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A combined set of U-Pb and Lu—Hf in situ laser ablation
ICP-(MC)-MS zircon analyses were obtained from orthogneisses
and granitords wn the Central Zone of the Limpopo Belt, which
comprises the Beit Bridge and Mahalapye complexes. The results
indicale that by combining the two isolope systems primary
magmatic zircon domains can be distinguished from those formed
during later metamorphic events, even if the distinct zircon domains
underwent multiple Pb loss and the lexture—age relationships,
as obtained by cathodoluminescence images and U—Pb analyses,
are ambiguous. Furthermore, the applied technique allows distinction
of zircon grains formed in juvenile magmas from those generated by
melting of older continental crust or affected by substantial crustal
contamination. The combined U—Pb and Lu—HYf data reveal that
the Sand River gneiss suite of the Beit Bridge Complex was
emplaced at 3283+ 8 Ma and formed from melting of an older
Archaean crust, which was derived from a depleted mantle source at
around 3-65 Ga. The hafnium model age ( Tpai™”) is significantly
older than those obtained from zircons from numerous Neoarchaean
granitords of the Beit Bridge Complex, comprising the Singelele
gneiss (2647 £12 Ma), the Bulai granite (2612%7 Ma), the
Regina gneiss (2649 £ 9 Ma) and two samples of the Zanzibar
gneiss (2615 %6 Ma). These gramitoids show initial €Hf(t)
values between 4 0-5 and —7-1, which correspond to initial TDMHf
between 346 and 3-01Ga. These variable Tpy/™ i and
€Hf (1) iniviar values are interpreted to be the result of different
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muxtures of reworked 3-65 Ga Palaeoarchaean crust with juvenile
magmas extracted from the depleted mantle during the Neoarchaean
at ~2-65Ga. This conclusion is supported by results obtained from
the Mahalapye Complex, which was affected by migmatization and
granile intrusions during the Palaeoproterozoic at 2-02-2-06 Ga.
The Mokgware granite (2019 &9 Ma) contains zircon xenocrysts
with Pb—Pb ages of 2:52-2-65Ga and 2-93Ga and hafnium
model ages of 3-0-3-4 Ga, indicating that this granite is derived
Jrom remelting of Archaean crust. In contrast, uniform Tond™ coitiar
ages of 2:61-2-67 Ga obtained from a diorite gnetss (2061 =6 Ma)
of the Mahalapye Complex indicate that its protolith may have
been formed from remelting of a Neoarchaean juvenile crus.
Variable eHf(t) inisia values from —3-7 to +6-3 of zircon cores
(2711 £ 11 Ma) in an adjacent leucosome also support a model
of mixing of juvenile mantle derived matter with older crust in the
Neoarchaean.

KEY WORDS: Archaean; Palaeoproterozoic; Limpopo Belt; zircon,
U—Pb dating; Lu—Hf isotopes; LA-ICP-MS

INTRODUCTION

Isotope methods applied to Archaean magmatic rocks
provide important information about the formation and
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evolution of the continental crust during the early Earth’s
history. Such methods can provide answers to some of
the most controversial questions; for instance, about the
timing of Archaean to Proterozoic crust-forming events
and the recycling of this crust during subsequent orogenic
processes (e.g. Armstrong, 1968, 1991; O’Nions et al., 1979;
O’Nions & Hamilton, 1981; Patchett et al., 1981; Allegre,
1987; Albarede & Brouxel, 1987; Allegre & Lewin, 1989;
Stevenson & Patchett, 1990; Amelin ef al., 1999; Rino et al.,
2004; Condie et al., 2005; Harrison et al., 2005; lizuka et al.,
2005). In detail, such investigations provide valuable
information on the timing of magma generation and its
source, such as a juvenile depleted mantle, a reworked
older crust or a combination of both (e.g. Vervoort &
Blichert-Toft, 1999; Davis et al., 2005; Gerdes & Zeh, 2006;
Hawkesworth & Kemp, 2006).

For such studies, the mineral zircon has been shown to
be an ideal candidate, for the following reasons. (1) Zircon
crystallization ages can be obtained very precisely using
the U—-Pb isotope system even for very old rocks (e.g.
Krogh, 1973; Compston et al., 1984; Gerdes & Zeh, 2006;
lizuka et al., 2006). (2) Zircon can incorporate high concen-
trations of Hf (>l wt %) but only minor Lu (~I ppm) in
its lattice and, thus, the initial Hf isotope compositions
of the magma at the time of zircon crystallization can be
obtained with high precision, in particular by means of
inductively coupled plasma mass spectrometry (ICP-MS)
techniques (e.g. Patchett et al., 198]; Vervoort & Blichert-
Toft, 1999; Griffin et al,, 2004; Gerdes & Zeh, 2006).
(3) In situ analytical methods such as 1on probes (e.g. sensi-
tive high-resolution ion microprobe; SHRIMP) and laser
ablation (LA)-ICP-MS allow the analyses of different
parts of individual zircon grains. Consequently, it is possi-
ble to recognize inherited zircon domains as well as
younger overgrowth and/or alteration zones (e.g. Gerdes
& Zeh, 2006, and therein). Furthermore, the combined
consideration of the U-Pb and Lu—Hf system for zircon
grains in orthogneisses may help to constrain whether
distinct zircon grains or domains were affected by single
or multiple Pb loss, and/or if distinct zircon zones were
formed at different times (e.g. Amelin et al., 2000, and
therein).

In this study we investigate zircon from orthogneisses
and granitoids in the Central Zone of the Limpopo Belt,
which represents a mobile belt squeezed between the
Zimbabwe Craton to the north and the Kaapvaal Craton
to the south (Fig. 1). As shown by previous studies, the
(meta)magmatic of the
formed during at least three distinct magmatic periods,
during the Palaeoarchaean at 3-25 Ga, the Neoarchaean
at 2:5-2.7Ga and the Palaeoproterozoic at ¢. 2:0Ga
(e.g. Barton et al., 1994; Barton & Sergeev, 1997; Jacckel
et al., 1997, Kroner et al., 1998, 1999; Chavagnac et al., 2001).

In addition, a few detrital zircon grains and xenocrysts

rocks Limpopo Belt

were

point to magmatic events as old as 3-8 Ga (Armstrong
et al.,1988; Kroner et al., 1998). The available geochronolo-
gical data show that the Limpopo Central Zone represents
a unique orogenic belt where Archaean to Proterozoic
magmatism, which took place over a period of more than
1300 Myr, can be studied in a very restricted area.
Furthermore, the position of the Limpopo Belt between
the Kaapvaal and Zimbabwe Cratons makes it important
for obtaining the
processes that took place during the amalgamation of
these two cratons.

In contrast to the abundant geochronological data
mentioned above, little is known about the source(s) of
the magmatic rocks that were emplaced during the three
distinct events. A few Sm—Nd isotope whole-rock analyses
indicate that the orthogneisses with ages of 3-25-3-3 Ga
and 2-6 Ga were derived from a source with an average
crustal residence age (Tpy ") between 2-8 and 34 Ga
(Harris et al., 1987; Barton, 1996; Kroner et al., 1998; 1999),
whereas some 2-0 Ga migmatitic-magmatic rocks yielded

information about crust—mantle

younger crustal residence ages between 2-4 and 2.9 Ga
(Chavagnac et al., 2001). To clarify the crustal evolution
of the Limpopo Belts Central Zone in more detail,
we present new in situ U—-Pb LA-ICP-MS age data from
magmatic zircons and combine this information with
(MC-)ICP-MS Lu—Hf isotope analyses

from the same zircon domains.

multicollector

GEOLOGICAL SETTING,
CURRENT INTERPRETATIONS

AND SAMPLES

The Limpopo Belt is a high-grade metamorphic province
bounded by the Zimbabwe and Kaapvaal Cratons,
comprising Archaean to Palacoproterozoic rocks (Fig. 1)
(e.g. Roering et al., 1992; Berger et al., 1995; Kamber et al.,
1995a, 1995b; Rollinson & Blenkinsop, 1995; Berger &
Rollinson, 1997; Holzer et al., 1998, 1999). Lithologically
and structurally, it can be subdivided into three distinct
domains, which are separated by major shear zones
(McCourt & Vearncombe, 1987, 1992; Holzer et al., 1999;
Schaller et al., 1999). The Central Zone is structurally
bounded by the >10km wide Palala—Zoetfontain and
Triangle shear zones against the Southern and Northern
Marginal zones, respectively. These steeply dipping shear
zones were formed and/or activated under high-grade
metamorphic conditions at about 2-0 Ga (Holzer e al.,
1998, 1999; Chavagnac et al., 2001; Kreissig et al., 2001).
The Southern Marginal Zone consists of high-grade,
intensely deformed and metamorphosed, tonalitic,
trondjemitic and granodioritic rocks (TTGs) with minor
greenstones, interpreted as reworked counterparts of the
Kaapvaal Craton (e.g. Coward et al., 1976; van Reenen
et al., 1987, 1992), whereas the Northern Marginal Zone
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Fig. 1. Geological map of the Limpopo Belt with sample locations. 1, Mahalapye granite; 2, Mokgware granite; 3, Bulai granite; 4, Matok

granite; 5, Razi granite.

is dominated by enderbite and charnoenderbitic orthog-
neisses 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, steeply dipping
shear zones, the Hout River and Umlali shear zones,
respectively (Fig. 1). According to Kreissig et al. (2001),
magmatic intrusions and metamorphism of the Southern
Marginal Zone occurred between 2:69 and 2:62 Ga,
coeval with or slightly younger than the magmatic—
metamorphic evolution in the Northern Marginal zone
between 2:72 and 2:58-2:62Ga (Berger et al., 1995,
Kamber & Biino, 1995; Mkweli et al., 1995).

What was traditionally called the Central Zone proper
was subdivided by Aldiss (1991) into three complexes, which
were interpreted by Barton et al. (2006) as terranes: (1) the
Mahalapye Complex, which is dominated by ¢. 2:02-2-0 Ga
granites with minor high-grade sedimentary rocks (Hisada
& Miyano, 1996; McCourt & Armstrong, 1998; Holzer et al.,
1999; Chavagnac et al., 2001); (2) the Phikwe Complex,

which is dominated by Archaean, hornblende-bearing,
tonalitic and trondjemitic gneisses and igneous rocks
(Brandl, 1992); (3) the Beit Bridge Complex. The Beit
Bridge Complex 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
Neoarchaean granitic to granodioritic orthogneisses with
ages between 2.73 and 2-60Ga, such as the Alldays,
Singelele, Bulai, Zanzibar and Zoectfontain gneisses
(e.g. Jaeckel et al., 1997; Kroner et al., 1999). Based on detri-
tal zircon ages and lithological—structural differences, the
supracrustal paragneisses of the Beit Bridge Complex can
be divided into three unconformity-bounded successions,
with ages >3:1Ga, 3:1-2:6 Ga and <2:6 Ga (e.g. Erikson
et al., 1988; Brandl, 1992; Kroner et al., 1998, 1999; Barton
et al., 2003; Buick et al., 2003). Quartzites and metapelites
from within the oldest unconformity-bounded succession
contain zircons with U-Pb ages of 3-2-3.-8 Ga, suggesting
that a yet unrecognized, very old protolith must exist
within the Beit Bridge Complex (Armstrong et al., 1988;
Barton & Sergeev, 1997; Kroner et al., 1998).
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Table I: Co-ordinates of sample localities

Sample Local name Locality Longitude Latitude
Beit Bridge Complex

SR1 Sand River gneiss Sand River bed 30°06'00"E 22°2413'S
Sin Singelele gneiss Messina area (Singelelekop) 30°01'63"E 22°23'27"S
Bu1 Bulai granite W Messina 29°56'80"E 22°18'38"S
Reg1 Regina gneiss farm Regina (N Alldays) 29°13'21"E 22°21'79"S
ZAG Zanzibar granodiorite gneiss valley of the Seoka river (Botswana) 28°22'10"E 22°33'25"S
ZAL Zanzibar granite gneiss valley of the Seoka river (Botswana) 28°22'10"E 22°33'25"S
Mahalapye Complex

Mo1 Mokgware granite street Palapye-Mahalapye 26°53'26"E 22°46'83"S
Ma1lh garnet-biotite gneiss Lose quarry 26°53'84"E 22°56'93"S
Ma1lb leucosome Lose quarry 26°53'84"E 22°56'93"S

Further subdivision of the Limpopo Belt comes from
Pb isotopic data, indicating that the Zimbabwe Craton,
Northern Marginal Zone, and Beit Bridge and Phikwe
terranes were all derived from a source with a long-lived,
high p value (>11-12), whereas the rocks in the Southern
Marginal Zone and the Kaapvaal Craton were derived
from a source with lower p values close to Bulk Earth
(Barton et al., 1983; Taylor et al., 1991; Barton, 1996; Berger
& Rollinson, 1997; Kreissig ¢t al., 2000). Hence, the rocks of
the Zimbabwe Craton, Northern Marginal Zone, and Beit
Bridge and Phikwe terranes may stem from the same
mantle source, but they cannot be genetically related in
a straightforward way to those of the Kaapvaal Craton
and Southern Marginal Zone (Barton et al., 2006). Based
on geochemical and Sm—Nd—Pb isotope data and petro-
genetic modelling, Berger & Rollinson (1997) suggested
that the 2-6-2.7 Ga enderbitic to charnoenderbitic rocks of
the Northern Marginal Zone represent a mixture of a pre-
Archaean TTG—crust, partially
remelted and mixed with a more juvenile magma derived
from the depleted mantle at 2-6-2-7 Ga.

In the present study zircon grains from nine granitoid
samples were investigated, six from the Beit Bridge
Complex (Sand River gneiss, Singelele gneiss, Bulai

existing which was

granite, Regina gneiss, grey and leucocratic Zanzibar
gneiss) the
(Mogkware granite, a garnet—biotite gneiss and a leuco-
some from the Lose quarry). The sample localities and

and three from Mahalapye Complex

co-ordinates are shown in Fig. 1 and Table 1, respectively.

ANALYTICAL TECHNIQUES
U-Pb and Lu—Hf LA-ICP(MC)-MS analyses

Zircon concentrates were prepared at Wirzburg, Giessen
and Frankfurt Universities using standard crushing and

heavy mineral separation techniques. Selected grains were
separated under alcohol and set in epoxy resin to form
discs. Subsequently, the zircons were polished to expose
their centres. Prior to analysis all mounts were photo-
graphed and zircon grains were imaged by SEM cathodo-
luminescence (CL) to identify homogeneous growth
domains, using the JEOL JSM-6400 electron microprobe
at the Institute of Geosciences, Frankfurt University.
Selected zircon domains were analysed, following the
procedure as outlined in detail by Gerdes & Zeh (2006).
First, U-Pb analyses were carried out by LA-ICP-MS at
Frankfurt University using a Thermo-Finnigan Element II
sector field ICP-MS system coupled to a New Wave UP213
ultraviolet laser system. A teardrop-shaped, low-volume
laser cell was used to allow the precise detection of
heterogeneous material (e.g. inclusion or different growth
zones) during time-resolved data acquisition (see Janousek
et al., 2006). Each analysis consisted of ¢. 20 s background
acquisition followed by 35 s data acquisition, using a laser
spot-size of 30 pm. A common-Pb correction based on the
interference- and background-corrected ***Pb signal and
a model Pb composition (Stacey & Kramers, 1975) was
carried out if necessary. The necessity of the correction is
judged on whether the corrected *”’Ph/**°Pb lies outside
the internal errors of the measured ratios. Discordant
analyses were generally interpreted with care. Reported
uncertainties were propagated by quadratic addition of
the external reproducibility (standard deviation) obtained
from the standard zircon GJ-1 (n=12; ~0-5% and
0-5-0-9% for *Pb/***Ph and *°Pb/**®U, respectively)
during individual analytical sessions (33 analyses of
unknowns and 12 standards) and the within-run precision
of each analysis (standard error). Concordia diagrams
(20 error ellipses), concordia ages and upper intercept
ages  (95%

confidence level) were calculated using

1608



ZEH et al.

Isoplot/Ex 249 (Ludwig, 2001). Subsequently, the same
zircon domains were studied using the same laser system
with a 40 um spot-size, and the Lu, Hf and Yb isotopes
were measured with a Thermo-Finnigan Neptune multi-
collector ICP-MS system. The isotopes "*Yb, ’Yb and
SLu were simultaneously monitored during each analysis
step to allow the correction of isobaric interferences
between Lu and Yb isotopes on mass 176. "°Yb and "°Lu
were calculated using "°Yb/*Yb=0.796218 (Chu et al.,
2002) and "*Lu/"Lu = 0-02658 (see Gerdes & Zeh, 2006),
and by taking the instrumental mass fractionation of each
individual analysis into account. For instrumental mass
bias correction Yb isotope ratios were normalized to
7Yb/PYb=185274 (Chu et al., 2002) and Hf isotope
ratios to ’HIfJ""Hf=0.7325 using an exponential law.
The protocol was tested by replicate analysis of a 50 ppb
JMC 475 solution that was doped with variable amounts
of pure Yb and Lu (see Gerdes & Zeh, 2006). The accuracy
of the interference correction could be verified even
for a "°Yb/""HFf ratio of 0-241 and a "°Lu/”’Hf ratio
of 0-021, which clearly exceed the highest observed Yb and
Lu amounts in the studied zircon grains. Analyses of a pure
50 ppb JMC 475 solution yielded "°HfJ""Hf = 0-282146 + 8
(20, n=22). For better comparison all analyses are
reported relative to the JMC 475 "°Hf"’Hf value of
0-282160. Ten and 16 LA-MC-ICP-MS analyses of the GJ-1
zircon (¢. 9600 ppm Hf) during the two analytical session
gave a UCHI/"’Hf ratio of 0-282007+15 (20) and
0-282006 £15 (20), respectively (Table 3). This is identical,
within error, to results obtained by solution MC-ICP-MS
analyses of the Lu- and Yb-free Hf fraction (0-281999 £ 8,
20, n=10). Multiple LA-MC-ICP-MS analyses of the 91500
zircon standard over a period of 9 months yielded
VSHTTHE = 0-282297 £22 (26, n=112). Our results are
shown inTables 2 and 3, and in Figs 2—8. All uncertainties
in this paper are quoted at the 20 level.

