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Geochemistry of adakites and rhyolites from the
Neoarchaean Gadwal greenstone belt, eastern
Dharwar craton, India: implications for sources
and geodynamic setting

C. Manikyamba, R. Kerrich, Tarun C. Khanna, and D.V. Subba Rao

Abstract: Adakite and rhyolite volcanic flows with different petrographic and geochemical characteristics have been
identified from the Neoarchaecan Gadwal greenstone terrane of the eastern Dharwar craton, India. These are part of the
bimodal basalt—felsic association that dominates the belt, which includes previously documented boninites and Nb-enriched
basalts. Adakites plot in the MgO-SiO, field of Cenozoic adakites, distinct from high-Mg andesites, and have low Yb
(1.2 ppm) and fractionated rare-earth elements (REE) (La/Yb, = 16) of Cenozoic counterparts. They also possess the
Cr/Ni (1.3-4.0), Nb/Ta (8.6—-12.8), and Zr/Sm (33-58) ratios distinctive of adakites from recent oceanic arcs. Zero to
positive Eu anomalies contrast with negative Eu present in older Dharwar cratonic crust, such that crustal contamination is
unlikely, endorsing an intraoceanic setting. Cenozoic oceanic adakites may form by slab melting, then hybridizing to
variable degree with wedge peridotite, and Gadwal adakites are also interpreted to be slab melts. Rhyolites have greater
Si0,, highly incompatible elements (Th, La, Zr), and higher Yb (2.41 ppm) contents than adakites, with fractionated
REE and pronounced negative Eu anomalies; they are comparable to FI type rhyolites of other Archean greenstone
belts, likely melts of thick mafic crust at ~40 km with residual garnet, in an extensional setting. Consequently, the
switch from arc basalts and boninites to adakites, Nb-enriched basalt, and rhyolites in the Gadwal terrane signifies a
transition from slab dehydration-wedge melting to slab melting-wedge hybridization, possibly triggered by ridge subduction
or flattening of the slab, as well as crustal melting. These new observations endorse the emergence of complex arc
magmatism in Neoarchean terranes.

Résumé : Des écoulements volcaniques d’adakite et de rhyolite ayant différentes caractéristiques pétrographiques et
géochimiques ont été identifiés dans le terrane de roches vertes Gadwal (Néoarchéen) de 1’est du craton de Dharwar,
en Inde. Ils forment une partie de 1’association bi-modale felsique-basalte qui domine la ceinture, laquelle comprend
des boninites, documentées antérieurement, et des basaltes enrichis en Nb. Les adakites se retrouvent dans le champ
MgO-SiO, des adakites du Cénozoique, distinctes des andésites riches en Mg; leur teneur en Yb (1,2 ppm) et en terres
rares fractionnées (La/Yb, =16) est faible par rapport a leurs contreparties du Cénozoique. Elles ont aussi des rapports
distinctifs d’adakites provenant d’arcs océaniques récents, soit Cr/Ni (1,3—4,0), Nb/Ta (8,6-12,8) et Zr/Sm (33-58). Des
anomalies Eu zéro a positives contrastent avec les valeurs Eu négatives retrouvées dans la crofite cratonique Dharwar
plus ancienne; il en découle donc qu’une contamination crustale est peu probable, appuyant 1’hypotheése d’un environnement
intra-océanique. Les adakites océaniques datant du Cénozoique ont pu se former par fusion de dalles, puis s’hybrider a
divers degrés avec des coins de péridotites; les adakites de Gadwal sont aussi interprétées comme des fusions de dalles.
Les rhyolites ont des teneurs en SiO,, en éléments hautement incompatibles (Th, La, Zr) et en Yb (2,41 ppm) plus éle-
vées que les adakites, avec des terres rares fractionnées et des anomalies Eu négatives prononcées; elles sont compara-
bles aux rhyolites FI d’autres ceintures de roches vertes archéennes, probablement des fusions de crolte mafique
épaisse a ~ 40 km avec du grenat résiduel dans un environnement de distension. Par conséquent, le passage de basaltes
d’arc et de boninites a des adakites-basaltes enrichis en Nb, puis a des rhyolites dans le terrane de Gadwal signifie une
transition de déshydratation de dalles — fusion de prismes a une fusion de dalles - hybridation de prismes, possiblement
déclenchée par une subduction de crétes ou un aplanissement de la dalle ainsi qu'une fusion de la crotite. Ces nouvel-
les observations appuient 1’émergence de magmatisme d’arc complexe dans les terranes néoarchéens.
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Introduction

Adakites are igneous rocks of intermediate composition
originally identified from Adak island, in the Aleutians
intraoceanic arc (Defant and Drummond 1990). Relative to
“normal” andesites—dacites of oceanic arcs, adakites are dis-
tinctive in terms of high MgO at a specified SiO,; high con-
tents of Cr, Co, Ni, in conjunction with low Y and Yb
contents; and pronounced fractionation of heavy rare-earth
elements (HREE) (Drummond et al. 1996; Defant and
Kepezhinskas 2001; Martin et al. 2005).

According to some authors, adakites are melts of basaltic
ocean crust of lithospheric slabs subducting in convergent
margins (Martin 1986; Martin et al. 2005, and references
therein). Experimental melts of hydrous basalts, over a range
of pressure—temperature (P-7) conditions, yield composi-
tions less magnesian at a given SiO, content than adakites.
Accordingly, given their convergent margin setting, adakites
are thought to involve a second stage whereby basalt slab
melts hybridize with the peridotitic sub-arc mantle wedge
during ascent to the crust (Martin 1986; Martin et al. 2005).

In Cenozoic oceanic arcs where adakites have been identi-
fied, they are typically associated closely in space and time
with the tholeiitic to calc-alkaline basalt—andesite—dacite—
rhyolite (BADR) association. Given that the former are
likely slab melts, but the latter slab-dehydration wedge melts
and their fractionation products, there is a significant transi-
tion in thermal regime and geodynamic setting between
these two magma series (Drummond et al. 1996; Pearce and
Peate 1995). Conventionally, adakites are discriminated from
“normal” intermediate compositions on diagrams of La/Yb
versus Yb or Sr/Y versus Y (Martin 1986; Drummond et al.
1996; Condie 2005).

In some Cenozoic arcs, there is also an association of
adakites with one or more of high-Mg andesites (HMA) and
Nb-enriched basalts (NEB). If adakites are slab melts hybrid-
ized with mantle-wedge peridotites, then Mg-andesites are
likely melts of hybridized peridotite, and NEB are likely
melts of the peridotitic residue of Mg-andesites (Sajona et al.
1996; Kepezhinskas et al. 1996). Adakites and Mg-andesites,
characterized by a pronounced compositional gap, have been
termed high-silica adakites (HSA) and low-silica adakites
(LSA), respectively, by Martin et al. (2005); the former are
compositionally similar to Archean high-Al tonalites, al-
though adakites are volumetrically small and syn-arc, whereas
tonalites are batholithic and syn- to post-tectonic in greenstone
belts (Polat and Kerrich 2006).

Igneous rocks with adakite-like compositions have also
been reported from Phanerozoic continental arcs, where there
is significant assimilation — fractional crystallization (AFC;
DePaolo 1980) with continental crust. During AFC, involving
crustal assimilation and fractional crystallization of
hornblende + titanite, mafic parental melts may evolve into
intermediate compositions and trend into the adakite field on
diagrams of La/Yb versus Yb or St/Y versus Y (Kay et al.
1991; Haschke et al. 2002; Richards and Kerrich in press).

