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U=Pb and Lu—Hf isotope analyses, obtained by laser ablation-sector
Sield-inductively coupled plasma-mass spectrometry on zircon grains
Jrom 37 granitoid samples indicate that the Kalahart Craton consists

of at least_five distinct terranes—Barberton South ( BS ), Barberton

North (BN), Murchison—Northern Kaapvaal ( MINK), Limpopo

Central Zone ( LCZ ), and Francistown—which underwent different

crustal evolutions, and were successively accreted at c. 5-23 Ga, 2-9

Ga and 2-65-2-7 Ga. The investigated granitoids were emplaced

over a period of ¢. 1.5 billion years, and are exposed along a

c. 1000km long traverse from the Barberton Mountain Land/

Swaziland to the Francistown arc complex, Botswana. The pres-

ented datasets reveal that most granitoids of the BS (3-45-3-10

Ga), MNK (2-93-2-67 Ga), Francistown (2-70-2-65 Ga)
and LCZ terranes (3-2-2-03 Ga) show near-chondritic to subchon-
dritic. €Hf, (BS=-17 to +05 MNK=-34 to +07;
Francistown =—05 to +1-1; LCZ=-12-4 to —1-8), indicating

that crustal recycling—perhaps by mixing of an older crust with a
depleted mantle reservoir—played an important role during their for-
mation and growth. Higher, superchondritic eHf; values, as indica-

twe for an important depleted mantle influence, were obtained only
Jrom some granitoids of the BN terrane (€H/3.05c, = +2-5£0-8),

the Gaborone Granite Suite (€Hf».99co = +2-0 £1-6), and from a
Jew detrital zircons from the Mahalapye complex of the Limpopo
Belt. In addition, the datasets show that the internal Hf isotope

vartation of magmatic zircon domains from most granitoids is
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commonly less than £1-5 €-units, and only in rare cases up to £35-1
g-units. The rare significant eHf, variations may be ascribed to
incomplete mixing of different sources during magma crystallization.
1t is also shown that the combined approach of cathodoluminescence
imaging with U—=Pb and Lu—Hf isotope analysis provides a power-
JSul tool to distinguish zircon domains formed and/or altered at differ-
ent tumes.
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INTRODUCTION

Numerous studies have demonstrated that the application
of combined isotope systems provides a powerful tool to
obtain information about the secular evolution of the
crust—mantle system during the Earth’s early history, com-
prising the Hadean to Archean eons (e.g. Patchett et al.,
1981; Stevenson & Pattchett, 1990; Vervoort et al., 1996;
Blichert-Toft & Albaréde, 1997, 2008; Amelin et al., 1999,
2000; Vervoort & Blichert-Toft, 1999; Rino et al., 2004;
Condie et al., 2005; Halpin et al., 2005; Harrison et al.,
2005, 2008; Scherer et al., 2007; Zeh et al., 2007, 2008).
Among these isotope systems, combined U-Pb and
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Lu—Hf isotope data for single zircon grains have been
proven to provide reliable and very detailed information
about the timing of magma formation and metamorphic
events, as well as about the magma source, such as a juve-
nile depleted mantle, a reworked older crust or a combina-
tion of both (e.g. Vervoort & Blichert-Toft, 1999; Griffin
et al., 2004; Condie et al., 2005; Davis el al., 2005; Harrison
et al., 2005, 2008; Gerdes & Zeh, 2006, 2009; Hawkesworth
& Kemp, 2006; Wu et al., 2006; Zeh et al., 2007, 2008;
Blichert-Toft & Albarede, 2008). Thus, such information,
which now can be obtained very efficiently by laser abla-
tion-sector field-inductively coupled plasma-mass spectro-
metry (LA-SF-ICP-MS) (Andersen et al., 2002; Griffin
et al., 2004; Woodhead et al., 2004; Tizuka & Hirata, 2005;
Gerdes & Zeh, 2006, 2009; Pearson ¢t al., 2008; Kemp et al.,
2009), can help geoscientists to gain new and better insights
into the complex formation mechanisms of Archean cratons.
In particular, these data can help us to answer the questions
of whether such cratons result from accretion of new,
depleted mantle-derived material over a long period of
time or from successive crustal recycling of older crust.
Combined U—Pb and Lu—Hf isotope studies carried out
on zircon grains over the past 5 years have led to the con-
clusion that continental crust and a supplementary
depleted mantle reservoir formed very early during the
Earth’s history. This conclusion is supported by up to 4-4
Ga zircon grains with quartz and feldspar inclusions from
the Jack Hills (Harrison et al., 2005, 2008; and data of
Blichert-Toft & Albarede, 2008), and by Hadean to
Archean detrital zircon grains (>2:5 Ga) with strongly
negative epsilon hafnium values (¢Hf,). Such zircon grains
have been described from Archean rocks of the Yilgarn
Craton, Australia (Amelin et al., 1999; Griffin et al., 2004;
Harrison et al., 2005, 2008; Blicher-1oft & Albarede, 2008);
the Rayner Complex, Antarctica (Halpin ez al., 2005); the
Superior and Rae provinces of Canada (Amelin et al.,
2000; Davis et al., 2005; Hartlaub et al., 2006); the North
China Craton (Zheng et al., 2004); and the Limpopo Belt
of South Africa (Zeh et al., 2008). Furthermore, the finding
of a few Hadean to Archean age zircon grains with positive
eHf, points to the existence of a complementary depleted
mantle reservoir coeval with the early crust. Such zircon
grains are reported from the Jack Hills (Harrison et al.,
2005; Blichert-Toft & Albarede, 2008: €Hf,. 446, =0-0
to + 3:0, rarely up to +15), from Paleoarchean rock from
West  Greenland (Vervoort et al., 1996; Vervoort &
Blichert-Toft, 1999; Amelin et al., 2000: €Hfs6 385G, up
to +31), and Paleo- to Mesoarchean rocks from the
Superior province, Canada (Polat & Minker, 2004; Davis
et al., 2005: eHfy 7 3,06, up to +57). However, it is worth
noting that the Hf isotope data, in particular those from
detrital zircon grains, tell us nothing about the amount of
created continental crust nor about the size of the depleted
mantle reservoir during the Hadean to Archean eons.

In fact, it is unclear whether the Hf isotope data obtained
from the Jack Hills zircon grains are representative for the
worldwide crust-mantle composition during the Hadean—
Archean or reflect only a local phenomenon restricted to a
very tiny ‘craton’ or foundered oceanic plateau (Blichert-
Toft & Albarede, 2008) and its underlying mantle reser-
voir. In general, this sampling problem is significant for
all Archean gneiss terranes. At present, we do not really
know whether the Lu—Hf isotope data as, for example,
obtained from the Archean gneisses of the Greenland ter-
ranes are representative for crust—-mantle evolution world-
wide, or if different terranes sampled different mantle
domains (contemporaneously or at different times), which
did not communicate with each other and/or were affected
by different degrees of crustal recycling during the
Hadean to Archean. This lack of knowledge arises from
the fact that the existing Lu—Hf database for Archean
rocks is limited. At present, little is known about the
Lu—Hf isotopic crust—-mantle evolution of the Kalahari
Craton, which was formed over a period of more than 15
billion years (from 3-6 to 2:0 Ga). The only data presented
so far are from some komatiites and tonalite—trondhje-
mite—granodiorite (TTG) gneiss samples from the
Barberton greenstone belt (Gruau et al., 1990; Amelin
et al., 1999; Blichert-Toft & Arndt, 1999) and from the
Limpopo Belt (Zeh et al., 2007, 2008). These data, although
valuable, allow only a limited interpretation of the crust—
mantle evolution (both in space and time), and cannot
help in answering a number of other important questions,
relating to (1) the existence, origin and accretion of distinct
terranes within the Kalahari Craton, (2) the secular
crust-mantle evolution of the Kalahari domain (part of
the Archean Earth’s mantle from which all the terranes of
the Kalahari Craton were derived), and (3) the temporal
and spatial crust-mantle interactions that occurred
between 3-6 and 2-0 Ga. Furthermore, the limited dataset
prevents a detailed comparison with the crust-mantle evo-
lution of other Archean gneiss terranes. In an effort to
answer these questions, we present U-Pb and Lu-Hf
zircon data for 37 mostly granitoid rocks, which were
formed between 3-55 and 2-0 Ga. The samples were col-
lected along a ¢ 1000km long traverse from the
Swaziland/Barberton Mountain Land to the Francistown
arc complex (Botswana) to the north (Fig. 1). This traverse
crosses many important suture zones, which might reflect
Archean terrane boundaries (e.g. Anhaeusser, 2006).

GEOLOGICAL SETTING AND
SAMPLES

Kalahari Craton

The Kalahari Craton consists of three major crustal
domains, the Kaapvaal Craton to the south, the
Zimbabwe Craton to the north and the Limpopo Belt
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Fig. 1. Simplified geological map of the Kalahari Craton of southern Africa showing the location of the Kaapvaal Craton, Limpopo Belt and

Zimbabwe Craton.

between them (Fig. 1). Each of these three domains repre-
sents a composite of terranes, which experienced a long-
lasting Archean history (see summaries by Dirks &
Jelsma, 2002; Barton et al., 2006; Robb et al., 2006), and is
separated from the adjacent domain by important crustal
shear zones: the Sashwe—Umlali Thrust Zone and the
Palala—Zoetfontain (+Hout River) shear zones (Figs 1-3).
A common feature of all three domains is that they contain
Paleoarchean crust older than 3-2 Ga (Figs 1 and 2), as
represented by the Tokwe nucleus of the Zimbawe Craton
(3-57-3-30 Ga: Wilson et al., 1995; Jelsma et al., 1996;
Horstwood e al., 1999), the Sand River gneisses of the
Limpopo Belt (3-30-3-27 Ga, Kroner et al., 1999; Zeh
et al., 2007), the Barberton greenstone belt area of the east-
ern Kaapvaal Craton (3-7-3-23 Ga: e.g. Compston &
Kroner, 1988; Armstrong et al., 1990; Kamo & Davis, 1994;
Kroner & ’legtmeyer, 1994; Schoene et al., 2008), and
small areas of the northern Kaapvaal Craton, comprising

the Goudplaats—Hout River gneisses (3-27-3-33 Ga:
Brandl & Kroner, 1993; Kroner et al., 2000) and the TTGs
of the French Bob Mine (Poujol ¢t al., 1996). Furthermore,
cach of the three domains is underlain by a buoyant sub-
continental lithospheric mantle (up to 250 km thick), as
suggested by seismic data (James et al., 2001; James &
Fouch, 2002) and by kimberlite-borne xenoliths, garnet
and diamond inclusions (e.g. Pearson, 1999; Griffin et al.,
2003; Richardson et al., 2004; Shirey et al., 2004). This sub-
continental lithosphere mantle formed by multiple pro-
cesses, which predominantly occurred at 3-2-3-3 Ga(?),
29 and 20 Ga (e.g. Pearson, 1999; Richardson et al., 2004).

Kaapvaal Craton

Based on a large number of age data and the distribution of
ultrabasic to basic rock units (greenstone belts), it is sug-
gested that the Kaapvaal Craton results from the amal-
gamation of at least three larger terranes, which mainly
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Fig. 2. Geological map of the eastern Kaapvaal Craton indicating sample localities (modified after Brandl ez al., 2006).

formed during the Archean (3-7-2-8 Ga), and collided at Lineament and the Murchison—Thabazimbi suture zone
about 3-23 and 2.9 Ga (Poujol et al., 2003; Anhaecusser, (Figs 1 and 2). These two suture zones are highlighted by
2006; Robb et al., 2006). Anhaecusser (2006) suggested that  mafic to ultramafic lithologies (serpentinites, komatiites to
the terrane accretion occurred along two prominent komatiitic basalts), which are abundantly exposed in the
ENE-WSW-trending suture zones, the Barberton Barberton greenstone belt and in the Murchison
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greenstone belt (Murchison suture after Anhaeusser, 2006).
Recently, the ¢. 3-49 Ga komatiites of the Barberton green-
stone belt have been interpreted to represent relics of
boninite-like fore-arc lavas, which were obducted during
collision between a northern and a southern terrane
(Parman et al., 1997, 2004). Earlier models, however, sug-
gested that the Barberton ultramafic rocks were formed
either in an oceanic extensional or oceanic plateau setting
(de Wit et al., 1987; de Wit et al., 1992; de Ronde & de Wit,
1994; Cloete, 1999).

In this study, the terranes of the Kaapvaal Craton sepa-
rated by the ENE-WSW-trending lineaments are desig-
nated as the Barberton South (BS), Barberton North
(BN), and Murchison-Northern Kaapvaal Craton
(MNK) terranes (Fig. 1). These three terranes form part
of the previously defined Swaziland block, Witwatersrand
block and Pietersburg block, respectively (Eglington &
Armstrong, 2004) (Fig. 1). The BS terrane, which comprises
the area south of the Barberton greenstone belt and the
Swaziland Ancient gneiss complex (AGC), contains the
oldest rocks (mostly TTGs) of the Kaapvaal Craton.
These TTGs are locally associated with minor mafic and
ultramafic lithologies (Fig. 2), and were emplaced predomi-
nantly between 3-55 and 3-45 Ga (e.g. the Steyndorp
pluton, Stolzburg pluton, Ngwane gneiss and felsic meta-
volcanic rocks; see Armstrong et al., 1990; Kamo & Davis,
1994; Kroner & Tegtmeyer, 1994; Kroner et al., 1996;
Schoene et al., 2008). Minor U-Pb zircon ages as old as
370 Ga, and Nd model ages between 3-70 and 3-99 Ga
indicate that the BS terrane also contains relics of much
older crust (Compston & Kroner, 1988; Kroner &
Tegtmeyer, 1994). Lu—Hf isotope data for a few

magmatic zircon grains from the Steyndorp and
Stolzburg tonalite/tromdjemites show a scatter of
eHf5.45 55562 between 420 and —0-4 [Amelin et al.
(2000); data recalculated using the decay constant of
Scherer et al. (2001) and CHUR parameters of Bouvier
et al. (2008)]. These data are nearly identical to those for
tholeiitic basalts (eHf5.456,=+2-3 to —0-5) from the adja-
cent Barberton greenstone belt, but lower than the
eHf;3.45G. values obtained for most Barberton komatiites
(+2:3 to +7:0) (Blichert-Toft & Arndt, 1999). Following
the emplacement of the 3-45-3-55 Ga TTG suite, the BS
terrane was subsequently affected by numerous magmatic
events that, from their timing, coincide well with those in
the BN terrane but also in other parts of the Kalahari
Craton (see Table 1). These magmatic events took place at
321-3-22 Ga (Dalmein monzonite, small porphyry
bodies, and younger TTGs; Kroner et al., 1989; de Ronde
et al., 1991; Kamo & Davis, 1994; Kroner & Tegtmeyer,
1994), at about 311 Ga (intrusion of large potassic granite
batholiths; e.g. Pigg’s Peak and Mpuluzi batholites, and
the Boesmanskop syenite body; Kamo & Davis, 1994), at
3-07-2-80 Ga (S-type, low-Ca granites; Sinceni,
Mooihoek, Mhlosheni and Godlwayo plutons; Maphalala
& Kroner, 1993; Meyer et al., 1994), and finally at
2.78-2-69 Ga (intrusion of highly differentiated high-Ca,
alkali granite plutons with I-type characteristics;
Mbabane, Ngwempisi and Sicunusa granites; Layer et al.,
1992; Maphalala & Kroner, 1993; Meyer et al., 1994).

