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Abstract The Francistown plutonic rocks at the south-
western margin of the Zimbabwe craton consist of three
igneous suites: Sanukitoid, Tonalite-Trondhjemite—
Granite (TTG) suites and High-K granites. The TTG
suite is subdivided into High Aluminum-TTG (HA-
TTG) and Low Aluminum-TTG (LA-TTG) sub-suites.
Their Rb-Sr isotope systems were partially homoge-
nized by post-crystallization thermo—tectonic events, in
which hydrothermal solutions and migmatization
played an important role. Therefore, the Rb—Sr iso-
chron age of 2427+ 54 Ma can only be regarded as a
lower limit to the Francistown plutonic rock age. The
large errors in the Sm—Nd isochron dates of Francis-
town granitoids indicate that these dates are not really
constrained. In this study we compared the rock types of
Francistown and adjacent areas, adopting the precise U,
Th—Pb single zircon SHRIMP ages from the Vumba
area as references. For TTG and Sanukitoid suites, the
age we adopted is ca. 2.7 Ga, which is close to their
depleted-mantle Sm—Nd model ages (Tpy). For High-K
granites, the age adopted is ca. 2.65 Ga, which is
also close to their Sm—Nd isochron age. The highest
eNg values of Sanukitoids and TTG are +2.1 and +2.3,
respectively. The positive &g values and trace element
geochemistry support partial melting of a depleted
mantle and young oceanic crust for the genesis of Sa-
nukitoid and the TTG suites respectively. The lowest
eNg values of Sanukitoids and TTGs are —1.0 and —1.1,
respectively, indicating contamination by continental
crust, up to 10 and 14%, respectively. The &g values of
TTG decrease with decreasing Al,O3 and Sr contents
and increasing Eu negative anomalies (Eu*-Eu), sug-
gesting that the TTG magmas underwent a coupled
fractionation crystallization and crustal contamination,
and that the LA-TTG was the product of the
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fractionation and contamination of the HA-TTG sub-
suite. In contrast, negative eNg values for the High-K
granites (from —0.4 to —3.5) indicate the involvement of
LA-TTG and some materials from an old continental
crust in their genesis. The products of partial melting of
both oceanic and continental crusts at the south-western
margin of the Zimbabwe craton occurred within a short
time interval (from 2.7 to 2.65 Ga ago) suggesting that
the Francistown plutonic rocks were formed in a active
continental margin environment, where a young ocean
plate (Limpopo oceanic plate) subducted underneath an
old continental plate (Zimbabwe craton).

Keywords Rb-Sr isotopes - Sm—Nd isotopes *
Petrogenesis - Tectonic evolution - Archaean
TTG-Sanukitoid-High-K granites - Francistown -
Botswana

Introduction

Archaean granite—greenstone terrains are important for
the understanding of continental crust development and
Earth’s early evolution history (Hughes 1982). Further-
more, they frequently host major ore deposits such as
Au, Cu, Ni (e.g. Roberts and Sheaham 1988; Evans
1993; Chatupa 1999). The Zimbabwe craton (Fig. 1a)
preserves one of the earliest Archacan continental crusts
known in the world (Dodson et al. 1988, 2001; Négler
et al. 1997; Frei et al. 1999; Horstwood et al. 1999; Dirks
and Jelsma 2002). Previous studies (e.g. Tombale 1992;
Bickle et al. 1993; Mkewli et al. 1995; Kusky 1998; Jel-
sma and Dirks 2000) led to two distinct geotectonic
interpretations for the Neoarchaean evolution of the
Zimbabwe craton. The plume-rift related model (e.g.
Condie 1975; Bickle et al. 1993) suggests that the for-
mation of the craton was due to continental rifting and
mantle plume activities or rifting in a back-arc envi-
ronment. Kusky (1998) and Bagai et al. (2002) chal-
lenged this model, and made the connection between the
emplacement of granite—greenstone terrains and the
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Fig. 1 a Location of the |
Zimbabwe craton in southern b 27
Africa. The gray area represents
the Zimbabwe craton. The
asterisk indicates the locality of
the Tokwe nucleus, where the
oldest crustal rocks are
preserved. The rectangle shows
the area of b. b Map showing
the main geological units of
southern Zimbabwe craton and
adjacent area in northeast
Botswana (Modified from
McCourt et al. 2004). The
larger rectangle locates the area
of Fig. 2, and the smaller
rectangle locates the study area
of Bagai et al. (2002). There are
three typical greenstone belts in
the Francistown arc complex:
Ta, Tati Volcanic Group; Vu,
Vumba Volcanic Group; Ma,

Maitengwe Volcanic Group.
The boundary separating the
Matsitama—Motloutse complex
from the Francistown arc
complex is the thrust sense
Shashe shear zone with the
teeth on this boundary
indicating the upper plate
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subduction of an oceanic plate. Kusky (1998) suggested
that the greenstone belts aligned along the southern part
of the Zimbabwe craton represent an oceanic suture
which closed at ca. 2.70 Ga. Plate convergence models
are consistent with the Zimbabwe craton shortening and
Neoarchaean northward thrusting of the Limpopo Belt
(e.g. Coward et al. 1976; Wilson 1990; McCourt and
Vearncombe 1992; McCourt et al. 2004). The Francis-
town arc complex is located at the southwest margin of
the Zimbabwe craton (McCourt et al. 2004), next to the
Limpopo belt (Fig. 1b), making it a key area in the
formation and evolution of the Zimbabwe craton.
Kampunzu et al. (2003) studied major and trace ele-
ment geochemical characteristics of the Francistown
granitoids and identified three magmatic suites: Tron-
dhjemite-Tonalite—Granite, Sanukitoid and High-K
granite suites. On the basis of major and trace element
data, these authors related the magmatic suites to a plate
convergence initiated by a northward subduction of the
“Limpopo” oceanic plate underneath a continental
block that includes the Francistown arc complex. The
evolution from TTG to Sanukitoids to High-K granites
indicates a progressive change from an earlier, flat sub-
duction of a hot lithosphere to a steeper subduction and
finally to slab detachment and extensional collapse.
These interpretations need to be substantiated and tested
with studies from other fields, especially that of isotope
geochemistry. Although the published geochronological
dates listed in Table 1 indicates a Neoarchaean age for
the Francistown granitoids, available data is very lim-
ited. Specifically, since Sr, K, and Rb are mobile

elements, Rb—Sr and K—Ar dates in old rocks are fre-
quently influenced by post-crystallization processes, e.g.
metamorphism or alteration (e.g. Faure 1986). There-
fore, in order to conclusively establish the geological
evolution of the Zimbabwe craton in NE Botswana,
more isotopic data, especially of the immobile elements
such as Sm—Nd, are necessary.