Adakites are part of the dominantly bimodal arc basalt
and dacite—rhyolite association of the Neoarchean Gadwal
greenstone belt, eastern Dharwar craton. High precision
analyses are reported for 14 rhyolites and 10 adakites.
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These, and existing data for the belt, are used to evaluate an
intraoceanic or continental margin setting for the eruption of
the lavas and a primary adakite origin versus AFC composi-
tion. Petrogenetic processes for adakites and rhyolites are
compared. Given a probable intraoceanic setting and pri-
mary origin, we then compare Gadwal adakites to other doc-
umented occurrences in Neoarchean greenstone terranes.

Given their convergent margin plate tectonic setting in
Cenozoic arcs, and increasingly reported occurrence in
Archean greenstone belts, the documentation of Archean
adakites is important for addessing the question of whether a
modified form of Phanerozoic plate tectonics operated in the
Archean (see Polat and Kerrich 2006 for a review).
Adakites, like boninites, were originally thought to be re-
stricted to Phanerozoic convergent margins. Recognition of
both volcanic types in Archean terranes sheds new light on
Archean magmatic processes (Kerrich et al. 1998; Hollings
and Kerrich 2000; Manikyamba et al. 2005; Manikyamba
and Khanna 2005; Naqvi et al. 2006; Polat and Kerrich
2006).

Geological setting

The Dharwar craton of Peninsular India is composed of
greenstone belts ranging in age from 3.4 to 2.7 Ga. This
craton is divided into eastern and western sectors by the cen-
tral corridor of ~2.5 Ga Closepet granites (Naqvi and Rogers
1987; Fig. 1A). The eastern sector has smaller dimension
greenstone belts with prevalent calc-alkaline bimodal volca-
nic rocks and subordinate metasedimentary rocks, whereas
large greenstone belts consisting of predominantly
metasedimentary rocks and the komatiite—tholeiitic basalt
association, with minor bimodal volcanic associations, dom-
inate the western sector. Contacts between different
greenstone belts and adjacent granites are inferred to be ei-
ther tectonic or intrusive (Naqvi and Rogers 1987,
Ramakrishnan 2003).

Recent geochemical studies of diverse volcanic and sedi-
mentary sequences endorse differences of lithological asso-
ciations and compositions, and therefore likely distinct
geodynamic settings between greenstone belts of the eastern
Dharwar craton (EDC) and the western Dharwar craton
(WDQC). In the EDC belts, volcanic flows have compositions
characteristic of hydrous magmas of convergent margin set-
tings: (i) the conjunction of a depleted mantle component,
light rare-earth element (LREE) enrichment, with high field-
strength element (HFSE: Th, Nb, Ta, Ti) anomalies, repre-
sented by arc tholeiitic to calc-alkaline basalts and boninites;
and (i/) NEBs and adakites characteristic of slab melting in
convergent margins of Cenozoic intraoceanic arcs (e.g.,
Sajona et al. 1996). In contrast, komatiite—tholeiitic basalt
associations of WDC belts are compositionally depleted
mantle erupted from anhydrous mantle plumes in a within-
plate setting (Jayananda et al. 2000; Manikyamba et al.
2005; Manikyamba and Khanna 2005; Naqvi et al. 2002,
20006); this is in keeping with the plume model for some
greenstone belts (Abbott 1996).

The Gadwal greenstone belt (GGB) is one belt, or terrane,
of the larger composite Narayanpet—-Gadwal major belt, or
accretionary superterrane (NGST), of the EDC. The NGST
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Fig. 1. (A) Simplified geological map of southern peninsular India showing the location of the Gadwal greenstone belt relative to other
greenstone belts of the eastern Dharwar craton and the Clospet granites that divide the eastern and western Dharwar sectors. (B) Gen-
eralized geological map of the Gadwal greenstone belt (after Srinivasan 1990), with the sampling localities.
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extends north—south from Narayanpet to Veldurti; bimodal
volcanic sequences predominate (Fig. 1B). In the north at
Guntipalli, an extensive metabasalt sequence includes flows
of boninite and NEB composition, and a metre thick adakite
flow is interlayered with the boninites (Manikyamba and
Khanna 2007). To the south, andesites, HMA, dacites,

rhyodacites, and rhyolites are prevalent, with minor arc
basalts; these are likely part of an intact stratigraphic succes-
sion, but tectonic interleaving of lithologies cannot be ruled
out (Figs. 1B, 2; Manikyamba et al. 2005).

The belt has been subjected to three phases of deforma-
tion and metamorphosed to amphibolite facies (Matin 2001).
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Fig. 2. Generalized tectonostratigraphic section of the Gadwal greenstone terrane, with age constraints (Chalapathi Rao et al. 1999;
Jayananda et al. 2000; Anand et al. 2003). Illustrated are the volcanic lithologies, their relative abundance, and interpreted stratigraphic
succession at Vemula and Batladinne, where adakites and rhyolites were sampled. Sloping units of adakite and Nb-enriched basalt

signify non-layer-cake volcanic stratigraphy.
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The prefix meta is implicit below for all lithologies. Radio-
metric ages are not available for volcanic lithologies. Volca-
nic units of the adjacent Kolar and Ramagiri belts are both
~2.7 Ga, and granites intruding the NGST are ~2.6 Ga,
endorsing a Neoarchean age for the Gadwal greenstone
terrane (Balakrishnan et al. 1990; Zachariah et al. 1995;
Jayananda et al. 2000).

Mineralogically, rhyolites and adakites are distinct in
well-preserved phenocrysts of K-feldspar in the former, but
of plagioclase in the latter. Rhyolites are predominantly
quartz and K-feldspar, plagioclase, with minor biotite par-
tially altered to sericite. Adakites consist of quartz,
plagioclase, hornblende, and biotite. Relict plagioclase
phenocrysts are present in many sections, but they are par-
tially altered to sericite. Both rock types have apatite, zircon,
titanite, and titano-magnetite as accessory minerals.

\Pillowed basalt

—— Younger granites

~2.6 Ga

Gneissic Basement or older
Dharwar greenstone belts

~3.4 Ga

Sampling and analytical techniques

Samples were obtained from unweathered outcrop near
Vemula and Batladinne (Fig. 1B). The tectonostratigraphic
section in Fig. 2 illustrates the relationships of adakites and
rhyolites to basalts. This is interpreted as an intact volcanic
sequence, but tectonic interleaving cannot be ruled out. After
petrographic screening, a subset of least-altered samples was
selected for geochemical studies. Rocks were powdered us-
ing an agate mortar. Major elements were analyzed by X-ray
flourescence (XRF; Phillips MAGIX PRO Model 2440),
with relative standard deviations <3%. For rare-earth ele-
ments (REE), HFSE, and other trace elements, powders were
dissolved in reagent grade HF and HNOj; in Savillex screw-
top vessels, using the procedure of Longerich et al. (1990)
and Jenner et al. (1990), and determined by inductively cou-
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pled plasma — mass spectyrometry (ICP-MS; Perkin Elmer
SCIEX ELAN DRC II) at the National Geophysical Re-
search Institute, Hyderabad, India. BHVO-1, JB-2, and JR-1
were run as reference materials; precision and accuracy are
better than 5% for the majority of trace elements (Balaram
and Gnaneswar Rao 2003).