Constants and calculation parameters

Depleted mantle Hf model ages (Tpy'™) were calculated
using a decay constant of 1-867 x10™"" (Scherer et al.,
2001; Séderlund et al., 2004), "°Lu/”’Hf=0-0384 and
OH[)"HF = 0-28325 for the depleted mantle (Chauvel &
Blichert-Toft, 2001), a mean "°Lu/"””Hf value of 0-0113 for
the Palacoproterozoic—Archaean crust [mean of average
continental crust as suggested by Taylor & McLennan
(1985) and Wedepohl (1995)], and the measured "“Lu/""Hf
value of each spot for the time since zircon crystallization.
The applied decay constant is, according to various work-
ers (e.g. Davis et al., 2005; Albarede et al., 2006; Scherer
et al., 2007), more appropriate to derive information about
Archaean crustal growth processes than that estimated
by the analyses of meteorites [(1958=40-044) x 107"
Albarede et al., 2006, and references herein). The use of
the ‘meteoritic’ constant would increase the calculated
eHIf(t) for our samples on average by about 2:5 epsilon

CRUSTAL EVOLUTION, LIMPOPO BELT

units, and would give slightly younger (0-10-0-003 Ga)
hafnium model ages. A more significant impact on the
calculated hafnium model ages results from the assumed
"SLu/"Hf value for the Palacoproterozoic-Archacan
crust. A lower "°Lu/”"Hf value of 0-007, which is typical
for present-day upper crust (Taylor & McLennan, 1985;
Wedepohl, 1995), would decrease the Tt of our
zircon analyses by about 0.01-0-25Ga (mean for all
analyses =0-10 Ga). A higher "°Lu/""Hf value of 0-015,
as proposed by Rudnick & Gao (2003) for the bulk
continental crust, would increase our calculated Tt
by about 0-12 Ga (average). Additional uncertainties with
similar influence on the calculated TDMHf result from
the "°Lu/"’Hf heterogeneity of depleted mantle melts
(e.g. Chauvel & Blichert-Toft, 2001).

For calculation of eHf(t) we used the chondritic uniform
reservoir (CHUR) recommended by Blichert-Toft &
Albarede (1997, "°Lu/"’Hf and "°Hf"’Hf values
of 0-0332 and 0-282772, respectively), and the apparent
Pb—Pb ages obtained for the respective zircon domains.
By means of this procedure many zircon analyses from
individual granitoid samples plot on linear arrays in the
eHIf(t) vs apparent Pb—Pb age diagram, in the initial
YOHf""Hf vs apparent Pb-Pb age diagram, and in the
Tpum' vs apparent Pb—Pb age diagram (Figs 4 and 8).
Given the case that the initial "*Hf/"”’Hf values of all of
these zircon analyses are identical, within error, such an
array suggests that all zircon domains were formed at the
same time, but that some of them underwent multiple Pb
loss afterwards, while maintaining their initial "°Hf/"""Hf
(see Amelin et al., 2000). Thus, for all zircon analyses that
plot on such an array initial eHf(t) values [=eHI(t);pisal]
were recalculated using the respective magma crystalliza-
tion ages (e.g. Fig. 9a and b). The same criterion was used
to calculate initial Tpyy ™ values (:TDMHfinitial)z which are
younger than the Ty obtained by using the respective
apparent Pb—Pb age (Table 3). The depleted mantle
curve, as shown in Fig. 9, is extrapolated from average
modern-day values of mid-ocean ridge basalts (MORB)
("°Lu/""Hf = 0-0384, "°Hf""Hf=0-28325; Chauvel &
Blichert-Toft, 2001) assuming a linear behaviour.

RESULTS AND INTERPRETATION
OF U-PB AND LU-HF ZIRCON
ISOTOPE ANALYSES

Beit Bridge Complex

Sand Ruwver gnetss (sample SR)

This tonalitic gneiss sample, which mainly consists of
plagioclase, biotite,
orthopyroxene, was taken from the bed of the Sand River

quartz, minor hornblende, and
near the Causeway locality south of Messina (Fig. 1,
Table 1). It represents a grey banded gneiss that is trun-

cated and cut by numerous later melt batches. CL images
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Table 2:

Results of in situ U—Pb zircon dating

Spot/zrc'  27Pp? U Pb® Th/U  2%Ppb/®Pb  (Pb/ZBU)* 426 (*7Pb/?U)* 426 Rho® (*’Pb/*®Pb)* +20 Age Con
(c.p.s.)  (ppm) (ppm) (%) (%) (%) (%)
(®7Pb/?0U) 426 P°Pb/PPU 426 *Pb/*®Pb 420
Sample SR
2c/zrc1 447598 586 468 035 33102 0-6660 22 2442 23 094 02659 08 3285 23 3291 57 3282 12100
3c/zrc2 240058 351 281 054 14095 0-6589 24 2422 25 095 0-2666 08 3277 25 3263 61 3286 13 929
4r/zrc2 266297 682 383 021 35245 0-5220 12 1266 14 085 01758 07 2654 13 2708 26 2614 12 104
5c/zrc3 164681 272 146 070 4266 0-4105 23 1455 25 093 02571 09 2786 24 2217 44 3229 14 69
6c/zrcd 408762 593 438 056 49731 0-5855 20 2112 22 092 02616 08 3144 22 2971 49 3256 13 91
7c/zric5 185216 491 101 056 5197 0-1530 19 5.087 19 1.00 0-2411 11 1834 173 918 162 3127 17 29
12c/zrc6 383729 995 437 117 1334 0-3282 28 1150 29 096 02541 08 2565 28 1830 45 321 13 57
10r/zrc7 132661 787 284 012 25246 0-3584 13 6085 16 084 01231 09 1988 14 1975 23 2002 15 929
11c/zrc8 478753 878 574 058 12635 0-5365 36 1872 37 097 02530 09 3027 37 2769 82 3204 14 86
13c/zrc8 192070 684 280  0-41 4969 0-3888 69 9409 7.0 099 01755 11 2379 66 2117 125 2611 19 81
14r/zrc9 82256 387 163 039 3418 0-3835 12 6600 16 075 01248 10 2059 14 2092 21 2026 19 103
16/zrc10 205225 2338 334 0-04 1251 0-1409 20 2220 25 081 01143 14 1187 18 850 16 1869 26 45
17/zrc11 260983 453 384 083 37967 0-6523 23 2377 30 077 02642 19 3259 29 3237 58 3272 30 99
18/zrc11 105390 545 222 042 9376 0-3708 17 6364 20 086 01245 10 2027 17 2033 30 2022 18 101
20/zrc12 71799 1208 152 026 32752 0-1199 13 1844 17 080 0-1116 10 1061 11 730 1825 18 40
21/zrc12 55097 1486 144 026 20205 0-0940 14 1.233 19 073 0-0952 13 816 10 579 8 1532 24 38
22/zr¢12 172533 284 183 024 12081 0-5526 18 1935 21 089 02540 1.0 3059 20 2836 43 3210 15 88
23c/zrc13 107645 167 137 057 15472 0-6554 16 2403 21 078 0-2660 13 3270 21 3249 42 3282 21 99
24c/zrcl4 225271 296 253 073 35529 0-6575 16 2417 1.8 089 0-2666 08 3275 18 3258 42 3286 13 29
25c/zrc15 228464 288 229 025 70718 0-6805 15 25.00 17 084 0-2665 09 3308 17 3346 38 3286 15 102
26¢/zrc15 116998 1126 236 017 695 0-1931 32 3413 34 094 01282 11 1507 27 1138 34 2074 20 55
27¢/zrc16 258970 877 375 036 1709 0-3718 24 1067 25 093 02081 09 2495 24 2038 41 2891 15 70
30c/zrc17 293148 1408 880 031 35118 0-5387 27 1787 28 095 0-2405 08 2983 27 2778 61 3124 13 89
3lc/zrc18 206917 276 239 079 50252 0-6628 14 2435 16 083 0-2665 09 3283 16 3278 35 3285 14 100
32c/zrc19 141820 225 172 057 9374 0-6300 20 2115 21 092 02435 08 3145 21 3149 49 3143 13 100
34c/zrc20 268770 629 302 034 8824 0-4312 32 1401 35 092 02356 14 2750 34 231 63 3091 22 75
35c/zrc21 419847 825 429 049 27966 0-4236 34 1412 37 091 02418 16 2758 36 2277 65 3132 25 73
Sample Bu
3r/zrcl 123276 555 312 040 7597 0-4986 22 1209 24 092 01759 09 2612 23 2608 47 2614 15 100
4r/zrcl 226188 707 380 048 4975 0-4691 25 1121 27 095 01734 09 2541 25 2480 53 2590 14 9%
5c/zrc2 145368 465 223 031 48781 0-4446 23 9518 26 088 0-1553 12 2389 24 2371 45 2405 21 29
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6¢/zrc3
7c/zrc4
8c/zrcb
10c/zrc6
1Mc/zrc7
12c/zrc8
14c/zrc9
15r/zrc9
16r/zrc10
17¢c/zrc
18c/zrc12
19r/zrc13
20r/zrc14
21c/zrc15
22c¢/zrc16
23r/zrc16
24c/zrc17
25¢/zrc18
27¢c/zrc19
28c/zrc20
29c¢/zrc21
30/zrc22
31r/zrc23
33c/zrc24

Sample Sin
23c/zrc
25¢/zrc2
26r/zrc3
27r/zrc3
28c/zrc4
29c¢/zrch
30r/zrc6
31/zrc7
32c/zrc8
1c/zrc9
2c¢/zrc10
3c/zrel

147338
187064

85326
145890
134753
164767
132673
159951
149453
217076
177506
285239
143826
153151

77583
250475
216233
174828
184604
106632
212153
156626
270115
233801

553246
211464
535963
124852
402248
160950
210456

29387
335040
217520

86878
216497

489
678
264
748
505
668
321
422
395
643
474
1335
393
390
195
671
625
565
717
295
534
475
802
607

1564
437
1346
428
1407
1261
683
58
986
283
96
248

309
383
147
246
264
305
179
235
222
577
281
463
235
229
132
437
320
280
412
182
407
245
432
346

594
233
518
159
367
236
223

121
0-68
0-68
0-70
0-83
0-88
0-35
0-42
0-44
0-57
0-64
018
0-56
0-57
120
0-89
0-33
0-36
0-87
0-83
112
0-563
0-25
0-40

0-45
0-43
0-63
0-04
014
0-49
0-37
0-42
0-62
0-33
0-38
0-45

6722
5453
10261
6546
12389
6624
4139
4507
29597
6697
5651
93986
8387
49542
20465
5271
83305
10254
49926
4898
14746
30301
41092
15393

6160
7750
8851
10017
6057
20249
13832
2909
87140
4635
16314
40231

0-5008
0-4801
0-4641
0-2721
0-4507
0-3824
0-4994
0-5022
0-5015
0-4563
0-5004
0-3268
0-4977
0-5029
0-4991
0-4999
0-4649
04552
0-4769
0-5008
0-5004
04517
0-4981
0-5040

0-3387
0-4733
0-3058
0-3716
0-2420
0-1715
0-2924
0-4570
0-3444
0-4560
0-5109
05118

22
4.4
1.9
28
341
20
18
241
1.9
2.1
34
1.9
241
1.8
28
23
26
341
5.2
24
23
22
341
241

4.9
38
43
38
41
3.9
43
37
37
23
27
28

12.16
11.34
10-68
5.491
9-979
8-489
12.16
1214
12:20
10-25
1212
6-904
12.01
12:20
1212
12.03
10-98
10-11
11.15
12-09
1213
10-46
11.99
12.10

7.390
10-955
7.443
6452
4.824
2.880
6-162
11.05
7522
11.00
12.62
12.72

25
48
25
3.0
34
23
2.0
2.2
2.0
23
35
2.1
23
2.0
3.0
24
28
3.2
53
27
25
24
3.2
24

51
39
44
3.9
42
41
44
39
38
24
28
30

089
092
074
094
091
085
091
093
0-90
091
097
0-90
088
089
093
094
094
095
097
0-90
094
091
0.96
0-90

0-96
0-97
0-99
0-96
0-97
0-97
0-97
0-94
0-97
0-93
0-95
0-96

0-1761
0-1714
0-1669
0-1464
0-1606
0-1610
0-1767
0-17563
0-1764
0-1629
0-1756
0-1532
0-1750
0-17569
0-1761
0-1745
0-1713
0-1610
0-1696
0-1751
0-1758
0-1680
0-1746
0-1740

0-1583
0-1679
0-1765
0-1259
0-1446
0-1218
0-1528
0-1754
0-1584
0-1750
01791
0-1802

12
1.8
1.7

14
1.2
08
08
09
09
08
09
141
09

08
09
1.0
13
12
08
1.0
09
1.0

14
1.0
08

1.0
1.0
12
14
0-9
0-9
0-9
0-9

2617
2552
2496
1899
2433
2285
2617
2615
2620
2458
2614
2099
2605
2620
2613
2607
2521
2445
2536
2611
2615
2477
2603
2612

2160
2519
2166
2039
1789
1377
1999
2527
2176
2523
2652
2659

47
37
40
35
36
31
39
37
34
23
27
28

2617
2528
2457
1551
2398
2088
2611
2623
2620
2423
2616
1823
2604
2626
2610
2613
2461
2418
2514
2617
2616
2403
2605
2631

1880
2498
1720
2037
1397
1020
1654
2427
1908
2422
2660
2664

48
93
38
39
63
36
39
45
40
42
74
31
44
39
60
50
53
62

109
53
50

67
46

81
79
66
66
51
37
62
75
61
46
59
62

2617
2571
2527
2304
2462
2466
2622
2609
2619
2486
2612
2382
2606
2614
2616
2601
2570
2467
2554
2607
2614
2538
2602
2597

2437
2537
2621
2042
2283
1983
2378
2609
2439
2606
2645
2655

19 100
30 98
28 97
18 67
24 97
21 85
14 100
13 101
15 100
15 97
14 100
16 77
19 100
15 100
18 100
13 100
16 96
17 98
22 98
19 100
14 100
17 95
15 100
17 101
23 77
17 98
13 66
19 100
17 61
18 51
20 70
23 93
15 78
14 93
14 101
15 100
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Table 2: Continued
Spot/zrc'  27Pp? U Pb® Th/U  2%Ppb/®Pb  (Pb/ZBU)* 426 (*7Pb/?U)* 426 Rho® (*’Pb/*®Pb)* +20 Age Con
(c.p.s.)  (ppm)  (ppm) (%) (%) (%) (%)
(®7Pb/?0U) 426 P°Pb/PPU 426 *Pb/*®Pb 420
4r/zrcn 56248 74 36 020 5839 0-4547 26 1088 28 095 01735 09 2513 26 2416 53 2592 14 93
5c/zrc12 327150 431 235 063 101709 0-4742 25 10515 26 096 0-1608 08 2481 25 2502 53 2464 13 102
6c/zrc13 303198 584 205 009 1835 0-2965 4.2 6-230 43 097 01524 11 2009 39 1674 62 2373 19 71
7c/zicld 469442 883 225 043 182273 0-2095 3.9 5.066 40 096 01754 11 1830 35 1226 43 2610 19 47
8r/zrc14 272634 386 198 045 10988 0-4460 25 1020 26 097 01658 06 2453 25 2377 51 2516 10 9
9c/zrcl5 144528 742 164 052 17628 0-2006 3.0 2.846 32 093 01029 12 1368 25 1178 33 1677 21 70
10r/zrc16 97406 107 61 0-39 6184 0-5045 24 1239 25 095 01781 08 2634 24 2633 52 2635 13100
Mc/zrc17 364326 1040 275 019 11069 0-2487 2.7 4.768 28 097 0-1391 06 1779 24 1432 36 215 n 65
14r/zrc18 176792 368 119 0.35 12840 0-2909 2.7 6-099 29 095 01521 09 1990 25 1646 40 2369 15 69
15r/zrc19 116405 279 91 0-14 3746 0-3146 2.7 5.575 29 092 01285 12 1912 25 1763 41 2078 20 85
16c/zrc20 152110 947 187 053 16540 0-1761 2.5 2.648 26 096 0-1091 08 1314 20 1046 24 1784 14 59
18c/zrc21 72960 104 55 0-34 9816 0-4765 47 1110 49 095 0.1689 15 2531 47 2512 98 2547 25 99
19c/zrc22 417737 988 251 0-18 9944 0-2186 3.7 3.432 39 094 01138 13 1512 31 1275 43 1861 23 68
20r/zrc23 321394 748 267 006 98951 0-3588 2.8 6-393 29 097 01292 07 2031 26 1977 48 2087 13 9%
21r/zrc24 269267 923 237 047 2959 0-2266 2.7 3.907 31 087 01251 15 1615 25 1316 32 2030 27 65
22c/zrc24 282736 495 223 038 4190 0-4102 2.5 8799 26 096 01556 08 2317 24 2216 47 2408 13 92
36c/zrc25 36320 261 59 051 4235 0-1938 2.8 3-800 33 086 01422 17 1593 27 142 30 2254 30 51
38c/zrc26 28469 74 42 035 10483 0-5004 24 1238 28 086 01794 15 2634 27 2616 52 2648 24 929
39c/zrc27 41091 97 59 057 3187 0-5090 25 12:60 27 093 0179 1.0 2650 25 2652 54 2649 16 100
40c/zrc28 18326 51 31 0-59 4532 0-5130 26 1264 30 088 01788 14 2653 29 2669 58 2641 24 101
41r/zrc29 30843 98 82 035 11206 0-4994 24 1252 26 090 01819 11 2645 25 2611 51 2670 19 %8
42/7rc30 73235 78 321 060 25854 0-3539 2.3 8.038 26 088 0.1647 12 2235 24 1953 38 2505 21 78
43c/zrc31 45604 72 147 043 4079 0-3380 4.7 8.125 49 097 01743 12 2245 45 1877 78 2600 20 72
44r/zrc32 57582 101 129  0-33 14544 0-5057 24 1229 26 093 01763 10 2627 25 2638 53 2618 16 101
45c/zrc33 70159 89 175 012 3295 0-4300 36 1036 38 09 01747 1.0 2467 35 2306 71 2603 17 89
46c/zrc34 54362 86 151 0-45 9901 0-4151 2:6 9.915 29 089 01732 13 2427 27 2238 49 2589 22 86
47r/zrc36 54279 83 171 0-40 5467 0-3698 2.5 8-090 27 094 0.1587 09 2241 24 2028 43 2442 16 83
48r/zrc36 34520 99 70 040 10912 0-4905 29 1175 31 091 01737 13 2585 30 2573 61 2594 22 99
49c/zrc36 19483 44 273 073 16252 0-1164 2.5 1601 31 081 00998 18 971 20 710 17 1619 34 44
50r/zrc36 32845 70 91 0-38 4593 0-3096 32 6-896 39 082 01615 22 2098 35 1739 48 2472 38 70
51c/zrc37 57019 77 134 050 25683 0-3567 4.8 8.281 49 098 01684 09 2262 45 1966 82 2542 16 77
52r/zrc37 53821 102 74 037 29147 0-5235 24 1298 27 090 01798 12 2678 25 2714 53 2651 19 102
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53c/zrc38 19298

