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Abstract

The Closepet granite, in the Dharwar craton of south India, is a large, late Archaean magmatic body. Its
composition can be explained as a result of interactions between mantle-derived melts and pre-existing continental
crust (TTG gneisses). Using geochemical modelling based upon major and trace element compositions the following
petrogenetic model is proposed for the formation of the batholith: (i) an enriched mantle (garnet- and amphibole-
bearing lherzolite) melts to produce a basaltic liquid. (ii) The basaltic liquid undergoes limited fractional crystalliza-
tion of biotite and amphibole (F�0.9). (iii) The differentiated liquid rises into the old continental crust, and induces
water-saturated anatexis of the TTG gneisses (K-Feldspar+Qtz+Plagioclase�melt). (iv) Both mantle-derived and
anatectic liquid mix and give rise to magma compositions ranging from quartz-monzonite to granite. The origin of
the mantle enrichment is discussed. In the context of the regional geological setting the most likely possibility seems
to be metasomatism by slab melts the metasomatism of a mantle wedge by slab melts. This suggests a two-stage
evolution for the Dharwar craton during the late Archaean: (i) a subduction related event with the formation of
TTGs, sanukitoids, and with associated mantle metasomatism; and (ii) re-melting of the metasomatized mantle. This
evolutionary history implies that at least some of the K-rich, late-Archaean granites are juvenile, rather than products
of intracrustal reworking, as frequently assumed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Archaean cratons typically consist of three
main rock associations — TTG gneisses, green-
stone belts and post-tectonic K-rich granites (e.g.
Windley, 1995). Of these, the K-rich granitoids
have been given relatively little attention in recent
decades, even though they represent an important
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volume of the Archaean crust. Most Archaean
granitoids were emplaced at the end of the Ar-
chaean and appear to be temporally linked to the
process of craton stabilization.

This study focuses on late Archaean granitoid
magmatism in the Dharwar craton of south India,
in particular on the origin of the Closepet granite,
the largest late Archaean granitoid in this area.
Recent geological studies have shown that the
Closepet granite resulted from crust–mantle inter-
action, and that the crustal contaminant was a
partial melt of the surrounding TTG gneisses
(Jayananda et al., 1995; Moyen et al., 1997). This
paper therefore has three main objectives:
1. to test the proposed model using quantitative

multi-element geochemical modelling;
2. to constrain the composition of the mantle

source which contributed to the mixing pro-
cess; and

3. to assess the likely geodynamic setting in
which the Closepet granite was formed.

2. Geological background

2.1. The Dharwar craton

The three classical lithologies of Archaean do-
mains are found in the Dharwar craton of south
India (Chadwick et al., 2000). TTG gneisses form
a complex, polyphase, mid-Archaean (3.3–2.7
Ga) basement known as the ‘Peninsular Gneisses’.
Two groups of volcano–sedimentary greenstone
belts have been recognized, an older one (3.3–3.0
Ga) which occurs as screens within Peninsular
Gneisses, and a younger one (3.0–2.7 Ga) which
unconformably over lies the gneisses. Late-Ar-
chaean (2.6–2.5 Ga), K-rich granitic intrusions
cut across the older lithologies (Friend and Nut-
man, 1991; Subba Rao et al., 1992a; Nutman et
al., 1996). The Closepet granite belongs to this
group. Most of these granites were emplaced in
active, strike–slip shear zones (Drury and Holt,
1980; Drury et al., 1984; Jayananda and Maha-
baleswar, 1991).

The Dhawar Craton is subdivided into Eastern
and Western crustal blocks (Fig. 1), on the basis
of differences in age and the dominant lithologies.

The two blocks are separated by a network of
vertical shear zones, thought to represent a ter-
rane boundary, and along which the Closepet
granite was emplaced (Moyen, 2000). The Dhar-
war craton experienced a late Archaean (2.51–
2.53 Ga, Buhl et al., 1983; Nutman et al., 1992)
high temperature– low pressure metamorphism
(Rollinson et al., 1981; Hansen et al., 1984;
Bouhallier, 1995). This metamorphism was
broadly synchronous with the emplacement of the
granites and is accompanied by pervasive tectonic
activity (strike–slip shear zone and dome-and-
basin patterns, Bouhallier et al., 1993). Metamor-
phic conditions reached granulite-facies
conditions (8 Kb, 800°C) in the southern part of
the Dharwar craton, although due to latter differ-
ential erosion, only greenschist facies levels (3 Kb,
250°C) crop out in the north (Fig. 1).

2.2. The Closepet granite

The Closepet Granite is the largest syn-tectonic,
late Archaean granitic intrusion in the Eastern
Dharwar Craton. Zircons from the granite have
been dated by single zircon evaporation methods,
by SHRIMP U–Pb methods and by zircon con-
cordia geochronology. In the south it is between
2.51 and 2.53 Ga old (Buhl et al., 1983; Friend
and Nutman, 1991; Jayananda et al., 1995), and
in the north it is 2.56 Ga old (Nutman et al.,
1996).

The Closepet Granite was subdivided into four
regions on the basis of contrasting modes of
granite emplacement (Moyen et al., 1999; Moyen,
2000). In this study, however, we focus on the
processes of magma genesis, rather than on the
emplacement history of the batholith, and so re-
strict our discussion to the deepest part of the
intrusion (granulite-facies depths), where the full
range of petrogenetic processes occurred and can
be observed on the field.

In this part of the batholith Jayananda et al.
(1995) distinguished three main facies in the
Closepet Granite (Fig. 2):
1. Pink or gray, medium-grained, equigranular

granites form irregular bodies and dykes up to
10 m wide, parallel to the foliation in the
surrounding Peninsular Gneisses, and contain
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xenoliths of amphibolite and migmatitic
gneiss. The field relationships suggest an ana-
tectic origin for this facies granites, for there is
frequently a complete gradation from gneiss to
anatectic granite (Friend, 1984; Jayananda,
1988; Newton, 1990).