Results

Screening for alteration

Elemental mobility may be a problem in the study of
metamorphosed and deformed volcanic rocks; therefore, it is
essential to address the effects of alteration on the geochem-
istry of Archean volcanic rocks for understanding their
petrogenesis (Polat et al. 2002, and references therein).
Least-altered samples were identified in the field by preser-
vation of volcanic structures, low state of deformation, and
absence of carbonate or sulphide overprint, and petrographi-
cally on the basis of preserved igneous textures and minimal
pseudomorphing of primary igneous phases.

Alteration insensitive elements, including Al, Ti, Y, other
HFSE, REE (except Ce and Eu), Sc, and V, have been used
to infer the primary compositional characteristics of Archean
volcanic rocks, whereas large-ion lithophile elements (LILE:
Cs, Ba, Rb, K), Sr, and Pb are generally mobile (Humphris
and Thompson 1978; Kerrich and Fryer 1979; Dostal et al.
1980; Ludden et al. 1982; Murphy and Hynes 1986; Jochum
et al. 1991; Lafleche et al. 1992; Arndt 1994). When HFSE
and REE (Th, Zr, Yb) are plotted with Sm, adakites and
rhyolites form distinct linear interelement trends (not
shown). MgO and SiO, may be mobile during intense hydro-
thermal alteration. Such alteration can be ruled out both by
the preservation of igneous textures and the separate data
clusters for adakites and rhyolites (Fig. 3) that also include
the alteration insensitive element Nb. Furthermore, Polat et
al. (2002) demonstrated that rocks having Ce/Ce* ratios be-
tween 0.9 and 1.1 display limited LREE mobility, whereas
those with Ce/Ce* <0.9 or >1.1 are characterized by signifi-
cant LREE mobility. This ratio clusters at 1.0-1.1 in both
adakites and rhyolites of the present study and, taken with
coherent REE patterns, endorses limited mobility of REE.
We note in addition the coherent, but distinct, primitive man-
tle normalized diagrams of the two populations, as well as
their coherent but different Eu anomalies, signifying low
mobility of those elements (see later in the text).

Major and trace element relationships

Based on petrography and geochemistry, these rocks have
been divided into adakites and rhyolites. Adakites have sys-
tematically lower SiO, and greater Al,O;, TiO,, and Fe,O4
relative to rhyolites, as well as greater contents of mafic-
affiliated (Cr, Co, Ni, Sc, V) elements (Tables 1, 2). Adakites
plot mostly within the adakite (HSA) field of Martin et al.
(2005) in SiO, versus MgO coordinates such that these ele-
ments were little affected by alteration (Fig. 3). However,
CaO and Na,O are scattered. All but two samples have much
greater K,O than the adakite average of 1.97 wt.%, and Sr/Y
ratios are consistently lower than the adakite average of 56 in-
dicative of Sr loss (Tables 1, 2, 3).
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Fig. 3. Plots of (A) MgO versus SiO, and (B) Nb versus SiO,
for adakites and rhyolites of the Gadwal greenstone terrane. The
field of high-silica adakites (HSA = adakites) and average low-
silica adakites (LSA = high-Mg andesites) are from Martin et al.
(2005). avg., average.
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Adakites possess lower LREE, Y, and HREE than
rhyolites and smooth patterns from La to Ho. Adakites have
zero to positive Eu anomalies consistent with minor
plagioclase accumulation, whereas rhyolites are distinctive
in pronounced negative Eu anomalies (Fig. 4; Tables 1, 2).
On REE and primitive mantle normalized diagrams, relative
to rhyolites, adakites are characterized by systematically:
(i) lower contents of highly incompatible (Th, U, Nb, Ta),
(if) moderately incompatible (Zr, Hf, Gd), (iii) compatible
(Y, Yb) elements, as well as (iv) smaller Ti anomalies
(Figs. 4, 5; Tables 1, 2).

Defant and Kepezhinskas (2001) set the following criteria
for adakites, with the Gadwal average data in brackets: SiO,
>56 wt.% (66.3), Al,O3 >15 wt.% (15.4), Y <18 ppm (15),
Yb <1.9 ppm (1.2), and La/Yb, >20 (16). Accordingly, these
samples qualify as adakites on four out of five counts. How-
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Table 1. Chemical composition of adakites from the Gadwal greenstone belt.

G65 G68 G69 G71 G72 G717 G79 G80 G76 G78
Si0, 72.61 64.93 65.25 65.54 70.22 63.73 64.83 63.09 64.70 68.07
TiO, 0.22 0.51 0.50 0.52 0.30 0.68 0.64 0.58 0.47 0.56
Al,O4 16.18 15.38 15.39 16.24 17.09 12.70 16.47 16.32 13.52 14.32
Fe,05 242 6.13 5.59 5.54 242 6.93 5.38 6.80 7.31 5.48
MnO 0.05 0.08 0.08 0.07 0.05 0.07 0.06 0.10 0.09 0.05
MgO 0.67 3.46 3.49 2.40 0.72 3.15 2.30 2.17 2.20 1.61
CaO 3.81 4.20 5.04 5.22 2.72 5.48 4.07 6.37 6.57 5.56
K,0 0.92 0.22 0.27 0.68 0.99 1.33 1.47 0.57 1.91 1.47
Na,O 3.06 4.93 4.24 3.65 5.39 3.70 4.55 3.83 3.08 2.68
P,05 0.05 0.16 0.15 0.13 0.10 0.22 0.22 0.16 0.14 0.19
Mg# 0.35 0.53 0.55 0.46 0.37 0.47 0.46 0.39 0.37 0.37
Cr 2.21 26.64 27.75 9.25 1.81 27.54 14.50 15.86 4.54 15.45
Co 5.15 15.99 16.37 14.66 3.69 19.75 13.61 16.78 16.18 12.67
Ni 0.94 11.07 11.12 5.09 0.70 6.80 5.96 6.24 3.46 6.01
Rb 84 18 27 34 73 50 90 21 74 70
Sr 146 181 178 267 142 420 402 297 274 203
Cs 18.5 0.8 1.4 5.6 11.9 4.1 38.4 1.2 11.4 4.6
Ba 284 111 84 243 202 475 426 121 437 234
Sc 2.6 10.3 9.9 10.6 3.7 12.1 9.7 9.7 10.9 7.8
v 22 139 138 138 22 191 154 178 190 123
Ta 0.71 0.67 0.65 0.74 0.63 0.58 0.79 0.76 0.54 0.70
Nb 8.0 6.5 6.4 6.4 7.5 7.3 10.1 7.5 5.8 7.6
Zr 150 157 154 162 159 150 185 160 151 163
Hf 3.5 35 34 3.6 3.7 3.2 39 3.5 32 35
Th 15 8 7 9 11 8 11 7 7 9
U 3.0 1.5 1.4 2.1 2.5 1.5 2.4 1.7 1.8 22
Y 10 14 14 17 12 18 18 19 16 16
La 33.54 20.96 20.45 22.09 26.58 30.18 34.54 20.28 21.93 26.39
Ce 56.17 39.72 37.96 39.47 46.18 55.62 63.60 38.47 38.14 48.21
Pr 5.20 4.04 3.88 3.98 4.43 5.90 6.73 4.13 3.89 5.01
Nd 17.76 15.48 14.99 15.05 15.71 23.25 26.96 16.52 15.60 19.53
Sm 2.82 3.12 2.98 3.20 2.74 4.60 5.15 3.63 3.23 3.84
Eu 1.38 0.98 0.81 0.93 0.85 1.38 1.48 1.11 0.97 1.36
Gd 2.28 2.62 2.60 2.78 2.29 3.68 4.00 3.16 2.66 3.07
Tb 0.32 0.43 0.40 0.46 0.35 0.56 0.58 0.54 0.42 0.48
Dy 1.46 2.10 2.06 242 1.64 2.64 2.65 2.77 2.16 2.21
Ho 0.24 0.37 0.36 0.43 0.29 0.45 0.45 0.50 0.39 0.40
Er 0.83 1.15 1.15 1.39 0.93 1.43 1.37 1.57 1.31 1.26
Tm 0.13 0.18 0.18 0.22 0.15 0.21 0.21 0.24 0.20 0.19
Yb 0.79 1.15 1.11 1.43 0.98 1.34 1.24 1.54 1.26 1.18
Lu 0.13 0.17 0.17 0.22 0.16 0.21 0.20 0.24 0.20 0.18
Total REE 123 92 89 94 103 131 149 95 92 113
Cu 1.85 5.31 9.81 11.10 1.33 8.05 13.51 3.67 2.21 4.96
Zn 22 51 48 67 30 79 61 65 67 50
Tl 0.36 0.10 0.13 0.15 0.34 0.17 0.42 0.09 0.24 0.26
Pb 17 23 22 24 19 25 26 19 17 19
Sb 0.44 0.37 0.26 0.54 0.39 1.15 1.87 0.67 1.15 2.45
La/Nb 4.20 3.21 3.20 3.47 3.53 4.12 3.43 2.70 3.79 3.49
Nb/Ta 11.3 9.8 9.9 8.6 12.0 12.6 12.8 9.8 10.8 10.8
Zr/Sm 533 50.1 51.7 50.6 58.0 32.6 36.0 44.1 47.0 42.4
Th/Ce 0.3 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2
(La/Yb)n 30.3 13.0 13.2 11.1 19.5 16.2 20.0 9.4 12.5 16.0
(La/Sm)n 7.5 4.2 4.3 4.3 6.1 4.1 4.2 3.5 4.3 4.3
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Table 1 (concluded).