54r/zrc38 31936
55r/zrc39 39889
56r/zrc40 39798
57c/zrc40 20655
58c/zrc41 56873

59r/zrc42 8188
61c/zrc43 33261
62r/zrc43 22151

Sample Reg

1r/zrcl 130851
1c/zrcl 1673562
3c/zrc2 133627
3r/zrc2 160352
4c1/zrc3 194209
5c2/zrc3 202627
7c/zrc4 312437
8r/zrc4 119919
9c/zrch 175626
12r/zrc6 116991
14c/zrc7 138515
15c/zrc8 221940
16c/zrc9 218902
17c/zrc10 127478
21c/zrc11 166355
Sample ZAG
1r/zrcl 388850
2c/zrcl 342683
3r/zrcl 210885
4c/zrc2 283264
5r/zrc2 260245
6¢/zrc3 153268
7c/zrcd 331696
8r/zrc4 115996
9c/zrcb 251904
10r/zrch 314076
11c/zrc6 96833

85
90
68
84
48
86
99
53
59

324
406
250
329
1387
492
1197
269
2710
249
262
481
537
301
571

1685
1428
422
589
743
306
678
275
620
674
179

34
81
102
71
195
85

87
119

184
205
127
174
378
274
641
136
197
141
149
285
301
170
263

489
450
248
328
330
168
342
140
415
356
105

0-25
0-05
071
0-64
0-59
0-55
0-33
0-51
0-01

0-53
031
054
041
044
045
0-61
041
032
0-39
0-57
0-65
048
054
1.01

0-31
0-37
0-55
0-36
0-92
0-25
0-09
061
0-82
0-29
0-41

4639
15555
4149
5328
16663
22149
3402
9505
15742

9793
6914
47081
12025
2750
11621
35975
6190
2926
14174
11011
41967
8319
20558
43033

13618
26911
17220
41893
32685

9208
72756
11909
22025

7583

7914

0-4093
0-3604
0-3056
0-3855
0-1204
0-4043
0-4590
0-2108
0-1670

0-4995
0-4557
0-4352
0-4752
0-1670
0-4980
0-4434
0-4537
0-0614
0-5092
0-4876
0-5109
0-4989
0-5030
0-3541

0-2717
0-2835
0-4982
0-4955
0-3678
0-5005
0-4842
0-4180
0-4687
0-4794
0-5129

34
29
31
28
34
24
26
42
28

2.2
2.7
2.3
2.2
36
2.4
36
2.8
4.0
27
27
2.2
26
25
31

25
5.0
17
18
41
17
18
34
26
17
26

9.829
6:839
7.089
8755
1.588
9.489

10-15
4.342
2:381

11.93
11-09
10-75
10-98
2789
11.92
10-90
10-87
0-996
12.59
12.06
12-68
12-33
1216
7-956

5.283
5.468
1216
12-01
8-248
12.02
11.63
9.98
10-90
11.28
12-566

36
32
37
30
37
25
35
45
33

26
3.0
27
25
41
25
38
341
41
2.9
2.9
24
28
26
32

26
5.1
19
19
4.3
19
2.0
36
2.8
19
29

094
0-90
086
093
0-90
093
075
093
0-86

0-83
0-91
0-88
0-91
0-87
0-95
0-94
0-91
0-96
0-93
0-95
0-94
0-95
0-94
0-96

0-95
0-98
091
0-92
0-96
0-90
091
0-93
0-95
0-90
0-92

0-1742
0-1376
0-1682
0-1647
0-0957
0-1702
0-1603
0-1494
0-1034

0-1732
0-1765
0-1792
0-1675
0-1211
0-1736
0-1783
0-1738
0-1177
0-1793
0-1795
0-1800
0-1792
0-1753
0-1630

0-1410
0-1399
0-1770
0-1758
0-1626
0-1742
0-1741
0-1731
0-1686
0-1706
0-1776

13
14
1.9

1.6
09
2.3
16
1.7

15
13
13
1.0
2.0
08
13
13
12
1.0
09
08
08
09
09

08
09
08
08
12
08
08
13
09
08

2419
2091
2123
2313

965
2386
2448
1701
1237

2599
2531
2502
2521
1363
2598
2515
2512

702
2649
2609
2656
2630
2617
2226

1866
1896
2616
2605
2259
2606
2575
2433
2514
2547
2647

34
29
33
28
23
24
33
38
24

69
75
66
62
55
66
96
78
29
76
75
63
73
69
72

23
45
18
18
40
18
19
34
26
18
27

2212
1984
1719
2102

733
2189
2435
1233

996

2612
2420
2329
2506

996
2605
2366
2412

384
2653
2560
2660
2609
2627
1954

1550
1609
2606
2595
2019
2616
2546
2252
2478
2525
2669

63
50
47
50
23
a4
53
47
26

57
65
54
56
35
63
85
68

7
70
59
69
65
60

35
72
36
38
72
37
38
64
54
36
58

2598
2198
2540
2504
1541
2560
2459
2339
1686

2589
2620
2646
2533
1973
2593
2637
2594
1922
2646
2648
2653
2646
2609
2487

2240
2226
2625
2614
2483
2598
2598
2588
2544
2564
2631

21 85
24 90
32 68
19 84
30 48
15 86
39 99
28 53
31 59
24 101
21 92
21 88
18 99
36 50
13 100
21 90
22 93
21 20
17 100
15 97
13 100
14 99
15 101
16 79
15 69
15 72
13 99
13 99
20 81
14 101
13 98
22 87
14 97
14 98
19 101
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Table 2: Continued

Spot/zrc' 207pp? B Pb®  Th/U 2%Pb/?®Pb (*®Pb/Z8U)* 426 (*’Pb/?®U)* +26 Rho® (*’Pb/®®Pb)* +2c Con
(c.p.s.) (ppm) (ppm) (%) (%) (%) (%)
(®7Pb/?0U) 426 PPb/PU  +26 27Pb/*®Pb 420
18c/zrc11 80794 179 109 1.07 3664 0-4517 3.0 1048 32 095 01682 1.0 2478 30 2403 60 2540 17 9%
21c/zrc14 178870 413 253 114 5096 0-4617 21 1076 23 091 0-1690 09 2502 22 2447 43 2548 16 9%
22r/zrc15 113401 391 163 029 3146 0-3801 25 7275 28 089 0.1388 13 2146 26 2077 45 2213 22 9
23c/zrc16 77025 148 85 0-45 25054 0-5019 18 1222 2.0 088 0-1766 10 2622 19 2622 38 2621 16 100
24¢/zrc17 254934 643 352 1.06 3493 0-3787 40 8274 42 096 01584 12 2261 38 2070 71 2439 20 85
25r/2rc17 220272 445 250 040 16968 0-4987 19 11.97 21 093 01741 08 2602 20 2608 42 2597 13 100
26¢/2rc18 76581 152 103 120 3089 0-5004 30 1218 32 094 01765 11 2618 31 2615 66 2620 19 100
28c/zrc19 168714 338 224 121 40744 0-4857 25 1164 26 096 01738 08 2576 25 2552 53 2595 13 98
30r/2rc20 207187 559 278 053 3333 0-4111 29 8701 30 095 0-1535 1.0 2307 28 2220 55 2385 16 93
31c/zrc21 74250 182 124 132 40594 0-4994 17 12:08 19 088 0.1754 09 2611 18 2611 37 2610 15 100
32¢/zrc22 171692 407 163 043 64368 0-3586 2.7 8507 30 093 01721 11 2287 27 1975 47 2578 19 77
33c/zrc23 66585 143 76 0-46 20857 0-4652 2.1 1088 23 090 0.1696 10 2513 2 2462 43 2554 17 9
Sample ZAL
1c/zrel 276954 1396 718 056 1084 0-2528 52  4.222 54 097 01211 13 1678 45 1453 68 1973 24 74
2r/zrcl 219493 791 269 023 23163 0-3192 17 6432 19 089 0-1461 09 2037 17 1786 27 2301 15 78
3c/zrc2 64179 133 80 1.09 25021 0-4540 18 1071 2.0 087 01711 1.0 2498 19 2413 35 2568 17 9
4r/zrc2 241632 857 283 035 57513 0-3009 23 6426 2.6 089 0-1549 12 2036 23 1696 35 2401 20 71
5¢/zrc3 92375 210 104 057 2210 0-4059 24 9378 26 093 01676 09 2376 24 2196 45 2533 15 87
6r/zrc3 146745 1375 244 027 4857 0-1645 19 2522 21 088 01112 1.0 1278 15 982 17 1819 18 54
7c/zrch 216471 981 320 037 3065 0-2917 5.0  5.460 53 095 0.1358 16 1894 46 1650 73 2174 29 76
8r/zrc4 131581 1108 223 021 5861 0-1958 22 2947 2.6 085 0-1091 14 139 20 1153 23 1785 25 65
9c/zrch 243286 630 288 0-15 48543 0-4329 43 9678 44 098 01621 09 2405 41 2319 85 2478 15 9
10c/2rcé 261736 1559 355 043 1265 0-1824 25 3531 28 091 0-1404 11 1534 22 1080 25 2232 20 48
11¢/zrc7 160731 346 186 045 19756 0-4788 20 1143 22 093 01731 08 2559 21 2522 43 2588 14 97
12r/2rc8 246240 722 251 015 12830 0-3160 19 6763 22 089 01552 1.0 2081 19 1770 30 2404 16 74
16c/2rc9 206615 494 317 130 3580 0-4708 19 11.29 2.0 094 01740 07 2548 19 2487 40 2596 12 %
19r/2rc10 174913 1120 273 0-18 26686 0-2388 33 4.028 37 087 01223 18 1640 31 1381 41 1990 32 69
20r/zrc11 374179 736 385 0-25 117034 0-4856 17 1181 19 091 0.1764 08 2589 18 2552 36 2619 13 97
24r/zrc12 176592 883 281 031 5773 0-2797 35 4.637 37 097 01203 09 1756 31 1590 50 1960 16 81
27¢/zrc13 %114 217 144 130 11599 0-4613 24 1098 26 093 01726 10 2522 24 2445 49 2583 16 9%
30r/zrc14 212175 609 251 020 8245 0-3871 28 8527 31 091 01598 13 2289 29 2110 51 2453 23 86
31c/zrc15 124566 445 218 131 6480 0-3171 55 6702 58 096 0.1533 16 2073 52 1776 87 2383 26 75
32r/2rc16 169551 1239 269 0-15 96359 0-2150 40 3527 43 092 01190 17 1533 35 1255 45 1941 31 65
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Sample Mo
1c/zrcl
2r/zrc
3c/zrc2
4c/zrc3
5c/zrc4
6c/zrch
8c/zrc6
9r/zrc6
10c/zrc7
1c/zrc8
12¢/zrc9
13c/zrc10
14c¢/zrc11
17¢c/zrc12
18c/zrc13
20r/zrc13
21/zrc14
Sample Mailb
36¢p/zrel
37co/zrc2
38cp/zrc3
39co/zrc3
44co/zrcd
42co/zrc4
43co/zrcb
45co/zrc6
46rd/zrc6
47co/zrc7
48co/zrc8
49co/zrc9
50cp/zrc10
51co/zrc11
52co/zrc12
54co/zrc13
55co/zrc14
23co/zrc15

70269
53226
136275
239513
133956
92551
120123
118571
232251
54632
281644
105895
187813
237608
80999
77400
176203

527061
157879
397408
315451
49043
80745
163206
169156
76401
112419
123553
74156
59518
351669
194052
169996
61798
263540

253
703
852
692
439
230
2832
559
280
775
252
333
1432
191
178
577

950
341
555
783
143
165
404
423
2612
239
203
150
2458
808
400
325
121
668

146
104
277
403
349
192
180
290
277
109
235

98
142
236

72

72

82

Pb
618
211
388
437

65
100
229
231
127
139
126

94

495
257
207

78
382

041
0-52
0-70
075
091
0-81

0-05
0-30
0-66
0-39
0-41
0-40
0-36
0-50
0.47
013

6/4
017
0-53
025
0-32
0-22
0-50
047
047
0-09
053
035
058
011
055
042
042
054
037

3909
7670
35049
3250
14604
19064
5393
4441
7504
4097
654
6882
4449
5368
23215
12583
617

979
2901
5932
6282
1338

28564
3552
7769

491

11400
1503

26164

17582
4178
4226
4467
3392
1306

0-2939
0-3720
0-3411
0-4078
0-3255
0-3674
0-5800
0-1019
0-3879
0-3250
0-2640
0-3562
0-3762
0-1325
0-3376
0-3690
0-1086

0-4578
0-56176
0-4489
0-4773
0-4046
0-56227
0-4778
0-4675
0-0409
0-4898
0-4670
0-6321
0-0602
0-56251
0-5321
0-5169
0-5401
0-5007

28
28
2.2
24
28
24
27
23
45
20
241
24
23
9.7
24
241
92

39
2.0
22
2.7
35
30
31
24

31
30
25
69
22
19
21
25
22

5.011
6418
5.840
9-345
5551
6-325
17.04
1.289
95683
5.629
4480
6-068
8784
1.925
5.789
6-341
1.848

10-70
13-38
9.98
11.30
9591
13-49
12.24
11.76
0-4258
12.39
10-86
13-81
0-6338
13-45
13.48
13.26
13-88
12-06

30
30
23
27
3.0
2:6
28
25
4.6
2.3
2:2
25
25
98
25
2.2
9.2

4.1
21
29
29
43
32
33
27

18

34
36
27
72
24
22
25
28
25

0-94
0-93
0-93
0-91
0-95
0-94
0-95
0-93
0-96
0-86
0-96
0-97
0-93
0-99
0-96
0-95
1.00

0-95
0-92
0-76
0-95
0-81
0-92
0-95
0-88
0-98
0-89
0-84
0-93
0-96
0-88
0-86
0-86
0-89
0-91

0-1236
0-1251
0-1242
0-1662
0-1237
0-1249
0-2131
0-0918
0-1792
0-1256
0-1231
0-1236
0-1693
0-1054
0-1244
0-1246
0-1235

0-1695
0-1874
0-1612
0-1718
0-1719
0-1871
0-1858
0-1824
0-0755
0-1834
0-1686
0-1882
0-0763
0-1858
0-1838
0-1860
0-1864
0-1747

1.0
11
0-9
11
0-9
0-9
0-9
0-9
12
12
0-6
0-6
0-9
1.0
0-6
0-7
0.7

13
08
1.9
09
26
12
1.0
13
34
16
1.9
1.0
2.0
12

13
12
1.0

1821
2035
1952
2372
1909
2022
2937

841
2396
1921
1727
1986
2316
1090
1945
2024
1063

2497
2707
2433
2549
2396
2714
2623
2586

360
2634
2511
2737

498
2712
2714
2698
2741
2609

25
27
21
25
26
23
28

44
20
38
49
58

106
48
45
98

39
20
27
27
M
31
31
26
57
33
34
26
29
23
21
23
26
23

1661
2039
1892
2205
1817
2017
2949

625
2113
1814
1510
1964
2059

802
1875
2025

664

2430
2689
2390
2516
2190
2711
2518
2473

258
2570
2470
2750

377
2721
2750
2686
2784
2617

41
49
36
45
45
42
65

81
32
32
47
48
78
45
43
61

80
44
44
58
65
66
65
49
45
66
62
57
25
48
44
46
56
48

2009
2030
2017
2520
2010
2027
2929
1463
2645
2038
2001
2008
2551
1721
2020
2023
2007

2553
2720
2468
2575
2576
2717
2706
2675
1082
2684
2544
2726
1104
2705
2687
2707
2710
2604

17
20
16
18
16
16
14
17
20
21
11
10
15
19
1
13
12

21
14
31
16
43
20
16
21
67
26
32
17
40
19
19
21
21
17

83
100
94
88
90
100
101
43
80
89
75
98
81
47
93
100
33

9%
99
97
98
85
100
93
92
24
96
97
101
34
101
102
99
103
101

(Continued)
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Table 2: Continued

Spot/zrc'  X7pp?  U® Pb® Th/U  2%Pb/2Pb  (*®Pb/Z8U)* +26  (*Pb/Z°U)* +26 Rho® (*’Pb/?Pb)* +2c Age Con®
(c.p.s.) (ppm) (ppm) (%) (%) (%) (%)
(®7Pb/#0U)  +26  2®Pb/PBU 426 PPb/*®Pb  +20
25co/zrc15 307489 859 466 0-49 1321 0-4431 24 983 25 093 0-1609 09 2419 24 2364 47 2465 15 9
26cp/zrc16 425541 1815 683 0-32 1493 03313 35  6-860 36 097 0.1502 08 2094 32 1844 56 2348 14 79
27co/zrc17 250818 574 360 022  20Mm 05116 27 1312 30 090 0-1860 13 2688 29 2663 59 2707 22 98
30cp/zrc18 360055 8477 586 0-03 2865 0-0610 59 0-706 60 098 0-0839 13 542 26 382 22 1291 25 30
31cp/zrc19 134542 2103 236 0-48 1975 0-0915 33 1-316 38 086 0-1043 19 853 22 564 18 1703 36 33
32co/zrc20 162853 346 220 0-45 2808 0-5269 29 1342 31 09 0-1847 1.0 2710 30 2728 65 2696 16 101
33co/zrc20 232875 577 342 031 1493 0-4851 23 1180 26 089 0-1765 12 2589 25 2550 49 2620 19 97
Sample Mailh
1/zrcl 60686 288 117 0-45 31845 0-3752 19 6-597 22 086 01275 11 2059 20 2054 33 2064 20 99
2/zrc2 52786 246 104 0-59 27620 0-3801 1.8 6-664 22 081 01272 1-3 2068 20 2077 32 2059 23 101
3/zrc3 70092 4131 115 0-03 2871 0-0252 4.5 0-4599 46 098 0-1322 09 384 15 161 7 2127 16 8
4/zrc4 39736 183 76 053 20681 0.3784 13 6625 18 076 0-1270 12 2063 16 2069 24 2056 20 101
5/zrch 33343 145 62 044 6250 0-3824 17 6657 21 083 01262 12 2067 18 2088 31 2046 20 102
6/2rc6 41422 197 84 068 13354 0-3767 15 6563 19 082 01264 1.1 2054 17 2061 27 2048 19 101
7/zrc7 42778 207 85 0-55 22622 0-3744 14 6517 1.7 079 01262 11 2048 15 2050 24 2046 19 100
8/zrc8 31242 137 59 049 16280 0-3837 16 6730 21 079 01272 13 2077 18 2093 29 2060 2 102
10/2rc9 42349 203 8 062 22364 0-3750 14 6545 18 075 0-1266 12 2052 16 2053 24 2051 21 100
11/2rc10 49988 299 109 052 9713 0-3230 32  5.667 33 095 01272 1.1 1926 29 1805 50 2060 19 88
12/zrc11 33823 416 43 022 7825 0-0835 19 1-465 19 100 01272 12 916 122 517 95 2060 21 25
13/zrc12 57978 279 118 0-64 30174 0-3734 14 6-559 1.7 080 01274 1.0 2054 15 2045 24 2062 18 99
14/zrc13 41769 198 85 0-68 21765 0-3774 15 6-643 1.8 080 01277 11 2065 16 2064 26 2066 19 100
15/zrc14 51119 238 101 0-57 22101 0-3811 15 6-743 1.8 085 01283 09 2078 16 2081 27 2075 16 100
16/2rc15 50402 233 100 059 16059 0-3817 15 6672 18 081 01268 11 2069 16 2084 26 2053 19 102
17/2rc16 43258 202 85 056 22456 0-3780 14 6646 18 080 01275 1.1 2065 16 2067 25 2064 19 100
18/zrc17 52270 250 104 0-59 13129 0-3686 1.2 6-453 16 075 0:1270 11 2040 14 2023 21 2057 19 98
19/zrc18 41966 193 82 0-56 21816 0-3839 16 6-738 1.9 082 01273 11 2078 17 2095 28 2061 20 102
20/zrc19 23864 111 46 046 12423 0-3778 19 6652 23 082 01277 1.3 2066 21 2066 33 2067 24 100
21/2rc20 36962 174 76 066 19526 0-3839 17 6685 20 083 0-1263 1.1 207 18 2095 30 2047 20 102
'Spot, spot number; zrc, zircon number; ¢, core, r rim.
2Within-run background-corrected mean 207pp signal.
U and Pb content and Th/U ratio were calculated relative to GJ-1 reference.
“Corrected for background, within-run Pb/U fractlonatlon and common szolésmggécacgoe& Kramers (1975) model Pb composition and subsequently normalized to
GJ 1 (ID-TIMS value/measured value); U calculated usmg "Pb/?°®Pb/(***U /%*®Pb x 1/137-88).