In contrast to the BS terrane, the TTGs of the BN ter-
rane (between the Barberton Lineament and the
Murchison Lineament), are mostly younger than 3-23 Ga.
The only exception, so far reported, is a U-Pb zircon age
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Table I: Compilation of magmatic events in geological units investigated during this study (in Ga)

Kaapvaal Craton Limpopo Belt Zimbabwe Cr.
BS BN MNK MNK Gaborone SMz cz Francistown
Murchison area Pietersburg/Giyani area area
3.6-3.7* 3-9-3-4*f
3-50-3-45
3-30* 3-36* 333 3-33-3-28F
321 323 323 3-20
31 311
3.07 3.09-3.07
to 2.97-2.95 2.95-2.87
282 2.90-2-82
2.74-2-70 2.74 2.73-2-69 2.78-2-67 2.78 2.69-2-62 2.73-2-60 2.71-2-65
2.02 2.06-2-02

*Detrital or xenocyst zircon grains or domains.

TObserved only in the eastern part of the Limpopo Central Zone (between Venetia and Musina).
BS, Barberton South terrane, BN, Barberton North terrane, MNK, Murchison-Northern Kaapvaal Craton terrane; SMZ,
Southern Marginal Zone; CZ, Central Zone (for data sources see text).

of 3-:30 Ga, obtained from a tonalitic gneiss xenolith within
the Nelspruit batholith (Kamo & Davis, 1994). The oldest
TTGs of the BN terrane are exposed on the northern
flank of the Barberton greenstone belt and comprise the
Kaap Valley, Nelshoogte, and Stentor plutons (Fig. 2),
which were all emplaced at about 3-23 Ga (Armstrong
et al., 1990; Kamo & Davis, 1994; Kroner & Tegtmeyer,
1994). In contrast, granitoid rocks near the Murchison
suture (Fig. 2) are mostly younger than 312 Ga [e.g. the
Makhutswi gneisses (3:12 Ga), Harmonie granite (3-09
Ga) (Brandl & Kroner, 1993; Poujol & Robb, 1999; Poujol,
2001)], and overlap in age with the Nelspruit batholith
(and associated smaller granites), which intruded the cen-
tral part of the BN terrane at about 311 Ga (Kamo &
Davis, 1994); that is, contemporaneous with the batholiths
of the BS terrane (see above). Finally, the BN terrane was
intruded by the Mpageni alkali granite at 2:74 Ga (Kamo
& Davies, 1994), which shows the same geochemical char-
acteristics as the late alkali granites of the BS terrane
(Meyer et al., 1994). A young Neoarchean age of
2:78£0-53 Ga (Rb-Sr) has been reported for the
Cunning Moor tonalite, which intruded the boundary
between the Nelspruit batholith and the Makhutswi—
Klaserie gneisses (Barton et al., 1983a).

In contrast to the BS and BN terranes, the MNK terrane
[part of the northern geographical domain of Poujol et al.
(2003), or the Pietersburg block; see Fig. 1] contains abun-
dant granitoids that were emplaced between 2-9 and 2-67
Ga, and comprises several greenstone belts (Murchison,
Giyani, Pietersburg, Rhenosterkop; see Fig. 2); their ori-
gins, spatial and temporal relationships are still under

debate (see summary by Brandl et al., 2006). The MNK ter-
rane also contains a few granite gneiss domains as old as
333 Ga (Goudplaats—Hout River gneiss; Brandl &
Kroner, 1993), and 3-20 GaTTGs and meta-andesites. The
latter are predominantly described from the Giyani
(Brandl & Kroner, 1993; Kroner et al., 2000) and rarely
from the Murchison greenstone belt area (Poujol et al.,
1996). Vearncombe (1991) postulated that the Murchison
greenstone belt represents a volcanic arc, which, if this pro-
posal is correct, was active between 3-09 and 2-97 Ga, as
suggested by U-Pb zircon ages obtained from associated
felsic volcanic rocks and from surrounding granitoids,
such as the Harmony Granite and Makhutswi gneisses
(Brandl et al., 1996; Poujol et al., 1996). The T'TGs at French
Bob’s mine (south of the Murchison greenstone belt),
which yield a U-Pb zircon age of 3-23 Ga, indicate that
older crust was present in the Murchison area prior to vol-
canic arc formation. In contrast to the Murchison green-
stone belt, the formation of the Giyani greenstone belt
obviously occurred earlier, as suggested by the 3-20 Ga
U-Pb zircon ages of associated meta-andesites (Kroner
et al., 2000). This age is also much older than those
obtained from the felsic rocks of the Pietersburg greenstone
belt (2:96-2-94 Ga), as obtained from monzonites and
metaquartz-porphyries (de Wit et al., 1993; Kroner et al.,
2000). Following the period of greenstone belt formation
the MNK terrane was intruded by numerous, post-tectonic
granitoids in the Pietersburg and Murchison areas
at 2:85-2-82 Ga, for example, the Melkboomfontein and
Willie granites (Kroner et al., 2000; Poujol & Robb, 1999),
and by a felsic porphyry in the Giyani belt at 2-88 Ga
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(Kroner et al., 2000). Younger intrusions in the Pietersburg
area are represented by the Turfloop granite (2:78-2-67
Ga: Henderson ¢t al., 2000; Kroner et al., 2000), and in the
Murchison area by a hornblende-tonalite of the Rooiwater
layered intrusion (274 Ga) and the peraluminous
Mashishimale granite (2:70 Ga) (Poujol et al., 1996;
Poujol, 2001). Finally, it should be noted that the youngest
granites of the MNK terrane were emplaced nearly
coeval with the Gaborone Granite Suite (2:78 Ga; Moore
et al., 1993; Grobler & Walraven, 1993), which is located at
the northeastern edge of the Witwatersrand block, where
the Thabazimbi—Murchison lineament is cross-cut by the
Colesburg lineament (Fig. 1). Furthermore, their emplace-
ment is nearly coeval with mantle processes beneath the
Murchison—"Thabazimbi lineament, as suggested by a Re—
Os isochron age of 2:55 3015 Ga obtained from sulphide
inclusion in diamonds from the Jurassic Klipspringer kim-
berlite pipe (Westerlund et al., 2004).

Based on lithological, structural, and geochronological
datasets, Poujol et al. (2003) suggested that the formation
of the Kaapvaal Craton took place in four major steps.
(1) During its early evolution (3-6-3-2 Ga) small protocon-
tinental blocks underwent magmatic accretion and tec-
tonic amalgamation (also see Lowe, 1994). That led to the
formation of the central part of the Kaapvaal Craton,
comprising the rocks around the Barberton greenstone
belt (BS and BN terranes of this study). (2) At about
3:1-3-0 Ga, the central part of the Kaapvaal Craton was
affected by a period of cratonic magmatism (reflected by
the emplacement of the Nelspruit, Mpuluzi, and Pigg’s
Peak batholiths—parts of the BS and BN terranes),
whereas the northern margin was rimmed by a crescent-
shaped juvenile arc. (3) This juvenile magmatic arc
(including the granite—greenstone belts of the MNK ter-
rane) successively accreted onto the southern block
between 3-0 and 2-8 Ga, as supported by the emplacement
ages of the granitoids of the MNK terrane. (4) Finally, the
accreted Kaapvaal Craton was affected by numerous
post-tectonic granites between 2:78 and 2-69 Ga (BS, BN
and MNK terranes); their emplacement was accompanied
by craton-wide episodic extension and rifting. This rifting
caused the intrusion of the Gaborone Granite Suite
(Moore et al., 1993), and the extensive Ventersdorp volca-
nism that occurred at 2-71 Ga (Armstrong et al., 1991).

At present, all crustal evolution models for the Kaapvaal
Craton are poorly constrained by isotope data, in particu-
lar for the Lu—Hf isotope system. The only Lu-Hf data
published so far stem from a few samples from the
Barberton greenstone belt (Amelin et al., 1999; Blichert-
Toft & Arndt, 1999). To provide new constraints on the
complex crust—mantle evolution of the Kaapvaal Craton
crust we present new Lu—Hf zircon data for 23 granitoids
from the BS (n=28), BN (n=7) and MNK (n=28) terranes.
These samples encompass an age range from 3-35 to 2-67

CRUSTAL EVOLUTION OF KALAHARI CRATON

Ga. In addition, we present results from two samples of
the Gaborone Granite Suite (Tables 2 and 3, and Fig. 2).

Limpopo Belt

The Limpopo Belt (Fig. 1) is a high-grade metamorphic
province, located between the Zimbabwe and Kaapvaal
cratons, and comprises Archean to Paleoproterozoic com-
ponents (e.g. Roering et al., 1992; Berger et al., 1995;
Kamber et al., 1995a, 19956; Rollinson & Blenkinsop, 1995;
Berger & Rollinson, 1997; Holzer et al., 1998, 1999; Barton
et al., 2006). Lithologically and structurally, it is subdivided
into three distinct domains, separated by major shear
zones (e.g. McCourt & Vearncombe, 1987, 1992; Holzer
et al., 1999; Schaller et al., 1999). The Limpopo Central
Zone (LCZ) is structurally bounded by the >10km wide
Palala—Zoetfontain and Triangle shear zones against the
Southern and Northern Marginal zones, respectively.
These steep-dipping shear zones were formed and/or acti-
vated under high-grade metamorphic conditions at about
2.0 Ga (Holzer et al., 1998, 1999; Chavagnac et al., 2001;
Kreissig et al., 2001). The Southern Marginal Zone (SMZ)
consists of high-grade, intensely deformed and metamor-
phosed TTGs with minor greenstones, and is interpreted
as a reworked counterpart of the northern Kaapvaal
Craton (e.g. Coward et al., 1976; van Reenen et al., 1987,
1992; Kreissig et al., 2000), whereas the Northern
Marginal Zone (NMZ) is dominated by enderbite and
charnoenderbitic orthogneisses with some greenstones and
granitoid rocks (e.g. Mason, 1973; Berger et al., 1995;
Kamber & Biino, 1995; Berger & Rollinson, 1997; Jelsma
& Dirks, 2002). The rocks of both marginal zones were
thrust onto their adjacent cratons along >10 km wide, stee-
ply dipping shear zones, the Hout River and Umlali shear
(thrust) zones, respectively (Fig. 1). According to Kreissig
et al. (2001), magmatic intrusion and metamorphism of the
SMZ occurred between 2-69 and 2-62 Ga, coeval or
slightly younger than the magmatic-metamorphic evolu-
tion of the NMZ between 272 and 258 or 2:62 Ga
(Berger et al., 1995; Kamber & Biino, 1995; Mkweli et al.,
1995). High-grade metamorphism and thrusting of the
SMZ onto the northern Kaapvaal Craton is postdated by
the intrusion of the Matok granite at 2:67 Ga (Barton
et al., 1992). Finally, the SMZ was intruded by the
Paleoproterozoic Entabeni granite at 2-02 Ga (Dorland
et al., 2006).

In contrast to the SMZ and NMZ, the LCZ is more
complex. Field relationships in combination with petrolog-
ical and geochronological data provide evidence that at
least some parts of the LCZ were affected by
Paleoarchean (3-24 Ga) and Neoarchean (2:61-2:65 Ga)
tectono-metamorphic events (Kroner et al., 1999; Millonig
et al., 2008; Van Reenen et al., 2008; Gerdes & Zeh, 2009),
and that all parts underwent a medium- to high-grade
tectono-metamorphic overprint at ¢. 2-02 Ga (e.g. Jaeckel
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Table 2: Co-ordinates of sample localities
Sample Local name Locality Longitude Latitude
Barberton South (BS) terrane
Swaziland
AGC1 Ngwane gneiss E Manzini 31°27'95-2"E 26°29'83-1"S
AGC2 Ngwane gneiss E Manzini 31°30'89-4"E 26°30'63-7"S
KK19 Pigg’s Peak pluton near Komatii river reservoir 31°10'33-7"E 26°07'21:5"S
S Barberton Mountain Land
BB2 Stolzburg pluton E Badplaas 30°45'22-3"E 26°01"12:5"S
BB3 Theespruit pluton E Badplaas 30°48'35-8"E 26°01'25-8"S
KK10 Dalmain pluton E Badplaas 30°37'20-2"E 26°05'20-8"S
KK11 Mpuluzi batholith near Lochiel 30°50'68-3"E 26°08'75-8"S
KK12 Boesmanskop syenite E Badplaas 30°44'08-0"E 26°04'42-6"S
Barberton North (BN) terrane
KK7 Stentor pluton road near Low’s Creek 31°18'42.5"E 25°36'95-0”S
KK89 Nelshoogte pluton N Badplaas (Komatii bridge) 30°37'30-8"E 25°53'65.56”S
KK13 Kaap Valley pluton NW Barberton 30°59'05-5"E 25°44'37-6"S
KK18 Nelspruit pluton E Nelspruit 30°52'98-2"E 25°25'92.5"S
KK20 Salisbury granite road S Hectorspruit 31°39'96-7"E 25°30'04-2"S
KK06 Mpageni granite road Nelspruit-Komatiiport 31°12'67-6"E 25°30'79-8"S
GL1 Cunningmore pluton N Bosbokrand 31°04'50-0"E 24°49'90-5”S
Murchison-Northern Kaapvaal (MNK) terrane
Murchison area
MB1 Lekkersmaak granite road Phalabwora-Gravelotte 30°51'68-6"E 23°55'12:5”S
MB2 Mashishimale granite road Gravelotte-Mica 30°48'69-0"E 24°04'10-5"S
MB3 Rooiwater complex SE Tzaneen 30°15'21-7"E 23°59'19-5”S
MB4 Groot Letaba gneiss c. 10km E Tzaneen 30°14'20-0"E 23°48'18.3”"S
Giyani area
GB1 Groot Letaba gneiss 20km S Gyani (road) 30°42'95-8"E 23°29'11-7"S
GB2 Meriri gneiss road Giyani-Polokwane 30°34'62-9"E 23°22'28-0"”S
Polokwane area
PB1 Uitloop granite N1, ¢. 20km SW Polokwane 29°10'32-3"E 24°05'68-5"S
PB2 Turfloop granite road E Polokwane-Tzaneen 29°49'82.2"E 23°53'43.7"S
Limpopo Belt
Southern Marginal Zone
PB6 Matok pluton road Polokwane-Makado 29°42'72-1"E 23°30'44-3"S
ETG Etabeni granite E Makado 30°13'93-.7"E 23°02'83-0"S
Moutloutse Complex
SP1 road Palapye-Francistown 27°14'73-6"E 22°14'94.9”S
Mahalapye terrane
Moba W Radisele 26°53'18-0"E 22°46'72.5"S
Phikwe terrane
SP2 Selebi-Phikwe granite N Selebi-Phikwe 27°49'60-4"E 21°57'65-6"S
SP3 road Selebi Phikwe-Sefophe 27°53'86-5"E 22°04'58-8"S
SP4 N Tsesebwije 28°21'39-6"E 22°23'77-2"S
Francistown arc complex
FT3 Hill View tonalite 30km SW Francistown 27°47'99-3"E 21°21'80-3”S
FT5 Sikukwe TTG Suite 10km E Francistown 27°41'41.9"E 21°10"39-8"S
FT6 Sikukwe TTG Suite 11km E Francistown 27°37'52.6"E 21°08'88-8"S
FT7 Tati TTG suite Wulff Hill 27°34'65-0"E 21°18'03-5"S
FT10 Airport granite near Airport Francistown 27°29'04-3"E 21°11'46-6"S
FT11 Selkirk Sanukitoid Suite Nyangabwe hill N Francistown 27°30'61-7"E 21°09'11-3”"S
Gaborone Granite Suite
GA 10km S Gaborone 25°50'45-1"E 24°43'44.4"S
KA 15km E Kanye 25°42'721"E 25°05'92-2"S
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Table 3: Compilation of U—Pb and Lu—HY isotope resulls obtained during this and previous studies

Sample Age Error Type c¢/s/Z? Core Over- 781/ HE Y 20 eHf® +20  No.” Age® Error Ref.

