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Abstract

Examination of an extensive adakite geochemical database identifies two distinct compositional groups. One consists of

high-SiO2 adakites (HSA) which is considered to represent subducted basaltic slab-melts that have reacted with peridotite

during ascent through mantle wedge. The second group consists of low-SiO2 adakites (LSA) which we interpret to have formed

by melting of a peridotitic mantle wedge whose composition has been modified by reaction with felsic slab-melts.

The chemical composition of less differentiated (primitive) Archaean tonalite–trondhjemite–granodiorite (TTG) magmas

evolved from 4.0 to 2.5Ga.Mg# (molecularMg/(Mg+Fe2+), Ni, andCr contents increased over this period of time andwe interpret

these changes in terms of changes in the degree to which the TTGmagmas interacted with mantle peridotite. Over the same period,

concentrations of (CaO+Na2O) and Sr also increased, as the amount of plagioclase, residual from basalt melting, decreased in

response to increased pressures at the site of slab-melting. In the Early Archaean, it appears that these interactions were very rare or

absent thus leading to the conclusion that subduction was typically flat and lacked the development of a mantle wedge. In contrast,

the relatively lower heat production by ~2.5 Gameant that slab-melting occurred at greater depth, where plagioclase was no longer

stable, and where the development of a thick mantle wedge ensured interaction between the slab-melts and mantle peridotite.

Close compositional similarities between HSA and Late Archaean TTG (Tb~3.0 Ga) strongly suggest a petrogenetic

analogy. However, an analogy between the older Archaean TTG and HSA is not complete because evidence for mantle wedge

interaction is missing in most Early Archaean TTGs.

Late Archaean sanukitoids and the compositionally similar Closepet-type granites have compositions significantly different

from TTG of all ages. However, they show some affinity with LSAwhich could be considered as their possible analogue. These

magmas are all thought to result from melting of a mantle peridotite whose composition has been modified by reaction with

slab-melts.
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We propose that all these magmas are directly linked to slab-melting. Archaean TTG and HSA represent slab-melts that have

interacted with peridotite to varying extent, whereas sanukitoids, Closepet-type granites, and LSA correspond to melts of

peridotite previously metasomatised by slab-melt. The changes observed from Early Archaean TTG to Late Archaean TTG and

to sanukitoids reflect change in both the nature and efficiency of interaction between slab-melt and mantle wedge peridotite.

Comparisons between all of these rocks suggest that ancient styles of subduction that have operated since at least ~3.3 Ga

persist in a limited way today. The secular changes in the degree and style of these interactions is a direct consequence of the

cooling of Earth that modified the thermal and dynamic parameters at the subducted slab–mantle wedge interface.

D 2004 Published by Elsevier B.V.
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1. Introduction

Although most modern subduction zone magmas

are thought to reflect partial melting of metasomatised

mantle wedge peridotite, recent studies have shown

that subduction zone magmas can also be produced by

fusion of subducted oceanic crust basalts. These

typically sodic and felsic dslab-meltsT were termed

adakites by Defant and Drummond (1990) in refer-

ence to the work done by Kay (1978) on magnesian

andesites from Adak Island in the Aleutians. Slab-

melting had already been proposed elsewhere to

account for similar lavas (Condie and Swenson,

1973; Lopez-Escobar et al., 1977; Kay, 1978). The

interpretation of adakites as slab-melts is supported by

experimental work on water-saturated or dehydration

melting of amphibolites (Beard and Lofgren, 1989,

1991; Rapp et al., 1991; Rushmer, 1991; Winther and

Newton, 1991; Wolf and Wyllie, 1991; Sen and Dunn,

1994a) as well as by observational evidence of

adakitic glass inclusions in xenoliths within subduc-

tion related lavas (Schiano et al., 1995), and adakitic

veins in ophiolites (Sorensen and Barton, 1987;

Sorensen, 1988; Sorensen and Grossman, 1989;

Bebout and Barton, 1993).

Slightly before these works on adakite, studies on

Archaean sodic rocks of tonalite, trondhjemite, and

granodiorite composition had already suggested a

connection between sodic, felsic magmatism, and

melting of basaltic crust at pressures high enough to

stabilise garnet (eclogite- or garnet-bearing amphib-

olite; Barker and Arth, 1976; Hunter et al., 1978;

Barker et al., 1979; Tarney et al., 1979, 1982; Condie,

1981; Jahn et al., 1981; Martin et al., 1983; Sheraton

and Black, 1983). These tonalites, trondhjemites, and

granodiorites were collectively termed the dTTG suiteT
by Jahn et al. (1981) and have become one of the

defining features of Archaean terranes. Condie (1981)

was among the first to apply the concepts of modern

plate tectonics to the origin of TTG when he proposed

that the basaltic source for these rocks might have

been subducted oceanic crust. Martin (1986, 1988)

proposed that modern lavas from the Austral Volcanic

Zone in Chile (not then known as adakites) may

represent modern equivalents of Archaean TTG. The

view that adakite and TTG represent petrogenetic

analogues has since become widely accepted and was

reiterated and expanded by Martin (1999).

A significantly rarer, but also widespread, feature

of Archaean terranes is a distinctive series of high-Mg

dioritic, tonalitic, and granodioritic rocks first identi-

fied by Shirey and Hanson (1984) and referred to

Archaean sanukitoids. Now described from most Late

Archaean terranes (Shirey and Hanson, 1984; Stern,

1989; Stern and Hanson, 1991; Smithies and Cham-

pion, 1999a), these rocks, as well as the closely

related high-Mg and high-K granites called bClosepet-
typeQ granites (Moyen et al., 2001, 2003a; Martin and

Moyen, 2003), are interpreted to represent melting of

a mantle wedge peridotite previously metasomatised

through interaction with slab-melts. Adakites, TTGs,

and sanukitoids are all interpreted to have a direct or

indirect petrogenetic link to partial melting of basaltic

crust, and, if not explicitly, (Martin, 1986, 1988,

1999) then implicitly (Smithies and Champion, 2000;

Smithies et al., 2003) with some form of subduction.

They form the components of a distinct class of felsic

igneous rocks. However, the precise petrogenetic

relationship between these components is not always

straightforward. For example, recent studies have

shown that the analogy between adakite and TTG is

not always simple and unequivocal, nor even appro-
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priately applied to TTGs of all ages (Smithies, 2000;

Smithies and Champion, 2001; Martin and Moyen,

2002; Rapp, 2003; Smithies et al., 2003). Complicat-

ing, or perhaps even causing, such issues is the fact

that terms such as dTTGT have, on the one hand,

assumed a distinct petrogenetic significance but have,

on the other hand, become a convenient dbinT for any
Archaean plutonic rock with a vaguely sodic chem-

istry. At the same time, there has been a growing

recognition that the pool of rocks now grouped as

adakites, or as adakitic, in fact includes at least two

major, compositionally distinct groups with signifi-

cantly different petrogeneses. It may also encompass

sodic magmas thought to derive from magmatically

thickened mafic arc-crust (Atherton and Petford,

1993), or delaminated mafic crust in apparently

nonsubduction-related setting (Xu et al., 2002). The

recognition that both dadakiteT and dTTGT have

become terms that individually encompass a complex

range of compositions clearly complicates any attempt

to draw petrogenetic analogies between the two

groups. This overview synthesizes current data on

modern rocks classified as dadakitesT, concentrating
on identifying and characterizing specific subgroups

and interpreting their petrogenesis. Against these

rocks, we compare the data for Archaean TTG and

sanukitoids and investigate the extent and nature of

any petrogenetic links.
2. Adakites

2.1. Definition

As originally defined (Defant and Drummond,

1990; Maury et al., 1996; Martin, 1999), adakites form

suites of intermediate to felsic rocks whose composi-

tions range from hornblende–andesite to dacite and

rhyolite; basaltic members are lacking. In these lavas,

phenocrysts are mainly zoned plagioclase, hornblende,

and biotite; orthopyroxene and clinopyroxene phenoc-

rysts are known only in mafic andesites from the

Aleutians and Mexico (Kay, 1978; Rogers et al., 1985;

Calmus et al., 2003). Accessory phases are apatite,

zircon, sphene, and titanomagnetite. The rocks have

SiO2N56 wt.%, high Na2O contents (3.5 wt.%V
Na2OV7.5 wt %), and correlated low K2O/Na2O

(~0.42). Their Fe2O3+MgO+MnO+TiO2 contents are
moderately high (~7 wt.%), with highMg# (~0.51) and

high Ni and Cr contents (24 and 36 ppm, respectively).

Defant and Drummond (1990) also reported typically

high Sr contents (N400 ppm), with extreme concen-

trations reaching 3000 ppm. Rare earth element (REE)

patterns are strongly fractionated ((La/Yb)NN10) with

typically low heavy REE (HREE) contents (YbV1.8
ppm, YV18 ppm). Amongst the defining geochemical

characteristics of adakites are their HREE, Y, and Sr

contents, and two widely used discriminant diagrams

are (La/Yb)N vs. YbN (Martin, 1987, 1999) (where N

indicates chondrite normalization), and Sr/Y vs. Y

(Defant and Drummond, 1990).

Using a database comprising N340 analyses of

dadakitesT classified within the criterion presented

above, Martin and Moyen (2003) showed that there

are two main compositional groups, which they

defined based on their silica content as high-SiO2

adakites (HSA; SiO2N60 wt.%) and low-SiO2 adakites

(LSA; SiO2b60 wt.%). A similar grouping has been

independently proposed by Champion and Smithies

(2003b). High-SiO2 adakites include rocks from all

the volcanoes of the Austral Volcanic zone of the

Andes, excepted the Cook volcano (Stern and Kilian,

1996). They also include El Valle and La Yeguada

volcanoes (Panama; Defant et al., 1991, 1992), Mt. St.