5Rho is the error correlation, deflned as err’%pp/%

Degree of concordance [= (**

5y /err®®

’Pb/*

83U /2%Ph age x 100)/2°’Pb/?°°Pb age]
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ZEH etal. CRUSTAL EVOLUTION, LIMPOPO BELT

Table 3: Results of in situ Lu—Hf zircon analyses

78Yh/7THE' +26 7Lu/"THE' +26 "BHE/TTHE "SOHE/THE VHE? TBHE/V7HE 420 "OHE/'HE(N)® eHf(t)® 26 Tpm® Age (Ma) +2c

Sample Sr1

2c/zre1 0-0270 12 0-00110 3 146718 188661 9  0-280721 17 0-280651 —08 06 362 3282 12
3c/zrc2 0-0241 22 0-00098 6 146712 1.88660 12 0280718 17  0-280657 -14 06 363 3250 12
5c/zrc3  0-0238 21 0-00100 9 146717 1.88675 9 0280740 17  0-280678 -11 06 360 3229 13
17¢/zrc4  0-0154 12 0-00065 4 146715 1.88650 1" 0-280676 17  0-280636 —-2.0 06 367 3254 19
23c/zrc13 0-0400 14 0-00145 5 146716 1.88675 12 0280720 16  0-280628 -211 06 368 3261 18
24c/zrc14  0-0291 24 0-00120 8 146713 188668 10 0280726 18  0-280650 —07 06 362 3290 13
25¢/zrc15 0-0313 25 0-00099 7 146713 1.88647 12 0280695 16  0-280632 -13 06 365 3290 13
31c/zrc18 0-0308 21 0-00120 5 146716 1.88654 9 0280732 18  0-280657 -1.0 06 362 3267 13
32c¢/zrc19 0-0249 15 0-00105 8 146712 1.88655 10 0280770 17  0-280706 —2.0 06 359 3147 13
Sample Bu

4r/zrcl 0-0157 7 0-00055 2 146719 1.88658 1 0-281023 16  0-280996 —4.7 06 328 2590 14
5c/zrc2  0-0135 13 0-00053 1 1.46729 188671 12 0281072 20  0-281048 —7-1 07 326 2405 21
6c/zrc3  0-0221 11 0-00075 3 146724 1.88675 10 0281057 15  0-281020 -32 05 322 2617 19
7c/zrcd  0-0167 6 0-00067 2 146714 1.88651 10 0281060 14  0-281027 —4.0 05 323 2571 30
8c/zrcb  0-0164 12 0-00058 1 1-46731 1.88685 7 0281070 17  0-281042 —45 06 322 2527 28
14czrc9  0-0077 9 0-00029 1 1-46728 1.88682 12 0281030 16  0-281016 -32 06 323 2622 14
16r/zrc10  0-0160 10  0-00055 1 146720 1-88662 9 0281032 18  0-281005 -39 06 325 2609 13
17¢/zrc11  0-0242 10 0-00088 1 146724 188663 9 0281080 16  0-281038 —56 06 325 2486 15
18c/zrc12  0-0245 17  0-00085 1 146725 1.88685 9 0281057 18 0-281015 -35 07 323 2612 14
20r/zrc14 0-0149 5 0-00056 1 1-46718 188669 10 0281037 17  0-281009 —-38 06 325 2606 19
21c/zrc15 0-0116 2 0-00043 0 146718 1.88659 1" 0-281012 13 0-280991 —-43 05 328 2614 15
22¢/zrc16 0-0223 7 0-00078 2 146714 188654 7 0281058 19  0-281019 —-32 07 322 2616 18
24c/zrc17 0-0136 6 0-00050 2 146722 188667 9 0281050 18  0-281025 —41 07 323 2570 16
25¢/zrc18 0-0180 14 0-00065 2 146722 1.88671 8 0281073 20  0-281042 —-59 07 325 2467 17
27¢/zrc20 0-0181 13 0-00065 1 1-46726 1.88673 8 0281068 17  0-281036 —41 06 322 2554 22
28c/zrc20 0-0174 7 0-00063 1 146725 1.88673 9 0281063 17  0-281032 —-3.0 06 320 2607 19
29¢/zrc21 0-0158 9 0-00055 3 146710 1.88681 10 0281060 16  0-281033 —-28 06 320 2614 14
31r/zrc23 0-0132 11 0-00048 3 146713 1.88682 9 0281040 19  0-281016 -37 07 323 2602 15
33c/zrc24 0-0423 28 0-00143 4 146713 188682 9 0281105 17  0-281034 —-32 06 320 2597 17
Sample Sin

1c/zrc9  0-0356 7 0-00121 4 146716 188655 18 0281023 16  0-280963 —-54 06 332 2607 13
2c/zrc10 0-0271 5 0-00089 1 146713 1.88649 16 0281049 17  0-281004 —-30 06 322 2648 14
3c/zrc11 0-0327 14 0-00015 3 146720 188668 14 0280948 12 0-280941 —5.1 04 344 2658 15
10r/zrc16  0-0197 11 0-00075 3 146725 1.88670 7 0280994 20  0-280956 —-52 07 331 2639 13
15r/zrc16  0-0230 3 0-00077 1 146724 1-88674 17 0281196 13  0-281165 —104 05 316 2081 20
16¢/zrc20 0-0756 29 0-00262 5 146715 1.88687 20 0281023 18  0-280934 —-253 06 373 1787 14
18c/zrc21 0-0420 24 0-00150 10 146716 188670 18 0281021 12 0-280948 —-73 04 337 2550 25
19¢/zrc22 0-0462 38 0-00182 1" 1.46724 1.88675 20 0281055 9  0-280990 —-215 03 359 1865 23
20r/zrc23  0-0087 3 0-00037 0 146727 1.88678 8 0281165 20  0-281150 -107 07 319 2091 13
21r/zrc24 0-0358 13 0-00124 2 146715 1.88670 9 02810056 15  0-280957 —188 05 3569 2034 27
22¢/zrc24 0-0607 29 0-00232 1" 1.46727 1.88670 8 0281092 18  0-280986 -91 06 336 2412 13
23c/zrc1  0-0594 13 0-00208 5 146724 1-88675 20 0281079 14  0-280982 —87 05 336 2437 23
25c¢/zrc2  0-0322 23 0-00111 5 146722 1-88669 1" 0-281035 28  0-280981 —6-4 1.0 331 2537 17
26r/zrc3  0-1055 106  0-00321 23 1-46709 1-88671 20 0281116 22  0-280955 —-54 08 333 2621 13
27r/zrc3  0-0058 6 0-00020 2 146723 1-88683 8 0281677 25  0-281669 66 09 220 2042 19
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Table 3: Continued

7Y/ TTHE' £26 OLu/'THE' 20 "BHE/T7HE "OHE/TTHE VHEZ VeHE/7HE +26 '8HE/THE(N® eHf(0® 420 Tpw' Age (Ma) +£20

28c/zrcd  0-0491 10 0-00194 4 1.46708 1-88643 19 0281068 13  0-280983 —-122 05 343 2283 17
29c¢/zrcd  0-0741 15 0-00258 4 146727 1-88683 19 0281052 18  0-280954 —20-1 07 361 1983 18
31/zrc7  0-0298 7 000113 2 146722 1-88668 13 0281056 13  0-280999 —41 05 324 2609 23
32c/zrc8 0-0647 41 0-00225 1 14671 1-88653 19 0281120 14  0-281016 —-75 05 329 2439 15
36¢/zrc25 0-0800 44 0-00198 10 146718 1-88685 16 0281067 16  0-280982 —130 06 346 2254 29
36¢/zrc25 0-0711 35 000171 6  1.46720 1-88685 17 0281057 15  0-280984 —-129 05 358 2254 29
38c/zrc26 0-0350 7  0-00086 1 1-46718 1-88687 18 0281044 16  0-281001 -33 06 336 2648 20
39c/zrc27 0-0459 30 000115 7 146722 1-88671 15 0281077 18 0-281019 —25 06 324 2649 16
40c/zrc28 0-0579 31 000153 1" 1-46711 1-88682 12 0281064 23  0-280987 -39 08 331 2641 21
41r/zrc29 0-0359 10 0-00094 2 146716 1-88675 15 0281047 13  0-280999 -27 05 327 2670 19
42/zrc30  0-0660 32 000163 9 146724 1-88681 19 0281085 16  0-281007 -63 06 333 2505 20
43c/zrc31 0-0556 22 0-00136 6 146727 1-88683 16 0-281071 14 0281003 —-42 05 329 2600 19
44r/zrc32 0-0434 4 000108 2 1.46725 1-88685 17 0281025 16  0-280971 -52 06 335 2618 16
45¢/zrc33 0-0826 76 0-00204 18 146725 1-88672 16 0281113 24 0-281012 -39 09 328 2603 16
46¢/zrc34 0-1163 57  0-00282 1" 1-46703 1-88689 17 0281102 18  0-280963 -59 06 338 2589 22
47r/zrc35 0-0358 19 0-00091 4 1.46710 1-88688 16 0281329 35 0-281286 22 12 281 2442 16
48r/zrc35 0-0455 12 0-00119 6  1.46716 1-88688 17 0281046 16  0-280987 —-49 06 333 2594 22
49c/zrc36 0-0983 11 0-00244 3 146731 1-88688 17 0-281091 18 0281017 —262 07 369 1619 34
50r/zrc36 0-0270 8  0-00075 2 146719 1-88682 21 0281078 13 0-281043 -58 05 328 2472 38
51c/zrc37 0-0808 58  0-00205 15 1.46745 1-88689 17 0281077 22  0-280978 —-65 08 337 2542 16
52r/zrc37 0-0363 23 0-00101 3 146715 1-88674 17 0281053 21  0-281001 -31 07 327 2651 19
53c/zrc38 0-0423 28 0-00117 8 146716 1-88677 14 0-281091 20 0281033 -32 07 324 2598 21
54r/zrc38 0-0172 14 0-00054 4 146714 1-88688 13 0281298 26 0-281276 -38 09 29 2198 24
55r/zrc39 0-1253 61  0-00310 12 146741 1-88698 16 0281327 28 0-281177 06 1.0 329 2540 32
56r/zrc40 0-0531 4 000130 0 146721 1-88678 19 0281053 15  0-280991 -69 05 336 2504 19
57¢/zrc40 0-1403 46 0-00340 1 1-46720 1-88673 18 0281101 22 0-281002 —-285 08 375 1541 30
58c/zrc41 0-1000 22 0-00246 7 146727 1-88684 17 0281056 19  0-280935 -75 07 344 2560 15
59r/zrc42  0-0457 12 000124 7 146728 1-88691 15 0281056 19  0-280998 —77 07 337 2459 39
61c/zrc43 0-0739 51 000194 15 1.46733 1-88690 17 0281086 19  0-281000 —-104 07 342 2339 28
62r/zrc43 0-0407 26 000112 12 146727 1-88686 16 0281071 25  0-281035 —240 09 367 1686 31
Sample Reg

1c/zrc1  0-0241 8  0-00089 1 1-46712 1-88656 7 0281027 18  0-280983 —-44 06 329 2620 21
3c/zrc2  0-0490 12 0-00177 3 1.46723 1.88671 13 0281027 15  0-280937 -55 05 3.37 2646 21
5c2/zrc3  0-0243 2 0-00090 2 146718 1-88663 15 0281012 12  0-280967 -56 04 334 2593 13
7c/zrcd  0-0383 14 0-00138 4 146721 1.88677 16 0281009 12  0-280939 -56 04 337 2637 21
8r/zrc4  0-0184 16 0-00074 5 146717 1-88659 15 0281024 13  0-280987 —-49 05 329 2594 22
12r/zrc6  0-0215 14 0-00076 3 146707 1-88647 6 0281016 26  0-280977 —-41 09 329 2646 17
14c/zrc7  0-0574 24 0-00197 4 146725 1-88676 13 0281034 14  0-280934 -55 05 3.37 2648 14
15c/zrc8  0-0494 27  0-00178 5 146719 1-88664 14 0281038 11  0-280948 —4.9 04 334 2653 13
16c/zrc9  0-0367 19 000133 3 146708 1.88651 15 0-281041 11 0280973 —42 04 330 2646 17
17¢/zrc10 0-0225 7  0-00086 3 146719 1-88654 14 0281016 16  0-280974 -50 06 331 2609 15
21c/zrc11 0-0541 31 0-00216 7 146710 1-88652 15 0281095 14  0-280993 -72 05 333 2487 16
Sample ZAG

3r/zrcl 0-0108 5  0.00043 1 146714 1-88674 14 0281094 10 0-281072 -11 04 311 2625 13
4c/zrc2 00125 11 0-00052 3 1.46713 1.88652 16 0281087 13  0-281061 -18 05 314 2614 13
6¢/zrc3  0-0270 40  0-00098 15 1.46721 1.88671 14 0281123 13  0-281074 -17 05 312 2598 14

(Continued)
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Table 3: Continued

78Yh/7THE' +26 7Lu/"THE' +26 "BHE/TTHE "SOHE/THE VHE? TBHE/V7HE 420 "OHE/'HE(N)® eHf(t)® 26 Tpm® Age (Ma) +2c

7c/zrc4 - 0-0100 4 0-00042 2 146717 1-88681 16 0281083 13  0-281062 —-2.1 05 315 2598 13
9c/zrcb 0-0287 16 000121 8 146726 188670 15 0281124 13 0-281065 —-33 05 317 2544 14
10r/zrc5  0-0064 2 0-00027 0 146714 1.88667 6 0281098 21  0-281084 —-2.1 07 312 2564 14
11c/zrc6  0-0276 39  0-00098 14 146721 1.88677 13 0281125 13  0-281076 —09 05 311 2631 19
18c/zrc11 0-0084 4 0-00033 1 146721 1.88678 5 0281109 32 0-281093 -24 11 311 2540 17
21c¢/zrc14 0-0190 13 0-00073 4 146710 1.88655 13 0-281101 16 0-281066 —-32 06 316 2548 16
23c/zrc16 0-0046 3 0-00022 2 146723 188692 7 0281069 18  0-281058 -17 07 314 2621 16
25r/zrc17  0-0068 3 0-00027 1 146721 188688 6 0281055 22  0-281041 -29 08 319 2597 13
26¢/zrc18 0-0159 14 0-00062 4 146722 1.88679 13 0281110 21  0-281078 -1.0 07 310 2620 19
28c/zrc19 0-0157 12 0-00062 4 146725 1.88673 15 0281107 20  0-281076 -17 07 312 259% 13
31c/zrc21 0-0269 8  0-00099 3 146718 188701 1" 0281104 25  0-281054 -2.1 09 316 2610 15
33c¢/zrc23 0-0271 15 0-00093 4 146713 188696 14 0281096 14  0-281050 —-36 05 319 2554 17
1r/zrcl 0-0260 11 0-00077 3 146718 1-88658 10 0281120 14  0-281088 —95 05 326 2240 15
2c/zre1 0-0266 13 0-00075 3 146713 188668 9  0-281151 15 0281119 —-87 05 321 2226 15
5r/zrc2 0-0169 17 0-00050 4 146720 1.88673 8  0-281121 15 0281097 —-35 05 313 2483 20
8r/zrc4  0-0154 5  0-00045 1 146724 1-88683 7 0281148 18 0-281126 —0-1 06 303 2583 22
22r/zrc15  0-0190 16 0-00054 4 146710 188655 5 0281129 21 0-281106 -95 08 324 2213 22
24c/zrc17 0-0264 13 0-00077 4 146722 188692 6 0281150 30 0281114 -39 1.1 312 2439 20
30r/zrc20 0-0213 7  0-00065 2 146729 188682 6 0281159 19  0-281130 —4.6 07 311 238 16
32c¢/zrc22 0-0124 12 0-00044 3 146732 188697 6 0281122 24 0-281101 -12 09 308 2578 19
Sample ZAL