2. Porphyritic monzogranites are the most abun-
dant, forming �80% of the outcrop. This
facies has large (2–5 cm) megacrysts of K-
feldspar, in a coarse-grained (3–5 mm) matrix.
Where seen, the contact with the surrounding
gneisses is intrusive; there are also gradational
contacts with the medium grained granite.

Dark, elongated, centimeter to decimeter
sized microgranular enclaves, similar to the
quartz–monzonite described below, are very
common.

3. Clinopyroxene-bearing monzonite, forms large
(up to 10 m) enclaves within the monzogran-
ite, and, more rarely, dykes in the anatectic
granites. In some cases, they occur in shear
zones where they are deformed. Like the mi-
crogranular enclaves, they are thought to be
co-magmatic with their monzogranitic host.

In both the monzonite and monzogranite, small
(�50 cm), angular enclaves of black, ultra-mafic

Fig. 1. Simplified geological map of the central-eastern part of the Dharwar craton. Note the abundance of late Archaean
magmatism in the Eastern Dharwar. The Closepet granite is found at all structural levels — black ellipses indicate metamorphic
conditions (see text for references). Inset: map of the south Indian peninsula showing the Dharwar Craton and the Closepet granite.
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Fig. 2. Simplified geological map of the root zone of the
Closepet batholith. From south to north dykes of anatectic
granite progressively coalesce to form a large mass of por-
phyritic granite containing large enclaves of monzonite and
bordered by anatectic granite.

lates with former liquid trapped between the
amphibole grains.

2.3. Pre�ious studies

Most previous studies of the Closepet Granite
have focused on the southernmost part of the
batholith, close to the amphibolite–granulite
transition (Friend, 1984; Allen et al., 1986;
Jayananda, 1988; Newton, 1990; Jayananda et al.,
1995). In this region the progressive transition
from migmatite to granite led most workers to
assume that the Closepet granite originated by the
partial melting of the older Peninsular Gneisses
(Friend, 1984; Allen et al., 1986).

Jayananda et al. (1995), however, proposed that
mantle-derived melts played a significant role in
the genesis of the Closepet Granite and that the
granites were the product of mixing between a
felsic end-member (SiO2 content approx. 75 wt.%)
and a mafic end-member (SiO2 content approx. 50
wt.%). Their model was based upon the observa-
tion that the Si-poor clinopyroxene-bearing mon-
zonite cannot be generated by partial melting of
felsic TTG gneisses alone, that the �Nd and �Sr

isotopic signatures of the granites point to a
mixed (crust and mantle) origin, that the field
evidence for magma mixing and mingling imply-
ing the presence of two distinct magmas, and that
there is geochemical evidence from both major
and trace elements for mixing.

In detail the model of Jayananda et al. (1995),
refined by Moyen et al. (1997), suggested the
following stages in the genesis of the Closepet
Granite: (i) mantle-derived magmas underwent
low degrees (F�90%) of fractional crystallization
at depth. (ii) The remaining hot magmas induced
partial melting of the surrounding Peninsular
Gneisses. (iii) Both magmas mixed together, giv-
ing rise to the wide range of plutonic facies in the
Closepet granite. In this paper the details of this
model are quantified and refined.

3. Geochemistry

All the samples in this study were col-
lected from the root zone of the Clospet Granite

rocks made up of 1–3-mm amphibole crystals,
with some inter-cumulus quartz and feldspar. Pet-
rographic evidence suggests that they are adcumu-
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(Fig. 2). The majority are from between Kabbal-
durga, in the south, and Magadi, to the north.
Only samples showing no or minimal alteration
in thin section were analyzed.

The medium grained anatectic granites (Table
1) are SiO2-rich (67.33–74.27 wt.%), with high
Na2O+K2O (up to 8.5 wt.%) and low Mgc
(36–2). In contrast the porphyritic monzogranite
and clinopyroxene-bearing monzonite have lower
SiO2 (62.03–67.97 wt.% and 50.30–60.55 wt.%,
respectively), higher Mgc (46–32), and high
Na2O+K2O (7–8 wt.%). All facies have K/Na
ratios between 0.5 and 1.1, higher than typical
Archaean TTGs (K/Na�0.4; Martin, 1994).
TiO2 is also high (0.67–1.71 wt.% in the mon-
zonites, 0.11–0.69 wt.% in the anatectic gran-
ites), and is negatively correlated with SiO2.
Transition element contents are low (Cr�46
ppm; V�200 ppm; Ni�50 ppm) even in the
less differentiated facies. On the other hand,
LILE contents in the mafic facies are high, with
Ba reaching 3007 ppm, and Sr 1591 ppm; they
are also high (751–1135 and 355–766 ppm, re-
spectively) in the anatectic granites. HFSE con-
tents are also high — Zr and Y=458 and 47
ppm in monzonites, 266 and 19 ppm in anatec-
tic granites. REE patterns are fractionated, with
high LREE contents (LaN=334–73) and mod-
erately low HREE contents (YbN=16–5.2); the
mafic facies are richer in REE than the anatectic
granites.

The ultramafic cumulate enclaves have
low SiO2 contents (46–51 wt.%), high
Mgc (60–80), and high Na2O+K2O (2–4
wt.%). Relative to the host granitoids they
are enriched in Ni, Cr and V (170–400, 300–
2000 and 90–230 ppm, respectively), but de-
pleted in Sr (50–150 ppm) and Ba (100–200
ppm).

