim
analyses yield an average age of 1037 £ 12 Ma (Fig. 6)
recording the time (M3) of new metamorphic zircon
growth or resetting as a result of Pb loss. Three younger
core analyses (6.2, 7.1, 41.1) may be a reflection of the
latter, whereas three intermediate ages (rim 5.2; cores
23.1, 39.1) are interpreted to reflect incomplete Pb loss
during M5 metamorphism.

The CL images of the zircons from the Nababeep
Granite [101] illustrate cores that contain complex inter-
nal structures, overgrown by euhedral rims. Internal
fracturing i1s common in many grains. T'wo xenocryst
cores indicate inheritance with minimum 27Pb/?°Ph
ages of 2010 and 1719 Ma (Table 2). Excluding a highly
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Table 2: Summary of new SHRIMP ages for zircon_from intrusive rocks of the O okiep Copper District

Sample Rock type To (Ma) 7T, (Ma) Ty (Ma) Text Electronic Electronic
number figure Appendix Appendix
table figure
Koperberg Suite and breccia granite
108 Breccia granite 1018 + 20 14 B8 (c) B20
82 Magnetite—hypersthene rock 1855 1183 + 43 1035 + 33 B8 (b) B19
79 Biotite diorite 1800 1192 + 12 1030 + 6 13 B8 (a) B18
Pb loss
53 Jotunite 1200 —— 1030 B7 (b) B17
1069 + 44
36 Jotunite 1804 1203 + 10 1035 + 13 12 B7 (a) B16
Granitic rocks and syenite
65 Syenite 1035 + 7 B6 (c) B15
22 Rietberg Granite 1779 1200 + 45 1032 + 11 B6 (b) B14
1722 1176 £+ 15
107 Rietberg Granite 1110-1160 1035 + 13 9 B6 (a) B13
106 Kweekfontein Granite' 1760 1186 + 15 8 B5 (b) B12
105 Concordia Granite? 1635 + 110 1206 + 16 1055 + 23 7 B5 (a) B11
103 Modderfontein Granite Gneiss > 1592 1187 £ 25 1039 + 11 B4 (c) B10
101 Nababeep Granite 2010 1197 + 55 1048 + 20 B4 (b) B9
1719
102 Nababeep Granite Gneiss 1192 + 9 1037 + 12 6 B4 (a) B8

"Three inner cores and seven euhedral rims with U contents of 2068—7620 ppm yield discordant ages of 322—-905 Ma [Table 3;

Electronic Appendix Table B5(b)].

2Five inner cores and six rim regions with U contents of 1455—-4650 ppm yield discordant ages of 360—970 Ma [Table 3; Fig. 7

(inset)].
Bold type-face denotes age of intrusion.

discordant analysis (A25.2), the remaining eight cores yield
a weighted average 2’Pb/?"°Ph age of 1197 + 55Ma
(Table 2) that is interpreted to reflect the time of crystal-
lization of the granite. Of 16 (mainly euhedral) rim ana-
lyses, seven yield a 27 Pb/2%°Pb age of 1205 4 26 Ma within
error of the age obtained for the cores. Five rims yield a
significantly younger weighted mean 2’Ph/?%Pb age of
1048 £ 20 Ma (Table 2) reflecting recrystallization of the
zircon or Pb loss during Ms5. Four rim analyses (A8.1,
A16.1,B13.1,B35.1) have intermediate ages thatare either
discordant or reflect partial Pb loss during the M5 event.

Modderfontein Granite Gneiss

Robb et al. (1999) interpreted a 29’Pb/?**Pb SHRIMP
zircon age of 1199 + 12 Ma to represent the age of em-
placement of the magmatic protolith of the Modderfon-
tein Granite Gneiss, and the age of 1032 + 12Ma on
zircon rims to reflect metamorphism.

The Modderfontein Granite Gneiss [103] from
Dixon’s Farm (Fig. 1) is intrusive into the Brandberg
Gneiss, a local correlative of the Nababeep Granite
Gneiss. The zircons from sample 103 display mainly

cuhedral overgrowths on cores showing complex internal
zoning suggesting two generations of growth. Eight core
analyses yield a 2’Pb/?*°Ph age of 1187 £ 25Ma
(Table 2) interpreted as the age of intrusion of the granite.
Thirteen analyses on the rim regions indicate a weighted
mean 27Ph/?Ph age of 1039 4 11 Ma (Table 2) that
records the time of new metamorphic (Ms) zircon growth,
or alternatively complete resetting during Ms, as is illu-
strated by core analysis 19.1 with an age within error of
that mean. The remaining three core and four rim ana-
lyses record a more complex Pb-loss history. Of these,
two cores give minimum 2’Ph/?%Pb ages of 1592 Ma
(13.1) and 1305Ma (37.2A) (Electronic Appendix
Fig. B10); their regression including a rim age of
1331 Ma (8.1) suggests a concordia upper intercept age
of ¢. 1900 Ma for this xenocryst component.

Concordia Granite
Clifford et al. (1995) published a Rb—Sr whole-rock error-

chron age of 1060 £ 69 Ma for the Concordia Granite.
More recently, Robb et al. (1999) reported a U-Pb zircon

677

Zz0z 1snbny Lz uo 1senb Aq 929626 1/699//G /8101 e/ABojosjad/woo dno-ojwspeoe//:sdiy woli papeojumoq



JOURNAL OF PETROLOGY

VOLUME 45 NUMBER 4 APRIL 2004

0.24
Nababeep Granite Gneiss [102]
[ 1300
=
022 T (Cores
Mean = 1192 +9 Ma [n =13; 5 of 18 rejected]
[ | MSWD =14 probability =0.17
020 +
=
-] 1100
(3]
38 018 +
o
w
(=]
] \
016 +
I Rims
f Mean = 1037 + 12 Ma [n =6; 4 of 10 rejected]
_0/1{ i MSWD = 1.5, probability =0.19
: Rim 5.2 (1089 Ma)
| |15% discordant
012 . } L } ! f L } . } -
14 16 18 20 22 24 26
207be235U

Fig. 6. U—Pb concordia diagram for zircons from the Nababeep Granite Gneiss [102], Carolusberg West Mine (Fig. 1). [See Appendix Table B4(a)

for analytical data.]

age of 1161 £ 15Ma on cores that they interpreted as
inheritance, and ages of 1064 £ 31 Ma and 861 £ 45 Ma
for zircon cores and rims interpreted as the time of
granite emplacement and of initiation of a new orogenic
episode, respectively. The age of 861 Ma is suspect
because the majority of the analyses show varying degrees
of discordance (53—89%), and the age of 1064 Ma is
poorly constrained by only four isotope analyses.

The Concordia Granite sample [105] is a medium- to
coarse-grained leucogranite that is petrographically
identical to the Modderfontein Granite Gneiss [103].
The Concordia Granite, a U-rich intrusive, contains
zircon that is largely metamict, but a careful selection of
41 hyacinth-coloured more translucent grains was made
from sample 105. In general, the zircons are euhedral
and show high-U and low-U cores mantled by high-U
rims (Fig. 3c). Four xenocryst zircon cores (14.1, 21.1,
24.1, 2-22.2; Fig. 7) indicate a poorly constrained con-
cordia upper intercept age of 1635 £ 110 Ma that may
reflect a minimum age of the crustal precursor of the
Concordia Granite. Nineteen euhedral to subhedral
cores (Fig. 3c) with U contents <1225ppm yield a
weighted mean 27Ph/?"Pb age of 1206 4 16Ma
(Fig. 7; Table 2) interpreted to represent the crystalliza-
tion age of the Concordia Granite. Six cores with similar
U contents indicate a younger age of 1055 + 23 Ma
(Fig. 7) perhaps reflecting the influence of M; meta-
morphism. Finally, five core and six rim regions [Fig. 3c;
Fig. 7 (inset)] with high U (>1455 ppm) are metamict and

yield discordant 27Pb/2%°Pb ages ranging from 360
to 970 Ma.