G65 G68 G69 G71 G72 G77 G79 G80 G76 G78
(Gd/Yb)n 2.4 1.9 1.9 1.6 1.9 2.3 2.7 1.7 1.8 2.2
Eu/Eu* 1.6 1.0 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.2
Ce/Ce* 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Cr/Ni 2.3 2.4 2.5 1.8 2.6 4.0 24 2.5 1.3 2.6
Zr/Hf 42.6 45.0 45.6 45.0 43.4 47.1 47.0 45.7 48.0 46.3
Zr/Y 14.5 11.0 11.0 9.5 13.4 8.4 10.5 8.3 9.6 10.5
Ti/Sm 459 974 997 982 664 891 745 957 880 872

Note: All the values are recalculated to 100% volatile free. REE, rare-earth elements.

ever, Martin et al. (2005) set La/Yb, >15 for adakites, so
there is some latitude in compositional definitions (see Rich-
ards and Kerrich (2007) for a compilation of adakite defini-
tions). In contrast, rhyolites have SiO, (71.7 wt.%) too high,
but ALL,O; (14.4 wt.%) too low for compliance with the
adakite definition (Tables 1, 2, 3).

According to Martin et al. (2005), Cr/Ni ratios, which are
fractionation dependent in HSA, may discriminate between
LSA (1-2.5) and HSA (0.5-4.5). Gadwal adakites exhibit
similarities with HSA in their Cr/Ni of 1.3-4, in keeping
with SiO,-MgO relationships and depleted Yb of adakites
(Fig. 3; Table 1, one outlier).

Discussion

Intraoceanic or continental margin setting

Negative Eu anomalies are characteristic of Mesoarchean
crust of the Dharwar craton (Gao and Wedepohl 1995;
Naqvi 2005). Zero to positive Eu anomalies of adakites
provide the most direct line of evidence that the adakites
have not been contaminated by older continental crust
known to be present locally in the Dharwar craton and, ac-
cordingly, were likely erupted in an intraoceanic setting
(Fig. 4). Contamination by contemporaneous crust is possi-
ble; however, Nb, Y, and Yb contents are too low and
(Gd/Yb), and Th/Ce ratios too high for any significant as-
similation of Archean upper continental crust (cf. Taylor
and McLennan 1985). Independent evidence for an oceanic
setting of the Gadwal greenstone terrane is that basalts of
the bimodal association plot on the low Ce—Yb array of Re-
cent intraoceanic arcs, such as the South Sandwich Islands
(cf. Hawkesworth et al. 1993), and cluster on plots rather
than on a mixing array between the most primitive mem-
bers and continental crust (Manikyamba and Khanna 2007).
This is also true of primitive arc basalts in the contempora-
neous 2.7 Ga Ramagiri-Hungund greenstone belt
(Manikyamba et al. 2004, fig. 8).

Petrogenesis

A worldwide correlation between the age of subducting
lithosphere and the composition of arc magmas has been
documented. Subduction of younger lithosphere (<30 Ma)
produce tonalites, trondhjemites, and dacites having low
Yb (<1.9 ppm) and Y (<18 ppm) contents, consistent with
their derivation from partial melting of basaltic crust of the
slab with residual garnet. Similarly, adakitic magmas are

generated because of subduction of young and hot
lithospheric slab (Martin 1986; Defant and Drummond
1990; Drummond and Defant 1990; Knowles 1995; Maury
et al. 1996; Samaniego 1997). This interpretation is sub-
stantiated by adakites of Circum Pacific subduction zones
where young oceanic lithosphere has produced active
adakitic magmatism (Morris 1995; Maury et al. 1996; Mar-
tin 1999; Foley et al. 2000; see Richards and Kerrich 2007
for a review).

Subduction of the older lithosphere (>30 Ma) generates
basalts, andesites, dacites, and rhyolites (BADR) by slab de-
hydration-wedge melting without residual garnet, and these
rocks have Yb (>2 ppm) and Y contents varying from 20 to
25 ppm (Pearce and Peate 1995). Gadwal adakites have low
Yb (0.79-1.54 ppm) and strongly fractionated HREE, in
common with all adakites, indicative of residual garnet (Ta-
bles 1, 2). In view of the significance of La and Yb (and
Sr/Y in unaltered rocks) in adakites, different workers (Mar-
tin 1986, 1999; Drummond and Defant 1990) used a plot of
La/Yb versus Yb to separate adakites and tonalites from in-
termediate to felsic compositions of “normal” tholeiitic to
calc-alkaline arc-magma series. Gadwal adakites, and other
adakites from the Sandur and Kushtagi greenstone belt,
Dharwar craton, all plot in the adakite field at low Yb but
with variable (La/Yb), (Fig. 6A; Manikyamba and Khanna
2005; Nagqgvi et al. 2006).

Rapp et al. (1999) conducted experimental studies on nat-
ural hydrous basalts at 1-4 GPa and compared the experi-
mental slab melts with adakites from the Philippines,
southern Andes, central America, and northern Japan. They
concluded that low-Mg# adakites (and HSA) are consistent
with slab melting source, whereas high-Mg# adakites (and
LSA) are derived from a hybrid and (or) mantle source and
establish a clear cut relationship between the slab melt and
hybrid melt on the basis of their SiO, and Mg# (see Moyen
and Stevens 2006 for a recent review). Gadwal adakites are
low-Mg# type HSA, plotting with the field of slab melts at
1-4 GPa of Rapp et al. (1999) and the slab-melt field of
Smithies et al. (2003).