(Ma)' 2o (Ga)® growths  (average) mean  (av.) mean pub.

(Ga)* (x10°®) (Ma)

Barberton South (BS) terrane
AGC1 3245 8 conc. 09/15/13  3.54 — 0-28066 3 —-04 11 15/17 — — —
AGC2 3238 8 conc. 08/23/12  3-44 — 0-28064 4 -17 11 19/23 — — -
KK19 3099 8 conc. 10/13/11 - — 0-28078 4 —-01 15 14/14 3074 4 (1)
BB2 3440 8 conc. 06/15/13 — — 0-28056 4 03 16 15 3431 1" (2)
BB3 3451 7 conc. 13/15/14  3.53 — 0-28057 2 07 06 14/15 3443 3 (3)
KK10 3192 27 u.i. 05/14/10 — - 0-28070 3 —07 14 14 3216 2 (3)
KK11 3082 6 u.i. 07/12/11 — — 0-28075 5 -17 22 12 3105 3 (3)
KK12 3097 11 u.i. 12/15/10 — — 0-28078 7 —04 26 12 3107 4 (3)
Barberton North (BN) terrane
KK7 3218 9 conc. 04/07/07 — — 0-28073 3 09 1.0 7 3250 30 (4)
KK89 3238 8 conc. 06/16/15 - - 0-28073 2 14 08 16 3236 1 (5)
KK13 3231 9 conc. 12/14/14 — — 0-28076 2 25 08 15 3229 5 (4)
KK18 3111 24 u.i. 07/17/11  3:21-3.24 — 0-28075 3 -1.0 1.0 13/17 3106 4 (3)
KK20 3100 14 u.i. 09/16/15 — — 0-28076 3 —0-8 11 15 3105 10 (3)
KKO06 2698 7 conc. 12/15/10 - — 0-28088 4 —61 12 15 2740 15 (3)
GL1 3049 8 conc. 05/15/14  3.27 2.70-2.74  0-28080 3 —06 1.0 10/14 2784 53 (16)
Murchison-Northern Kaapvaal (MNK) terrane
MB1 2795 8 conc. 09/14/14  2.99-3-11 — 0-28096 4 -07 13 14/15 2690 65 6)
MB2 2671 8 conc. 09/13/10 - — 0-28097 5 -35 17 15 2698 21 (7)
MB3 2611 10 conc. 05/14/16 — — 0-28109 4 —06 13 15 2740 4 8)
MB4 2839 8 conc. 09/12/14  2.95-3.21 — 0-28096 4 04 15 15 — — —
GB1 2784 8 conc. 14/17/13 — — 0-28100 5 03 18 16 — — —
GB2 2931 8 u.i. 10/14/14  3.14-3.22 — 0-28092 4 07 15 11/15 — — —
PB1 2679 8 conc. 07/19/13 — — 0-28099 5 -26 19 18 2674 16 9)
PB2 2782 13 u.i. 13/16/10 — — 0-28099 6 -02 21 15 2777 10 (10)
Limpopo Belt
PB6 2679 7 conc. 14/19/12 — — 0-28095 3 -39 11 19 2667 — (1
ETG 2023 6 conc. 10/15/11 - — 0-28114 4 —-125 14 14 2021 5 (12)
SP1 2645 22 u.i. 03/25/15  2.86 2.056+12 0-28101 5 —27 21 21/28 — — —
Mo5a 2040 18 u.i. 08/10/08 — - 0-28138 3 -36 13 16 — — —
SP2 2658 9 u.i. 07/16/08  2.87 — 0-28098 13 -37 16 9/14 2742-2643 (13)
SP3 2612 12 u.i. 04/18/13 >2.62* — 0-28106 3 -16 1.0 15/17 — — -
SP4 2610 7 conc. 08/20/15 — 2.0(?)* 0-28104 5 -25 1.9 16/20 — — —
Francistown arc complex
FT3 2649 9 conc. 07/17/08 — — 0-28108 3 01 09 14 — — —
FT5 2700 8 u.i. 07/14/13 - — 0-28106 3 07 11 13 — — —
FT6 2662 6 u.i. 11/17/13 — — 0-28110 6 11 11 13/15 — — —
FT7 2734 39 u.i. 11/11/06 - — 0-28103 5 02 19 9 - — —
FT10 2648 12 u.i. 09/13/11 — — 0-28108 5 —-01 16 13 — — —
FT11 2707 7 conc. 11/16/09 - — 0-28104 5 -01 17 14 - — —
Gaborone Granite Suite
GA 2784 9 conc. 09/13/12 - — 0-28105 4 21 16 14 2785 2 (14)
KA 2777 7 conc. 09/15/14 — — 0-28103 9 13 31 15 2782 5 (15)
Limpopo Belt, Central Zone; data from Zeh et al. (2007)
SR 3283 8 0-28065 5 —-05 09 8 Sand River gneiss
Bu 2612 7 0-28102 4 -31 12 19 Bulai pluton
Sin 2646 12 0-28097 5 —45 16 39 Singelele gneiss
Reg 2649 9 0-28096 4 —-45 1.3 11 Regina gneiss
ZAG 2613 9 0-28107 4 -13 14 23 Zanzibar gneiss
ZAL 2613 9 0-28108 5 -1.0 16 15 Zanzibar gneiss
Mo1 2026 10 0-28119 7 —-106 25 10 Mokgware granite
Math 2061 6 0-28145 2 —0-8 06 15 Lose quarry metadiorite

"Intrusion age. Type: conc., concordia age; u.i., upper intercept age (see Table S1). 2c/s/z: ¢, number of zircon analyses
used for age calculation; s, number of spot analyses per sample(s); z, number of analysed zircon grains per sample.
Metamorphic zircon overgrowths. SAverage
17641£/ 17 Hf,,,, calculated by applying the intrusion age to all analyses. ®Average ¢Hf;,, calculated by applying the intrusion
age to all analyses. "Number of zircon spots used for '"®Hf/"”’Hf,., and eHf;,, calculation/analysed per sample. ®Published
U-Pb zircon age for the respective plutons (except sample GL1: Rb-Sr whole-rock age). References: (1) Maphalala &
Kroner (1993); (2) Dziggel et al. (2002); (3) Kamo & Davis (1994); (4) Tegtmeyer & Kroner (1987); (5) de Ronde & Kamo
(2000); (6) Walraven (1989); (7) Poujol (2001); (8) Poujol et al. (1996); (9) Henderson et a/. (2000); (10) Kroner et al.
(2000); (11) Barton et al. (1992); (12) Dorland et al. (2006); (13) McCourt & Armstrong (1998); (14) Moore et al. (1993);
(15) Grobler & Walraven (1993); (16) Rb-Sr age of Barton et al. (1983a).

Xenocryst zircon cores; *age assumed based on Hf isotope data.
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et al., 1997; Holzer et al., 1998, 1999; Barton et al., 2003, 2006;
Buick et al., 2003; Zeh et al., 2004, 2005a, 2005b; Van
Reenen et al., 2004; Boshofl et al., 2006; Gerdes & Zeh,
2009). Barton et al. (2006) subdivided the Central Zone
into three terranes: (1) the Mahalapye terrane, which is
dominated by ¢ 206 to ¢. 2:02 Ga granites with minor
high-grade meta-sedimentary rocks (Hisada & Miyano,
1996; McCourt & Armstrong, 1998; Holzer et al., 1999;
Chavagnac et al., 2001; Zeh et al., 2007); (2) the Phikwe ter-
rane, which contains abundant hornblende-bearing, tonali-
tic and trondjemitic gneisses emplaced at 2:74-2-60 Ga
[concordant U-Pb sensitive high-resolution ion micro-
probe (SHRIMP) data of McCourt & Armstrong (1998);
(3) the Beit Bridge terrane. The Beit Bridge terrane hosts
the ¢. 3:2-3-3 Ga Sand River TTG Suite and Messina
layered intrusion (Barton, 1983; Barton & Sergeev, 1997;
Kroner et al., 1999) and numerous Neoarchean granitic to
granodioritic orthogneisses with ages between 2-73 and
2:60 Ga, such as the Alldays, Singelele, Bulai, Zoetfontain,
and Regina gneisses (e.g. Jaeckel et al., 1997; Kroner et al.,
1998, 1999; Zeh et al., 2007). Lu—Hf isotope zircon data
from granitoid rocks of the Beit Bridge terrane yield
mostly near-chondritic to subchondritic ¢éHf;: Sand River
Gneisses (eHf5.95G, ==+0-9 to —2.0), Neoarchean granitoids
(eHf5.65-9.606a =+0-7 to —7-1). The same holds true for
Paleoproterozoic metadiorites and granitoid rocks of the
Mahalapye complex; for example, Lose quarry diorite
(eHfy.066.=-03 to —12) and Mokgware granite
(eHfy.0066.=-86 to —12.7). Significantly positive e¢Hf;
values up to+ 71 were obtained only from a few 2-71 Ga
xenocryst zircon cores of a migmatic leucosome from the
Lose quarry (Zeh et al., 2007). The existing Lu—HTf isotope
data are interpreted to reflect mixing of older crust with
depleted (?) mantle-derived material at 3-3 Ga, 2-6-2-7 Ga
and at 2:0 Ga, and remelting of a Neoarchean juvenile
crust at 2:0 Ga (Zeh et al., 2007). U-Pb and Lu—Hf isotope
data for detrital zircon grains from metasediments of the
Beit Bridge terrane indicate that the Limpopo Belt and its
hinterland formed as a result of continuous recycling of a
very old Hadean protocrust between 3-9 and 3-3 Ga (Zeh
et al., 2008). This interpretation is supported by an eHf;
increase from —6-3 to —0-2 between 3-9 and 3-3 Ga.

Pb isotope data provide evidence that the rocks of the
LCZ were, like those of the Zimbabwe Craton and NMZ,
derived from a source with a long-lived, high p value
(U Ph > 11-12), whereas the rocks of the SMZ and
the northern Kaapvaal Craton were derived from a
source with lower p values close to Bulk Earth (Barton
et al., 1983b; Taylor et al., 1991; Barton, 1996; Berger &
Rollinson, 1997; Kreissig et al., 2000). Hence, the rocks of
the Zimbabwe Craton, NMZ, and LCZ may stem from
the same mantle source, but they cannot be genetically
related in an easy way to those of the Kaapvaal Craton
and SMZ (Barton et al., 2006).

The westernmost part of the LCZ is made up of metase-
diments and granitic rocks of the Motloutse Complex
(Fig. 3a), which is separated from the Phikwe terrane by
the Magogaphate shear zone (Aldiss, 1991; Key et al., 1994;
McCourt et al., 2004). According to McCourt et al. (2004),
the Motloutse terrane contains detrital material as old as
3-4 Ga (e.g. Dilolwane quartzite), but mostly not older
than 2.7 Ga (Matsitama quartzite), and was accreted to
the southwestern margin of the proto Zimbabwe Craton
along the Sashwe shear zone at about 2:66-2-50 Ga.
So far, there are no Hf isotopic data from the Motloutse
terrane and only a few rocks of the Phikwe terrane
(Zanzibar gneisses, Zeh et al., 2007). 1o obtain deeper
insight in the crustal evolution of these terranes we present
new data for four granitoids from this area (see Fig. 3a;
Tables 2 and 3).

Zimbabwe Craton

Wilson et al. (1978) divided the Zimbabwe Craton into four
domains, largely based on Rb—Sr isotope data: three gen-
erations of granite—greenstone terranes emplaced at ¢. 3-5
Ga, 2:9 Ga and 2:7 Ga, and the later Chilimanzi—Razi
granite suite emplaced at 2-6-2-5 Ga. This division was
later supported by U-Pb and Sm—Nd dating (Jelsma &
Dirks, 2002). It is postulated that the formation of the vari-
able age granite—greenstone terranes started with the effu-
sion and intrusion of mafic magmas, forming the
greenstone belts, followed by the intrusion of plutonic
bodies including TTGs, Na-granites and sanukitoids, and
ceased with the intrusion of K-rich granites. Furthermore,
there is some evidence for very old Early Archean crustal
components in the Zimbabwe Craton, as represented by
detrital zircon grains as old as 3-8 Ga (Dodson et al.,
1988). Re—Os isotope data by Négler et al. (1997) addition-
ally suggest that the lithospheric mantle underneath the
Zimbabwe Craton was separated from the convective asth-
enospheric mantle at > 3-8 Ga.

In this study, we consider only a small area of the
Zimbabwe Carton, which is exposed in NE Botswana.
This area is made up by the IFrancistown arc complex
(McCourt et al., 2004), which is composed of three green-
stone belts (Francistown—Tati, Vumba, and Maitengwe).
These greenstone belts experienced low- to medium-grade
metamorphic overprints, and are surrounded and locally
intruded by large granitoid bodies (e.g. Key, 1976; Carney
et al., 1994; Ranganai et al., 2002). Toward the south, the
Francistown arc complex is separated from the medium-
to high-grade gneisses of the Motloutse terrane (part of
the Limpopo Belt) by the NW-SE-trending Sashwe
thrust zone (Fig. 3b).