KRuweekfontein Granite

The Kweekfontein Granite [106] is fine grained and
generally devoid of any obvious tectonic fabric. In
reflected light, the zircons are metamict in appearance
but show clear core—rim relationships (Fig. 3d). The CL
images illustrate three generations of zircon growth:
homogeneous and euhedral high-U and low-U core
regions mantled by a high-U zircon rims. Euhedral grains
showing minimum ‘metamictness’ were selected for ana-
lysis. Twelve low-U (<1000 ppm) core regions character-
ized by euhedral morphology yield a weighted mean
207Ph/20Ph age of 1186 + 15 Ma (Fig. 8; Table 2) inter-
preted to be the age of emplacement of the Kweekfontein
Granite. In addition, the 2’Ph/?Pb ages for seven
low-U cores range from 1328 to 1762 Ma [Fig. 8 (inset)]
and reflect minimum age estimates for inheritance; one
core (1-24.3) with a minimum age of 1056 Ma is aberrant.
Finally, three core regions and seven euhedral zircon rims
with U contents >2000 ppm are discordant and indicate
minimum 2Y7Ph/?%Ph ages of 322 to 904 Ma.

Rietberg Granite

The porphyritic Rietberg Granite is confined to the
northern part of the O’okiep Copper District (Fig. 1).
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Fig. 7. U-Pb concordia diagram for zircons from the Concordia Granite [105], No-name 1 (Fig. 1). [See Appendix Table B5(a) for analytical data.]

Clifford et al. (1995) published a Rb—Sr whole-rock error-
chron age of 1169 £+ 69 Ma for this granite. Robb et al.
(1999) reported a weighted mean 27Ph/?°Ph zircon
age of 1058 £ 30 Ma, which they interpreted as the
emplacement age of the granite. The latter age is, how-
ever, based on largely discordant data with the majority
(60%) of zircons analysed having U concentrations of
> 1500 ppm, a feature that is uncharacteristic of pristine
Rietberg Granite zircons.

Zircon populations from typical examples of the
Rietberg Granite at Jan Coetzee [107] and Steyerkraal
[22] (Fig. 1) have been analysed. The zircons from the
former are euhedral to subhedral, occasionally translu-
cent, and appear to be a single population. Although some
cores are present, most zircons show oscillatory magmatic
zoning and, in the majority of cases, there is no discor-
dance at the core—rim boundary. There is, moreover, no
significant difference in age between cores and rims of
zircons from the Rietberg Granite [107]. Seventeen ana-
lyses give a weighted mean 207Ph/2%Pb age of 1035 +
13 Ma (Fig. 9) that records the age of crystallization of the
granite. Three zircons (A19.1, A24.2, B30.1) with ages of

1110-1160 Ma represent xenocrysts that were subjected
to Pb loss at 1035 Ma, whereas one analysis (A16.1) is
highly discordant (U 2075 ppm) with a minimum *’Pb/
296Ph age of 812 Ma.

The zircons from Steyerkraal [22] are hyacinth to
almost colourless clear grains that are euhedral to sub-
hedral in shape, and the CL images show well-zoned
crystals indicative of magmatic crystallization (Fig. 10a).
Although no distinct boundaries can be discerned, older
core regions have been recognized. Thirteen analyses of
zircon rims from this sample give a weighted mean
207Ph/2%Ph age of 1032 & 11 Ma (Table 2) that dates
the time of emplacement of the Rietberg Granite. In
addition, two xenocryst populations are recognized: an
older one represented by two cores with minimum 2’ Pb/
206Ph ages of 1779 Ma and 1722 Ma (Table 2); and a
younger one (4.2, 18.1, 23.2) with a *’Pb/**Pb age of
1200 =+ 45 Ma. Two of the latter younger xenocrysts are
rimmed by 1020—1035 Ma zircon (4.1 and 23.1). Finally,
three zircon rims (13.2, 18.2, and 35.2) indicate a 2’ Pb/
206Ph age of 1176 + 15 Ma (Table 2) suggesting that these
grains may belong to the younger xenocrystic population.

679

Zz0z 1snbny Lz uo 1senb Aq 929626 1/699//G /8101 e/ABojosjad/woo dno-ojwspeoe//:sdiy woli papeojumoq



JOURNAL OF PETROLOGY

VOLUME 45 NUMBER 4 APRIL 2004

Kweekfontein Granite [106] 1400
0.24 + ]
'/Cores
- | Mean =1186 £ 15 Ma
[n =12, 1 of 13 rejected]
0.22 + \MSWD = 1.5, probability = 0.13
= i 1200
& 0.20
NE ‘ [rejected analysis]
0o 5 1100 |Old Cores  (2-21.2 (1643 Ma) | *¢
§ o0y 2-27.1 (1720 Ma) | \
0.18 + oz | [2-21.1(1839 Ma}“| i ‘\
1400
" [2-35.2 (1676 Ma)
L 1000 o) [:.,.,J T
2-27.2 (1757 Ma) I
0.16 + [ ngh U zircon 0.18
(>2000 ppm) e .
cores (3)and rims (7) | °“T & I
see text
\( ) olwﬂs 1I 2‘5 $=5 -1:5 55
0.14 : : ' = 3 —— &
1.4 1.8 2.2 26 3.0

207P b 1235U

Fig. 8. U-Pb concordia diagram for zircons from the Kweekfontein Granite [106], Farm Kweekfontein (Fig. 1). [See Appendix Table B5(b) for
analytical data.]

Fig. 9. U-Pb concordia diagram for zircons from the Rietberg Granite [107], Jan Coetzee (Fig. 1). [See Appendix Table B6(a) for analytical data.]
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Fig. 10. CL images for zircons, illustrating SHRIMP 27 Pb /2% Pb ages
and U concentrations for analysed data points, as follows: (a) grain 15,
Rietberg Granite [22], Steyerkraal; (b) grain 51, jotunite (formerly two-
pyroxene granulite) [36], Koperberg Suite, Narrowhuis; (c) and (d)
grains 8.1 and 93.1, respectively, biotite diorite [79], Koperberg Suite,
Jubilee (Fig. 1). Analytical data are as follows: grain 15, Appendix Table
B6(b); grain 51, Appendix Table B7(a); grains 8.1 and 93.1, Appendix
Table B8(a). Bar scales represent 100 pm; white circles show the loca-
tions of the analysed 20—30 um target areas.

Syenite

The syenite [65] (locally referred to as shonkinite) at the
Spektakel Mine is areally associated with a body of
anorthosite—biotite diorite of the Koperberg Suite. How-
ever, Conradie & Schoch (1988) have argued that the
absence of a Fu anomaly and the high light rare earth
element to heavy rare earth element (LREE/HREE)
ratio of the syenite mitigates against a genetic relationship
with that suite.

The zircons from the syenite are colourless to pale pink,
cuhedral to subhedral prismatic crystals with rounded
terminations. Cores are apparent, but incomplete rims
resulted in irregularly shaped grains. The weighted mean
207Ph/20°Ph ages for the 24 cores and the eight rims are

CRUSTAL EVENTS IN O’OKIEP DISTRICT

INTRUSION OF HYPERSTHENE-BEARING ROCKS INCLUDING

3 LEUCONORITE, NORITE, MELANORITE, HYPERSTHENITE AND
MAGNETITE-HYPERSTHENE ROCK, AND GLIMMERITE II.

| INSITU (ANATECTIC) FORMATION OF 'BRECCIA GRANITE'

(1) ANDESINE (+QUARTZ) ANORTHOSITE; (2) GLIMMERITE I: AND |
(3) BIOTITE DIORITE.
INTRUSION OF TWO-PYROXENE ROCKS, VARIOUSLY
NAMED GABBRO'Z, HORNBLENDE GNEISS?, FELSIC
NORITE*, TWO-PYROXENE GRANULITE® AND JOTUNITE®

(INTRUSION OF PLAGIOCLASE-BIOTITE ROCKS INCLUDING:
2

Fig. 11. Summary of the stratigraphy of the Koperberg Suite. ! Strauss
(1941); 2Van Zyl (1967); *Benedict et al. (1964); *Van Zyl (1975, 1978);
SClifford et al. (1981); *Duchesne (this work).

indistinguishable at 1034 &= 9Ma and 1040 = 21 Ma,
respectively. Combining all of the data yields an age of
1035 & 7 Ma (Table 2). The prismatic morphology and
the concordant (>90%) highly constrained distribution
of the data support the view that this is the age of syenite
crystallization, which is within error of that obtained for
the Rietberg Granite (Fig. 9).