1c/zre1  0-0491 25 000184 7 146725 1.88665 6 0281164 36  0-281095 -153 1.3 337 1973 13
2r/zrcl 0-0140 4 0-00056 1 146715 1.88683 8 0281137 23 0281112 -73 08 319 229 14
3c/zrc2  0-0202 15 0-00077 7 146721 1-88674 6 0281103 24 0-281065 —27 09 316 2568 17
5c/zrc3  0-0208 10 0-00071 4 146720 188663 6 0281083 20 0-281049 —-37 07 320 2551 24
6r/zrc4  0.0248 9  0-00089 3 146718 188682 9 0281104 15 0-281073 —-195 05 347 1823 17
7c/zrcb 0-0368 15 0-00151 4 146722 188669 18 0281143 12 0-281080 -112 04 331 2174 29
8r/zrc6 0-0186 6  0-00077 2 146716 188690 7 0281105 33  0-281079 —-202 1.2 348 178 25
10c/zrc6  0-0375 25 000126 7 146718 188668 8 0281154 17  0-281099 -84 06 323 2270 19
1c/zrc7  0-0284 23 000103 8 146721 1-88660 7 0281118 22 0-281067 —-24 08 315 2577 13
16¢/zrc9  0-0389 20 000144 8 146713 1-88693 14 0281113 13  0-281042 —38 05 321 2555 18
19r/zrc10  0-0173 11 0-00069 4 146719 1.88689 16 0281125 16  0-281099 —148 06 335 1990 32
20r/zrc11  0-0122 6  0-00047 1 1.46716 1.-88668 18 0281130 15  0-281106 01 05 305 2625 13
27c¢/zrc13 0-0261 22 0-00093 7 146713 1-88663 16 0281108 16  0-281062 —-29 06 316 2563 19
31c/zrc15 0-0371 21 000143 9 146718 1-88683 15 0281147 17  0-281082 —66 06 321 2372 27
32r/zrc16  0-0230 12 0-00089 4 146722 1-88685 14 0281167 18 0-281122 —14.7 06 333 1941 31
Sample Mo

1c/zre1 0-0112 3 0-00040 0 146718 1-88662 17 0281221 12 0-281206 —106 04 314 2009 17
2r/zrcl 0-0075 3 0-00027 1 146712 1-88653 8 0281236 13  0-281226 —-94 05 309 2030 20
3c/zrc2 0-0229 9  0-00084 4 146721 1-88667 17 0281262 14 0-281229 -95 05 309 2017 16
4c/zrc3 0-0418 11 000163 6 146716 1-88667 15 0281096 12  0-281033 —-5.0 04 324 2520 18
5c/zrc4  0-0230 3 0-00077 1 1-46724 1-88674 17 0281196 13  0-281166 -12.0 05 321 2010 16
6¢/zrcd  0-0149 5  0-00054 1 1-46719 1-88666 15 0281238 10  0-281217 -97 04 311 2027 16
8c/zrc6  0-0400 34 000128 10 146707 1-88648 9 0280907 22  0-280857 -17 08 339 2929 14
9r/zrcé 0-0447 19  0-00169 4 146720 1-88663 10 0281354 15  0-281289 —20-0 05 321 1463 17
10c/zrc7  0-0653 47  0-00222 13 146707 1-88661 9 0281193 19  0-281108 06 07 303 2645 20

(Continued)
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Table 3: Continued

78Yp/THE' £26 7OLu/V7HE' +20 "BHE/T7HE "OHE/7HE VHE? VOHE/77HE £26 OHE/'THE(N)® eHf(t)® +26 Tpm® Age (Ma) +2c

11c/zrc8  0-0118 5 000043 2 146717 1.88671 17 0281203 15 0-281186 —-106 05 316 2038 21
13c/zrc10  0-0131 9 0-00047 2 14671 1-88655 16 0-281229 11 0-281211 -10-4 04 313 2008 10
17c/zrc12  0.0334 21 0-00128 5  1.46719 1-88662 19 0281186 12 0-281137 —-196 04 339 1721 19
18c/zrc13  0-0040 2 0-00013 0  1.46726 1-88685 18 0281164 9 0-281160 —-12.0 03 322 2020 1"
14c/zrc11 0-0161 13 0-00062 5 1.46722 1-88674 20 0-281182 12  0-281159 02 04 298 2551 15
Sample Mailb

23co/zrc15 0-0388 13 000146 4 1.46701 1-88661 34 0-281263 11 0-281191 26 04 289 2604 17
26cp/zrc16 0-0732 15 0-00249 7 146712 188653 30  0-281207 14 0-281096 —6-7 05 320 2348 14
27cp/zrc17 0-0425 15 0-00145 3 1.46709 1.88667 26 0281186 17  0-281110 21 06 300 2707 22
30cp/zrc18 0-0200 10  0-00075 2 146722 1-88683 12 0281012 16  0-280994 —-343 06 383 1291 25
31cp/zrc19 0-0265 5 0-00095 1 1-46698 1-88662 24 0-281091 13 0-281060 —-227 05 355 1703 36
31r/zrc19  0-1412 22 0-00528 8  1.46724 1-88680 47 0-281476 13 0-281275 -83 04 301 2000° 1
32cp/zrc19 0-0446 24 0-00135 6  1.46714 1.88682 13 0281105 16 0-281054 -16-2 06 343 2000° 1
33co/zrc20 0-1373 80 0-00493 26 1.46720 1-88681 21 0281418 30  0-281171 22 11 292 2620 19
34r/zrc20  0-1741 33 0-00628 10 1.46703 1-88662 26 0281632 33  0-281393 —41 12 278 2000° 1
35r/zrc20  0-1390 108 0-00515 33 1.46714 1-88686 27 0281466 26  0-281270 -85 09 301 2000° 1
36cp/zrc1  0-0440 42 0-00147 12 1.46732 1.88687 6 0281090 25 0-281018 —-4.7 09 325 2553 21
38cp/zrc3  0-1731 167 0-00580 56 146718 1-88686 9 0281333 38 0-281059 -52 1.3 321 2468 31
39co/zrc3  0-0484 8 000172 2 146714 1.88674 29  0-281157 13 0-281072 —-23 05 314 2575 16
42co/zrc4  0-0336 10 0-00114 2 146717 1-88694 27  0-281025 11 0-280966 —-28 04 328 2717 20
43co/zrcb5  0-0559 32 0-00174 5  1.46713 1-88653 14 0-281041 12 0-280951 -36 04 331 2706 16
44co/zrcd  0-1145 32 0-00424 10 1.46717 1-88684 43 0281452 11 0-281243 38 04 280 2576 43
51co/zrc11 0-0402 10 000142 3 1.46704 1-88657 28 0281232 21 0-281158 38 07 291 2705 19
52co/zrc12 0-0309 7 0-00116 2 146708 1-88662 9 0281066 17  0-281006 —-2.0 06 321 2687 19
53r/zrc12  0-1214 18  0-00465 10  1.46716 1.88683 20 0-281410 17  0-281233 -98 06 309 2000° 1
53r/zrc12  0-1052 45 0-00401 15 1.46713 1.88680 21 0-281437 15 0-281285 -80 05 299 2000° 1
54co/zrc13 0-0541 39 0-00174 1" 1-46710 1-88665 16 0281140 21  0-281049 —-0-1 07 312 2707 21
55co/zrc14 0-0602 15 0-00201 4 1.46709 1-88650 21 0-281111 13 0-281006 -156 05 320 2710 21
Sample Mailh

1/zrcl 0-0017 1 0-00005 0  1.46722 1-88671 32 0281466 11 0-281464 —0-1 04 261 2064 20
2/zrc2 0-0077 1 0-00024 0 1.46720 1-88666 30 0-281446 9  0-281436 -12 04 267 2059 23
4/zrc4 0-0029 2 0-00009 1 146722 1-88667 27 0-281466 10  0-281462 —04 04 262 2056 20
6/zrc6 0-0026 0 0-00007 0 1.46722 1-88669 31 0-281467 9  0-281464 —05 04 262 2048 19
7/zrc7 0-0032 1 0-00009 0  1.46719 1-88669 28 0-281468 11 0-281465 —05 04 262 2046 19
8/zrc8 0-0091 3 0-00030 1 1-46724 1-88673 26 0281458 12 0-281446 -11 05 265 2051 21
13/zrc12 0-0069 2 0-00022 1 146723 1.88672 27  0-281449 11 0-281441 -1.0 04 266 2060 21
14/zrc13  0-0060 1 0-00020 0  1.46720 1-88672 27  0-281461 9 0-281453 —06 04 263 2062 18
15/zrc14  0-0092 4 0-00028 1 146719 1-88660 25 0281450 10  0-281439 —-1.0 04 266 2066 19
16/zrc15  0-0114 5 0-00040 2 146719 1.88665 26 0-281457 10  0-281441 —-07 04 265 2075 16
17/zrc16  0-0066 3 0-00021 1 1-46715 1.88657 25  0-281457 11 0-281449 —09 04 264 2053 19
18/zrc17  0-0016 0 0-00005 0  1.46722 1.88674 27  0-281452 8  0-281450 —06 03 264 2064 19
19/zrc18  0-0075 7 0-00023 2 146715 1-88660 25  0-281464 9  0-281455 —06 04 263 2057 19
20/zrc19  0-0052 8 0-00017 3 1.46727 1.88665 27  0-281463 9  0-281456 —05 04 263 2061 20
21/zrc20  0-0039 3 0-00012 1 1-46726 1-88674 28  0-281446 9  0-281441 —-09 03 265 2067 24

(Continued)
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Table 3: Continued

78Yb/THEY £206 OLu/THEY £20 TBHE/THE "OHE/TTHE VH? VeHE/77HE +20 T8HE/T7HE(1)® eHf(t)® +20 Tpu* Age (Ma) £26

Session 1 (March-April 2006)

JMC 475, n=10 - - - - 146714 1-88668 19 0-282156 9

GJ-1, n=16 0-00735 15 0000297 5  1.46719 1.88663 20 0282007 15 0-282003 —137 05 218 611 6
Session 2 (July 2006)

JMC 475, n=10 - - - - 1-46717 1-88665 16 0282153 11

GJ-1, n=10 0-00696 15 0000296 5  1.46723 1-88669 16 0282006 15 0-282003 —138 05 218 611 6

! 176Yb/177Hf = (176Yb/177Hf)true X (173Yb/177Hf)meas X (M176(Yb)/M173)B(Yb)/(M176(Yb)/M177)B(Hf). 176LU/177Hf values were
calculated using "°Lu/"’Hf and Py,. The effect of the inter-element fractionation on Lu/Hf was estimated to be less
than 6%.

2Mean Hf signal in volts.

3Initial "7®Hf/"""Hf and eHf(t) calculated using the apparent LA-ICP-MS 27Pb/2%Ppb age of each spot. It should be noted
that in many cases, as a result of non-zero Pb loss, this is not the age of zircon crystallization (see text for further
explanation).

“Apparent depleted mantle two-stage model age in billion years using “®Lu/'"’Hf values of 0-0384 and 0-0113 for the
depleted mantle and average continental crust, respectively. For calculation of the first stage the apparent 207py, /206py, age
and ""®Lu/"’Hf of each zircon were used. Uncertainties (absolute) relate to the last quoted figure and are 2c standard

error for sample zircon grains and 2c standard deviation for JMC 475 and GJ-1 zircon.

5Age presumed (for explanation see text).

of most zircon grains show cores with oscillatory zoning
patterns, which are in some grains overgrown by structure-
less rims (Fig. 2a). In addition, a few completely structure-
less zircon crystals are observed (Fig. 2a). During this
study 27 U-Pb spot analyses were carried out on cores
and rims of 21 zircon grains (Table 2). In addition, Lu—Hf
isotope spot analyses of nine zircon cores were obtained
(Table 3). As shown in Fig. 3a, four groups of concordant
to near-concordant U-Pb ages can be distinguished.
Zircon cores yield concordant ages of about 3-28 Ga and
one of 3:14 Ga, whereas zircon overgrowths and structure-
less zircon grains yield concordant ages of about 2:02 Ga
and one of ¢. 2:61 Ga (Figs 2a and 3a). All four concordant
age groups are also reflected in the Pb—Pb intercept ages of
discordant zircon analyses (Table 2, Fig. 3a).

We suggest that the oldest concordant zircon grains,
which yield a mean age of 3283 £8 Ma, identical to an
upper intercept age of 3280 £7 Ma (Fig. 3a), reflect the
time of the Sand River gneiss protolith intrusion, whereas
the younger concordant age of 3143 £13 Ma dates the time
of zircon growth during a Palacoarchaean anatectic event.
Our estimated intrusion age is identical to or slightly
younger than that obtained by SHRIMP U-Pb analyses
from the Sand River granitoid suite at the Causeway local-
ity (3314 +£5Ma, 3240£5Ma), the Macloutse farm
(3290 £17 Ma), Bellvue farm (3297 £7 Ma), Verbaard
farm (3296 £4 Ma) and Vrouenroom farm (3292 =4 Ma),
but older than zircon SHRIMP ages obtained from the
Esmefour farm (3205 +69/-62 Ma) and the Sand River
bed (3240+£5Ma; 3197 £30Ma) (Kréner el al., 1998,
1999). The suggested Palacoarchaean anatectic event

at 3143 +13Ma conforms with field relationships and
geochronological data; the highly deformed and migmati-
tized Sand River gneiss is locally cut by basalt dykes,
which yielded Rb—Sr and Pb—Pb ages of 3060 Ma
and 2922 Ma, respectively (Barton et al., 1977; Barton
et al., 1990).

The upper intercept age of 2614 £11 Ma is interpreted
to reflect zircon formation in the Sand River gneiss
during a Neoarchaean metamorphic-magmatic event,
whereas the upper intercept age of 2014 10 Ma (five
spots, MSWD =1-0) dates zircon growth during the
Palacoproterozic granulite-facies metamorphic overprint.
The latter age is slightly younger than U—Pb isotope dilu-
tion thermal ionization mass spectrometry (ID-TIMS)
and Pb—Pb zircon evaporation ages of 2031 £6 and
2026 =1 Ma, respectively, which were obtained on meta-
morphic zircon grains from pelitic gneisses of the
Causeway locality (Jaeckel et al., 1997), but identical
within error to the upper intercept ages of strongly discor-
dant U-Pb ID-TIMS zircon analyses of 2006 + 8 Ma and
2003 11 Ma, which were obtained from zircon grains
from melt patches in the Sand River gneisses and from
a pegmatitic granite (Jaeckel et al., 1997). The 2614 Ma age
is identical within error to the intrusion age of several
orthogneisses found throughout the Central Zone (Jaeckel
et al., 1997; Kroner et al., 1999; this study). However, it is
significantly younger than the two concordant U-Pb
SHRIMP analyses of about 2734 £4 Ma in a ¢. 329 Ga
quartz monzonitic augen gneiss, which were interpreted
to represent a local melting event during the Neoarchaean
(Kroner et al., 1999).
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Fig. 2. CL images of zircon grain from the Beit Bridge Complex: (a) sample SR, Sand River gneiss; (b, ¢) sample Bu, Bulai granite;
(d—f) sample Sin, Singelele gneiss. White circles indicate position of laser spots and the estimated Pb—Pb ages with 26 error (in Ma).

The Lu—Hf analyses of eight zircon cores yielded relative
homogeneous initial "“Hf/'’Hf values between 0-28063
and 0-28066, which correspond to eHf(t)iniqa between
—0-1 and —1-6, and provide evidence that the zircon cores
crystallized in a magma, which was derived from a source
with an average crustal residence age of TDMHfimlm]
3.64 +0-04 Ga. A slightly higher initial "°HfJ"’Hf value
(0-28071) was obtained from the 3-14 Ga zircon domain
(spot  32c/zrcl9) to be
Palaeoarchaean anatexis about 140 Myr after the intrusion
of the Sand River gneiss protolith (Figs 2a and 3a).
The increased initial "®HIfJ”’Hf is consistent with the
incorporation of additional radiogenic hafnium during
anatectic zircon crystallization. This additional "°Hf was
formed by "SLu decay in the Sand River gneiss matrix
between 3-28 and 3:14 Ga.

interpreted formed during

The presented hafnium model ages for the 3-28 Ga
zircon cores are in line with the U-Pb age data, but
older than the Tpyr values of 31-3-4 Ga, which were
derived by Sm—Nd whole-rock isotope analysis of the
1999). The younger
neodymium model ages may result from Palaecoarchaean
open-system behaviour, which led to a resetting of the
Sm—Nd system (see Moorbath et al., 1997). In combination
with the U-Pb ages, our Ty fmm a1 values indicate that

Sand River gneisses (Kroner et al.,

the crustal source was extracted from a depleted mantle
reservoir about 300 Myr prior to the formation of the
Sand River granitoid suite.

Bulai granite (sample Bu)
Sample Bu is a porphyric, weakly deformed granite

containing K-feldspar, plagioclase, biotite and quartz,
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Fig. 3. Concordia diagrams for samples from the Beit Bridge Complex: (a) sample SR; (b) sample Bu; (c¢) sample Sin; (d) sample Reg;
(e) sample ZAG; (f) sample ZAL. (For further explanation see text.)

and was taken from the type locality of the Bulai
pluton ('Table 1). From this sample 27 U—Pb spot analyses
on 24 zircon grains and 19 Lu—Hf analyses were carried
out (Tables 2 and 3; Fig. 4d—f). CL images of most zircon
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grains

show additional overgrowths

crystals reveal an oscillatory magmatic zoning and two
bright zones (cores and rims), which are separated by
a dark band of weak luminescence (Fig. 2b). Some zircon
with a diffuse
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4. Results of combined Lu-Hf and U-Pb zircon spot analyses of samples from the Beit Brldge Complex presented as
i

6Hmef calculated at the

time t; t, apparent 207Pb/ZOth age obtained from the respective spot analysis; eHf(t) and Tpyy, (hafnium model age) calculated for time t,
using the constants and parameters as described in the text. o, Concordant analyses (98-102% concordance level); O, discordant analyses.

1624



ZEH et al.

,;

"..r.-. “u

)

4: 2401 +20 8

Fig. 5. Cathodoluminescence images of zircon grains from the Beit
Bridge Complex: (a) sample Reg, Regina gneiss; (b, ¢) sample ZAG,
Zanzibar granodiorite gneiss; (d) sample ZAL, Zanzibar granite
gneiss. White circles indicate position of the laser spots and the
estimated Pb—Pb ages with 2G error (in Ma).