All elements show good linear correlations
with SiO2 on Harker plots (Fig. 3), although the
cumulates systematically plot outside these
trends. Only the alkalis (Na2O, K2O, Rb) show
some slight scatter. All trace elements except Rb
are negatively correlated with SiO2 (Jayananda
et al., 1995).

4. The mixing model

Previous geochemical studies of the Closepet
Granite by Jayananda et al. (1995) and Moyen et
al. (1997) show that on Harker diagrams all the
granitoids plot along straight lines for both major
and trace elements. This was interpreted as the
product of mixing between a felsic and more mafic
end-member. In this section the mixing model is
further quantified.

For each element X the equation of the
correlation line can be expressed in the form

X=a+b ·SiO2

(Fig. 3). This has been done for each of the nine
major elements, 10 REE and 10 other selected trace
elements. Compositions representing the lowest (51
wt.%) and highest (75 wt.%) SiO2 contents (Table
1) were chosen as representative of the magmatic
poles of the mixing. The method provides an
independent estimate of the oxide weight percent
for each major element in each of the end-member
compositions. The reliability of this calculation
method is strongly supported by the fact that the
sum of all major oxides for both end-members is
close to 100%.

This model can be further tested by calculating
the trace element compositions of theoretical
mixtures and comparing them to the composition
of the analyzed Closepet samples. Fig. 4 shows the
result for two samples of porphyritic monzogranite
(J3 and J10). Sample J3 has a composition similar
to a mixture of 50 wt.% of the mafic and 50 wt.%
of the felsic end-member, whereas J10 has a
composition similar to a mixture of 43% mafic and
57 wt.% felsic end-members.

5. Origin of the felsic end-member

Moyen et al. (1997), using the incompatible
element content of the pink and gray anatectic
granites, argued that the felsic end-member can
only be produced by the partial melting of the
Peninsular Gneisses. These authors argued that
the alternative hypothesis of assimilating the
Peninsular Gneisses into a mafic magma would
not be able to produce the high incompatible
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Table 1
Representative analyses of samples from the root zone of the Closepet granite, and model magma compositions as described in text

Sample End-membersCumulate Parental maflcCpx-bear. Mz. Porph. MzG. Anatectic granite Dyke

BH13b J11 J3 J10 BH13a BH19a J36 CG3 CG11 BH9 BH38c Felsic Mafic Max Min UsedBH BH80c BH19c J1
152b

52.30 62.50 64.11 61.49 67.21 68.31 73.71 72.46 73.3845.44 51.9357.74 75.00 50.57 48.00 52.00 51.0055.4348.1046.44SiOz

8.78 18.58 17.03 16.43 16.16 16.25 15.21 15.29 13.85 13.95 13.70 13.71 13.97 17.45 14.00 15.00 14.7511.88 9.66Al2O3 16.53
10.15 5.49 4.95Fe2O3tot 5.8115.30 3.85 2.91 1.50 1.51 1.40 9.80 0.77 11.00 12.00 9.50 10.7510.65 12.94 7.87 7.37

0.14 0.07 0.05 0.09 0.07 0.05 0.02 0.01 0.02 0.190.110.20 0.09MnO 0.36 0.20
2.3612.00 3.60 1.55 1.38 1.74 0.98 0.54 0.25 0.23 0.25 6.68 0.16 4.12 10.00 5.00 7.5012.39 15.70 2.83MgO
4.7412.00 6.36 3.40 2.90 3.75 2.50 2.23 1.23 1.54 1.40 7.25 1.25 7.46 8.20 7.80 8.009.63 8.37 4.83CaO

4.27 4.36 4.25 4.07 3.97 4.43 3.28 3.65 3.63 3.335.07 3.52Na2O 4.48 3.00 4.00 3.504.210.852.071.05
3.42 4.00 4.58 4.18 4.15 3.87 5.18 4.55 4.45 3.80 5.17 2.83 2.80 3.50 3.15K2O 1.43 2.70 3.77 3.21 3.07
1.21 0.69 0.61 0.77 0.53 0.44 0.19 0.21 0.17 1.080.98 0.150.75 1.43 0.80 1.20 1.00TiO2 0.67 0.970.70

0.660.37 0.88 0.41 0.41 0.47 0.19 0.13 0.05 0.04 0.05 0.780.13 0.03 0.80P2O5

99.36 98.90 99.40 98.62 98.66 98.20 99.26 99.15 98.45 98.55Total 99.9898.40 99.33 99.25 99.20 99.6598.50 97.66 99.08 98.37
41.00 36.00 36.00 37.00 34.00 27.00 25.00 23.00 26.00 57.0039.00 29.0070.00 43.00 63.00 51.00 58.00Mgc 61.00 42.0071.00

0.400.90 0.53 0.60 0.71 0.68 0.69 0.57 1.04 0.82 0.81 0.75 0.97 0.42 0.72 0.68 0.590.86 2.92 0.50K/Na

ND 16.00 ND ND ND 14.00 13.00 ND 5.00 6.00 4.00 20.00 4.00 24.00 20.00 40.00 30.00ND 28.00Nb ND
326.00 302.00 284.00 303.00 215.00 246.00 159.00 150.00 139.00 217.00314.00 106.00105.00 496.00 200.00 300.00 250.00238.00Zr 35.00 170.00

46.0028.00 33.00 23.00 24.00 39.00 19.00 26.00 4.00 3.00 ND 44.00 6.00 53.00 38.00 42.00 40.007.00 27 39.00Y
1053.0051.00 1506.00 906.00 807.00 955.00 510.00 278.00 196.00 206.00 221.00 955.00 57.00 1463.00 400.00 1400.00 900.00161.00 48 935.00Sr