Koperberg Suite and breccia granite

U-Pb age data are presented for zircons from biotite
diorite and magnetite—hypersthene rock of the Koperberg
Suite, and from the breccia granite that is associated with
the Koperberg Suite in a megabreccia pipe (Fig. 1). New
age data are also presented for two-pyroxene rocks, now
referred to as jotunites, that support the view that they are
a part of the Koperberg Suite as suggested by Strauss
(1941) and Van Zyl (1967, 1978). The revised stratigraphy
for the Koperberg Suite is shown in Fig. 11.

Jotunite. The two samples of jotunite from Narrowhuis
[36] and Ratelkraal [53] (Fig. 1) are petrographically
identical and consist predominantly of andesine, diopside
and ferrohypersthene (Clifford et al., 1981). Previously
published U—Pb zircon data for these rocks include an
age of 1160 £ 50 Ma (composite sample, thermal ioniza-
tion mass spectrometry analysis; Clifford et al, 1981).
More recently, zircon ages of 1168 & 9Ma and 1063 +
16 Ma interpreted as the age of intrusion and meta-
morphism respectively were reported by Robb ezal. (1999).

Zircons separated from sample [36] are mainly pris-
matic grains in which the zoned euhedral magmatic rims
(20—50 pm) clearly truncate the remnant zonation in the
irregular-shaped xenocryst cores (Fig. 10b). The CL
images show complex cores with inner and outer regions
that are luminescent, homogeneous grey or zoned.
Thirteen analyses of oscillatory-zoned zircon rims give a
weighted mean 29’ Pb/?%Pb age of 1035 & 13 Ma (Fig. 12)
that 1s interpreted to be the age of jotunite intrusion.
Provenance ages are defined by 13 xenocryst cores with
a weighted mean 2°’Pb/?®°Pb age of 1203 4+ 10Ma
[Fig. 12 (inset); Table 2], and a single core with
a concordant 2°7Pb/2%Pb age of 1804 Ma. Intermediate
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Fig. 12. U-Pb concordia diagram for zircons from jotunite [36] of the Koperberg Suite, Narrowhuis (Fig. 1). [See Appendix Table B7(a) for

analytical data.]

[1062 £ 17 Ma; Fig. 12 (inset)] and younger ages on the
remaining cores and rims are ascribed to Pb loss during
the M3 event.

The zircons from jotunite [53] are characterized by
anhedral shapes. In transmitted light, core—rim(I) rela-
tionships are evident but on the CL images the internal
structures are less obvious and the cores and rims(I)
cannot generally be differentiated on the basis of U con-
centrations. The distribution of the U-Pb data for both
cores and rims(I) is interpreted to reflect continuous Pb
loss from 1200 Ma zircons (Electronic Appendix Fig. B17).
A notable feature of the zircon in [53] is the universal
development of rims(II), generally <20 pm in width, with
low U and Th contents. Three analyses on those rims,
which were difficult to target, yield an imprecise weighted
average 2Pb/?%U age of 1069 4= 44 Ma (Table 2) that is
within error of the 1035 £ 13 Ma age of magmatic zircon
growth in jotunite [36].

Biotite diorite. The biotite diorite [79] from the Jubilee
Mine is a medium-grained rock consisting predominantly
of oligoclase (¢. 70%) and biotite (¢. 25%). CL images of

the zircon from this sample show that most grains contain
rounded cores of sector- and oscillatory-zoned zircon
(Fig. 10c) with a mean U content of 360 ppm that are
overgrown by new featureless zircon rims (Fig. 10d), up to
70 pm in width, with dramatically higher mean U con-
tents of 1550 ppm. The core—rim contacts are sharp, with
the latter clearly truncating the remnant zoning of the
former (Fig. 10d).

Eleven high-U rims yield a weighted mean 27 Ph/2%°Ph
age of 1030 £ 6 Ma (Fig. 13) that is interpreted as the age
of intrusion of the biotite diorite. These new data are in
conflict with the 27Pb/?%Pb age of 1057 + 8Ma
obtained by Robb e al. (1999) for zircon from this
rock-type at this locality. Provenance ages are reflected
by eight out of 13 mostly oscillatory-zoned xenocryst
zircon cores with a weighted mean 2°’Pb/?*°Pb age of
1192 4 12 Ma, and a single concordant age of 1800 Ma
(Fig. 13). Intermediate and younger ages of 1130 to
1028 Ma are ascribed to Pb loss during the Mj event.

Magnetite—hypersthene rock. This rock-type [82] occurs as a
thin (<1 m wide) boudinaged dyke-like body intruding
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Fig. 13. U-Pb concordia diagram for zircons from biotite diorite [79] of the Koperberg Suite, Jubilee (Fig. 1). [See Appendix Table B8(a) for

analytical data.]

biotite diorite at Jan Coetzee SW (Fig. 1). The zircons
from this rock are largely broken grains that are uniform
in appearance. Relics of cores are visible on the CL
images, and analyses of three of them yield minimum
207PL /296Ph ages of 1855, 1711 and 1511 Ma [Electronic
Appendix Fig. B19 (inset)]. Three other cores are consis-
tent with the presence of a younger xenocrystic compo-
nent with an age of 1183 + 43 Ma (Table 2). Fourteen
analyses of zircon rims and homogeneous grains yield
a weighted mean 2°7Pb/?°Ph age of 1035 + 33Ma
(Table 2) that records the time of emplacement of the
magnetite—hypersthene intrusive.

Breccia granite. The breccia granite [108], a locally gen-
erated anatectic melt, occurs along with intrusive
Koperberg Suite lithologies in the Henry’s House mega-
breccia pipe. This granite provided a mixed zircon
population of mainly metamict grains with fewer very
translucent euhedral to subhedral almost colourless
grains. Transmitted-light and CL images show that the
majority of the euhedral grains contain both well-
defined cores and relics of cores that are devoid of
internal structure apart from growth zoning.

The majority of the U-Pb analyses targeted the clear
euhedral rims and structureless cores in the zircon.
Fourteen such analyses yield a weighted mean 2°’Pb/
206Ph age of 1018 &+ 20Ma (Fig. 14) that records the

date of i situ generation of the granite and of the forma-
tion of the megabreccia pipe. Analysis 29.1 (Fig. 14) with
a minimum 2%’Pb/?%Ph age of 769 Ma is highly discor-
dant, and is excluded from the weighted average age.
This analysis targeted a well-defined core with radial
fractures emanating from it which is a characteristic fea-
ture of a high-U nucleus, in this case with > 3000 ppm U.

Discussion

Lircon age data. Xenocryst zircon from almost all of the
intrusive rocks in the O’okiep District records the pre-
sence of crustal precursors that were probably as old as
2000 Ma (7,) (Table 2). Subsequent igneous activity is
reflected by U—Pb zircon ages of 1192 £ 9Ma and
1197 £ 55Ma for the Nababeep Granite Gneiss and
Granite, respectively, and of 1187 £ 25Ma for the
Modderfontein Granite Gneiss (Table 2) that record the
time (77) of syn-Dy plutonism. Euhedral low-U zircon core
regions for Concordia and Kweekfontein Granites have
given 207Ph/2%°Ph ages of 1206 + 16 Ma and 1186 +
15 Ma, respectively, indicating that they are broadly con-
temporaneous with the Nababeep and Modderfontein
granite plutonism. In contrast, two localities of the por-
phyritic Rietberg Granite (Fig. 1) yield well-constrained
ages of 1032 &= 11 Ma and 1035 £ 13 Ma interpreted to
reflect the age of intrusion (7). Syenite [65] with an
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Fig. 14. U-Pb concordia diagram for zircons from the breccia granite [108], Henry’s House (Fig. 1). [See Appendix Table B8(c) for analytical

data.]

emplacement 2°’Pb/2°Pb age of 1035 4+ 7 Ma was con-
temporaneous with the intrusion of that granite. The
Rietberg Granite has traditionally been grouped with
the Concordia and Kweekfontein Granites as the
‘Spektakel Suite’ (Marais & Joubert, 1980), but the new
data presented in this study demonstrate that itis 150 Myr
younger than the Concordia and Kweekfontein Granites.
The grouping of the three granites as the ‘Spektakel Suite’
1s, therefore, redundant.