Helens (USA; Smith and Leeman, 1987), Kalimantan

(Borneo; Prouteau et al., 1996), Leyte, Mindanao, and

Zamboanga (Philippines; Sajona et al., 1996, 1997),

Mezcla (Mexico; Gonzalez-Partida et al., in press),

Nevado Cayambe, Pinchincha, Antisana, and Fuya-

Fuya (Ecuador; Bourdon et al., 2002; Samaniego et

al., 2002, in press), and Sambe and Daisen (Japan;

Morris, 1995).

Low-SiO2 adakites include rocks variably referred

to either as high-Mg andesite or as adakite. These

have been found from the Cook volcano in the Austral

Volcanic zone (Stern and Kilian, 1996), volcanoes

from Baja California (Rogers et al., 1985; Calmus et

al., 2003), Adak and Kormandosky (Aleutians; Kay,

1978; Yogodzinski et al., 1995), El Baru (Panama;

Defant et al., 1992), Zamboanga (Philippines; Sajona

et al., 1996), Cono de la Virgen (Ecuador; Samaniego

et al., in press), and from Cerro Pampa (Argentina;

Mahlburg Kay et al., 1993). These adakites differ

from HSA mineralogically primarily in that they may

contain pyroxene phenocrysts. Apart from a higher

silica content, HSA also have lower MgO (0.5 to 4
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wt.%), CaO+Na2O (b11 wt.%) and Sr (b1100 ppm),

compared to LSA (MgO=4–9 wt.%; CaO+Na2O N10

wt.%; Sr N1000 ppm; Table 1 and Fig. 1). Fig. 2 is a

primitive mantle normalized multi-element diagram,

which compares LSA and HSA. It shows that (1) LSA

have higher LREE concentrations than HSA; (2) LSA

display an important positive Sr anomaly that is either

slight or absent in HSA; and that (3) LSA are

relatively Rb-poor. It must be noted that extreme Sr

concentrations are only found in the LSA group. On a

plot of (Sr/Y) vs. Y (Fig. 1C), the two groups follow

parallel trends with LSA having higher Sr/Y ratios for

a given Y concentration. Other significant differences

can be seen in the K/Rb ratios and Nb concentrations

of the respective groups as well as in Cr/Ni vs. TiO2

trends (Fig. 1); these are discussed below. Two

diagrams that combine these parameters effectively

discriminate between the two groups; they are a K/Rb

vs. SiO2/MgO plot, where HSA and LSA form almost

perpendicular trends, and a Sr—K/Rb–(SiO2/

MgO)*100 triangular plot (Fig. 3).

2.2. Discussion of main characteristics

2.2.1. Comparison with experimental data

Several experimental studies have involved melt-

ing of basalts and amphibolites under various pH2O

conditions below 10 kbar (Holloway and Burnham,

1972; Helz, 1976; Beard and Lofgren, 1989, 1991;

Rushmer, 1991). Garnet was not stable in these

experiments and the resulting melts were tonalitic in

composition, without any trondhjemitic affinity nor

HREE impoverishment.

Vapour-absent higher-pressure experiments on

metabasalts as well as on modern and Archaean

amphibolites (Rapp et al., 1991; Rapp and Watson,

1995; 900–1150 8C; 8–32 kbar), Winther and Newton,

1991; 750–1100 8C; 5–30 kbar), Wolf and Wyllie,

1994; 750–1000 8C; 10 kbar), Sen and Dunn, 1994a;

850–1150 8C; 15–20 kbar), and Zamora, 2000; 1000–

1100 8C; 15 kbar)), produced adakitic melts for 10–

40% fusion. Residual assemblages comprised plagio-

clase+amphiboleForthopyroxeneFilmenite at low

pressure (8 kbar), garnet+amphiboleFplagioclase

FclinopyroxeneFilmenite at 16 kbar, and garnet+cli-

nopyroxeneFrutile at higher pressure. Depending

upon temperature, garnet becomes stable between

about 10 and 12 kbar. The REE contents of the
experimental glasses show strongly fractionated ada-

kite-like patterns associated with low HREE contents

only where garnet is a stable residual phase (Rapp et

al., 1991; Sen and Dunn, 1994b; Wolf and Wyllie,

1994; Rapp and Watson, 1995; Zamora, 2000). The

presence of residual hornblende and/or Fe–Ti oxides

(rutile, ilmenite) in all experiments most often

produces negative Ti–Nb–Ta anomalies like those

observed in adakites.

These experimental results are consistent with

observations from subducted oceanic basalts from

Catalina Island (California; Sorensen and Barton,

1987; Sorensen, 1988; Sorensen and Grossman,

1989; Bebout and Barton, 1993). These metabasalts,

now transformed into garnet bearing amphibolites and

eclogites, contain migmatitic veins with adakite

compositions, interpreted as partial melts formed at

650–750 8C and at 9 to 11 Kbar.

Fig. 4 is a plot of MgO vs. SiO2, which compares

adakite with liquids obtained by experimental melting

of basalts or amphibolites. At a given silica content,

adakite has higher MgO concentrations than exper-

imental melts. The difference remains small for HSA

but it is pronounced in LSA. Several authors (Maury

et al., 1996; Stern and Kilian, 1996; Rapp et al., 1999;

Smithies, 2000; Prouteau et al., 2001) have interpreted

the higher MgO (and also Ni and Cr) contents and

Mg# as due to interaction between basalt melt and

peridotite. As adakites are almost invariably related to

subduction zones those authors further proposed that

adakites are subducted-slab-melts whose composition

has been modified during their ascent through the

mantle wedge, by interaction with mantle peridotite.

Rapp et al. (1999) showed that, during ascent through

the mantle wedge, slab-melt assimilates peridotite,

and that this later undergoes metasomatic reactions

involving orthopyroxene and garnet. This process can

significantly modify SiO2, MgO, Ni, and Cr contents,

without changing the slab-melt signature as recorded

by other trace elements (e.g., REE, Sr, and Y).

Schiano et al. (1995) studied glassy inclusions in

olivine crystals from ultramafic mantle xenoliths in

lavas from the Batan Islands (Philippines). These

inclusions are adakitic in composition, with fractio-

nated REE patterns (average (La/Yb)N=48) associated

with low-YbN (3.3) and low-Y (5.9 ppm), as well as

moderately high Sr (552 ppm) and Sr/Y (93). These

inclusions provide direct evidence for interaction



Table 1

Average composition and standard deviation (S.D.) for LSA (Kay, 1978; Rogers et al., 1985; Defant et al., 1991, 1992; Mahlburg Kay et al., 1993; Yogodazinski et al., 1995; Sajona et al., 1996, 1997; Stern

and Kilian, 1996; Calmus et al., 2003), HSA (Smith and Leeman, 1987; Defant et al., 1991,1992; Morris, 1995; Sajona, 1995; Prouteau et al., 1996; Stern and Kilian, 1996; Bourdon et al., 2002; Samaniego et

al., 2002, 2004; Gonzalez-Partida et al., in press), TTG (Martin, 1994; Martin and Moyen, 2002), Sanukitoids (Shirey and Hanson, 1984, 1986; Querré, 1985; Balakrishnan and Rajamani, 1987; Stern and

Hanson, 1991; Krogstad et al., 1995; Smithies and Champion, 1999a; Stevenson et al., 1999; Moyen et al., 2003a), and Closepet-type granites (Jahn et al., 1988; Barton et al., 1992; Jayananda et al., 1995;

Frost et al., 1998; Moyen et al., 2001, 2003b)

LSA

(n=77)

HAS

(n=267)

TTGN3.5 Ga

(n=108)

3 GabTTGb3.5 Ga

(n=320)

TTGb3 Ga

(n=666)

Sanukitoidb62%

SiO2 (n=31)

Closepetb62%

SiO2 (n=43)

Experimental

melts (n=27)

Pristine

melt

Average S.D. Average S.D. Average S.D. Average S.D. Average S.D. Average S.D. Average S.D. Average S.D.

wt.%

SiO2 56.25 3.4 64.80 2.5 69.59 3.1 69.65 3.5 68.36 3.8 58.76 2.9 56.39 3.5 68.94 3.82 66.00

Al2O3 15.69 1.1 16.64 0.9 15.29 0.9 15.35 1.3 15.52 1.1 15.80 0.9 15.79 1.4 17.70 1.97 18.00

Fe2O3* 6.47 1.5 4.75 1.0 3.26 1.2 3.07 1.6 3.27 1.6 5.87 1.5 7.34 1.7 2.42 1.22 3.63

MnO 0.09 0.02 0.08 0.02 0.04 0.03 0.06 0.05 0.05 0.05 0.09 0.02 0.13 0.08 0.05 0.04 0.04

MgO 5.15 1.5 2.18 0.7 1.00 0.5 1.07 0.6 1.36 0.9 3.90 1.3 3.38 1.9 0.84 0.44 1.03

CaO 7.69 1.0 4.63 0.8 3.03 0.9 2.96 1.2 3.23 1.1 5.57 1.5 5.45 1.4 2.06 0.99 4.43

Na2O 4.11 0.5 4.19 0.4 4.60 0.5 4.64 0.8 4.70 0.8 4.42 0.7 3.94 0.8 4.92 1.45 5.83