The objectives of this paper are as follows: (1) to
present new Rb-Sr and Sm-Nd isotopic data on the
Francistown plutonic rocks, (2) to discuss the age, pet-
rogenesis and the source regions of these igneous rocks,
and (3) to assess their tectonic implications for the
evolution of the Zimbabwe craton.

Geological background

The Zimbabwe craton’s lithospheric mantle separated
from the asthenospheric mantle at >3.8 Ga (Négler et al.
1997) and the oldest preserved crustal rocks were em-
placed between 3565+21 and 3368+ 11 Ma in the
Tokwe nucleus (Fig. la, Dodson et al. 1988, 2001;
Wilson et al. 1995; Jelsma et al. 1996; Horstwood et al.
1999). Wilson et al. (1978) divided the Archaean Zim-
babwe craton into four terrains, largely based on Rb-Sr
isotope dates: three generations of granite—greenstone
terrains emplaced at ~3.5 Ga, ~2.9 Ga and ~2.7 Ga,
and the later Chilimanzi-Razi granite suite emplaced at
~2.6-2.5 Ga. This division has been supported by U-Pb
zircon and Sm—Nd dating techniques (Jelsma and Dirks
2002). Each of the granite—greenstone terrains was
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Table 1 Collected isotope data for the Francistown Greenstone—Granite terrain

Rock unit Dating method Age (Ma) Reference

Tati Volcanic Group Rb-Sr whole-rock 2523 £33 Van Breemen and Dodson (1972)*
Granite (near Francistown) K-Ar whole-rock 2500+ 100, 2285+70 Van Breemen and Dodson (1972)*
Tonalitic orthogneiss, Vumba U-Pb SHRIMP single zircon 2686+ 6 Bagai et al. (2002)

granite—greenstone terrain
Granitic gneiss, Vumba
granite—greenstone terrain
Tonalitic granitoid, Vumba
granite—greenstone terrain
Granite, Vumba granite—greenstone
terrain
Granodiorite gneiss, Mosetse area
Massive K-feldspar megacrystic
monzodiorite, Mosetse area
Fine to medium-grained tonalitic
gneiss, Mosetse area
Medium-grained tonalitic gneiss,
Mosetse area

U-Pb SHRIMP single zircon
U-Pb SHRIMP single zircon
U-Pb SHRIMP single zircon

U-Pb SHRIMP single zircon
U-Pb SHRIMP single zircon

U-Pb SHRIMP single zircon

U-Pb SHRIMP single zircon

2714+ 46/-26 Bagai et al. (2002)

2696 +3.5 Bagai et al. (2002)
2647 +4 Bagai et al. (2002)
2648 +£2 Majaule and Davis (1998)
2646+2.5 Majaule and Davis (1998)
2710+ 19 Majaule and Davis (1998)
2648 £2.5 Majaule and Davis (1998)

“Dates recalculated by Cahen et al. (1984)

started when lavas forming the greenstone belt were
deposited, followed by the plutonic bodies including
tonalites, trondhjemites, Na—granites and Sanukitoids.
The latter, K-rich granite suite consists mainly of
monzogranites and granites. The main characteristics of
Archaean igneous associations of the Zimbabwe craton
in Zimbabwe are listed in (Table 2).

The Zimbabwe craton extends southwest into NE
Botswana (Fig. 1a). The Botswana sector consists of
Francistown arc complex (McCourt et al. 2004), which is
composed of three greenstone belts: the Tati, the Vumba
and the Maitengwe Volcanic Groups. These groups are
surrounded and locally intruded by complexes of gran-
itoid gneiss and massive granitoid (Fig. 1b, Litherland
1975; Key 1976; Carney et al. 1994; Ranganai et al.
2002). In this study we focus on the plutonic rocks
around the Tati greenstone belt.

The Tati granite—greenstone terrain includes the Tati
greenstone belt, voluminous granitoids and gabbros,
and minor meta-sedimentary rocks (Key 1976; Kam-
punzu et al. 2003). Nine main and several small intrusive
complexes were identified in this terrain (Fig. 2).
According to the characteristics of their major and trace
element abundances, these complexes were classified into
three suites: Trondhjemite—Tonalite-Granite suite (here
after TTG suite), Sanukitoid suite and High-K granites.
TTG was further classified into two sub-suites: Low
Aluminum-TTG (LA-TTG) and High Aluminum-TTG
(HA-TTG, Kampunzu et al. 2003). Airport, Tati, South
Tati and New Zealand complexes are HA-TTG that
intruded the Tati greenstone belt lithologies (Fig. 2, Key
1976). They are mainly gray colored, coarse grained
tonalites, trondhjemites and granites. Most samples
from these complexes have more than 15% of Al,O3
(Kampunzu et al. 2003). Tonalite and trondhjemite are
foliated to banded gray gneisses, containing ortho-am-
phibolitic enclaves. Undeformed whitish-gray to pink,
equigranular granites form the rugged hilly terrains at

the core of the Tati complex. Sikukwe, Mphoeng and
Matsiloje complexes are LA-TTG. Most samples from
these regions have less than 15% of Al,O5; (Kampunzu
et al. 2003). The Matsiloje and Sikukwe complexes are
homogenous, coarse-grained gray tonalites and tron-
dhjemites, containing hornblende, biotite, plagioclase
and quartz. The Mphoeng complex consists of coarse
grained to porphyritic gabbros, tonalites and granodi-
orites. The gabbro consists of large milky white plagio-
clase phenocrysts in a dark green coarse-grained matrix
of pyroxene, plagioclase, minor hornblende and biotite.
The Selkirk complexes and several small intrusives are
the Sanukitoid suite, which usually contains more than
7% of MgO (Kampunzu et al. 2003). These include
coarse-grained troctolites, gabbros and High-Mg dior-
ites intruding the Tati greenstone belt lithologies. The
primary minerals in these rocks include plagioclase,
olivine, pyroxene and opaque minerals. The High-K
granites usually occur as small stocks and dykes
intruding the greenstone belt or other granitoids. The
largest outcrop of the High-K granites is the Ramo-
kgwebana complex, which contains large K-feldspar
phenocrysts in a coarse-grained matrix of feldspar,
biotite, quartz, hornblende, zircon and titanite. Some
outcrops of High-K granites are heterogeneous. For
example, X-Ray Diffraction (XRD) analysis indicates
that sample MK112A contains some actinolite, indi-
cating the influence of lower continental crust enclaves.
Sample BR44 is very fractionated with more than 78%
Si0O,. There is no schistosity developed in the High-K
granites.