Although the Koperberg Suite post-dates the Rietberg
Granite, new and published 2°’Ph/?%Pb ages for zircons
from a wide range of Koperberg lithologies are indistin-
guishable from that of the Rietberg Granite as follows:
(1) 1029 £ 10 Ma for andesine anorthosite (Clifford et al.,
1995); (2) 1037 + 86 Ma and 1037 + 8 Ma for ‘anortho-
site’ and ‘hypersthenite’, respectively (Robb et al., 1999);
(3) 1035 £ 13Ma, 1030 & 6 Ma, 1035 + 33 Ma and
1018 £ 20Ma for jotunite, biotite diorite, magnetite—
hypersthene rock and breccia granite, respectively (see
Table 2). Finally, except for syenite and breccia granite
(Table 2), xenocryst 1200 Ma (7;) zircon has been identi-
fied in all elements of the 1030 Ma (7;) magmatic zircon,
whereas narrow 1040 Ma zircon rims around 1200 Ma
magmatic zircon in the Nababeep and Modderfontein
granitic rocks (Table 2) record new zircon growth (or
resetting) during Ms; metamorphism that was contem-
poraneous with 77 magmatism.

Th/U for zircon in granitic rocks. Heaman & Parrish (1991)
have noted that zircons in felsic igneous rocks have aver-
age U contents of 50—300 ppm and an average Th/U
ratio of 0-45. These results are in agreement with the
range and average Th/U ratio of 0-15—1-20 and 0-47,
respectively, reported by Ahrens ez al. (1967) for granite
zircons. In addition, Williams & Claesson (1987) distin-
guished zircon cores with igneous Th/U signatures of
0-1-1-6, from new zircon mantles with very low Th/U
of < 0-1 that formed during granulite-facies metamorph-
ism; Cornell & Hegardt (2003) have argued that such low
Th/U ratios result from the depletion of Th in the meta-
morphic fluid by minerals such as monazite.

The oscillatory-zoned zircons from the 1200Ma
Nababeep and Modderfontein granitic rocks, and the
1035 Ma Rietberg Granite, all show mean Th/U signa-
tures of 0-40—0-80 (see Electronic Appendix Tables
B4—B6) that are typical for felsic igneous rocks. However,
the unzoned rim zircons (Fig. 3b) in the Nababeep and
Modderfontein granitic rocks generally also show
‘igneous’ Th/U signatures (mean, 0-12—0-25), notwith-
standing the fact that these rims obviously reflect new
zircon growth (or resetting) during Ms; metamorphism
(see Table 2).

The zircons from the Concordia and Kweekfontein
Granites are also anomalous. They contain core regions
that either (1) are enriched in wuranium (range
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Table 3: U and Th contents, Th/ U ratios and
207 P /29 Ph ages for zircon_from the Concordia and

Ruweekfontern Granites

High-U cores Low-U cores High-U rims
Concordia Granite [105]
[n = 5] [n =19] [n = 6]

U = 1455-4175 ppm
Th = 50-3500 ppm
mean Th/U = 0-43
ages 670-970 Ma

Kweekfontein Granite' [106]

[n=3]
U = 24907620 ppm
Th = 2502305 ppm

mean Th/U = 0-10-0-53

ages 322—-795 Ma

mean U = 530 ppm
mean Th = 270 ppm
mean Th/U = 0-56
age = 1206 + 16 Ma

[n=12]

mean U = 370 ppm
mean Th = 170 ppm
mean Th/U = 0-56
age = 1186 + 15Ma

mean U = 2890 ppm
mean Th = 215 ppm
mean Th/U = 0-06
ages 360-800 Ma

[n=17]

mean U = 2280 ppm
mean Th = 135 ppm
mean Th/U = 0-06
ages 510-905 Ma

'Six low-U xenocryst cores yielded 27Pb/2%Pb ages of
1640—1760 Ma [see Fig. 8 (inset)].

1455—7620 ppm) with the resultant discordant ages, or
(2) have low uranium (generally < 700 ppm) and record
crystallization ages of ¢. 1200Ma (Table 3). The Th
contents are proportional to the U contents, resulting in
average Th/U ratios of about 0-5 for both types of cores
(Table 3). In contrast, the high-U (2060—4650 ppm) rims
of zircon from both granites have Th contents that range
from only 80 to 380 ppm, yielding very low Th/U ratios
of about 0-06 (Table 3) that are commonly regarded as a
‘metamorphic’ signature (see Williams & Claesson, 1987;
Cornell & Hegardt, 2003). However, the rim zircon in
the Concordia and Kweekfontein Granites clearly crys-
tallized from a magma that was significantly enriched in
U (Table 3); the very low Th/U ratio of the zircon was
not, therefore, the result of decoupling migration of
Th and U in a metamorphic fluid, but is rather a clear
reflection of the chemistry of the magma during
crystallization.

SYNTHESIS
Overview

The O’okiep Copper District represents one of the most
intensely studied areas of crystalline rocks in Africa, and
the principal tectonothermal events in the area have been
summarized by Lombaard et al. (1986), Clifford e al.
(1995) and Marais et al. (2001). New U=Th—Pb SHRIMP
data presented in this paper demonstrate the presence of
1700—2000 Ma xenocryst zircon in all major granites in

the area and in the jotunite, biotite diorite and magnetite—
hypersthene rock of the Koperberg Suite, and as detritus
in the supracrustal metasediments of the Khurisberg
Subgroup. These data are consistent with the pub-
lished Sm—Nd model ages of ¢. 1700 Ma (7¢yyur) and
¢. 2000Ma (Tpy) for a wide range of intrusives in the
O’okiep District that support a major crust-forming
event in Eburnian (Hudsonian) times in this part of
Namagqualand (Clifford et al., 1995; see Reid et al., 1997).

Zircon data from all major rock units also confirm the
duality of Mesoproterozoic tectono-thermal activity in the
O’okiep District (see Mclver et al., 1983). The two
principal Precambrian events grouped as the Namaquan
Orogeny are here termed (Fig. 15): (1) the O’okiepian
Episode (1180—1210Ma) based on the regional domi-
nance of syntectonic to late tectonic granite plutonism
of that age throughout the O’okiep District; (2) the
Klondikean Episode (1020—1040Ma) because one of
the most impressive structural manifestations of that epi-
sode is the development of steep structures (Fy) such as
the one at Klondike (see Lombaard et al., 1986, p. 1427).

The O’okiepian and Klondikean Episodes of the
O’okiep District are broadly coeval with the Elzevirian
(1290—1190Ma) and Ottawan (1080—1020 Ma)
‘Pulses’, respectively, of the Grenvillian Orogenic Cycle
(c. 1300—950Ma) in the Grenville Province of eastern
North America (Davidson, 1995; Rivers, 1997). How-
ever, in the O’okiep District of Namaqualand there is
no evidence for the Shawinigan ‘Pulse’ (1190—1160 Ma;
Rivers, 1997) of the Grenville Province, whereas the
Rigolet ‘Pulse’ (1000—850 Ma) in the latter is represented
by pegmatite formation and prolonged cooling in the
O’okiep District (Fig. 15).

The principal characteristics of the O’okiepian (Do)
and Klondikean (Ds) Episodes of the Namaquan Oro-
geny are discussed in detail below; and they are illu-
strated in Fig. 15, which also shows that those episodes
were short-lived events representing only a total of 10%
of the duration of the orogeny. In contrast, there were
lengthy periods of about 150 Myr of tectonic quiescence:
(1) between the O’okiepian and Klondikean Episodes;
(2) from the end of the latter to the time of cooling
below the Ar—Ar and Rb—Sr closure temperatures
(300—350°C) for biotite—phlogopite in the Koperberg
Suite at 800—850 Ma (Onstott et al., 1986; Clifford et al.,
1995), which is taken as the formal end of Namaquan
orogenesis. We have found no evidence of zircon ages that
have been used to speculate on ‘the initiation of a new
orogenic episode at ~850 Ma’ (Robb ezal., 1999, p. 1760).