K2O 2.37 0.8 1.97 0.5 2.04 0.8 1.74 0.7 2.00 0.8 2.78 0.8 3.17 0.8 2.53 1.75 0.51

TiO2 1.49 0.7 0.56 0.1 0.39 0.3 0.36 0.2 0.38 0.2 0.74 0.3 1.20 0.5 0.78 0.39 0.61

P2O5 0.66 0.3 0.20 0.2 0.13 0.09 0.14 0.09 0.15 0.10 0.39 0.1 0.72 0.3

ppm

Rb 19 17 52 21 79 39 59 29 67 51 65 22 93 37 98 48

Ba 1087 499 721 286 449 323 523 327 847 555 1543 563 1441 653 651 285

Nb 11 4 6 2 8 7 6 4 7 5 10 8 18 7 11.4 2.4

Sr 2051 537 565 150 360 116 429 178 541 252 1170 638 978 350 333 169 245

Zr 188 68 108 41 166 64 155 76 154 131 184 129 323 109 196 37 65

Y 13 3 10 3 12 9 14 19 11 16 18 11 37 13 11.9 5.0 6.4

Ni 103 58 20 10 12 9 15 12 21 21 72 35 38 43 16 3

Cr 157 81 41 26 34 22 21 19 50 111 128 85 50 58 12

V 184 50 95 31 39 24 43 26 52 32 95 19 129 44 25 6 47

La 41.1 15 19.2 8 35.3 19 31.4 25 30.8 24 59.9 28 90.9 46 28.65 10.80 8.70

Ce 89.8 30 37.7 16 61.7 33 55.1 35 58.5 400 126 47 188 80 53.56 16.26 16.20

Nd 47.1 16 18.2 7 25.8 14 19.6 14 23.2 19 54.8 16 84.9 34 25.05 4.04 11.40

Sm 7.8 2.5 3.4 1.3 4.2 2 3.3 3 3.5 2 9.8 3 14.5 6 3.40

Eu 2.0 0.6 0.9 0.3 1.0 0.39 0.8 0.36 0.9 0.45 2.3 0.62 3.2 1.09 1.23 0.21

Gd 4.8 1.3 2.8 0.8 3.2 2.2 2.4 1.3 2.3 1.4 6.0 1.4 9.2 2.1

Dy 2.8 0.7 1.9 0.5 1.8 1.1 1.9 1.0 1.6 0.9 3.2 0.8 5.6 1.1 2.35 0.93 2.60

Er 1.21 0.3 0.96 0.3 0.77 0.7 0.77 0.4 0.75 0.5 1.41 0.5 2.68 0.7 1.21 0.61 1.30

Yb 0.93 0.2 0.88 0.2 0.78 0.4 0.63 0.4 0.63 0.4 1.32 0.7 2.05 0.8 0.94 0.59 1.10

Lu 0.08 0.03 0.17 0.04 0.20 0.12 0.13 0.1 0.12 0.1 0.26 0.1 0.34 0.1

K2O/Na2O 0.58 0.47 0.44 0.38 0.43 0.63 0.80 0.51

Mg# 0.61 0.48 0.38 0.41 0.45 0.57 0.48 0.40

Sr/Y 162.21 55.65 30.45 31.44 51.10 63.98 26.58 28.04

(La/Yb)N 29.32 14.44 29.85 32.86 32.52 29.92 29.32 20.18

Average experimental melt composition is from Zamora (2000) and pristine melt from Rapp and Watson (1995).
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Fig. 1. MgO vs. SiO2 (A); Sr vs. (CaO+Na2O) (B); (Sr/Y) vs. Y (C); K vs. Rb (D); (Cr/Ni) vs. TiO2 (E); and Nb vs. SiO2 (F) diagrams

comparing high-SiO2 adakites (HSA; .) and low-SiO2 adakites (LSA; o).
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between slab-melts and mantle peridotite. Mantle

xenoliths in volcanic rocks from Kamchatka (Kepez-

hinskas et al., 1995, 1996) are crosscut by MgO and
Fig. 2. Primitive mantle (McDonough et al., 1992) normalized

multielement diagram for average compositions of LSA (o) and

HSA (.). LSA differs from HSA by its positive Sr anomaly, its

relative Rb depletion, as well as by its higher Nb and REE contents.

HSA has lower Ti content than LSA and shows a slight negative

anomaly.
Cr-enriched adakitic veins. At the contact with the

adakite veins, the mantle consists of a metasomatised

peridotite made up of garnet, Al-pyroxene, pargasitic

amphibole, and Na-rich plagioclase. These relation-

ships not only show the effect that mantle interaction

has on adakite but also the important corresponding

metasomatic effects that the slab-melt has on mantle

peridotite.

Recently, the interaction of felsic magma with

mantle peridotite has been experimentally investigated

(Kelemen et al., 1990; Rapp et al., 1999; Prouteau et

al., 2001). Based on these experiments, Rapp et al.

(1999) established the concept of beffective melt/rock

ratioQ. As is shown by the natural examples from

Kamchatka, slab-melt not only assimilates mantle

peridotite but also metasomatises peridotite, and in so

doing, it is progressively consumed. When the melt/

rock (i.e., slab-melt/peridotite) ratio is high, not all

slab-melt is consumed during peridotite metasoma-

tism and so contaminated melt (adakite) may reach the

surface. When the melt/rock ratio is low, all the slab-

melt is consumed in metasomatic reaction with the



Fig. 3. (K/Rb) vs. (SiO2/MgO) plot and Sr–(K/Rb)-(SiO2/MgO)�100 triangular diagrams. These diagrams best discriminate between HSA (.)
and LSA (o). Average compositions are from Table 1.
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peridotite. This is probably the situation for the Batan

Islands where adakite forms inclusions in peridotite

nodules but where no adakite is erupted at the surface

(Schiano et al., 1995). Subsequent melting of this

metasomatised peridotite, however, produces magmas

that retain a strong slab-melt signature. Thus, depend-

ing on the effective melt/rock ratio, there are at least

two petrogenetic scenarios whereby magmas with a

strong slab-melt influence can form. These two

scenarios represent the differences between slab-melt

contaminated by peridotite and magma derived from

peridotite contaminated by slab-melt. Whether or not

both petrogenetic scenarios should be encompassed

within a strict definition of adakite, we suggest they

reflect the difference respectively between HSA and

LSA. We illustrate our point below using a range of

key trace elements.

2.2.2. Sr concentrations

High Sr and low Y concentrations, and corre-

spondingly high Sr/Y ratios are generally considered
Fig. 4. MgO vs. SiO2 plot comparing experimental melts

composition (grey field) with both HSA (.) and LSA (o). For

the same SiO2 content HSA and to a greater extent, LSA are richer

in MgO than experimental melts.
as defining characteristics of adakite that reflect their

high-pressure, slab-melt origins (Defant and Drum-

mond, 1990; Drummond and Defant, 1990). Fig. 1B

shows that Sr concentrations vary in a wide range up

to 1100 ppm in HSA and from 1000 to 3000 in LSA.

Sr concentration in melts is mainly dependent on Sr

content in the basaltic source. However, during

melting of the same basalt source, the degree of Sr

enrichment in melt will be mostly controlled by

residual plagioclase (KdSr=0.35 to 1.5; Rollinson,

1993). Since the stability of plagioclase is strongly

pressure-dependent, so too is the concentration of Sr

in melts derived from basalt. This was demonstrated

by Zamora (2000) who performed extensive experi-

ments on a single oceanic basalt containing 88 ppm

Sr. He determined 53 glass compositions for a wide

range in both temperature (850–1150 8C) and pressure
(7–35 kbar). Fig. 5 is a SrMelt/SrSource vs. Na2O+CaO

diagram where the degree of Sr-enrichment in the melt
Fig. 5. Diagram showing the degree of enrichment of Sr (Srmelt

Srsource) in experimental melts as a function of (Na2O+CaO). When

plagioclase is a residual phase (black crosses) the degree o

enrichment remains low, whereas when plagioclase is not stable

during fusion (white crosses), the degree of enrichment can reach 9

times the source content. Data are from Zamora (2000).
/

f
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is quantified by the SrMelt/SrSource ratio. Here, the

composition of experimental glasses in equilibrium

with a plagioclase-bearing residue (black crosses) is

compared with those in equilibrium with a plagio-

clase-free residue (white crosses). Residual plagio-

clase buffers the Sr concentration in the liquid at about

1.5 to 2 times the concentration in the basaltic parent,

significantly lower than concentrations in either HSA

or LSA. However, when plagioclase is absent, the

degree of enrichment can reach 9 times. Na2O+CaO

do not show exactly the same behaviour as Sr because

of the additional control that amphibole, clinopyrox-

ene, and garnet can exert over these elements.

Nevertheless, using the partition coefficients given

by Rollinson (1993), simple calculations show that

15% to 25% partial melting of a typical basaltic

composition containing 100 to 200 ppm Sr (i.e., N-

MORB to E-MORB concentrations), leaving a plagio-

clase-free residue, cannot generate magmas with more

than 1000 ppm Sr. This may account for concentrations

in HSA but not in LSA. However, the same calculation,

assuming 5% to 10% melting of a peridotite with 25

ppm Sr, and contamination by addition of 20% slab-

melt with 700 ppm Sr, can generate magmas containing

1500 to 2500 ppm Sr. Consequently, the very high Sr

content considered as typical of adakites is probably

only characteristic of LSA and, as already proposed for

orogenic granites (Tarney and Jones, 1994), is more

consistent with a metasomatised mantle origin rather

than with a pure slab-melt.