92.00 120.00 127.00 103.00 148.00 166.00 199.00 101.00 164.00 230.0093.00 160.00Rb 65.00 200.00 100.00 150.00117.00223.00NDND
43.00 60.00 93.00 13.00 9.00 77.00 2.00 1.00Co 2.0067.00 33.0058.00 63.00 48.00 20.00

135.00 62.00 52.00 93.00 57.00 32.00 11.00 11.00 16.00 150.00121.00 6.0092.00 172.00 130.00 160.00 145.00108.00V 230.00 96.00
17.00172.00 24.00 7.00 10.00 14.00 7.00 5.00 3.00 2.00 2.00 124.00 4.00 36.00 120.00 70.00 95.00211.00 363.00 19.00Ni

16.00 9.00 15.00 16.00 26.00 8.00 16.00 9.00 11.00 260.00Cr 7.001254.00 34.00 150.00 80.00 115.00300.00 401.00 17.00 13.00
1731.00 1333.00 1362.00 1362.00 781.00 395.00 689.00 514.00 570.00 872.00964.00 658.00183.00 1654.00 400.00 1200.00 800.00Ba 98.00 985.00214.00

NDND 7.00 15.00 12.00 3.00 11.00 22.00 47.00 13.00 12.00 4.00ND 5.00 14.00Th

1.80 22.90 45.60 39.30 33.60 24.50 26.80 10.60 49.00 68.70 21.70 10.30 27.70 10.50 33.30 22.5023.00 1.80Sr/Y 23.90
141.00 97.00 82.00 ND ND 66.00 52.00 ND ND NDND 41.20ND 140.80 80.00 130.00 105.00103.00La 21.3 9.13

ND52.5 292.00 184.00 163.00 ND ND 135.00 88.00 ND ND ND 78.20 300.00 1150.00 250.00 200.0022.5 ND 224.00Ce
ND28.1 123.00 65.00 59.00 ND ND 45.00 30.00 ND ND ND 32.00 127.30 60.00 110.00 85.0012.8 ND 94.00Nd

18.68 9.38 9.11 ND ND 7.37 5.39 ND ND NDND 5.40Sm 18.50 12.00 17.00 14.5014.87ND2.746.18
4.21 2.03 1.81 NDEu ND1.47 1.01 1.07 ND ND ND 0.70 4.50 2.00 4.00 3.000.73 ND 2.90 ND

11.85 5.93 5.79 ND ND 5.52 3.70 ND ND NDND 3.105.29 12.70 7.00 11.00 9.00Gd 9.34ND2.32
ND4.55 7.03 4.20 4.12 ND ND 4.11 1.82 ND ND ND 1.60 8.00 5.50 6.50 6.001.82 ND 6.63Dy
ND2.54 3.19 2.00 1.83 ND ND 2.48 0.92 ND ND ND 1.00 3.80 3.40 3.60 3.500.89 ND 3.48Er

2.69 1.51 1.34 ND ND 2.15 0.85 ND ND NDND 0.80Yb 3.40 3.00 3.40 3.203.27ND0.912.44
0.42 0.23 0.18 ND ND 0.33 0.18 ND ND ND 0.20 0.50 0.45 0.50 0.50Lu 0.38 0.16 ND 0.50 ND

447.60 307.90 260.30 209.50 165.00 130.80 447.10 254.00 412.70 333.30326.9LaN 67.60 28.90
11.70 12.90 7.20 6.40 10.30 4.00 3.90 16.50 14.40 16.30 15.404.30 15.70YbN

34.60 42.40 40.40(La/Yb)N 5.70 20.20 40.30 33.40 27.10 17.60 25.20 21.706.60 20.70

0.83 0.76 0.480 0.73 0.48 0.86 0.62 0.8500.75 0.760.87Eu/Eu* 0.79 0.89

Major elements oxides are expressed in%, trace element in ppm. Fe2O3 tot= total iron recalculated as Fe2O3. Mgc =molecular Mg/(Mg+Fe) ratio, expressed as a%. K/Na=atomic ratio. LaN, YbN=chondrite normalized
values (Sun and Mc Donough, 1989). Eu/Eu*=europium anomaly calculated as [Eu/(Eu*)]= [(EuN)/( (SmN+GdN)/2)]. ND=no data. Cpx-bear. Mz=Clinopyroxene-bearing monzonite; Porph. MzG.: Porphyritic
monzogranite. End-members-End members of the mixing model (see the text). Parental mafic: Recalculated compositions of possible parental mafic magmas, with preferred values – note similarity in composition to that
of basaltic dyke BH38c. Samples in the J series were analyzed by XRF (Jayananda, 1988); the CG and BH series sample c�70 were analyzed by ICP (Jayananda et al., 1995); BH series sample c�70 were analyzed
by ICP-MS (Moyen, 2000). Details of the procedures and analytical errors are given in the references cited above.
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element enrichment observed in the Closepet
granite. Here the partial melting hypothesis is
evaluated quantitatively. Here we use a composi-
tion for the Peninsular Gneisses based upon the
average TTG values of Martin (1994). This is
because data for the Indian TTGs are incomplete
and because, even at outcrop scale, they are ex-
tremely heterogeneous (Rogers et al., 1986). The

compositions of the mineral phases used in the
calculations were taken from Martin (1985).