Finally, the cooling and denudation in the O’okiep
District was completed by the time of deposition of the
sediments of the Nama Group at ¢. 650 Ma (Kent, 1980;
see Iig. 1). The Ar—Ar ages of 500—570 Ma given by the
Koperberg Suite and hydrated country-rocks (Onstott
et al., 1986; Clifford et al, 1995) record an event of
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Fig. 15. Detailed chronology for the Namaquan Orogeny in the O’okiep District. ! This work—new 2°"Ph/2Ph SHRIMP age data; *Clifford et al.
(1995); *‘hypersthenite’ gave a 20’ Ph/?%Pb zircon age of 1037 4 8 Ma (Robb et al., 1999); *Nicolaysen & Burger (1965); °Raith & Harley (1998).

subsequent low-temperature reheating in Cambrian
times during the Damaran Episode of the Pan-African
Orogeny (Kennedy, 1965; Clifford, 1967).

Namaquan Orogeny

O’okiepian Episode

The O’okiepian Episode is the dominant new rock-
forming event in the O’okiep District; granitic rocks
cover >80% of the outcrop area of crystalline rocks,
and predominant amongst these are the Nababeep and
Modderfontein granitic rocks, and the Concordia and
Kweekfontein Granites (Fig. 1). New zircon ages of
¢. 1200 Ma for Nababeep Granite Gneiss and Granite
and the Modderfontein Granite Gneiss (Fig. 15) record
the time of plutonism that was synchronous with Fy
recumbent folding that dominates the structure of the
O’okiep region (Vellet, 1958; Clifford et al., 19754). The
regional metamorphism that accompanied (and out-
lasted) F, tectonism has by definition been designated
M, (Clifford et al., 1975a), and thermodynamic calcula-
tions for garnet—cordierite and garnet—plagioclase indi-
cate equilibration temperatures of ¢. 800°C and pressures
of ¢. 6kbar for that granulite-facies metamorphism
(Clifford et al., 1981; Raith & Harley, 1998). These data
refute Waters’ (1989, p. 357) speculation that ‘F, was
probably accompanied by amphibolite-facies conditions’.
The weighted mean 27Pb/2%°Ph age of 1175 4 23 Ma

(Fig. 4) for zircons from a cordierite—hypersthene para-
genesis is believed to reflect the time of Ms; the concordia
lower intercept age of 1197 £+ 96 Ma yielded by zircons
from cordierite—bronzite—gedrite rock (Table 1) is within
error of that age.

The Concordia and Kweekfontein Granites intruded
at 1206 £ 16Ma and 1186 + 15Ma, respectively
(Fig. 15). These ages also record the timing of the late
stages of F5(Do) tectonism. In particular, the basal part of
the 1500 m thick sheet of the Concordia Granite shows a
conspicuous L, lineation and a less distinct Sy foliation
(Lombaard et al., 1986; Raith, 1995), whereas the upper
part of the sheet and the Kweekfontein Granite are gen-
erally devoid of a regional structural fabric. This suggests
that the emplacement ages for these two granites reflect the
timing of the waning stages of F5(Dy) deformation (Fig. 15).

Finally, the emplacement of the Kweekfontein Granite
was syn-deformational with respect to the formation of
the Skelmfontein Thrust Zone (Fig. 1; Martens, 1979;
Blignault ¢t al., 1983). The 1186 £ 15Ma age for that
granite thus dates the late-D, phase of that thrusting that
separates the M, granulite-facies metamorphic terrane in
the O’okiep District from the amphibolite-facies domain
to the north (Raith & Meisel, 2001). However, a later
phase of that thrusting also affected the 1035 Ma Rietberg
Granite (J. Raith, personal communication, 2002) imply-
ing that there was also an element of reactivation
during Ds.
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calculated 7= 550—650°C for Ga—Co from retrograde kyanite-bearing paragenesis [47(2)] (Clifford et al., 1981, p. 240)—the inferred P of 7—8 kbar

appears now to be an overestimate. Comments: (1)
sillimanite); (2) the absence of muscovite at the m

the aluminosilicate data are from Richardson ez al. (1969) (And, andalusite; Ky, kyanite; Sill,
odest temperatures proposed for Mj (Raith & Harley, 1998, p. 301) implies a low AH,0)

[<0-5Ptotal)] (Kerrick, 1972; Clifford et al., 1981) at the time of M35 metamorphism.

Klondikean Episode

District (Lombaard & Schreuder, 1978). Additionally,

The Klondikean Episode differs from the O’okiepian Rogers (1912) argued that the absence of chilling at the
Episode in that it was not accompanied by regional margins of the bodies of the Koperberg Suite indicates
penetrative planar or linear fabrics. Instead, Klondikean  that they were intruded while the country-rocks were hot,
tectonism is reflected (1) by east—west-trending open folds  and Mclver et al. (1983), Cawthorn & Meyer (1993) and
[F5(Ds,)] such as the Ratelpoort Synform and the Spring-  Kisters ¢ al. (1994) all considered that the Koperberg
bok Antiform (Fig. 1), and (2) by localized tight east— bodies were subjected to high-grade metamorphism.
west-trending, near-vertical, generally anticlinal, steep That essentially thermal metamorphism is logically desig-

structures [Fy(Dsy,); see Marais ef al., 2001

, p- 30]. More- nated M;, and Raith & Harley (1998) have suggested that

over, in contrast to the regionally extensive granitic rocks — upper-amphibolite- to granulite-facies temperatures (7 =
that characterize the O’okiepian Episode, Klondikean 580—660°C) were reached during that event, and that
granite plutonism is restricted to the Rietberg Granite they were accompanied by pressures of 5-8 £ 0-5kbar

in the northern part of the O’okiep Distric
has yielded well-constrained weighted me

ages of 1032 & 11 Ma and 1035 £+ 13 Ma (Fig. 15) that

define the age of intrusion.

The Koperberg Suite post-dated the 1
Rietberg Granite, but new zircon ages for
rock-types from the suite are indistinguish
given by that granite (Table 2: Fig. 15).
these new data that the intrusion of the R

t (Fig. 1), which  that are consistent with apparent isobaric cooling
an 27Pb/?°Ph  between M, and Mj (Fig. 16).

Zircon ages of 1020—1035 Ma are also represented in a
wide range of cordierite-bearing metapelites (Table 1),
ntrusion of the and similar ages of 1035—1050 Ma have been recorded
awide range of  for narrow rims around 1200 Ma magmatic zircon in the
able from those ~ Nababeep and Modderfontein granitic rocks (Fig. 6;
It follows from  Table 2). All record the influence of A5 Klondikean
ietberg Granite metamorphism, and are consistent with U=Th—Pb ages

and Koperberg Suite was a very short-lived event (per- of 1038 £ 12 Ma and 1047 4+ 18 Ma obtained for mon-

haps <10 Myr). It has, moreover, been

suggested that azites (closure 7 ~ 725 £ 25°C; Parrish, 1990) from

the intrusion of the Koperberg Suite, the formation of metapelites in the area (Raith ez al., 1999). In contrast,

steep structures and the development o
represent a trinity of associated features

f breccia pipes molybdenite (closure 7 ~ 500°C; Suzuki e al., 1996)
in the O’ckiep from stratabound W(Mo) mineralization in the O’okiep
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Fig. 17. (a) Reconconstruction of the crustal profile for the O’okiep region 1020—1040 Ma ago, incorporating the present-day seismic profile for this
part of Namaqualand (after Green & Durrheim, 1990), and Neoproterozoic denudation (see Fig. 16); (b) hypothetical magma-source regions for the

O’okiep igneous rocks (see text).

District yielded '®’Re/'87Os ages of 1019 + 6 Ma, and it
has been suggested that the mineralization was related to
the retrograde stages of Namaquan metamorphism
(Raith & Stein, 2000). Perhaps the anthophyllite—talc
paragenesis [40c] records that retrogression.

CONCLUDING COMMENTARY AND

SPECULATIONS

The Precambrian thermal history of the O’okiep District
is summarized in Fig. 16. The PT conditions of
O’okiepian metamorphism (M) indicate a geothermal
gradient of about 35°C/km at 1200 Ma (see Clifford
et al., 1975a). The suggestion by Raith & Harley (1998)
that subsequent cooling to A3 (Klondikean) times was
isobaric implies a minimum of denudation during the
150 Myr post-Dy(My) pre-Ds(Ms) interval (Fig. 16). A simi-
lar lengthy period, involving isobaric heating—cooling, is

implied by the P—7—¢ data from the Prieska Copper Mine
in the eastern marginal zone (Areachap Terrane) of the
Namaqua Zone (Thomas et al., 1994).