CRUSTAL EVOLUTION, LIMPOPO BELT

luminescence (Fig. 2¢). U-Pb analyses obtained from all of
these distinct zircon domains yielded within error identical
ages (Fig. 2b and c¢), indicating that they were formed
during the same magmatic event. Fourteen concordant
U—=Pb zircon analyses (99-101% concordance level) gave
an age of 2612 £7 Ma, which is within error identical to
an upper intercept age of 2607 £7 Ma obtained from five
discordant analyses plus the 14 concordant zircon analyses
(Fig. 3b). The lower intercept age of 790 67 Ma is inter-
preted as geologically meaningless and may result from
multiple Pb loss. Furthermore, there are seven U-Pb ana-
lyses that group together with the 14 concordant analyses
on a discordia with a lower intercept at 1943 £150 Ma
(Fig. 3b). This suggests that some zircon domains were
affected by Pb loss during the Palacoproterozoic, which is
in agreement with previous age data of Barton & Sergeev
(1997), Jaeckel et al. (1997) and Holzer et al. (1998).

The concordant 2612 £+7 Ma U-Pb zircon age of the
Bulai pluton is interpreted to reflect the time of emplace-
ment. This age is identical within error to a U—-Pb zircon
SHRIMP upper intercept age of 2620+8 Ma from
a granitic phase (Kroner et al., 1998) and an ID-TIMS
U-Pb zircon upper intercept age of 2605 £2 Ma from a
deformed enderbitic phase of the Bulai pluton (Barton
et al.,1994). However, it is significantly older than a U-Pb
ID-TIMS zircon age of 2572 &4 Ma from a granitic phase
(Barton et al.,1994) and a Pb—Pb zircon evaporation age of
2587 £1Ma from a deformed enderbitic phase (Kroner
et al., 1999). It should be noted that the younger zircon age
reported by Barton et al. (1994) is an upper intercept U-Pb
age, which results from the fitting of only two highly
discordant zircon analyses. Thus, it cannot be excluded
that these zircon grains were subjected to multiple Pb loss,
an effect that is well documented by our i situ LA-ICP-MS
analyses (Fig. 3b). Multiple Pb loss may also account for
the young Pb—Pb evaporation age (2587 &1 Ma) obtained
by Kroner et al. (1999).

Nineteen Lu—Hf analyses of concordant and discordant
zircons were carried out. As shown in Fig. 4d, the zircons
have initial "°HfJ"”’HF ratios of about 0-28102 40-00003
(20 SD =standard deviation), which correspond to
eHf()inia1 between —2:3 and —4-3 when the 2612 Ma
Bulai granite crystallization age is applied to all Hf
analyses. This procedure 1is justified, as the
YSH""Hf values of all analysed zircon domains show

initial

relatively minor variations. Nevertheless, there seems to
be a small increase of the initial "°Hf/"7Hf with decreas-
ing Pb—Pb age (Fig. 4d), a feature that can be explained in
different ways. Taking the errors into account, the initial
VOH{"HF of the apparently younger domains is identical
to that obtained from most of the apparently older
domains. Thus, the observed array can be interpreted
(in the most simple way) to reflect multiple Pb loss in
younger zircon domains, which preserved their initial
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Ma1b

Fig. 6. Cathodoluminescence images of zircon grains from the Mahalapye Complex: (a—e) sample Mo, Mokgware granite; (f) sample Malh,
garnet—biotite gneiss; (g, h) sample Malb, garnet-bearing leucosome. White circles indicate position of the laser spots and the estimated Pb—Pb
ages with 26 error (in Ma). co, core with oscillatory zoning; cp, core with a patchy zoning, rd, dark U-rich rim; rp, rim with a patchy zoning.

(For further explanation see text,)

YSH{""Hf incorporated during magma crystallization.
Alternatively, the small increase of the initial 176Hf/me
could reflect some minor incorporation of more radiogenic
Hf in the younger zircon domains, perhaps during partial
recrystallization of metamict zircon domains caused by
fluid—zircon-matrix interactions. Initial hafnium model
ages of 3-22 £0-06 Ga indicate that the Bulai granite was
derived from a crustal source, which was extracted on
average from a depleted mantle reservoir 600-700 Myr
prior to the Bulai granite intrusion.

Stngelele granodiorite gneiss (sample Sin)

Sample Sin is a high-grade granite gneiss, which was
collected from the type locality at the Singelelekop near
Messina (see Kroner et al., 1999). It is characterized by

the mineral assemblage plagioclase—K-feldspar—biotite—
quartz—garnet. A total of 53 spots on 43 zircon grains
from this sample were analysed for U-Pb and 45 spots for
Lu—Hf (Tables 2 and 3; Figs 3¢ and 4g—1). The calculated
27Ph?°Ph ages show large variations from 154 to 2-66 Ga
with 38 of 53 analyses yielding discordant results (below or
above 95-105% concordance; Table 2, Fig. 3c). For many
zircon grains core and rim domains were distinguished
by their CL images (Fig. 2d-f). However, this textural
relationship is not always reflected by the geochronological
data. Based on the texture—(Pb—Pb)-age relationships
three zircon groups can be distinguished: (1) zircon grains
with significantly younger cores than rims (Fig. 2d);
(2) zircon grains with nearly identical Pb—Pb ages of
cores and rims (Fig. 2d); (3) zircon grains with older cores
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Fig. 7. Concordia diagrams for U-Pb analyses of samples from the
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and younger rims (Fig. 3f). These different texture—age
relationships are interpreted to reflect that the zircon
cores and rims grew either at the same time or at different
times [textures (2) and (3)], and/or that the distinct zircon
domains were affected by alteration processes causing

CRUSTAL EVOLUTION, LIMPOPO BELT

non-zero or multiple Pb loss, effects that have been
described in detail by several researchers (e.g. Vavra et al.,
1996; Geisler et al., 2001).

Whereas the texture—age relationships are difficult to
interpret, the additional Hf isotope data reveal a relatively
simple story. In fact, they allow us to distinguish between
zircon zones that either are affected by alteration or are the
result of new zircon growth. Most zircon domains (Fig. 4g)
have, despite their different apparent Pb-Pb ages,
which range from 1539 to 2658 Ma, very similar initial
SH{THSE values of about 0-28099 +0-00005 (26 SD).
Therefore, they display a simple trend in the eHf(t) vs
age diagram, which is characterized by a positive correla-
tion between apparent zircon Pb—Pb ages and eHf(t)
(Fig. 4h). This trend is similar to that observed for the
Bulai zircons (Fig. 4e), although more pronounced. It sug-
gests that all of these zircon domains or grains (including
most zircon cores and rims of sample Sinl; Tables 2 and 3)
were formed during the same magmatic event, but were
subjected to Pb loss with a different intensity. It should be
noted that the calculated TDMHf of these zircons become
apparently older with decreasing apparent Pb—Pb age
(Fig. 41). This effect results from the two-stage model used.
Thus, for the geological interpretation only initial hafnium
model ages (TDMHfinitml) can be used. These are between
3.2 and 3-5 Ga for the Singelele gneiss.

The Hf isotope analyses indicate that nearly all zircon
grains or domains in sample Sin crystallized during
a single magmatic event, and that the zircon grains are
free of older inheritance. Thus, the oldest Pb—Pb and con-
cordant ages obtained from these zircon domains are near-
est to the crystallization age. Eleven spot analyses define
a discordia with an upper intercept at 2646 £10 Ma,
and nine of those define an identical concordia age of
2647 +12 Ma, which is interpreted as the intrusion age of
the Singelele granite gneiss (Fig. 3c¢). In contrast, all
younger concordant and discordant zircons, which
have similar initial "*HfJ"’Hf values (0-28099 % 0-00005,
20 SD) are assumed to have undergone Pb loss. Among
them are seven that fall on a discordia with a lower inter-
cept 1989 £160 Ma (Fig. 3c),
Palacoproterozoic Pb loss similar to that obtained for
sample Bu (Fig. 3b). However, the large scatter of the
discordant analyses indicates that most zircon domains
have undergone multiple Pb loss. In this context, it should
be noted that the Pb—Pb evaporation ages and discordant
U-Pb ID-TIMS ages of 2568-2582 Ga for the Singelele
gneiss (Jaeckel et al., 1997) could date the time of zircon
alteration (Pb loss) rather than zircon formation.

In contrast to the zircon analyses discussed above,
six zircon rim analyses, which show significantly higher
initial "Hf/"””Hf values of up to 0-28166, do not follow the
general e¢Hf(t) trend and show significantly younger
Tpa' ' ages extending to 2-2 Ga (Fig. 4g—i). A concordant

age of indicating a

1627



JOURNAL OF PETROLOGY ’

VOLUME 48 NUMBER 8 ‘

AUGUST 2007

sample Mo
@ 2813, 2P (b) 5 (©)
= 02812 g 0 i 3.4 ,
I =3 o L]
£ 0.2811 " ~ -5 i B o .
= - o 3
= 02810 ° I -10 3 o R
= 0.2809 -15 3.0
0.2808 L, . ; %, 20b—2 ; ; . ; , ,
1500 2000 2500 3000 1500 2000 2500 3000 1500 2000 2500 3000
(d) sample Math
0.2816 (e 1 (f) 3.0
I 0 =
S = 2.8
= 02815 £ =
T ] - 2.7
e E 3 E K
= 2.6
0.2814 : : . -2 : : 25 : : .
1900 2000 2100 2200 1900 2000 2100 1900 2000 2100 2200
(9) e sample Ma1b ") .
s 5 (i) 3915
= 9 rims ‘)
T 0.2813 . . 8 —8 3.5
= v (i\(m) £ 15 s L
S . L - O 3.1
g 02811 e oo 9/\5“;'% =
°© " cores (cp) - r'd 2.7
0.2809 -35.0 : , :
1200 1700 2200 2700 1200 1700 2200 2700 1200 1700 2200 2700

*"Pp/**Pb age (Ma)

*7Pb/**Pb age (Ma)

*’Pb/**Pb age (Ma)

Fig. 8. Results of combined Lu-Hf and U-Pb zircon spot analyses of samples from the Mahalapye Complex presented as
SHITHE(t) vs 27 Ph/*°Ph age, eHf(t) vs 207pp, 296 pp, age and Ty vs 207pp, 26 ppy age. o, Cloncordant analyses (98-102% concordance level );O,
discordant analyses. Black open ellipses in (g—1) mark analyses of zircon cores with oscillatory zoning (co); cp, core with a patchy zoning. Grey ellipses
in (g-i) mark uranium-rich zircon overgrowths (rims). Large filled circles in (h) and (i) represent the range of initial eHf(t) and Ty values,
recalculated for cp zircons using the crystallization age of 2.71 Ga. (For further explanation see caption of Iig. 4 and text.)

U-Pb analysis of one of these rims (spot 27r/zrc3) indi-
cates that it was formed at 2042 +19 Ma. This age is
slightly younger than two Pb—Pb upper intercept ages of
2081 20 Ma and 2091 £13 Ma, which were obtained for
two other overgrowths (spots 15r/zrcl9 and 20r/zrc23), but
significantly older than three discordant Pb—Pb zircon
ages of about 2196, 2444 and 2538 Ma (spots 54r/zrc38,
47r/zrc35 and 55r/zrc39). The three younger zircon ages
suggest that these zircon overgrowths were formed during
the Palaecoproterozoic, perhaps during the high-grade
metamorphic event that was dated at 2-02-2.05Ga
(e.g. Barton & Sergeev, 1997; Jaeckel et al., 1997; Holzer
et al., 1999). During this event the Singelele orthogneiss
underwent partial anatexis, as evident from a few melt
patches observed in the outcrops at the Singelelekop.
The three older Pb—Pb ages could reflect mixing ages,
which result from the analyses of older (2:65Ga) and
younger (2-04 Ga) zircon domains. These ages could not
be resolved by the technique used. Consequently, their
VOH{"HF initial ratios should also represent mixtures.
The distinctly higher initial "°Hf/"””Hf values of the six
rims are thought to be due to partial melting of the
Singelele orthogneiss at ¢. 2:04 Ga. During that melting

event most of the ¢. 2:65 Ga zircon grains remained undis-
solved. Consequently, only minor amounts of Hf, incorpo-
rated by these zircon crystals (=zircon hafnium), were
released into the melt from which the new zircon over-
growths were formed. Thus, the zircon overgrowths incor-
porated abundant radiogenic "*Hf formed by "°Lu decay
in the granite gneiss matrix (=matrix hafnium) between
2:65 and 2-04 Ga. This assumption is best supported by
spot 27r/zrc3, which shows nearly identical zircon crystal-
lization and Tpy™" ages of 2:04 and 2:2 Ga, respectively
(Table 2 and 3; Fig. 41). In contrast, the other five spot ana-
lyses yield less radiogenic Hf, thereby indicating that these
zircon domains incorporated a mixture of highly radio-
genic ‘matrix hafhium’, and weakly radiogenic ‘zircon haf-
niun, released by partial dissolution of 2:65 Ga zircons
during anatexis.

In summary, the combined U-Pb and Lu—Hf analyses
of the zircon grains indicate that the protolith of the
Singelele orthogneiss intruded at about 2646 +10 Ma and
that the magma contained considerable amounts of an
older crust, as reflected by average crustal residence ages
between 3-2 and 3-5Ga. The Singelele gneiss under-
went partial anatexis during the Palaecoproterozoic at
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about 2-0Ga, which caused Pb loss in many zircon
domains and the formation of a few zircon overgrowths
incorporating abundant highly radiogenic
hafnium’

‘matrix

Regina granite gneiss ( Reg)

This gneiss sample was collected from the Regina farm
¢. 30 km north of Alldays, and contains mainly plagioclase,
K-feldspar, quartz, amphibole, garnet, and magnetite.
The Regina gneiss is part of the Krone metamorphic
terrane forming the basement below the Venetia klippen
complex, which underwent an ampbhibolite-facies overprint
at about 2-06-2-0 Ga (Barton et al., 2003; Klemd et al.,
2003; Zeh et al., 2005a, 2005b). So far, nothing is known
about the timing of the orthogneiss protolith intrusions in
this area. From sample Reg, 22 U-Pb spot analyses on
13 zircon grains and 11 Lu—Hf spots were analysed
(Tables 2 and 3; Figs 3d and 4j-1).

The CL images indicate that most zircon grains have
oscillatory zoning and some of them distinct cores and
rims (Fig. 5a). Twelve U—Pb spot analyses yield similar
27Pb/*Pb ages of 2580-2660 Ma for the different
domains, indicating that the grains formed during a
Neoarchaean magmatic event. In detail, however, more
than one age population seems to exist. Five grains yielded
a concordia age of 264949 Ma, which is identical to
an upper intercept age of 2651 26 Ma as defined by eight
(Fig. 3d). Three
however, yielded a significantly younger concordia age

analyses other zircon analyses,
of 2600+11Ma and one analysis a concordia age of
2530 £16 Ma. The remaining 10 spots gave 20-79% discor-
dant results with *”’Pb/**Pb ages that vary from 1684 to
2487 Ma. We interpret the older concordant age to repre-
sent the intrusion age of the Regina gneiss protolith,
the younger ages result
loss either at about 2-0Ga or during multiple events
(inset in Fig. 3f).

All zircon grains have within error identical initial
YOSH{YTHE values of 0-28096 4 0-00004 (25 SD), which

whereas from partial Pb

(Tpy) mark the time of juvenile crust formation in the Limpopo
Belt. The arrows starting at Tpy =365 and 265 Ga illustrate the
evolution trend of a bulk rock with a "®Lu/""Hf of 0-0113. The dotted
vertical line defines the mixing line between evolved Palacoarchaean
crust and juvenile Neoarchaean crust at 2-65 Ga. The black arrows
starting at 3-283 Ga (Sand River gneiss data) define the eHf(t) evolu-
tion trends of zircon (*) crystallized at 3-283 Ga in the Sand River
gneiss, and of melts, which may have formed by partial anatexis
(4 zircon fractionation) of the Sand River gneiss. (c) eNd(t) vs age
diagram showing data for rocks from the Kaapvaal Craton, the
Zimbabwe Craton and the Limpopo Belt. It should be noted that
eNd(2:6-2:7 Ga) values of rocks from the Zimbabwe Craton and the
Northern Marginal Zone are commonly higher than those for the
Kaapvaal Craton and the Southern Marginal Zone. Data sources:
(1) Maier et al. (2000); (2) Schmitz et al. (2004); (3) Wilson & Carlson
(1989) and Kreissig et al. (2000); (4) Barton et al. (1995,1996); (5) Berger
et al. (1995); (6) Barton (1996); (7) Zhai et al. (2006); (8) Hamilton ef al.
(1977), Moorbath et al. (1986), Taylor et al. (1991) and Jelsma et al. (1996).
(For further explanation see text,)
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correspond to eHf(t);piia of =34 to —5-5 and TDMHfinitial of
3:3-3-4Ga. It is worth noting that these values are
similar to that of the Bulai granite and to most values
obtained from the Singelele gneiss.

Lanzibar granodiorite gneiss (sample SAG)

The investigated grey gneiss sample was taken from the
Seoka river bed near the Botswana—South Africa bound-
ary (see Barton & Key, 1983). Irom this sample 23 U-Pb
and Lu—Hf spot analyses were performed on 17 zircon
grains (Tables 2 and 3; Figs 3e and 4m—o). CL images indi-
cate complexly zoned zircon grains and most of them
reveal a core and rim structure (Fig. 5b and c). In addition,
there are abundant zircon grains that show parallel band-
ing (Fig. 5b). U-Pb spot analyses provided a wide scatter of
apparent Pb—Pb ages for all domains ranging between
2227 and 2629 Ma (Table 2). Some zircon grains yield
within error identical ages for their core and rim
(e.g. spots 9 and 10, Fig. 5¢) whereas other zircon grains
show apparently younger cores and older rims (e.g. spots
24 and 25, Fig. 5b). The latter indicates that the analysed
core domains underwent a much stronger Pb loss than the
rim domains of the same zircon.

Eight U-Pb analyses (99-101% concordance) yielded
a concordia age of 2613 &7 Ma (Fig. 3e), which is inter-
preted as the time of granodiorite intrusion. Five appar-
ently concordant zircon analyses (96-98% concordance)
gave ages of around 2540 and 2596 Ma (Table 2).
These ages are interpreted to result from partial Pb loss
during a Palaeoproterozoic (c. 2-0Ga)
event. The remaining eight spot analyses are 77-94%
discordant, reflecting either partial Pb loss to zero or
multiple Pb loss. It should be noted that the intrusion age
of 2613+7Ma is significantly younger than the Rb—Sr
whole-rock isochron age of 3227 40 Ma from the same
gneiss (Barton & Key, 1983). However, it is identical to or
slightly younger than two SHRIMP U-Pb zircon ages
of 2614 £13 Ma and 2659 £10 Ma of a granodiorite and
monzonitic gneiss, respectively, which were collected from
the nearby Tapalaphala river bed (Kroner et al., 1999).