Low Ni and Cr contents (0.7-11 and 1-28 ppm, respec-
tively) of the Gadwal adakites indicate slab melts reached
the surface without significant reaction with mantle
peridotite. Gutscher et al. (2000) attribute the low Ni content
of some adakites to the absence of mantle-wedge peridotite
between the slab and overlying arc crust in a shallow and
flat subduction zone.
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Table 2. Chemical composition of rhyolites from the Gadwal greenstone belt.

G84 G87 G88 G91 G95 G96 G99 G100 G102 G103 G104 G105 G74 G85
Sio, 71.57 73.93 73.56 73.83 75.00 74.11 73.30 69.50 69.47 71.10 71.01 69.84 69.43 68.24
Tio, 0.46 0.28 0.31 0.27 0.20 0.19 0.43 0.44 0.50 0.45 0.40 0.57 0.38 0.42
ALO;, 12.70 14.01 14.26 13.68 13.53 14.06 13.24 14.14 14.62 14.67 13.92 14.96 16.96 16.66
Fe,0, 5.44 1.90 1.44 1.86 1.30 0.92 3.02 4.58 3.67 2.74 3.16 3.17 3.54 422
MnO 0.08 0.03 0.04 0.06 0.05 0.04 0.05 0.08 0.08 0.05 0.07 0.06 0.06 0.07
MgO 0.85 0.41 0.24 0.53 0.16 0.13 1.00 .11 1.34 0.87 1.31 0.90 1.17 0.76
Ca0 4.03 1.06 0.43 0.98 0.52 0.25 0.74 0.90 2.59 1.81 1.85 1.84 4.38 4.65
K,O 2.92 4.41 5.35 6.32 5.69 7.60 4.23 7.13 4.20 4.40 4.68 4.93 0.86 1.49
Na,O 1.85 3.90 434 2.41 3.52 2.68 3.86 2.01 3.40 3.77 3.48 3.54 3.15 3.36
P,05 0.11 0.06 0.03 0.06 0.02 0.02 0.13 0.11 0.13 0.13 0.11 0.19 0.08 0.11
Mg# 0.24 0.30 0.25 0.36 0.20 0.22 0.40 0.32 0.42 0.39 0.45 0.36 0.40 0.26
Cr 0.83 10.98 1.74 5.09 1.37 1.52 8.85 4.76 8.88 5.70 471 7.88 0.99 11.16
Co 3.79 3.66 0.52 3.95 0.44 0.88 5.17 7.64 7.61 531 5.16 6.31 4.50 4.88
Ni 0.54 2.13 0.73 1.57 0.78 0.96 3.60 2.79 2.59 1.81 1.97 1.90 0.76 3.89
Rb 113 144 177 228 182 217 126 248 159 165 144 192 45 87
Sr 125 169 67 141 64 68 101 199 269 235 175 265 112 101
Cs 7.6 3.2 2.3 9.9 2.3 2.9 1.0 6.0 1.7 1.9 1.2 4.6 4.1 72
Ba 275 532 803 523 180 198 758 660 810 744 796 824 277 101
Sc 10.1 44 4.9 4.7 3.2 3.2 5.7 5.6 6.3 5.4 5.0 6.7 7.4 9.9
% 29 37 9 37 5 6 55 73 79 62 53 89 9 41
Ta 1.19 1.31 1.30 1.35 1.38 1.47 1.27 1.14 1.28 1.25 1.25 1.18 1.09 1.04
Nb 13.2 15.1 16.5 13.4 16.4 17.1 14.6 13.2 14.2 15.5 14.7 14.4 10.2 12.9
Zr 282 235 354 159 254 250 299 273 263 303 290 278 245 274
Hf 6.2 6.0 7.9 45 6.6 6.7 6.8 6.2 6.1 7.0 6.6 6.4 5.6 5.9
Th 11 22 25 23 27 27 26 22 26 28 28 25 15 10
U 2.6 52 5.7 5.9 5.9 6.3 4.6 5.7 6.9 7.6 5.0 6.5 2.3 2.4
Y 46 29 28 21 28 27 25 26 25 26 24 25 26 43
La 34.71 54.98 88.88 38.88 51.14 49.79 56.13 58.81 56.14 62.35 58.36 59.53 34.81 29.90
Ce 67.20  105.58 158.92 72.59 98.02 96.54  107.50  110.99 10574  116.48 109.51 112.38 60.87 59.80
Pr 7.39 11.21 16.10 7.32 10.24 10.03 11.09 11.56 10.89 12.18 11.23 11.67 6.16 6.67
Nd 30.27 42.41 58.19 26.66 37.32 35.92 41.05 42.72 40.35 45.47 42.06 44.00 23.36 27.96
Sm 6.92 8.01 9.05 5.06 6.78 6.79 7.15 7.59 7.20 7.83 7.57 7.80 4.67 6.32
Eu 1.67 1.01 1.68 0.79 0.66 0.63 1.49 1.31 1.59 1.58 1.53 1.67 1.17 1.71
Gd 6.13 6.04 6.87 3.86 5.34 5.28 5.46 5.59 5.31 5.79 5.31 5.67 4.05 5.79
Tb 1.11 0.92 0.92 0.61 0.82 0.78 0.79 0.79 0.76 0.81 0.77 0.81 0.66 1.03
Dy 6.22 4.24 4.19 3.05 3.94 3.85 3.76 3.81 3.58 3.80 3.58 3.77 3.54 5.71
Ho 1.15 0.75 0.70 0.53 0.69 0.67 0.63 0.65 0.61 0.67 0.63 0.62 0.65 1.11
Er 3.74 2.32 2.27 1.73 2.29 2.16 2.05 2.13 1.99 2.15 1.99 2.05 2.18 3.63
Tm 0.60 0.37 0.35 0.28 0.37 0.35 0.32 0.33 0.32 0.33 0.31 0.31 0.35 0.58
Yb 3.91 227 2.37 1.88 2.38 2.32 2.12 2.18 2.05 2.13 2.05 2.04 2.35 3.73
Lu 0.60 0.36 0.38 0.28 0.38 0.37 0.33 0.34 0.31 0.34 0.31 0.31 0.37 0.56
Total REE 172 240 351 164 220 216 240 249 237 262 245 253 145 155
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Table 2 (concluded).