Sampling and analysis

Out of 211 samples analysed for major and trace ele-
ments compositions in our previous study (Kampunzu
et al. 2003), 26 representative samples were selected for
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Table 4 Comparison of duplicated sample analysis of Sm—Nd isotope composition

Sample Set  ''Sm (nmol/g) Sm (ppm) '*Nd (n mol/g) Nd (ppm) YSm/'**Nd SD (2¢) '¥Nd/*Nd SD (2 0)
TS93 1 2.725 2.732 22.48 13.63 0.1212 0.0024 0.511307 0.000016
TS93 2 2677 2.684 22.24 13.48 0.1204 0.0024 0.511283 0.000004
TSI68A 1 1.131 1.134 9.38 5.69 0.1205 0.0024 0.511332 0.000040
TSI68A 2 1.132 1.135 9.35 5.67 0.1212 0.0024 0.511335 0.000005
TS2 1 2936 2.944 25.90 15.71 0.1134 0.0023 0.511246 0.000014
TS2 2 3224 3.233 28.37 17.21 0.1137 0.0023 0.511200 0.000006
MKII2A 1 1.789 1.794 12.40 7.52 0.1442 0.0029 0.511184 0.000010
MKII2A 2 1.892 1.897 13.48 8.17 0.1403 0.0028 0.511171 0.000009

isotopic studies (Fig. 2), consisting of 5 Sanukitoids, 7
LA-TTGs, 4 HA-TTGs and 10 High-K granites.

The analyses were performed at the Institute of
Geology and Geophysics, Chinese Academy of Science
using standard methods as described elsewhere (e.g.
Wasserburg et al. 1981; Kagami et al. 1989). Briefly,
about 100 mg of rock powder was digested by a mixture
of HCIO4 and HF acids. Rb—Sr—-REE were separated
using the resin of AG50W-12 and Sm—Nd were sepa-
rated using the resin of P507. Isotope compositions were
measured by a Finnigan MAT 262 Thermal Ionisation
Mass Spectrometer (TIMS) using multicollector mode.
Metal ions were analyzed and the total blanks for Rb,
Sr, Sm and Nd are about 80, 60, 40, and 50 pg,
respectively. The measured Sr isotope data was nor-
malized to the ratio *¢Sr/*®Sr=0.1194 and the measured
Nd/'"**Nd ratios were normalized using the ratio
1ONd/"**Nd=0.7219. Nd and Sr isotopic ratios are

Table 5 Rb-Sr isotope composition of Francistown plutonic rocks

uncorrected beyond mass fractionation. The concentra-
tions of Rb, Sr, Sm and Nd were analyzed by isotope
dilution method.

Four internationally used standards were analyzed
routinely in the lab for quality control purposes and the
analytical results are summarized in Table 3. The whole-
rock standards SRM607 and BCR-1 were used to
monitor the chemical procedure; the pure chemical
standards SRM987 and La Jolla were used to monitor
the instrument states. Table 3 indicates that the accuracy
were better than 0.1% for Rb and Sr concentrations and
better than 0.7% for Sm and Nd. The standard devia-
tions (2¢) for the measurements of *’Rb/*°Sr and
"Nd/"*Nd are between 0.003 and 0.03%. Table 3
indicates that the average values of Rb, Sr, Sm and Nd
concentrations and ¥’Sr/*°Sr and '**Nd/'"**Nd ratios
obtained are in the range of the recommended values if
20 uncertainties are considered, and is similar to the

Sample Rock type® Rb (ppm) Sr (ppm) 87Rb/g(’Sr 87Sr/x(’Sr SDP (20)
MK125 1 0.4362 8.608 0.1468 0.716337 0.000009
MK32 1 89.59 172.9 1.506 0.749679 0.000007
NNS58 1 0.1132 313.1 0.001 0.703041 0.000009
TS169 1 2.507 207.4 0.03499 0.711096 0.000025
TS93 1 1.335 87.01 0.04441 0.704707 0.000011
NN82B 2 56.16 472.5 0.3443 0.714419 0.000008
TS168A 2 56.4 356.5 0.4584 0.718074 0.000009
TS168B 2 52.81 218.3 0.7015 0.726735 0.000009
TS2 2 99.71 197 1.472 0.75864 0.00011

BR24A 3 46.35 186.4 0.7216 0.733659 0.000011
MK43A 3 100.3 109 2.688 0.800784 0.000011
MK43B 3 51.04 185.7 0.7976 0.73535 0.000100
TS56 3 1.38 129.9 0.0307 0.70296 0.00010

TS70 3 46.45 79 1.712 0.767341 0.000013
TS8&2 3 82.09 131.7 1.816 0.772191 0.000011
TS94 3 97.29 112.1 2.531 0.784373 0.000010
BR24B 4 127.6 102.7 3.639 0.831313 0.000010
BR44 4 127.9 34.13 11.28 1.111762 0.000017
MKI112A 4 306.4 102.3 8.924 1.010558 0.000011
MK112B 4 283.3 103.6 8.134 0.992073 0.000012
MK112C 4 184.6 177 3.049 0.813682 0.000010
MK19 4 133.3 139.6 2.785 0.792755 0.000012
MK31B 4 196.1 104.8 5.513 0.889554 0.000012
NN23B 4 125.9 236.2 1.551 0.764523 0.000009
BR110 4 1.576 16.9 0.2701 0.713682 0.000012
BR&8 4 4.101 16.9 0.7036 0.729219 0.000014

“Rock type: I, Sanukitoid suite; 2, HA TTG subsuite; 3, LA TTG subsuite; 4, High-K granites