Lu—-Hf analyses reveal that all 23 zircon spots have
within error identical initial "CHf/”’Hf values of
0-28108 0-00005 (2o SD; Fig. 4m). This supports the
conclusion that all investigated zircon domains were
formed during the same magmatic event and that all of
them underwent partial Pb loss during multiple events.
This conclusion is also reflected by the array of the eHIf(t)

metamorphic

values, which shows a straight line between —12 at 2-62 Ga
and —9-4at 2:2Ga (Fig. 4n). Initial hafnium model ages
between 3-01 and 318 Ga reveal that the Zanzibar gneiss
results from remelting of substantial amounts of an older
Archaean crust, which was formed on average ¢. 400-500
Myr prior to the intrusion.

Lanzibar granite gneiss (sample SAL)

The Zanzibar granite gneiss sample was also collected in
the Seoka river bed. Twenty U-Pb and 15 Lu—Hf spot
analyses were obtained on 16 zircon grains from this
sample (Tables 2 and 3; Figs 3f and 4p-r). Many zircon
grains have cores, which are separated from their rims
by dark, U-rich bands (Fig. 5d). Most of the cores
show oscillatory zoning, whereas some of the rims are
structureless.

U-Pb spot analyses of all zircon domains yield
discordant results (97-48% discordance) with apparent
Pb-Pb ages between 1785 and 2619 Ma (Table 2).
However, the initial "“HfJ"””Hf values of all spot analyses
are identical within error (0-28108 +0-00005; 20 SD).
This indicates that all analysed zircon domains, compris-
ing the different core and rim areas, must have been
formed during the same magmatic event, which is also
supported by the eHf(t) and Tpy™" vs Pb—Pb age trends
(Fig. 4q and r). The TI)MH[;,,it;aI values indicate that the
granite gneiss protolith stems from a crustal source with
an average hafnium model age of 3-02-3:18 Ga, which is
identical to that of the Zanzibar granodiorite.

Nine U-Pb spot analyses fall on a discordia
(MSWD =1-9) with intercepts at 2614+9Ma and
716 £46 Ma (Fig. 3f). The wupper intercept age of

2614 =9 Ma is interpreted to date the time of the ZAL
granite intrusion. In fact, this age is identical to that
obtained from the nearby sample ZAG, which shows an
identical Hf isotope composition (see above). The scatter
of various data points in the concordia diagram of sample
ZAL indicates than many zircon domains underwent
post-crystallization multiple Pb loss, perhaps during
Palacoproterozoic and recent time (see inset in Fig. 3f).

Mahalapye Complex
Mokgware granite (sample Mo)
The investigated sample represents a medium-grained
granite variety, which contains mainly K-feldspar, plagio-
clase, biotite and quartz. Seventeen U—Pb spot analyses on
14 zircon grains and an 14 Lu—Hf spot analyses were
carried out (Tables 2 and 3). CL images indicate different
zircon zoning patterns (Fig. 6a—e). Type-I zircons show
U-poor cores with a bright luminescence and ‘dark’ U-rich
overgrowths (Fig. 6¢ and d). Some of these cores display
oscillatory zoning, whereas others are structureless—diffuse
(Fig. 6d). The latter are similar to recrystallized metamict
zircons as described by Vavra et al. (1996). Type-1I zircons
show a balanced luminescence throughout the entire
crystal with a weak oscillatory zoning, although some of
them have distinct cores and rims (Fig. 6a, b and e).
U-Pb spot analyses of most zircon domains from type-I
zircon and from the oscillatory cores of type-II zircon
define a discordia with intercepts at 10£12 and
2019 £8 Ma (Fig. 7a). The upper intercept age is within
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error identical to a concordia age of 2026 10 Ma, which
was calculated from three zircon analyses (Fig. 7a). It is
interpreted to reflect the time of granite emplacement.
In contrast, two younger, strongly discordant Pb—Pb
analyses, which have apparent Pb—Pb ages of about 1463
and 1721 Ma, are interpreted to result from multiple Pb
loss after 2:03 Ga. These two analyses show the highest U
contents (1432 and 2832 ppm, respectively). In addition,
a few zircon cores give significantly older ages. One
zircon core yields a concordant age of 2929 £14 Ma
(spot 8c/zrc6), and three others have discordant Pb—Pb
ages between 2520 and 2645 Ma (Fig. 7a). The age data
that the Mokgware granite
2019 £8 Ma and contains some Archaean crustal compo-

indicate intruded at
nents. This is in agreement with the results obtained from
the Lu-Hf spot analyses
Archaean hafnium model ages between 3-0 and 3-4 Ga for
the different zircon domains (Fig. 8c).

The 10 spots that define the 2:02Ga Mokgware
discordia age show slightly variable initial "°*Hf}""Hf of
0-28120 £0-00005 (20 SD). This suggests that magma
homogenization during zircon crystallization was incom-
plete (Tpa inival = 31-3-2 Ga; eHI(t) i = —10-5 £1-9).
The inherited components with variable age (>2:02 Ga)
and Hf isotope composition (€Hf, 9019 ma)=—11-3 to
—20-1) clearly point to a heterogeneous crustal source.

It should be noted that the assimilation—melting of

(Iig. 8a—c), which reveal

Archaean material during the Palacoproterozoic granite
formation in the Mahalapye Complex is not restricted to
the Mokgware granite, but has also been reported from
the nearby Mahalapye granite (Fig. 1). This granite
intruded at 2023 £11Ma and contains abundant zircon
xenocrysts with Pb—Pb ages between 2:45 and 3:15 Ga
(McCourt & Armstrong, 1998). The age of the oldest
xenocryst is well within the range of the hafnium model
ages, which are estimated in this study for the Mogkware
granite.

Lose quarry samples

The Lose quarry is situated ¢. 50 km south of Palapye
(Fig. 1) and exposes ortho- and paragneisses that are trans-
ected by garnet-bearing leucosomes. The leucosomes form
veins of centimetre to several metres width, which occupy
¢. 25% of the outcrop volume. A detailed description of this
outcroup, lithologies and metamorphic conditions has been
given by Chavagnac et al. (2001) and Hisada et al. (2005).
Tor this study two samples were collected, a dark garnet—
biotite gneiss and a leucosome.

Garnet—buotite gneiss (sample Malh). This sample shows
melanocratic and leucocratic domains on the centimetre
scale, both of which contain garnet, biotite, plagioclase,
quartz and gem quality zircon grains. CL images show
typical magmatic zoning patterns such as oscillatory
zoning, sector zoning and a similarly bright luminescence

for all zircon grains (Fig. 6f). Twenty U—Pb spot analyses
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on 20 zircon grains and 15 Lu—Hf spot analyses were
carried out (Table 2 and 3). All U-Pb analyses fall on a
discordia with intercepts at zero and 2058 %5 Ma,
which is identical to the concordia age of 2061 6 Ma as
defined by 17 analyses (Fig. 7b). The Lu—Hf analyses
of all zircon grains yielded identical initial "*Hf""Hf of
0-28145 £0-00002 (Fig. 8d), which corresponds to
EHI() i1 between 01 and —12 (Fig. 8¢) and Ty il
of 2-61-2-67 Ga (Iig. 8f).

Similar characteristic CL patterns, Hf isotope data and
identical U—-Pb ages of all zircon grains indicate that
the protolith of the garnet—biotite gneiss was a magmatic
rock, perhaps a diorite, emplaced at
2061 £6 Ma, and syn- or post-intrusively deformed and
metamorphosed. Our LA-ICP-MS U—-Pb age is identical
to, but more precise than, the zircon SHRIMP U-Pb
upper intercept age of 2053 £21 Ma, which was obtained

which was

by McCourt & Armstrong (1998) from a granodiorite
dyke of the same outcrop. In contrast to McCourt &
Armstrong (1998), we did not find zircon xenocrysts with
ages between 2-6 and 3-19 Ga in our sample.

The proposed magmatic origin for the garnet-biotite
gneiss contradicts the findings of Chavagnac et al. (2001),
who designated texturally similar rocks as migmatitic
paragneisses, which were interpreted to be due to i situ
anatexis of metagreywackes. However, in such a scenario
one would expect to find a more heterogeneous zircon
population with different inherited cores (see Zeh et al.,
2003). Nevertheless, some sedimentary rocks must have
been present in the Lose quarry, as documented by
sillimanite- and andalusite-bearing metapelites (Hisada
et al., 2005).

Garnet-bearing leucosome (Malb). This sample was taken
from a 5m thick leucosome dyke, adjacent to sample
Malh. It garnet In a
K-feldspar—plagioclase—quartz CL images of

zircon grains reveal internal structures that are completely

contains minor leucocratic

matrix.

different from those from sample Malh (Fig. 6g and h).
Most zircon grains have bright, U-poor cores with oscilla-
tory zoning (co), which are surrounded by dark, U-rich
rims (rd) (Fig. 6g and h). In some zircon grains the oscilla-
tory zoning patterns of the cores are partly or completely
replaced by patchy zoning patterns (cp), which can also
be observed in some dark zircon overgrowths, where
these patterns commonly start at the rims and grade
inward (rp) (Fig. 6g and h). In other zircon grains such
patterns are observed to form bands that penetrate both
the cores and rims. Judging from these observations,
we conclude that the patchy patterns result from recrystal-
lization of metamict zircon domains, perhaps as a result
of fluid—zircon interaction (see Rizvanova et al., 2000;
Geisler et al., 2001). Most grains have euhedral cores
(Fig. 6g and h), indicating that the dark U-rich rims
represent zircon overgrowths and are not the result of
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alteration processes. The latter commonly cause the
formation of reaction fronts, which cross-cut older zircon
zoning patterns (e.g. Vavra et al., 1996).

Twenty-five U-Pb spot analyses on 20 zircon grains and
22 Lu—Hf spot analyses were performed (Tables 2 and 3).
Most core U-Pb analyses, in particular those of oscillatory
zoned domains (co), fall on a discordia with intercept ages
at around 468 and 2707 12 Ma (Fig. 7c). The latter age
is within error identical to a concordia age of 2711 £11 Ma
obtained from nine analyses. Seven spots, including
two analyses of patchy zircon cores, yield somewhat
younger Pb—Pb ages of about 2:47-2-62 Ga. They plot on
a discordia with a lower intercept age of 2031 £120 Ma
when forced through 2711 Ma, the age of the nine concor-
dant spots. In contrast to the oscillatory zoned cores (co),
no reliable U-Pb ages were obtained from the zircon rims
(domains rd, rp), and from most of the patchy zircon cores
(cp). These uranium-rich domains (1815-8477 ppm) vyield
strongly discordant U—Pb analyses, with Pb—Pb intercept
ages between 2:35 and 11Ga (Fig 7c). This indicates
that all of these domains underwent Pb loss, a feature com-
monly observed in uranium-rich zircons (e.g. Vavra et al.,
1996; Mezger & Krogstad, 1997). Judging from the textural
relationship we believe that the U-rich zircon overgrowths
grew during leucosome formation and crystallization.
This assumption agrees with the fact that the zircon
grains in leucosomes are commonly uranium-rich
(e.g. Rubatto et al., 2001; Zeh et al., 2003). Because the
leucosome veins observed in this study cross-cut the
garnet—biotite (diorite) gneiss, the zircon rims must
be younger than 2-06 Ga. This agrees with a U-Pb mona-
zite age of 2002 10 Ma, and Sm—Nd garnet ages between
2023 £7 and 1989 =38 Ma, which were reported for the
leucosomes (Chavagnac et al., 2001). Thus for eHf(t);nia
and hafnium model age calculations we use an age of
2.0 Ga for the zircon rim analyses (Table 3).

Initial "°Hf/"7Hf of the cores yield a wide scatter from
0-28095 to 0-28124
pronounced for the >95% concordant analyses (mostly
oscillatory zircon cores), where the ¢Hf(t) values vary

(Fig. 8g). This scatter is most

from —3-5 to 3-8 and the TDMHf values are between 2-9
and 3-3 Ga (Fig. 8h and i). In contrast, the eHf(t) and
Tpa' data for the discordant, patchy zircon cores (cp)
show well-defined positive or negative trends when corre-
lated with the apparent *’Pb/**°Ph age data (Fig 8h
and 1). This indicates that the ‘discordant’ cores underwent
multiple Pb loss, whereas their initial "Hf/"”Hf remained
nearly unchanged. Thus, when these zircon analyses are
recalculated with the ‘true’ zircon crystallization age
of 2711 Ma their resulting eHf(t);n;. (—0-6 to 2:6) and
TDMHE“M&] values (31 £0-3 Ga) are well within the range
of the concordant analyses (Fig. 8h and 1).

The Lu—Hf analyses of the uranium-rich overgrowths
yield initial "HE""Hfy.o g, of 0-28123-0-28139, indicating

that they contain more radiogenic hafnium than the
zircon cores (Fig. 8g), and that the rims crystallized
during a later (anatectic) event than the cores in the same
precursor rock, similar to the scenario proposed for sample
Sin (see above). It should be noted that most hafnium
model ages obtained from the zircon cores and rims are
higher (TDMHﬂ,,it,-MZQ'S*BQ Ga) than those previously
estimated by Sm—Nd whole-rock analyses of leucosomes
from the Lose quarry (Tpy @ =2-7-2:9 Ga; Chavagnac
et al., 2001). This may have the same cause (open-system
behaviour; see Moorbath et al., 1997)
discussed for the Sand River gneiss.

The combined U-Pb and Lu—Hf data indicate that
the zircon cores in sample Malb were formed at
2711 £11 Ma. The wide scatter of the eHf(t);iia values
may indicate that the cores were formed in different
magmatic rocks,

as previously

which contained different amounts
[eH{() initia1 = —3+5;
Ton Ginita > 33 Ga] and juvenile Neoarchaean crust
[eHfiin =463  Tom' iniia <2:8Gal.  During  the
Palacoproterozoic (at ¢. 2-0 Ga) this heterogeneous crust

of recycled Palacoarchaean crust

was remelted and new zircon overgrowths formed.

The 1sotope dataset and the CL images indicate that the
garnet—biotite (diorite) gneiss (sample Malh) is neither
the palaeosome nor the restite of the abundant leucosomes
exposed in the Lose quarry. It seems more likely that the
leucosomes were formed by partial anatexis of a deeper
crustal source, rather than from @ sifu anatexis as
proposed by Chavagnac et al. (2001). In fact, the thick
leucosome veins of the Lose quarry may represent magma
conduits, which are genetically unrelated to the surround-
ing diorite gneiss. Our isotope data in combination with
the field relationships from the Lose quarry support
a model in which the diorite gneiss protolith results
from Palaeoproterozoic (2:06 Ga) melting of a juvenile
Neoarchaean lower crust formed at 2:6-2-7 Ga. In con-
trast, the younger garnet-bearing leucosomes resulted
from Palacoproterozoic melting of the upper crust, which
was predominantly made up of pre-Neoarchaean material
and affected by magmatism at ¢. 2-7 Ga.

DISCUSSION

Zircon formation vs alteration

From our combined CL, U-Pb and Lu—Hf dataset we are
able to discriminate between zircon growth and alteration
processes. Zircon domains affected by single or multiple Pb
loss yield initial "®Hf/""Hf values that are identical within
error to those of unaffected zircon domains formed at
the same time. This is generally reflected by zircon spot
analyses obtained from the samples Bu, Sin, ZAG, ZAL
and Malb, as the analyses of co-genetically formed zircon
domains form horizontal lines in the 176Hf/177Hfinmal Vs
apparent Pb—Pb age diagram and show a positively
correlated array in the eHf(t) vs apparent Pb—Pb age
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diagram (Figs 4 and 8). In contrast, newly formed zircon
overgrowths, which may result from partial anatexis of the
orthogneisses during later events, always show significantly
higher radiogenic "°Hf]""Hf, ;i and €Hf(t) than the
older zircon domains. This is well demonstrated by zircon
analyses from samples Sin and Malb (Iig. 4g and 1), and
agrees with results obtained from migmatitic gneisses
from the Antarctic Peninsula (Flowerdew et al., 2006).
Therefore, our results indicate that the hafnium isotopes
once incorporated into a certain zircon domain will not
(or only slightly) be fractionated during later metamictiza-
tion and fluid-driven processes, which generally lead to
partial or complete Pb loss in distinct zircon domains
(e.g. Vavra et al., 1996; Rizvanova et al., 2000; Geisler et al.,
2001). Increased initial "“Hf/"””Hf values of zircon over-
growths with respect to zircon cores indicate that the
overgrowths were formed during partial anatexis, with
most zircon cores not being dissolved.

Timing of magmatism and metamorphism
The combined information from CL images, U-Pb and
Lu—Hf isotope spot analyses provides evidence that zircon
grains in granites and orthogneisses of the Limpopo
Central Zone were formed during distinct magmatic
events at about 3-28, 2.71, 2-65, 2-61, 2:06 and 2-02 Ga.
In addition, our data indicate that some zircon domains
were formed during anatectic events at about 314, 2-61
and 2-02 Ga, whereas others were subject to single and/or
multiple Pb loss. Our age data combined with those from
previous studies (e.g. Jaeckel et al., 1997; Holzer et al., 1998,
1999; Kroner et al., 1998, 1999; McCourt & Armstrong,
1998) indicate that granitoid rocks with ages of 3-28 Ga
and 2-61-2-65Ga are restricted to the Beit Bridge
Complex, whereas granitoids with ages of 2:06 and
202 Ga occur only in the Mahalapye Complex (Fig. 1).
However, zircon xenocrysts reveal that the Mahalapye
Complex also comprises large quantities of Archaean
magmatic rocks formed at 2-52-2-8 Ga and >2-9-3.15Ga
(McCourt & Armstrong, 1998, and references therein).
In fact, most xenocryst ages of the Mahalapye granitoids
are identical to orthogneiss protolith ages obtained from
the Beit Bridge Complex. This also holds true for the
zircon cores with an age of 2711 11 Ma found in the Lose
quarry leucosomes. Their ages are identical to U-Pb
SHRIMP ages of 2718 £5 and 2717 &3 Ma obtained from
granodiorite or dacite samples from the Beit Bridge
Complex (Kroner et al., 1999).