G87 G88 GI1 G95 G96 G99 G100 G102 G103 G104 G105 G74 G85

G84

2.65
44

1.79
33

5.00
54

2.87
49

4.19

49

3.65
55

12.23
61

8.58
67

1.29
29

1.02
35

1.59
39

1.23

49

4.31
45

2.05
61

Cu

7n

0.28
21

0.19
24

0.86
22

0.64
22

0.64

25

0.64
29

1.10

40

0.54
39

1.03

25

0.77
25

1.11

32

0.74
26

0.72
23

0.32
23

Tl

Pb

0.72
2.32

12.4

0.90
3.41

9.3
52.4

0.66
4.14

12.2

0.96
3.96

11.8

5.54
4.02
12.4

1.49
3.96

11.0

1.04
4.44

11.6

36.0

0.97
3.84

0.82
11.5

0.88
3.12

11.9

1.32
2.90

9.9

1.73
5.39

12.7

1.38
3.63

11.5

0.83
2.64

11.1

Sb

2.92

11.6

La/Nb
Nb/Ta

43.4

38.7 38.3 35.6

36.6

29.3 39.1 314 37.5 36.9 41.8

40.7

Zr/Sm

0.2 0.2 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2
26.9 18.9 20.9 20.4 20.9 10.6

0.2
6.4

Th/Ce

5.8

19.6

154 15.4 19.4

14.9

17.4

(La/Yb)n
(La/Sm)n

3.0
1.3

0.8

4.7

4.8

4.8

5.0

2.2

0.7

4.9

4.8

4.9

4.6

4.7

4.8

6.1

4.3

3.1
1.3

0.8

1.4
0.8

2.3

2.1

2.1 2.1

2.1

1.9
0.3

1.9
0.3

1.7
0.5

2.4
0.6

2.2
0.4

(Gd/Yb)n
Eu/Eu*

0.7

0.7

0.8

0.6

0.7

1.0

2.9
46.2

1.0
1.3

43.9

1.0
42
43.4

1.0
2.4

442

1.0

3.1
43.2

1.0
34

43.5

1.0
1.7

1.1 1.1
44.3

1.0
1.8

1.1
38.8

1.0
2.4

45.0

1.0
52

39.4

1.0
1.5

45.8

Ce/Ce*
Cr/Ni

2.5
44.0

1.6
37.5

32
353

Zr/Hf
7r/Y

6.3
399

9.4
492

11.0
435

11.9
319

11.5

347

10.7
420

10.7
351

11.9

364

9.4

168

9.2
178

7.6
320

12.7
206

8.2

212
Note: All the values are recalculated to 100% volatile free. REE, rare-earth elements.

6.1
402

Ti/Sm

1525

Zr/Sm and Nb/Ta relationships

Drummond et al. (1996) documented Zr/Sm ratios vari-
ably greater than primitive mantle values of 25 in high-Al
tonalites; this was attributed to melting of an amphibolitic
basaltic source. In an extension of this work, Foley et al.
(2002) showed that adakites and tonalites are characterized
also by Nb/Ta ratios less than the primitive mantle value of
17 and that the Zr/Sm and Nb/Ta systematics can only be ac-
counted for by melting of low-Mg amphibolite of basaltic
crust, not high-magnesian amphibolites of cumulates in thick
basaltic crust or amphibolite-bearing peridotites. Gadwal
adakites plot in the adakite—tonalite field (Fig. 6B; Foley et
al. 2002). According to Foley et al. (2002), low values of
Nb/Ta result from distribution coefficients between the melt
and residual phases, whereas Rapp et al. (2003) infer low
values to be a source feature.

However, according to Condie (2005), in contrast to
tonalite—trondhjemite—granodiorite (TTG), adakites have
Nb/Ta and Zr/Sm that cluster about the respective primitive
mantle values of 17 and 25, respectively (Sun and
McDonough 1989), reflecting the melting of rutile-bearing
eclogite. That adakite field may include suites that are not
true adakites (see later in the text).

Adakites: alternative models

Mafic magmas of “normal” tholeiitic to calc-alkaline arc-
magma series may acquire adakite-like values of La/Yb, Yb
and S1/Y, Y. Mafic magmas evolve to intermediate composi-
tions by AFC, involving crustal assimilation coupled to frac-
tional crystallization of hornblende and titanite, most
typically in continental arcs, lowering Y and Yb contents to
adakite-like values. However, such fractionated intermediate
compositions, well represented in the Andes, feature listric-
shaped REE patterns compared with the smoothly fraction-
ated patterns of adakites (Kay et al. 1991; Richards et al.
2001; Haschke et al. 2002; Klepeis et al. 2003). Given
crustal contamination, such fractionated magmas are also
characterized by Sr-, Nd-, and Pb-isotope compositions more
evolved than depleted upper-mantle values of mid-ocean
ridge basalts (MORB) and adakites from oceanic arcs (see
Richards and Kerrich (2007) for a review). This is also the
case for the Archean sanukitoid series of the western Supe-
rior Province, which has compositional similarities to
adakites. Stevenson et al. (1999) show that incompatible ele-
ment enriched Mg-diorites evolve to more felsic products by
AFC involving hornblende and titanite, where LREE pat-
terns become steeper but HREE do not, generating listric
patterns.

Evidence for an intraoceanic setting of the Gadwal arc-
basalt—adakite association has been discussed earlier in the
text. The coherence of the Gadwal adakite REE patterns
over a range of absolute abundances confers additional evi-
dence that AFC has not been significant. As well, they pos-
sess Nb/Ta and Zr/Hf ratios in common with adakites,
whereas normal arc magmas are characterized by scattered
Nb/Ta and Zr/Sm <25 (Fig. 6B; Foley et al. 2002). Conse-
quently, they are likely primary adakites.

An alternative concept for adakites involves melting of ba-
saltic dykes emplaced into lithospheric mantle peridotite
(Macpherson et al. 2006; Melcher and Meisel 2004). If this
process operates, it is constrained by empirical observation
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Fig. 4. Plots of Th (A), Zr (B), Yb (C), and Ti/Sm (D) versus Eu/Eu*. Symbols as in Fig. 3.
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to subduction of crust <30 Ma (Drummond and Defant
1990). Models for high-Al tonalitic batholiths of greenstone
belts, with compositions similar to adakites, include melting
of thick sequences of crustal basalts (Whalen et al. 2002),
melting of thick ocean-plateau crust (Condie 2005), or cata-
Iytic delamination of eclogite (Bedard 2006). Adakites of the
Gadwal terrane are associated with “classic” intraoceanic-
arc lithologies: to the north, boninites and arc basalts; to the
south, the association arc BADR. Batholithic tonalites are
not spatially and temporally related with those “classic” arc-
volcanic associations, and consequently the alternative mod-
els are not discussed further here.

Rhyolites

Rhyolites are the Archean FI type of Lesher et al. (1986),
characterized by low Yb and fractionated REE. According to
Hart et al. (2004), Archean FI rhyolites are interpreted as
melts of thick basaltic crust, with garnet—pyroxene—amphibole
present, at ~40 km, in a regime of attenuated lithosphere and
concurrent high heat flow. Rhyolites cannot be fractionation

Ti/Sm
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products of adakites because (i) there is no continuum of
Eu anomalies between the two populations; (ii) rhyolites
possess greater highly incompatible-, moderately incompat-
ible-, and compatible-element contents than adakites;
(ii7) rhyolites and adakites have similar LREE fractionations
rather than steeper patterns in the former expected from a
comagmatic relationship by fractional crystallization; and
(iv) rhyolites possess lower contents of Cr, Co, Ni (Fig. 5;
Tables 1, 2; cf. Richards and Kerrich 2007). Nor are they
direct fractionation products of the basaltic end member of
the bimodal magma series of the Gadwal greenstone terrane
that feature near flat REE patterns (Hart et al. 2004,
Manikyamba et al. 2005; Manikyamba and Khanna 2005).

Coeval eruption of two magma series may have involved
slab melting for adakites, and melting of the base of arc
crust under extension for rhyolites (cf. Hart et al. 2004).
Rhyolites of similar adakite-like REE patterns have been re-
ported from the 3 Ga Lumby Lake greenstone belt, Superior
Province, which is associated with intermedate to felsic calc-
alkaline suites (Hollings and Wyman 1999, typel felsics).
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Fig. 5. Chondrite normalized REE (A, B) and trace element variation (C, D) diagrams for Gadwal rhyolites and adakites. Normalizing
values from Sun and McDonough (1989). Samples representing the range of REE contents are plotted.
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Specifically, rhyolites of similar composition have been
documented in the Birch-Uchi greenstone belt, Superior
Province, where they occur with an arc basalt—-NEB-adakite
association (Hollings and Kerrich 2000).