®SD (standard deviation) is the measurement error of each sample
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Table 6 Sm—Nd isotope compositions, model ages and epsilon values of Francistown plutonic rocks

Sample Rock Sm Nd 479m/ Nd  '**Nd/ '“Nd sSD® T-DM Nd epsilon  Nd epsilon Nd epsilon
type® (ppm) (ppm) 2 0) model age® rock, ¢ ¢ rock, ¢ ¢ rock, today *
MK125 1 1.652 7.494 0.1333 0.511615 0.000009 2.6 2.1 1.7 -20
MK32 1 2.83 13.74  0.1246 0.511320 0.000005 2.8 —0.7 —1.1 —26
NNS58 1 3.585 18.27 0.1187 0.511198 0.000005 2.8 -1.0 -1.5 —28
TS169 1 3973 17.21  0.1396 0.511620 0.000008 2.7 0.0 —-0.4 -20
TS93 1 2.708  13.56  0.1208 0.511295 0.000010 2.7 0.2 -0.3 —26
Average 1 1 2.7 0.1 -0.3 —24
NN82B 2 0.8468 4.493 0.114 0.511263 0.000006 2.6 1.9 1.4 =27
TS168A 2 1.135 5.68  0.1209 0.511334 0.000023 2.7 0.9 0.4 -25
TS168B 2 1.627 9.333  0.1054 0.511129 0.000015 2.6 2.3 1.7 -29
TS2 2 3.089 1646 0.1136 0.511223 0.000010 2.6 1.3 0.7 —28
Average 2 2 2.6 1.6 1.1 -27
BR24A 3 1.683 9.501 0.1071 0.511027 0.000010 2.8 -0.3 -0.9 —31
MK43A 3 4307 2495 0.1044 0.510991 0.000011 2.7 —0.1 -0.7 -32
MK43B 3 2.001  11.35 0.1067 0.511017 0.000012 2.8 -0.3 —0.9 -32
TS56 3 5.778  33.69 0.1037 0.510957 0.000007 2.8 —0.5 —1.1 -33
TS70 3 7.535  36.95 0.1235 0.511276 0.000012 2.8 -1.1 -1.6 -27
TS82 3 1.827 9.424 0.1172 0.511302 0.000009 2.6 1.6 1.1 -26
TS9%4 3 5.737  29.05 0.1194 0.511225 0.000008 2.8 —0.7 -1.2 -28
Average 3 3 2.8 -0.2 —0.8 -30
Average 4 2+3 2.7 0.5 —0.1 -29
Average 5 1+2+3 2.7 0.4 -0.2 =27
BR24B 4 3.287  18.33  0.1084 0.511073 0.000009 2.7 —-04 =31
BR44 4 0.3578  3.561 0.0608 0.510215 0.000011 2.7 -0.9 —47
MKI112A 4 1.846 7.85 0.1423 0.511178 0.000010 3.7 —10.0 —28
MKI112B 4 6.29 3524 0.108 0.511018 0.000010 2.8 —-14 -32
MKI112C 4 8.856  53.6 0.0999 0.510894 0.000007 2.8 -1.0 —34
MK19 4 0.7606  3.285 0.14 0.511532 0.000011 2.9 -23 -22
MK3I1B 4 3.116 8.127 0.2319 0.513199 0.000011 1.3 —1.1 11
NN23B 4 1.741  10.7 0.0984 0.510743 0.000013 2.9 =35 -37
BR110 4 4332 2224 0.1178 0.511219 0.000007 2.8 —0.8 —28
BR388 4 1.717 7.754  0.134 0.511494 0.000014 2.8 -0.9 -22
Average 6 4 2.8 —-14 =31

Average 1, Average of Sanukitoid suite; Average 2, Average of HA-TTG subsuite; Average3, Average of LA-TTG subsuite; Average 4,
Average of TTG suite; Average 5, Average of Sanukitoid and TTG suite; Average 6, Average of High-K granites, Sample MK112A and

MK31B are not included

#Rock type: I, Sanukitoid suite; 2, HA TTG subsuite; 3, LA TTG subsuite; 4, High-K granites

°SD (Standard deviation) is measurement error of each sample

°(143Nd/144Nd)DM, today = 0.513114, (147Sm/144Nd)DM, today = 0.222, (Michart et al. 1985)
INd epsilon values for individual rocks at the time of formation of Sanukitoid and TTG suites, r=2.7 Ga
°Nd epsilon values for individual rocks at the time of formation of High-K granites, 1=2.65 Ga

™Nd epsilon values for individual rocks at the present day

measured values in some other laboratories (e.g. Liu
et al. 2004). Because the internal measurement errors of
samples are smaller than the 2¢ external reproducibili-
ties of standards, the 2o external reproducibilities rep-
resent the estimates of sample errors (Editorial 2003).
For ¥ Rb/*°Sr and '¥’Sm/'**Nd ratios, the errors are
2%; for 87Sr/86Sr, the error is 0.03% and for
143Nd/l““l\ld ratio, the error is 0.004%.

In order to define the precision of the data, four
samples were analyzed twice and the results are listed in
Table 4. The individual measurements for duplicated
sample TS168A and MK112A are within two standard
deviations of their original analyses. Although the dif-
ference between the duplicate analyses and original
analyses for sample TS93 and TS2 are slightly larger
than their measurement errors (2 standard deviations),
they are within the 2¢ external reproducibilities. This
means that the precisions of analyses are acceptable. The
analytical results of the Rb—Sr and Sm-Nd isotope

compositions are listed in Tables 5 and 6, respectively.
For samples with duplicate analyses, the average was
listed.

Results and discussion

The analytical results of the Rb—Sr and Sm—Nd isotope
compositions are plotted in Figs. 3 and 4, respectively.
The isochron dates and initial ratios are calculated using
Isoplot Version 2.8 (Ludwig 2001).