3143 £13 Ma zircon age and
2614 =11 Ma zircon overgrowths around 3-28 Ga zircon

A concordant rare
cores indicate that the Sand River gneiss of the Beit
Bridge terrane was subject to partial anatexis during the
Palaeco- and Neoarchaean, respectively. So far, the reason
for the Palacoarchaean thermal overprint, which is also
suggested by the age data of Barton et al. (1977, 1990) and
our hafnium isotope results (see above), is not clear.

CRUSTAL EVOLUTION, LIMPOPO BELT

The Neoarchaean event was obviously induced by the
voluminous granite intrusions in the Central Zone,
comprising the Singelele gneiss (2647 £12Ma), the
Regina gneiss (26499 Ma), the Zanzibar gneiss
(2613 =7 Ma), and the Bulai pluton (2612 +£7 Ma). In fact,
these granitic intrusions occurred contemporaneously with
the Razi granite of the Northern Marginal Zone
(2627 £7 Ma; Mkweli et al., 1995; 2-52-2-67 Ga: mostly
discordant ages of Frei et al., 1999), and the Matok granite
of the Southern Marginal Zone (2620 +75: Barton et al.,
1983; 26672664 Ma: Barton et al., 1992; 2643 £1Ma:
Kreissig et al., 2001).

U-Pb analyses provide that
new zircon overgrowths were formed during partial
anatexis of the Sand River and Singelele orthogneisses at
2:02-2.04 Ga. In addition, the U-Pb analyses indicate
that many zircon grains and/or domains in orthogneisses
from the Beit Bridge Complex underwent Pb loss at the
same time. This is well supported by data from the Bulai

Numerous evidence

granite, the Singelele gneiss, the Regina gneiss and
the Zanzibar gneiss (Fig. 3b—e). We assume that new
zircon growth as well as partial or complete Pb loss at
2.02Ga is structural-metamorphic
processes, which affected the Central Zone during the

about related to
Palaeoproterozoic, in agreement with data and conclusions
suggested by several other workers (e.g. Jaeckel et al., 1997;
Holzer et al., 1998, 1999; Kroner et al., 1999; Zeh et al., 2004;
Buick et al., 2006). During the Palacoproterozoic parts
of the Central Zone were affected by a high-grade
metamorphic confirmed by petrological
data from the Messina, Alldays and Mahalapye areas
(Van Reenen et al., 2004; Zeh et al., 2004; Hisada et al.,
2005; Buick et al., 2006), whereas the area around the
Venetia kimberlite pipes underwent amphibolite-facies
metamorphism (Barton et al., 2003; Klemd et al., 2003;
Zeh et al., 2005a, 2005b).

event, as

Crustal evolution of the Central Zone
Palaeoarchaean granitoids

The Lu—Hf isotope data indicate that the 3-28 Ga Sand
River TTG suite results from melting of a crust with an
average crustal residence age of TDMHfinitial:?rG‘l-:t
0-04 Ga. This indicates that the oldest crust of the
Limpopo Central Zone was formed ¢. 300400 Myr prior
to the formation of the Sand River TTG suite. It is interest-
ing to note that the ¢. 3:6-3-7 Ga hafnium model age is
identical to a Pb—Pb SHRIMP age of a single detrital
zircon grain from a pelitic schist of the Beit Bridge forma-
tion (Kroéner et al., 1998). This suggests that the oldest crust
constituting the Central Zone was recycled immediately
after its formation. Nevertheless, a detrital zircon U-Ph
SHRIMP age of 3-8 Ga, as reported by Armstrong et al.
(1988), indicates that the Limpopo Belt may contain even
older crust, which, however, is not confirmed by our data.
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The TDMHfinitial values obtained from the Limpopo Belt
are similar to those calculated for felsic rocks of
the Barberton greenstone belt (Amelin et al., 2000;
TDMH[=3-6173-75 Ga), and to Sm—Nd isotope data for
basic and ultrabasic rocks from the Kaapvaal Craton
(Wilson & Carlson, 1989) and for felsic rocks of the Tokwe
segment of the Zimbabwe Craton (TDMNd =3-55-3-67 Ga,
data from Moorbath et al., 1986; Taylor et al., 1991).
Similarly to the Sand River gneiss area, the Tokwe segment
also contains a minor 3-75-3-8 Ga zircon population
(Dodson et al., 1988). This suggests that the Sand River
TTG suite and some of the associated metasedimen-
tary rocks could be part of the same Palacoarchaean
‘granite-greenstone belt crust, which now constitutes the
cratons south and north of the Limpopo Belt. However,
these similarities do not necessarily mean that these
‘granite—greenstone belt crusts’ were formed in a close
geographical proximity to each other.

Neoarchaean and Palaceoproterozoic granitoids

The protoliths of all investigated Neoarchaean orthog-
neisses of the Beit Bridge Complex (Bulai granite,
Singelele gneiss, Regina gneiss, Zanzibar gneiss) intruded
between 2:65 and 2-61 Ga. Zircon grains from these grani-
toids show eHIf(t);niqa values between +0-5 and —7:1
(Fig. 9a and b), and Tpy' el of 3:01-3-46 Ga. Similar
TDl\leinitial values are also obtained from the 2:5-2-9 Ga
zircon xenocrysts of the Mokgware granite from the
Mahalapye Complex. In contrast, the 2-71 Ga zircon cores
from the Lose quarry leucosome of the Mahalapye
Complex (sample Malb) show a wide range of eHf(t);p; a1
from —3-7 to +6-3, and TDMHf between 2-76 and 3-32 Ga.
The highest eHf(t);;. of these zircon grains is close to
that of the depleted mantle (Fig. 9a).

The oldest TDMHriniml age of 3-46Ga is based on
a zircon grain from the 2:65Ga Singelele orthogneiss.
This model age is only slightly younger than those
obtained from the nearby Sand River orthogneiss
(3:60-3-68 Ga), indicating that the Singelele gneiss may
have formed by partial melting of Sand River gneiss
equivalents at about 2-65 Ga. In fact, anatexis of the Sand
River gneiss during the Neoarchaean is reflected by zircon
overgrowths, which yielded U-Pb ages of about 2:61 Ga
(Fig. 3a). The minor age differences between the Singelele
granite gneiss intrusion (2:65Ga) and the Sand River
gneiss anatexis (2-61 Ga) may be explained by partial Pb
loss of the analysed zircon overgrowths. Apart from the
3-46 Ga hafnium model age, most zircon grains of the
Singelele gneiss yield somewhat younger TDMHfinitia]
values of 3.17-3-40Ga (Fig. 9a), which correspond to
higher initial "CHE"’Hf and eHf(t);u (Figs 4g, h,
and 9a). It should be that the
hafnium model the Singelele gneiss
identical to those obtained from the Bulai pluton
(TDMHfinitia1:3-l7*3-28 Ga) the Regina gneiss

noted younger

ages of are

and

(TDMHfinitial =3-25-3-37 Ga), but are predominantly older
than those obtained from the Zanzibar granodiorite
(TDMHfinilial:3-0173-18 Ga) and Zanzibar granite gneiss
(Tom M iniar = 3-04-3-18 Ga) (Fig. 9a and b).

In general, two models can explain the younger hafnium
model ages of the Neoarchaean gneisses with respect to
of the Palacoarchaecan Sand River gneisses.
According to the first model, abundant zircon was fractio-
nated during partial melting of the ¢. 3-65 Ga ‘Sand River
gneiss’ crust at 2:65 Ga and thereby causing the ascending
magmas to have higher radiogenic hafnium (matrix

those

hafnium) than the re-molten precursor rocks. It should be
noted that this model does not require the addition of
any juvenile magma at ¢. 2:65 Ga. If true, however, the
Neoarchaean gneisses should have higher ""°Lu/’Hf
ratios than their Palacoarchacan precursor rocks. As
illustrated in Fig. 9b, the Neoarchaean gneisses should
have whole-rock "°Lu/”’Hf ratios between 0-018 and
0-030 if they are formed by partial anatexis of Sand
River gneiss. These values are higher than the mean
Archaean—Palaeoproterozoic crustal composition
("°Lu/""Hf = 0-0113) as suggested by Taylor & McLennan
(1985) and Wedepohl (1995). Unfortunately, there are no
7SLu/""Hf whole-rock isotope data available, which could
prove or disprove this model.

The second model is based on the assumption that all
of the Neoarchaean gneisses represent mixtures of remelted
¢. 365 Ga crust (Sand River gneiss equivalents) and a
juvenile component derived from the depleted mantle at c.
2:65 Ga. So far, there is only one Rb—Sr isotope dataset,
that of Watkeys & Armstrong (1985), which provides
evidence for the existence of Neoarchaean juvenile
magmas in the Limpopo Belt, whereas all the Lu—Hf and
Sm—Nd data are ambiguous (Fig. 9a). The Rb—Sr dataset
was derived from alkaline lamprophyre dykes, which
transect the 2:61 Ga Bulai granite. These dykes yield an
initial *°Sr/"Sr of 0-70228 and Rb-Sr and Pb-Pb ages of
2671 £163 Ma and 2641 +125/—131Ma, respectively
(Watkeys & Armstrong, 1985). These data are interpreted
to reflect the formation of the lamprophyres from a
Neoarchaean primitive mantle source beneath the Central
Zone of the Limpopo Belt, which was ‘fertilized’” by an
incompatible trace element-enriched fluid derived from
the dehydration of a slab, which subducted beneath the
region at about 2.7 Ga.

Further evidence for the existence of Neoarchaean
juvenile magmas underneath the Limpopo Belt is provided
by our zircon Hf isotope data from the Mahalapye
Complex. The first set of evidence comes from zircon
grains of the 2-061 Ga garnet—biotite (diorite) gneiss of
the Lose quarry, which shows hafnium model ages
between 2:61 and 2:67 Ga (Fig. 9a). They indicate that the
protolith of the diorite gneiss perhaps results from melting
of a lower mafic crust, which was derived from the
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depleted mantle during the Neoarchaean. Identical initial
YSHIJ"HF ratios obtained from all zircon grains of sample
Malh (Fig. 8d—f) may reflect that the source region of the
diorite melt was homogeneous at 2-06 Ga. Alternatively,
the homogeneity of the initial "*Hfj"”Hf could also result
from
(2:06 Ga) juvenile magma and a ‘heterogeneous’ Neo- to
Palaeoarchaean crust (<2:6 Ga). This possibility, however,
is considered to be less likely. In fact, there is no evidence
for the
Palaeoproterzoic magma throughout the Limpopo Belt
and the adjacent Kaapvaal and Zimbabwe Cratons
(see Fig. 9¢). Even the rocks of the nearby mantle-derived

intense mixing between a Palaeoproterozoic

formation (existence) of any juvenile

Bushveld layered intrusion (Fig. 1), which has the same
intrusion age as the Lose quarry diorite (2:06Ga,
Walraven & Hattingh, 1993; Buick et al., 2001), show
Archaean neodymium model ages between 3-0 and 3-7 Ga
(Maier et al., 2000), which are much older and more vari-
able than the hafnium model ages obtained from the
Lose quarry diorite.

The second set of evidence is provided by eHf(t)inigal
values of +6-3 to —3-7, as obtained from the 2-7 Ga zircon
cores of the Lose quarry leucosome, which itself was
formed during the Palacoproterozoic at ¢. 2-0 Ga (Fig. 9a).
The most positive eHf(t)iniqa 18 close to that of the
depleted mantle (Fig. 9a) and, thus, suggests that zircon
was formed in a juvenile magma at ¢. 2:7 Ga. The large
scatter of the eHf(2-71 Ga);pniia values of the zircon cores
conforms with an interpretation that the leucosome of the
Lose quarry was formed by anatexis of a mixed crust,
which contained Palaeoarchaean (TDMHF >3-3Ga) and
juvenile Neoarchaean components (Tpy' ' =2.7-2-8 Ga).
Recycling  of  Palacoarchaecan crust during the
Palacoproterozoic is reflected by negative eHI(t)ipigal
values of —7:1 to —12-6 obtained from zircon grains of the
Mokgware granite (Fig. 9a).

Geotectonic model for the Neoarchaean—Palaeoproterozoic
evolution

The formation of juvenile magmas at 2:6-2.7Ga, as
suggested from the Lose quarry data and the Bulai
lamprophyes, is probably linked with the formation of the
abundant Neoarchaean TTGs and greenstone belts, which
constitute wide parts of the Zimbabwe Craton to the north
of the Limpopo Belt (e.g. Hamilton et al., 1977; Moorbath
et al., 1986; Taylor et al., 1991; Jelsma et al., 1996; Zhai et al.,
2006). As shown in Fig. 9¢, most magmatic rocks of these
greenstone belts show positive to slightly negative
eNd(2:6-2-7 Ga) values between 43-8 to —2-2, indicating
the formation of new juvenile crust as well as the recycling
of some older material during the Neoarchaean. Figure 9c
also shows that the &Nd(2:6-2.7Ga) data from the
Zimbabwe Craton overlap with those of the Northern
Marginal Zone, which is interpreted to represent an
active continental, Andean-type, 2.7Ga

margin at
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(Berger & Rollinson, 1997). In contrast, rocks from the
Neoarchaean greenstone belts of the Kaapvaal Craton
and the Southern Marginal Zone generally show lower
eNd(2:6-2-7 Ga) values, indicating their different crustal
evolution, which is also documented by their different Pb
isotope data [see compilation by Barton et al. (2006)].

The occurrence of juvenile and mixed 2:6-2.7Ga
magmatic rocks in the Limpopo Central Zone is explained
by a model that starts with the Neoarchaean subduction
oceanic crust
Neoarchaean crust (Tpy' ' of 3:65Ga) of the Limpopo
Belt. The absence of any juvenile Neoarchacan granitoids
(TTGs) throughout the Limpopo Belt, including the
marginal zones, may indicate that the exposed granite

of juvenile underneath evolved pre-

bodies are not the result of Neoarchaean juvenile slab-
melting. Instead, it is more likely that the subducted
slab underwent dehydration, which caused melting (and
incompatible trace element enrichment by the released
fluid) of the overlying subcontinental mantle wedge and
led to the formation of juvenile Neoarchaean mafic
magmas. Such a scenario conforms with the interpretation
of Watkeys & Armstrong (1985) for the formation of the
Bulai lamprophyres (see above). The juvenile mafic
magmas, because of their high density, ponded at the
crust—mantle boundary, where they caused magmatic
underplating, which in turn triggered the melting of the
overlying Palacoarchaean crust. In consequence, the juve-
nile, mantle-derived mafic magma and evolved crustal
materials were mixed to different degrees, leading to the
formation of different types of magmatic rocks with
distinct hafnium isotope composition at 2:6-2-7 Ga. Rocks
with the oldest TDMHF values, such as the Singelele granite
gneiss (3-:3-3-5 Ga), perhaps represent nearly pure crustal
melts, whereas rocks with younger Tom' " values, such as
the Bulai granite and the Zanzibar gneisses (3:1-3-2 Ga),
may contain a higher amount of juvenile components. The
crust constituting the Mahalapye Complex was intruded
by granitoids with the largest compositional variations, as
reflected by the Hf isotope data of sample Malb
(Tpy'"=2-8-3-3 Ga). In addition to the granitoid forma-
tion, some portions of the underplated mantle-derived
mafic magma solidified without any significant isotopic
modification, and formed a Neoarchaean lower crust.
heating at 2:06Ga, this
Neoarchaean mafic crust was remelted, leading to the

During Palacoproterozoic

formation of diorite magmas with Tt of about
2-65 Ga. Solidified relics of such a magma are now exposed
in the Lose quarry in the Mahalapye Complex. The same
heating event caused the melting of the isotopically more
variable upper crust (Tpy™ =2:8-3-3Ga), which led to
the formation of the garnet-bearing leucosomes exposed
in the Lose quarry and the final intrusions of the
Mokgware and Mahalapye granites at about 2-02 Ga.
So far, the reason for the Palacoproterozoic heating event,
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which caused the high-grade metamorphic overprint
throughout wide areas of the Limpopo Belt, is not
understood. P—T paths, structural investigations and the
geochronological data of Holzer et al. (1998, 1999), Kroner
etal. (1999) and Zeh et al. (2004, 2005a, 2005b) indicate that
the 2:02 Ga event is related to crustal convergence that was
caused by the oblique collision between the Zimbabwe
and Kaapvaal Cratons.

CONCLUSIONS

The results indicate that by combining the U-Pb with
the Lu-Hf isotope system primary magmatic zircon
domains can be distinguished from those formed during
later metamorphic events, even if the distinct zircon
domains underwent multiple Pb loss and the texture—age
relationships, as obtained by CL images and U-Pb
analyses, are ambiguous. Furthermore, the applied techni-
que allows us to distinguish zircon grains formed in
juvenile magmas from those generated by melting of older
continental crust or affected by substantial crustal
contamination.

Taking all data into account we conclude that most
Palacoarchaean to Palacoproterozoic granitoids of the
Central Zone of the Limpopo Belt result from major
recycling of an old Archaean crust, which was derived
from the depleted mantle at ¢. 3-65 Ga, and is equivalent
to some of the oldest rocks constituting the Kaapvaal and
Zimbabwe Cratons. At 3-283 Ga this old crust was at least
partially remelted, leading to the formation of the Sand
River T'TG suite, which underwent a first anatectic over-
print at 3-14 Ga. Subsequently, during the Neoproterozoic
at 2.7-2-6 Ga, large quantities of the Palacoarchaean crust
were recycled again and mixed with new juvenile magma
to different degrees, causing variable hafnium model ages
between 3-0 and 3-45 Ga. The influence and amount of
juvenile magmas seems to increase from east to west, as
supported by increasing eHf(2:6-2:7 Ga)ipjia from the
Sand River area of the Beit Bridge Complex (=71 to
—18), to the Zanzibar area (—2-3 to +0-6) and to the
Mahalapye Complex (—3-7 to 4+6-3) (Fig. 9a and b).

The coexistence of juvenile and mixed 2:6-2.7Ga
magmatic rocks in the Limpopo Belt is considered to
result from the subduction of juvenile Neoarchaean
oceanic crust beneath pre-Neoarchaean continental crust
constituting the Limpopo Belt. This subducted crust
underwent dehydration, triggering mantle wedge melting,
and caused the underplating of mantle-derived mafic
magma below the pre-Neoarchaean continental crust.
This underplated juvenile magma triggered the formation
of crustal melts and of mixed crust-mantle-derived melts,
and parts of it formed a Neoarchaean mafic lower crust.
Finally,
the mixed wupper crust were remelted during
Palacoproterozoic at 2:02-2-06 Ga.

and
the

the juvenile Neoarchaean lower crust
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