The sediments of the Nama Group (550—650 Ma)
rest unconformably on the eroded roots of these crystal-
line rocks (Fig. 1), demonstrating that a thickness of ¢.
20—25 km of crust was removed in Neoproterozoic times
(Fig. 16); this reflects denudation of 5—6km/100 Myr
that is a refinement of the previously published figure
(Clifford et al., 1995, p. 253). The average cooling rate in
Neoproterozoic times was about 1-5°CG/Myr and, during
that slow cooling, magnetite—ilmenite equilibrated at
450—-500°C in the Koperberg Suite, which then cooled
through temperatures of 300—350°C at 800—850 Ma
(Fig. 16).

Sm—Nd model ages of 1700—2000 Ma for the major
granitic rock-units and for the Koperberg Suite in the
O’okiep District support a major crust-forming event
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in early Mesoproterozoic times (Clifford et al., 1995).
Moreover, Clifford et al. suggested that the negative exg
supports a crustal-melt source for the Concordia Granite,
and that high ®Sr/%Sr initial ratios (1030 Ma)
(0-7061-0-7272), low &nq (1030Ma) (=9) and high p,
(10-1) that characterize the Koperberg Suite also imply
a crustal source. Oxygen-isotope and K/Rb ratios
reported for the Koperberg Suite by Boer e al. (1994)
are consistent with this conclusion. These views are also
supported by trace- (including REE) and major-element
data by Duchesne and his co-workers (1999), who have
concluded that: (1) the Concordia Granite is the product
of melting of a juvenile crust composed of high-K ande-
sites; (2) the jotunite, and magmas parental to the
anorthosite, of the Koperberg Suite were derived by
partial melting of crustal rocks in dry conditions at high
pressures (11—13 kbar).

The reconstructed crustal profile for late Mesoproter-
ozoic times is consistent with these conclusions (Iig. 17a).
The present crustal thickness in this part of Namaqua-
land is 42 km (Green & Durrheim, 1990; see De Beer &
Meyer, 1983; Nguuri et al, 2001). If it is reasonably
assumed that movements during the Neoproterozoic
denudation (Fig. 16) were entirely epeirogenic (and that
no new crust was added during that time) it follows that
the crust was about 60—65 km thick during Klondikean
times at ¢. 1030 Ma (Fig. 17a). One possible model for
such an overthickening is the underthrusting of the lower
crust to depths of 50 km to produce the massive anortho-
site parental magma by melting of gabbronoritic rocks,
as in the Sveconorwegian Province of Scandinavia
(Duchesne et al., 1999). Alternatively, intracontinental
(Ampferer-type) subduction has been proposed by Bird
(1978) to explain the duplication of the crust in the
Himalayas.

In speculation on the timing of underthrusting—
subduction, attention is drawn to the Skelmfontein
Thrust Zone (Fig. 1), which had a major phase of move-
ment in late-Dy times (Raith & Harley, 1998). If that was
indeed the time of crust duplication, it follows that: (1)
the crust had a normal ¢. 35—40km thickness during
the major O’okiepian deformation (D), granulite-facies
metamorphism (y) and the generation of the Nababeep,
Modderfontein, Concordia and Kweekfontein Granites
(Fig. 17b); (2) the duplication of the crust at the end of
Dy resulted in an increase in its thickness to ¢. 60km,
which was maintained until Klondikean times (Ds) at
1020—1040Ma, when the Rietberg Granite and the
Koperberg Suite were generated from depths of
35—45km and > 50 km, respectively (Fig. 17b).

ACKNOWLEDGEMENTS

We gratefully acknowledge very generous financial
support for this project from the University Research

CRUSTAL EVENTS IN O’OKIEP DISTRICT

Committee of the University of the Witwatersrand,
Gold Fields of South Africa Ltd., the Jim and Gladys
Taylor Educational Trust, the Centre for Applied Mining
and Exploration Geology at the University of the
Witwatersrand, and the Geological Society of South
Africa Trust; provision of this funding was particularly
facilitated through the kind offices of Professors T. S.
McCarthy, M. J. Vijoen and R. P. Viljoen. We also
thank the following for their help: Koos Beukes, Gerhardt
Schreuder, Bert Packham and the late Jan Marais, and
the many other O’okiep Copper Company geologists
who contributed to invaluable discussions in the field
and underground; Dianne du Toit for cartography;
Henia Czekanowska for photography; Joe Aphane and
Elijah Nkosi for zircon separations; Jack Barton and
Gordon Cooper for their computing assistance; Bruce
Eglington and Chris Hatton for their constructive com-
ments on an earlier version of this paper; and Dalena
Blitenthall for expert processing of the final manuscript.
This is Geological Survey of Canada contribution no.

2003055.

SUPPLEMENTARY DATA

Supplementary data for this paper are available on
Journal of Petrology online.

REFERENCES

Ahrens, L. H., Cherry, R. D. & Erlank, A. J. (1967). Observations on
the Th—U relationship in zircons from granitic rocks and from
kimberlites. Geochimica et Cosmochimica Acta 31, 2379—2387.

Barton, E. S. (1983). Reconnaissance isotopic investigations in the
Namaqua mobile belt and implications for Proterozoic crustal
evolution—Namaqualand geotraverse. Geological Society of South Africa,
Special Publication 10, 45—66.

Benedict, P. C.; Wiid, D. de N., Cornelissen, A. K. & Staff (1964).
Progress report on the geology of the O’okiep copper district. In:
Haughton, S. H. (ed.) The Geology of some Ore Deposits in Southern Africa.
Geological Society of South Africa II, 239—302.

Bird, P. (1978). Initiation of intracontinental subduction in the
Himalaya. journal of Geophysical Research 83, 4975—4987.

Blignault, H. J., Van Aswegen, G., Van der Walt, S. W. &
Colliston, W. P. (1983). The Namaqualand geotraverse and
environs: part of the Proterozoic Namaqua Mobile Belt. Geological
Society of South Africa, Special Publication 10, 1—29.

Boer, R. H., Meyer, F. M. & Cawthorn, R. G. (1994). Stable isotopic
evidence for crustal contamination and desulphidation of the
cupriferous Koperberg Suite, Namaqualand, South Africa. Geochimica
et Cosmochimica Acta 58, 2677—2687.

Botha, B. J. V., Potgieter, G. H. A., Malherbe, S. S. & Moen, H. F. G.
(1980). Gladkop Suite. In: Kent, L. E. (compiler) Stratigraphy of South
Africa. Geological Survey of South Africa, Handbook 8 (Part 1), 291-293.

Cahen, L. & Snelling, N. J. (1966). The Geochrononology of Equatorial Africa.
Amsterdam: North-Holland, 195 pp.

Cahen, L., Snelling, N. J., Delhal, J. & Vail, J. R. (1984). The
Geochronology and Evolution of Africa. Oxford: Clarendon Press, 512 pp.

Cawthorn, R. G. & Meyer, F. M. (1993). Petrochemistry of the Okiep
Copper District basic intrusive bodies, northwestern Cape Province,
South Africa. Economic Geology 88, 590—605.

689

Zz0z 1snbny Lz uo 1senb Aq 929626 1/699//G /8101 e/ABojosjad/woo dno-ojwspeoe//:sdiy woli papeojumoq



JOURNAL OF PETROLOGY

Clifford, T. N. (1967). The Damaran Episode in the Upper
Proterozoic—Lower Palacozoic history of southern Africa. Geological
Soctety of America, Special Paper 92, 100 pp.

Clifford, T. N. (1970). The structural framework of Africa. In:
Clifford, T. N. & Gass, I. G. (eds) African Magmatism and Tectonics.
Edinburgh: Oliver & Boyd, pp. 1-26.

Clifford, T. N., Gronow, J., Rex, D. C. & Burger, A. J. (1975q).
Geochronological and petrogenetic studies of high-grade meta-
morphic rocks and intrusives in Namaqualand, South Africa. Journal
of Petrology 16, 154—188.