2.2.3. Nb concentrations

Fig. 1F shows that, while HSA and LSA have

similarly low Nb concentrations, LSA concentrations

extended to greater than 10 ppm. For both adakite

groups, mantle normalized multi-element diagrams

show negative Nb (Fig. 2) and Ta anomalies when

compared to K and La (Fig. 2; Maury et al., 1996;

Martin, 1999). This behaviour is classically interpreted

as reflecting the residual behaviour of minerals like

rutile during basalt melting (Kdrut/liq for Nb and Ta are

N20; Green and Pearson, 1987; Foley et al., 2000).

However, rutile fractionation should also cause a strong

negative Ti anomaly, and this is not always the case in

adakite. Rather, Drummond and Defant (1990) pro-

posed that amphibole, whose Kdamp/liq for Nb–Ta in

intermediate to felsic liquids is ~4 (Pearce and Norry,

1979; Lemarchand et al., 1987), could be the cause of
negative Nb-Ta anomalies in adakite. It must be noted

that more recently, Kdb1 were reported for Nb–Ta

between amphibole and liquid (Adam et al., 1993;

Klein et al., 1997). This hypothesis is very attractive, as

amphibole is likely to play a role during basalt melting

as well as during subsequent fractional crystallization.

On the other hand Rapp andWatson (1995) and Rapp et

al. (2003) show that amphibole does not necessarily

play a prominent role, as basalt melting experiments

leaving a rutile-bearing eclogite residue do not always

produce a negative Ti anomaly, whereas strong Nb and

Ta negative anomalies are always observed.

The typically higher Nb contents of LSA liken

these rocks, in some respects, to high-Nb basalts

(HNB; Nbz20 ppm; Regan and Gill, 1989; Defant et

al., 1992) or more precisely with niobium-enriched

basalts (NEB; 7 ppmbNbbb20 ppm; Defant et al.,

1992; Maury et al., 1996; Sajona et al., 1996). These

latter authors propose that NEB result from melting of

a mantle peridotite previously metasomatised and

enriched in Nb by slab-melts. In a typical subduction

zone, the mantle wedge is metasomatised by fluids

derived from the dehydration of the subducted slab.

These fluids cannot concentrate Nb or Ta (Tatsumi et

al., 1986; Tatsumi and Nakamura, 1986), which

remain in the subducted slab, accounting for the

Nb–Ta depletion (with respect to La) typical of classic

arc magmas. Slab-melt, in contrast, is able to transfer

Nb and Ta into the wedge. Indeed, the average Nb

content in adakites is ~6 ppm whereas mantle values

are typically b1 (Taylor and McLennan, 1985).

Consequently, while the Nb content in HSA is

consistent with slab-melting, higher Nb content in

LSA better fits with melting of peridotite previously

metasomatised by slab-melt.

2.2.4. Ti concentrations

TiO2 content in HSA is always lower than 0.9%

whereas it can be greater than 3% in LSA (Fig. 1E).

All experiments performed on basalt melting showed

that ilmenite or rutile are always residual phases

(Rapp et al., 1991; Rapp and Watson, 1995; Zamora,

2000, among others). Such residual assemblages

should buffer melt Ti concentrations at low values.

If this is the case, the high-Ti concentrations of LSA

precludes the presence of Ti-rich phase in melting

residues, in contrast with experimental slab-melts.

However, high-Ti concentrations are common in the



H. Martin et al. / Lithos 79 (2005) 1–24 9
products of mantle peridotite melting, as shown (for

example) in oceanic islands magmas and also in arc

magmas such as those from the Central Volcanic zone

of the Andes (Thorpe et al., 1984; Wilson, 1991).

2.2.5. Cr/Ni ratio

Fig. 1E shows that the Cr/Ni ratio can also

efficiently discriminate some HSA (Cr/Ni 0.5 to 4.5)

from LSA (Cr/Ni 1 to 2.5). The Cr/Ni ratio of MORB

ranges between 2.4 and 4.5. All residual phases

during basalt melting have Kd(Cr/Ni)
min/liqN2 (Roll-

inson, 1993), thus resulting in a decrease of Cr/Ni in

magmas during partial melting. Moreover, the Cr/Ni

ratio in HSA is positively correlated with Mg#, which

indicates that the Cr/Ni ratio is a parameter dependent

on fractionation.

The low Cr/Ni ratios and narrow range shown by

the LSA indicates a source that is not basaltic. Mantle

peridotites have Cr/Ni around 1.5 (Taylor and

McLennan, 1985; McDonough and Sun, 1995), which

is the average value in LSA. During melting, several

residual phases have Kd(Cr/Ni)
min/liq greater than one

(orthopyroxene=2; clinopyroxene=3, garnet=3.6) but

their effect is buffered by olivine (Kd(Cr/Ni)
min/liq~0.1;

Rollinson, 1993), which is the main residual phase

during mantle melting, resulting in a D equal or

slightly greater than 1. Thus, the range of Cr/Ni ratios

in LSA is also consistent with mantle peridotite

melting. Possible metasomatism of mantle peridotite

by adakitic melts should not significantly modify this

ratio as the Crperidotite/Cradakite and Niperidotite/Niadakite
are very high (10 and 20, respectively).

2.2.6. K and Rb concentrations

The K/Rb ratio can be up to four times greater in

most LSA than in HSA. It appears that this is mainly

due to low Rb concentrations in LSA because K

concentrations are roughly similar in both groups. In

oceanic basalts, the K/Rb ratio is typically around

1000. Residual minerals during melting of basaltic

material have Kd(K/Rb)
min/liqN1 (amphibole=6, clino-

pyroxene=1, garnet=20; Rollinson, 1993) and so the

melts should have K/Rbb1000. This is clearly the case

for HSA (K/Rb=250). Both K and Rb, however, are

strongly incompatible in minerals residual from

peridotite melting (olivine, orthopyroxene, clinopyr-

oxene, and garnet), and so mantle values (~350)

should not be strongly fractionated during melting.
The extreme Rb depletion observed in adakites from

Mexico has been attributed to the presence of

metasomatic amphibole in a peridotitic source (Rogers

et al., 1985; Calmus et al., 2003). Metasomatism of

mantle peridotite by slab-melts produces orthopyrox-

ene, clinopyroxene, garnet, phlogopite, and richterite

or pargasite (Sen and Dunn, 1994a; Rapp et al., 1999;

Prouteau et al., 2001). Schmidt and Poli (1998)

showed that during melting of such an assemblage,

amphibole melts first at 980–1000 8C whereas

phlogopite melts at greater temperature (1150 8C).
The amphibole melting reaction produces clinopyrox-

ene (10%), garnet (30%), and melt (60%) (Francis and

Ludden, 1995; Dalpé and Baker, 2000). Ionov and

Hofmann (1995) have shown from mantle xenoliths

that amphiboles can have high K and very low Rb

concentration while coexisting phlogopite is rich in

both K and Rb. Thus, selective melting of amphibole

would account for low Rb content and correlated high

K/Rb in LSA. Here, too, it is suggested that the

pargasite-bearing mantle source has been metasoma-

tised by slab-melt (Calmus et al., 2003).

2.3. Petrogenesis

2.3.1. HSA

When plotted together with adakites, experimental

liquids obtained by basalt or amphibolite melting

systematically plot together with HSA (Fig. 6). The

trace element data from Zamora (2000) correspond to

melts in equilibrium with a garnet-bearing residue.

No Cr measurements are available on experiments,

and so the Cr/Ni vs. TiO2 plot cannot be presented.

However, the average TiO2 content of experimental

melts is 0.7 wt.% (r=0.5), which is consistent with

the range of HSA. Only small differences are

observed when MgO, Cr, and Ni are taken into

consideration. We consider that the geochemical

relationships outlined in the previous section, and

the close compositional similarities between analyt-

ical data, geochemical modelling, and experimental

data provide a compelling case that HSA have

formed by melting of a basaltic material, and at a

pressure high enough to stabilize garnet (i.e., eclogite

or garnet amphibolite). The HSA series evolve from

hornblende bearing andesite to dacite or rhyolite; it is

not known to include basaltic members. Pyroxene

phenocrysts are never found. Partial melting of a



Fig. 6. MgO vs. SiO2 (A); Sr vs. (CaO+Na2O) (B); (Sr/Y) vs. Y (C); K vs. Rb (D); and Nb vs. SiO2 (F) diagrams comparing high-SiO2 adakites

(HSA; dark grey field) and low-SiO2 adakites (LSA; light grey field) with liquids obtained by experimental melting of basalts (crosses). As no

Cr measurement is available from the experiments, the Cr/Ni vs. TiO2 plot cannot be presented. Only HSA have compositions consistent with

experimental liquids.
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basalt will necessarily produce intermediate to felsic

magmas and so these observed petrological and

mineralogical characteristics of the HSA suites are

also consistent with an origin through basalt melting.

However, MgO, Cr, and Ni concentrations in HSA

are clearly higher than in experimental melts. As

already discussed, several authors (Maury et al., 1996;

Stern and Kilian, 1996; Rapp et al., 1999; Smithies,

2000; Prouteau et al., 2001) interpret these differences

as reflecting interactions between basalt melt and

peridotite. In other words, their genesis occurred by

basalt melting at great depth and under a significant

mantle thickness that allowed substantial interaction.

These conclusions are reinforced by the discovery of

glass inclusion in olivine crystals from mantle

peridotite xenolith from the Batan subduction zone

(Schiano et al., 1995).