Rb-Sr isotope systematics

The Sanukitoid, the TTG and the High-K granite sam-
ples yield isochron dates 1.986+0.780, 2.437+0.230,
and 2.446+0.095 Ga, and the initial *’Sr/*®Sr ratios
0.7071£0.0077, 0.7043+£0.0049 and 0.7028 £0.0076,
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Fig. 2 Geological map of the
Tati Granite-Greenstone
Terrain of the Francistown arc
complex. The black square is
Francistown City. The names of
the nine major intrusive
complexes are labeled in or
beside their exposure areas.
Sample NNS58 was collected
from an intrusion of
Sanukitoid, which is too small
to be shown in this map
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Fig. 3 Whole rock Rb—Sr isochron of the Francistown granitoids.
a Sanukitoid suite; b TTG suite; ¢ High-K granites; d all samples.
The dashed line represents the isochron. The error is (20) 2% for

87Rb/%Sr and 0.03% for 87Sr/*°Sr. Each square corresponds to one
sample. For the TTG suite, the solid squares represent HA-TTG,
the open squares LA-TTG
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Fig. 4 Whole rock Sm—Nd isochron of the Francistown granitoids.
a Sanukitoid suite; b TTG suite; ¢ High-K granites; d High-K
granites (samples MK112A and MK31B are excluded). The dashed
line represents the isochron. The error (20) is 2% for '*’Sm/'**Nd

respectively, as shown in Figs. 3a, b and c. In the
margins of error, there are no significant differences in
the isochron dates and the initial 3’Sr/®¢Sr ratios cal-
culated from the different rock types. In order to
compare with previous data, the 26 samples were
plotted in one diagram, yield an isochron date of
2.427+40.054 Ga and an initial ¥’Sr/*°Sr ratio of
0.7043+0.0026 (Fig. 3d). Although the Rb—Sr isochron
date is close to the previously reported date of
2523+33 Ma (Table 1, Van Breeman and Dodson
1972), it is much younger than the Rb-Sr date of
Neoarchaean TTG in the Zimbabwe craton and the
U-Pb SHRIMP zircon igneous crystallization age
(Table 2). Furthermore, this initial ®’Sr/**Sr ratio is
larger than that at most other sites in the Zimbabwe
craton (Table 2). These Rb—Sr isochron ages have large
errors and mean squares of weighted deviated
(MSWD) values, as shown in Fig. 3, and are also
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and 0.004% for "*Nd/"**Nd. For the TTG suite, the solid error
ellipses represent the HA-TTG and the open error ellipses the LA-
TTG

younger than the dates of the same rocks from the Sm—
Nd method (see below). These factors indicate that the
Rb-Sr isochron dates are likely not to be representative
of the crystallization ages, indicating that a thermo-
tectonic event and/or an alteration that partly reset the
Sr isotope system have occurred. The widespread
migmatization in the TTG, the varying degrees of
sericitization and the chloritization in all rock types
indicate that partial melting and fluid circulation have
played an important role for this resetting. Therefore,
the Rb-Sr isotope data can only provide the lowest
boundary on the age of the Francistown plutonic
rocks. This thermo-tectonic event presumably was
stronger along the south-western margin of the Zim-
babwe craton but did not significantly reset the Rb-Sr
isotope system of the centre of the craton where Wilson
et al. (1978) successfully measured the ages of the four
terrains using the Rb-Sr isotope dating methods.



Sm—Nd isotope systematics

The '"Nd/'"*Nd and '*'Sm/'**Nd ratios for the Sa-
nukitoid, the TTG and the High-K granite samples yield
isochron dates of 3.29+1.60, 2.69+0.95 and 2.59+
0.40 Ga, respectively (Fig. 4a—). Sample MKI112A is
affected by the old lower continental crust (see above)
and its Nd isotope compositions are significantly
different from other samples (Fig. 4c). Sample MK31B
was collected near the boundary to a greenstone belt. It
has a high '*’Sm/"**Nd ratio (0.2319), similar to that of
oceanic crust (MORB) or depleted mantle (Rollinson
1993). This indicates the influence of the greenstone belt.
Thus, these two samples are excluded from the discus-
sion of Nd isotope of High-K granites. The remaining
samples yield an isochron date of 2.63+0.31 Ga for the
High-K granites, as shown in Fig. 4d. Figure 4 shows
that the isotoPe data are scattered in the '*Nd/'*Nd
versus '¥’Sm/'**Nd plots and the calculated isochron
dates have large errors. Since all the duplicates agree
with original analysis, as shown in Table 3, we cannot
completely attribute these deviations to errors of anal-
yses. Brook et al. (1972) suggested that if the MSWD is
2.5 or less, the origin of the scatter on an isochron is
analytical, otherwise, it is geological. In this case, the
MSWD for Sanukitoid, TTG and High-K granites are
3.8, 7.0 and 6.9, respectively (Fig. 4a, b, d), implying
that the errors of the isochron dates are geological.
There are three major possibilities for the large error
reported here:

1. Fractionation of Sm is too small among different
samples;

2. Different degrees of contamination of the crust;

3. Neodymium isotope composition of the source is
heterogeneous.

The large errors in the estimated Sm-Nd isotope
isochron ages indicate that these dates are still poorly
constrained. For further discussion, more precise ages of
these three suites are necessary. Therefore, here we
adopt precise ages for the same rock types and measured
in the adjacent area as references. For this purpose,
U-Pb SHRIMP single zircon ages measured in Vumba
granite—greenstone terrain (Fig. 1b, Bagai et al. 2002)
were chosen, because:

1. Tati and Vumba terranes are adjacent to each other;
and both terranes constitute vast portion of the
Francistown arc complex (Fig. 1b).

2. Lithologic characters of granitoids in Tati and Vu-
mba area are similar.

3. The felsic magmatism in Vumba occurred between
ca. 2696+ 3.5 and 2647+4 Ma (Bagai et al. 2002).
This age range is similar to that of 2710+£9-
2646+ 3 Ma recorded by Majaule and Davis (1998)
in the adjacent Mosetse area which is also part of the
Francistown arc complex (Fig. 1b; Table 1). There-
fore, it is reasonable to assume that the granitoids in
the Tati area are likely to have similar ages.
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4. The model ages of TTG (2.6 Ga) and Sanukitoid
suites (2.6 Ga, see below) are close to the U-Pb
Single zircon ages recorded in the Vumba area which
is compatible with the adoption of U-Pb SHRIMP
dates.