Precise geochronological data exist only from the north-
western part of the Francistown arc complex, comprising
the Vumba belt and Motsetse area. Granitoid gneisses
from this area yielded SHRIMP U-Pb zircon ages
between 2647 4 and 2710 £19 Ma (Bagai et al., 2002).
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In contrast, Rb—Sr and Sm—Nd data obtained from the
Francistown—Tati complex show a wide scatter between
1986 £ 780 and 3291 £1600 Ma (Zhai et al., 2006), and Nd
model ages mostly cluster around 2:6-2-9 Ga. The Nd
model ages hint that the granitoid rocks of the
Francistown—Tati area—comprising TTGs, sanukitoids

and high-K granites—were emplaced contemporaneously
with those of the Vumba belt (Zhai et al., 2006). Based on
the available Rb—Sr and Sm—Nd isotope data, Zhai et al.
(2006) suggested that the Francistown TTG suite was
formed by partial melting of a relatively young oceanic
plate during its subduction, and that the parental melts
underwent fractionation coupled with crustal assimilation
(up to 14%) during their emplacement. The sanukitoids of
the same area (see Fig. 3b) are suggested to result from
partial melting of the mantle wedge above the subduction
zone, and the high-K granite magmas by partial melting
of previously emplaced TTG suites and/or lower crust of
the overriding plate. Jelsma & Dirks (2002) suggested that
the Francistown arc formed by SE-directed subduction,
whereas McCourt et al. (2004) suggested a NE-directed
subduction zone below the older Zimbabwe protocontinent
at ¢. 2:65 Ga, with the Limpopo Belt (Motloutse complex)
as the lower plate. So far, all crust-mantle evolution
models proposed for the Francistown—Tati greenstone belt
remain speculative, mainly becasue of the lack of precise
age data. To provide new constraints we present new
U-Pb and Lu—Hf isotope data for six granitoid samples
from this area (see Tables 2 and 3, and Fig. 3b).

ANALYTICAL TECHNIQUES
Sample preparation

Zircon grains were separated from 1-5 kg rock samples by
means of standard crushing techniques, a Wifley Table and

AGC1
y. =

AGC2

=

CRUSTAL EVOLUTION OF KALAHARI CRATON

heavy liquids. Subsequently, zircon grains from the respec-
tive samples were selected by hand-picking under a binocu-
lar microscope, mounted in epoxy resin (up to seven
samples per 1 inch block), and ground down to expose
their centres. After polishing, but prior to isotope analysis,
all grains were imaged by scanning electron microscopy
(SEM) using a Jeol JSM-6490 instrument with Gatan
MiniCL at Goethe University Frankfurt (GUF) to obtain
information about their internal structure. Based on the
cathodoluminescence (CL) images, between seven and 28
U-Pb and Lu—Hf analyses were obtained from selected
domains in each zircon sample (see Table 2, and supple-
mentary material Sl and S2 available from http://petrol
ogy.oxfordjournals.org/). First, U-Pb analyses were car-
ried out, and during a later session Lu—Hf isotope analyses
were obtained from the same domains, either by setting
the Lu—Hf spot directly ‘on top’ of the U-Pb spot, or imme-
diately beside but within the same zone as determined by
CL (see Fig. 4 and Gerdes & Zeh, 2009).

LA-SF-ICP-MS U-Th-Pb dating

Uranium, thorium and lead isotopes were analyzed by SF-
ICP-MS using a Thermo-Finnigan Element 2 system
coupled to a New Wave Research UP-213 laser system with
a teardrop low-volume cell at GUL, following the methods
of Gerdes & Zeh (2006, 2009) and Frei & Gerdes (2009).
Laser spot sizes varied from 20 to 30 um with a typical
penetration depth of ~15-20 pm. A common-Pb correc-
tion based on the interference- and background-corrected
2*ph signal and a model Pb composition (Stacey &
Kramers, 1975) was carried out, where necessary. The
necessity for the correction was usually based on
the 2°Pb/***Pb value (<10000). However, in case the
interference-corrected  *"*Pb  could not be precisely
detected [e.g. <30 counts per second (c.p.s)], this was

SP4 No: Hf/Hfs, Age (Ma)

31: 0.28050 - 3538 (c)
33: 0.28068 - 3294 (c)

20: 0.28064 - 3104 (d)
21:0.28065 - 2353 (d)
22:0.28060 - 3131 (d)

40: 0.28100 - 2613 (c)
41:0.28124 - 2037 (d)
42: 0.28128 - 1240 (d)

(c) - concordant
(d) - discordant

Fig. 4. Cathodoluminescence images of zoned zircon grains from three samples. Circles with numbers mark the location of the laser spots from
which the U-Pb and Lu-Hf isotope data were obtained. Hf/HE,,, initial "SH{"HF calculated by using the apparent **°Pb/*”Pb age (for fur-

ther explanation see text).
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applied only when the corrected *”’Pb/**°Pb was outside
the internal errors of the measured ratios and yielded
more concordant results. The interference of ***Hg
(mean =109 £15 c.p.s.) on mass 204 was estimated using a
2*Hg/*Hg value of 0-2299 and the measured *Hg. All
data were normalized relative to the GJ-1 reference. The
total offset of the measured drift-corrected 2°°Pb/**U
ratio from the ‘true’ isotope dilution thermal ionization
mass spectrometry (ID TIMS) value of the analyzed GJ-1
grain varied between 5 and 13% for the different sections
of the analytical sessions (see supplementary material,
Table SI and Fig. Sl). Reported uncertainties (20) of the
206ph/#8U values were propagated by quadratic addition
of the external reproducibility (2 SD) obtained from the
standard zircon GJ-1 (n=13; 2 SD ~13%, see Table SI
and Fig. SI) during each analytical sequence and the
within-run precision of each analysis (2 SE). It should be
noted that a complete sequence (protocol) comprises 68
measurements: 13 standards and 55 unknowns. TFor
27Ph/*%Pb we used a *’Pb signal-dependent uncertainty
propagation  (Gerdes &  Zeh, 2009). For the
Neoproterozoic GJ-1 zircon the reproducibility was 10
and 11% (2 SD), respectively (Fig. Sl). Concordia dia-
grams (20 error ellipses) (Fig. 5), concordia ages and
upper intercept ages (95% confidence level) (Table SI)
were calculated using Isoplot/Ex 2.49 (Ludwig, 2001).

LA-MC-ICP-MS Lu-Hf isotope analyses
Hafnium isotope measurements were performed by multi-
collector (MS)-ICP-MS wusing a Thermo-Finnigan
Neptune system at GUF coupled to the New Wave
Research UP-213 laser system with a teardrop-shaped,
low-volume laser cell, following the method of Gerdes &
Zeh (2006, 2009). Wherever possible the ‘Lu—Hf laser spot’
of 40 pm diameter was drilled ‘on top’ of the 30 pm ‘U-Pb
laser spot’. Multiple analyses of Lu- and Yb-doped JMC
475 solutions show that results with a similar precision
and accuracy can also be achieved if Yb/Hf and Lu/Hf is
5-10 times higher than in most magmatic zircons. All
data were adjusted relative to the JMC 475 "°Hf/""Hf
ratio of 0-282160 and quoted uncertainties are quadratic
additions of the within-run precision and the reproducibil-
ity of the 40ppb JMC 475 solution (25D =0-0033%,
n=10 per day).

For calculation of the epsilon Hf (¢Hf;) value, the chon-
dritic uniform reservoir (CHUR) was used as recom-
mended by Bouvier ¢/ al. (2008; 7°Lu/""Hf and "°HIfJ""Hf
of 0-:0336 and 0-282785, respectively), and a decay constant
of 1867 x10 " (Scherer et al., 2001; Soderlund et al., 2004).
Initial "°HE"’Hf, and eHf, for all analysed zircon
domains were calculated using the apparent Pb—Pb ages
obtained for the respective domains [176Hf/177Hfap and
eHf,,] (Figs 5-8), and for all cogenetic zircon domains by
using the intrusion ages of the respective granitoids
["“Hf)""Hf,,, and €Hf,,] (Figs 9-12). Average values of

1me/meint and eHf;,, and related errors (2 SD), for
the respective granitoids are shown in Table 3. Further
explanation has been given in the caption of Tables SI and
S2 (supplementary material).

RESULTS

CL images, and U-Pb and Lu-Hf

isotope patterns

The results of the U-Pb and Lu—Hf analyses are shown in
Table 3 and Figs 4-8, and inTables S1 and S2 (supplemen-
tary material). For data interpretation we use the com-
bined set of CL images and the U-Pb and Lu—Hf isotope
data. The CL images of many zircon grains show typical
oscillatory magmatic zoning patterns. However, there are
also grains where the primary magmatic zoning patterns
are partially or even completely ‘erased. Furthermore,
there are some zircon grains that reveal complex core—
rim structures, as illustrated by the three grains in Fig. 4.
Based on CL images alone it cannot be resolved whether
these core—rim relationships reflect crystallization during
distinct magmatic and/or metamorphic events, or result
from a change in physico-chemical conditions during a
unique magma crystallization event. Such discriminations,
however, are possible by the additional use of combined
U-Pb and Lu—Hf isotope datasets (see Zeh et al., 2007,
Gerdes & Zeh, 2009).

For most samples, the combined U-Pb and Lu—Hf data-
sets reveal simple patterns when plotted in 176Hf/]77Hf2lp Vs
apparent Pb—Pb age diagrams (see Figs 6—8). In general,
four scenarios can be distinguished (Fig. 5). In the first
case (case 1, the most simple) all analysed zircon domains
yield within error identical “°°Pb/*”Pb and initial
YOHf)7HE,,, (Fig. 5a and b). This indicates that all these
domains were formed during a single crystallization
event, and that their primary Pb—Pb age and Hf-isotope
information are still preserved. This case, however, is rare
and was observed only for zircon populations from a few
samples; for example, KKI13 (Kaap Valley granite), PB6
(Matok granite), ETG (Entabeni granite), FT11 (Selkirk
sanukitoid) (see Figs 61 and 8f, 1). As shown inTable 3, the
YSHIJ""HE,, values obtained from the respective granitoid
samples scatter between 30-00002 and £ 0-00004 (2 SD)
around the mean value. This corresponds to £0-7 to 14
epsilon units (¢Hf;,,), respectively.

In the second case (case 2), all analysed zircon domains
yield within error identical initial "°Hf/"""Hf,, but show
large variations of their corresponding 206I’b/207Pb ages
(Fig. 5c and d). This indicates that all these zircon grains
formed at the same time (most probably during magma
crystallization), but that several zircon domains were sub-
sequently affected by multiple Pb loss via alteration. That
caused resetting of the U—Pb system but left the zircon Hf
isotope system unaffected (also see Amelin et al., 2000;
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Fig. 5. Four cases for the interpretation of combined U—Pb and Lu—Hf datasets from zircon spot analyses, reflected in concordia diagrams (a, c,
e, g, 1) and related 176Hf/177Hﬂlp Vs ap}jarcnt Pb-Pb age diagrams (b, d, f, h, j). Case I: all Pb—Pb ages and W’Hf/mHﬁip are identical; case 2:
6

the Pb—Pb ages are variable but all *

Hf/meap are identical; case 3: all Pb—Pb ages are identical but the 176Hf/meaP are variable; case 4:

zircon analyses of distinct domains show different ]me/meap and different Pb—Pb ages (for detailed explanation see text).

Zeh et al., 2007; Gerdes & Zeh, 2009). This effect is reflected
by a horizontal array in the 176Hf/meap vs apparent Pb—
Pb age diagram (Fig. 5d), and was observed for several
samples, such as KKIO (Dalmein monzonite), KKII
(Mpuluzi granite), KK89 (Nelshoogte granite), KK7
(Stentor granite), etc. (Figs 6-8). In general, zircon analy-
ses of these samples show a similar scatter of their
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magma, which obviously had a heterogeneous

YSH"HE,,,, to zircon from case-l rocks (£0-00002 and
+0-00004; 2 SD; see Table 3).

In the third case (case 3), nearly all zircon domains yield
identical Pb—Pb ages, but show an enhanced scatter of
their initial "°Hf/""Hf,, (Fig. 5¢ and f). This suggests that
zircon crystallized within a short time interval from a

(not
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Fig. 6. 17Gl-[f/ml-[fﬂp vs apparent Pb—Pb age diagrams showing the combined U-Pb and Lu—Hf isotope data obtained from samples of the BS

terrane (a—

h) and BN terrane (i-o). e, concordant analyses (95-105%);

{cir}, discordant analyses. Error bars are +2 SD; c, zircon core ana-

lyses; italic numbers indicate average 176Hf/17/Hf,l, (£2 SD) obtained from all analyses of the respective samples (exclusive unambiguous core
and rim analyses). Grey arrow, locus of the average me/l”HLP Black line, CHUR.
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Fig. 7. 176Hﬂ177Hﬁ,], vs apparent Pb—Pb age diagrams showing the combined U-Pb and Lu—Hf isotope data obtained for samples from the
MNK terrane (a—h) and from the Gaborone Granite Suite (i, j) (for further explanation see the caption of Fig. 6 and the main text).

equilibrated) hafnium isotopic composition. This, in parti-
cular, seems to be the case for sample KA (Gaborone
Suite), where the 176Hf/l77Hfi,,l shows a scatter of
£0-00009 (2 SD; equal to £3-1 epsilon units; Table 3). At
this point it is important to emphasize that this scatter
does not result from post-zircon growth alteration or from
analytical problems. Post-zircon growth alteration of the
initial 176Hf/meillt is unlikely, because nearly all analysed
zircon domains of sample KA yielded concordant ages
(Fig. 5e), indicating that the U—Pb system, which is easier
to disturb than the 176Hf/meim, is still intact. Second,
there is no correlation between extreme 176Hf/mHﬂnt and
very low “Pb/*™Pb ratios (Table SI), indicative of
‘present-day’ alteration. Third, there are several studies

which show that magmatic and metamorphic zircon
domains maintain their primary "°Hf/'""Hf,, even during
(polymetamorphic) high-grade metamorphic conditions
(e.g. Zeh et al., 2007; Gerdes & Zeh, 2009). Analytical arte-
facts, in particular, problems with the "°Yb interference
correction, can also be ruled out. In fact, the 7°Yb/""Hf
obtained from the zircon domains of sample KA (0-021—
0-053) 1s similar to or even lower than those of other sam-
ples, which show much smaller scatter of their eHf;,, (e.g.
sample Ga or I'T1l) and were measured during the same
analytical session, with the same signal intensity (voltage).
Last but not least, the 176Hf/mHﬁm obtained from cores
and rims of single zircon grains of sample KA vary
between 0-8 and 15 epsilon units (see Table S2); that is,
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Fig. 8. 176Hf/177Hfdp vs apparent Pb—Pb age diagrams showing the combined U-Pb and Lu—Hf isotope results obtained from samples of the
Limpopo Belt (a—g) and from the Francistown arc complex (h—m). rim(meta.,, metamorphic zircon overgrowth (for further explanation see

the caption of Fig. 6 and the main text).

much lower than the scatter obtained from all the zircon
grains from sample KA.