As HSA have all come from active subduction

zones, basalt melting must have also occurred in this
kind of environment. Although widely believed to

result, in this environment, from slab-melting (Stern

and Futa, 1982; Defant and Drummond, 1990;

Drummond and Defant, 1990; Rapp et al., 1991;

Peacock et al., 1994; Morris, 1995; Maury et al.,

1996; Prouteau et al., 1996; Stern and Kilian, 1996;

Sigmarsson et al., 1998; Martin, 1999; Rapp et al.,

1999; Bourdon et al., 2002; Samaniego et al., 2002), it

has also been suggested that some adakites may result

through melting of basalts underplated beneath con-

tinental crust (Atherton and Petford, 1993; Mahlburg

Kay et al., 1993; Petford and Gallagher, 2001;

Garrison and Davidson, 2003). Melting of under-

plated basalt should not normally allow interaction

between the felsic melts and mantle peridotite, and so

this cannot be a general model for adakite (HSA)

petrogenesis. Basalt melting experiments performed

by Prouteau et al. (2001) indicated that trondhjemitic

melts are only generated when free water is available,
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whereas dehydration melting gives rise to less-sodic

compositions. Dehydration melting, rather than

hydrous melting, is more likely the case for under-

plated basalt and so suites generated in this way

should lack trondhjemitic compositions. Trondhje-

mite, by contrast, is an important component of HSA

suites.

2.3.2. LSA

LSA lavas sometimes contain pyroxene, as phe-

nocrysts; they are basaltic to andesitic in composition,

and consequently possess compositions incompatible

with basalt melting. Both major and trace element

compositions are consistent with an origin by partial

melting of a mantle peridotite. As LSA are all

generated in active subduction zones, the problem of

their genesis could appear as quite trivial because

most calc–alkaline magmas are generated in subduc-

tion environments by melting of a metasomatised

mantle. However, in classical calc–alkaline magma-

tism, fluids derived from slab dehydration are the

metasomatic agents. The resulting magmas are LILE

(K)-rich, Nb–Ta-depleted, and have high HREE

contents. In the case of LSA, the K2O/Na2O ratio

remains low, Nb and Ta are not systematically

depleted and may even be enriched, Sr contents are

very high, and HREE content are very low. As

discussed earlier, these characteristics more reason-

ably fit with a mantle peridotitic source metasoma-

tised by slab-melts.

The average Yb content in LSA is 0.93 ppm

whereas it is 4.4 ppm in typical arc dacite. In a

mantle peridotite, all potential residual minerals have

KdYb
min/liq

V1 such that Yb behaves as a very

incompatible element. This is obviously true for

classic arc dacites which are Yb-enriched when

compared to their peridotite source that typically has

about 0.37 ppm Yb (Taylor and McLennan, 1985).

Slab-melts are characterized by low Yb-contents and

so metasomatism will not significantly modify mantle

peridotite composition. Consequently the low HREE

content of LSA reflects the role played by minerals

with Kd(HREE)
min/liqN1. One of these minerals is garnet

which is stable in peridotite at high pressure. Garnet is

the only commonly available mantle phase that can

enrich magma in LREE and deplete it in HREE (i.e.,

strongly fractionated REE patterns). However, garnet

is consumed (i.e., is not a residual phase) after only
small degrees of melting-this is probably the case in

classic arc magmas. In the case of peridotite that has

been metasomatised by slab-melt, the situation can be

quite different. Firstly, Prouteau et al. (2001) has

shown that metasomatism via a slab-melt is more than

15 times more efficient than fluid mediated metaso-

matism and is thus more likely to result in extensive

conversion of peridotite to the metasomatic assem-

blage pyroxene+garnet+amphibole+phlogopite. Dur-

ing subsequent melting of this assemblage, amphibole

melts first, producing garnet and clinopyroxene in a

ratio of 3:1 (Francis and Ludden, 1995; Dalpé and

Baker, 2000). In such a case, garnet can remain stable

over degrees of melting sufficiently wide to generate

HREE depleted magmas like LSA. It must be noted

that in this situation, the adakitic signature of LSA is

indirectly related to slab-melts (whose mixing with, or

interaction or assimilation by, mantle would not

modify the HREE budget) through metasomatic

reactions that allow garnet to remain stable during a

wider range of melting.

2.3.3. Summary

The difference pointed out between HSA and LSA

is not simply a subtle difference in mineralogy or in

chemistry or an artefact of classification. Rather, it

reflects a fundamental difference in petrogenesis, and

specifically in different sources. HSA are the direct

result of melting subducted hydrated basalt and

variably contaminating those slab-melts by peridotite

assimilation as they ascend through the mantle wedge.

LSA are generated in two distinct episodes; complete

consumption of slab-melt during melt–peridotite

interaction, followed by melting of this metasomatised

peridotite source. The unifying petrogenetic feature of

these magmas is that both are directly or are indirectly

linked to slab-melts. The same petrogenetic feature

may link them to Archaean TTG and sanukitoids.
3. Archaean TTG

3.1. Definition

About 90% of the juvenile continental crust

generated between 4.0 and 2.5 Ga belongs to dTTG
suitesT (tonalites, trondhjemites, and granodiorites;

Jahn et al., 1981; Martin et al., 1983), although in



Fig. 8. Primitive mantle (McDonough et al., 1992) normalized

multi-element diagram for average HSA (.) compared with TTG of

different ages (black diamond=average TTGb3.0 Ga; grey dia-

mond=3.0 Gabaverage TTGb3.5 Ga; white diamond=average

TTGN3.5 Ga). Patterns for HSA are very similar to those for

TTG irrespective of age. Average compositions are from Table 1.
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some cratons (e.g., Yilgarn; Sylvester, 1994; Cham-

pion and Sheraton, 1997), high-K monzodioritic and

syenogranitic rocks can be abundant. Typical TTG are

equigranular quartz+plagioclase+biotite-bearing plu-

tonic rocks: K-feldspar, where present, forms only a

minor component whereas the more primitive mem-

bers of the suites can be hornblende-rich. Accessory

phases are allanite, pistacite, apatite, zircon, sphene,

and titanomagnetite.

TTGs are silica-rich (SiO2N64 wt.%, but, com-

monly, ~70 wt.% or greater) with high Na2O contents

(3.0 wt.%VNa2OV7.0 wt.%) and correlated low K2O /

Na2O (b0.5), with no K-enrichment during magmatic

differentiation (Table 1 and Fig. 7). They are poor in

ferromagnesian (Fe2O3
*+MgO+MnO+TiO2b5 wt.%),

with an average Mg# of 0.43 and average Ni and

Cr contents of 14 and 29 ppm, respectively

(Martin, 1994). Barker and Arth (1976) subdivided

Archaean sodic (trondhjemitic) granites into two

groups—high-Al and low-Al groups. The high-Al

group is characterised by elevated Sr and Eu and

low Yb and Y contents, strongly fractionated REE

patterns ((La/Yb)N up to 150) and high Sr/Y ratios.

These features are interpreted as reflecting the

presence of garnet and amphibole as well as the

lack of plagioclase, either as residual or fractionat-

ing phases. The low-Al group, with lower Sr and

Eu contents, less fractionated REE and lower Sr/Y

ratios, reflects a petrogenesis that did not involve

garnet, but was controlled by plagioclase, either as

a residual or fractionating phase. Most TTGs

belong to the high-Al group (Martin, 1994) and,

as pointed out by Champion and Smithies (2003a),

a high-pressure origin has become implicit in the

term dArchaean TTGT. Unless otherwise stated, our

reference to TTG here applies only to high-Al
Fig. 7. K–Na–Ca triangles: (A) adakites (LSA (o); HAS (.)); (B) TTG (x); and (C) sanukitoids (SiO2N62% (5); SiO2b62% (n)), Closepet-

type granites (SiO2N62% (4); SiO2b62% (E)), and Trends are from Barker and Arth (1976). Td=trondhjemitic differentiation trend

CA=classical calc–alkaline trend. In grey: field of Archaean TTG (Martin, 1994).
TTG. Importantly, Figs. 8 and 9 show that there

is an extremely high degree of compositional

overlap between TTG and HSA in terms of nearly

all major and trace elements, supporting the widely

held view that these rocks share many petrogenetic

similarities.

3.2. Petrogenetic models

As is the case for HSA, comparisons of Archaean

TTG to geochemical models and to the results of

experimental high-pressure melts of hydrous basalt,

have led to the conclusion that TTG formed via low

to moderate degree partial melting of hydrated

basaltic (low-K) crust at pressures high enough to

stabilize garnetFamphibole (i.e., eclogite or garnet

amphibolite; Arth and Hanson, 1975; Barker and

Arth, 1976; Tarney et al., 1979; Condie, 1981;
;



Fig. 9. MgO vs. SiO2 (A); Sr vs. (CaO+Na2O) (B); (Sr/Y) vs. Y (C); K vs. Rb (D) ; (Cr/Ni) vs. TiO2 (E); and Nb vs. SiO2 (F) diagrams

comparing high-SiO2 adakites (HSA; dark grey field) and low-SiO2 adakites (LSA; light grey field) with TTG of different ages (black

diamond=TTGb3.0 Ga; grey diamond=3.0 GabTTGb3.5 Ga; white diamond=TTGN3.5 Ga ). Only HSA have compositions very similar to

TTG younger than 3.0 Ga.
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Tarney et al., 1982; Martin, 1986, 1987; Rapp et al.,

1991; Rapp and Watson, 1995). The lack of mafic

end-members to the TTG suites indicates that partial

melting, rather than fractional crystallization, was the

dominant process. More recently, Foley et al. (2002)

have argued that only an amphibolitic source is able

to account for the typically low Nb/Ta and high Zr/

Sm ratios of TTG. Nevertheless, their systematically

low HREE concentrations and normalised Gd/YbN1

still point to a garnet-bearing source (garnet-bearing

amphibolite). In addition, Rapp et al. (2003) show

that similar ratios can also result through partial

melting of hydrous arc-related mafic crust leaving an

eclogitic residue.