Geodynamic context of adakites

Cenozoic adakites are restricted to oceanic arcs; how-
ever, as slab melts rather than slab dehydration-wedge
melts, they require special conditions for their petrogenesis.
Geodynamic processes proposed to explain the petrogenesis
of adakites include (i) melting of subducted slab in the up-
per mantle (adakites of Gulf of California), (ii) melting of
subducted slab owing to oblique convergence (western
Aleutians), (iii) melting of oceanic crust during arc—arc
collision (Papua New Guinea), (iv) melting of oceanic crust
during the initiation of a new subduction zone (southern
Mindanao and the Philippines), (v) melting of oceanic crust
owing to slab tearing (Kamchatka), and (vi) melting of oce-
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anic crust during flat subduction (Southern Volcanic Zone,
Chile) (Defant and Kepezhinskas 2001; Polat and Munker
2004). More recently, Thorkelson and Breitsprecher (2005)
proposed slab windows as a site for generation of adakite
magmas.

According to Defant and Drummond (1990), Cenozoic
adakites are related to the shallow (sometimes oblique)
subduction of younger and hotter oceanic crust (<25 Ma old).
Under these conditions, basaltic crust melts at 22-26 kbars
(1 kbar = 100 MPa), at shallower depth (75-85 km), and at
750-800 °C to generate slab melts of adakitic composition.
Geochemical studies carried out on Phanerozoic NEB,
andesites, dacites, and adakites from Zamboauga Peninsula of
Philippines (Sajona et al. 1993, 1996), southern Andes (Stern
and Kilian 1996), Central America (Defant et al. 1992), and
western Aleutian Islands (Yogodzinski et al. 1994, 1995) have
shown that these rock suites are associated with subduction of
young and hot oceanic lithosphere (Table 4).
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Table 3. Average compositions of adakites and rhyolites from the Gadwal terrane, and selected averages of other adakites, rhyolites
and tonalite—trondhjemite—granodiorite from the literature.

Dharwar Craton Superior Province Global averages
Birch- Lumby TTG
Adakite”  Rhyolite  Sandur®  Kushtagi® Uchi?  Wawa®  Lake Kristt*  Adakite” HSA < 3.0 Ga'

SiO, 66.30 71.71 76.13 69.42 72.35 67.05 74.57 65.48 62.43 64.8 68.36
TiO, 0.50 0.38 0.26 0.24 0.32 0.46 0.21 0.45 0.67 0.56 0.38
Al,04 15.36 14.39 13.19 17.23 14.01 17.16 13.89 17.89 17.05 16.64 15.52
Fe,0,D 5.40 2.93 0.13 2.07 2.64 3.76 2.24 3.30 3.99 4.75 3.27
MnO 0.07 0.06 0.02 0.03 0.04 0.03 0.03 0.05 0.08 0.08 0.05
MgO 2.22 0.77 0.20 0.72 1.10 1.61 1.34 1.29 3.31 2.18 1.36
CaO 4.90 1.86 1.73 2.16 2.94 3.06 2.3 4.93 6.53 4.63 3.23
K,0 0.98 4.59 1.54 1.12 2.05 1.75 0.77 4.78 1.42 1.97 2
Na,O 3.91 3.23 5.60 5.08 4.49 4.98 4.62 1.69 4.25 4.19 4.7
P,04 0.15 0.09 0.08 0.07 0.09 0.15 0.05 0.15 0.26 0.2 0.15
Mg# 0.43 0.33 0.76 0.45 0.44 0.50 0.58 0.46 0.60 0.48 0.45
Cr 15 5.32 99 9 42 68 31 13 82 41 50
Co 13 4 6 47 10 15 4 6 — — —
Ni 5.7 1.86 13.6 1.9 25 28 14 14 64 20 21
Rb 54 159 49 29 65 50 — 43 15 52 67
Sr 251 149 205 238 211 640 — 634 1550 565 541
Cs 9.8 4.0 0.92 — 2.5 4.48 — 1.0 — — —
Ba 262 535 283 286 511 695 — 430 309 721 847
Sc 8.7 5.9 4.0 2.40 5.5 8.82 8 15 — — —
\% 129 42 2.1 2.56 41 74 15 63 — 95 52
Ta 0.68 1.25 0.41 0.56 0.4 0.29 0.32 0.28 0.60 — —
Nb 7.3 14.4 5.4 2.0 4.2 4.92 342 4.30 9.70 6 7
Zr 159 269 117 69 103 131 139 116 117 108 154
Hf 3.5 6.3 3.01 1.84 2.79 3.38 3.49 3.5 3.3 — —
Th 9.1 23 10.1 3.7 5.3 5.0 4.5 2.8 3.9 — —
U 2.0 5.2 2.5 1.3 1.2 1.15 0.79 0.7 1.2 — —
Y 154 28.5 5.6 5.5 6.0 9.4 4.0 7.6 9.7 10 11
La 25.69 52.46 30.10 13.96 15.61 29.7 11.83 16.70 24.00 19.2 30.8
Ce 46.35 98.72 53.18 25.06 29.72 63.1 22.68 35.58 65.00 37.7 58.5
Pr 4.72 10.27 5.12 2.68 3.06 7.44 2.09 4.15 — — —
Nd 18.09 38.41 18.33 10.62 11.14 28 7.50 17 26.00 18.20 23.2
Sm 3.53 7.05 3.03 1.75 1.89 4.78 1.26 3.10 4.70 3.40 3.5
Eu 1.12 1.32 0.82 0.60 0.54 1.22 0.35 1.03 1.37 0.9 0.9
Gd 2.92 5.46 2.14 1.67 1.48 3.34 0.97 2.39 2.30 2.8 2.3
Tb 0.46 0.83 0.26 — 0.20 0.35 0.14 0.23 0.40 — —
Dy 2.21 4.07 1.02 1.03 1.03 1.83 0.82 1.27 — 1.9 1.6
Ho 0.39 0.72 0.15 — 0.2 0.33 0.13 0.23 — — —
Er 1.24 2.34 0.48 0.43 0.53 0.84 0.43 0.72 — 0.96 0.75
Tm 0.19 0.37 0.06 — 0.07 0.12 0.06 0.10 — — —
Yb 1.20 2.41 0.39 0.46 0.47 0.73 0.4 0.70 0.81 0.88 0.63
Lu 0.19 0.37 0.06 0.06 0.06 0.11 0.06 0.12 0.09 0.17 0.12
Cu 6.2 3.75 4.0 16.2 — — — 23 — — —
Zn 54 48 43 37 — — — 46 — — —
Pb 21 27 51 — — — — 4 — — —

Note: HSA, high-silica adakites; TTG, tonalite-trondhjemite—granodiorite.
“Present study.

’Manikyamba and Khanna (2005).

“Nagqvi et al. (2006).

“Hollings and Kerrich (2000).

“Polat and Kerrich (2001).

Type T felsic extrusive from Hollings and Wyman (1999).

¢Hollings et al. (1999).

"Condie (2005).