5.1. Mass balance calculation for major elements

In this section we test the hypothesis that the
felsic end member of the Closepet Granite was
produced by the partial melting of Archaean TTG

Fig. 3. Harker plots for selected major and trace elements, for the different facies of the Closepet granite, showing a best fit line for
the ‘mixing trend’ and the ‘cumulate trend’. Also shown are the end-member compositions and the composition of a basaltic dyke
(BH38c) thought to be representative of the parental mafic liquid.
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Fig. 4. Mixing calculations for trace-elements. The thick black
and gray thick lines represent the composition of the basic and
felsic end-members, respectively; the dotted lines represent the
compositions of the calculated mixtures and the thin solid lines
the measured composition of monzogranites J10 and J3.
Chondrite normalizing values after Sun and McDonough
(1989).

proportions of quartz, K-feldspar, and plagio-
clase, enter the melt, together with a small
amount of epidote. This composition is close to
that of the eutectic in the granitic system (Winkler
et al., 1975; Wyllie, 1977) and yields a low �D2

value of 1.14. The main discrepancy between cal-
culated and expected liquid compositions is for
Al2O3, for which there is a 1 wt.% difference.
However, Indian TTGs have highly variable Al
contents (Rogers et al., 1986) and it is possible
that the average TTG composition used here is
not an exact counterpart of the Peninsular
Gneisses. We also made calculations based on the
incongruent melting of biotite, leaving either
cordierite or garnet in the residue (not shown).
We found that this method cannot give an accept-
able result and was rejected.

Our method provides no information on the
degree of melting (F) of the gneisses. Experimen-
tal data on migmatites (Clemens and Mawer,
1992) show that in granites, melts can only be
efficiently extracted if F�10%. In the Closepet
area, field evidence shows that melt was extracted
implying a value for F�10%. Moyen et al. (1997)
originally suggested a melt fraction of approxi-
mately 25% for the felsic end-member, although
this is now thought to be an overestimate for it
was based upon unrealistic partition coefficients
for Rb and Sr. A further constraint is that the
Peninsular Gneiss restites do not contain K-
feldspar, suggesting that this mineral was totally
consumed during melting. We have therefore esti-
mated the degree of melting to be approximately
11%, the point at which all the K-feldspar is
consumed.

5.2. Trace element modelling

We have also calculated the trace element com-
position of melts from the Peninsular Gneisses
using an equilibrium non-modal melting model
(Arth and Hanson, 1975; Allègre and Minster,
1978). We used the F value and restite composi-
tions estimated from the major element modelling
and took partition coefficients from the literature
(Martin, 1985; Rollinson, 1993). We also included
the effects of small amounts of accessory mineral
phases with high Kd values such as zircon, allanite
and spinels.

gneisses. We use a mass balance calculation for
the major elements. The model is calculated by
adjusting the relative proportions of minerals en-
tering the melt to reproduce the composition of
the expected melt. The quality of the model is
measured using the sum of the squares of the
differences between the calculated melt and the
expected liquid (�D2), for each element. The
model is acceptable if �D2�10, and is good if
�D2�1 (Martin, 1985).

Our results are shown in Table 2, where it can
be seen that the major-element composition of the
felsic end-member is best modelled when equal



J.-F. Moyen et al. / Precambrian Research 112 (2001) 87–105 95

Fig. 5 shows that the fit between the expected
end-member and the computed melt is excellent
except for HREE. We conclude therefore that the
partial melting of TTG gneisses is an appropriate
process for the origin of the felsic end-member.
Our model suggests that the melting reaction was
K-feldspar+quartz+plagioclase�melt, imply-
ing H2O-saturated melting (Wyllie, 1977).

6. Origin of the mafic end-member

6.1. Composition of the parental mafic magma

The presence of amphibole-rich enclaves within
monzonite and monzogranite indicate that frac-
tional crystallization played a role during the
early stages of the Closepet granite petrogenesis.
However, the compositions of these enclaves lie
outside the main trend for Closepet samples on
Harker plots (Jayananda et al., 1995; Moyen,
1996; Moyen et al., 1997) indicating that they are
not responsible for the monzonite–granite trend
(Fig. 3).

Petrographic studies of the amphibole-rich en-
claves, and mafic monzonites show that there is a
continuous textural range from amphibole cumu-
late, to monzonitic liquid with localized accumu-
lations of amphibole. This is consistent with mass
balance calculations which show that the more
mafic monzonite compositions can be explained
by mixing between a mafic magmatic end-member
and amphibole (Jeanningros, 1998).

Compositional data for the amphibole enclaves
plot along a poorly defined linear array (Fig. 3),
that intersects the main mixing trend at approxi-
mately 50–52 wt.% SiO2. Thus, the composition
of the parental mafic liquid lies on this ‘cumulate’
trend. We have used this compositional array to
infer the likely compositional range of the
parental mafic liquid (Fig. 3). Our calculated com-
position, estimated independently for each major
element oxide sums to 100%, strengthening the
validity of our approach. We have also analyzed a
basaltic dyke from near the southern end of the
Closepet granite which has a composition within
the range of possible parental liquids (Table 1 and
Fig. 3). This dyke cuts across the 2.52 Ga

Table 2
The results of major element mass-balance calculations for the partial melting of TTG gneisses

The ‘composition of mineral phases’ box lists the composition (wt.%) for all mineral species present in the TTG gneisses. The ‘Modal
compositions’ are the wt.% of each mineral in the TTG source rock, the melt and the restite. ‘Average TTG (recalculated)’ is the
composition of the source rock. The ‘True’ felsic end-member is the chemical composition for the felsic end-member we are trying
to model; the ‘calculated’ felsic end-member is the composition of the liquid formed by melting the minerals present in the given
modal proportions. The differences between the calculated and true value for each element is squared and summed to produce �D2.
KF: K-feldspar; Pg: plagioclase; Qtz: quartz; Bt: biotite; Amp: amphibole; Sph: sphene; Ap: apatite; Zn: zircon; Mt: magnetite; All:
allanite; Ilm: ilmenite.
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Fig. 5. A trace element model for the partial melting of TTG
gneisses. The thick lines represent the mafic and felsic end-
members of the mixing; the thin gray line is the source TTG.
the dotted lines represent the compositions of the calculated
mixtures and the thin solid lines the measured composition of
anatectic granites CG3 and J36. Chondrite normalizing values
after Sun and McDonough (1989).