In the fourth case (case 4), zircon populations show a
complex hafnium—age relationship, with distinct initial
176Hf/meap and Pb—Pb ages obtained from different

zircon domains (e.g. cores and rims), which are distin-
guishable in CL images (Figs 4 and 5g—j). In general, the
initial 176Hf/177Hfdp of the older domains (e.g. xenocryst
cores) are lower than that of the younger domains (e.g.
magmatic or metamorphic overgrowths). These variations
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indicate that zircon growth in these rocks took place during
distinct magmatic and/or metamorphic events [for a more
detailed explanation of complex 176Hf/mHfaI;QOGPb/QWPb
age relationships see Zeh et al. (2007) and Gerdes & Zeh
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(2009)]. Such variations are reflected by the zircon popula-
tions of samples AGC1 (Ngwane gneiss), BB3 (Theespruit
granite), KK18 (Nelspruit granite), GB2 (Meriri granite
gneiss) and SP4 (Phikwe terrane granite) (Figs 6e, 1, 7f
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Fig. 11. e¢Hf;,, vs age diagrams showing the results obtained from samples of the MNK terrane (a, b), the Limpopo Belt (a, ¢), the Gaborone
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and Phikwe terrane (magmatic zircon domains only (for further explanation see caption of Fig. 10 and main text).

and 8d). In some samples two distinct horizontal arrays
can be observed in the ]76Hf/177Hfap vs apparent Pb—Pb
age diagram (Figs 5h and 60). This indicates that zircon
cores and younger overgrowths were both affected by Pb
loss, whereas their Hf isotope composition has not been
modified. Such double arrays are seen for sample AGC2
(Ngwane gneiss) and GLI (Cunning Moor pluton)
(Fig. 6b and o). The zircon population of the Cunning
Moor pluton is even more complex because it additionally
contains a xenocryst core. Similarly complex patterns are
also revealed by sample SP1 (Motloutse granite gneiss),
where 2:6 Ga magmatic zircon domains contain xenocryst
cores (>2:8 Ga), and locally show metamorphic over-
growths formed at 2-06 Ga (Fig. 8a).

Geochronological results

For many granitoid rocks from the Kaapvaal Craton, the
emplacement age has already been obtained during previ-
ous geochronological studies [for summary see Poujol
et al. (2003)]. In most cases, these age data are, within

error, identical to those obtained by LA-SF-ICP-MS
during this study (for comparison see Table 3). This is the
case for the samples GA and KA (2784-2777 £9-7 Ma:
Gaborone Suite), SP2 (2658 £9 Ma: Selebi—Phikwe gran-
ite), ETG (2023 £6 Ma: Etabeni granite), PB2 (2782 £13
Ma: Turfloop granite), MB2 (2671 &8 Ma: Mashishimale
granite), KK20 (3100 =14 Ma: Salisbury granite), KKI18
(3111 £24 Ma: Nelspruit batholith), KKI13 (3231 £9 Ma:
Kaap Valley pluton), KK89 (3238 £ 8: Nelshoogte pluton),
KK7 (3218 £9 Ma: Stentor pluton), KK12 (3097 £11 Ma:
Boesmanskop syenite), KKI0 (3192 +27 Ma: Dalmein
pluton), BB3 (3431 &7 Ma: Theespruit pluton), and BB2
(3440 £8 Ma: Stolzburg pluton). For four samples, ages
were obtained that differ slightly from those obtained
during previous studies (less than 2% age difference): sam-
ples PB6 (2679 £7 Ma: Matok granite), KK06 (2698 7
Ma, Mpageni granite), KKIl (3082+6 Ma; Mpuluzi
batholith), and KKI19 (3099 £8 Ma: Pigg’s Peak batho-
lith), and for three granitoids the age data obtained
during this study differ significantly from published
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Fig. 12. (a) eHf, vs age diagram showing all the Lu~Hf isotope data for the Kalahari Craton obtained during this study, by Amelin et al.
(2000; A2000), Blichert-Toft & Arndt 1999(B&A), and Zeh et al. (2007; 7°2007). Arrows labelled BS, BN, MNK and FT mark the evolution
trends of the respective terranes. The dotted line marks a two-stage depleted mantle evolution model (for further explanation see text).
(b) eHf;,, vs age diagram showing worldwide Hadean to Proterozoic Hf isotope data (small grey symbols) and those obtained for magmatic
rocks from the Kalahari Craton (black circles, average e¢Hf,, from this study and Zeh et al., 2007). Data for TTGs and komatiites from the
Barberton greenstone belt are also plotted (black squares: Blichert-Toft & Arndt, 1999; Amelin et al., 2000), and data for detrital zircon grains
from a metasediment from the Limpopo Belt (grey circles: Zeh et al., 2008; Z°2008). Data sources for worldwide compilations: Patchett e al.
(1981); Pettingill & Patchett (1981); Stevenson & Patchett (1990); Vervoort et al. (1996); Amelin et al. (1999, 2000); Vervoort & Blichert-Toft (1999);
Griffin et al. (2004); Polat & Minker (2004); Condie et al. (2005); Davis et al. (2005); Halpin et al. (2005); Harrison et al. (2005); Hartlaub et al.
(2006); Blichert-Toft & Albarede (2008); Kemp ez al. (2009). The depleted mantle evolution trend (DM) was constructed using the modern-day
values of mid-ocean ridge basalts (MORB) of Chauvel & Blichert-Toft (2001) (7°HIfJ""Hf = 0-28325 and "°Lu/""Hf = 0-0384), and for calcula-
tion of gHf; we used the chondritic uniform reservoir (CHUR) data of Bouvier et al. (2008) (7*Hf/""Hf = 0-282785 and ""*Lu/"Hf = 0-0336)
and the decay constant of 1867 x 10" (Scherer et al., 2001). Large grey arrow labelled HTTG defines the evolution of Hadean TTG rocks,
and the black arrow marks the rejuvenation trend of Hadean protocrust, as constrained by detrital zircon grains from the Limpopo Belt (see
Zeh et al., 2008). The dotted line marks a two-stage depleted mantle evolution model (for further explanation see text).
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Fig. 13. Synopsis illustrating the accretion and evolution of the distinct terranes of the Kalahari Craton: (a) at 3-23-3:14 Ga; (b) 3:1-2-9 Ga;
(c) 2:7-2:6 Ga. BS, Barberton South terrane; BN, Barberton North terrane; MNK, Murchison—Northern Kaapvaal Craton terrane; CZ,
Central Zone; SMZ, Southern Marginal Zone; HSZ, Hout River Shear Zone; PSZ, Palala Shear Zone; SU'T, Sashwe—~Umlali Shear and
Thrust Zone; BL, Barberton Lineament; ML, Murchison Lineament (for further explanation see text).

results: Lekkersmaak granite (MBI, 2795+8 Ma; pre-
viously published age is 2690 65: Walraven, 1989), the
Cunning Moor pluton (GL1, 3049 8 Ma: previously pub-
lished age 1s 2784 +53 Ma: Barton et al., 19834), and a
gabbro sample from the Rooiwater complex (MBS3,
2611 £10 Ma; previously published age is 2740 £4 Ma:
Poujol et al., 1996). For samples MBI and GLI, the pub-
lished data are very imprecise, and the quoted age for the
Cunning Moor pluton results from Rb—Sr whole-rock
analyses. Thus, our new age data are more likely to

represent the true intrusion ages. The 2740 Ma age of the
Cunning Moor pluton perhaps reflects the timing of a
final metamorphic overprint. This conclusion is supported
by the finding of a few zircon overgrowths with distinct
initial "°HE"Hf in sample GLI, which yiclded Pb—Ph
ages of 2:7-2-74 Ga (see Fig 60 and Table Sl). The signifi-
cantly younger U-Pb zircon age for the hornblende
gabbro of the Rooiwater complex (2611 £10 Ma: concordia
age, MSWD =01, P=0-98, n=135) might reflect the fact
that this complex consists of magmatic rocks that formed
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during distinct intrusion events in the vicinity of the
Murchison—"Thabazimbi Lineament.

In addition to the samples above, new U—Pb zircon ages
are presented for a large number of] so far, undated grani-
toids (see Tables 3 and Sl). These comprise two tonalitic
gneiss samples from the Ancient Gneiss Complex,
Swaziland (east of Manzini), which yielded within error
identical concordant ages of 3245+£8 (AGCI) and
3238 £8 Ma (AGC2), interpreted as crystallization ages.
Both samples also contain a few inherited cores with ages
between 3-44 and 3-54 Ga (see Tables 3 and SI).
Furthermore, four new samples were dated from the area
between the Giyani—Pietersburg and Murchison green-
stone belts: sample MB4 (2839 £8 Ma: Groot Letaba
gneiss, near Tzaneen), sample GBl (2784 £8 Ma: Groot
Letaba gneiss, south to Giyani), sample GB2 (2931 +8
Ma: Meriri granite gneiss of the Giyani belt), and sample
PBlI (2679 £8 Ma: Uitloop granite of the Pietersburg
greenstone belt). The first age data are presented here for
granitoid rocks of the IFrancistown—Tati greenstone belt:
sample FT3 (2649 4+9 Ma: Hill View tonalite), sample
FT5 (27004+£8 Ma: Sikukwe TTG Suite), sample FT6
(26626 Ma: Sikukwe TTG Suite), sample FT7
(2734 £39 Ma: Tati TTG Suite), sample FT10 (2648 £12
Ma: airport granite), sample FT11 (2707 £7 Ma: Selkirk
sanukitoid). Moreover, new geochronological results from
the Central Zone of the Limpopo Belt were obtained for
samples from the Phikwe terrane (sample SP2, 2658 £9
Ma: Selebi—Phikwe granite; sample SP3, 2612 £12 Ma;
sample SP4, 2610 &=7 Ma), the Mahalapye terrane (sample
Moba, 2040 £18 Ma: diorite near Radisele), and from the
Motloutse terrane (sample SPI, 2645 22 Ma—intrusion
age; 2056 £12 Ma—metamorphic overprint).

Lu-Hf isotope data
During this study, Lu—Hf isotope analyses were obtained
from 559 zircon domains in 37 samples. These data yield a
wide spectrum of initial "°Hf""Hf,, from 0-2805 to
0-2815 (see Figs 6-8 and 9a). Most zircon domains, with
concordant ages between 3-5 and 2:65 Ga (level of concor-
dance between 95 and 105%), scatter near the evolution
trend of the chondritic uniform reservoir (CHUR),
whereas discordant analyses plot on horizontal arrays left
of the CHUR line (towards lower ages). As mentioned
above, these horizontal arrays (and the general shift of
the data to the left of the CHUR line) can be interpreted
to result from post-zircon growth alteration, which caused
single or multiple Pb-loss events but did not change the pri-
mary "°HIf]""Hf (see Gerdes & Zeh, 2009). Zircon grains
with concordant ages of about 2:0 Ga, and some of the
2.6-2-7 Ga age cluster, plot significantly below the
CHUR line.

If all Lu—Hf isotope data of the respective samples are
calculated back to the time of zircon crystallization
("SHf)""HEf,,), the overall pattern becomes simpler

CRUSTAL EVOLUTION OF KALAHARI CRATON

(Fig. 9b). In general, the reduced dataset reveals a clear
increase of initial ]76Hf/177Hfim with decreasing intrusion
age; that is, younger granitoids generally have more radio-
genic hafnium than older ones. As shown in Fig. 9b, the
average "“Hf]"HE,, of most granitoids of the BS, BN,
MNK and Francistown terranes or domains plot near
CHUR, whereas those from the Limpopo Belt are always
subchondritic, in particular those formed at ¢. 2.0 Ga. It
should be noted, however, that the Hf isotope evolution
trends are more complex in detail, as will be discussed
below.

Our results also indicate that the scatter in 176Hf/meinl
is less than £0-00005 (2 SD) for most samples (see
Table 3). Tor some samples it is even lower (e.g.
BB3 £0-00002). This is usually based on 7-28 (mostly 15)
zircon spot analyses, carefully selected from magmatic
zircon domains, and corresponds to variations of £0-6 to
£2.0 epsilon units (see Tables 3 and S2). The lower range
is close to the external reproducibility estimated from the
reference zircon grains. More extreme variations in
176Hf/meim were obtained for only three samples: KKI12
(Boesmanskop syenite: £0-00007), KA (Gaborone Granite
Suite: £0-00009), and SP2 (Selebi-Phikwe granite:
40-00013) (see Table 3 and Figs 6h and 8b). The
176Hf/meint scatter obtained for samples KKI12 and KA
is considered to represent natural variations of the proto-
lith magmas, perhaps as a result of incomplete mixing of
an older (less radiogenic) and younger (more radiogenic)
component. In contrast, the scatter observed for sample
SP2 may result from the presence of xenocryst zircon
cores, which were masked by subsequent zircon alteration
processes and, thus, could not be identified properly by
means of CL images and U-Pb spot analyses.

DISCUSSION

Crustal evolution of the distinct terranes
BS terrane

The age data obtained during this study indicate that the
BS terrane was affected by four magmatic events (I-IV in
Fig. 10): at 3-54-3-51 Ga, ~3-45 Ga, 3-22-3-25 Ga, and
~3.1 Ga. The first magmatic event (3-54-3-51 Ga) is docu-
mented by the xenocryst zircon cores found in sample
AGCI (central Swaziland), and in the Theespruit tonalite
(sample BB3) of the southern Barberton Mountain Land
(sample BB3) (see Tables 3 and Sl). In addition, such ages
are reported from the Steyndorp pluton of the Barberton
Mountain Land (3-531 Ga: Kamo & Davis, 1994; Amelin
et al., 2000), from the Ancient Gneiss Complex in NW
Swaziland (Compston & Kroner, 1988; Kroner et al.,
1989), and from the Ngwane gneiss of the Dwalile
granite-greenstone belt of SW Swaziland (3-52 Ga:
Kroner & Tegtmeyer, 1994). Hf isotope data obtained
from the xenocryst zircon cores yield either chondritic or
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slightly subchondritic gHf,;, (sample AGCl: eHfs.546,=
405 to 4+ 0.7; sample BB3: eHf5.5356,=-140; see Fig. 10a
and b, Table S2). At this point it should be noted that xeno-
cryst zircon grains with ages older than 3-6-3-7 Ga, as
reported by Compston & Kroéner (1988) and Kroner et al.
(1989), have not been found during this study.

The second magmatic event (c. 3-45 Ga) is documented
by the emplacement ages of the Stolzburg granite (BB2)
and Theespruit granite (BB3) of the southern Barberton
Mountain Land, and by a xenocryst zircon core found in
sample AGC2 (Figs 2 and 10, and Table 3). Epsilon Hf
data obtained from several zircon domains in these sam-
ples scatter around zero (sample BB2: eHfs,56.=
40-3 £16; sample BB3: eHf; 446, =0-5£0-6; zircon core
in sample AGC2: eHf5.446, =406 to +13; see Tables 3
and S2). It is worth noting that our zircon Hf isotope data
for the Stolzburg pluton (sample BB2) are, within error,
identical to those previously obtained by Amelin et al.
(2000; eHf5.456,=-01 to + 2.0), and overlap with ¢Hf;
values obtained from tholeiitic basalts of the Barberton
greenstone belt (eHf5.456, =-0-4 to + 2-3) (Blichert-Toft
& Arndt, 1999). The eHf| is, however, significantly lower
than that of the Barberton komatiites (€Hf;.456, =423 to
+7-1). This suggests that the TTGs and tholeiitic basalts
originate from a mantle reservoir that was different to
that of the komatiites.