'TTG < 3 Ga from Martin et al. (2005).
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Fig. 6. Plots of (A) (La/YD), versus (Yb), and (B) Nb/Ta versus
Zr/Sm for Gadwal rhyolites and adakites. In (A), averages are
from the literature, compiled in Table 4. In (B), fields for island-
arc basalts (IAB), adakites, and tonalite—trondhjemite—granodiorite

(TTG) are from Foley et al. (2002). Adk., Adakite; HSA, high-
silica adakites; avg., average.
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Archean adakites and associated magmas

Adakites are relatively rare and volumetrically minor in
Cenozoic arcs (Defant et al. 1992; Drummond et al. 1996;
Sajona et al. 1996). Recently, adakites have been docu-
mented from a number of Neoarchean terranes, where they
are associated with “normal” tholeiitic to calc-alkaline oce-
anic-arc basalts, and with HMA and (or) NEB. Included are
adakites from greenstone belts of the Uchi (Hollings et al.
1999; Hollings and Kerrich 2000) and Wawa (Polat and
Kerrich 2002) subprovinces and Ashuanipi complex
(Percival et al. 2003), Superior Province, and from the
Sandur and Kushtagi greenstone belts, Dharwar craton
(Fig. 6A; Table 4; Manikyamba and Khanna 2005; Naqvi et
al. 2006). A MORB-arc, back-arc, and basalt—adakite associ-
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ation has been reported from the 2.5 Ga old Wutai greenstone
belt, north China (Wang et al. 2004), and adakites are pres-
ent in the Neoarchaean Karelian greenstone belt, Baltic
shield (Samsonov et al. 2005; Table 4).

Boninites, along with NEB and adakites from the Gadwal
terrane, extend the number of occurrences of complex volca-
nic rock suites from the Superior, Baltic, and China cratons
to include the Dharwar craton. Consequently, Neoarchaean
greenstone terranes could reflect a transition period for the
creation of more complex subduction zone processes, in-
volving the interplay of mantle-wedge and slab-derived flu-
ids and melting of wedge and slab (Table 4).

Conclusions

(1) The Gadwal greenstone terrane is dominated by a bi-
modal association of arc basalts and dacites. New examples
of adakites and rhyolites have been documented in the felsic
end member.

(2) Gadwal adakites possess the MgO-SiO, relationships
of Cenozoic and other Archean adakites, distinct from some-
times associated high magnesian andesites. They are also
characterized by low Y and Yb contents, fractionated REE,
and distinctive Cr/Ni, Nb/Ta, and Zr/Sm systematics of
Cenozoic adakites.

(3) Positive Eu anomalies rules out contamination by
older cratonic crust, endorsing an intraoceanic arc setting as
recorded in associated arc basalts.

(4) Cenozoic adakites are generally believed to be slab
melts hybridized with peridotitic sub-arc mantle wedge. If
this applies to the examples at Gadwal, there was a transition
in the convergent margin from slab dehydration-wedge melt-
ing for the arc basalts and boninites to slab melting for
adakites and Nb-enriched basalts, possibly driven by flatten-
ing of the slab or ridge subduction. Gadwal adakites occur
with arc basalts and NEB, an association present in other
Archean and some Cenozoic arcs.

(5) Rhyolites are the FI type of Lesher et al. (1986), char-
acterized by fractionated REE and pronounced negative Eu
anomalies. They represent a distinct magma series from bas-
alts or adakites, and are likely generated as melts of thick-
ened mafic crust at ~40 km under extension.
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Table 4. Archaean hot subduction volcanic rocks and their Phanerozoic analogues, expanded from Polat and Kerrich (2006).

Archaean examples

Phanerozoic examples

Rock type Craton Terrane Source Occurrence Source
Adakite Dharwar
Gadwal This study Central America Defant et al. 1992
Sandur Manikyamba and Khanna 2005 Philippines Sajona et al. 1996
Kushtagi Nagqvi et al. 2006 Japan Morris 1995
Shimoga Naqvi and Rana Prathap 2007 — —
Superior — — Southern Volcanic Zone Andes Stern and Kilian 1996
Wabigoon Tomlinson et al. 1999 Northern Volcanic Zone Andes Bourdon et al. 2002
Wabigoon Ujike and Goodwin 2003 Baja California Benoit et al. 2002
Birch-Uchi Hollings and Kerrich 2000 — —
Wawa Polat and Kerrich 2001 — —
Abitibi Wyman et al. 2002 — —
Frotet-Evans Boily and Dion 2002 — —
Ashuanipi Percival et al. 2003 — —
Slave
Yellowknife Cousens et al. 2002 — —
Baltic
Sumozero—Kenozero Puchtel et al. 1998 — —
Vedlozero—Segozero Svetov et al. 2004 — —
China Wautaishan Wang et al. 2004 — —
High-Mg andesite (HMA) Dharwar — — Chile Rogers and Saunders 1989
Gadwal Khanna 2006 Philippines Sajona et al. 1996
Superior — — Japan Tatsumi and Maruyama 1989
Abitibi Wyman et al. 2002 Antarctic Peninsula McCarron and Smellie 1998
Birch-Uchi Hollings and Kerrich 2000 Baja California Benoit et al. 2002
Wawa Polat and Kerrich 2001 — —
Nb-enriched basalt (NEB) — — Central America Defant et al. 1992
Dharwar — — Northern Kamchatka Kepezhinskas et al. 1996
Gadwal Manikyamba and Khanna 2007 Philippines Sajona et al. 1996
Superior — — Baja California Benoit et al. 2002
Wabigoon Wyman et al. 2000 — —
Wabigoon Ujike and Goodwin 2003 — —
Birch-Uchi Hollings and Kerrich 2000 — —
Wawa Polat and Kerrich 2001 — —
Baltic
Karelian Shchipansky et al. 2004 — —
Boninite Dharwar — — Troodos ophiolite Beccaluva and Serri 1988
Gadwal Manikyamba et al. 2005 Papua NewGuinea ophiolite Crawford 1989
Kushtagi Nagqvi et al. 2006 [zu—Bonin—Mariana forearc Pearce et al. 1992
Singhbhum — — Betts Cove ophiolite Bedard 1999
Bastar Srivastava et al. 2004 Oman ophiolite Ishikawa et al. 2002
Superior — — Ural ophiolites Spadea and Scarrow 2000
Abitibi Kerrich et al. 1998 — —
Frotet—Evans Boily and Dion 2002 — —
Pilbara —
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Table 4 (concluded).

Phanerozoic examples

Archaean examples

Source

Occurrence

Source

Terrane

Craton

Rock type

Smithies et al. 2005

Whundo

Greenland

Polat et al. 2002

Isua

Baltic

Shchipansky et al. 2004

Karelian

Beccaluva and Serri 1988

Mariana trench, Lau Basin,

Superior

Low-Ti tholeiite (LOTI)

New Guinea

Kerrich et al. 1998; Wyman 1999

Abitibi

Brown and Jenner 1989

Tasmania

Baltic

Shchipansky et al. 2004

Karelian

Ramsay et al. 1984; Shuth et

Solomon Islands

Superior

Picrite

al. 2004
Nye and Reid 1986

Yamamoto 1988
Eggins 1993

Central Aleutians

Japan

Polat and Kerrich 1999

Wawa

Greenland

Vanuatu arc

Polat and Hofmann 2003

Polat et al. 2007

Isua

Kamenetsky et al. 1995
Thirlwall et al. 1996

Eastern Kamchatka
Lesser Antilles

Ivisaartoq

China

Polat et al. 2006

Zunhua
Note: The Phanerozoic examples are grouped by geographic areas not by craton, as for the Archaean examples.
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