U-Pb SHRIMP single zircon ages indicate that most
felsic plutons, from G1 to G4 (i.e. Sanukitoid and TTG
suite in this study) in Vumba area crystallized between
2.696+4 and 2.686+6 Ga, except for G5 (High-K
granites in this study) which crystallized 2.647 £4 Ga
ago (Bagai et al. 2002). Therefore, the single zircon age
of 2.7 Ga is used as a reference for TTG and Sanukitoid
suites and the age of 2.65 Ga is used for the High-K
granites.

eng values and magma source characteristics

In order to quantitatively evaluate the Nd isotope
composition of the source of Francistown plutonic
rocks, the eng values of individual samples at the time of
formation of Sanukitoid and TTG suites (eng, at 2.7 Ga)
and High-K granites (at 2.65 Ga) and the &ng values at
the present day (e$%Y) were calculated (Table 6)
according to DePaolo and Wasserburg (1976).

The highest &g values of Sanukitoids and TTG
are +2.1 and + 2.3, respectively (Table 6). The positive
ena values suggest that TTG and Sanukitoid suites were
derived from a source, which had higher '*Nd/'*Nd
ratio than CHUR. This source could be the depleted
upper mantle or an oceanic crust, which has a higher
Sm/Nd ratio and therefore a higher concentration of the
radiogenic isotope '**Nd. If the oceanic crust is derived
from the depleted mantle similar to oceanic crust along
the mid-ocean ridges, and is very young (the change of
the 143Nd/ 1%Nd ratio and the eng values is small), the
magma derived from partial melting of such a crust have
positive &ng values, which is close to that of depleted
mantle. It is widely believed that the time between the
creation and subduction of oceanic plate was signifi-
cantly shorter in the Archaean (~20 Ma) than it is today
(e.g. Shirey and Hanson 1986; McCulloch and Bennett
1993; Kamber et al. 2002). This would imply that
melting of a young subducting oceanic crust could
generate magmas with positive &g values, similar to that
of the depleted mantle. Therefore a subducting oceanic
crust is also a possible source for igneous rocks with
positive el values.

The average ehg, €992 values and the highest and
lowest ey values of different suites of Francistown
Granitoids are plotted in Fig. 5, together with that of
the depleted mantle from two references. DePaolo
(1981a, b) studied the variation of the eng values of
depleted mantle and derived the relationship between
geological age and the eng value (eng=0.257% —
3t + 8.5, where ¢ is the time before the present in Ga).
When t=2.7 Ga, this engq value equals to +2.17. Négler
and Kramers (1998) critically reviewed compilation of
Nd initial isotope ratios of Precambrian and lunar rocks,



364

Epsilon gy

{&———HA TTG subsuite
e LA TTG subsuite
% = = — =High-K Granites

Fig. 5 &eng value variations for Francistown plutonic rocks. a is the
variation of the average ey values of different suites of
Francistown plutonic rocks. The two solid lines indicate the
evolution of the Nd isotopes of the depleted upper mantle. Line I
is from DePaolo (1981a, b); line 2 is from Nigler and Kramers
(1998). The dashed curve is for Australian shales from Allégre and
Rousseau (1984) and is thought to approximate to the evolution of
average continental crust through time (Rollinson, 1993) b is the
enlargement of the rectangle area in a. The smaller symbols
represent the highest or lowest e\q values, the larger symbols
represent the average of eiq values of each suite of plutonic rocks

and proposed a new equation to describe the evolution
of the Nd isotopes of the depleted upper mantle (eng
[Tsampte =0.164T° — 0.566T> — 2.79T + 10.4, where T
is the time before the present in Ga). When 7=2.7 Ga,
the calculated eng value of the depleted mantle is + 1.90.
These values are very similar to the highest &g value of
the Sanukitoid suite (sample MK125, +2.1), suggesting
that the source of Sanukitoids was the depleted upper
mantle. The eiq values of other four Sanukitoid samples
are lower than that of sample MK125, pointing to a
contamination by an older continental crust. The major
and trace element characteristics (e.g. high Mg” and high
transition metal contents) also suggest that the Sanuki-
toid suite was generated in the upper mantle (Kampunzu
et al. 2003). This conclusion is in good agreement with
the general opinion regarding the formation of Sanuki-
toids in Archaean cratons (e.g. Shirey and Hanson 1984;
Stern et al. 1989; Stern and Hanson 1991), that is further
supported by experimental studies (e.g. Tatsumi 1981).
The highest ey value of TTG suite (+2.3, sample
TS168B) is also close to the calculated depleted mantle
eng value. In the light of the characteristics of major and
trace element abundances of these rocks (e.g. Mg*<0.5,
low Ni and Cr contents), Kampunzu et al. (2003) con-
cluded that both HA- and LA-TTG sub-suites were
formed by partial melting of mafic rocks, but not mantle
rocks. This conclusion is in good agreement with
opinions of other workers (e.g. Arth and Hanson 1972,
1975; Hanson and Goldich 1972; Whalen et al. 2002).

However, there is a divergence of opinion on the pro-
cesses involved during the petrogenesis of the TTGs.
Some geologists (e.g. Petford and Atherton 1996) sug-
gested that TTG magmas form during partial melting of
mafic rocks underplated within the crust. Others (e.g.
Drummond and Defant 1990) attribute TTG genesis to
partial melting of mafic rocks within a subducting oce-
anic slab. The HA-TTG sub-suite of Francistown is
characterized by the low concentrations of Y, the strong
depletion of HREE in the chondrite-normalized dia-
gram, the overall high concentration of Sr and the strong
Nb negative anomalies (Kampunzu et al. 2003), requir-
ing the presence of garnet and amphibole and no pla-
gioclase in the melt residue. Rushmer (1991) pointed out
that amphibole is a stable phase up to 18 kb at 950°C and
therefore it could be among residual minerals during
dehydration melting of the oceanic crust. Some experi-
mental studies (e.g. Rapp et al. 1991) showed that, during
dehydration melting of mafic rocks at about 700-1,000°C
and high pressure (=1.5 GPa), the trondhjemitic melt
generated has Al-rich composition and the melt residue is
plagioclase-free and rich in amphibole and garnet.
Therefore, Kampunzu et al. (2003) concluded that HA-
TTGs were derived from partial melting of a shallow
subducting oceanic plate. Different from HA-TTGs, LA-
TTGs have lower Al,O3 (usually < 15%) and Sr con-
centrations, higher LREE concentrations, and significant
Eu negative anomalies. Their chemical composition is
similar to that of experimental melts produced from
garnet amphibolite at pressures between 8 and 15 kb
(Rapp 1997; Wyllie et al. 1997). Thus, Kampunzu (2003)
suggested that LA-TTGs were generated from partial
melting of mafic igneous rocks converted into garnet
amphibolite within the lower continental crust. The Nd
isotope data supports the first conclusion (HA-TTGs
were derived from partial melting of a subducting oce-
anic plate), but does not support the second one (LA-
TTGs were generated from garnet amphibolite within the
lower continental crust), because the products of partial
melting of a continental crust usually have negative eng
values (Rollinson 1993). The dashed curve in Fig. 5 is for
Australian shales from Allégre and Rousseau (1984) and
is thought to approximate the evolution of average
continental crust through time. From this curve we found
that 2.7 Ga ago, the eng value is about —3.8. However,
most LA-TTG samples have eng values, which are po-
sitive or close to zero (Table 6). Table 6 indicates that the
highest eng values for LA-TTG (+ 1.6, sample TS82) and
HA-TTG (+2.3) are quite close to each other. The major
and trace element abundances of HA- and LA-TTGs
also have some similarities, such as high Na,0O, Na,O/
K,O and alumina saturation index (ASI = molecular
ratio Al,O3/(CaO+ Na,O+K,0), Kampunzu et al.
2003). These similarities suggest that HA- and LA-TTGs
formed from the same source, the young oceanic plate.
This conclusion agrees with findings presented in previ-
ous studies (e.g. Martin 1993).