Clifford, T. N.,; Stumpfl, E. F. & Meclver, J. R. (19754). A
sapphirine—cordierite—bronzite—phlogopite =~ paragenesis  from
Namaqualand, South Africa. Mineralogical Magazine 40, 347—356.

Clifford, T. N., Stumpfl, E. F., Burger, A. J., McCarthy, T. S. &
Rex, D. C. (1981). Mineral-chemical and isotopic studies of
Namaqualand granulites, South Africa: a Grenville analogue.
Contributions to Mineralogy and Petrology 77, 225—250.

Clifford, T. N., Barton, E. S., Retief, E. A, Rex, D. C. &
Fanning, C. M. (1995). A crustal progenitor for the intrusive
anorthosite—charnockite kindred of the cupriferous Koperberg
Suite, O’okiep District, Namaqualand, South Africa; new isotope
data for the country rocks and the intrusives. fournal of Petrology 36,
231-258.

Conradie, J. A. & Schoch, A. E. (1986). Iron—titanium oxide equilibria
in copper-bearing diorites, Namaqualand. Transactions of the Geological
Society of South Africa 89, 29—34.

Conradie, J. A. & Schoch, A. E. (1988). Rare earth element
geochemistry of an anorthosite—diorite suite, Namaqua mobile belt,
South Africa. Earth and Planetary Science Letters 87, 409—422.

Cornell, D. H. & Hegardt, E. A. (2003). No more blind dates with
zircon! Geophysical Research Abstracts 5, Abstract number EAE03-A-02524.

Cumming, G. L. & Richards, J. R. (1975). Ore lead isotope ratios in a
continuously changing earth. Earth and Planetary Science Letters 28,
155—171.

Davidson, A. (1995). A review of the Grenville orogen in its North
American type area. Australian Geological Survey Organization, Journal of
Australian Geology and Geophysics 16, 3—24.

De Beer, J. H. & Meyer, R. (1983). Geoelectrical and gravitational
characteristics of the Namaqua—Natal mobile belt and its bound-
aries. Geological Society of South Africa, Special Publication 10, 91—100.

Duchesne, J. C., Liégeois, J. P., Vander Auwera, J. & Longhi, J. (1999).
The crustal tongue melting model and the origin of massive
anorthosites. 7Terra Nova 11, 100—105.

Eglington, B. M., Harmer, R. E. & Kerr, A. (1986). Petrographic,
Rb—Sr isotope and geochemical characteristics of intrusive grani-
toids from the Port Edward—Port Shepstone area, Natal. Transactions
of the Geological Society of South Africa 89, 199—213.

Eglington, B. M., Thomas, R. J., Armstrong, R. A. & Walraven, F.
(2003). Zircon geochronology of the Oribi Gorge Suite, KwaZulu—
Natal, South Africa: constraints on the timing of the trans-current
shearing in the Namaqua—Natal Belt. Precambrian Research 123,
29—46.

Gibson, R. L., Robb, L. J., Kisters, A. F. M. & Cawthorn, R. G. (1996).
Regional setting and geological evolution of the Okiep Copper
District, Namaqualand, South Africa. South African Journal of Geology
99, 107—120.

Green, R. W. E. & Durrheim, R. J. (1990). A seismic refraction
investigation of the Namaqualand Metamorphic Complex, South
Afvica. Journal of Geophysical Research 95(B12), 19927-19932.

Heaman, L. & Parrish, R. (1991). U=Pb geochronology of accessory
minerals. In: Heaman, L. & Ludden, J. N. (eds) Applications of
Radiogenic Isotope Systems to Problems in Geology. Mineralogical Society of
Canada, Short Course Handbook 19, 59—102.

VOLUME 45 NUMBER 4 APRIL 2004

Holmes, A. (1951). The sequence of Pre-cambrian orogenic belts in
south and central Africa. XVIII International Geological Congress, Part 14,
254—269.

Jacobs, J., Falter, M., Thomas, R. J., Kunz, J. & JeBberger, E. K.
(1997). **Ar/3°Ar thermochronological constraints on the structural
evolution of the Mesoproterozoic Natal Metamorphic Province, SE
Africa. Precambrian Research 86, 71—92.

Joubert, P. (1986). Namaqualand—a model of Proterozoic accretion.
Transactions of the Geological Society of South Africa 89, 79—96.

Kennedy, W.Q. (1965). The influence of basement structure on the
evolution of coastal (Mesozoic and Tertiary) basins in Africa. In: Salt
Basins around Africa. London: Institute of Petroleum, pp. 7—16.

Kent, L. E. (1980). Nama Group. In: Kent, L. E. (compiler) Stratigraphy
of South Africa. Geological Survey of South Africa, Handbook 8(Part 1),
495-510.

Kerrick, D. M. (1972). Experimental determination of muscovite +
quartz with PHyO < Prot. American Journal of Science 272, 946—958.

Kisters, A. F. M., Potgieter, J. E., Charlesworth, E. G., Anhaeusser, C. R.,
Gibson, R. L. & Watkeys, M. K. (1994). Emplacement features of
cupriferous noritoids in the Okiep Copper District, Namaqualand,
South Africa. Exploration and Mining Geology 3, 297—310.

Kisters, A. F. M., Charlesworth, E. G., Gibson, R. L. & Anhaeusser, C. R.
(1996). Steep structure formation in the Okiep Copper District,
South Africa: bulk inhomogeneous shortening of a high-grade
metamorphic granite—gneiss sequence. Journal of Structural Geology 18,
735-751.

Lombaard, A. F. & Schreuder, F. J. G. (1978). Distribution patterns
and general geological features of steep structures, megabreccias and
basic rocks in the Okiep Copper District. In: Verwoerd, W. J. (ed.)
Mineralization in Metamorphic Terranes. Geological Society of South Africa,
Special Publication 4, 269—295.

Lombaard, A. F. & the exploration staff of the O’okiep Copper
Company Limited (1986). The copper deposits of the Okiep District,
Namaqualand. In: Anhaeusser, C. R. & Maske, S. (eds) Mineral
Deposits of Southern Africa. Geological Society of South Africa II, 1421—1445.

Ludwig, K. R. (2001). Isoplot/Ex (version 2.49). A geochronological
toolkit for Microsoft Excel. Berkeley Geochronology Center, Special
Publication 1a.

Marais, J. A. H. & Joubert, P. (1980). Spektakel Suite. In: Kent, L. E.
(compiler) Stratigraphy of South Africa. Geological Survey of South Africa,
Handbook 8(Part 1), 314—316.

Marais, J. A. H., Agenbacht, A. L. D., Prinsloo, M. & Basson, W. A.
(2001). The geology of the Springbok area. Explanation: Sheet 2916
(scale: 1:250,000). Pretoria: Council for Geoscience, 103 pp.

Martens, F. (1979). A sequence of deformational events in the
Ratelpoort fold area, Namaqualand. M.Sc. thesis, University of
the Free State, Bloemfontein, 84 pp.

Mclver, J. R., McCarthy, T. S. & Packham, B. de V. (1983). The
copper-bearing basic rocks of Namaqualand, South Africa. Mineralium
Deposita 18, 135—160.

Nguuri, T. K., Gore, J., James, D. E., Webb, S. J., Wright, C.,
Zengeni, T. G., Gwavava, O., Snoke, J. A. & the Kaapvaal Seismic
Group (2001). Crustal structure beneath southern Africa and its
implications for the formation and evolution of the Kaapvaal and
Zimbabwe cratons. Geophysical Research Letters 28, 2501-2504.

Nicolaysen, L. O. & Burger, A. J. (1965). Note on an extensive zone of
1000 million-year old metamorphic and igneous rocks in southern
Africa. Sciences de la Terre 10, 497—518.

Onstott, T. C., Hargraves, R. B. & Joubert, P. (1986). Constraints on
the tectonic evolution of the Namaqua Province II: reconnaissance
paleomagnetic and **Ar/* Ar results from the Namaqua Province
and Kheis Belt. Transactions of the Geological Society of South Africa 89,
143—170.

690

Zz0z 1snbny Lz uo 1senb Aq 929626 1/699//G /8101 e/ABojosjad/woo dno-ojwspeoe//:sdiy woli papeojumoq



CLIFFORD et al.