The apparent high pressures required for TTG

genesis and the compositional similarities with

adakites (Fig. 8) known to have formed in

subduction environments have led to the conclusion

that TTG also formed via melting of subducted
oceanic crust (Martin, 1986, 1999). Archaean heat

production was 2–4 times greater than today

(Brown, 1985) and, consequently, Archaean geo-

therms were significantly greater than typical mod-

ern geotherms (e.g., Bickle, 1986). During the

Archaean, the dnormalT thermal regime was probably

quite similar to that observed at todayTs zones of

dhotterT subduction, where adakite has typically been

produced. Such comparisons clearly invite a sub-

ducted-slab-melt model for TTG. However, the idea

that adakite is invariably a petrogenetic analogue for

all TTG has recently been challenged. Based on

secular changes in TTG compositions, Smithies

(2000) and Smithies and Champion (2000) proposed

that alternative processes such as melting of tectoni-

cally or magmatically thickened hydrous mafic crust

(e.g., Davies, 1992; Atherton and Petford, 1993; De

Wit, 1998) might be more appropriate for Early

Archaean TTG.



Fig. 10. MgO vs. SiO2 diagram comparing composition of TTGs a

different times (grey fields) with modern HSA (heavy dotted lined

field) and LSA (light dotted lined field). A close analogy exists only

between TTG younger than 3.0 Ga and HSA.
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3.3. Change in TTG composition through time

Recently, Smithies (2000), Smithies and Champion

(2000), and Martin and Moyen (2002) showed that the

chemical composition of TTG has changed through

Archaean times. Throughout that time, the most

remarkable change was a decrease in average SiO2

and an increase in average MgO content (Figs. 9 and

10). According to Martin and Moyen (2002), the Mg#

of the more primitive TTG magmas increased from

maximum values of 0.45 at 4.0 Ga to 0.65 at 2.5 Ga

(Fig. 11). These authors also pointed out that over the

same time interval the maximum concentrations of Ni

increased from ~30 to ~70 ppm, Cr from ~50 to ~200

ppm, Sr from ~550 ppm to ~1200 ppm, and

(Na2O+CaO) increased from 9 to 11 wt.%. Fig. 8

also shows that TTG older than 3.5 Ga have a

negative Sr anomaly, whereas the anomaly is slightly

positive in TTG younger than 3.0 Ga (Fig. 8).

Considering elements other than Sr, Ba, Ni, Cr, and

Mg, the close similarities in the compositional range

for TTG is independent of age, and suggests a

common petrogenetic relationship that is also age

independent. We propose that only the details of this

mechanism, and/or the behaviour of magma after its

genesis, changed.

The Mg# of some TTGs, especially the younger

(ca b3.0 Ga), is higher than values determined by

experimental high-pressure melting of basaltic mate-

rial. As for adakites, these higher Mg# are inter-

preted in terms of interaction of TTG parental

magma with mantle wedge peridotite (e.g., Maury

et al., 1996; Rapp et al., 1999; Smithies, 2000;

Martin and Moyen, 2002). As shown by Figs. 8 and

9, the compositions of these younger TTGs and of
Fig. 11. Diagrams showing time-evolution of Mg# and Sr in TTG magmas during the Archaean (Martin and Moyen, 2002). The upper envelope

of the group of points represents the composition of the more primitive TTG magmas.
t

modern HSA are very similar, and so their petro-

genesis is also likely to be similar. The significantly

lower mean Mg#, Cr, and Ni in Early Archaean

(N3.3 Ga) TTG, however, is interpreted to reflect

less-efficient interactions between TTG parental

magma and peridotite (Smithies, 2000; Martin and

Moyen, 2002). Although Martin and Moyen (2002)

and Smithies et al. (2003) disagree in detail about

the nature of these changes (i.e., progressive vs.

more punctuated), a consensus is that, before ~3.3

Ga, the efficiency of interactions, if any, between

TTG parental magma and mantle peridotite was very

low and certainly significantly less than it was

during the Late Archaean. For this reason, Smithies

(2000) proposed that the petrogenesis of Early

Archaean TTGs was not analogous to that of modern

adakite.

The fact that Early Archaean TTG did not

significantly interact with mantle peridotite has

important implications in terms of Archaean crustal

evolution and dynamics. Two mechanisms, directly
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related to the higher inferred Archaean heat flow may

be proposed:

(1) Based on Sr and (Na2O+CaO) variations in TTG

parental magmas (Fig. 11), Martin and Moyen

(2002) proposed that the depth of slab-melting

progressively increased from Early to Late

Archaean. The concentrations of Sr and (Na2O+-

CaO) in TTG magmas strongly depends on

presence or absence of residual plagioclase

during hydrous basalt melting (Fig. 4), and

hence, on pressure. At N3.5 Ga heat flow was

high, such that slab-melting occurred at shallow

depth (plagioclase was stable, TTG are Sr-poor).

As a result, the column of mantle wedge through

which the slab-melt had to ascend was very short

and so interaction between the slab-melt and

peridotite was limited. However, by 2.5 Ga,

when the heat flow was lower, slab-melting

occurred at a greater depth (plagioclase not more

stable, TTG magmas are Sr-rich) and felsic

magmas strongly reacted with the thicker mantle

wedge peridotite.

(2) Alternatively, Smithies et al. (2003) propose

that, before ~3.3 Ga, the relationship between

heat flow and oceanic crust thickness (e.g.,

Bickle, 1986; Davies, 1992; Abbott et al.,

1994) was such that where oceanic crust could

be subducted, its greater thickness and buoyancy

resulted in a very low angle of subduction (flat

subduction) that prevented any effective mantle

wedge forming. Melting of the subducted slab

would have resulted in TTG magmas that never

interacted with mantle material. As shown by

Gutscher et al. (2000a,b), modern flat subduc-

tion also favors adakite genesis.

These two models are not mutually exclusive—it

seems likely that the warmer Early Archaean Earth

worked in at least two complementary ways to ensure

that interaction between slab-melts and mantle peri-

dotite was not a dominant process before ca. 3.3 Ga.

3.4. TTG vs. HSA and LSA

Figs. 7 and 9 show that LSA are essentially without

any compositional analogue in the TTG suite. By

contrast, HSA show an extensive compositional
overlap with TTGs (Fig. 9B). Importantly, these

comparisons strongly suggest that the petrogenesis

of TTG is unlikely to involve significant primary

melting of metasomatised mantle peridotite (like

HSA) they are melts of hydrated basalt.

Consequently, we consider that HSA is a reason-

able petrogenetic analogue for Middle to Late Arch-

aean TTG. By contrast, most Early Archaean TTGs

differ from these two groups of rocks in that they have

systematically lower Mg#, Cr, and Ni and higher

SiO2. While the primary basaltic source for all these

rocks may not differ, these seemingly small composi-

tional differences have significant implications both in

terms of petrogenesis (i.e., no effective mantle wedge)

and of crustal geodynamic evolution models. There

appear to be no suites of modern adakites that are

direct compositional or petrogenetic analogues of

N3.5 Ga TTG.
4. Sanukitoids and Closepet-type granites

4.1. Definition

Shirey and Hanson (1984) first recognized a

suite of Late Archaean felsic intrusive and volcanic

rocks from the Superior Province that contrasted in

composition from the TTG suite. Because the major

element geochemistry of these rocks resembles that

of Miocene high-Mg andesite (sanukite) from the

Setouchi volcanic belt of Japan (e.g., Tatsumi and

Ishizaka, 1982), Shirey and Hanson (1984) referred

to them as dArchaean sanukitoidsT. Sanukitoids are

now generally regarded as a minor, although

widespread, component of most Late Archaean

terranes, having been documented from the Superior

Province (Shirey and Hanson, 1984, 1986; Stern

and Hanson, 1991; Stevenson et al., 1999), Baltic

shield (Querré, 1985; Lobach-Zhuchenko et al.,

2000a,b, 2005; Samsonov et al., 2005), South India

(Balakrishnan and Rajamani, 1987; Krogstad et al.,

1995; Sarvothaman, 2001; Moyen et al., 2003a),

and the central Pilbara Craton (Smithies and

Champion, 1999a).

A more recently identified rock suite that shares

several characteristics of sanukitoids is the Late

Archaean Closepet-type Granite, so far reported only

from South India (Jayananda et al., 1995; Moyen et



Fig. 12. MgO vs. K2O plot comparing TTG (black diamond=

TTGb3.0 Ga; grey diamond=3.0 GabTTGb3.5 Ga; white diamond=

TTGN3.5 Ga) with Archaean sanukitoids (n) and Closepet-type

granites (E) whose SiO2 content is lower than 62%. Sanukitoids and

Closepet type granites differ from TTG in having higher MgO and

K2O contents.