We will now investigate the possible cause for the dif-
ferences between LA-TTG and HA-TTG, especially, for



the differences between the shg values of LA-TTG (—1.1
to +1.6, average —0.20) and HA-TTG (+0.9 to +2.3,
average + 1.6, Table 6). In order to study the relationship
between LA- and HA-TTG, the SiO, and Al,O5 concen-
trations and the ek values of the eleven TTG suite sam-
ples are listed in Table 7 and plotted in Fig. 6. Figure 6a
suggests that Al,O5 concentration of TTG decreases as the
SiO, concentration increases. This correlation is recog-
nized in most TTG world-wide (Barker 1979). The in-
crease of SiO, (or the decrease of Al,O3) can be explained
by the removal of plagioclase through fractionation
crystallization (Barker et al. 1979). Figure 6b shows that
as ALO; concentration decreases, the e\g values also
decreases. Similar correlation can also be found in trace
elements. The Eu negative anomalies (Eu*~Eu, where Eu*
is an interpolated value for Eu based upon the concen-
trations of Sm and Gd) and the Sr concentrations in TTG
suite are listed in Table 7 and plotted in Fig. 7 against
their eng values. The negative Eu anomaly is formed
mainly by removing the plagioclase during fractionation
crystallization (e.g. Rollinson 1993). Sr is a strong com-
patible element for plagioclase and therefore its concen-
tration will decrease if plagioclase is removed from the
magma (e.g. Rollinson 1993). Figure 7 shows the corre-
lation between negative Eu anomaly, Sr concentration and
the e\q values. However, it is well known that fraction-
ation crystallization does not change isotope composition
of Sm and Nd and the decrease of the &g values usually
is caused by contamination of materials from the conti-
nental crust (e.g. Faure 1986; Dickin 1995). Thus the
correlations between the Sr, Al,O3, Eu negative anomalies
and the e\q values indicate that the parental magma of the
TTG suite underwent crystal fractionation coupled with
crustal contamination en route to the surface and/or in
crustal magma chambers. Therefore, the LA-TTG is the
product of the fractionation crystallization and crustal
contamination of HA-TTG.

The e\g values of the High-K granite suite are from
—3.5 to —0.4, with an average of —1.4 (sample MK 112A
and MK31B are excluded, see above). The negative
ena values of High-K granites indicate that they were not
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than that of CHUR, pointing to an old continental crust
(e.g. Rollinson 1993; Dickin 1995). This is supported by
the existence of ~3.5-3.6 Ga rock assemblages in the
Zimbabwe craton (Dodson et al. 1988, 2001; Wilson
et al. 1995; Jelsma et al. 1996; Négler et al. 1997,
Horstwood et al. 1999). Using the curve of Australian
shales (Allegre and Rousseau 1984) we may find that at
the time of the formation of High-K granites, 2.65 Ga
ago, the eng value of the average continental crust was
about —3.8. Kampunzu et al. (2003) suggested that
High-K granites were formed by partial melting of TTG
in the crust. The eng values of LA-TTG of the Fran-
cistown area are between +1.1 and —1.7, with an
average of —0.8 (Table 6). These eng values are close to
that of the High-K granites (Table 6). Thus, the
LA-TTG and early Archaean TTG in the lower conti-
nental crust are the sources of the High-K granites.

Estimation of the contamination by the continental crust

In order to estimate the percentage of continental crust
mixed into the Sanukitoid and TTG magmas, we as-
sume that the continental crust had Sm-Nd isotope
composition similar to that of the early Archaean
gneisses and plutons in Zimbabwe craton. Taylor et al.
(1991) listed the Sm—Nd isotope compositions of some
early Archaean samples in Zimbabwe craton: Tokwe
gneiss (3.56-3.60 Ga), Shabani gneiss (3.24-3.46 Ga),
Mont d’Or granite (3.64-3.67 Ga) and Mushandike
granite (3.54 Ga, see Table 2). The averages of these
early Archaean samples are: Nd=23.775 ppm,
1478m/"**Nd =0.1016, and '**Nd/'**Nd =0.510471. The
eNg value of the continental crust at the time of the
formation of Sanukitoid and TTG suites (2.7 Ga) was
—9.29. After the contamination of the continental
crust, the e\gq values of the Sanukitoid/TTG magma
will decrease. The ey value of the mixture of the
magma can be calculated using the following equation
(Faure 1986):

derived from the depleted upper mantle or ocean plate, "5)1\51 _ exXaf + e Xp(1 — /) ’ (1)
but rather, from a source with a 143Nd/144Nd ratio lower Xaf +Xs(1 = f)

Table 7 Epsilon values, major and trace element concentrations of the TTG suite

Sample Rock type* Nd epsilon rock, ° SiO, (%) ALO; (%) Eu*~Eu (ppm) Sr (ppm)
NN8§2B 2 1.9 70.00 16.68 0.75 501
TS168A 2 0.9 71.21 15.07 0.80 402
TS168B 2 2.3 71.61 15.30 1.70 223