Parrish, R. R. (1990). U-Pb dating of monazite and its application to
geological problems. Canadian journal of Earth Sciences 27, 1431—1450.

Pohl, W. (1994). Metallogeny of the north-eastern Kibara belt, Central
Africa—recent perspectives. Ore Geology Reviews 9, 105—130.

Raith, J. G. (1995). Petrogenesis of the Concordia Granite Gneiss and
its relation to W—Mo mineralization in western Namaqualand,
South Africa. Precambrian Research 70, 303—335.

Raith, J. G. & Harley, S. L. (1998). Low-P/high-7 metamorphism in
the Okiep Copper District, western Namaqualand, South Africa.
Fournal of Metamorphic Geology 16, 281—-305.

Raith, J. G. & Meisel, T. (2001). Metabasites along the amphibolite—
granulite facies transition in the Okiep Copper District, South
Africa. South African Journal of Geology 104, 77—100.

Raith, J. G. & Stein, H. J. (2000). Re—Os dating and sulfur isotope
composition of molybdenite from tungsten deposits in western
Namaqualand, South Africa; implications for ore genesis and the
timing of metamorphism. Mineralium Deposita 35, 741—-753.

Raith, J. G., Stein, H. & Finger, F. (1999). Timing and duration of
high-grade metamorphism in western Namaqualand, South Africa.
Journal of Conference Abstracts, European Union of Geosciences 4, 462—463.

Reid, D. L., Welke, H. J., Erlank, A. J. & Betton, P. J. (1987).
Composition, age and tectonic setting of amphibolites in the Central
Bushmanland Group, western Namaqua Province, southern Africa.
Precambrian Research 36, 99—126.

Reid, D. L., Smith, C. B., Watkeys, M. K., Welke, H. J. & Betton, P. J.
(1997). Whole-rock radiometric age patterns in the Aggeneys—
Gamsberg ore district, central Bushmanland, South Africa. South
African Journal of Geology 100, 11-22.

Richardson, S. W., Gilbert, M. C. & Bell, P. M. (1969). Experimental
determination of kyanite—andalusite and andalusite—sillimanite
equilibria: the aluminum silicate triple point. American Journal of
Science 267, 259—272.

Rivers, T. (1997). Lithotectonic elements of the Grenville Province;
review and tectonic implications. Precambrian Research 86, 117—154.
Robb, L. J., Armstrong, R. A. & Waters, D. J. (1999). The history of
granulite-facies metamorphism and crustal growth from single
zircon U=Pb geochronology: Namaqualand, South Africa. fournal

of Petrology 40, 1747—1770.

Rogers, A. W. (1912). Report on a portion of Namaqualand. Annual
Report of the Geological Survey of South Africa, 125—151.

Smalberger, J. M. (1975). Aspects of the History of Copper Mining in
Namaqualand 1846—1931. Cape Town: Struik, 152 pp.

Stern, R. A. (1997). The GSC Sensitive High Resolution Ion
Microprobe (SHRIMP): analytical techniques of zircon U-Th—Pb
age determinations and performance evaluation. Geological Survey of
Canada, Current Research 1997-F; Radiogenic Age and Isotopic Studies Report
10, 1-31.

Stern, R. A. (2001). A new isotopic and trace element standard for the
ion microprobe; preliminary TIMS U—-Pb and electron microprobe
data. Geological Survey of Canada, Current Research 2001-F1; Radiogenic Age
and Isotopic Studies Report 14, 7 pp.

Stern, R. A. & Amelin, Y. (2003). Assessment of errors in SIMS zircon
U—-Pb geochronology using a natural zircon standard and NIST
SRM 610. Chemical Geology 197, 111—142.

Strauss, C. A. (1941). The geology, copper-ore deposits and ground
water hydrology of the area around Springbok and O’okiep,
Namaqualand. D.Sc. thesis, University of Stellenbosch, 166 pp.

Suzuki, K., Shimizu, H. & Masuda, A. (1996). Re—Os dating of
molybdenites from ore deposits in Japan: implications for the closure
temperature of the Re—Os system for molybdenite and the cooling

CRUSTAL EVENTS IN O’OKIEP DISTRICT

history of molybdenite ore deposits. Geochimica et Cosmochimica Acta 60,
3151-3159.

Tack, L., Liégeois, J. P., Deblond, A. & Duchesne, J. C. (1994).
Kibaran A-type granitoids and mafic rocks generated by two mantle
sources in a late orogenic setting (Burundi). Precambrian Research 68,
323-356.

Tack, L., Fernandez-Alonso, M., Tahon, A., Wingate, M. & Barritt, S.
(2002). The ‘northeastern Kibaran Belt’” (NKB) and its mineralisa-
tions reconsidered: new constraints from revised lithostratigraphy, a
GIS-compilation of existing geological maps and a review of recently
published as well as unpublished igneous emplacement ages in
Burundi. Conference Programme and Synopses, 11th Quadrennial IAGOD
Symposium and GEOCONGRESS, July 2002, Windhocek, Namibia,
p- 42.

Thomas, R. J., Eglington, B. M., Bowring, S. A., Retief, E. A. &
Walraven, F. (19934). New isotope data from a Neoproterozoic
porphyritic granitoid—charnockite suite from Natal, South Africa.
Precambrian Research 62, 83—101.

Thomas, R. J., Eglington, B. M. & Bowring, S. A. (19934). Dating the
cessation of Kibaran magmatism in Natal, South Africa. Fournal of
African Earth Sciences 16, 247—252.

Thomas, R. J., Agenbacht, A. L. D., Cornell, D. H. & Moore, J. M.
(1994). The Kibaran of southern Africa: tectonic evolution and
metallogeny. Ore Geology Reviews 9, 131-160.

Thomas, R. J., De Beer, C. H. & Bowring, S. A. (1996). A comparative
study of the Mesoproterozoic late orogenic porphyritic granitoids of
southwest Namaqualand and Natal, South Africa. Journal of African
Earth Sciences 23, 485—508.

Thomas, R. J., Cornell, D. H. & Armstrong, R. A. (1999). Provenance
age and metamorphic history of the Quha Formation, Natal
Metamorphic Province: a U=Th—Pb zircon SHRIMP study. South
African Journal of Geology 102, 83—88.

Thomas, R. J., Moen, H. J. F., Cornell, D. H., Reid, D. L. &
Moore, J. M. (2004). Namaqua—Natal Metamorphic Province. In:
Anhaeusser, C. R., Thomas, R. J. & Johnson, M. R. (eds) Geology of
South  Africa.  Geological Society of South Africa/Council for
Geoscience, South Africa (in press).

Van Zyl, D. (1967). The geology of the O’Okiep Copper Mine,
Namaqualand. Annals of the University of Stellenbosch, Series A 42(1),
58 pp.

Van Zyl, D. (1975). A petrological approach towards the ore-bearing
potentialities of the O’okiep basic intrusives in Namaqualand. In:
Abstracts, XVI Geokongres, Geological Soctety of South Africa, Stellenbosch,
pp.- 160—163.

Van Zyl, D. (1978). A petrological approach towards the ore-bearing
potentialities of the Okiep basic intrusives in Namaqualand. In:
Verwoed, W. J. (ed.) Mineralization in Metamorphic Terranes. Geological
Society of South Africa, Special Publication 4, 323—329.

Vellet, V. (1958). The geology of the ‘Copper District’ Namaqualand,
Cape Province, South Africa. Unpublished report of the O’okiep
Copper Company, 110 pp.

Waters, D. J. (1989). Metamorphic evidence for the heating and
cooling path of Namaqualand granulites. In: Daly, J. S., Cliff, R. A.
& Yardley, B. W. D. (eds) Evolution of Metamorphic Belts. Geological
Soctety, London, Special Publication 43, 357—363.

Williams, I. S. & Claesson, S. (1987). Isotopic evidence for the
Precambrian provenance and Caledonian metamorphism of
high grade paragneisses from the Seve Nappes, Scandinavian
Caledonides. II Ion microprobe zircon U=Th—Pb. Contributions to
Mineralogy and Petrology 97, 205—217.

691

Zz0z 1snbny Lz uo 1senb Aq 929626 1/699//G /8101 e/ABojosjad/woo dno-ojwspeoe//:sdiy woli papeojumoq