Fig. 13. Primitive mantle (McDonough et al., 1992) normalize

multielement diagram for average LSA (o) compared with average

sanukitoids (n) and average Closepet-type granite (E) whose

SiO2 content is lower than 62%. Sanukitoids are very similar to

LSA except for Sr and Rb contents. Average compositions are

from Table 1.
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al., 2001, 2003b). However, some plutons from

Wyoming (Frost et al., 1998), Shandong, China (Jahn

et al., 1988), and Limpopo (Barton et al., 1992) also

show Closepet-type compositions. The petrogenesis

of sanukitoids and of Closepet-type granites is

generally interpreted to be very similar, and accord-

ingly, these suites are considered together here.

Intrusion of sanukitoid and Closepet-type granite is

commonly late- to post-kinematic (e.g., Shirey and

Hanson, 1984; Stern, 1989; Evans and Hanson, 1997;

Beakhouse et al., 1999; Smithies and Champion,

1999b) and is generally not temporally associated

with TTG magmatism. Very often they constitute one

of the last magmatic events in an already cratonized

continental crust. All are plutonic and locally feldspar

porphyritic rocks. Sanukitoid suite composition

ranges from dioritic to granodioritic (tonalite being

subordinate), whereas Closepet-type can evolve to

monzogranitic compositions. In contrast to the TTG

series, sanukitoid and Closepet-type granite can be

rich in mafic minerals, commonly including biotite+-

hornblendeFclinopyroxene associations; in rare occa-

sions, orthopyroxene can be present.

The sanukitoid suite, as originally proposed by

Shirey and Hanson (1984), Stern (1989), and Stern

and Hanson (1991), represents a magmatic series

which, at silica values of 60 wt.% or less, has MgON6

wt.%, Mg#N0.60, CrN100 ppm, Sr and Ba each N500

ppm, and high Na2O, K2O, LREE, and La/Yb.

Closepet-type mainly differs from sanukitoid in

having higher K2O/Na2O ratios, which can reach

1.0; it is also richer in Ti, Nb, and Zr. In contrast to
TTG, sanukitoid and Closepet-type granite follow a

classical calc–alkaline trend in the K–Na–Ca triangle

(Fig. 7C). The high MgO, Mg#, Cr, Ni, and K2O, in

particular, clearly distinguish these magmas from

TTGs of any age (Fig. 12).

4.2. Petrogenesis

The high Mg# (NN0.62) and high Cr and Ni

concentrations in primitive members of the Archaean

sanukitoid and Closepet-type suites preclude a crustal

source, including basaltic crust. However, even the

most primitive sanukitoids show extreme enrichments

in LILE (Fig. 13) which, given the high Mg#, Cr, and

Ni, cannot be the result of crystal fractionation.

In order to account for the genesis of these

magmas, Stern (1989) modeled contamination of

basaltic or komatiitic magmas by a LILE-rich felsic

crust. They concluded that interaction between mafic

or ultramafic melts and crustal material cannot

produce both the high Ni and Cr, and the high SiO2

and LILE compositions of primitive sanukitoids. A

similar conclusion was reached by Smithies and

Champion (1999a), although Stevenson et al. (1999)

and Moyen et al. (1997) showed that crustal assim-

ilation may become very important in the more felsic

members of suites. Consequently, the most primitive

compositions must derive from a peridotitic source

but the composition of that mantle source must also be
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able to account for the LILE-rich, HFSE-depleted

nature of the rocks (e.g., Shirey and Hanson, 1984;

Stern, 1989; Smithies and Champion, 1999b).

Despite contrasting with TTG in terms of Mg# and

MgO, Cr, and Ni concentrations, Archaean sanuki-

toids also show many close similarities with both TTG

and adakites. These similarities include high LILE and

strongly fractionated REE patterns, with typically low

Yb and Y concentrations (Fig. 13). In TTG and

adakites, such features are interpreted to reflect a slab-

melt signature. Consequently, re-melting of peridotite

previously metasomatised via addition of slab-melt is

regarded as the most likely petrogenetic model for

Archaean sanukitoid (Shirey and Hanson, 1984;

Stern, 1989; Stern and Hanson, 1991; Rapp et al.,

1999; Smithies and Champion, 1999a).

4.3. Sanukitoids vs. HSA and LSA

Figs. 13 and 14 compare the less-differentiated

(SiO2V62 wt.%) sanukitoid and Closepet-type granite
Fig. 14. MgO vs. SiO2 (A); Sr vs. (CaO+Na2O) (B); (Sr/Y) vs. Y (C); K

comparing low-SiO2 adakites (LSA; light grey field) with sanukitoids (n
62%. Except for Rb and K2O, there is a reasonable overlap between LSA
with LSA. For elements such as SiO2, MgO, Sr, Cr,

Ni, and Nb, LSA and sanukitoids have a very similar

range that contrasts with the range for HSA. Fig. 13

also shows that the LSA trace element patterns also

closely match those of sanukitoid, while Closepet-

type granite shows a parallel pattern but at higher

concentrations. However, it must be noted that LSA

typically show significant positive Sr anomalies,

which is not the case for sanukitoids. In addition,

the low Rb content typical of LSA is not so

pronounced in sanukitoids or Closepet-type granite.

This is well exemplified in the K vs. Rb diagram

(Fig. 14D) where data are widely scattered. Fig. 14E

shows that LSA covers a wide range in TiO2 content

(0.5–3.5%). Because of the relative lack of Cr and Ni

data for some sanukitoids, only few points were

reported in the diagram; however, TiO2 in sanukitoids

ranges between 0.5 and 2.5, which is more similar

with LSA.

The compositional similarities between sanukitoid

and Closepet-type granite and LSA suggest a similar
vs. Rb (D); (Cr/Ni) vs. TiO2 (E); and Nb vs. SiO2 (F) diagrams

) and Closepet-type granites (E) whose SiO2 content is lower than

, sanukitoids, and Closepet-type granites.
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petrogenesis. The compositional differences pointed

out above might result from two contrasting processes.

Firstly, the sanukitoids and Closepet-type granites

have all undergone more significant fractional crystal-

lization. Secondly, as mentioned by Moyen et al.

(2001) and Stevenson et al. (1999), many sanukitoid

and Closepet-type magmas have been contaminated by

continental crust, which has significantly altered LILE

contents (such as K and Rb, e.g., Fig. 14D).

In summary, (1) sanukitoids and Closepet-type

granite and LSA show several petrographic and

chemical similarities; (2) the mechanisms invoked to

account for their genesis are similar: i.e., melting of a

mantle peridotite metasomatised by adakitic melts.

Consequently, LSA can be considered as reasonable

analogues for sanukitoids and Closepet-type primary

magma genesis. The chemical differences between

sanukitoids and Closepet-type magma could reflect

differences in melting depth and/or be due to the

subsequent evolution and differentiation, which pro-

duced compositions not typical of the LSA suite.
5. Comments and conclusion

The names dadakiteT and dTTGT were originally

defined to encompass rocks, or rock series, with

specific compositional attributes thought to reflect a

specific petrogenesis; melts derived from subducted

basalt in the case of adakite, and melts of basaltic

crust, in the case of TTG. Notably, even the original

petrogenetic interpretations of these rocks emphasised

commonalities (a basaltic source), of course reflected

in close compositional overlap. It has now become

apparent that, even within the original definitions,

there is a range of compositions that reflect a range of

possible petrogenetic models, although all with links

to a basaltic source component.

The two main types of modern adakites can be

defined on the basis of their silica content, amongst

other compositional attributes. The contrasting dis-

tinction between high-SiO2 adakite and low-SiO2

adakite is not only a mineralogical or chemical

compositional difference, but essentially emphasizes

difference in source and petrogenesis. The primary

source of HSA is subducted oceanic crust, but the

resulting melts also interact with peridotite during

their ascent through the mantle wedge. The source of
LSA is a mantle peridotite whose composition has

been modified (metasomatised) by adakitic melts.

Modern adakites appear mainly restricted to sub-

duction settings that show unusually high heat-flow;

e.g. during subduction of young oceanic crust,

subduction initiation, ridge subduction, or flat sub-

duction (i.e., Peacock, 1990, 1993; Gutscher et al.,

2000a,b). Such situations are rare in modern sub-

duction zones, thus accounting for the relative scarcity

of modern adakites when compared with the abun-

dance of classic calc-alkaline magmatism. In contrast,

a similarly high heat flow is thought to have typified

the Archaean Earth, where heat production was 3 to 4

times greater than today (Brown, 1985). This resulted

in more efficient convection and in smaller plates

(Hargraves, 1986; De Wit and Hart, 1993) leading to

the subduction of younger and hotter oceanic plates.

Hence, while the definition of TTG did not specify the

environment of melting, it is now generally thought

that it is also related to high-P melting of basalt in

some form of subduction zone.

Both types of modern adakite have Archaean

analogues. TTGs younger than ~3.3 Ga show virtually

complete compositional overlap with high-SiO2 ada-

kite. Archaean sanukitoids and the compositionally

similar Closepet-type granites have many close

compositional similarities with low-SiO2 adakites,

and their petrogenesis is interpreted in the same

way. Like the TTGs that resemble high-SiO2 adakite,

sanukitoids and Closepet-type granites so far appear

restricted to the Late Archaean. From an uniformi-

tarian perspective, such analogies indicate that mod-

ern-style subduction processes, including interaction

between enriched slab-derived components and a

mantle wedge, occurred as far back as ~3.3 Ga.