−1.26 (Jayananda et al., 1995), which is not
consistent with a depleted or primitive mantle
source. There are a number of possible explana-
tions for the Nd isotopic composition of the dyke
which include the contamination of a basaltic
magma from a depleted mantle source by upper
or lower continental crust. Alternatively it is pos-
sible that the melt was derived from an enriched
mantle source.

Since the dyke is found at paleo-depths corre-
sponding to 20–25 km, upper crustal contamina-
tion is unlikely. Furthermore, assimilation of
high-SiO2 gneisses would lead to an intermediate
magma, rather than a basaltic one. Clinopyroxe-
nes from this dyke have an �Nd(2.5 Ga) of−2.9
(Moyen, 2000) and since clinopyroxene is among
the first phases to crystallize from a mafic magma
it is unlikely that the negative �Nd(2.5 Ga) can be
due to significant upper crustal contamination.
The granulitic lower crust of south India is iso-
topically enriched and is more mafic than the
upper crust (Peucat et al., 1989). It could there-
fore, be a contaminant, although it is strongly
depleted in Rb and REE and it is difficult to see
how this could produce the observed elemental
enrichment. These observations suggest that the
parental mafic magma may have been derived
from an enriched mantle source.

7. Genesis of the parental mafic magma and
constraints on the mantle source

In this section we use the composition of the
parental mafic magma to constrain the mecha-
nisms that operated in the mantle which gave rise
to the genesis of the Closepet granite.

7.1. Major elements

Here we use a mass balance calculation to
model the process of mantle melting. In this case
the composition of the mineral phases that were
present in the mantle at the time of melting is
unknown and so three different models are used
(Table 3).

Our first model is based upon mineral composi-
tions in peridotite xenoliths from South African

Closepet granite, but is affected by the 2.51–2.53
Ga granulite– facies metamorphism, implying that
it is comagmatic with the Closepet granite. For
this reason it is considered as a possible represen-
tative of the parental liquid.

6.2. Source of the parental mafic magma

The dyke from Kabbaldurga quarry represent-
ing the parental mafic magma is basaltic, implying
a mantle source. However, it has a �Nd(2.5 Ga) of
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kimberlites (Nixon et al., 1981). These are among
the oldest-known samples of enriched mantle and
are probably as close as it is possible to get to the
composition of enriched Archaean mantle. Our
calculations show an excellent least squares fit for
incongruent melting, with the formation of
phlogopite, amphibole, and clinopyroxene, and
the loss of orthopyroxene and olivine. Unfortu-
nately, however, this result is geologically unreal-
istic. The more realistic scenario of phlogopite,
ortho- and clino-pyroxene, amphibole, garnet and
magnetite melting, and the crystallization of
olivine, yields a �D2=7.42, which is too high.
This is mainly due to the impossibility of adjust-
ing both the Fe/Mg and Na/K ratios at the same
time and to the high Na2O content of the parental
mafic magma.

Our second model takes into account the min-
eral phases that form during metasomatic reac-
tions between a ‘slab melt’ (the product of partial
melting of a hydrated basalt) and a peridotite
(Rapp et al., 2000). During their experiments,
Rapp et al. (2000) formed a ‘hybridized melt’
whose trace element signature is similar to that of
some south Indian granites. Following Rapp et al.
(2000), the metasomatic minerals formed by this
reaction are jadeitic clinopyroxene, K-richterite,
garnet and orthopyroxene. Our least-squares cal-
culations for incongruent melting in which amphi-
bole, clinopyroxene, garnet and minor magnetite
are consumed and in which olivine and orthopy-
roxene are formed have a �D2 of 5.91. This is
only marginally better than the previous model,
although the relative errors are significantly lower.
Here the main sources of error are in the CaO and
Na2O (more than 1 wt.% each, representing 10–
30% of relative error). We found, however, that
adjusting the Na content of the clinopyroxene
dramatically alters the Na/Ca ratio, implying that
using a Na-poor clinopyroxene would yield a
better result.

In our third model we made calculations for the
situation where the clinopyroxene present in the
mantle source is a mixture of 50% ‘classical’ lher-
zolitic pyroxene (Nixon et al., 1981), and 50%
metasomatic, jadeitic clinopyroxene (Rapp et al.,
2000). This is mathematically equivalent to using
a clinopyroxene depleted in Na relative to the one

used in the second model. Geologically it corre-
sponds to incomplete metasomatism. The least-
squares solution (Table 3) gives an excellent �D2

of 0.91 and consists in incongruent melting of
garnet, K-richterite and pyroxenes (orthopyrox-
ene and both clinopyroxenes) in approximately
equal proportion, leading to the formation of
residual olivine.

7.2. Trace elements

We have also attempted to calculate the trace
element content of the mantle source. Our calcu-
lations are based upon the trace element content
of the parental mafic magma and on the modal
composition of the restite determined from major
element modelling (Table 3). Given that the in-
ferred depth of melting is in the garnet stability
field, the liquid formed in the mantle probably
had time to equilibrate with surrounding peri-
dotites. Thus, the mantle composition is calcu-
lated using equilibrium melting. The choice, is not
critical, however, the only effect of using frac-
tional instead of equilibrium melting is to concen-
trate the incompatible elements in the liquids
(Rollinson, 1993); i.e. in the case of fractional
melting, a similar melt composition can be ob-
tained with a slightly less enriched source. The
computed melt fraction (F) cannot exceed 6%,
due to the relatively low abundance of garnet,
which is quantitatively important in the reaction.
This value is in good agreement with the values
generally considered for the formation of alkali
basalt magmas in the mantle (e.g. Hemond et al.,
1994). Our calculations used an arbitrary F value
of 2%, although reasonable variations of F (from
1 to 6%) will only alter the position of the trace
element patterns, but not change their shape.