The third magmatic event (3-22-3-25 Ga) is documen-
ted by the Dalmein monzonite (Barberton Mountain
Land), and by tonalitic gneisses west of Manzini/
Swaziland (samples AGCl and AGC2). These tonalitic
gneisses occur in an area that is designated as Ngwane
gneiss on the geological map (e.g. Jackson, 1984; Robb
et al., 2006). However, the Ngwane gneiss sensu stricto is
older (3521 £23 Ma; see Kroner & Tegtmeyer, 1994). This
indicates that the ancient gneiss domain of Swaziland,
which at present is designated as Ngwane gneiss, is hetero-
geneous and consists of granitoids emplaced during dis-
tinct magmatic events between 3-52 and 3-24 Ga. The
finding of xenocryst zircon cores in samples AGCI and
AGC2 (Fig. 10a, Tables 3 and S2) suggests that crustal
material (up to 0-3 Ga older) was recycled at ¢. 3-25 Ga.
This interpretation is also supported by the fact that the
predominant magmatic zircon domains formed at 3-24
Ga show lower eHf; values (AGCl: eHf5046,=-05=£11;
AGC2: eHf5.046.=-17£1]; Fig. 10, Table S2) than the
xenocryst zircon cores (EHf5.543.44G.=-+05 to +13;
Fig. 10, Table S2). The Hf isotope data, in particular those
of the zircon cores and rims of the TTG sample AGC2,
allow an interpretation that an older continental crust
(>3-45 Ga) component with a 176Lu/memday of 0-015 was
re-melted at 3-24 Ga (BS trend in Fig. 10); further explana-
tion of the significance of the 176Lu/memday is given
below. The zircon grains in the Dalmein monzonite
yielded nearly chondritic eHf3.906. of —0-7£14 (see

Fig. 10b, Table 3), similar to that of samples AGCI and
AGQC2 from Swaziland.

The fourth magmatic event (c. 3-1 Ga) is documented by
the intrusion of the Pigg’s Peak and Mpuluzi batholiths,
and the Boesmanskop syenite (see Figs 2 and 10b, and
Table 3). Lu—Hf isotope data for the Pigg’s Peak granite
(sample KKI19) and Boesmannskop syenite (sample
KKI12) scatter around CHUR (KKI19: eHfs06.=
—0-1£15; KKI2: eHf;096,=-0-4+£2:6; Iig. 10b and
Table 3), whereas data obtained from the Mpuluzi batho-
lith are mostly subchondritic (sample KKII: eHfs.056. =
—17422). In general, the data for the 3:1 Ga granites
plot significantly above those of the BS trend (see Fig. 10).

BN terrane

For the BN terrane, three magmatic events are documen-
ted by the data obtained during this study: at 3-23 Ga,
¢. 3:01 Ga and ¢. 2-7 Ga. Irom their timing the two oldest
events correspond to magmatic events III and IV as
described above for the BS terrane. However, the Lu—Hf
isotope data reveal some important differences, as shown
in Fig. 10. The oldest magmatic event (at 3-23 Ga) of the
BN terrane is documented by the intrusion ages of the
Kaap Valley (sample KKI13), Nelshoogte (sample KK89)
and Stentor plutons (sample KK7), which were all
emplaced on the northern flank of the Barberton green-
stone belt, near the inferred Barberton Lineament (see
Anhaecusser, 2006). Zircon grains from these plutons
yielded the highest eHf;,,, values (mostly superchondritic)
of all granitoids analysed so far from the central
Kaapvaal Craton (sample KKI13: eHf5956,=+25=%0-8;
KK89:  eHfs046.,=4+14+0-8; KK7: eHf5906.=
+0-9£190; Fig. 10c and Table 3). These eHf;, values are
generally higher than those estimated for contempera-
neous granitoids of the BS terrane (e.g. Dalmein pluton)
(see Fig. 10b).

At 3-1 Ga, the BN terrane was intruded by the Salisbury
granite (sample KK20), and Nelspruit batholith (sample
KK 18). These two granitoids yield subchondritic eHf;,,
(sample KKI18: eHf5 6, =—10x£10; KK20: eHf5, 906, =
—0-8 £11; Fig. 10c, Table 3), indicating that these rocks con-
tain older recycled crust. This interpretation is constrained
by a few inherited zircon grains found in the Nelspruit
granite (samples KKI18). Their cores yielded Pb—Pb ages
between 3-21 and 3-24 Ga (see Tables 3 and Sl), and show
negative ¢Hf,, between —13 and —2-2. That gives a clear
hint that these zircon grains are not derived from the 3-23
Ga granitoids mentioned above (e.g. Kaap Valley granite),
but come from a more evolved crustal source.

The youngest granite analysed from the BN terrane is
the potassium-rich Mpageni granite (sample KKO6),
which intruded the Nelspruit batholith north of the
Barberton greenstone belt (Iig. 2) at 2698 £7 Ma. The
zircon analyses for this granite yielded the most negative
eHfy 956 of the BN terrane, —6-1 £1-2, indicating that this
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granite was formed by re-melting of a large proportion of
older crust. In general, the formation of the Mpageni gran-
ite could be explained either by partial crustal anatextis
of the 3-23 GaTTGs of the BN terrane or by melting of a
compositionally different crustal source (at least in part).
In fact, both scenarios can account for the observation
that the 2.7 Ga Mpageni granite shows a distinct composi-
tion to the 3-23 Ga TTGs, and that the Archean TTGs
and the Mpageni granite plot together on a crustal evolu-
tion trend with an average 176Lu/memday of 0-095 (see
Fig. 10c). It is worth noting that this ratio is too high for
Archean TTGs (average value is 0-005: see Kamber et al.,
2002; Condie, 2005). In our example an increase of the
"L/ Hf qay from 0-005 (TTG) to 0-0095 (observed)
could be achieved if zircon was fractionated in the source
of the granitic melts (for further explanation see below).

As shown in Fig. 10d, the zircon Lu—Hf data for the
Cunning Moor pluton (sample GLI) plot near to the BN
trend (176Lu/177Hfmday =10-095). The xenocryst zircon cores
of the Cunning Moor pluton show a eHf5976,=-+2-6
(similar to the Kaap Valley tonalite), the predominant
zircon domains €Hf5056,=-0-5£10 (similar to the
Nelspruit batholith), and overgrowths rims eHf; 706, =
—4.0£0-8 (similar to the Mpageni granite).

MNK terrane, Southern Marginal Sone and

Gaborone Suite

The MNK terrane, which is bounded by the Murchison—
Thabazimbi-Lineament to the south and the Hout River
Shear Zone to the north, contains granitic rocks with ages
between 3-3 and 2-65 Ga. Granitoids of the MNK terrane
analysed during this study vyielded emplacement ages
between 2-93 and 2-61 Ga, but some of them contain xeno-
cryst cores as old as 3-22 Ga (Fig. 11a, Table Sl). Such cores
are found in the Lekkersmaak granite (sample MBI
eHf5,16, =+18), in the Groot Letaba granite gneiss near
Tzaneen (sample MB4: eHf596,=419), and in the
Meriri granite gneiss of the Giyani greenstone belt
(sample GB2: eHf;94 504 between —16 and +0-7)
(Fig. 11a, and Tables 3 and S2). Relics of even older crust
(up to 3-3 Ga), as reported by Brandl & Kroner (1993),
Kroner et al. (2000) and Poujol ¢t al. (2003), have not been
found during this study.

In general, the eHf;,,, data obtained from the MNK ter-
rane granitoids fit on a trend that is characterized by
decreasing eHf;,, toward younger ages, and plots above
the crustal evolution trend as defined by the rocks from
the BN terrane (see Fig. 11a). Granitoids of the MNK ter-
rane that were emplaced between 2-9 and 278 Ga mostly
scatter around CHUR or are slightly subchondritic (GB2,
Meriri granite gneiss: €éHf5 936, =+0-7 £15; MB4, Groot
Letaba gneiss near Tzaneen: eHf; g4, =+0-4 £15; MBI,
Lekkersmaak granite: eHfs gog, =-0-7£13; GBL, Groot
Letaba gneiss south to Giyani: €Hfy.796,=40-3+18;
PB2, Turfloop granite: eHfy 756, =—0-2 £2:1). All younger

CRUSTAL EVOLUTION OF KALAHARI CRATON

granitoids plot significantly below CHUR; for example,
the Mashishimale granite (sample MB2: eHf, 476, =
—3:5%£17), and within the Uitloop granite Pietersburg
greenstone belt (sample PBL: eHf; 556, =—2-6 =19). The
only exception is the hornblende gabbro of the Rooiwater
complex (sample MB3), which shows significantly higher
eHb g1ga of —0-6 =13 (Fig. 11b).

It is worth noting that the Matok granite, which
intruded the high-grade rocks of the SMZ at 2679 £6
Ma, indicates, within error, identical eHf;,,, to the similarly
old granitoids of the MNK terrane (sample PB6; see
Table 3). This agreement supports previous inferences that
the rocks constituting the SMZ represent the high-grade
metamorphic equivalent of those exposed to the south of
the Hout River Shear Zone, meaning that they are more
related to the MNK terrane than to the Central Zone of
the Limpopo Belt (Coward et al., 1976; van Reenen et al.,
1987, 1992; Kreissig et al., 2000; Barton et al., 2006). As
shown in Fig. 11, the analyses of all granitoid rocks of the
MNK terrane and the SMZ fit on a single crustal evolu-
tion trend. This trend proceeds from 2-93 Ga (eHfs.93G.
=+0-72 sample GB2) to 2.02 Ga (eHfy.go.=—12"5
sample ETG), and requires an average crustal "°Lu/"’Hf
of about 0-012, a value that is similar to modern mature
continental crust (Rudnick & Fountain, 1995; Wedepohl,
1995). This trend excludes only the Hf isotope data
obtained from xenocryst zircon cores (which plot below
the MNK and BN trends), and those of the Rooiwater
complex hornblende gabbro (which plots above; Fig. lla
and b). The data from the Rooiwater complex gabbro
probably indicate that mantle-derived magmas intruded
at 2:61 Ga. The older U-Pb zircon age of 2:74 Ga, as
obtained by Poujol et al. (1996), either represents an older
phase of Rooiwater intrusion, or it was obtained from
zircon xenocrysts, perhaps assimilated during mafic
magma ascent.

Further evidence for juvenile magma addition to the
Kaapvaal Craton crust during the Neoarchean is provided
by data from the granites of the Gaborone Suite, which
intruded at the western end of the Thabazimbi—
Murchison Lineament at 2-77 Ga (see Fig. 1, and Tables 3
and S2). Zircon grains from these granitoids yield the high-
est eHf;,, of +4-3 (sample KA) obtained during this
study, although the average values are lower (sample GA:
eHf) 786.=21 £16; sample KA: eHfy836.=13+3],
Table 3). Such high values were reported, so far, only from
a few Neoarchean xenocryst zircon cores analysed from
leucogranitic melts of the Mahalapye complex of the
Limpopo Belt (Zeh et al., 2007).

Limpopo Belt (Central Zone)

The samples studied from the Motloutse (SP1) and Phikwe
terranes (SP2, SP3, SP4) yield Neoarchean emplacement
ages between 2:60 and 2-65 Ga, and the diorite sample
Mo) from the Mahalapye terrane a Paleoproterozoic age
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of about 2:03 Ga (seeTables 3 and SI). In addition, there is
evidence for the existence of pre-Neoarchean crustal mate-
rial in the Phikwe and Motloutse terranes, as constrained
by xenocryst zircon cores in samples SPl and SP2 (¢. 2-85
Ga; also see McCourt et al., 2004), and by the hafnium iso-
tope data for highly discordant zircon domains, which
show significantly lower 176Hf/177Hfap than the predomi-
nant magmatic domains (see Fig. 8 and Table S2). Such
low ]76Hf/177Hf.(lp domains were found in sample SPI
(7°Hf"""Hf,,=0-28086-0-28060), and sample  SP3
("°Hf""HE,, = 0-28091-0-28083) (see Fig. 8a—c and
Table S2). Partial recycling or inheritance of pre-
Neoarchean crust during magma emplacement at 2-60—
2-65 Ga in the Phikwe and Motloutse terranes is also sup-
ported by the fact that all Neoarchean zircon domains
yield subchondritic eHf;,,: samples SPl (eHf)456.=
—2.7£2), SP2 (eHfy466.= —3-7£16), SP3 (eHfy456.=
—16+£10), and SP4 (eHfy giga=—2-5£19). In fact, these
values are within error identical to those previously
obtained from Neoarchean granitoids of the Beit Bridge
and Phikwe terranes of the Limpopo Belt, comprising
the Bulai granite (eHfs.G,=-31=+£12), Regina gneisses
(eHfs656. =45 £13), and Zanzibar gneisses
(eHfs 516a=-13£14) (seelable 3 and Zeh et al., 2007).

In addition to the predominant magmatic zircon
domains, Paleoproterozoic metamorphic zircon over-
growths were found in samples SP1 (U-Pb age =2-056
Ga, "°Hf""Hf up to 0-28148) and SP4 (U-Pb age ¢. 20
Ga, "HIf)""Hf up to 0-28133) (see Fig. 8a and d). These
Paleoproterozoic  overgrowths formed most probably
during a high-grade metamorphic overprint of the
Phikwe and Motloutse terranes. At nearly the same time
the Mahalapye terrane was intruded by granites and dior-
ites. The Mokgware diorite (sample Mo5) of the
Mabhalapye terrane has eHfs. 036, =-3-6 £13, which is
much higher than the values obtained from the nearby
Mokgware granite (eHf;.00g,=-10-6£2-5), but lower
than those obtained from the Lose quarry diorite
(eHfs.066. =-0-8 £0:6) [the last two values are from Zeh
et al. (2007), recalculated for CHUR constants of Bouvier
et al. (2008)]. The observed range of eHfy oG, from —10-6
to —0-8 in the diorites and granites gives a clue that
depleted (?) mantle-derived melts were mixed with differ-
ent portions of much older crust during the evolution of
the Mahalapye terrane at ¢. 2-:0 Ga. This feature is unique
throughout the Limpopo Belt (and even the Kalahari
Craton). Finally, it should be noted that most of the grani-
toid rocks of the LCZ (Beit Bridge, Phikwe and Motloutse
terranes) fit on the same crustal evolution trend as the
granitoids from the MNK terrane (see Fig. 1lc).