Perhaps a more correct way to view this is that ancient

styles of subduction that have operated since at least

3.3 Ga persist in a limited way today.

In contrast to Middle and Late Archaean TTGs, old

TTGs differ from HSA in that they have systemati-

cally lower Mg#, Cr and Ni and higher SiO2. The

seemingly small compositional differences, however,

reflect a rather fundamental petrogenetic shift from

that of either type of adakite, Late Archaean TTG, and

sanukitoid. For this reason, Smithies (2000) suggested

that Early Archaean TTG was not analogous with

adakite. As with HSA, all TTG are the products of

basalt melting at high-pressure, and probably all also
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result from some kind of subduction. The Early

Archaean TTG differs from Late Archaean TTG and

modern HSA in that the parental magmas underwent

little or no interaction with mantle peridotite.

Because TTG form such a large proportion of

Earth’s juvenile continental crust, the small composi-

tional differences between Early Archaean and Late

Archaean TTG reflects a critical secular shift in the

way continental crust formed. The changes can be

directly related to the cooling of Earth. In the hotter

pre-3.3 Ga part of the Archaean, two factors conspired

to ensure that slab-melts seldom, if ever, interacted

with mantle peridotite. Firstly, slab-melting occurred

at a higher crustal level. Secondly, a thicker, more

buoyant oceanic crust simply subducted at such a low

angle that an effective mantle wedge never formed.

The immediate implication is that mantle wedge

sources played little or no role in the evolution of

the crust before ~3.3 Ga.

The temporal evolution of slab-derived magmas

can be tentatively summarized in the four following

stages:

(1) In the Early Archaean (TN3.3 Ga), terrestrial

heat production was important such that melting

of subducted basalts occurred at shallow depth.

In addition, the thicker oceanic crust was more

buoyant and subduction was flat or at a very low

angle. Consequently, there was no mantle wedge

formation and TTG magmas had no possibility

to interact with peridotite.

(2) In the Middle to Late Archaean, the heat

production was lower and melting of the

subducted slab occurred at greater depth. Sim-

ilarly, the colder oceanic crust was thinner and

less buoyant, such that subduction could occur at

an angle (similar to modern subduction) that

ensured the presence of a mantle wedge. The

efficiency of slab-melting led to high slab-melt/

mantle peridotite ratios. Thus, the slab melts

were not totally consumed by reaction with

mantle peridotite (Rapp et al., 1999), and so

TTG magma were emplaced into the crust.

(3) During the Late Archaean, and particularly

towards the Archaean–Proterozoic boundary,

Earth heat production and the efficiency of slab

melting had both declined. Slab-melt/mantle

peridotite ratios had correspondingly declined
such that some slab-melts were totally consumed

in reaction with mantle peridotite (Rapp et al.,

1999). Subsequent melting of this metasoma-

tised mantle peridotite produced Archaean sanu-

kitoids and Closepet-type granites.

(4) Since the Lower Proterozoic, Earth’s heat

production was too low to allow subducted

slab-melting under dnormalT conditions. Conse-
quently, a slab dehydrates and classic calc–

alkaline magmatism results from melting of a

peridotite that has been metasomatised by

dehydration fluids. Now, LSA and HSA appear

as exceptional remnants of an ancient style of

subduction.
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(Philippines) Université Thesis, Bretagne Occidentale, Brest,

223 pp.

Sajona, F.G., Bellon, H., Maury, R., Pubellier, M., Quebral, R.,

Cotten, J., Bayon, F., Pagado, E., Pamatian, P., 1997. Tertiary

and Quaternary magmatism in Mindanao and Leyte (Philip-

pines); geochronology, geochemistry and tectonic setting. J.

Asian Earth Sci. 15 (2–3), 121–153.

Sajona, F.G., Maury, R., Bellon, H., Cotten, J., Defant, M.J., 1996.

High field strength element enrichment of Pliocene–Pleistocene

island arc basalts, Zamboanga Peninsula, western Mindanao

(Philippines). J. Petrol. 37 (3), 693–726.

Samaniego, P., Martin, H., Robin, C., Monzier, M., 2002. Transition

from calc–alkalic to adakitic magmatism at Cayambe volcano,

Ecuador: insights into slab melts and mantle wedge interactions.

Geology 30 (11), 967–970.

Samaniego, P., Martin, H., Robin, C., Monzier, M., Cotten, J., 2004.

Temporal evolution of magmatism at Northern Vocanic Zone of

the Andes: the geology and petrology of Cayambe volcanic

complex (Ecuador). J. Petrol. (in press).

Samsonov, A.V., Bogina, M.M., Bibikova, E.V., Petrova, A.Y.,

Shchipansky, A.A., 2005. The relationship between adakitic,

calc–alkaline volcanic rocks and TTGs: Implications for

tectonic setting of the Karelian greenstone belts, Baltic Shield.

Lithos. 79, 83–106 (this issue).

Sarvothaman, H., 2001. Archaean high-Mg granitoids of mantle

origin in the Eastern Dharwar Craton of Andhra Pradesh. J.

Geol. Soc. India 58, 261–268.

Schiano, P., Clochiatti, R., Shimizu, N., Maury, R.C., Jochum, K.P.,

Hofman, A.W., 1995. Hydrous, silica-rich melts in the sub-arc

mantle and their relationships with erupted arc lavas. Nature

377, 595–600.

Schmidt, M.W., Poli, S., 1998. Experimentally based water budgets

for dehydrating slabs and consequences for arc magma

generation. Earth Planet. Sci. Lett. 163 (1–4), 361–379.

Sen, C., Dunn, T., 1994. Dehydration melting of a basaltic

composition amphibolite at 1.5 and 2.0 Gpa: implications

http://dx.doi.org/doi:10.1016/j.lithos.2004.04.051


H. Martin et al. / Lithos 79 (2005) 1–24 23
for the origin of adakites. Contrib. Mineral. Petrol. 117,

394–409.

Sen, C., Dunn, T., 1994. Experimental modal metasomatism of a

spinel lherzolite and the production of amphibole-bearing

peridotite. Contrib. Mineral. Petrol. 119, 422–432.

Sheraton, J.W., Black, L.P., 1983. Geochemistry of Precambrian

gneisses: relevance for the evolution of the east Antarctic shield.

Lithos 16, 273–296.

Shirey, S.B., Hanson, G.N., 1984. Mantle derived Archaean

monzodiorites and trachyandesites. Nature 310, 222–224.

Shirey, S.B., Hanson, G.N., 1986. Mantle heterogeneity and

crustal recycling in Archaean granite–greenstone belts: evi-

dence from Nd isotopes and trace elements in the Rainy Lake

province, Ontario, Canada. Geochim. Cosmochim. Acta 50,

2631–2651.

Sigmarsson, O., Martin, H., Knowles, J., 1998. Melting of a

subducting oceanic crust from U–Th disequilibria in Austral

Andean lavas. Nature 394, 566–569.

Smith, D.R., Leeman, W.P., 1987. Petrogenesis of the Mt. St.

Helens dacitic magmas. J. Geophys. Res. 92, 10313–10334.

Smithies, R.H., 2000. The Archaean tonalite–trondhjemite–gran-

odiorite (TTG) series is not an analogue of Cenozoic adakite.

Earth Planet. Sci. Lett. 182, 115–125.

Smithies, R.H., Champion, D.C., 1999. High-Mg diorite from the

Archaean Pilbara Craton: anorogenic magmas derived from a

subduction-modified mantle. Geol. Surv. West. Aust. Annu.

Rev. 1998–1999, 45–59.

Smithies, R.H., Champion, D.C., 1999. Late Archaean felsic

alkaline igneous rocks in the Eastern Goldfields, Yilgarn Craton,

Western Australia: a result of lower crustal delamination? J.

Geol. Soc. (London) 156 (3), 561–576.

Smithies, R.H., Champion, D.C., 2000. The Archaean high-Mg

diorite suite: links to tonalite–trondhjemite–granodiorite mag-

matism and implications for early Archaean crustal growth. J.

Petrol. 41 (12), 1653–1671.

Smithies, R.H., Champion, D.C., 2001. Archaean granites of the

Ylgarn and Pilbara cratons, Western Australia. AGSO Geosci.

Aust., 134–136.

Smithies, R.H., Champion, D.C., Cassidy, K.F., 2003. Formation of

Earth’s early Archaean continental crust. Precambrian Res. 127

(1–3), 89–101.

Sorensen, S.S., 1988. Petrology of amphibolite–facies mafic and

ultramafic rocks from Catalina schist, southern California:

metamorphism and migmatisation in a subduction zone meta-

morphic setting. J. Metamoprh. Geol. 6, 405–435.

Sorensen, S.S., Barton, M.D., 1987. Metasomatism and partial

melting in a subduction complex: Catalina schist, southern

California. Geology 15, 115–118.

Sorensen, S.S., Grossman, J.N., 1989. Enrichment in trace elements

in garnet amphibolites from a paleo-subduction zone: Catalina

schist, southern California. Geochim. Cosmochim. Acta 53,

3155–3177.

Stern, R., 1989. Petrogenesis of the Archaean Sanukitoid Suite.

State University at Stony Brook, New York. 275 pp.

Stern, C.R., Futa, K., 1982. An Andean andesite derived directly

from subducted MORB or from LIL depleted subcontinental

mantle. Trans. - Am. Geophys. Union 63, 1148.
Stern, R.A., Hanson, G.N., 1991. Archaean high-Mg granodiorite: a

derivative of light rare earth enriched monzodiorite of mantle

origin. J. Petrol. 32, 201–238.

Stern, C.R., Kilian, R., 1996. Rôle of the subducted slab, mantle

wedge and continental crust in the generation of adakites

from the Austral Volcanic Zone. Contrib. Mineral. Petrol. 123,

263–281.

Stevenson, R., Henry, P., Gariépy, C., 1999. Assimilation–
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