TS2 2 1.3 63.10 15.86 2.85 228
BR24A 3 —0.3 74.50 13.86 1.10 196
MK43A 3 -0.1 75.22 13.53 3.70 120
MK43B 3 -0.3 76.00 14.20 1.40 184
TS56 3 —0.5 67.41 14.20 5.12 130
TS70 3 —1.1 74.46 10.94 5.05 75

TS82 3 1.6 74.39 13.53 1.30 128
TS9%4 3 -0.7 77.92 11.23 4.25 112

“Rock type: 2, HA-TTG subsuite; 3, LA-TTG subsuite
®Nd epsilon values for individual rocks at their time of formation
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Fig. 6 Correlation of major elements and the eiq values for the
TTG suite. a SiO, vs. Al,O3; b Al,O3 vs. eNg. Diamond symbols are
HA-TTG, triangle symbols are LA-TTG. The straight line is the fit
of the data

where X, Xp are concentrations of element X (here is
Nd) in continental crust and the original Sanukitoid/
TTG magma respectively; ex, en, and ey are the
&Na values in continental crust, the original Sanukitoid/
TTG magma and the mixture of Sanukitoid/TTG
magma and contaminating continental crust, respec-
tively, f'is the weight fraction of continental crust in the
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Fig. 7 Correlation of Eu anomalies and Sr concentrations with the
eNa values of TTG suite. a e\g values vs. Eu*~Eu; b ehq values vs.
Sr. Diamond symbols are HA-TTG, triangle symbols are LA-TTG.
The straight line is the fit of the data

mixture. The f value equals to:

(enr — &3) X8

(eng — e5)XB — (e8y — &5 ) XA

(2)

f=

We may assume that the sample with the highest
eNa value represents the original Nd composition with-
out continental contamination (MK 125 for Sanukitoid
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Fig. 8 The model for the formation of Francistown plutonic rocks.
Vertical and horizontal scales are different. The TTG suite was
formed by the partial melting of a subducting ocean plate 2.7 Ga
ago. Its parental magma underwent crystallization fractionation
coupled with crustal contamination en route to the surface and/or

suite, Nd=7.494 ppm, ehg=2.1, sample TS168B for
TTG suite, Nd=9.333 ppm, &yg=2.3) and the sample
with the lowest &yg value represent the Nd isotope
composition with the maximum continental contami-
nation (sample NNS58, shq=—1.0 for Sanukitoid suite,
sample TS70, eig = —1.1 for TTG suite). Using Eq. 2, we
can calculate the maximum continental contamination.
The maximum weight fraction of contaminating conti-
nental crust for Sanukitoid suite is 10%, for TTG suite is
14%.

Model ages

The depleted mantle model Nd ages (Tpy) listed in
Table 6 lead to the following observations:

1. The sample with least continental contamination for
Sanukitoid (MK 125) and TTG (TS168B) suites yield
a model age of 2.6 Ga, which is similar to their age of
crystallization, 2.7 Ga (see above). A depleted mantle
model age is an estimate of the time at which magmas
are separated from the mantle source. Thus, this
similarity indicates that the depleted upper mantle
and young oceanic crusts are possible sources of these
two igneous suites (see below). The model ages of
other individual samples of TTG and Sanukitoid
suites are similar, falling between 2.6 and 2.8 Ga,
suggesting different levels of contamination of the
lower continental crust.

2. The model ages of High-K granites fall between 2.7
and 2.9 Ga, which is different from their emplace-
ment and crystallization age.

Geodynamic implications

Francistown plutonic rocks intruded between 2.7 and
2.65 Ga and, according to major/trace element geo-

Shallow Subducting
Ocean Crust

Upper Mantle

Subducting Plate

in the crustal magma chambers. The Sanukitoid suite was formed
by the partial melting of upper mantle at about the same time.
High-K granites were formed by partial melting of the lower
continental crust 2.65 Ga ago

chemical study (Kampunzu et al. 2003) and Sm—Nd
isotopic data, this process involved partial melting of
depleted upper mantle (Sanukitoid suite), subducting
oceanic plate (TTG suite), and continental crust
(High-K granites). In a short time interval (about
50 Ma) products of partial melting of both ocean
crust and continental crust occurred in the same place,
which cannot be explained by a continental rift model.
The isotope data further support the model of an
active continental margin, involving the subduction of
an oceanic plate (Limpopo oceanic plate) underneath
a continental plate (Tokwe continental plate). This
model is in good agreement with major and trace
element geochemical data (Kampunzu et al. 2003).
The Sanukitoid suite is enriched in mobile incompat-
ible elements and thus has high Cs/La, Ba/La ratios,
suggesting the addition of mobile elements in the
mantle wedge by aqueous fluids. This is a character-
istic of magmas along subduction zones (e.g. Gill
1981). A cross-section of the sketch presenting the
relationships between the geneses of the Francistown
plutonic rocks in a plate convergent environment is
shown in Fig. 8.

Conclusions

The following conclusions can be drawn from the above
discussion:

1. The Sr isotopic system within the Francistown plu-
tonic rocks has been disturbed by post crystallization
thermo-tectonic events. Such events include migma-
tization as well as reactions between circulating
solutions and granitic rocks.

2. Three igneous suites (TTG, Sanukitoid suites and
High-K granites) were identified in the Francistown
arc complex. The former two suites were formed at
~2.7 Ga and the High-K granites at ~2.65 Ga.
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3. The TTG suite was generated by partial melting of a
young subducting oceanic plate. However, the
parental magma of the TTG suite underwent crystal
fractionation coupled with crustal contamination (up
to 14%) en route to the surface and/or in crustal
magma chambers. The LA-TTG sub-suite was the
product of the fractionation and contamination of
HA-TTG sub-suite.

4. The Sanukitoid suite was formed by partial melting
of the mantle wedge of the overriding continental
plate. It may be contaminated by continental crust to
the level of 10%.

5. High-K granite magma originated from partial
melting of TTG suite, probably the Francistown
LA-TTG sub-suite, and/or lower continental crust of
the overriding continental plate.

6. The plutonic rocks in the Francistown area were
formed in a continental plate convergent environ-
ment, where a young oceanic plate subducted
underneath an old continental plate (Fig. 8).
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