Francistown arc complex

The granitoid rocks of the Irancistown arc complex
yielded Neoarchean ages of about 2:65 Ga and 2:70 Ga:
sample T3 (Hill view tonalite: 2649 4+9 Ma), sample

FT6 (Sikukwe TTG: 2662 =6 Ma), sample F'T10 (airport
granite: 2648 £12 Ma), sample FT5 (Sikukwe TTG:
2700 £8 Ma), sample FT7 (Tat-TTG: 2734 £39 Ma),
sample FTI1 (Selkirk sanukitoid: 2707 £7 Ma). The youn-
ger emplacement ages are, within error, identical to those
obtained from many granitoid rocks from the LCZ,
whereas the three older samples are more similar to the
U-Pb age data obtained from the granitoids of the NMZ
(Berger et al., 1995; Blenkinsop et al., 2004).

It is worth noting that the Neoarchean granitoid rocks of
the Francistown arc complex show, in contrast to those of
the LCZ, higher eHf,,, which scatters around CHUR
(Fig. 11d): sample FT3 (eHf;456.=401=£0-9, FT5
(8Hf270(}a =+0-7%1 1), FT6 (EHfQA(,(,(;a =411+l 1), FT7
(eHfy.736.a="0-2£19), FTI0 (eHfy 656, =-0-1=%£16), and
FTI11 (eHf5 656, =—0-1 £17). This near-CHUR composi-
tion of all the Francistown terrane samples could be inter-
preted in at least three different ways. First, it could
reflect the possibility that all the magmas were derived by
melting of a mantle source that had a chondritic composi-
tion at about 2-65-2-70 Ga. Second, the parental melts
could have been derived from a depleted mantle source
(mantle wedge below the Francistown arc), but assimilated
at least some portions of older crust during their ascent
[as suggested by Zhai et al. (2006)]. Third, the TTGs
formed by remelting of a mafic lower crust, which was
derived from a depleted mantle source some 300 Ma prior
to granitoid emplacement (for further explanation see
below).

Crust-mantle Lu—Hf compositions and
evolutionary trends

The U-Pb and Lu—Hf isotope datasets obtained during
this study indicate that the granitoids of the distinct ter-
ranes fit on different crustal evolution trends, which start
with chondritic or superchondritic eHf; at different times
(BS-terrane at 3-44 Ga, BN-terrane at 3-23 Ga, MNK-ter-
rane and SMZ at 2-92 Ga, Francistown terrane at 2-7 Ga),
and require 176Lu/memday between 0-004 and 0-015 (Figs
10-12). These trends give a clear indication that the crustal
evolution of the various terranes occurred independently
from each other. However, it is worth noting that the
176Lu/memday values constrained by the U-Pb and Lu—
Hf isotope data for the distinct terranes have large uncer-
tainties, and do not necessarily reflect the true average
crustal Lu-Hf composition. These uncertainties result
from at least two of the following causes, as described
below.

Composttion of the ‘depleted’ mantle reservoir of the
Kalahari domain

It is not clear whether or not the starting point of the crus-
tal evolution trend for each terrane (see arrows in Figs
10—-12) represents the most primitive end-member; that is,
a granitoid that was derived from a mantle source at the
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time of emplacement without being modified by assimila-
tion of older crust. In addition, there is some uncertainty
about the Lu-Hf isotope composition of the ‘depleted’
mantle reservoir of the Kalahari domain (part of the
Archean Earth from which the various terranes of the
Kalahari Craton were derived). For instance, the Hf iso-
tope data for zircon grains from the oldest T'TGs of the
BS terrane [3-44—3-53 Ga: analysed during this study, and
by Amelin et al. (2000)] yielded eHf;535, from —0-8 to
421 (similar to tholeiitic basalts with eHf; 536, =-0-4 to
+2-3), whereas komatiites formed at the same time show
higher eHf; 456, of +2-3 to 471 (Blichert-Toft & Arndt,
1999). Thus, if the Barberton komatiites represent the
early Archean depleted mantle composition underneath
the BS terrane, both the tholeiitic basalts and the TTGs
must contain older crust; such an interpretation agrees
with that of Blichert-Toft & Arndt (1999). Those workers
argued that the Barberton basalts and komatiites result
from melting of distinct (perhaps heterogencous) mantle
sources. The Barberton komatiites (low AlyO4/TiO», high
eHf5.53G,) are interpreted to be derived from a deep-
seated, garnet-enriched mantle source at 3-5 Ga, whereas
the tholeiitic basalts (chondritic Al,O3/TiO,, lower
eHf5.53G,) formed by melting of a shallower, garnet-free
mantle source at the same time. The similarity of the eHf;
suggests that the 3-53—3-44 Ga Barberton T'TGs were gen-
erated by melting of the tholeiitic basalts shortly after the
latter were formed; either by slab-melting during subduc-
tion or during lower mafic crust foundering. Involvement
of older crust (>3-53 Ga) during the formation of the
early Archean Barberton TTGs at 3-55-3-44 Ga is highly
likely, and supported by local observations and some
global analogies. Direct evidence for crust >3-53 Ga in the
BS terrane is revealed by 3:6-3-7 Ga U—Pb zircon ages
from T'TGs of the Ancient Gneiss Complex (Compston &
Kroner, 1988), and indirectly by 3-7-3-9 Ga Nd model-
ages, and by the negative Eu anomalies of metasediments
(Kroner & Tegtmeyer, 1994). Furthermore, the inheritance
of older crust appears likely, if we consider that an early
Hadean mafic protocrust with TTG  constituents
(Blichert-Toft & Albarede, 2008; Harrison et al., 2008; Zeh
et al., 2008) was cannibalized, and at least partly recycled
at the Hadean to Early Archean transition between 3.9
and 3-3 Ga. Such a scenario was recently proposed on the
basis of detrital zircon U-Pb and Lu-Hf data from the
Limpopo Belt (Zeh et al., 2008) (see Fig. 12b), and is sup-
ported by various data from Greenland, and Canada [see
discussions by Kamber et al. (2003, 2005), Kramers (2007)
and Zeh et al. (2008)]. Furthermore, the idea of recycling
of older crust at 3-5 Ga is in agreement with the fact that
most eHf; data from the BS terrane plot well below the
assumed depleted mantle array deduced from the present-
day MORB data of Chauvel & Blichert-Toft (2001) (see
Fig. 12). It is, however, unclear whether or not this can be

CRUSTAL EVOLUTION OF KALAHARI CRATON

extrapolated as linear array to Archean rocks or requires
another model. As shown in Fig. 12b, the linear array fits
some of the Lu—Hf isotope data for crustal rocks from
Greenland (3:9-3-6 Ga), Australia (31-2-5 Ga) and
North America (3-:0-2:7 Ga). However, apart from a few
‘outliers’, the dataset could also be explained by a non-
linear or by a two-stage evolution model, characterized by
a slightly increasing ¢Hf, (from +10 to +3.0) between 4-5
and 3-1 Ga, and a steeper increase between 31 Ga and
today (Fig 12). In any case, the existing datasets indicate
that a depleted mantle source (with respect to hafnium)
that was distinctly different from CHUR existed at or
even prior to 3:1-3-5 Ga. Thus, the nearly chondritic
eHf;,,, data obtained from the 3-44-2.0 Ga granitoids of
the Kalahari Craton (Fig. 12) most probably reflects suc-
cessive recycling of older crust in concert with juvenile
mantle addition, rather than sampling of a chondritic
mantle reservoir over a period of 15 Gyr.

Successive alteration of the crust

Another source of uncertainty in the 176Lu/memday value
derived for the respective terranes (Figs 10 and 11) could
result from processes that caused a change in the crustal
Lu—Hf composition with time. Such processes could have
been () zircon fractionation during anatectic melting of
an existing lower continental crust (zircon and non-
radiogenic hafnium remained in the restitic lower crust),
and/or (2) admixing of depleted mantle-derived magmas
to existing older crust. Based on the available datasets, it
seems likely that such processes played an important role
during the intrusion of the youngest granitoids of the BN
terrane (Mpageni granite), and the 3:10-3-23 Ga grani-
toids of the BS terrane. As shown in Fig. 10c, the Mpageni
granite and the 3-23 Ga TTGs (Kaap Valley, Nelshoogte,
and Stentor plutons) fit on a crustal evolution trend that
requires "°Lu/"”"Hf,oqqy = 0-0095, whereas the 323 Ga
TTGs and 3-10 Ga granites (Nelspruit and Salisbury gran-
ite) liec on a different trend with a lower "°Lu/Hf of
0-004. For the BS terrane, the 3:1 Ga granitoids (Pigg’s
Peak, Boesmannskop and Mpuluzi granites) plot well
above the trend defined by the 3-44 and 3-23 Ga granitoids
(see Fig. 10a and b).

Terrane accretion and geotectonic
implications

The results from this study clearly indicate that the ter-
ranes of the Kalahari Craton (BS, BN, MNK and
Francistown) lie on distinct crustal evolution trends with
little or no overlap (Figs 10, 11 and 12a). This requires that
the continental crust that constitutes these terranes
formed at different times, and subsequently evolved differ-
ently. Furthermore, it requires that the terranes of the
Kalahari Craton were successively accreted.
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BS and BN terrane accretion

A striking feature is that the TTGs of the BN terrane,
which intruded the northern flank of the Barberton green-
stone belt (near the Barberton Lineament) at about 3-23
Ga, show much higher eHf;5056, (409 to +2-4: Kaap
Valley, Nelshoogte and Stentor tonalite) than the coevally
emplaced granitoids of the BS terrane (~17 to —0-4:
Dalmein granite, Ngwane gneisses, samples AGCl and
AGC2) (Fig. 12a). This suggests that the BS terrane under-
went crustal recycling, whereas new granitic crust was
formed in the BN terrane. Furthermore, it supports the
idea that the Barberton Lineament represents a real
suture zone, along which two distinct terranes became
accreted during the closure of an oceanic basin, and that
the BN terrane formed the lower, subducted plate (see
below). In general, this interpretation agrees with previous
models, which are mainly based on field observations and
geochronological data (e.g. de Ronde & de Wit, 1994;
Lowe, 1994; de Ronde & Kamo, 2000; Poujol et al., 2003;
Anhaecusser, 2006). The positive eHf, of the 3-23 GaTTGs
of the BN terrane suggest two possibilities. Either these
TTGs were formed by melting of relatively young sub-
ducted oceanic crust (MORB), which was derived from
the depleted mantle immediately prior to the subduction
process, and/or by melting processes within the mantle
wedge above the subduction zone (Martin ef al., 2005). For
the BN TTGs slab melting seems highly likel, as the Kaap
Valley tonalite exhibits many similarities to Cenozoic ada-
kites (e.g. Smithies, 2000).

In contrast to the BN TTGs the much lower éHf5.95¢. of
the BS TTGs (e.g. trondjhemite west of Manzini: samples
AGCl and AGC2) could result from melting of a thick
pile of older basaltic crust with some older granite—
greenstone components (Fig. 13a). This interpretation is
supported by the presence of xenocryst zircon cores in
samples AGCIl and AGC2 (3-4-3-5 Ga), and by field rela-
tionships, indicating that the TTGs west of Manzini con-
tain abundant mafic xenoliths (metabasalts). The
intrusion of the Dalmein monzonite and of some porphyry
dykes (at 3-21 Ga) in the southern Barberton Mountain
Land might indicate that their parental melts were derived
from the mantle wedge above the 3-23 Ga subduction
zone, and that these melts underwent differentiation and
assimilation of older crustal material (3-45-3-53 Ga)
during their ascent. A purely crustal origin for the
Dalmein monzonite, perhaps as a result of melting of
older (3-45-3-55 Ga) T'T'Gs can be excluded because of its
relatively high eHf59,g, of —0-4 (above the BS trend:
Fig. 10b).

At ¢. 311 Ga, the amalgamated Barberton terranes (BS
and BN) were intruded by potassium-rich granitoids
(Pigg’s Peak, Mpuluzi and Nelspruit batholiths) and some
smaller granite bodies (e.g. the Boesmanskop syenite, and
Salisbury monzogranite). Based on combined field work

and geochronological data, Schoene et al. (2008) concluded
that the emplacement of these batholiths or granitoids was
related to transtensional movements that affected the
Barberton greenstone belt and adjacent areas in
Mesoarchean times. Those workers also suggested that the
batholiths resulted from the fractionation of a thickened
continental crust that was formed during terrane collision
(BS and BN) between 3-30 and 3-23 Ga (together with
the formation of a thick and rigid mantle lithosphere
underneath the eastern Kaapvaal Craton). Schoene et al.
(2008) preferred a model in which subsequently the crustal
differentiation process was solely driven by ‘incubational’
heating, accompanied by the migration of granitic melts
and heat-producing elements (U-Th-K) from the lower
into the upper crust between 3-2 and 3.1 Ga. Although
this model may be sound from a mechanical point of view
it is, at least in parts, inconsistent with the data obtained
during this and some previous studies. First at all, the
emplacement of the Mesoarchean granitoids occurred
within a relatively short time span between 314 and 3-08
Ga (this study; Kamo & Davis, 1994; Schoene et al., 2008),
which contradicts a long-lasting crustal differentiation
and migration model. Second, the hafnium isotope data
for the potassium-rich granitoids, in particular for those
from the BS terrane (Pigg’s Peak granite, Mpuluzi granite,
and Boesmanskop syenite) clearly point to the addition of
a depleted mantle component at 3-1 Ga. In fact, the eHf;,
compositions of these granitoids plot well above the BS ter-
rane crustal evolution trend (Fig. 10b). Some zircon grains
even yield super-chondritic eHfs,5, of up to +10 (e.g.
Pigg’s Peak granite and Boesmanskop syenite). In this con-
text it is worth noting that the relatively large scatter in
the eHf;,, of zircon from the Boesmanskop syenite (Fig. 6h
and Table 3) could be interpreted to reflect incomplete
mixing of older crust and a depleted mantle component
during syenite formation and magma ascent at 3-1 Ga.

In contrast to the granitoids of the BS terrane, those of
the BN terrane (Nelspruit batholith and Salisbury granite)
are consistent with a simple crust recycling model, if just
the Lu—Hf isotope data are considered. As shown in
Fig. 10c, the TTGs and potassic granitoids plot on a crustal
trend with an average 176Lu/l77Hfl(,(Mv of 0-004, a ratio
that is typical for Archean TTGs (see Condie, 2005).
However, if the 3-23 Ga TTGs were the direct source for
the 3-1 Ga potassium-rich granites they must have under-
gone important fractionation processes during partial ana-
texis and magma ascent [consistent with the model of
Schoene et al. (2008)]. Furthermore, any zircon in the melt
source must have been completely removed, otherwise the
resulting granitic melts would have been enriched in radio-
genic hafnium (7°HI), with the consequence that the 3-1
Ga granitoids would plot significantly above the inferred
176Lu/WHftoday trend of 0-004 (Iig. 10c). In our opinion,
both assumptions are unrealistic; in particular if we take
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into account results from other high-grade gneiss terranes,
such as from the Central Zone of the Limpopo Belt,
where the Sand River TTG gneisses were partially re-
melted twice (Gerdes & Zeh, 2008). Despite this multiple
high-grade metamorphic overprint only small volumes
of potassic granite melts (leucosomes) were formed.
Furthermore, these TTGs contain abundant magmatic
zircon grains or domains (Zeh et al., 2007; Gerdes & Zeh,
2009). Thus, in our opinion it seems more likely that the
potassium-rich granitoids of the BN terrane, like those of
the BS terrane, formed by anatexis of a crust older than
323 Ga (perhaps underrepresented in this study), in con-
cert with the addition of K-rich melts from a mantle
source at 3-1 Ga. The existence of older crust is supported
by the identification of xenocryst zircon cores (3-21-3-3
Ga) with subcondritic €éHf5.9;G, of —2:5 in the Nelspruit
batholith (Figs 61 and 10c; also see Kamo & Davies, 1994).