When the mantle is modelled using kimberlite
xenolith data both the REE and incompatible
elements plot quite close to the patterns observed
in hydrous peridotitic xenoliths from South
African kimberlites, as might be expected (Fig.
6a). Transition element concentrations are similar
to those of typical mantle samples.

Further calculations were performed for a
metasomatized mantle by mixing of a small pro-
portion (1–20%) of the ‘pristine slab melt’ of
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Table 3
Three mass-balance models for mantle melting

The layout is the same as for Table 2. Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Jd: jadeite; Gt: garnet; Phl: phlogopite.
The top model is based upon mineral compositions from kimberlite xenoliths. The center model uses the composition of
metasomatic minerals from Rapp et al. (2000). The lower model is based upon incomplete metasomatism and uses 50% xenolith Cpx
and 50% metasomatic (jadeitic) Cpx.
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Rapp et al. (2000) with their peridotite AVX-51
(Fig. 6b). In this case the transition element pat-
terns are close to the mantle sample ones but the
REE and other incompatible elements do not fit
the metasomatized mantle composition of Rapp
et al. (2000). The calculations predict a mantle
composition more enriched than metasomatized
mantle, but with a parallel pattern. This difference
can be rectified by making either a small change

of F, or of the composition of the starting materi-
als. Since Rapp et al. (2000) used an extremely
depleted peridotite, a less depleted peridotite
would result in a more enriched metasomatized
mantle. The main differences are for Ba and Sr
although this may be explained by the starting
material AB-1 used by Rapp et al. (2000), which
is enriched in Ba and Sr relative to most Archaean
tholeiites (e.g. Condie, 1981).

Fig. 6. Trace element models for the partial melting of the mantle. Dotted lines represent the mafic end-member of the mixing
(black) and the parental mafic magma (gray); thick, solid line represent the ‘back-calculated mantle’, i.e. the recalculated
composition of the mantle source. Thin solid lines in both bottom diagrams are for (PRIMA) or depleted (DM) mantle compositions
(Rollinson, 1993). (a) Model based upon kimberlite xenolith data. The stippled field is the field of enclave compositions. (b) Model
based upon a metasomatized mantle. The shaded area is the field of likely compositions for the metasomatized mantle, calculated
using the data of Rapp et al. (2000). Models for complete and partial metasomatism predict similar trace element concentrations.
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In conclusion, both models seem equally ac-
ceptable, and it is difficult to prefer one over the
other simply on mathematical or geochemical
grounds. However, both predict the melting of an
enriched mantle source, in the field of stability of
both amphibole and garnet (approx. 70–80 km
and 900°C; Schmidt and Poli, 1998).

8. Discussion

8.1. Mantle enrichment

Our work suggests that there was an enriched
mantle beneath the Dharwar craton at approxi-
mately 2.5 Ga. Here we consider the possible
origin of that enrichment. Jayananda et al. (2000)
recently proposed that the enrichment is the result
of a mantle plume. An alternative model is that
the source of enrichment is related to earlier sub-
duction-related magmatism. In this case, evidence
for this magmatism should be found in the Dhar-
war craton.

Evidence of former subduction in the Dharwar
craton was summarized by Chadwick et al. (2000)
who interpreted the whole craton in terms of
accreted island arcs. Support for this model is
found in the plutonic rocks of the Eastern Dhar-
war Craton. For whilst a large proportion of the
granites in this area are related to intra-crustal
melting (Subba Rao et al., 1992a,b; Moyen,
2000), two types of rocks are not purely of crustal
origin, but contain a juvenile component conven-
tionally linked to a subduction zone environment.
The first of these are the tonalitic gneisses of
Krishnagiri (2.55–2.53 Ga; Peucat et al., 1993)
which are similar in composition to the ‘pristine
slab melts’ of Rapp et al. (2000), and to the
experimental liquids of Beard and Lofgren (1991),
Wolf and Wyllie (1994) and Sen and Dunn (1994).
They are also very close to the ‘average TTG’
composition of Martin (1994). Thus the tonalitic
gneisses of Krishnagiri are thought to have been
generated in a subduction zone, by the partial
melting of subducted basaltic oceanic crust.

The second example is the 2.54 Ga (Jayananda
et al., 2000) ‘Dod gneisses’, on the Western mar-
gin of Kolar schist belt (Krogstad et al., 1995).

These bear a geochemical signature similar to that
of sanukitoids, as defined in the Superior Province
(Stern and Hanson, 1991; Balakrishnan and Raja-
mani, 1987). They consist of LREE-enriched
monzodiorites and granodiorites with fractionated
REE patterns and high Ba and Sr contents. They
are also Ni- and Cr-rich (up to 160 and 70 ppm,
respectively), with high Mgc (up to 55), and a
K/Na ratio of 0.2–0.5. Similar rocks also occur as
small dykes and plugs within the Krishnagiri
Gneisses and were described as ‘granodioritic
gneisses’ by Condie et al. (1985), Peucat et al.
(1989) and Peucat et al. (1993). These sanukitoids
are also similar to the ‘hybridized slab melts’ of
Rapp et al. (2000) and are interpreted as products
of the interaction between slab melt, and peri-
dotitic mantle. This interaction could have given
rise to an enriched (metasomatized) mantle simi-
lar to that in the second model for the formation
of Closepet’s parental mafic magma proposed
above.

The presence of both ‘slab melts’ (TTGs) and
‘hybridized slab melts’ (sanukitoids) is a strong
argument in favor of the existence of an active
subduction, approximately 20 Ma before the em-
placement of the Closepet batholith itself and
supports the view than an earlier subduction event
was the most likely cause for mantle enrichment
beneath the Dharwar Craton.

8.2. Comparison with other late Archaean
magmatism in the world

Although late Archaean magmatism is not ex-
tensively studied, it seems that similar patterns
can be observed throughout the world. For exam-
ple in the Superior Province of Canada there are
sanukitoids (Stern and Hanson, 1991), and K-rich
granitoids (Shirey and Hanson, 1986). Elsewhere,
late Archaean magmatism has the geochemical
characteristics of either a subduction related
sanukitoid [e.g. the Arola granodiorite, Finland
(Quérré, 1985); the Peewah granodiorite, in the
Pilbara craton (Smithies and Champion, 1999);
the ‘mafic granitoids’ of the Yilgarn craton
(Champion and Sheraton, 1997)], or of the
Closepet granite [e.g. the Taishan complex, China
(Jahn et al., 1988); the Port-Martin granodiorite,
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Adélie Land, Antarctica (Monnier, 1995); the Ma-
tok pluton, Limpopo belt (Barton et al., 1992);
the Louis Lake batholith, Wyoming (Frost et al.,
1998)].

These examples suggest that both ‘sanukitoid-
like’ and K-rich ‘Closepet-like’ granites are com-
mon in most cratons at the end of the Archaean.
Furthermore, the ‘Closepet’ type granites are al-
ways emplaced shortly after the ‘sanukitoid’ type
magmas. This suggests that in many different
cratons the end of the Archaean was marked by
the same succession of magmatic and geodynamic
events. First, a subduction-related event with slab
melt–peridotite interactions leading to the forma-
tion of both sanukitoids and enriched peridotites,
followed by a second event, the newly-formed
enriched mantle is melted.

8.3. Mantle in�ol�ement in late-Archaean
plutonism

High-K, late Archaean granites, such as the
Closepet Granite have previously been interpreted
as the partial melting of older continental crust
(Allen et al., 1986; Sylvester, 1994) and any geo-
chemical differences that exist between different
granite families are generally attributed to differ-
ences in water content and/or the conditions of
melting (Sylvester, 1994). Recent studies suggest,
however, that some, maybe a large proportions of
late Archaean plutonism is juvenile (Stern and
Hanson, 1991; Stevenson et al., 1999). This means
that it is necessary to distinguish between different
types of late Archaean granites (Moyen, 2000) so
that anatectic granites produced by the remelting
of old crust can be distinguished from granites
with a juvenile component. Among the latter, it is
possible to recognize several groups — slab melts
(TTG), hybridized slab melts (sanukitoids), and
the products of remelting of a previously enriched
mantle. It is thought that the Closepet granite
belongs to the latter type.

The relative importance of each granitoid type,
and hence the amount of juvenile material ac-
creted to the continental crust during the latest
stages of the Archaean, remains largely unknown.

In south India, our geochemical survey (Moyen,
2000) showed that anatectic granites represent
approximately 50% of the total magmatism, slab
melts approximately 30%, hybridized slab melts
approximately 10%, and the Closepet granite and
its deep-crust equivalent approximately 10%.
Given that Late-Archaean granites make up 60–
70% of the volume of the crust in the Eastern
Dharwar Craton, this represent a very significant
addition of juvenile materials at the end of the
Archaean.

The composition of this juvenile material is
quite different from the classical Archaean TTG.
Both sanukitoids, and the Closepet type, are more
potassic and more mafic (higher Mg, Ni and Cr
contents) than classical TTGs (Taylor and
McLennan, 1985, 1995). While most workers (e.g.
Polat and Kerrich, in press) interpret the overall
composition of the crust as a mixing between
TTG and more mafic volcanic products (tholeites
or komatiites), the existence and quantitative im-
portance of such a Mg-, Ni- and Cr-rich granitic
juvenile magmatism is an interesting alternative,
whose implications on the overall crustal compo-
sition need to be assessed.

A last point worth discussing is the relation-
ships that exists between this Late-Archaean juve-
nile magmatism, and the stabilization of the
continental nuclei at the end of the Archaean.
What role did that magmatism play in the process
of cratonization? Is this process linked to the
change from Archaean to modern geodynamic
and petrogenetic regimes?

9. Conclusions

We propose a model in which the Closepet
granite may have formed through the following
processes (Fig. 7):
� A ‘parental mafic magma’ was formed by melt-

ing of an enriched mantle.
� That melt intruded the overlying, gneissic con-

tinental crust and induced partial melting.
� At the same time, the parental mafic magma

underwent a limited amount (�10%) of frac-
tional crystallization of an amphibole-bearing
cumulate.
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Fig. 7. Summary of the petrogenetical model proposed for the
Closepet batholith. Ellipses refer to liquids; rectangles to solid
sources. White patterns denote non-observed (but inferred)
rocks. The rock types are described in the text. ‘Intrusions
North of the Gap’ are discussed in Moyen et al. (1999).

Archaean magmatism in south India in which
‘slab melts’ (TTGs) and ‘hybridized slab melts’
(sanukitoids) formed in a subduction complex at
approximately 2.54 Ga. The metasomatized
mantle melted and K-rich granites were emplaced
at approximately 2.52 Ga.

It is likely that a similar pattern of magmatism
occurred in other cratons at the end of the Ar-
chaean. This conclusion calls for a re-examination
of data existing on Late-Archaean granites. In
particular, this implies that, contrary to current
models, a significant proportion of late Archaean
granites are juvenile and represent addition of
new material to the crust. The association be-
tween this juvenile magmatism, and the process of
craton stabilization at the end of the Archaean,
remains to be investigated.
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