The formation of mantle melts underneath the eastern
Kaapvaal Craton may provide an effective heat source
(alternative or additional to the incubational crustal heat-
ing) needed to form the voluminous potassic batholiths at
31 Ga (Fig. 13b). In principle, it seems possible that mafic
melts could have accumulated at the crust-mantle bound-
ary, and that these melts homogenized with lower crustal
melts, prior to their ascent. In general, such mafic mantle
melts could have been formed by processes involving the
ascent of asthenospheric mantle, either as a result of the
foundering of lower mafic crust and the subcontinental
lithospheric mantle and/or by mantle plume activity. They
could also be formed in response to subduction processes
beneath the eastern Kaapvaal Craton (BS-BN terranes).
In fact, it is a striking feature that the formation of the 31
Ga Kaapvaal batholiths occurred at the same time as the
start of accretion of new terranes at the northern and
northwestern margins of the early Kaapvaal Craton
(Poujol et al., 2002, 2003) (see Fig. 13b).

Nevertheless, all three processes mentioned above (foun-
dering, mantle plumes, subduction) are problematic, in
particular if we consider that the Kaapvaal Craton has a
very old and thick subcontinental mantle keel. The ques-
tion, however, is when this thick (and relatively cold)
mantle keel was formed: prior to or after 3-1 Ga? So far,
there is only limited evidence for the existence of a thick
subcontinental lithosphere older than 3.2-3.3 Ga
(Richardson et al., 1984). Currently, such old ages have
been obtained only from silicate inclusion in diamonds
from the Kimberley block (part of the Kaapvaal Craton
to the west of the Colesburg lineament; Fig. 1), which
according to Schmitz et al. (2004) accreted to the
Witwatersrand block (comprising the BS and BN terranes)
not before 29 Ga. Furthermore, the geological significance
of these ages is debatable, and is strongly based on the
assumption that the silicate inclusions analysed from a
large number of diamonds are syngenetic [see review by
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Richardson et al. (2004) and Shirey et al. (2004)]. In con-
trast, most data provide evidence that the thick subconti-
nental mantle root beneath the Kaapvaal Craton formed
later than 31-2-9 Ga. This is supported by Re-depletion
ages obtained from peridotitic and eclogitic mantle xeno-
liths from several kimberlite pipes (Pearson, 1995), and by
the study of lower crustal rocks (Moser et al., 2000;
Schmitz et al., 2004). Thus, complex mantle activity
beneath the proto Kaapvaal Craton (BS and BN terranes)
at 3.1 Ga, comprising lithospheric foundering, mantle
plumes and even subduction, cannot be excluded. Any of
these processes could also be responsible for the litho-
spheric rifting that caused the formation of basins filled
with Dominion Supergroup rocks (Poujol et al., 2003).

BN and MNK terrane accretion and evolution

As shown in Fig. 11a and b, all the granitoid rocks from the
MNK terrane fit on an evolutionary trend that is parallel
to that of the BN terrane but shifted to younger ages. This
offset indicates that the Murchison lineament represents
an important crustal suture zone along which distinct ter-
ranes were accreted (Vearncombe et al., 1992; Pouyjol et al.,
2003; Anhaeusser, 2006). The granitoids with the most iso-
topic primitive signatures, analysed during this study,
yield near-chondritic hafnium isotope compositions
between eHf 79 9.935G, of +0-3£18 and +0-7£18 (sam-
ples GBl, GB2 and MB4, Table 3). These values indicate
either that these granitoid rocks (TTGs) were derived
from a near-chondritic mantle source at 2-9-2-8 Ga, or
that abundant amounts of even older crust were recycled
during their formation. Recycling seems to be most likely,
and is supported by the finding of zircon xenocrysts in the
Mac Kop conglomerate (3-36 Ga: Poujol et al., 1996),
the Goudplaats—Hout River gneisses to the north of the
Giyani greenstone belt (3:23-3-27 Ga: Brandl & Kroner,
1993; Kroner et al., 2000), the meta-andesites of the Gyani
greenstone belt (32 Ga: Brandl & Kroner, 1993) and the
TTGs of the French Bob mine (323 Ga: Poujol et al.,
1996). Furthermore, it is supported by the finding of xeno-
cryst zircon grains in the Meriri granite gneiss (3-22-3-14
Ga), Lekkersmaak granite (3:11-2:99 Ga), and in the
Groot Letaba gneiss near Tzaneen (3-21-2:95 Ga) (this
study; see Table 3). As shown in Fig. 1la and b, these xeno-
cryst zircons show a wide scatter in g¢Hf,, from —16 to
+19, and do not plot on the crustal trend derived for the
MNK terrane. This also confirms that the MNK terrane
contains older crust that was recycled during magma for-
mation at 2-9-2-8 Ga. It is worth noting that our data pro-
vide no evidence for the existence of any juvenile island
arc in the MNK terrane at 2:9-2-8 Ga. This finding is dif-
ferent from that for the Superior province of Canada,
where numerous primitive island arcs were accreted at
nearly the same time (2:95-2-70 Ga), as constrained by
the hafnium isotope data of Polat & Minker (1994) and
Davis et al. (2005) (eHfy 76, =+2-8 to 4+6-8). In summary;,

959

Zzoz 1snbny Lz uo 1senb Aq £262091/££6/G/0G/2101e/ABojosied/woo dno-olwapeoe//:sdpy woly pepeojumod



JOURNAL OF PETROLOGY VOLUME 50 NUMBER 5 MAY 2009

our data for the MNK terrane indicate that pre-existing
Archean crust was recycled during the formation of new
continental crust at 2:9-2-8 Ga, and that this recycling
process took place during the accretion of the MNK with
the BN terrane.

Tollowing the accretion process the crust of the MNK
terrane was re-melted (with melt fractionation) without
any significant new mantle influence. This is supported by
the negative eHf;,, of the 267 Ga granitoids (samples PBI1
and MB2: ¢Hf;,,, =-2-6 to —3-5), and reflected by the suc-
cessive decrease in €Hf;,,, between 2:9 and 2-02 Ga
(Fig. 11a). The only exception is presented by the hornble-
nde gabbro of the Rooiwater complex, whose eHf;,
requires the addition of new mantle-derived magma at
261 Ga, perhaps caused by local mantle melting under-
neath the Murchison—"Thabazimbi suture zone (Fig. 13c).
Thus far, the reason for the formation of the 2-67 Ga gran-
itoids in the MNK terrane is not entirely clear. However,
it is likely that their emplacement occurred in response to
the first phase of the ‘Limpopo orogeny’ at 2:67 Ga,
during which the rocks of the LCZ (i.e. Limpopo Belt
sensu stricto) were accreted to the northern edge of the
Kaapvaal Craton, comprising the MNK terrane and the
SMZ (see Fig. 13¢). This interpretation is supported by geo-
chronological data for granulites from the SMZ (2-67 Ga),
and from kyanite—staurolite-bearing metapelites in the
vicinity of the Hout River Shear Zone (2:67-2:69 Ga;
Kreissig et al., 2001). It is also indicated by data for the
Matok granite, which was emplaced in the high-grade
gneisses of the SMZ at 268 Ga (immediately after thrust-
ing of the Hout River Shear Zone) and has the same
eHfs 6564 of =39 as the equivalent age granitoids of the
MNK terrane (see Table 3 and Fig. 13¢c). Thus, the com-
bined U-Pb and Lu—HIf isotope datasets are consistent
with previous interpretations (based on field relationships,
geochronological and Pb isotope data), suggesting that
the SMZ is genetically related to the Kaapvaal Craton,
and not to the Limpopo Belt sensu stricto (e.g. Coward
et al., 1976; van Reenen et al., 1987, 1992; Kreissig et al.,
2000; Barton et al., 2006). At this point, however, it is
worth noting that the Hf isotope data alone do not allow
such a discrimination (see Fig. lla—c). Furthermore, it
should be emphasized that the tectono-metamorphic—
magmatic evolution of the northern edge of the Kaapvaal
Craton (MNK + SMZ) and the LCZ was not absolutely
synchronous during the Neoarchean. Magmatism and
high-grade metamorphism in the SMZ took place between
2-69 and 2-67 Ga, and in the LCZ between 2-65 and 2-61
Ga (e.g. Kroner et al.,1998; Zeh et al., 2007; Millonig et al.,
2008; Van Reenen et al., 2008; Gerdes & Zeh 2009; and
below).

Finally, it should be noted that the 2.77 Ga Gaborone
Granite Suite, which was intruded slightly earlier than the
first phase of the Limpopo Orogeny, does not fit on the

crustal evolution trends of the MNK and LCZ terranes,
but is characterized by higher eHf;,, (Fig. 11b). These data
indicate that the western part of the MNK terrane was
intruded by important amounts of depleted mantle-
derived magmas at 2:77 Ga. The reason for this is still
enigmatic, and perhaps results from the special position of
the Gaborone Magmatic Complex at the intersection of
two major crustal lineaments, the ENE-WSW-trending
Murchison—Thabazimi and the north—south-trending
Colesburg lineaments (Fig. 1).

Accretion of the LGS and the Francistown arc complex

As shown in Fig. 11d and Table 3, the granitoids of the
Francistown arc complex intruded between 2.7 and 265
Ga, whereas most granitoids of the LCZ were emplaced
later (2:65-2:61 Ga). Furthermore, the granitoids of the
Francistown arc complex have higher eHf5 7096562 (—0-5
to +0-7) compared with those of the LCZ (Motloutse and
Phikwe terrane: eHfy45 9.606a =36 to —18; Beit Bridge
terrane: €Hf 65 0.606a =45 to —10). These data suggest
that during the Neoarchean magmatism older crust was
recycled in both units, but that the degree of recycling
was higher in the LCZ. Tor the LCZ, older crust relics are
revealed by xenocryst zircon ages between 2-8 and 3.9
Ga, obtained from felsic and mafic orthogneisses (Kroner
et al., 1998, 1999; Zeh et al., 2007; Chudy et al., 2008), and
from metasediments throughout the Central Zone
(Barton et al., 2003; McCourt et al., 2004; Zeh et al., 2008).
In contrast, there is no direct evidence for the crustal
source that ‘contaminated’ the Francistown arc complex.
According to McCourt et al. (2004) and Zhai et al. (2006)
the Francistown terrane represents a continental magmatic
arc that resulted from northeastward subduction of juve-
nile oceanic crust underneath the Zimbabwe Craton, and
ceased with the accretion of the Motloutse terrane
(= Limpopo Belt) at about 2-65 Ga. This model, however,
cannot account in an easy way for the voluminous TTG
magmatism, which affected all complexes of the LCZ
(Motloutse, Phikwe, Beit Bridge) between 2-65 and 2-60
Ga. To explain their formation, it would be easier to
accrete the Zimbabwe terranes by southeastward-directed
subduction underneath the Limpopo Belt (Fig. 13¢), as pre-
viously suggested by Dirks & Jelsma (2002). In such a
case, the variable eHf5. g5 9.60ga from —4-:5 to —10 of the
Limpopo granitoids could be explained as a result of vari-
able mixing of older crust (>2.7 Ga) either with slab-
melts or with mafic melts (perhaps underplated; see
Fig. 13¢) formed by partial melting of the mantle wedge
above a subduction zone. Southeastward-directed subduc-
tion could account for enrichment of the mantle wedge, as
required by geochemical and geochronological data for
lamprophyres from the LCZ (Watkeys & Armstrong,
1985). Furthermore, it could provide an explanation for
the high-temperature, medium-pressure metamorphic
overprint (850°C and 7 kbar) that affected some parts of
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the LCZ at 2:64 Ga (see Millonig et al., 2008; Gerdes &
Zeh, 2009).

SUMMARY AND CONCLUSIONS

U-Pb and Lu—Hf isotope data, obtained by LA-SF-ICP-
MS on zircon grains from 37 granitoid samples, in combi-
nation with field relationships, provide evidence that the
Kalahari Craton consists of at least five distinct ter-
ranes—Barberton South (BS), Barberton North (BN),
Murchison—Northern  Kaapvaal (MNK), Limpopo
Central Zone (LCZ) and Francistown—which underwent
different crustal evolutions and were successively accreted
at ¢. 3-23 Ga, 2-9 Ga and 2:65-2-7 Ga.

The data reveal that most of the granitoids of the
Kalahari Craton have near-chondritic to subchondritic
SHft (BS 8Hf3.4_7341(}a:*1'7 to +05, MNK: SHfQ.g,
97Ga =34 to +0-7; Francistown: eHfs.7 9.656. =05 to
+11; LCZ: eHfs65 9.06a="12-4 to —18), suggesting that
crustal recycling—perhaps by mixing of older crust with
a depleted mantle reservoir—played an important role in
their petrogenesis. Recycling of crustal material is sup-
ported by the presence of xenocryst zircon domains in all
terranes, except the Francistown arc. Super-chondritic
eHf, values, indicative of a significant depleted mantle
influence, were obtained only from the oldest granitoids of
the BN terrane (eHf5936,=+424£0-8), the Gaborone
Granite Suite (eHfy 776, =42-0£16), and from a few det-
rital zircon from the Mahalapye complex of the Limpopo
Belt (eHf5.7164 up to +7:1; Zeh et al., 2007). Most of the
data, however, plot below the assumed depleted mantle
array deduced from present-day MORB data (Fig. 12).
This suggests that the depleted mantle beneath the
Archean Kalahari domain, and the Archean mantle array
in general, evolved differently than currently assumed.

Furthermore, the data show that the Hf isotope varia-
tion of magmatic zircon domains (excluding xenocryst
cores and metamorphic overgrowths) of the Archean gran-
itoids is commonly less than £15 €-units (2 SD), and only
in few cases reaches 31 e-units. Such occasional large
eHf, variations can be ascribed to incomplete isotope
equilibration during magma generation and crystalliza-
tion, probably caused by mixing of magmas of contrasting
isotope composition. Finally, this study demonstrates that
the combined usage of CL imaging with i situ U-Pb and
Lu—Hf isotope spot analyses provides a powerful tool to
distinguish zircon domains formed and/or altered at differ-
ent times.
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